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pleased when I learned that the ninth edition of this textbook would once again be coming from Yale. And I reacted with a strong sense of honor and gratitude when I saw my name on the cover. It was 47 years ago at Yale when Bob Glass and Nathan Kase invited me to join them in writing a textbook on infertility and reproductive endocrinology. That
manuscript, typed on a Royal portable typewriter, appeared a year later, 273 pages long for a price of $17. Each edition grew in weight, size, and price, and so did the challenge and amount of work required. Being associated with this book has been one of the best and most rewarding experiences in my career. It opened doors for me, not only in our
own country but all over the world. Because of this book, I and my family made many new friends and visited places that otherwise would have existed only in my dreams. It is good to see Yale Blue once again on the cover. It is also with great emotional warmth that I view the Macedonian Star on the cover, a feature that was introduced with the sixth
edition of the book. The Macedonian Star is a symbol that dates from the days of Philip of Macedon and Alexander the Great. How I wish that my grandparents and father, who came from Macedonia to America in 1921, could see the cover of the ninth edition. In the Preface to the last edition, I told a story that bears repeating. In 1999, I was standing
on a street corner in New York City waiting for the change in the light. For unknown reasons, I was struck in that moment with a thought that was so strong, I was frozen in my tracks. I stood there thinking, while everyone else crossed the street, that what was written in this book could have an impact on individual patients. The force behind this
thought was a sudden appreciation for the enormity of the responsibility that comes with writing a clinical book to transmit accurately the knowledge that is based on all available evidence. This important task has grown progressively larger in its scope with the explosion of scientific and medical reports in each passing decade. And yet, as always,
there are physiologic events and pathologic disturbances that are not currently understood. For this reason, authors writing a clinical book must still draw upon their own experiences and offer judgments regarding the understanding and care of patients. I hope this book, dedicated to the care of patients, continues to be used by students, residents,
and clinicians. If anyone appreciates how much work goes into clinical writing, I certainly do. And so, a heart-felt thank you to my Yale colleagues for their commitment and effort in bringing the ninth edition to publication. Leon Speroff, MD Professor Emeritus of Obstetrics and Gynecology Oregon Health & Science University Portland, Oregon
Preface It is a tremendous honor for us to author Speroff’s Gynecologic Endocrinology and Infertility. This text has been considered the classic in the field. It is the resource that most of us initially used to learn reproductive physiology and endocrinology. How does one rewrite a text that is the classic in the field? Rather than be so presumptuous as to
try and improve on Dr. Speroff’s writing, we took the approach of updating a classic text by adding new information; we focused on changes and advances that have occurred in the field since prior editions. These include new chapters on transgender medicine and fertility preservation. We left as much as Dr. Speroff’s original prose as possible. We
are indebted to Dr. Speroff for entrusting us with his treatise. This text originated in the Department of Obstetrics and Gynecology at the Yale School of Medicine. Drs. Speroff, Glass, and Kase were all faculty in the department at the time and all contributed. However, Dr. Speroff’s passion for writing and education allowed him to persist through the
multiple editions of the book, continually improving and expanding on the text. The book travelled with him to numerous academic institutions. Speroff’s Gynecologic Endocrinology and Infertility now triumphantly returns to Yale, its place of birth, with a new set of authors on the Yale faculty. Discussion surrounding the transition occurred originally
at a meeting of the Yale Obstetrics and Gynecologic Society in New Haven. At that meeting, we honored Dr. Speroff with our distinguished alumni award. When he suggested returning the book to its rightful home, we were eager to take on the challenge. The book is indeed a group effort of all the authors and many other contributors. In addition to
Dr. Speroff, the authors would like to thank Dr. Marc Fritz who led this text through several prior editions. His contributions clearly helped to keep the book current over the past several years. We also want to thank our publisher, Wolters Kluwer, for their persistence, dedication, and encouragement along the way. In particular, we thank Chris Teja
and Ashley Fischer for their leadership and organizational skills without which this book would not be in print until well after its current publication date. We hope that the readers of this book will gain as much from it as each of us previously has during our careers. Nothing will bring us more satisfaction than to inspire the next generation of
women’s health professionals. Hugh S. Taylor, MD Lubna Pal, MBBS, MS Emre Seli, MD Yale School of Medicine New Haven, Connecticut Contents Associate Contributors Foreword Preface Section I: REPRODUCTIVE PHYSIOLOGY 1. Hormone Biosynthesis, Metabolism, and Mechanism of Action How hormones are formed and metabolized, and how
hormones work. 2. The Ovary—Embryology and Development The ovary from conception to adult function; correlation of morphology with reproductive and steroidogenic function. 3. The Uterus, Endometrial Physiology, and Menstruation Embryology, histology, and endocrinology of the uterus and menstruation. Anatomical abnormalities and
leiomyomas. 4. Neuroendocrinology How reproductive events are perceived, integrated, and acted upon by the central nervous system. 5. Regulation of the Menstrual Cycle The cyclic changes of ovarian and pituitary hormones and growth factors, and what governs those changes. 6. Conception - Sperm and Egg Transport, Fertilization, Implantation
and Early Embryogenesis Physiologic events occurring on the days just before and after conception. 7. The Endocrinology of Pregnancy The steroid and protein hormones of pregnancy. Section II: CLINICAL ENDOCRINOLOGY 8. Normal and Abnormal Sexual Development Normal and abnormal sexual differentiation and the differential diagnosis of
ambiguous genitalia. 9. Normal and Abnormal Growth and Pubertal Development The physiology of puberty and abnormalities that produce accelerated or retarded sexual maturation and growth problems in adolescents. 10. Amenorrhea Differential diagnosis of amenorrhea of all types utilizing procedures available to all clinicians. The problems of
galactorrhea and pituitary adenomas, exercise and amenorrhea. 11. Chronic Anovulation and the Polycystic Ovary Syndrome How loss of ovulation can occur and the clinical expressions of anovulation. The polycystic ovary and hyperinsulinemia. 12. Hirsutism The biology of hair growth; the evaluation and management of hirsutism. 13. Reproduction
and the Adrenal Relevance of normal adrenal function to reproductive physiology and endocrinology, and clinical and endocrine features of adrenal disorders 14. Menstruation-Related Disorders Medical problems linked to menstruation: the premenstrual syndrome, dysmenorrhea, menstrual headache, catamenial seizures, premenstrual asthma, and
catamenial pneumothorax. 15. Abnormal Uterine Bleeding A physiologic basis for medical management with or without primary surgical intervention. 16. The Breast The factors involved in physiologic lactation, and the differential diagnosis of galactorrhea. The endocrinology of breast cancer. 17. Menopause Transition and Menopause Hormone
Therapy Physiology of the menopause; long-term effects of estrogen on cognition, the cardiovascular system, and bone. A clinical guide for menopausal hormone therapy and patient management. 18. Transgender Endocrinology Terminology, and overview of management considerations, options and approaches. 19. Obesity The physiology of adipose
tissue, and the problem of obesity. 20. Reproduction and the Thyroid Normal and abnormal thyroid function, including a consideration of the thyroid gland in pregnancy. Section III: CONTRACEPTION 21. Family Planning, Sterilization, and Abortion The modern efficacy and use of contraception; the clinical methods and problems with sterilization and
induced abortion. 22. Hormonal Contraception A survey of the risks and benefits of hormonal (oral and nonoral) contraceptive options. Methods for patient management, including the progestin-only minipill, options with improved compliance and emergency contraception. 23. Long-Acting Methods of Contraception The advantages and contraceptive
methods. disadvantages of specific long-acting 24. Barrier Methods of Contraception and Withdrawal Important information for the use of the diaphragm, the cervical cap, the sponge, spermicides, and condoms. The underrated withdrawal method of contraception. Section IV: INFERTILITY 25. Female Infertility An approach to the problem of
infertility. The proper diagnostic tests and their correct interpretation. 26. Male Infertility Principles of male infertility, including analysis of semen, treatment, and therapeutic insemination. 27. Induction of Ovulation Indications, strategies and options, risks, benefits, success rates, and complications for clomiphene, aromatase inhibitors,
gonadotropins, dopamine agonists, GnRH. 28. Assisted Reproductive Technologies An overview of the assisted reproduction technologies. 29. Fertility Preservation Indications, strategies and options for fertility preservation. 30. Recurrent Early Pregnancy Loss The evaluation and management of recurring spontaneous losses in early pregnancy. 31.
Genetics Basic concepts of molecular biology and genetics, laboratory technologies, and clinical applications. 32. Endometriosis Diagnosis and suitable treatment for the individual patient. 33. Ectopic Pregnancy The diagnosis and treatment, both medical and surgical, of ectopic pregnancy. Appendix Selected laboratory values expressed in
conventional units and the International System of Units (SI Units) Index I REPRODUCTIVE PHYSIOLOGY Chapter 1: Hormone Biosynthesis, Metabolism, and Mechanism of Action Chapter 2: The Ovary–Embryology and Development Chapter 3: Menstruation The Uterus, Endometrial Physiology, and Chapter 4: Neuroendocrinology Chapter 5:
Regulation of the Menstrual Cycle Chapter 6: Conception - Sperm and Egg Transport, Fertilization, Implantation and Early Embryogenesis Chapter 7: The Endocrinology of Pregnancy 1 Hormone Biosynthesis, Metabolism, and Mechanism of Action The classical definition of a hormone is a substance that is produced in a special tissue, from which it is
released into the bloodstream and travels to distant responsive cells in which the hormone exerts its characteristic effects. What was once thought of as a simple voyage is now appreciated as an odyssey that becomes more complex as new facets of the journey are unraveled in research laboratories throughout the world. Indeed, even the notion that
hormones are products only of special tissues has been challenged. Complex hormones and hormone receptors have been discovered in primitive, unicellular organisms, suggesting that endocrine glands are a late development of evolution. Hormones must have appeared even before plants and animals diverged because there are many plant
substances similar to hormones and hormone receptors. The widespread capability of cells to make hormones explains the puzzling discoveries of hormones in strange places, such as gastrointestinal hormones in the brain and reproductive hormones in intestinal secretions. Furthermore, because every cell contains the genes necessary for hormonal
expression, it is not surprising that dedifferentiated cancer cells can uncover gene expression and, in inappropriate locations and at inappropriate times, make hormones. Hormones, therefore, are substances that provide a means of communication and should now be viewed broadly as chemical regulatory and signaling agents. The classic endocrine
hormones travel through the bloodstream to distant sites, but cellular communication is also necessary at local sites. Paracrine, autocrine, and intracrine depict a more immediate form of communication. As compared to the distant sites of action of endocrine signals, paracrine refers to intercellular communication involving the local diffusion of
regulating substances from a cell to nearby (contiguous) cells. In further contrast, autocrine and intracrine refer to forms of intracellular communication; the former involves secreted substances that act on receptors on the surface of the same cell, while the latter utilizes unsecreted substances to communicate via receptors within the same cell. Let
us follow an estradiol molecule throughout its career and in so doing gain an overview of how hormones are formed, how hormones work, and how hormones are metabolized. Estradiol begins its life span with its synthesis in a cell specially suited for this task. For this biosynthesis to take place, the proper enzyme capability must be present along with
the proper precursors. In the adult human female, the principal sources of estradiol are the granulosa cells of the developing follicle and the corpus luteum. These cells possess the ability to turn on steroidogenesis in response to specific stimuli. The stimulating agents are the gonadotropins, follicle-stimulating hormone (FSH), and luteinizing hormone
(LH). The initial step in the process that will give rise to estradiol is the transmission of the message from the stimulating agents to the steroidproducing mechanisms within the cells. Messages that stimulate steroidogenesis must be transmitted through the cell membrane. This is necessary because gonadotropins, being large glycopeptides, do not
ordinarily enter cells but must communicate with the cell by joining with specific receptors on the cell membrane. In so doing, they activate a sequence of communication. A considerable amount of investigation has been devoted to determining the methods by which this communication takes place. E. W. Sutherland, Jr., received the Nobel Prize in
1971 for proposing the concept of a second messenger. Gonadotropin, the first messenger, activates an enzyme in the cell membrane called adenylate cyclase. This enzyme transmits the message by catalyzing the production of a second messenger within the cell, cyclic adenosine 3′,5′-monophosphate (cyclic AMP). The message passes from
gonadotropin to cyclic AMP, much like a baton in a relay race. Cyclic AMP, the second messenger, initiates the process of steroidogenesis, leading to the synthesis and secretion of the hormone estradiol. This notion of message transmission has grown more and more complex with the appreciation of physiologic concepts, such as the heterogeneity of
peptide hormones, the up- and down-regulation of cell membrane receptors, the regulation of adenylate cyclase activity, and the important roles for autocrine and paracrine regulating factors. Secretion of estradiol into the bloodstream directly follows its synthesis. Once in the bloodstream, estradiol exists in two forms, bound and free. A majority of
the hormone is bound to protein carriers, albumin, and sex steroid hormone–binding globulin. The biologic activity of a hormone is limited by binding in the blood, thereby avoiding extreme or sudden reactions. In addition, binding prevents unduly rapid metabolism, allowing the hormone to exist for the length of time necessary to ensure a biologic
effect. This reservoir-like mechanism avoids peaks and valleys in hormone levels and allows a more steady state of hormone action. The biologic and metabolic effects of a hormone are determined by a cell’s ability to receive and retain the hormone. The estradiol that is not bound to a protein, but floats freely in the bloodstream, readily enters cells by
rapid diffusion. For estradiol to produce its effect, however, it must be grasped by a receptor within the cell. The job of the receptor is to aid in the transmission of the hormone’s message to nuclear gene transcription. The result is production of messenger RNA leading to protein synthesis and a cellular response characteristic of the hormone. Once
estradiol has accomplished its mission, it is eventually released back into the bloodstream. It is possible that estradiol can perform its duty several times before being cleared from the circulation by metabolism. On the other hand, many molecules are metabolized without ever having the chance to produce an effect. Unlike estradiol, other hormones,
such as testosterone, can either work directly or are metabolized and altered within the cell in which an effect is produced. In the latter case, a metabolite is released into the bloodstream as an inactive compound. Clearance of steroids from the blood varies according to the structure of the molecules. Cells that are capable of clearing estradiol from
the circulation accomplish this by biochemical means (conversion to estrone and estriol, moderately effective and very weak estrogens, respectively) and conjugation to products that are water soluble and excreted in the urine and bile (sulfo- and glucuroconjugates). Thus, a steroid hormone has a varied career packed into a short lifetime. In this
chapter, we will review the important segments of this life span in greater detail, as well as explore the mechanisms by which tropic hormones regulate steroid hormones. STEROID HORMONE NOMENCLATURE All steroid hormones are of basically similar structure with relatively minor chemical differences leading to striking alterations in
biochemical activity. The basic structure is the perhydrocyclopentanephenanthrene molecule. It is composed of three 6-carbon rings and one 5-carbon ring. One 6-carbon ring is benzene, two of the 6-carbon rings are naphthalene, and three 6-carbon rings are phenanthrene; add a cyclopentane (5-carbon ring), and you have the
perhydrocyclopentanephenanthrene structure of the steroid nucleus. The sex steroids are divided into three main groups according to the number of carbon atoms they possess. The 21-carbon series includes the corticoids as well as the progestins, and the basic structure is the pregnane nucleus. The 19-carbon series includes all the androgens and is
based on the androstane nucleus, whereas the estrogens are 18-carbon steroids based on the estrane nucleus (Figure 1.1). FIGURE 1.1 There are six centers of asymmetry on the basic ring structure, and there are 64 possible isomers. Almost all naturally occurring and active steroids are nearly flat, and substituents below and above the plane of the
ring are designated alpha (α) (dotted line) and beta (β) (solid line), respectively. Changes in the position of only one substituent can lead to inactive isomers. For example, 17-epitestosterone is considerably weaker than testosterone; the only difference being a hydroxyl group in the α-position at C-17 rather than in the β-position (Figure 1.2). FIGURE
1.2 The convention of naming steroids uses the number of carbon atoms to designate the basic name (e.g., pregnane, androstane, or estrane). The basic name is preceded by numbers that indicate the position of double bonds, and the name is altered as follows to indicate one, two, or three double bonds: -ene, -diene, and -triene. Following the basic
name, hydroxyl groups are indicated by the number of the carbon attachment, and one, two, or (Figure 1.3) three hydroxyl groups are designated -ol, -diol, or -triol. Ketone groups are listed last with numbers of carbon attachments, and one, two, or three groups designated -one, -dione, or -trione. Special designations include deoxy- (elimination of
oxygen), nor- (elimination of carbon), and Δ- (location of double bond). FIGURE 1.3 STEROIDOGENESIS The production of all three major groups of sex steroids is achieved through a common pathway, which begins with the cholesterol molecule. In this section, we will discuss this biosynthesis from the production and uptake of cholesterol through
the synthesis of each of the sex steroids. LIPOPROTEINS AND CHOLESTEROL Cholesterol is the basic building block in steroidogenesis. All steroid-producing organs except the placenta can synthesize cholesterol from acetate. Progestins, androgens, and estrogens, therefore, can be synthesized in situ in the various ovarian tissue compartments from
the 2-carbon acetate molecule via cholesterol as the common steroid precursor. However, in situ synthesis cannot meet the demand, and, therefore, the major resource is blood cholesterol that enters the ovarian cells and can be inserted into the biosynthetic pathway or stored in esterified form for later use. The cellular entry of cholesterol is
mediated via a cell membrane receptor for low-density lipoprotein (LDL), the bloodstream carrier for cholesterol. Lipoproteins are large molecules that facilitate the transport of nonpolar fats in a polar solvent, the blood plasma. There are five major categories of lipoproteins according to their charge and density (flotation during ultracentrifugation).
They are derived from each other in the following cascade of decreasing size and increasing density. Chylomicrons Large, cholesterol (10%)- and triglyceride (90%)-carrying particles formed in the intestine after a fatty meal. Very-Low-Density Lipoproteins Also carry cholesterol, but mostly triglyceride; more dense than chylomicrons. IntermediateDensity Lipoproteins (IDLs) Formed (for a transient existence) with the removal of some of the triglyceride from the interior of very-low-density lipoprotein (VLDL) particles. Low-Density Lipoproteins The end products of VLDL catabolism, formed after further removal of triglyceride leaving approximately 50% cholesterol; the major carriers (twothirds) of cholesterol in the plasma (and thus a strong relationship exists between elevated LDL levels and cardiovascular disease). High-Density Lipoproteins The smallest and most dense of the lipoproteins with the highest protein and phospholipid content; high-density lipoprotein (HDL) levels are inversely associated with atherosclerosis (high levels
are protective). HDL can be further separated into a lighter fraction (HDL2) and a denser fraction (HDL3). The lipoproteins contain four ingredients: (1) cholesterol in two forms, free cholesterol on the surface of the spherical lipoprotein molecule and esterified cholesterol in the molecule’s interior; (2) triglycerides in the interior of the sphere; (3)
phospholipid; and (4) protein in electrically charged substances on the surface of the sphere and responsible for miscibility with plasma and water. The surface proteins, called apoproteins, constitute the sites that bind to the lipoprotein receptor molecules on the cell surfaces. The principal surface protein of LDL is apoprotein B, and apoprotein A-1 is
the principal apoprotein of HDL. Lipids for peripheral tissues are provided by the secretion of VLDL by the liver. Triglycerides are liberated from VLDL by lipoprotein lipase located in the capillary endothelial cells as well as a lipase enzyme located on the endothelial cells in liver sinusoids. In this process, the surface components (free cholesterol,
phospholipids, and apoproteins) are transferred to HDL. Finally, the VLDL is converted to LDL, which plays an important role of transporting cholesterol to cells throughout the body. The hepatic lipase enzyme is sensitive to sex steroid changes; it is suppressed by estrogen and stimulated by androgens (Figure 1.4). FIGURE 1.4 LDL is removed from
the blood by cellular receptors that recognize one of the surface apoproteins. The lipoprotein bound to the cell membrane receptor is internalized and degraded. Intracellular levels of cholesterol are partly regulated by the up- and downregulation of cell membrane LDL receptors. When these LDL receptors are saturated or deficient, LDL is taken up
by “scavenger” cells (most likely derived from macrophages) in other tissues, notably the arterial intima. Thus, these cells can become the nidus for atherosclerotic plaques. HDL is secreted by the liver and intestine or is a product of the degradation of VLDL. Cholesteryl ester molecules move to form a core in a small spherical particle, the HDL3
particle. These particles accept additional free cholesterol, perhaps mediated by receptors that recognize apoprotein A-1. With uptake of cholesterol, the particle size increases to form HDL2, the fraction that reflects changes in diet and hormones. HDL3 levels remain relatively stable. The protein moieties of the lipoprotein particles are strongly
related to the risk of cardiovascular disease, and genetic abnormalities in their synthesis or structure can result in atherogenic conditions. The lipoproteins are a major reason for the disparity in atherosclerosis risk between men and women. Throughout adulthood, the blood HDL cholesterol level is about 10 mg/dL higher in women, and this
difference continues through the postmenopausal years. Total and LDL cholesterol levels are lower in premenopausal women than in men, but after menopause, they rise rapidly. The protective nature of HDL is due to its ability to pick up free cholesterol from cells or other circulating lipoproteins. This lipid-rich HDL is known as HDL3, which is then
converted to the larger, less dense particle, HDL2. Thus, HDL converts lipid-rich scavenger cells (macrophages residing in arterial walls) back to their low-lipid state and carries the excess cholesterol to sites (mainly liver) where it can be metabolized. Another method by which HDL removes cholesterol from the body focuses on the uptake of free
cholesterol from cell membranes. The free cholesterol is esterified and moves to the core of the HDL particle. Thus, HDL can remove cholesterol by delivering cholesterol to sites for utilization (steroid-producing cells) or metabolism and excretion (liver). For good cardiovascular health, the blood concentration of cholesterol must be kept low, and its
escape from the bloodstream must be prevented. The problem of cholesterol transport is solved by esterifying the cholesterol and packaging the ester within the cores of plasma lipoproteins. The delivery of cholesterol to cells is in turn solved by lipoprotein receptors. After binding the lipoprotein with its package of esterified cholesterol, the complex
is delivered into the cell by receptor-mediated endocytosis (discussed later in this chapter), in which the lysosomes liberate cholesterol for use by the cell. Major protection against atherosclerosis depends on the high affinity of the receptor for LDL and the ability of the receptor to recycle multiple times, thus allowing large amounts of cholesterol to
be delivered while maintaining a healthy low blood level of LDL. Cells can control their uptake of cholesterol by increasing or decreasing the number of LDL receptors according to the intracellular cholesterol levels. Thus, a highcholesterol diet influences the liver to reduce the number of LDL receptors on its cells, causing an elevated blood level of
LDL. Statins protect against atherosclerosis by reducing cholesterol biosynthesis, increasing LDL receptors in the liver, and lowering circulating levels of LDL cholesterol. STEROID BIOSYNTHETIC PATHWAY The overall steroid biosynthesis pathway shown in Figure 1.5 is based primarily on the pioneering work of Kenneth J. Ryan and his
coworkers.1,2 These pathways follow a fundamental pattern displayed by all steroid-producing endocrine organs. As a result, it should be no surprise that the normal human ovary produces all three classes of sex steroids: estrogens, progestins, and androgens. The importance of ovarian androgens is appreciated, not only as obligate precursors to
estrogens but also as clinically important secretory products. The ovary differs from the testis in its fundamental complement of critical enzymes and, hence, its distribution of secretory products. The ovary is distinguished from the adrenal gland in that it is deficient in 21-hydroxylase and 11βhydroxylase reactions. Glucocorticoids and
mineralocorticoids, therefore, are not produced in normal ovarian tissue. FIGURE 1.5 During steroidogenesis, the number of carbon atoms in cholesterol or any other steroid molecule can be reduced but never increased. The following reactions can take place: 1. Cleavage of a side chain (desmolase reaction) 2. Conversion of hydroxy groups into
ketones or ketones into hydroxy groups (dehydrogenase reactions) 3. Addition of hydroxy group (hydroxylation reaction) 4. Creation of double bonds (removal of hydrogen) 5. Addition of hydrogen to reduce double bonds (saturation) The traditional view of steroidogenesis was that each step was mediated by many enzymes, with differences from tissue
to tissue. A fundamental simplicity to the system emerged when the responsible complementary DNAs and genes were cloned.3,4,5 Steroidogenic enzymes are either dehydrogenases or members of the cytochrome P450 group of oxidases. Cytochrome P450 is a generic term for a family of oxidative enzymes, termed 450 because of a pigment (450)
absorbance shift when reduced. P450 enzymes can metabolize many substrates; for example, in the liver, P450 enzymes metabolize toxins and environmental pollutants. The human genome contains genes for 57 cytochrome P450 enzymes; 7 of these enzymes localize to the mitochondria and 50 to the endoplasmic reticulum (the major site for
metabolic clearance). The following distinct P450 enzymes are involved in steroidogenesis: P450scc is the cholesterol sidechain cleavage enzyme; P450c11 mediates 11-hydroxylase, 18-hydroxylase, and 19methyloxidase; P450c17 mediates 17-hydroxylase and 17,20-lyase; P450c21 mediates 21-hydroxylase; and P450arom mediates aromatization of
androgens to estrogens (Table 1.1). Marked differences in the exon-intron organization of the P450 genes are compatible with an ancient origin; thus, the superfamily of P450 genes diverged more than 1.5 billion years ago. TABLE 1.1 Cytochrome P450 Enzymes The structural knowledge of the P450 enzymes that has been derived from amino acid
and nucleotide sequencing studies demonstrated that all the steps between cholesterol and pregnenolone were mediated by a single protein, P450scc, bound to the inner mitochondrial membrane. Cloning data revealed that this protein is encoded by the CYP11A1 gene on chromosome 15. These experiments indicated that multiple steps did not
require multiple enzymes. Differing activity in different tissues may reflect posttranslational modifications. In addition, P450-encoding genes contain tissuespecific promoter sequences, which is another reason that regulatory mechanisms can differ in different tissues (e.g., placenta and ovary). CYP11A1 mutations are very rare, producing impaired
steroidogenesis in both the adrenal glands and the gonads and causing abnormal sexual development and adrenal failure.6 Conversion of cholesterol to pregnenolone involves hydroxylation at the carbon 20 and 22 positions, with subsequent cleavage of the side chain. Conversion of cholesterol to pregnenolone by P450scc takes place within the
mitochondria. It is one of the principal effects of tropic hormone stimulation, which also causes the uptake of the cholesterol substrate for this step in the ovary. The tropic hormones from the anterior pituitary bind to the cell surface receptor of the G protein system, activate adenylate cyclase, and increase intracellular cyclic AMP. Cyclic AMP activity
leads to gene transcription that encodes the steroidogenic enzymes and accessory proteins. In a process that is faster than gene transcription, cyclic AMP stimulates the hydrolysis of cholesteryl esters and the transport of free cholesterol to the mitochondria. The cholesterol used for steroid synthesis is derived from circulating LDLs, followed by the
mobilization and transport of intracellular stores.5,7,8 LDL cholesterol esters are incorporated into the cell by tropic hormone stimulation of endocytosis via clathrin-coated pits (a mechanism discussed later in this chapter). Cholesterol is stored in the cell in the ester form or as free cholesterol. Indeed, the rate-limiting step in steroidogenesis is the
transfer of cholesterol from the outer mitochondrial membrane to the inner mitochondrial membrane where fully active P450scc waits for substrate. The rate-limiting transfer of hydrophobic cholesterol through the aqueous space between the outer and inner mitochondrial membranes is mediated by protein activation stimulated by the tropic
hormone. Long-term, chronic steroidogenesis requires gene transcription and protein synthesis, but short-term, acute responses occur independently of new RNA synthesis (although protein synthesis is still necessary—specifically the proteins that regulate cholesterol transfer across the mitochondrial membrane). Several proteins have been
characterized and proposed as regulators of acute intracellular cholesterol transfer. Sterol carrier protein 2 (SCP2) is able to bind and transfer cholesterol between compartments within a cell. Another candidate is a small molecule, steroidogenesis activator polypeptide (SAP), and still another is peripheral benzodiazepine receptor (PBR), which
affects cholesterol flux through a pore structure. But the most studied and favored protein as a regulator of acute cholesterol transfer is steroidogenic acute regulatory (StAR) protein.9,10,11,12,13 StAR messenger RNA and proteins are induced concomitantly with acute steroidogenesis in response to cyclic AMP stimulation. StAR protein increases
steroid production and is imported and localized in the mitochondria. Congenital lipoid adrenal hyperplasia (an autosomal recessive disorder) is a failure in adrenal and gonadal steroidogenesis due to a variety of mutations in the StAR gene.14,15 With several of these mutations, a low level of steroidogenesis is possible, even permitting feminization at
puberty, but continuing tropic hormonal stimulation results in an accumulation of intracellular lipid deposits that destroy steroidogenic capability.16 Mutations of the StAR gene are the only inherited disorder of steroidogenesis not caused by a defect in one of the steroidogenic enzymes. StAR is required for adrenal and gonadal steroidogenesis (for
which it mediates the transport of cholesterol into mitochondria) and, therefore, is necessary for normal male sexual differentiation. StAR moves cholesterol from the outer mitochondrial membrane to the inner mitochondrial membrane where it can enter the steroidogenic pathway by being converted to pregnenolone. A group of proteins structurally
related to StAR have been identified, designated StARD4, StARD5, and StARD6. StARD4 is responsible for binding free cholesterol as it is produced in the cytoplasm and transporting it to the outer mitochondrial membrane.12 Because steroid-producing cells do not store large amounts of hormones, acute increases in secretion depend on this system
to produce rapid synthesis. Once pregnenolone is formed, further steroid synthesis in the ovary can proceed by one of two pathways, either via Δ5-3β-hydroxysteroids or via the Δ4-3-ketone pathway. The first (the Δ5 pathway) proceeds by way of pregnenolone and dehydroepiandrosterone (DHEA) and the second (the Δ4 pathway) via progesterone and
17α-hydroxyprogesterone. The conversion of pregnenolone to progesterone involves two steps: the 3βhydroxysteroid dehydrogenase and Δ4–5 isomerase reactions that convert the 3-hydroxyl group to a ketone and transfer the double bond from the 5–6 position to the 4–5 position. The 3β-hydroxysteroid dehydrogenase enzyme catalyzes both the
dehydrogenation and isomerization reactions and exists in two forms (type I and type II), encoded by two separate genes on chromosome 1 (the type I gene is expressed in the placenta, breast, and other nonglandular tissues, while the type II gene is expressed in the gonads and the adrenal glands). Once the Δ4–5 ketone is formed, progesterone is
hydroxylated at the 17 position to form 17α-hydroxyprogesterone. 17α-Hydroxyprogesterone is the immediate precursor of the C-19 (19 carbons) series of androgens in this pathway. By peroxide formation at C-20, followed by epoxidation of the C-17, C-20 carbons, the side chain is split off, forming androstenedione. The 17-ketone may be reduced to a
17β-hydroxy to form testosterone by the 17β-hydroxysteroid dehydrogenase reaction. Both C-19 steroids (androstenedione and testosterone) can be converted to corresponding C-18 phenolic steroid estrogens (estrone and estradiol) by microsomal reactions in a process referred to as aromatization. This process includes hydroxylation of the angular
19methyl group, followed by oxidation, loss of the 19-carbon as formaldehyde, and ring A aromatization (dehydrogenation). As an alternative, pregnenolone can be directly converted to the Δ5-3β-hydroxy C-19 steroid, DHEA, by 17α-hydroxylation followed by cleavage of the side chain. With formation of the Δ4-3-ketone, DHEA is converted into
androstenedione. The four reactions involved in converting pregnenolone and progesterone to their 17-hydroxylated products are mediated by a single enzyme, P450c17, bound to smooth endoplasmic reticulum and encoded by the CYP17A1 gene on chromosome 10q24.32. 17-Hydroxylase and 17,20-lyase were historically thought to be separate
enzymes; however, these two different functions of the single P450c17 enzyme are not genetic or structural but represent the effect of posttranslational influencing factors.17 In the adrenal gland pathway to cortisol, very little 17,20-lyase activity is expressed. In the ovarian theca cells, the testicular Leydig cells, and the adrenal reticularis, both
17hydroxylase and 17,20-lyase activities are expressed, directing the steroidogenic pathway via DHEA. In the corpus luteum, the principal pathway is via progesterone. Hydroxylation of progesterone and 17α-hydroxyprogesterone is mediated by the P450c21 protein, also known as 21-hydroxylase. Characterization of this protein and gene cloning
indicate that its encoding gene, CYP21, is located on chromosome 6p21.3. An inactive pseudogene, CYP21P, is nearby. Many of the mutations that affect CYP21 and cause congenital adrenal hyperplasia are gene conversions involving recombinations between CYP21 and inactivating mutations in CYP21P. Aromatization is mediated by P450arom found
in the endoplasmic reticulum.18,19 Aromatase cytochrome P450 is encoded by the CYP19A1 (cytochrome P450; family 19 —denoting oxidation of the C-19 methyl group; subfamily A; polypeptide 1) gene on chromosome 15q21.1. Aromatization in different tissues with different substrates is the result of the single P450arom enzyme encoded by this
single gene. Aromatase deficiency because of an inactivating mutation of CYP19A1 is very rare; only a handful of cases have been reported.20 Affected females present at birth with virilization because the placenta cannot convert fetal adrenal androgens to estrogens; thus, maternal virilization during the pregnancy is usually also present. Aromatase
transcription is regulated by several promoter sites that respond to cytokines, cyclic nucleotides, gonadotropins, glucocorticoids, and growth factors.21 Tissue-specific expression is regulated by tissue-specific promoters that allow the extremes of highly regulated expression in the ovary in response to cyclic AMP and gonadotropins, expression in
adipose tissue stimulated by prostaglandin E2, and nonregulated expression in the placenta and adipose. Very specific inhibitors of P450arom have been developed, called “aromatase inhibitors,” that allow intense blockage of estrogen production, with clinical applications that include the treatment of breast cancer (e.g., anastrozole and letrozole) and
ovulation induction. The aromatase complex also includes NADPH-cytochrome P450 reductase, a ubiquitous flavoprotein involved in reduction reactions. The 17β-hydroxysteroid dehydrogenase and 5α-reductase reactions are mediated by non-P450 enzymes. The 17β-hydroxysteroid dehydrogenase is bound to the endoplasmic reticulum and the 5αreductase to the nuclear membrane. The 17β-hydroxysteroid dehydrogenase enzymes convert estrone to estradiol, androstenedione to testosterone, and DHEA to androstenediol, and vice versa. Eight different isozymes have been cloned and characterized.22 The type 1 enzyme is active in the placenta and granulosa cells, converting estrone to
estradiol. The type 2 and 4 enzymes, found in many tissues, form androstenedione and estrone from testosterone and estradiol, respectively. The type 3 and 5 enzymes in the testis reduce androstenedione to testosterone. The type 6 enzyme may be found only in rodents, and the type 7 and 8 enzymes are widespread, but have limited activity. Thus,
types 1, 3, and 5 form active estrogens and androgens, whereas types 2 and 4 produce weaker products, a form of inactivation. This is important, for example, in protecting the fetus against testosterone and estradiol in the maternal circulation. The cell-specific production of each of these isoforms is a method for regulating the local concentration of
estrogens and androgens. ESTROGENS Androgens are the precursors of estrogens. 17β-Hydroxysteroid dehydrogenase activity converts androstenedione to testosterone, which is not a major secretory product of the normal ovary. It is rapidly demethylated at the C-19 position and aromatized to estradiol, the major estrogen secreted by the human
ovary. This process involves the well-characterized “two-cell system” described at length in Chapter 5, (Figure 1.6). Estradiol also arises to a major degree from androstenedione via estrone, and estrone itself is secreted in significant daily amounts. Estriol is the peripheral metabolite of estrone and estradiol and not a secretory product of the ovary.
The formation of estriol is typical of general metabolic “detoxification” (i.e., the conversion of biologically active material to less active forms) (Figure 1.7). FIGURE 1.6 FIGURE 1.7 The conversion of steroids in peripheral tissues is not always a form of inactivation. Free androgens are peripherally converted to free estrogens, for example, in the skin
and adipose cells. The location of the adipose cells influences their activity. Women with central obesity produce more androgens.23 The work of Siiteri and MacDonald24 demonstrated that enough estrogen can be derived from circulating androgens to produce bleeding in the postmenopausal woman. In the female, the adrenal gland remains the
major source of circulating androgens, particularly androstenedione (Figure 1.8). In the male, almost all of the circulating estrogens are derived from peripheral conversion of androgens. The precursor androgens consist principally of androstenedione, DHEA, and dehydroepiandrosterone sulfate. FIGURE 1.8 It can be seen, therefore, that the pattern
of circulating steroids in the female is influenced by the activity of various processes outside the ovary. Because of the peripheral contribution to steroid levels, the term secretion rate is reserved for direct organ secretion, whereas production rate includes organ secretion plus peripheral contribution via conversion of precursors. The metabolic
clearance rate (MCR) equals the volume of blood that is cleared of the hormone per unit of time. The blood production rate (PR) then equals the MCR multiplied by the concentration of the hormone in the blood. In the normal nonpregnant female, estradiol is produced at the rate of 100–300 μg/day, but it circulates and functions within cells in
concentrations of pg/mL. The production of androstenedione is about 3 mg/day, and the peripheral conversion (about 1%) of androstenedione to estrone accounts for about 20–30% of the estrone produced per day. Because androstenedione is secreted in milligram amounts, even a small percent conversion to estrogen results in a significant
contribution to estrogens, which exist and function in the circulation in picogram amounts. Thus, the circulating estrogens in the female are the sum of direct ovarian secretion of estradiol and estrone, plus peripheral conversion of C-19 precursors (Figure 1.9). FIGURE 1.9 PROGESTERONE Peripheral conversion of steroids to progesterone is not
seen in the nonpregnant female; rather, the progesterone production rate is a combination of secretion from the adrenal and the ovaries. Including the small contribution from the adrenal, the blood production rate of progesterone in the preovulatory phase is less than 1 mg/day. During the luteal phase, production increases to 20–30 mg/day. In the
preovulatory phase in adult females, in all prepubertal females, and in the normal male, the blood levels of progesterone are at the lower limits of immunoassay sensitivity: less than 1 ng/mL. After ovulation, that is, during the luteal phase, progesterone ranges from 3 to 15 ng/mL. In congenital adrenal hyperplasia, progesterone blood levels can be as
high as 50 times above normal. Pregnanediol and Pregnanetriol are metabolites of progesterone that are excreted in the urine (Figure 1.10). FIGURE 1.10 ANDROGENS The major androgen products of the ovary are DHEA and androstenedione (and only a little testosterone), which are secreted mainly by stromal tissue derived from theca cells. With
excessive accumulation of stromal tissue or in the presence of an androgenproducing tumor, testosterone becomes a significant secretory product. Occasionally, a nonfunctioning tumor can induce stromal proliferation and increased androgen production. The normal accumulation of stromal tissue at midcycle results in a rise in circulating levels of
androstenedione and testosterone at the time of ovulation. The adrenal cortex produces three groups of steroid hormones: the glucocorticoids, the mineralocorticoids, and the sex steroids. The adrenal sex steroids represent intermediate by-products in the synthesis of glucocorticoids and mineralocorticoids, and excessive secretion of the sex steroids
occurs only with neoplastic cells or in association with enzyme deficiencies. Under normal circumstances, adrenal gland production of the sex steroids is less significant than gonadal production of androgens and estrogens. About one-half of the daily production of DHEA and androstenedione comes from the adrenal gland. The other half of
androstenedione is secreted by the ovary, while the other half of DHEA is secreted almost equally from the ovary and peripheral tissues. The production rate of testosterone in the normal female is 0.2–0.3 mg/day, and approximately 50% arises from peripheral conversion of androstenedione (and a small amount from DHEA) to testosterone, whereas
25% is secreted by the ovary and 25% by the adrenal. Reduction of the Δ4 unsaturation (an irreversible pathway) in testosterone is very significant, producing derivatives very different in their spatial configuration and activity. The 5β-derivatives are not androgenic, and this is not a clinically important pathway; however, the 5α-derivative (a very
active pathway) is extremely potent. Indeed, dihydrotestosterone (DHT), the 5α-derivative, is the principal androgenic hormone in a variety of target tissues and is formed within the target tissue itself. In men, the majority of DHT is derived from testosterone that enters a target cell and is converted by means of 5α-reductase. In women, because the
production rate of androstenedione is greater than testosterone, DHT is primarily derived from androstenedione and partly from DHEA.25 Thus, in women, the skin production of DHT is predominantly influenced by androstenedione. DHT is by definition an intracrine hormone, formed and acting within target tissues.26 The 5α-reductase enzyme
exists in two forms, type I and II, each encoded by a separate gene, with the type I enzyme found in the skin and the type II reductase predominantly expressed in reproductive tissues27. DHT is largely metabolized intracellularly; hence, the blood DHT is only about one-tenth the level of circulating testosterone. In tissues sensitive to DHT (which
includes hair follicles), only DHT enters the nucleus to provide the androgen message. DHT also can perform androgenic actions within cells that do not possess the ability to convert testosterone to DHT. DHT is further reduced by a 3α-keto-reductase to androstanediol, which is relatively inactive. The metabolite of androstanediol, 3αandrostanediol
glucuronide, is the major metabolite of DHT and can be measured in the plasma, indicating the amount of target tissue conversion of testosterone to DHT (Figure 1.11). FIGURE 1.11 Not all androgen-sensitive tissues require the prior conversion of testosterone to DHT. In the process of masculine differentiation, the development of the Wolffian duct
structures (epididymis, the vas deferens, and the seminal vesicle) is dependent on testosterone as the intracellular mediator, whereas development of the urogenital sinus and urogenital tubercle into the male external genitalia, urethra, and prostate requires the conversion of testosterone to DHT.28 Muscle development is under the direct control of
testosterone. Testosterone is also aromatized to a significant extent in the brain, liver, and breast, and in some circumstances (e.g., in the brain), androgenic messages can be transmitted via estrogen. BLOOD TRANSPORT OF STEROIDS While circulating in the blood, a majority of the principal sex steroids (i.e., estradiol and testosterone) is bound to
a protein carrier known as sex hormone–binding globulin (SHBG), which is produced mainly in the liver. Additionally, 30% is loosely bound to albumin, and a very small percentage binds to corticosteroid-binding globulin, leaving only about 1% unbound and free. Hyperthyroidism, pregnancy, and estrogen administration all increase SHBG levels,
whereas corticoids, androgens, progestins, growth hormone, insulin, and insulin-like growth factor I (IGF-I) decrease SHBG. The circulating level of SHBG is inversely related to body weight, and, thus, significant weight gain can decrease SHBG and produce important changes in the unbound levels of the sex steroids. Additionally, circulating SHBG
levels are reduced in the setting of insulin resistance and hyperinsulinemia29,30; this, in fact, may be the major mechanism that mediates the impact of increased body weight on SHBG. The relationship between levels of insulin and SHBG is so strong that SHBG concentrations are a marker for hyperinsulinemic insulin resistance, and a low level of
SHBG is a predictor for the development of type 2 diabetes mellitus.31 The distribution of body fat also has a strong influence on SHBG levels. Android or central fat is located in the abdominal wall and visceral-mesenteric locations. This fat distribution is associated with hyperinsulinemia, hyperandrogenism, and decreased levels of SHBG.32 The
common mechanism for these changes is probably the hyperinsulinemia. While SHBG is a homodimeric glycoprotein composed of two monomers, it contains a single binding site for androgens and estrogens. Its encoding gene has been localized to the short arm of chromosome 17.33 Genetic studies have revealed that the SHBG gene also encodes the
androgen-binding protein present in the seminiferous tubules, synthesized by the Sertoli cells.34,35 Dimerization is believed to be necessary to form the single steroid-binding site. Specific genetic abnormalities with decreased or abnormal SHBG have not been reported. SHBG gene expression has now been identified in other tissues (brain, placenta,
and endometrium), although a biologic significance has not been determined. As previously mentioned, SHBG is decreased by androgens; hence, the binding capacity in men is lower than that in normal women. The binding globulin level in women with increased androgen production is also depressed. Androgenic effects are dependent on the
unbound fraction that can move freely from the vascular compartment into the target cells. Routine assays determine the total hormone concentration, bound plus free. Thus, a total testosterone concentration can be in the normal range in a woman who is hirsute, but because the binding globulin level is depressed by the androgen effects, the
percent-free and active testosterone is elevated. Transcortin, also called corticosteroid-binding globulin, is a plasma glycoprotein that binds cortisol, progesterone, deoxycorticosterone, corticosterone, and some of the other minor corticoid compounds. Normally, about 75% of circulating cortisol is bound to transcortin, 15% is loosely bound to albumin,
and 10% is unbound or free. Progesterone circulates in the following percentages: less than 2% unbound, 80% bound to albumin, 18% bound to transcortin, and less than 1% bound to SHBG. Binding in the circulation follows the law of mass action: the amount of the free, unbound hormone is in equilibrium with the bound hormone. Thus, the total
binding capacity of a binding globulin will influence the amount that is free and unbound. The biologic effects of the major sex steroids are largely determined by the unbound portion, known as the free hormone. In other words, the active hormone is unbound and free, whereas the bound hormone is relatively inactive. This concept is not without
controversy. The hormone-protein complex may be involved in an active uptake process at the target cell plasma membrane.36,37,38 The albumin-bound fraction of steroids may also be available for cellular action because this binding has low affinity. Because the concentration of albumin in plasma is much greater than that of SHBG, the contribution
of the albumin-bound fraction can be significant. Routine assays determine the total hormone concentration, bound plus free, and special steps are required to measure the active free level of testosterone, estradiol, and cortisol. THE IMPORTANCE OF HORMONE PRODUCTION LOCAL SEX While blood transport of the sex steroids is a key mediator
of their biologic effects, it is important to note that the circulating levels of sex hormones do not always reflect concentrations in target cells. In premenopausal women, target tissues synthesize and metabolize most of the testosterone produced. Thus, in women, testosterone functions as a paracrine and intracrine hormone. In men, abundant secretion
of testosterone creates circulating levels that are sufficient to allow testosterone to function as a classic hormone. In women, the same description applies to estradiol. Estradiol functions as a classical circulating hormone until menopause, after which both estradiol and testosterone activities are due to local target tissue synthesis, using precursors
derived from the circulation. Clinical interventions after menopause, therefore, are directed to local hormone production, for example, the use of aromatase inhibitors to treat breast cancer. EXCRETION OF STEROIDS Active steroids and metabolites are excreted as sulfo- and glucuroconjugates. Conjugation of a steroid converts a hydrophobic
compound into a hydrophilic one and generally reduces or eliminates the activity of a steroid. This is not completely true, however, because hydrolysis of the ester linkage can occur in target tissues and restore the active form. Furthermore, estrogen conjugates can have biologic activity, and it is known that sulfated conjugates are actively secreted
and may serve as precursors, present in the circulation in relatively high concentrations because of binding to serum proteins. Ordinarily, however, conjugation by the liver and intestinal mucosa is a step in deactivation preliminary to, and essential for, excretion into urine and bile (Figure 1.12). FIGURE 1.12 For example, the metabolic fate of
progesterone, as expressed by its many excretion products, is relatively complex. About 10–20% of progesterone is excreted as pregnanediol. Pregnanediol glucuronide is present in the urine in concentrations less than 1 mg/day until ovulation. Postovulation pregnanediol excretion reaches a peak of 3–6 mg/day, which is maintained until 2 days prior
to menses. The assay of pregnanediol in the urine now has little clinical use. Pregnanetriol is the chief urinary metabolite of 17α-hydroxyprogesterone and has clinical significance in congenital adrenal hyperplasia, in which an enzymatic defect (most frequently 21-hydroxylase) results in accumulation of 17α-hydroxyprogesterone and increased
excretion of pregnanetriol (Figure 1.10). However, the plasma or serum assay of 17αhydroxyprogesterone is a more sensitive and accurate index of this enzyme deficiency than measurement of pregnanetriol. MECHANISM OF ACTION FOR STEROID HORMONES The specificity of the reaction of tissues to sex steroid hormones is due to the presence
of intracellular receptor proteins. Different types of tissues, such as liver, kidney, and uterus, respond in a similar manner. The mechanism includes (1) steroid hormone diffusion across the cell membrane, (2) steroid hormone binding to a receptor protein, (3) interaction of a hormone-receptor complex with nuclear DNA, (4) synthesis of messenger
RNA (mRNA), (5) transport of the mRNA to the ribosomes, and, finally, (6) protein synthesis in the cytoplasm that results in specific cellular activity (Figure 1.13). The steroid hormone receptors primarily affect gene transcription, but also regulate posttranscriptional events and nongenomic events. Steroid receptors regulate gene transcription
through multiple mechanisms, not all of which require direct interactions with DNA. FIGURE 1.13 Each of the major classes of the sex steroid hormones, including estrogens, progestins, and androgens, acts according to this general mechanism. Glucocorticoid and mineralocorticoid receptors, when in the unbound state, reside in the cytoplasm and
move into the nucleus after hormone-receptor binding. Estrogens, progestins, and androgens are transferred across the nuclear membrane and bind to their receptors within the nucleus. Steroid hormones are rapidly transported across the cell membrane by simple diffusion. The factors responsible for this transfer are unknown, but the concentration
of free (unbound) hormone in the bloodstream seems to be an important and influential determinant of cellular function. Once in the cell, the sex steroid hormones bind to their individual receptors. During this process, transformation or activation of the receptor occurs. Transformation refers to a conformational change of the hormone-receptor
complex revealing or producing a binding site that is necessary in order for the complex to bind to the chromatin. In the unbound state, the receptor is associated with heat shock proteins that stabilize and protect the receptor and maintain a conformational shape that keeps the DNA-binding region in an inactive state. Activation of the receptor is
driven by hormone binding that causes a dissociation of the receptor-heat shock protein complex. The hormone-receptor complex binds to specific DNA sites (hormone-responsive elements) that are located upstream of the gene. The specific binding of the hormonereceptor complex with DNA results in RNA polymerase initiation of transcription.
Transcription is followed by translation and mRNA-mediated protein synthesis on the ribosomes. The principal action of steroid hormones is the regulation of intracellular protein synthesis by means of the receptor mechanism. Biologic activity is maintained only while the nuclear site is occupied with the hormone-receptor complex. The dissociation
rate of the hormone and its receptor and the half-life of the nuclear chromatin-bound complex are factors in the biologic response because the hormone response elements are abundant and, under normal conditions, are occupied only to a small extent.39 Thus, an important clinical principle is the following: duration of exposure to a hormone is as
important as dose. One reason only small amounts of estrogen need be present in the circulation is the long halflife of the estrogen hormone-receptor complex. Indeed, a major factor in the potency differences among the various estrogens (estradiol, estrone, estriol) is the length of time the estrogen-receptor complex occupies the nucleus. The higher
rate of dissociation with the weak estrogen (estriol) can be compensated for by continuous application to allow prolonged nuclear binding and activity. Cortisol and progesterone must circulate in large concentrations because their receptor complexes have short half-lives in the nucleus. An important action of estrogen is the modification of its own

and other steroid hormones’ activities by affecting receptor concentrations. Estrogen increases target tissue responsiveness to itself and to progestins and androgens by increasing the concentration of its own receptor and that of the intracellular progestin and androgen receptors. Progesterone and clomiphene, on the other hand, limit tissue
response to estrogen by blocking this mechanism, thus decreasing over time the concentration of estrogen receptors. Small amounts of receptor depletion and small amounts of steroid in the blood activate the mechanism. The synthesis of the sex steroid receptors obviously takes place in the cytoplasm, but for estrogen and progestin receptors,
synthesis must be quickly followed by transportation into the nucleus. There is an amazingly extensive nuclear traffic.40 The nuclear membrane contains 3,000–4,000 pores. A cell synthesizing DNA imports about one million histone molecules from the cytoplasm every 3 minutes. If the cell is growing rapidly, about three newly assembled ribosomes
will be transported every minute in the other direction. The typical cell can synthesize 10,000–20,000 different proteins. How do they know where to go? The answer is that these proteins have localization signals. In the case of steroid hormone receptor proteins, the signal sequences are in the hinge region. Estrogen and progestin receptors exit
continuously from the nucleus to the cytoplasm and are actively transported back to the nucleus. This is a constant shuttle; diffusion into the cytoplasm is balanced by the active transport into the nucleus. This raises the possibility that some diseases are due to poor traffic control. This can be true of some acquired diseases as well (e.g., Reye
syndrome, an acquired disorder of mitochondrial enzyme function). The fate of the hormone-receptor complex after gene activation is referred to as hormone-receptor processing (Figure 1.14). In the case of estrogen receptors, processing involves the rapid degradation of receptors unbound with estrogen and a much slower degradation of bound
receptors after gene transcription. The rapid turnover of estrogen receptors has clinical significance. The continuous presence of estrogen is an important factor for continuing response. FIGURE 1.14 The best example of the importance of these factors is the difference between estradiol and estriol. Estriol has only 20–30% affinity for the estrogen
receptor compared with estradiol; therefore, it is rapidly cleared from a cell. But if the effective concentration is kept equivalent to that of estradiol, it can produce a similar biologic response.41 In pregnancy, where the concentration of estriol is very high, it can be an important hormone, not just a metabolite. The depletion of estrogen receptors in
the endometrium by progestational agents is the fundamental reason for adding progestins to estrogen treatment programs. The progestins accelerate the turnover of preexisting receptors, and this is followed by inhibition of estrogen-induced receptor synthesis. Using monoclonal antibody immunocytochemistry, this action has been pinpointed to the
interruption of transcription in estrogen-regulated genes. The mechanism is different for androgen antiestrogen effects. Androgens also decrease estrogen receptors within target tissues, especially in the uterus.42,43 The Nuclear Receptor Superfamily Recombinant DNA techniques have permitted the study of the gene sequences that code for the
synthesis of nuclear receptors. Steroid hormone receptors share a common structure with the receptors for thyroid hormone, 1,25-dihydroxyvitamin D3, and retinoic acid; thus, these receptors are called a superfamily (Figure 1.15).44,45 Each receptor contains characteristic domains that are similar and interchangeable. Therefore, it is not surprising
that the specific hormones can interact with more than one receptor in this family. Analysis of these receptors suggests a complex evolutionary history during which gene duplication and swapping between domains of different origins occurred. This family now includes hundreds of proteins, present in practically all species, from worms to insects to
humans. Some are called orphan receptors because specific ligands for these proteins have not been identified, but the number of orphan receptors is gradually diminishing (“deorphanization”). It has been convincingly argued that the six steroid receptors originated in a common ancestral receptor gene.46 The identification of steroid receptors in the
sea lamprey dates the origin to over 450 million years ago, and the characterization of a receptor that functions like an estrogen receptor in the mollusk suggests that the ancient and initial sex steroid receptor was an estrogen receptor.47 Knowledge of the complete human genome has confirmed that there are 48 nuclear receptors in this
superfamily.45 FIGURE 1.15 The Estrogen Receptors Two estrogen receptors have been identified, designated as estrogen receptor-alpha (ER-α) and estrogen receptor-beta (ER-β) (Figure 1.16).48,49 The estrogen receptor-α was discovered about 1960, and the amino acid sequence was reported in 1986.50,51,52 The estrogen receptor-α is translated
from a 6.8-kilobase mRNA derived from a gene that contains eight exons on the long arm of chromosome 6.53 It has a molecular weight of approximately 66 kDa with 595 amino acids. The receptor-α half-life is approximately 4–7 hours; thus the estrogen receptor-α is a protein with a rapid turnover. The more recently discovered estrogen receptor-β, a
protein with 530 amino acids, is encoded by a gene localized to chromosome 14q23.2, in close proximity to genes related to Alzheimer disease.54,55 Multiple isoforms exist of ER-β, including five fulllength forms. FIGURE 1.16 Orphan receptors have been identified that are related to the estrogen receptors. They have been designated as estrogenrelated receptor (ERRα, ERRβ, and ERRγ). ERRα may be regulated by coactivator proteins and interacts with typical steroid signaling pathways.56,57 These orphan receptors are expressed in most tissues and may be involved in typical estrogen activities, such as the proliferation and differentiation of target cells in the bone and in the breast.
Nevertheless, they do not bind estrogens, and no endogenous ligand has been yet identified. The story is further complicated with the recognition that members of the nuclear receptor superfamily are each associated with multiple isoforms.58 This increases the number of possible signaling pathways in physiology and disease. In this discussion, we
will mention only the most biologically important isoforms. The estrogen receptors are divided into six regions in five domains, labeled A to F. The ER-β is 96% homologous in amino acid sequence with the alpha estrogen receptor in the DNA-binding domain and 60% homologous in the hormone-binding domain. The full comparison is shown in Table
1.2.54,59,60 TABLE 1.2 Hormone-Binding Domain The hormone-binding characteristics of the ER-α and the ER-β are similar, indicating that they respond in a comparable manner to the same hormones.61 Thus, both receptors bind to the estrogen response element with a similar affinity, and the affinity of estradiol for each receptor is similar. There
are differences, however; for example, phytoestrogens have a greater affinity for ER-β than for ER-α. In other words, estrogenic agents demonstrate preferential binding for one or the other receptor. Different genetic messages can result not only because of differences in binding affinity but also through variations in the mechanisms to be discussed,
notably differences in conformational shape and cellular contexts. In addition, because the regulatory domains differ in the two receptors, the ability of ER-β to activate gene transcription by means of AF-1 is impaired (discussed below). A/B Region, the Regulatory Domain The amino acid terminal is the most variable in the superfamily of nuclear
receptors, ranging in size from 20 amino acids (in the vitamin D receptor) to 600 amino acids (in the mineralocorticoid receptor). In the ER-α, it contains several phosphorylation sites and the transcription activation function called AF-1. AF-1 can stimulate transcription in the absence of hormone binding. The regulatory domain is considerably
different in the two estrogen receptors; in ER-β, AF-1 is either significantly modified or absent. C Region, the DNA-Binding Domain The middle domain binds to DNA and consists of 100 amino acids with nine cysteines in fixed positions, the two zinc fingers (Figure 1.17). This domain is essential for activation of transcription. Hormone binding induces
a conformational change in the three helices that allows binding to the hormone-responsive elements in the target gene. This domain is very similar for each member of the steroid and thyroid receptor superfamily; however, the genetic message is specific for the hormone that binds to the hormone-binding domain. The DNA-binding domain controls
which gene will be regulated by the receptor and is responsible for target gene specificity and high-affinity DNA binding. The specificity of receptor binding to its hormone-responsive element is determined by the zinc finger region, especially the first finger. The specific message can be changed by changing the amino acids in the base of the fingers.
Substitutions of amino acids in the fingertips lead to loss of function. Functional specificity is localized to the second zinc finger in an area designated the d (distal) box. Different responses are due to the different genetic expression of each target cell (i.e., the unique activity of each cell’s genetic constitution allows individual behavior). FIGURE 1.17
D Region, the Hinge The region between the DNA-binding domain and the hormone-binding domain contains a signal area that is important for the movement of the receptor to the nucleus following synthesis in the cytoplasm. This nuclear localization signal must be present for the estrogen receptor to remain within the nucleus in the absence of
hormone. This region is also a site of rotation (hence the hinge designation) in achieving conformational change. E Region, the Hormone-Binding Domain The carboxyl end of the estrogen receptor-α is the hormone-binding domain (for both estrogens and antiestrogens), consisting of 251 amino acids (residues 302–553). It contains 12 helices with a
folding pattern that forms a pocket where the hormones bind. The pocket is about 20% smaller in ER-β. In addition to hormone binding, this region contains the sites for cofactor binding, is responsible for dimerization, and harbors the transcription activation function called AF-2. This is also the site for binding by heat shock proteins (specifically hsp
90); when bound, the heat shock proteins prevent dimerization and DNA binding. In contrast to AF-1 activity, AF-2 depends on hormone binding for full activity. F Region The F region of ER-α is a 42-amino acid C-terminal segment. This region modulates gene transcription by estrogen and antiestrogens, having a role that influences antiestrogen
efficacy in suppressing estrogen-stimulated transcription.62 The conformation of the receptor-ligand complex is different with estrogen and antiestrogens, and this conformation is different with and without the F region. The F region is not required for transcriptional response to estrogen; however, it affects the magnitude of ligand-bound receptor
activity. It is speculated that this region affects conformation in such a way that protein interactions are influenced. Thus, it is appropriate that the effects of the F domain vary according to cell type and protein context. The F region affects the activities of both AF-1 and AF-2, which is what one would expect if the effect is on conformation.63 Estrogen
Receptor Mechanism of Action Ligand-Dependent Nuclear Activity The steroid family receptors are predominantly in the nucleus even when not bound to a ligand, except for mineralocorticoid and glucocorticoid receptors (for which nuclear uptake depends on hormone binding). However, the estrogen receptor does undergo what is called
nucleocytoplasmic shuttling (Figure 1.18). The estrogen receptor can diffuse out of the nucleus and be rapidly transported back in or undergo metabolism. When this shuttling is impaired, receptors are more rapidly degraded. Agents that inhibit dimerization (e.g., the pure estrogen antagonists) prevent nuclear translocation and thus increase
cytoplasmic degradation . FIGURE 1.18 In the absence of estrogen (the ligand), the receptor can become associated with the estrogen response element on a gene, a signal for a process that leads to its proteasome degradation via the ubiquitin pathway.64 The receptor bound to its ligand, estrogen, undergoes the same process, but at a pace much
slower than unliganded receptor, allowing time for gene transcription. This cyclic turnover allows the target cell to be very sensitive to the concentration of the ligand (estrogen) within the cell. Prior to binding, the estrogen receptor is an inactive complex that includes a variety of chaperone proteins, including the heat shock proteins. Heat shock
protein 90 appears to be a critical protein, and many of the others are associated with it. This heat shock protein is important not only for maintaining an inactive state but also for causing proper folding for transport across membranes. “Activation” or “transformation” occurs with the dissociation of heat shock protein 9065 (Figure 1.19). FIGURE
1.19 One can imagine the unoccupied steroid receptor as a loosely packed, mobile protein complexed with heat shock proteins. The steroid family of receptors exists in this complex and cannot bind to DNA until union with a steroid hormone liberates the heat shock proteins and allows dimerization. The conformational change induced by hormone
binding involves a dissociating process to form a tighter packing of the receptor. The hormone-binding domain contains helices that form a pocket.66 After binding with a hormone (or with drugs engineered for this purpose), this pocket undergoes a conformational change that creates new surfaces with the potential to interact with coactivator and
corepressor proteins. Conformational shape is an important factor in determining the exact message transmitted to the gene. Conformational shape is slightly but significantly different with each ligand; estradiol, tamoxifen, and raloxifene each induce a distinct conformation that contributes to the ultimate message of agonism or antagonism.67,68
Tamoxifen and raloxifene, both AF-2 antagonists, cause a steric repositioning, about a 90-degree rotation, of a helix (the AF2 helix) that then occupies the binding site of a coactivator in those tissues where such a coactivator is a requisite for AF-2 activity. The weak estrogen activity of estriol is because of its altered conformational shape when
combined with the estrogen receptor in comparison with estradiol.69 The hormone-binding domain of the estrogen receptors contains a cavity (the pocket) surrounded by a wedge-shaped structure, and it is the fit into this cavity that is so influential in the final genetic message. The size of this cavity on the estrogen receptor is relatively large, larger
than the volume of an estradiol molecule, explaining the acceptance of a large variety of ligands. Thus, estradiol, tamoxifen, and raloxifene each bind in the same cavity within the hormone-binding domain, but the conformational shape with each is not identical. Conformational shape is a major factor in determining the ability of a ligand and its
receptor to interact with coactivators and corepressors. Conformational shapes are not simply either “on” or “off,” but intermediate conformations are possible providing a spectrum of agonist/antagonistic activity. The specific conformational shape of a receptor allows or prevents the recruitment of coactivators and corepressors that ultimately yield
various biologic responses. Members of the thyroid and retinoic acid receptor subfamily do not exist in inactive complexes with heat shock proteins. They can form dimers and bind to response elements in DNA without ligand; in this context, they act as repressors of transcription. Estrogen receptor mutants can be created that are unable to bind
estradiol. These mutants can form dimers with natural estrogen receptor (wild type) and then bind to the estrogen response element, but they cannot activate transcription.70 This indicates that transcription is dependent on the result after estradiol binding to the estrogen receptor, an estrogen-dependent structural change. Dimerization by itself is
not sufficient to lead to transcription; neither is binding of the dimer to DNA sufficient. Molecular modeling and physical energy calculations indicate that binding of estrogen with its receptor is not a simple key and lock mechanism. It involves conversion of the estrogen-receptor complex to a preferred geometry dictated to a major degree by the
specific binding site of the receptor. The estrogenic response depends on the final bound conformation and the electronic properties of functional groups that contribute energy. The final transactivation function is dependent on these variables. Estrogen, progesterone, androgen, and glucocorticoid receptors bind to their response elements as dimers,
one molecule of hormone to each of the two units in the dimer. The estrogen receptor-α can form dimers with other α-receptors (homodimers) or with an estrogen receptor-β (heterodimer). Similarly, the estrogen receptor-β can form homodimers or heterodimers with the α-receptor. This creates the potential for many pathways for estrogen signaling,
alternatives that are further increased by the possibility of utilizing various response elements in target genes. Cells that express only one of the estrogen receptors would respond to the homodimers; cells that express both could respond to a homodimer and a heterodimer. The similar amino acid sequence of the DNA-binding domains in this family of
receptors indicates evolutionary conservation of homologous segments. An important part of the conformational pattern consists of multiple cysteine-repeating units found in two structures, each held in a finger-like shape by a zinc ion, the so-called zinc fingers.71 The zinc fingers on the various hormone receptors are not identical. These fingers of
amino acids interact with similar complementary patterns in the DNA. Directed changes (experimental mutations) indicate that conservation of the cysteine residues is necessary for binding activity, as is the utilization of zinc. The DNA-binding domain is specific for an enhancer site (the hormone-responsive element) in the gene promoter, located in
the 5′-flanking region. The activity of the hormone-responsive element requires the presence of the hormone-receptor complex. Thus, this region is the part of the gene to which the DNA-binding domain of the receptor binds. There are at least four different hormone-responsive elements, one for glucocorticoids/progesterone/androgen, one for
estrogen, one for vitamin D3, and one for thyroid/retinoic acid.72 These sites significantly differ only in the number of intervening nucleotides. Binding of the hormone-receptor complex to its hormone-responsive element leads to many changes, only one of which is a conformational alteration in the DNA. Although the hormone-responsive elements for
glucocorticoids, progesterone, and androgens mediate all of these hormonal responses, there are subtle differences in the binding sites, and there are additional sequences outside of the DNA-binding sites that influence activation by the three different hormones. The cloning of complementary DNAs for steroid receptors has revealed a large number
of similar structures of unknown function. It is believed that the protein products of these sequences are involved in the regulation of transcription initiation that occurs at the TATA box. There are three different RNA polymerases (designated I, II, and III), each dedicated to the transcription of a different set of genes with specific promoters (the site
of polymerase initiation of transcription). Transcription factors are polypeptides, complexed with the polymerase enzyme, that modulate transcription either at the promoter site or at a sequence further upstream on the DNA.73 The steroid hormone receptors, therefore, are transcription factors. The polymerase transcription factor complex can be
developed in sequential fashion with recruitment of individual polypeptides, or transcription can result from interaction with a preformed complete complex. The effect can be either positive or negative, activation or repression. In most cases, therefore, the steroid hormone receptor activates transcription in partnership with several groups of
polypeptides73: 1. Other transcription factors—peptides that interact with the polymerase enzyme and DNA. 2. Coactivators and corepressors—peptides that interact with the AF areas of the receptor, also called adaptor proteins or coregulators. Previously considered nuclear proteins, these regulators may also have functions within the cytoplasm. 3.
Chromatin factors—structural organizational changes that allow an architecture appropriate for transcription response. The steroid-receptor complex regulates the amount of mRNA transcripts emanating from target genes. The estrogen-occupied receptor binds to estrogen response elements in the 5′-flanking regions of estrogen-regulated genes,
allowing efficient induction of RNA transcription. This can occur by direct binding to DNA and interaction with the estrogen response element or by protein interactions with coactivators between the estrogen receptor and DNA sites. Coactivators and corepressors are intracellular proteins, recruited by hormone receptors, that activate or suppress
the AF areas by acting enzymatically either on the receptors or on DNA.74,75,76,77,78,79 Most of the genes regulated by estrogens respond within 1–2 hours after estrogen administration. Only a few respond within minutes. This time requirement may reflect the necessity to synthesize regulating proteins.80 A large number (over 300—a current list
is available at www.nursa.org) of coactivator and corepressor proteins have been identified, suggesting that there is a process involved with these proteins, causing selection, activation, queuing, and coordination.81 In general, corepressor proteins bind to hormone receptors in the absence of a ligand and suppress any basal transcription activity.
Active investigation of this step will undoubtedly yield understanding of pathologic responses and new pharmacologic developments because it is already recognized that these proteins influence the phenotypes of human diseases.82 Just as coregulators can lead to different responses to the same hormones in different tissues, there is evidence that
posttranslational modifications of the coregulators can diversify the regulatory effects.79,81 The activity of a coregulator protein can be altered by modifications such as phosphorylation or methylation. The response to a specific hormone, therefore, can be complex, differing in various tissues as directed by the coregulators present in that tissue and
how the coregulators are modified. The diversity from tissue to tissue is thus very complex, but even within a single cell, impressive diversity is the norm. Because genomic differences among various species are amazingly small (1% or less), evolutionary differences in the way in which genes act, including the complex coregulatory story, make a major
contribution to the phenotypic and behavioral differences in life forms, especially humans. In addition, coregulators provide another evolutionary reservoir that can yield adaptation to new environmental challenges and stresses. The concentration of coactivators/corepressors can affect the cellular response, and this is another explanation for strong
responses from small amounts of hormone. With a small amount of receptor but a large amount of coactivator/corepressor, the cell can be very responsive to a weak signal. One of the aspects of activation of the estrogen receptor, for example, is an increase in affinity for estrogen. This is an action of estrogen, and it is greatest with estradiol and least
with estriol. This action of estradiol, the ability of binding at one site to affect another site, is called cooperativity. An increase in affinity is called positive cooperativity. The biologic advantage of positive cooperativity is that this increases the receptor’s ability to respond to small changes in the concentration of the hormone. One of the antiestrogen
actions of clomiphene is its property of negative cooperativity, the inhibition of the transition from a low-affinity to a high-affinity state. The relatively long duration of action exhibited by estradiol is due to the high-affinity state achieved by the receptor. AF (activation function) is the part of the receptor that activates gene transcription after binding to
DNA. Ligand binding produces a conformational change that allows AFs to accomplish their tasks. AF-1 can stimulate transcription in the absence of hormone when it is fused to DNA; however, it also promotes DNA binding in the intact receptor. AF-2 is affected by the bound ligand, and the estrogen receptor depends on estrogen binding for full
activity. AF-2 consists of a number of dispersed elements that are brought together after estrogen binding. The activities of AF-1 and AF-2 vary according to the promoters in target cells. These areas can act independently or with one another. Indeed, the classic estrogen compounds (e.g., estradiol) produce a conformational shape that allows AF-1
and AF-2 to react in a synergistic fashion. Thus, the differential activities of the AFs account for different activities in different cells. In addition to the binding of the dimerized steroid receptor to the DNA response element, steroid hormone activity is modulated by other pathways (other protein transcription factors and coactivators/corepressors) that
influence transcription activation.83,84 This concept of cellular context is an important one. The same hormone can produce different responses in different cells according to the cellular context of protein regulators, and responses can be altered by posttranslational modifications of the coregulator proteins. Ligand-Independent Nuclear Activity
Phosphorylation of specific receptor sites is an important method of regulation, as well as phosphorylation of other peptides that influence gene transcription. Phosphorylation can be regulated by cell membrane receptors and ligand binding, thus establishing a method for cell membrane–bound ligands to communicate with steroid receptor genes.
Cyclic AMP and protein kinase A pathways increase transcriptional activity of the estrogen receptor by phosphorylation. In some cases, phosphorylation modulates the activity of the receptor; in other cases, the phosphorylation regulates the activity of a specific peptide or coactivator/corepressor that, in turn, modulates the receptor. Phosphorylation
follows steroid binding and occurs in both the cytoplasm and nucleus. Thus, phosphorylation enhances activity of the steroid receptor complex (Figure 1.20). FIGURE 1.20 Phosphorylation of the receptor increases the potency of the molecule to regulate transcription. Growth factors can stimulate protein kinase phosphorylation that can produce
synergistic activation of genes or even ligand-independent activity. Epidermal growth factor (EGF), IGF-I, and transforming growth factor-alpha (TGF-α) can activate the estrogen receptor in the absence of estrogen, through the AF-1 domain. This response to growth factors can be blocked by pure antiestrogens (suggesting that a strong antagonist
locks the receptor in a conformation that resists ligand-independent pathways). The exact mechanism of growth factor activation is not known, but it is known that a steroid receptor can be activated by means of a chemical signal (a phosphorylation cascade) originating at the plasma membrane. The recruitment of kinase activity is specific for specific
ligands; thus, not all ligands stimulate phosphorylation. Another explanation for strong responses from small amounts of steroids is a positive feedback relationship. Estrogen activates its receptor, gene expression stimulates growth factors (EFG, IGF-I, TGF-α, fibroblast growth factor [FGF]), and the growth factors in an autocrine fashion further
activate the estrogen receptor.85 Ligandindependent activation of the estrogen receptor may be an important mechanism where estrogen levels are low, such as in the male.86 Key Points: Steps in the Steroid Hormone Receptor Signaling Mechanism Binding of the hormone to the hormone-binding domain that has been kept in an inactive state by
various heat shock proteins Activation of the hormone-receptor complex, by conformational change, follows the dissociation of the heat shock proteins Dimerization of the complex Binding of the dimer to the hormone-responsive element on DNA at the zinc finger area of the DNA-binding domain. Stimulation of transcription, mediated by activation
functions (AFs) and influenced by the protein (other transcription factors and coactivators/corepressors) context of the cell and by phosphorylation Key Points: Factors That Determine Biologic Activity Affinity of the hormone for the hormone-binding domain of the receptor Target tissue differential expression of the receptor subtypes (e.g., ER-α and
ERβ) The concept of conformational shape: the structure of the ligand-receptor complex, with effects on two important activities: dimerization and the recruitment of regulating proteins The concept of cellular context: the differential expression of target tissue regulating proteins, coactivators and corepressors and phosphorylation, yielding various
biologic responses Different Roles for ER-α and ER-β Male and female mice have been developed that are homozygous for disruption of the estrogen receptor genes, “estrogen receptor knockout mice.”59,87,88 Estrogen receptor-α– deficient mice are known as αERKO or ERKO mice and ER-β–deficient mice as βERKO or BERKO mice (Table 1.3).89
TABLE 1.3 Characteristics of ERKO and BERKO Mice Spermatogenesis in the αERKO male is reduced and the testes undergo progressive atrophy, a result of a testicular role for estrogen, because gonadotropin levels and testicular steroidogenesis remain normal. Sexual mounting behavior is not altered, but intromission, ejaculation, and aggressive
behaviors are reduced. Female mice with the alpha estrogen receptor gene disrupted do not ovulate, and the ovaries do not respond to gonadotropin stimulation. These female animals have high levels of estradiol, testosterone, and LH. FSH β-subunit synthesis is increased, but FSH secretion is at normal levels, indicating different sites of action for
estrogen and inhibin. Uterine development is normal (due to a lack of testosterone in early life), but growth is impaired. Mammary gland ductal and alveolar development is absent. Female mice with absent alpha estrogen receptor activity do not display sexual receptive behaviors. This genetically engineered line of mice demonstrates essential
activities for the alpha estrogen receptor. Relatively normal fetal and early development suggests that the beta estrogen receptor plays a primary role in these functions. For example, the fetal adrenal gland expresses high levels of ER-β and low levels of ER-α.90 However, nongenomic actions of estrogen are also possible and can explain some of the
estrogenic responses in a knockout model. The results from estrogen receptor knockout mice as well as mice with disruption of the aromatase enzyme indicate that estrogen is essential for fertility, but not for the development of the reproductive tract or for survival.91 These genetic mice experiments also highlight the importance of estrogen in
preventing the development of the metabolic syndrome. Knockout models for the estrogen receptors as well as the knockout model for the aromatase enzyme yield mice with hyperinsulinemia and increased visceral adiposity, with a reversal achieved by estrogen treatment.19 Differential expression of the α- and β-receptors is present in various
tissues (e.g., ER-β is the prevalent estrogen receptor in certain areas of the brain and the cardiovascular system) resulting in different and selective responses to specific estrogens.88,92,93 Human granulosa cells from the ovarian follicle contain only ER-β mRNA; the human breast expresses both ER-α and ER-β, but ER-α is primarily involved in
mammary development and function. Some parts of the rat brain contain only ER-β, others only ER-α, and some areas contain both receptors.94 Target tissues that have been classically regarded as estrogen-sensitive (such as the uterus and the breast) express mainly ER-α. But, the knockout models have oversimplified the roles of ER-α and ER-β, at
least in breast tissue; their roles are dynamic and changing, not a simple expression of always one or the other. Two commonly used estrogens, 17β-estradiol and ethinyl estradiol (the estrogen component of steroid contraceptives), bind equally well to the alpha and beta estrogen receptors. However, ER-β plays a lesser role in those target tissues
affected by these two estrogens, specifically the uterus, breast, bone, hypothalamus, and pituitary. ER-β may have a regulatory role. In some tissues, ER-β reduces ER-α–regulated gene transcription, even though in the absence of ER-α, ER-β can function as an estrogen receptor.95 ER-β acts as a natural suppressor of estrogen (ER-α) activity in breast
tissue, and decreased concentrations of ER-β are associated with more aggressive tumors and reduced sensitivity to tamoxifen.96,97 The colon contains only ER-β, and the reduction in the risk of colonic cancer associated with postmenopausal estrogen therapy may reflect an antiproliferative activity of the β-receptor. Decreases in ER-β expression
have been observed in cancers occurring in the endometrium, ovary, colon, and prostate.98 The estrogen story is further complicated by the fact that the same estrogen binding to the α- and β-receptors can produce opposite effects. For example, estradiol can stimulate gene transcription with ER-α at a given site of the estrogen response element,
whereas estradiol inhibits gene transcription with ER-β in this same system.99 In other tissues, the opposite scenario can occur with estradiol increasing ER-β expression. Different and unique messages, therefore, can be determined by the specific combination of (1) a particular estrogen, (2) the α- or β-receptor, and (3) the targeted response element.
To some degree, differences with ER-α and ER-β are influenced by activation of AF-1 and AF-2; agents that are capable of mixed estrogen agonism and antagonism produce agonistic messages via AF-1 with ER-α, but because ER-β lacks a similar AF-1, such agents can be pure antagonists in cells that respond only to ER-β.97 ER-α and ER-β affect the
peptide context of a cell, especially coactivators and corepressors, differently. At least one component of this differing behavior is the fact that the two receptors do not bind to DNA in the same exact site, and the locations have different properties that could account for some of the differences in effects produced by each receptor; specifically, the two
receptors can each activate regions of a gene, but some regions selectively respond to one or the other.100 Ligand-Cell Membrane Extranuclear Receptor Activity Not all actions of estrogen, and presumably all steroid hormones, are genomic, requiring gene transcription. Rapid cellular responses after estrogen stimulation are initiated by estrogen
binding at the level of the cell membrane. These responses are traditionally associated with growth factors and G-protein–coupled receptors. However, it is not appropriate to designate this activity as “nongenomic” because the cell membrane estrogen-induced signaling leads to both gene transcription and to events independent of transcription. This
extranuclear pathway activates various protein kinases that can cause ion fluxes of calcium and potassium, modification of second messenger systems, and indirect effects on growth factors, transcription factors, and genetic promoters.101 A good example of membrane-associated estrogen activity is the stimulation of endothelial nitric oxide
synthase.102 Putative membrane receptors have been reported to be both related to ER-α and different from the estrogen receptor. The expression of a truncated isoform of ER-α involved in acute activation of nitric oxide has been described in the caveoli of human vascular endothelial cells.103 A G-protein– coupled receptor localized to the
endoplasmic reticulum has been identified that binds estrogen and affects intracellular functions.104 Ligand-Dependent, ERE-Independent Activity We have described three pathways that mediate estrogen activity: 1. Ligand-dependent nuclear activity: the classical mechanism involving the estrogen receptors with binding to DNA estrogen response
elements 2. Ligand-independent nuclear activity: activation of the estrogen receptor pathway through second messengers, involving phosphorylation of estrogen receptors and coregulator proteins 3. Ligand-cell membrane extranuclear receptor activity: rapid responses mediated by estrogen receptors in cell membranes There is at least one more
pathway, evident from studies with mutant mice: the liganddependent, ERE-independent nuclear pathway.105 In these animals, mutant forms of the estrogen receptor cannot bind to ERE, the estrogen response element in DNA, and yet some physiologic actions of estrogen can be demonstrated, such as negative feedback inhibition of LH secretion,
indicating hormonal mediation of a cellular response, but not through the classical pathway. The Progesterone Receptor The progesterone receptor is induced by estrogens at the transcriptional level and decreased by progestins at both the transcriptional and translational levels (probably through receptor phosphorylation).106,107 The progesterone
receptor (in a fashion similar to the estrogen receptor) has three major forms, designated the A, B, and C receptors, of which A and B are most relevant to progesterone signaling. The C receptor is the smallest and lacks the ability to initiate transcription, and may even function in some tissues as an inhibitor of the B receptor (Figure 1.21).108 The
three isoforms are expressed by a single gene on chromosome 11 at q22–23; the three forms are a consequence of transcription from distinctly different promoters, in a complex system of transcription regulation.109 Each form is associated with additional proteins, which are important for folding of the polypeptide into a structure that allows
hormone binding and receptor activity.110 The molecular weight of PR-A is 94 kDa, while PR-B’s molecular weight is 114 kDa, containing 933 amino acids (164 more than PR-A). The B receptor has a unique upstream segment (128–165 amino acids, depending on the species) referred to as the B-upstream segment (BUS). FIGURE 1.21 On the
progesterone receptor, AF-1 is located in a 91-amino acid segment just upstream of the DNA-binding domain. AF-2 is located in the hormone-binding domain. A fragment missing the hormone-binding domain activates transcription to levels comparable to full-length hormone-activated B receptors, and higher than that with the A receptor, thus beyond
that of AF-1 alone. In appropriate cells, therefore, BUS contains a third activation domain, AF-3, and can autonomously activate transcription, or it can synergize with the other AFs.111 In the absence of hormone binding, the C-terminal region of the progesterone receptor exerts an inhibitory effect on transcription.112 Progesterone agonists induce a
conformational change that overcomes the inherent inhibitory function within the carboxy tail of the receptor. Binding with a progesterone antagonist produces a structural change that allows the inhibitory actions to be maintained. Progestational agents can elicit a variety of responses determined by target tissue production and activity of the two
receptor forms with dimerization as AA and BB (homodimers) or AB (heterodimer). The progesterone receptors function in the mechanism shared by this superfamily of receptors: an unbound complex with heat shock proteins, hormone binding, dimerization, DNA binding to a progesterone response element, and modulation of transcription by
phosphorylation and various proteins.68,113 PR-A and PR-B are expressed in varying amounts in breast cancer and endometrial cancer cell lines. Studies indicate that the two receptors can be regulated independently; for example, the relative levels differ in the endometrium during the menstrual cycle.114 Tissue specificity with the progesterone
receptor is influenced by which receptor and which dimer is active; in addition, the transcriptional activities of PR-A and PR-B depend on target cell differences, especially in promoter context. However, in most cells, PR-B is the positive regulator of progesterone-responsive genes, and PR-A inhibits PR-B activity. Mutations within the carboxy terminus
of PR-B affect its transcriptional activity. But mutations in PR-A have no effect on its transcriptional inhibitory activity. This indicates two separate pathways for transcription activation and repression by the progesterone receptor. Thus, repression of human estrogen receptor transcriptional activity (as well as glucocorticoid, mineralocorticoid, and
androgen transcription) is dependent on the expression of PR-A.115,116 The A and B progesterone receptors have different molecular functions, affecting different genes, and, therefore, target tissue response to progesterone will be influenced by the differential expression of each receptor and the ratio of their concentrations, as well as the target
tissue context of adaptor proteins.117,118 The broad activity of PR-A in regard to all steroids suggests that it regulates inhibition of steroid hormone action wherever it is expressed. PR-A does not form a heterodimer with the estrogen receptor, nor does it prevent the estrogen receptor from binding with DNA. PR-A does not change the structure of
the estrogen receptor. Therefore, either PR-A competes with the estrogen receptor for a critical protein (in this case, PR-A would inhibit the estrogen receptor only in cells that contain the critical factor), or the target is a critical protein, again an essential transcription activator.110,114 Progesterone shares with estrogen (and probably all steroid
hormones) the ability to exert activity at the cell membrane, independently of the progesterone receptor.119 For example, progesterone or a progesterone metabolite can prevent uterine contractions by binding to the oxytocin G protein receptor in the cell membrane and inhibiting its function.120 PRKO mice (lacking both progesterone receptors A
and B) are unable to ovulate due to a failure to expel a mature oocyte in a fully developed follicle, specifically a failure in the LH-induced rupture of a follicle.121 When only PR-A is deficient, ovulation is severely impaired, but not totally reduced, indicating that both receptors contribute to ovulation, but PR-A is essential for normal function. Like
estrogen, G-protein–coupled receptors for progesterone have been identified, providing a pathway for progesterone activation of various signaling cascades involved in cellular functions, including gene expression.122 A role for a membrane receptor has been proposed for progesterone’s antiapoptotic actions in ovarian granulosa cells.123 The
Androgen Receptor The cellular mechanism is more complex for androgens (Figure 1.22). Androgens can work in any one of three ways: FIGURE 1.22 1. By intracellular conversion of testosterone to dihydrotestosterone (DHT), intracrine activity 2. By testosterone itself, endocrine activity 3. By intracellular conversion of testosterone to estradiol
(aromatization), intracrine activity Tissues that exclusively operate via the testosterone pathway are the derivatives of the Wolffian duct, whereas hair follicles and derivatives of the urogenital sinus and urogenital tubercle require the conversion of testosterone to DHT. The hypothalamus actively converts androgens to estrogens; hence, aromatization
may be necessary for certain androgen feedback messages in the brain. In those cells that respond only to DHT, only DHT will be found within the nucleus activating messenger RNA production. Because testosterone and DHT bind to the same high-affinity androgen receptor, why is it necessary to have the DHT mechanism? One explanation is that
this is a mechanism for amplifying androgen action, because the androgen receptor preferentially will bind DHT (greater affinity). The antiandrogens, including cyproterone acetate and spironolactone, bind to the androgen receptor with about 20% of the affinity of testosterone.124 This weak affinity is characteristic of binding without activation of
the biologic response. The androgen receptor, like the progesterone receptor, exists as the full-length B form and a shorter A form (Figure 1.23).125 It is likely that the A and B forms of the androgen receptor have functional differences. The amino acid sequence of the androgen receptor in the DNA-binding domain resembles that of the receptors for
progesterone, mineralocorticoids, and glucocorticoids but most closely that of the progesterone receptor.126 Androgens and progestins can cross-react for their receptors but do so only when present in pharmacologic concentrations. Progestins compete not only for androgen receptors but also for the metabolic utilization of the 5α-reductase enzyme.
The dihydroprogesterone that is produced, in turn, also competes with testosterone and DHT for the androgen receptor. A progestin, therefore, can act both as an antiandrogen and as an antiestrogen. Androgen-responsive gene expression can also be modified by estrogen; it has been known for years that androgens and estrogens can counteract
each other’s biologic responses. These responses of target tissues are determined by gene interactions with the hormone-receptor complexes, androgen with its receptor, and estrogen with its receptor. The ultimate biologic response reflects the balance of actions of the different hormones with their respective receptors, modified by various
transcription regulators. FIGURE 1.23 The syndrome of androgen insensitivity represents a congenital abnormality in the androgen intracellular receptor (with several hundred identified unique mutations)127,128 The androgen receptor gene is localized on the human X chromosome at Xq12, the only steroid hormone receptor to be located on the X
chromosome.129 Thus, androgen insensitivity is an X-linked disorder. The genotype-phenotype correlation can be conceptualized as a progressive increase in androgen receptor action. At one end, there is a complete absence of androgen binding—complete androgen insensitivity. In the middle is a spectrum of clinical presentations representing
varying degrees of abnormal receptors and binding. At the other end, about 25% of infertile men with normal genitalia and normal family histories have azoospermia due to an androgen receptor disorder.130,131 The androgen receptor also plays a role in motor neuron physiology, because a specific mutation in the androgen receptor is responsible
for Kennedy disease (X-linked spinobulbar muscular atrophy), a condition associated with motor neuron degeneration.132 STEROID HORMONE ANTAGONISTS RECEPTOR While agonists are substances that stimulate a response when bound to a receptor, antagonists inhibit the actions of an agonist. Antagonistic activity is characterized by blockage
of the receptor message or nontransmission of the message. Most compounds used in this fashion that bind to hormone nuclear receptors have a mix of agonist and antagonist responses, depending on the tissue and hormonal milieu. Examples of antagonists include tamoxifen, mifepristone (RU-486), and androgen receptor antagonists. Short-Acting
Antagonists Short-acting antagonists, such as estriol, are actually a mixed combination of agonism and antagonism depending on time. Short-term estrogen responses can be elicited because estriol binds to the nuclear receptor, but long-term responses do not occur because this binding is short-lived. Antagonism results when estriol competes with
estradiol for receptors. However, if a constant presence of the weak hormone, estriol, can be maintained, then long-term occupation is possible, and a potent estrogen response can be produced. Long-Acting Antagonists Clomiphene and tamoxifen are mixed estrogen agonists and antagonists. The endometrium is very sensitive to the agonistic
response, whereas the breast is more sensitive to the antagonistic behavior. The antagonistic action is the result of nuclear receptor binding with an alteration in normal receptor-DNA processing and eventual depletion of hormone receptors. Physiologic Antagonists Strictly speaking, a progestin is not an estrogen antagonist. It modifies estrogen
action by causing a depletion of estrogen receptors. There is also evidence that a progestin can inhibit transcription activation by the estrogen receptor.133 In addition, progestins induce enzyme activity that converts the potent estradiol to the impotent estrone sulfate, which is then secreted from the cell.134 Androgens block the actions of estrogen,
also by depleting target tissues of estrogen receptors. Antiestrogens Currently, there are two groups of antiestrogens: pure antiestrogens and compounds with both agonistic and antagonistic activities (Figure 1.24). The mixed agonist-antagonist compounds include both the triphenylethylene derivatives (the nonsteroidal estrogen relatives such as
clomiphene and tamoxifen) and the nonsteroidal sulfur-containing agents (the benzothiophenes, such as raloxifene). The pure antiestrogens have a bulky side chain that, with only a little imagination, can be pictured as an obstruction to appropriate conformational changes. An ideal antiestrogen would have the following properties: FIGURE 1.24 1. A
compound that would be a pure antagonist on proliferating breast carcinoma cells. 2. Development of resistance would be rare or require long exposure. 3. High affinity for the estrogen receptor so that therapeutic doses could be easily achieved. 4. No interference with the beneficial actions of estrogens. 5. No toxic or carcinogenic effects. The
Antiestrogen Tamoxifen Tamoxifen is very similar to clomiphene (in structure and actions), both being nonsteroidal compounds structurally related to diethylstilbestrol. Tamoxifen, in binding to the estrogen receptor, competitively inhibits estrogen binding. In vitro, the estrogenbinding affinity for its receptor is 100–1,000 times greater than that of
tamoxifen. Thus, tamoxifen must be present in a concentration 100–1,000 times greater than estrogen to maintain inhibition of breast cancer cells. In vitro studies demonstrated that this action was not cytocidal, but, rather, cytostatic (and thus, its use must be long term). The tamoxifen-estrogen receptor complex binds to DNA, but whether an
agonistic, estrogenic message or an antagonistic, antiestrogenic message predominates is determined by what promoter elements (coactivators) are present in specific cell types. If the mechanism is cytostatic, why does a treatment period of 5 years provide protection against recurrent disease for at least 10 years? It has been suggested that exposure
to tamoxifen sensitizes cells to the apoptotic effects of a woman’s own estrogen levels.135,136 There have been many clinical trials with adjuvant treatment of breast cancer with tamoxifen, and many are still ongoing.137,138,139 Overall, the impact of tamoxifen treatment on breast cancer can be summarized as follows: disease-free survival is
prolonged. There is an increased survival after 5 years of treatment and 10 years of follow-up of approximately 26%, most evident in women over age 50. Response rates in advanced breast cancer are 30–35%, most marked in patients with tumors that are positive for estrogen receptors, reaching 75% in tumors highly positive for estrogen receptors.
Serum protein changes reflect the estrogenic (agonistic) action of tamoxifen. This includes decreases in antithrombin III, cholesterol, and LDL cholesterol, while SHBG levels increase (as do other binding globulins). The estrogenic activity of tamoxifen (when taken as 20 mg daily) is nearly as potent as 2 mg estradiol in lowering FSH levels in
postmenopausal women, 26% versus 34% with estradiol.140 The estrogenic actions of tamoxifen include the stimulation of progesterone receptor synthesis, an estrogen-like maintenance of bone, and estrogenic effects on the vaginal mucosa and the endometrium. Tamoxifen causes a decrease in antithrombin III, and there has been a small increase in
the incidence of venous thromboembolism observed in tamoxifentreated patients compared with controls.141,142,143 All too often, the antagonistic, antiestrogenic action of tamoxifen is featured, and the estrogenic, agonistic action is ignored. There is about a fourfold increase in endometrial cancer occurring in women receiving tamoxifen
treatment.143,144,145 In addition, tamoxifen has been associated with major flare-ups in endometriosis. Tamoxifen, therefore, has a variety of side effects that indicate both estrogenic activity and antiestrogenic activity. How can tamoxifen be both an estrogen agonist and an estrogen antagonist? Tamoxifen Mechanism of Action AF-1 and AF-2 areas
can both activate transcription, but AF-2 activates transcription only when it is bound by estrogen. The individual transactivating abilities of AF-1 and AF-2 depend on the promoter and cell context. Tamoxifen’s agonistic ability is due to activation of AF-1; its antagonistic activity is due to competitive inhibition of the estrogen-dependent activation of
AF-2 (Figure 1.25). FIGURE 1.25 An estrogen-associated protein, a coactivator, binds to the right-hand side of AF-2. Estrogen binding induces binding of this protein, which then activates transcription. This protein recognizes only an activated conformation of the estrogen receptor, the result of estrogen binding. Tamoxifen binding to the AF-2 area
does not activate this domain because, in at least one explanation, the conformational change does not allow binding of the estrogen-associated protein, the activating factor.74,146 Antagonism of AF2 activity is further enhanced by the recruitment of corepressors after tamoxifen binds to the hormone-binding domain.84 The activity of AF-2 is
negligible in the presence of tamoxifen. In cells where AF-1 and AF-2 function independently of each other, tamoxifen would be chiefly an antagonist in cells where AF-2 predominates and an agonist where AF-1 predominates, and in some cells, a mixed activity is possible.147 The contact sites of estrogens and antiestrogens with the estrogen receptor
are not identical.148 When an antiestrogen binds to the estrogen receptor, the conformational changes that are induced alter the ability of the estrogen receptor-antiestrogen complex to modulate transcriptional activity. The relative agonist-antagonist activity is determined by the specific conformation achieved by the specific antiestrogen. Even
though tamoxifen can block estrogen-stimulated transcription of many genes, its degree of antagonistic activity varies among different animals, different cell types, and different promoters within single cells. These differences are due to differences in the relative activities of the AFs. Thus, the extent to which an antiestrogen inhibits an estrogenmediated response depends on the degree to which that response is mediated by AF-2 activity as opposed to AF-1 activity, or mixed activity.149 In some cell lines, AF-1 is dominant; in others, both are necessary. No cells have yet been identified where AF-2 is dominant. In most cell types, AF-1 is too weak to activate transcription by itself, but, of
course, there are well-known exceptions: endometrium, bone, and liver. In these tissues, the promoter context is right. Tamoxifen is a significant activator of estrogen receptor– mediated induction of promoters that are regulated by the AF-1 site. Key Points The response of cells to estrogens and antiestrogens depends on: The nature of the estrogen
receptor The estrogen response elements and nearby promoters The cell context of protein coactivators and corepressors The properties of the ligand Modulation by growth factors and agents that affect protein kinases and phosphorylation Tamoxifen Treatment of Breast Cancer Tamoxifen treatment achieves its greatest effect (50% reduction in
recurrent disease) in estrogen receptor–positive tumors, but it is also effective in estrogen receptor–negative tumors. Most importantly, it is now recognized that acquired resistance eventually develops. Therefore, there are two important questions. Why is tamoxifen treatment effective with estrogen receptor–negative tumors? How does tamoxifen
resistance develop (Figure 1.26)? FIGURE 1.26 Efficacy of Tamoxifen with Estrogen Receptor–Negative Tumors Besides binding to the estrogen receptor and providing competitive inhibition, tamoxifen has the following actions: 1. Tamoxifen and clomiphene inhibit protein kinase C activity (phosphorylation). 2. Tamoxifen inhibits calmodulindependent cyclic AMP phosphodiesterase, by binding to calmodulin. 3. Tamoxifen and estrogen have opposing effects on growth factors.150,151 Tamoxifen stimulates secretion of transforming growth factor-β (TGF-β) in breast cancer cells as well as in fibroblasts and stromal cells, and TGF-β inhibits growth of breast cancer cells, whereas estrogen
and insulin decrease the secretion of TGF-β in cancer cells. Tamoxifen decreases and estrogen increases IGF-I and insulin-like growth factor II (IGF-II) production in stromal fibroblasts. Some of these actions (especially inhibition of protein kinase activity and stimulation of TGF-β production) occur independently of tamoxifen binding to the estrogen
receptor, and, thus, estrogen receptor–negative tumors can be affected by these actions; however, the overall impact of tamoxifen on recurrence or death in women with estrogen receptor–poor tumors is negligible.138 Mechanisms for Tamoxifen Resistance The results of randomized clinical trials have indicated that there is little reason to extend
tamoxifen treatment of breast cancer patients beyond 5 years.142,152,153 Indeed, the data suggested that survival and recurrence rates worsened with longer therapy, probably due to the emergence of tamoxifen-resistant tumors. There are several possible explanations for resistance, and whichever of these are operative, it is believed that a
subpopulation resistant to tamoxifen is present from the beginning and over time grows to be clinically apparent.154 Loss of Estrogen Receptors Generally, it is believed that estrogen receptor expression is not a permanent phenotype of breast cancer cells; thus, tumors can change from receptor-positive to receptornegative. But more than 50% of
resistant tumors retain estrogen receptors.155 The conventional wisdom has been that progression is associated with loss of cellular control and loss of estrogen receptor expression. However, the correlation between metastatic disease and estrogen receptor–negative state is not strong. Indeed, metastatic disease with estrogen receptor–positive
cells despite an estrogen receptor–negative primary lesion has been reported. In addition, the rate of estrogen receptor expression is about the same in in situ disease and invasive disease. Most normal breast cells are estrogen receptor negative, and in vitro cell lines maintain their receptor status. Thus, there is little reason to believe that tamoxifenresistant tumors lose receptor expression. The importance of this is that resistance is not a wild, potentially uncontrollable dedifferentiation.156 Variant and Mutant Estrogen Receptors Mutations in resistant breast tumors are uncommon and are not a frequent cause of resistance.157 Studies of breast tumors from tamoxifen-resistant patients
indicate that most express wild-type normal estrogen receptor. However, approximately 20% of metastatic ER+ breast tumors may harbor mutations in the estrogen-binding domain of the estrogen receptor; these mutations have been shown to confer partial resistance to tamoxifen.158 Changes in Coactivators If a breast cancer cell were to begin
expressing these factors in a fashion similar to the endometrium or bone, then agonistic actions would occur. Cross Talk Between Signaling Pathways Because of the synergism between the estrogen receptor and protein kinase pathways, stimulation of protein kinase pathways can change an antagonist message to agonism.159 This mechanism
operates through the phosphorylation of the estrogen receptor or proteins involved in estrogen receptor–mediated transcription. Stimulation of this protein kinase phosphorylation activates the agonist activity of tamoxifen-like antiestrogens. Furthermore, the lack of response of pure antiestrogens to this phosphorylation may be part of the reason for
the response of resistant tumors to pure antiestrogens. Binding to Other Proteins A remote possibility is the prevention of action by binding to other proteins, such as anti–estrogen-binding sites, microsomal proteins that bind to tamoxifen with high affinity but do not bind estrogen.160 Differential Cellular Transport Overexpression of the
transmembrane efflux pump that excretes compounds from cells could diminish the intracellular amount of tamoxifen present. Differential Metabolism Changes in pharmacology and metabolism of tamoxifen might occur so that cells acquire the ability to metabolize the antagonist to greater agonist activity. Some breast cancer patients develop tumors
that regress when tamoxifen is withdrawn. However, estrogenic metabolites of tamoxifen have not been identified. Tamoxifen resistance occurs because essentially, the estrogen receptor is not the dominant mechanism involved in the growth of these cells. Evidence supports growth factor stimulation and kinase phosphorylation as the predominant
systems in tamoxifenresistant cells. These cells are hypersensitive to estrogen and respond to tamoxifen as an agonist.161 Randomized trials have demonstrated the superiority of aromatase inhibitors compared with tamoxifen for the treatment of hormone-sensitive early breast cancer. This includes better disease-free survival, a reduction in new
contralateral primary tumors, and an increased time to recurrence. Because of this superiority, the standard has shifted from tamoxifen to aromatase inhibitors for postmenopausal women with ER+ breast cancer (as discussed in Chapter 16). Nevertheless, tamoxifen made a major contribution to the molecular understanding of hormonal action. The
Pure Antiestrogens The pure antiestrogens are derivatives of estradiol with long hydrophobic side chains at the 7 position (Figure 1.24). Binding with the pure antiestrogens prevents DNA binding. Because the site responsible for dimerization overlaps with the hormone-binding site, it is believed that pure antiestrogens sterically interfere with
dimerization and thus inhibit DNA binding. In addition, these compounds increase the cellular turnover of estrogen receptor, and this action contributes to its antiestrogen effectiveness. One such antiestrogen, fulvestrant (ICI 182, 780), is used to treat metastatic breast cancer that has failed to respond to the usual endocrine therapy.162 The
estrogen receptor combined with fulvestrant is immobilized in the cell and rapidly undergoes degradation.163,164 The half-life of the estrogen receptor when occupied with estradiol is about 5 hours; when occupied with a pure antiestrogen, it is less than 1 hour (Figure 1.27). FIGURE 1.27 Estrogen Agonists/Antagonists (Also Known as Selective
Estrogen Receptor Modulators, SERMs) This class of synthetic compounds is characterized by a fundamental principle: the conformational shape produced after binding to the receptor results in modified action, influenced by the cellular context of adapter (regulating) proteins and which of these proteins are selected. Tamoxifen rightfully belongs to
this family, and its use stimulated the pursuit of a related drug that would not stimulate the endometrium. Agents such as raloxifene and lasofoxifene have antiestrogenic activity in the uterus as well as in the breast and at the same time exert agonistic effects in certain target tissues.136 Raloxifene inhibits bone resorption and improves lipids
(although there is no effect on HDL cholesterol). By virtue of variations in conformational changes in the drug-receptor complex and the cellular context of specific tissues, drugs such as these can be developed to produce beneficial effects in certain target systems (such as bone) and to avoid unwanted actions (such as endometrial stimulation). The
unique conformational shape raloxifene produces when it binds to the estrogen receptor prevents the involvement of a required coactivator protein at the AF-2 site. In target tissues that respond principally to AF-2 gene transcription, these agents will lack estrogenic activity; however, in tissues with the appropriate cellular context of proteins,
estrogenic gene transcription can occur through the AF-1 mechanism. In tissues that respond principally to the estrogen receptor-β that lacks AF-1 activity or when target tissues lack coactivating proteins that interact with AF-1, these agents will be pure estrogen antagonists. Antiprogestins Both progesterone and the antiprogestins, such as
mifepristone (RU-486) and onapristone, form hormone-responsive element-receptor complexes that are similar, but the antiprogestin complex has a slightly different conformational change (in the hormone-binding domain) that prevents full gene activation.165 RU-486 has some agonistic activity due to its ability to activate certain, but not all, of the
transcription activation functions on the progesterone receptor; the final biologic response is modulated by the target tissue context of coactivators and corepressors.166 While mifepristone is best known for its abortifacient activity, the combination of its agonistic and antagonistic actions can be exploited for many uses, including contraception,
medical treatment of endometriosis, induction of labor, treatment of Cushing syndrome, and, potentially, treatment of various cancers. The search for inhibitors of progesterone binding began many years ago, in the late 1960s, but it wasn’t until the early 1980s that mifepristone, the first successful antiprogestin, was produced by scientists at Roussel
Uclaf, a pharmaceutical company in Paris. Mifepristone is a 19-nortestosterone derivative. The dimethyl (dimethylaminophenyl) side chain at carbon 11 is the principal factor in its antiprogesterone action. Three major characteristics of its action are important: a long half-life, high affinity for the progesterone receptor, and active metabolites. The
affinity of mifepristone for the progesterone receptor is five times greater than that of the natural hormone. In the absence of progesterone, it can produce an agonistic (progesterone) effect. It does not bind to the estrogen receptor, but it can act as a weak antiandrogen because of its low-affinity binding to the androgen receptor. Mifepristone also
binds to the glucocorticoid receptor, but higher doses are required to produce effects. The binding affinity of mifepristone and its metabolites for the glucocorticoid receptor is very, very high. The reason why it takes such a high dose to produce an effect via this receptor is because the circulating level of cortisol is so high, 1,000-fold higher than
progesterone. These receptor-binding properties allow titration of clinical effects by adjustments of dose. Both progesterone and mifepristone induce conformational changes with the progesterone receptor, especially in the hormone-binding domain.167,168 Thus, the antiprogestin not only competes with progesterone for the progesterone receptor,
but after binding to the hormone-binding domain, the receptor structure is altered in such a way that the transcription activity of the B progesterone receptor is inhibited. In cells where the A progesterone receptor is expressed, antiprogestin binding stimulates A receptor–induced inhibition of transcription activity for all steroid hormone receptors
(this would explain the antiestrogen activity of mifepristone). Another clinically useful progesterone receptor modulator is ulipristal acetate. Through its primarily antiprogestogenic action, it is useful as an emergency contraceptive agent (by delaying ovulation and, likely, by altering endometrial receptivity) and for the management of symptomatic
leiomyomata. Like mifepristone, ulipristal acetate binds to glucocorticoid and androgen receptors at high dose concentrations. Androgen Antagonists The two most commonly used androgen antagonists are cyproterone acetate and spironolactone. Cyproterone and spironolactone bind to the androgen receptor and exert mixed agonism-antagonism. In
the presence of significant levels of androgens, the antagonism predominates, and these agents are effective for the treatment of hirsutism. Flutamide is a nonsteroidal pure antiandrogen, effectively blocking androgenic action at target sites by competitive inhibition. OTHER MECHANISMS ACTION OF HORMONE Central to the regulation of steroid
hormone synthesis and release are the actions of the tropic hormones. Tropic hormones include the releasing hormones originating in the hypothalamus and a variety of peptides and glycoproteins secreted by the anterior pituitary gland and placenta. To understand their mechanisms of action, it is important to first consider the general ways in which
nonsteroid hormones can activate receptors. The many different types of receptors can be organized into the following basic categories. G Protein Receptors These receptors are composed of a single polypeptide chain that spans the cell membrane. Binding to a specific hormone leads to interaction with G proteins that, in turn, activate second
messengers. Examples include receptors for tropic hormones, prostaglandins, light, and odors. The second messengers include the adenylate cyclase enzyme and the phospholipase system. Ion Gate Channels These cell surface receptors are composed of multiple units that, after binding, open ion channels. The influx of ions changes the electrical
activity of the cells. One example of this type is the nicotinic acetylcholine receptor. Receptors with Intrinsic Enzyme Activity These transmembrane receptors have an intracellular component with tyrosine or serine kinase activity. Binding leads to receptor autophosphorylation and activity. Examples include the receptors for insulin and growth
factors (tyrosine kinase) and the receptors for activin and inhibin (serine kinase). The System of Internalization Receptors that do not fit the above categories include the receptors for LDL, prolactin, growth hormone, and some of the growth factors. These receptors allow entry of their ligands into cells by the process of endocytosis (discussed later in
this chapter). MECHANISM OF ACTION FOR TROPIC HORMONES The specificity of tropic hormones depends on the presence of a receptor in the cell membrane of the target tissue. Tropic hormones do not enter the cell to stimulate physiologic events but unite with a receptor on the surface of the cell. The receptor protein in the cell membrane can
act as the active agent and, after binding, operate as an ion channel or function as an enzyme, as described in the general mechanisms above. Alternatively, the receptor protein is coupled to an active agent, an intracellular messenger. The major intracellular messenger molecules are cyclic AMP, inositol 1,4,5-triphosphate (IP3), 1,2-diacylglycerol
(1,2-DG), calcium ion, and cyclic guanosine 3′,5′-monophosphate (cyclic GMP). Because G protein receptors play a large role, it is worth taking a closer look at their general structure and function. The G Protein System The 1994 Nobel Prize in Medicine and Physiology was awarded to Alfred G. Gilman and Martin Rodbell for the discovery and
description of G proteins. Adenylate cyclase is composed of three protein units: the receptor, a guanyl nucleotide regulatory unit, and a catalytic unit.169 The regulatory unit is a coupling protein, regulated by guanine nucleotides (specifically guanosine 5′-triphosphate, GTP), and therefore it is called GTP-binding protein or G protein for short.170,171
The catalytic unit is the enzyme itself that converts ATP to cyclic AMP. The receptor and the nucleotide regulatory unit are structurally linked, but inactive until the hormone binds to the receptor. Upon binding, the complex of hormone, receptor, and nucleotide regulatory unit is activated leading to an uptake of GTP by the regulatory unit. The
activation and uptake of GTP result in an active enzyme that can convert ATP to cyclic AMP. This result can be viewed as the outcome of the regulatory unit coupling with the catalytic unit, forming an intact complete enzyme. Enzyme activity is then terminated by hydrolysis of the GTP to guanosine 5′-diphosphate (GDP) returning the enzyme to its
inactive state. Quick action and acute control of adenylate cyclase are assured because the G protein is a GTPase that self-activates upon binding of GTP. The G protein has been purified. From the amino acid sequence, complementary DNA clones have been produced. These studies have indicated that a family of G proteins exists that couples
receptors to active ligands, playing roles in signal transduction, intracellular transport, and exocytosis. The ability of the hormone-receptor complex to work through a common messenger (cyclic AMP) and produce contrasting actions (stimulation and inhibition) is thought to be due to the presence of both stimulatory nucleotide regulatory G proteins
and inhibitory nucleotide regulatory G proteins (Figures 1.28 and 1.29).172,173 However, the G protein system is not limited to the cyclic AMP signal, but can activate other messenger-generating enzymes, as well as ion channels. FIGURE 1.28 FIGURE 1.29 The G proteins are composed of α-, β-, and γ-subunits, each the product of many distinct

genes.174 The β- and γ-subunits are not all alike, and they exhibit selectivity for specific ligands. Indeed, there are several hundred G protein receptors, with a common structure but sufficiently dissimilar to be activated by different ligands. Each G protein has a unique α-subunit, and there are 16 mammalian α-subunit genes. Based on amino acid
similarities, they are grouped into four subfamilies: Gsα, Gqα, Giα, and Gi2. Gs and Gq proteins mediate stimulatory events such as hormone secretion, whereas Gi proteins exert inhibition. The role of the Gi2 group is not yet certain. These multiple subunits allow great variability in function to be expressed by many different combinations that
produce conformational changes linked to message transmission. In the inactive state, GDP is bound to the α-subunit. Hormone-receptor interaction and binding change the α-subunit conformation. GTP replaces GDP on the α-subunit, freeing the β- and γ-subunits, which allows the GTP α-subunit to bind to the catalytic unit of adenylate cyclase,
forming the active enzyme. The GTP α-subunit can also activate other messengers, such as ion channels. Intrinsic GTPase activity quickly hydrolyzes the GTP-α to GDP-α, which leads to reassociation with the β- and γsubunits, reforming the G protein complex for further activation. The functional specificity is due to the α-subunit, which differs for each
G protein, and therefore there are many different α-subunits encoded by different genes. The G Protein Receptors The more than 200 receptors linked to G proteins are derived from a supergene family; the 800 genes presumably originated from a common ancestral gene.175 The gonadotropin receptor contains a transmembrane region that has the
structural features of a receptor that couples with G protein and a large extracellular domain.176 Receptors that utilize the G proteins are inserted in membranes and consist of a long polypeptide chain that folds into seven helices; the amino acid loops that connect the helices extend either into the cytoplasm or into the extracellular space. The amino
end extends outside the cell, and the carboxyl end extends into the cell. The large extracellular segment is the site for specific gonadotropin recognition and binding. Binding changes the conformation (which is associated with phosphorylation), leading to interaction with the G proteins, which in turn activate second messengers, either enzymes or ion
channels. These are ancient proteins; for example, they are used by yeast to detect mating pheromones (perhaps, this is why this protein is the basic structure for sight and smell in higher organisms; rhodopsin is a G protein located in the light-sensitive rod of the retina). Thus, the G receptors can be activated by hormones, neurotransmitters, growth
factors, odorants, and photons of light. LH and hCG bind to a common receptor, encoded by genes on chromosome 2p21. The LH/hCG receptor is highly conserved in mammals; the human receptor is very similar to that of rat and bovine receptors.177 It is likely that expression of the LH/hCG receptor is regulated by many factors, including endocrine,
paracrine, and autocrine mechanisms, but the primary requirement is FSH. In addition to the G protein pathway, activation of the LH/hCG receptor stimulates the calcium messenger system. The receptor for FSH is very similar to the LH/hCG receptor, but it is structurally distinct.178,179 Appropriately (for specificity), the extracellular segment
contains the major sequence divergence. The FSH receptor gene is located on chromosome 2p21– 16, near the LH/hCG receptor gene. The FSH receptor is also regulated by its hormone environment, especially by FSH and estradiol. Other members of this family include receptors for thyroid-stimulating hormone (TSH), catecholamines, vasopressin,
angiotensin II, and dopamine. Mutations in the G Protein System Rare mutations that alter the structure and activity of G proteins can result in disease.171,174,180,181,182,183 Loss of function mutations of a G protein or a given receptor will result in hormone deficiency syndromes, for example, the TSH receptor and hypothyroidism, the LH
receptor and male pseudohermaphroditism, and pseudohypoparathyroidism due to a Gsα mutation. Activation of gonadotropin-releasing hormone (GnRH) at puberty is mediated by kisspeptin 1, a ligand that binds to its G protein receptor on GnRH neurons; an inactivating mutation in this receptor causes hypogonadism and delayed or absent puberty.
Mutations in the G protein receptor for GnRH have been identified that are responsible for familial hypogonadism. The McCune-Albright syndrome (sexual precocity, polyostotic fibrous dysplasia, café au lait skin pigmentation, and autonomous functioning of various endocrine glands) is due to unregulated activity (gain in function) of the adenylate
cyclase system because of a mutation in the Gsα gene. Gsα protein mutations have also been found in adrenal and ovarian tumors, growth hormone–secreting pituitary adenomas, and thyroid adenomas. It is possible that alterations in the G protein system may ultimately explain abnormalities in endocrine-metabolic functions, as well as oncogenic
mutations.172,173,184 Besides mutations, altered G protein receptor function can be due to polymorphisms, slight genetic changes that can be associated with altered physiology or disease. Single nucleotide polymorphisms (SNPs) associated with these receptors are being identified, and correlations are being made with risks and outcomes for
diseases.185 This is an avenue of genetic research that is bound to reveal explanations for some instances of infertility or problems of sexual differentiation (Table 1.4). TABLE 1.4 Some Genetic Diseases Due to Specific GProtein System Mutations The Cyclic AMP Mechanism Cyclic AMP is the intracellular messenger for FSH, LH, human chorionic
gonadotropin (hCG), TSH, and ACTH. Union of a tropic hormone with its cell membrane G protein receptor activates the adenylate cyclase enzyme within the cell membrane leading to the conversion of adenosine 5′-triphosphate (ATP) within the cell to cyclic AMP. Specificity of action and/or intensity of stimulation can be altered by changes in the
structure or concentration of the receptor at the cell membrane–binding site. In addition to changes in biologic activity due to target cell alterations, changes in the molecular structure of the tropic hormone can interfere with cellular binding and physiologic activity. The cell’s mechanism for sensing the low concentrations of circulating tropic
hormone is to have an extremely large number of receptors but to require only a very small percentage (as little as 1%) to be occupied by the tropic hormone. The cyclic AMP released is specifically bound to a cytoplasm receptor protein, and this cyclic AMP-receptor protein complex activates a protein kinase. The protein kinase is present in an
inactive form as a tetramer containing two regulatory subunits and two catalytic subunits. Binding of cyclic AMP to the regulatory subunits releases the catalytic subunits, with the regulatory subunits remaining as a dimer. The catalytic subunits catalyze the phosphorylation of serine and threonine residues of cellular proteins such as enzymes and
mitochondrial, microsomal, and chromatin proteins. The physiologic event follows this cyclic AMP-mediated energy-producing event. Cyclic AMP is then degraded by the enzyme phosphodiesterase into the inactive compound, 5′-AMP. Most noteworthy, the genome contains responsive elements that bind proteins phosphorylated by the catalytic units,
thus leading to activation of gene transcription. The cyclic AMP–responsive element (CRE) functions as an enhancer element upstream from a gene’s transcription start site.186 A large family of transcription factors interact with the CRE, creating an important regulatory unit for gene transcription. Cyclic AMP activates a specific transcription factor,
cyclic AMP regulatory elementbinding protein (CREB); the binding of CREB to CRE activates many genes. This system can also involve DNA sequences upstream from the CRE site. The cyclic AMP system can be regarded as an example of evolutionary conservation. Rather than developing new regulatory systems, certain critical regulators have been
preserved from bacteria to mammals. How is it that a single intracellular mediator can regulate different events? This is accomplished by turning on different biochemical processes governed by the different gene expression in individual cells. In addition, the adenylate cyclase enzyme exists in several isoforms, which respond either with stimulation
or inhibition to various systems and agents.187 The cyclic AMP system provides a method for amplification of the faint hormonal signal swimming in the sea of the bloodstream. Each cyclase molecule produces a lot of cyclic AMP; the protein kinases activate a large number of molecules that in turn lead to an even greater number of products. This is
an important part of the sensitivity of the endocrine system, a major reason why only a small percentage of the cell membrane receptors need be occupied in order to generate a response. Prostaglandins stimulate adenylate cyclase activity and cyclic AMP accumulation. Despite the effect on adenylate cyclase, prostaglandins appear to be synthesized
after the action of cyclic AMP. This implies that tropic hormone stimulation of cyclic AMP occurs first; cyclic AMP then activates prostaglandin synthesis, and, finally, intracellular prostaglandin moves to the cell membrane to facilitate the response to the tropic hormone. In addition to actions mediated by cyclic AMP, prostaglandins can also operate
through changes in intracellular concentrations of calcium. Prostaglandins and cyclic GMP can participate in an intracellular negative feedback mechanism governing the degree of, or direction of, cellular activity (e.g., the extent of steroidogenesis or shutting off of steroidogenesis after a peak of activity is reached). In other words, the level of cellular
function can be determined by the interaction among prostaglandins, cyclic AMP, and cyclic GMP. There are differences among the tropic hormones. Oxytocin, insulin, growth hormone, prolactin, and human placental lactogen (hPL) do not utilize the adenylate cyclase mechanism. Receptors for prolactin, growth hormone, and a number of cytokines
(including erythropoietin and interleukins) belong to a single transmembrane domain receptor family.188 Studies of this receptor family indicate that prolactin operates through various signal transduction mechanisms, including ion channels and nuclear kinase activation. The Calcium Messenger System The intracellular calcium concentration is a
regulator of both cyclic AMP and cyclic GMP levels.189 Activation of the surface receptor either opens a channel in the cell membrane that lets calcium ions into the cell, or calcium is released from internal stores (the latter is especially the case in muscle). This calcium flux is an important intracellular mediator of response to hormones, functioning
itself as a second messenger in the nervous system and in muscle. The calcium messenger system is linked to hormone-receptor function by means of a specific enzyme, phospholipase C, which catalyzes the hydrolysis of polyphosphatidylinositols, specific phospholipids in the cell membrane. Activation of this enzyme by hormone binding to its receptor
leads to the generation of two intracellular messengers, inositol triphosphate (IP3) and diacylglycerol (DAG), which initiate the function of the two parts of the calcium system. The first part is a calciumactivated protein kinase, responsible for sustained cellular responses, and the second part involves a regulator called calmodulin, responsible for
acute responses. These responses are secondary to alterations in enzyme activity, especially protein kinases and transcription factors. Calmodulin has been identified in all animal and plant cells that have been examined. Therefore, it is a very ancient protein. It is a single polypeptide chain of 148 amino acid residues whose sequence and structural
and functional properties are similar to those of troponin C, the substance that binds calcium during muscle contractions, facilitating the interaction between actin and myosin. The calmodulin molecule has four calcium-binding sites, and binding with calcium gives a helical conformation, which is necessary for biologic activity (Figure 1.30). A typical
animal cell contains more than 10 million molecules of calmodulin, constituting about 1% of the total cell protein. As a calcium regulatory protein, it serves as an intracellular calcium receptor and modifies calcium transport, enzyme activity, the calcium regulation of cyclic nucleotide and glycogen metabolism, and such processes as secretion and cell
motility. Thus, calmodulin serves a role analogous to that of troponin C while mediating calcium’s actions in noncontractile tissues, and cyclic AMP works together with calcium and calmodulin in the regulation of intracellular metabolic activity. FIGURE 1.30 GnRH is one example of a receptor that is calcium dependent in its mechanism of action,
utilizing IP3 and 1,2-DG as second messengers to stimulate protein kinase activity.190 These responses require a G protein and are associated with cyclical release of calcium ions from intracellular stores and the opening of cell membrane channels to allow entry of extracellular calcium. Kinase Receptors The cell membrane receptors of insulin,
insulin-like growth factor, EGF, plateletderived growth factor, and FGF are tyrosine kinases. All tyrosine kinase receptors have a similar structure: an extracellular domain for ligand binding, a single transmembrane domain, and a cytoplasmic domain (Figure 1.31). The unique amino acid sequences determine a three-dimensional conformation that
provides ligand specificity. The transmembrane domains are not highly conserved (thus differing in makeup). The cytoplasmic domains respond to ligand binding by undergoing conformational changes and autophosphorylation. The structure of the receptors for insulin and insulin-like growth factor is more complicated, with two α- and two β-subunits,
forming two transmembrane domains connected extracellularly by disulfide bridges. The receptors for the important autocrine and paracrine factors, activin and inhibin, function as serinespecific protein kinases. FIGURE 1.31 Kinase activation requires distinctive sequences; thus, there is considerable homology among the kinase receptors in the
cytoplasmic domain. Many of the substrates for these kinases are the enzymes and proteins in other messenger systems, for example, the calcium messenger system. Thus, the kinase receptors can cross-talk with other receptor-regulated systems that involve the G proteins. REGULATION ACTION OF TROPIC HORMONE Modulation of the peptide
hormone mechanism is an important biologic system for enhancing or reducing target tissue response. The regulation of tropic hormone action can be divided into four major components: 1. Autocrine and paracrine regulation factors 2. Heterogeneity of tropic hormones 3. Up- and down-regulation of receptors 4. Regulation of adenylate cyclase
Autocrine and Paracrine Regulation Factors Growth factors are polypeptides that modulate activity either in the cells in which they are produced or in nearby cells; hence, they are autocrine and paracrine regulators. Regulation factors of this type (yet another biologic family) are produced by local gene expression and protein translation, and they
operate by binding to cell membrane receptors. The receptors usually contain an intracellular component with tyrosine kinase activity that is energized by a binding-induced conformational change that induces autophosphorylation. However, some factors work through other second messenger systems, such as cyclic AMP or IP3. Growth factors are
involved in a variety of tissue functions, including mitogenesis, tissue and cellular differentiation, chemotactic actions, and angiogenesis. The growth factors involved in reproductive physiology include activin, inhibin, antimüllerian hormone (AMH), IGF-I, IGF-II, TGF-β, FGF, and EGF. In addition to the growth factors, various immune factors,
especially cytokines, modulate ovarian steroidogenesis. These factors, including interleukin-1, tumor necrosis factor, and interferon, are found in human follicular fluid and, in general, inhibit gonadotropin stimulation of steroidogenesis. For mitogenesis to occur, cells may require exposure to a sequence of growth factors, with important limitations in
duration and concentrations. Growth factors are important for the direction of embryonic and fetal growth and development. In cellular differentiation, growth factors can operate in a cooperative, competitive, or synergistic fashion with other hormones. For example, IGF-I plus FSH, but not IGF-I alone, increases the number of LH receptors,
progesterone synthesis, and aromatase activity in granulosa cells.191 Activin and inhibin are disulfide-linked dimers composed of peptide subunits (one α-subunit and two β-subunits) as shown in Table 1.5.192 TABLE 1.5 Peptide Subunits Each of the subunits is encoded by separate genes that produce precursor proteins that are cleaved to form the
subunits. In addition, the free subunits and related monomeric products can be secreted. Despite the structural similarity between activin and inhibin, they function as antagonists in some systems (e.g., activin stimulates and inhibin inhibits FSH secretion). Activins, inhibins, and TGF-β come from the same gene family, which also includes AMH. The
activity of activin is regulated by protein binding, specifically to follistatin. Follistatin is a single-chain glycosylated peptide, structurally unrelated to inhibin and activin, that regulates the activin-inhibin system. Signaling by this family of peptides is accomplished by several receptor isoforms that are transmembrane serine kinases. TGF-β can either
stimulate or inhibit growth and differentiation, depending on the target cell and the presence or absence of other growth factors. In the ovary, TGF-β promotes granulosa cell differentiation by enhancing the actions of FSH (especially in expression of FSH and LH receptors) and antagonizing the down-regulation of FSH receptors. TGF-β and the
insulin-like growth factors are required for the maintenance of normal bone mass. EGF is a structural analog of TGF-α and is involved in mitogenesis. In the ovary, EGF, secreted by theca cells, is important for granulosa cell proliferation, an action opposed by TGF-β (which is also secreted by the theca cells). The most potent mitogens are the two
forms of FGF. Additional roles for FGF, secreted by the granulosa, include modulation of enzyme activity involved in the physical act of ovulation and angiogenic function during the development of the corpus luteum. The Insulin-Like Growth Factors The insulin-like growth factors (called somatomedins in the past) are single-chain polypeptides that
resemble insulin in structure and function.191 These factors are widespread and are involved in growth and differentiation in response to growth hormone and as local regulators of cell metabolism. IGF-II is more prominent during embryogenesis, whereas IGF-I is more active postnatally. Only the liver produces more IGF-I than the ovary. According
to animal studies, both IGF-I and IGF-II are secreted by granulosa cells. IGF-I amplifies the action of gonadotropins and coordinates the functions of theca and granulosa cells. IGF-I receptors on the granulosa are increased by FSH and LH and augmented by estrogen. In the theca, IGF-I increases steroidogenesis. In the granulosa, IGF-I is important
for the formation and increase in numbers of FSH and LH receptors, steroidogenesis, the secretion of inhibin, and oocyte maturation. It should be noted that the endogenous insulin-like growth factor in the human ovarian follicle is IGF-II in both the granulosa and the theca cells.193 Studies indicating activity of IGF-I with human ovarian tissue can be
explained by the fact that both IGF-I and IGFII activities can be mediated by the type I IGF receptor that is structurally similar to the insulin receptor. Granulosa cells also contain receptors for insulin, and insulin can bind to the IGF-I receptor. The IGF-I receptor is a heterotetramer with two α- and two β-subunits in a structure similar to that of the
insulin receptor. Insulin can bind to the α-subunit ligandbinding domain and activate the β-subunit, which is a protein kinase. Thus, insulin can modulate ovarian cellular functions either through its own receptor or through the IGF-I receptor. The biologic potency and availability of the insulin-like growth factors are further modulated by a collection of
IGF-binding proteins that bind circulating insulin-like growth factors and also alter cellular responsiveness. Six insulin-like growth factor– binding proteins (IGFBP-1 through IGFBP-6) have been detected in serum and various tissues.194 IGF-I and IGF-II circulate in the blood in a concentration 1,000 times greater than insulin; however, largely all of
the circulating IGFs are bound to IGFBPs. The multiple IGFBPs and their proteases provide a mechanism for tissue-specific activities of IGFs. The various IGFBPs differ in their actions and individual expression, depending on the specific cell type and tissue. The principal IGFBP that regulates IGF biologic availability can vary according to metabolic
changes. There are many possible permutations because the IGFBPs are not simply transport proteins; there are inhibitory and stimulatory IGFBPs that inhibit or potentiate IGF actions. Tissue-specific regulation of IGFBP protease activity can change the bioavailability of IGFs at specific sites. In addition, the IGFBPs have been demonstrated to have
direct effects of their own, independent of IGF. Therefore, this is a complex regulatory system that provides both endocrine signals and autocrine and paracrine functions. Receptors Involved in Steroidogenesis Steroidogenic factor-1 (SF-1) and DAX-1 (a name that represents Dosage-sensitive sex reversal-Adrenal hypoplasia congenita critical region
on the X chromosome) are nuclear receptors for which specific ligands have not been identified (“orphan receptors”). SF-1 influences the expression of genes that encode steroidogenic enzymes, and when genetic expression of SF-1 is disrupted in mice, gonads and adrenal glands fail to develop.195,196 In addition, SF-1 regulates transcription of the
StAR gene.197 Partial loss of SF-1 causes reduced ovarian activity and infertility.198 Inactivating mutations in the DAX1 gene result in X-linked adrenal hypoplasia, which is also associated with hypogonadotropic hypogonadism.199 DAX-1 is believed to work with SF-1 in regulating development and function of steroid-producing tissues as well as the
regulation of gonadotropins.200 SF-1 regulates genes that encode the gonadotropin subunits, as well as the GnRH receptor.196 Thus, SF-1 and DAX-1 are involved at all levels: the hypothalamus, the pituitary, and the steroid-producing organs. These proteins function as transcription factors (as are the traditional nuclear hormone receptors such as
the estrogen receptor) in the complex mechanisms being unraveled by molecular biologists. Heterogeneity of Tropic Hormones The glycoproteins, such as FSH and LH, are not single proteins but should be viewed as a family of heterogeneous forms of varying immunologic and biologic activity.201 The various forms (isoforms) arise in various ways,
including different DNA promoter actions, alterations in RNA splicing, point mutations, and posttranslational carbohydrate changes.202 The impact of the variations is to alter structure and metabolic clearance, thus affecting binding and activity. The isoforms have different molecular weights, circulating half-lives, and biologic activities. Throughout
the menstrual cycle, the amazing number of at least 20–30 isoforms of both FSH and LH are present in the bloodstream.203 The overall activity of a glycoprotein, therefore, is due to the effects of the mixture of forms that reach and bind to the target tissue. The nonglycosylated subunit precursors of glycoprotein hormones are synthesized in the
endoplasmic reticulum, followed by glycosylation. The glycosylated subunits combine and then are transported to the Golgi apparatus for further processing of the carbohydrate component. The units combine to form a compact heterodimer. The protein moiety binds to specific target tissue receptors, whereas the carbohydrate moiety plays a critical
role in coupling the hormone-receptor complex to adenylate cyclase (perhaps by determining the necessary conformational structure). The preciseness of the chemical makeup of the tropic hormones is an essential element in determining the ability of the hormone to mate with its receptor. The glycopeptides (FSH, LH, TSH, and hCG) are dimers
composed of two glycosylated polypeptide subunits, the α- and β-subunits. The α- and β-subunits are tightly bound in a noncovalent association. The three-dimensional structure and the active conformation of the subunits are maintained by internal disulfide bonds.204 All of the glycopeptides of the human species (FSH, LH, TSH, and hCG) share a
common α-chain, an identical structure containing 92 amino acids. The β-chains (or the β-subunits) differ in both amino acid and carbohydrate content, conferring the specificity inherent in the relationship between hormones and their receptors (Figure 1.32). Therefore, the specific biologic activity of a glycopeptide hormone is determined by the βsubunit; hypogonadism has been reported due to single amino acid substitution in the LH βsubunit.205 FIGURE 1.32 β-hCG is the largest β-subunit, containing a larger carbohydrate moiety and 145 amino acid residues, including a unique carboxyl-terminal tail piece of 29 amino acid groups. It is this unique part of the hCG structure that allows the
production of highly specific antibodies and the utilization of very specific immunologic assays. The extended sequence in the carboxyl-terminal region of β-hCG contains four sites for glycosylation (Figure 1.32); thus, hCG is glycosylated to a greater extent than LH, a difference that is responsible for the longer circulating half-life for hCG. These
differences in structure are associated with a different promoter and transcriptional site that is located upstream in the hCG β-subunit gene compared with the site in the LH β-subunit gene. The hCG β-subunit gene transcription site does not contain a hormone response element, allowing hCG secretion to escape feedback regulation by the sex
steroids, in contrast to FSH and LH. The rate-limiting step in the synthesis of gonadotropins and TSH is the availability of β-subunits, because excess α-subunits can be found in blood and in tissue. Furthermore, the three-dimensional structure of the β-subunit, accomplished by folding the subunit by the formation of the disulfide bonds, is an important
conformational step that is essential for assembly with the α-subunit.206 This conformational change is not completed until the subunits are fully united to produce the final whole hormone. The half-life of α-hCG is 6–8 minutes and that of whole hCG from the placenta about 24 hours. All human tissues appear to make hCG as a whole molecule, but the
placenta is different in having the ability to glycosylate the protein, thus reducing its rate of metabolism and giving its biologic activity through a long half-life. The carbohydrate components of the glycoproteins are composed of fructose, galactose, mannose, galactosamine, glucosamine, and sialic acid. Although the other sugars are necessary for
hormonal function, sialic acid is the critical determinant of biologic half-life. Removal of sialic acid residues in hCG, FSH, and LH leads to very rapid elimination from the circulation. FSH consists of the α-subunit of 92 amino acids and a β-subunit of 118 amino acids. It has four carbohydrate side chains, two on each subunit. The β-subunit of LH
consists of 121 amino acids. LH has three carbohydrate side chains with a single glycosylation site (with less than half of the sialic acid in FSH). The initial half-life of LH is approximately 20 minutes, compared with the initial half-life of FSH of 3–4 hours. Genes for tropic hormones contain promoter and enhancer or inhibitor regions located in the 5′flanking regions upstream from the transcription site. These sites respond to second messengers (cyclic AMP) as well as steroids and other yet unknown regulators. The protein cores of the two glycoprotein subunits are the products of distinct genes.207 Using recombinant DNA technology, it has been demonstrated that there is a single human gene
for the expression of the α-subunit. The gene for the α- subunit shared by FSH, LH, hCG, and TSH is located on chromosome 6q12.21. A single promoter site subject to multiple signals and hormones regulates transcription of the α gene in both the placenta and pituitary. The α-subunit gene is expressed in several different cell types, but the β-subunit
genes are restricted in cell type. The TSH β-gene is expressed only in thyrotropes regulated by thyroid hormone; the FSH β-gene is expressed in gonadotropes regulated by GnRH, activin, inhibin, and gonadal steroids; the LH β-gene, also expressed in gonadotropes, is regulated by GnRH and unaffected by activin and inhibin208. The α-subunit gene
requires the activation of distinct regulatory elements in thyrotrope and gonadotrope cells, as well as in the placenta. It is the activation of these cell-specific elements that produces tissue specificity for a gene expression. In gonadotropes, the GnRH signaling pathway for a gene transcription utilizes phosphorylase stimulation of diacylglycerol (DAG)
and inositol triphosphate (IP3) that leads to a release of intracellular calcium stores. GnRH also stimulates the influx of calcium at the cell membrane. DAG, IP3, and calcium work together to stimulate protein kinase C activity. Protein kinase regulation of the α-promoter is a principal part of the overall mechanism. This pituitary process is influenced
by multiple factors, including growth factors and gonadal steroids. In the placenta, the mechanism also utilizes specific regulatory elements, but the primary signal is mediated by the cyclic AMPprotein kinase A pathway. The gene for the FSH β-subunit is on chromosome 11p13. In the pituitary, its expression is markedly influenced by activin.209,210
Although FSH and LH both require GnRH stimulation, the FSH β-gene is unique in that response to GnRH is dependent on activin.211 With increasing GnRH stimulation, the role of activin is increasingly repressed by its binding protein, follistatin, the secretion of which is also stimulated by GnRH and activin. Activin is further antagonized by inhibin,
the first of these factors recognized to suppress FSH secretion.212 The genes that encode for the β-subunits of LH, hCG, and TSH are located in a cluster on chromosome 19q13.32. There are six genes for the β-subunit of hCG, and only one for β-LH.213 Transcription for the six hCG genes, each with different promoter activity, varies, and it is not
certain why hCG requires multigenic expression (perhaps, this is necessary to reach the extremely high level of production in early pregnancy). It is thought that β-hCG evolved relatively recently from β-LH, and the unique amino acid terminal extension of β-hCG arose by a read-through mutation of the translation stop codon in the β-LH gene; the DNA
sequences of the β-hCG genes and the β-LH gene are 96% identical.213 Only primates and the equine species (horse, donkey, and zebra) have been demonstrated to have genes for the β-subunit of chorionic gonadotropin. In contrast to human chorionic gonadotropin, equine chorionic gonadotropin exerts both LH and FSH activities in many
mammalian species because it contains peptide sequences in its β-subunit that are homologous to those in the pituitary gonadotropins of other species. The equine β-chorionic gonadotropin gene is identical to the equine β-LH gene, and although the primate β-hCG gene evolved from the same ancestral β-LH gene, the horse chorionic gonadotropin
gene evolved in a different way about 50 million years ago.214 The β-LH gene is not expressed in the placenta. A specific immunologic LH variant is relatively common. This variant is due to two point mutations in the LH β-subunit gene and is more common in people of northern European descent, reaching a carrier frequency of 41.9% in Lapps of
northern Finland.215 The clinical significance of this mutation is not known; however, routine immunoassays can provide falsely low readings because this variant is not detected. Inherited disorders because of disruptions in the coding sequences of both LH and FSH are in fact quite rare.216 The placenta-specific expression of β-hCG is due to several
differences in DNA sequences between the β-hCG and β-LH genes.208 The cyclic AMP–mediated enhancement of the β-hCG promoter is influenced by several regulatory proteins. The study of the β-subunit genes has been hampered by difficulties in maintaining glycoprotein-producing cell lines. The availability of choriocarcinoma cell lines, however,
has allowed greater investigation of the β-hCG genes. Although the β-subunit specifies the biologic activity of an individual glycoprotein, the combination of the α- and β-subunits is necessary for full hormonal expression. Furthermore, the α-subunit also plays an important role in accomplishing normal receptor binding and activation.217,218 Neither
subunit alone can effectively bind to the receptor with high affinity or exert biologic effect. In other words, binding and activation occur only when the hormone is in the combined α-β form. In addition, the αsubunit influences the overall bioactivity of the glycoprotein hormones.219 Thus, structural alterations in either the α-subunit or the β-subunit
could alter target tissue responses. Variations in Carbohydrate The glycopeptide hormones can be found in the pituitary existing in a variety of forms, differing in their carbohydrate (oligosaccharides) makeup. The isoform mixture of gonadotropins is influenced both quantitatively and qualitatively by GnRH and the feedback of the steroid hormones,
producing posttranslational carbohydrate modifications.220,221 This heterogeneity in structure (which is also associated with heterogeneity in charge) represents a mechanism under endocrine control that modulates half-lives and bioactivity. Certain clinical conditions can be associated with alterations in the usual chemical structure of the
glycopeptides, resulting in interference with the ability to bind to receptors and stimulate biologic activity. In addition to deglycosylation and the formation of antihormones, gonadotropins can be produced with an increased carbohydrate content. A low-estrogen environment in the pituitary gland, for example, favors the production of the so-called big
gonadotropins, gonadotropins with an increased carbohydrate component and, as a result, decreased biologic activity.222 Immunoassay in these situations may not reveal the biologic situation; an immunoassay sees only a certain set of molecules but not all. Bioactive levels of FSH and LH are very low in women receiving oral contraceptives and
during the luteal and late follicular phases. The highest values are during the midcycle surge and in postmenopausal women (including women with premature ovarian failure).223 The levels of bioactive FSH parallel those of immunoactive FSH with a constant ratio throughout the cycle. The greater bioactivity of FSH at midcycle is associated with
less sialylated, shorter-lived isoforms. These changes are effects of both GnRH and estrogen. The carbohydrate component, therefore, affects target tissue response in two ways: (1) metabolic clearance and half-life and (2) biologic activity. The circulating half-life of a gonadotropin is mainly proportional to the amount of sialic acid present.224 The
higher content of sialic acid in FSH compared with LH accounts for the more rapid clearance of LH from the circulation (the FSH half-life is several hours; the LH half-life is about 50 minutes). hCG is highly sialylated and, accordingly, has a half-life of 5–6 hours. However, clearance of gonadotropins as measured by half-lives is not explained totally by
carbohydrate differences. Differences in amino acid sequences also contribute, and most importantly, the stability of the complete hormone (resisting dissociation into the rapidly cleared subunits) is a major factor. Biologic activity is determined by both the binding and the activation of the hormone-receptor complex. Experimental data indicate that
the carbohydrate chains have no role in the binding of gonadotropins to their receptors.225 Nevertheless, removal of the carbohydrate moiety of either subunit diminishes gonadotropic activity. Therefore, the carbohydrate component affects the biologic activity of the hormonereceptor complex after binding. Specific studies indicate that the
carbohydrate component plays a critical role in activation (coupling) of the adenylate cyclase system.226 Heterogeneity of Prolactin In most mammalian species, prolactin is a single-chain polypeptide of 199 amino acids, 40% similar in structure to growth hormone and placental lactogen.227 All three hormones are believed to have originated in a
common ancestral protein about 400 million years ago. Many hormones, growth factors, and neurotransmitters affect the prolactin gene. Simultaneous measurements of prolactin by both bioassay and immunoassay reveal discrepancies. At first, differences in prolactin were observed based on size, leading to the use of terms such as little, big, and, the
wonderfully sophisticated term, big big prolactin. Further chemical studies have revealed structural modifications that include glycosylation, phosphorylation, and variations in binding and charge. This heterogeneity is the result of many influences at many levels: transcription, translation, and peripheral metabolism.228,229 Prolactin is encoded by a
single gene on chromosome 6, producing a molecule that in its major form is maintained in three loops by disulfide bonds.227 Most, if not all, variants of prolactin are the result of posttranslational modifications (Figure 1.33). The predominant form, little prolactin, results from the proteolytic deletion of amino acids. Big prolactin has little biologic
activity and does not cross-react with antibodies to the predominant form of prolactin. The so-called big big variants of prolactin are due to separate molecules of prolactin binding to each other, either noncovalently or by interchain disulfide bonding. Some of the apparently larger forms of prolactin are prolactin molecules complexed to binding
proteins. High levels of relatively inactive prolactin in the absence of a tumor can be due to the creation of macromolecules of prolactin by antiprolactin autoantibodies.230,231 Overall, the presence of big prolactins accounts for somewhere between 10% and 25% of the hyperprolactinemia reported by commercial assays232. FIGURE 1.33 Other
variations of prolactin exist. Enzymatic cleavage of the prolactin molecule yields fragments that may be capable of biologic activity. Prolactin that has been glycosylated continues to exert activity; differences in the carbohydrate moieties can produce differences in biologic activity and immunoreactivity. However, the nonglycosylated form of prolactin
is the predominant form of prolactin secreted into the circulation.233 Modification of prolactin also includes phosphorylation, deamidation, and sulfation. The prolactin receptor is encoded by a gene on chromosome 5 that is near the gene for the growth hormone receptor. However, there is evidence for more than one receptor, depending on the site
of action (e.g., decidua and placenta).234 The prolactin receptor belongs to the receptor family that includes many cytokines and some growth factors, supporting a dual role for prolactin as a classic hormone and as a cytokine. The prolactin signal is mediated through a cytoplasmic tyrosine kinase pathway. At any one point of time, the bioactivity
(e.g., galactorrhea) and the immunoreactivity (circulating level by immunoassay) of prolactin represent the cumulative effect of the family of structural variants. Remember, immunoassays do not always reflect the biologic situation (e.g., a normal prolactin level in a woman with galactorrhea). Up- and Down-Regulation of Receptors Positive or
negative modulation of receptors by homologous hormones is known as upand down-regulation. Little is known regarding the mechanism of up-regulation; however, hormones such as prolactin and GnRH can increase the cell membrane concentrations of their own receptors. Theoretically, deactivation of the hormone-receptor complex could be
accomplished by dissociation of the complex or loss of receptors from the cell, either by shedding (externally) or by internalization of the receptors into the cell. It is the process of internalization that is the major biologic mechanism by which polypeptide hormones down-regulate their own receptors and thus limit hormonal activity. As a general rule,
an excess concentration of a tropic hormone, such as LH or GnRH, will stimulate the process of internalization, leading to a loss of receptors in the cell membrane and a decrease in biologic response. We now understand that the principal reason for the episodic (pulsatile) secretion of hormones is to avoid down-regulation and to maintain, if not upregulate, its receptors. The pulse frequency is a key factor, therefore, in regulating receptor number. This concept underlies the pharmacology of GnRH agonist action. Chemical alteration of the GnRH molecule has produced both pharmacologic agonists and antagonists. GnRH is a decapeptide; antagonists have substitutions at multiple positions,
while agonists have substitutions at the 6 or 10 positions. The GnRH agonist molecules first stimulate the pituitary gland to secrete gonadotropins; then, because of the constant stimulation, down-regulation and desensitization of the cell membrane receptors occur, and gonadotropin secretion is literally turned off. The GnRH antagonist molecules
bind to the cell membrane receptor and fail to transmit a message and thus are competitive inhibitors. Various GnRH agonists and antagonists are used to treat endometriosis, uterine leiomyomas, and precocious puberty and also are key components of most controlled ovarian hyperstimulation protocols used for in vitro fertilization (see Chapter 28
for more details). It is believed that receptors are randomly inserted into the cell membrane after intracellular synthesis. The receptor may be viewed as having three important segments: an external binding site that is specific for a polypeptide hormone, the transmembrane region, and an internal site that plays a role in the process of internalization.
When the receptor is bound to a polypeptide hormone and when high concentrations of the hormone are present in the circulation, the hormone-receptor complex moves through the cell membrane in a process called lateral migration. Lateral migration carries the complex to a specialized region of the cell membrane, the coated pit. Each cell in target
tissues contains from 500 to 1,500 coated pits. Lateral migration, thus, concentrates hormone-receptor complexes in the coated pit (clustering), allowing increased internalization of the complex via the special mechanism of receptormediated endocytosis.235 The time course for this process (minutes rather than seconds) is too slow to explain the
immediate hormone-induced responses, but other cellular events may be mediated by this mechanism that circumvents the intracellular messenger, cyclic AMP. The coated pit is a lipid vesicle hanging on a basket of specific proteins, called clathrins (from the Latin “clathra” meaning “lattice”). The unit is a network of hexagons and pentagons, thus
looking like a soccer ball (Figure 1.34). The internal margin of the pit has a brush border, hence the name coated pit. The clathrin protein network serves to localize the hormone-receptor complexes by binding to the internal binding site on the receptor. FIGURE 1.34 When fully occupied, the coated pit invaginates, pinches off, and enters the cell as a
coated vesicle also called a receptosome (Figure 1.35). The coated vesicle is delivered to the lysosomes in which the structure then undergoes degradation, releasing the substance (e.g., a polypeptide hormone) and the receptor. The receptor may be recycled; that is, it may be reinserted into the cell membrane and used again. On the other hand, the
receptor and the hormone may be metabolized, thus decreasing that hormone’s biologic activity. The internalized hormones may also mediate biologic response by influencing cellular organelles such as the Golgi apparatus, the endoplasmic reticulum, and even the nucleus. For example, nuclear membranes from human ovaries bind hCG and LH, and
there follows an enzyme response that is involved in the transfer of mRNA from nucleus to the cytoplasm.236 FIGURE 1.35 A similar process, called potocytosis, utilizes cholesterol-rich membrane invaginations called caveolae (far fewer in number and smaller in structure than the clathrin-coated pits) for the internalization of small molecules and
ions.237 This is another method of intracellular signaling in response to hormones, and many proteins involved in cell signaling have been detected in caveolae, for example, G proteins, kinases, and growth factor receptors. Caveolin is the major protein structural component of caveolae. Nitric oxide, the important mediator of vascular events, resides
in caveolae and is regulated by tyrosine phosphorylation and interaction with caveolin.238,239 Caveolae also facilitate endocytosis and exocytosis of substances, by the recycling of caveolin between the cell surface and the Golgi network.240 Besides down-regulation of polypeptide hormone receptors, the process of internalization can be utilized for
other cellular metabolic events, including the transfer into the cell of vital substances such as iron or vitamins. Indeed, this is the basic mechanism for transporting large molecules across the cell membrane into the interior. Cell membrane receptors can be randomly distributed in the cell membrane and transmit information to modify cell
behavior.241 For these receptors, internalization is a method for down-regulation by degradation in lysosomes. Because of this degradation, recycling is usually not a feature of this class of receptors. Hormones that utilize this category of receptors include FSH, LH, hCG, GnRH, TSH, TRH, and insulin. For these hormones, the coated pit can be
viewed as a trap to immobilize hormone-receptor complexes. The fate of the hormone, however, can vary from tissue to tissue. In some target tissues, hCG is internalized and the hCG-receptor complex is transferred intact from the coated vesicle into the lysosomes for dissociation and degradation. In other tissues, especially the placenta, it is thought
that the hCG-receptor complex is recycled back to the cell surface as a means of transporting hCG across the placenta into both maternal and fetal circulations.242 Cell membrane receptors, located in the coated pits, when bound to ligands lead to internalization, thus providing the cell with required factors, the removal of noxious agents from the
biologic fluid bathing the cell, or the transfer of substances through the cell (transendocytosis). These receptors are spared from degradation and can be recycled. Examples of this category include LDLs, which supply cholesterol to steroidproducing cells; cobalamin and transferrin, which supply vitamin B12 and iron, respectively; and the transfer of
immunoglobulins across the placenta to provide fetal immunity. A closer look at LDL and its receptor is informative because it is the prototype for this system. The LDL particle is a sphere. It contains in its center about 1,500 molecules of cholesterol that are attached as esters to fatty acids. This core is contained by a bilayer lipid membrane. Proteinbinding proteins (the apoproteins) project on the surface of this membrane, and it is these proteins that the receptor must recognize. Remember, this is an important story, because all cells that produce steroids must use cholesterol as the basic building block. Such cells cannot synthesize enough cholesterol and therefore must bring cholesterol into
the cell from the bloodstream. LDL is the principal messenger delivering the cholesterol. Experimental evidence, however, indicates that HDL cholesterol as well as LDL can provide cholesterol to steroidproducing cells.243 Indeed, human ovarian granulosa cells use HDL cholesterol in a system that differs from the LDL cholesterol pathway: the
lipoproteins are not internalized, but, rather, the cholesteryl esters are extracted from the lipoproteins at the cell surface and then transferred into the cell.244 Different cell surface receptors and proteins contain similar structural parts.245 For example, the receptor for LDL contains a region that is homologous to the precursor of EGF and another
region that is homologous to a component of complement. The LDL receptor is a “mosaic protein.” There are regions of proteins derived from the exons of different gene families. This is an example of a protein that evolved as a new combination of preexisting functional units of other proteins. The LDL receptor is synthesized as a precursor of 860
amino acids. The precursor includes 21 amino acids that constitute a hydrophobic signal sequence that is cleaved prior to its insertion into the cell surface. This signal sequence presumably directs the protein where to go in the cell. This leaves an 839-amino acid protein that has five recognizable domains: 1. NH2 terminal of 292 amino acids,
composed of a sequence of 40 amino acids repeated with some variation seven times. This domain is the binding site for LDL and is located on the external surface of the cell membrane. 2. Approximately 400 amino acids 35% homologous to EGF precursor. 3. The sugar-linked site. 4. 22 hydrophobic amino acids that cross the cell membrane. Deletion
of the transmembrane signal sequence (found in a naturally occurring mutation) results in an LDL receptor that is secreted from the cell instead of being inserted into the membrane. 5. Cytoplasmic tail of 50 amino acids that is located internally and serves to cluster LDL receptors in coated pits (Figure 1.36). FIGURE 1.36 When the coated pit is fully
occupied with LDL, a coated vesicle is delivered into the cell in the process called endocytosis. The vesicle moves to the Golgi system and then is routed by an unknown mechanism (although a similar coated pit system in the Golgi appears to be involved) to the lysosomes in which the structure undergoes degradation, releasing cholesterol esters and
the receptor. The receptor can be recycled or degraded. The intracellular level of free cholesterol influences the following important activities: the rate-limiting enzyme for cholesterol synthesis, the reesterification of excess cholesterol for storage as lipid droplets, and the synthesis of LDL receptors. The cholesterol derived from the LDL transport
process can have any one of the following fates: utilization in the mitochondria for steroidogenesis, reesterification for storage, use in membrane structures, or excretion.246 Excretion (release of free cholesterol into the circulation by means of the HDL mechanism) involves the cell surface caveolae.237,240 Thus, entry is via coated pits (endocytosis)
and efflux from endoplasmic reticulum to the cell membrane is via caveolae (exocytosis). Synthesis and insertion of new LDL receptors are a function of LH in the gonads and ACTH in the adrenal. This process is relatively fast. It has been calculated that the coated pit system turns over an amount of cell surface equivalent to the total amount of
plasma membrane every 30–90 minutes.246 The LDL receptor makes one round trip every 10 minutes during its 20-hour life span for a total of several hundred trips.247 Genetic defects in receptors for LDL lead to a failure in internalization and hyperlipidemia Key Points: Down-Regulation Down-regulation is a decrease in response in the presence of
continuous stimulation. It can involve any of the following mechanisms: Desensitization by autophosphorylation of the cytoplasmic segment of the receptor Loss of receptors by internalization, a relatively slow mechanism Uncoupling of the regulatory and catalytic subunits of the adenylate cyclase enzyme Alterations in key intracellular regulatory
proteins Regulation of Tropic Hormone Action One way in which tropic hormone action is regulated is via stimulating and inhibiting actions at the adenylate cyclase level through coupling. LH stimulates steroidogenesis in the corpus luteum and works through the coupling of stimulatory regulatory units to the catalytic units of adenylate cyclase.
Prostaglandin F2a is directly luteolytic, inhibiting luteal steroidogenesis through a mechanism that follows binding to specific receptors. This luteolytic action may be exerted via an inhibitory regulatory unit that leads to uncoupling with the catalytic unit, thus interfering with gonadotropin action. Increasing concentrations of tropic hormones, such as
gonadotropins, are directly associated with desensitization of adenylate cyclase independent of the internalization of receptors. Desensitization is a rapid, acute change without loss of receptors in contrast to the slower process of internalization and true receptor loss. The desensitization process after prolonged agonist exposure involves receptor
phosphorylation (which uncouples the receptor from the G protein). The LH/hCG receptor, a member of the G protein family, undergoes desensitization/uncoupling in response to LH or hCG in a process that involves phosphorylation of the C-terminal cytoplasmic tail of the receptor.248,249 Decreased gonadotropin secretion in the presence of
prolonged continuous GnRH stimulation is a desensitization response that can occur followed by recovery within the time frame of a normal endogenous GnRH secretory pulse.250 Desensitization can also follow enzymatic alterations that affect the key intracellular proteins that regulate steroidogenesis. Activation of the mitogen-activated protein
kinase (MAPK) system increases levels of SF-1, which in turn attenuates StAR expression, which is essential for the transport of cholesterol in gonadal cells producing steroids.251 REFERENCES 1. Ryan KJ, Biological aromatization of steroids, J Biol Chem 234:268, 1959. 2. Ryan KJ, Smith OW, Biogenesis of steroid hormones in the human ovary,
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was Soranus who provided the first anatomic description of the ovaries. Soranus of Ephesus (a city founded by Greeks on the coast of what is now Turkey) lived from 98 to 138 A.D. and has often been referred to as the greatest gynecologist of antiquity.1 He studied in Alexandria and practiced in Rome. His great text was lost for centuries and was not
published until 1838. Galen was born in 130 A.D. in Pergamum, a Greek city in eastern Turkey; studied in Alexandria; and became a famous practitioner and teacher of medicine also in Rome. He lived 70 years and wrote about 400 treatises, 83 of which are still in existence. Galen preserved in his own writings (in Greek) Aristotle’s descriptions of
reproduction. He was a true scholar and was regarded as the ultimate authority on anatomy and physiology until the 16th century.2 It was Galen who established bleeding as the appropriate treatment for almost every disorder. Although in retrospect Galen’s conclusions and teachings contained many errors, how many other individuals have been
able to satisfy the needs of scholars and physicians for hundreds of years? After Galen, no further thoughts or advances were recorded for well over 1,000 years as the dark weight of the medieval ages descended on Western civilization. During the medieval years, it was safe to copy Galen’s works but literally dangerous to contribute anything
original. Medieval scholars believed it was impossible to progress in knowledge beyond Galen. The doctrine according to Galen was not challenged until the introduction of printing made Galen’s works available to scholars. Although Leonardo da Vinci (1452–1519) drew accurately the anatomy of the uterus and the ovaries, the major advances in
anatomic knowledge can be traced to the University of Padua, the famed Italian university where a succession of anatomists made important contributions.3 It was Andreas Vesalius (1514–1564), who while still in his 20s, because of his own human dissections, realized that Galen described only animals. Appointed Professor of Surgery and Anatomy at
the University of Padua at the age of 23, he published De Humani Corporis Fabrica, his authoritative, illustrated book on human anatomy, in 1543, at the age of 29. Vesalius was harshly attacked by the medical establishment, and 1 year after the publication of his book, he left Padua to become the court physician in Spain. Vesalius was the first to
describe ovarian follicles and probably the corpus luteum. Fallopius (1523–1562), remembered for his description of the fallopian tubes, was a pupil of Vesalius and then a successful and popular teacher of anatomy at Padua. Fabricius (Girolamo Fabrici d’Acquapendente, 1533–1619), a pupil of Fallopius, succeeded Fallopius as chair of anatomy at
Padua and made major contributions to embryology. Studying an organ in birds and observing that it contained eggs, Fabricius called it the “ovary.” During this period of time, the ovaries came to be recognized as structures, but their function remained a mystery. William Harvey published the first original English book on reproductive anatomy and
physiology in 1651, at the age of 69, 35 years after his discovery of the circulation of blood. He obtained his medical education at the University of Padua, where he learned to describe accurately his own observations, a practice he was to continue and that culminated in his writings. Credited with the well-known “ex ovo omnia” (everything comes
from the egg) statement, Harvey actually promoted and maintained the Aristotelian belief that the egg was a product of conception, a result of an interaction between semen and menstrual blood. This view was corrected by Bishop Niels Stensen of Denmark in 1667, and in 1672, at the age of 31, the Dutch physician Regnier de Graaf published his
great work on the female reproductive organs, De Mulierum Organis Generationi Inservientibus Tractatus Novus (A New Treatise on the Female Reproductive Organs), that established the ovary as the source of the ovum. Ovarian follicles had been described by Vesalius and Fallopius, but the impact of his publication earned de Graaf eternal
recognition as the mature ovarian follicle became known as the graafian follicle, even though de Graaf believed that the whole follicle was the egg. de Graaf was the first to accurately describe the corpus luteum, although Marcello Malpighi, whose works were published posthumously in 1697, invented the name “corpus luteum.” With the discovery of
mammalian spermatozoa by van Leeuwenhoek in 1677, it became possible to speculate that fertilization resulted from the combination of a spermatozoon and the graafian follicle. It would be another 150 years before it was appreciated that the oocyte resides within the follicle (described in 1827 by Carl Ernst von Baer) and that there is a relationship
between the ovaries and menstruation. The process of fertilization was described by Newport in 1853–1854, and Oscar Hertwig, studying sea urchins, reported in 1876 the penetration of a spermatozoon into an egg and chromosome reduction during meiosis, bringing to a close the era of descriptive anatomy of the ovary and marking the beginning of
scientific explorations into physiology and endocrinology. THE HUMAN OVARY The physiologic responsibilities of the ovary are the periodic release of gametes (eggs, oocytes) and the production of the steroid hormones estradiol and progesterone. Both activities are integrated in the continuous repetitive process of follicle maturation, ovulation, and
corpus luteum formation and regression. The ovary, therefore, cannot be viewed as a relatively static endocrine organ whose size and function expand and contract, depending on the vigor of stimulating tropic hormones. Rather, the female gonad is a heterogeneous ever-changing tissue whose cyclicity is measured in weeks, rather than hours. The
ovary consists of three major portions: the outer cortex, the central medulla, and the rete ovarii (the hilum). The hilum is the point of attachment of the ovary to the mesovarium. It contains nerves, blood vessels, and hilus cells, which have the potential to become active in steroidogenesis or to form tumors. These cells are very similar to the
testosterone-producing Leydig cells of the testes. The outermost portion of the cortex is called the tunica albuginea, topped on its surface by a single layer of cuboidal epithelium, referred to as the ovarian surface epithelium or the ovarian mesothelium (epithelial ovarian carcinomas account for 90% of human ovarian cancers). The oocytes, enclosed in
complexes called follicles, are in the inner part of the cortex, embedded in stromal tissue. The stromal tissue is composed of connective tissue and interstitial cells, which are derived from mesenchymal cells, and have the ability to respond to luteinizing hormone (LH) or human chorionic gonadotropin (hCG) with androgen production. The central
medullary area of the ovary is derived largely from mesonephric cells. THE FETAL OVARY During fetal life, the development of the human ovary can be traced through four stages4,5: (1) the indifferent gonad stage, (2) the stage of differentiation, (3) the period of oogonial multiplication and oocyte formation, and finally, (4) the stage of follicle
formation. The Indifferent Gonad Stage At approximately 5 weeks of gestation, the paired gonads are structurally consolidated coelomic prominences overlying the mesonephros, forming the gonadal ridges. At this point, the gonad is morphologically indistinguishable as a primordial testis or ovary. The gonad is composed of primitive germ cells
intermingled with coelomic surface epithelial cells and an inner core of medullary mesenchymal tissue. Just below this ridge lies the mesonephric duct. This indifferent stage lasts about 7–10 days. Together, the mesonephros and the genital ridge are called the urogenital ridge, indicating the close association of the urinary and reproductive systems.
The origin of the gonadal somatic cells is still not certain. The earliest recognizable gonad contains, besides the germ cells, somatic cells derived from at least three different tissues: coelomic epithelium, mesenchyme, and mesonephric tissue. In one early model, the gonad was believed to be formed by the invasion of the “germinal epithelium” into the
underlying mesenchyme. The germinal epithelium is simply that part of the coelomic epithelium that gives rise to gonadal tissue. The invading cells were thought to form the primary sex cords that contain the germ cells surrounded by somatic cells (the cells destined to form the tissue that holds the germ cells). In a newer model, well-supported by
experimental data, the somatic cells of the gonad are believed to arise from the mesonephros and not the coelomic epithelium.6,7,8 Ultrastructural studies have even suggested that both coelomic epithelial and underlying mesonephric cells provide the somatic cells that are destined to become follicular cells.9 The contribution of mesonephric cells
requires migration into the gonad. This movement is regulated by fibroblast growth factor 9 in the male, and it may be repressed by a gene encoding a protein known as SPRY2.10 Thus, the Y chromosome directs sexual development by influencing gene expression via specific regulating and signaling proteins. The primordial germ cells originate
within the primitive ectoderm, but the specific cells of origin cannot be distinguished.11 The germ cells are first identified at the end of the 3rd week after fertilization in the primitive endoderm at the caudal end in the dorsal wall of the adjacent yolk sac, and, soon, they also appear in the splanchnic mesoderm of the hindgut.12,13 The gonadal ridge
is the one and only site where the germ cells can survive. By displacement because of growth of the embryo and also by active ameboid movement along the dorsal mesentery of the hindgut toward the genital ridges, the germ cells “migrate” from the yolk sac around the hindgut to their gonadal sites between weeks 4 and 6 of gestation.11,14 The
factors that initiate and guide the migration of the germ cells are not known, although chemotactic and adhesive peptides, such as fibronectin and laminin, are involved. In rodents, germ cell proliferation and migration involve stem cell factor (kit ligand) and the expression of its receptor (c-KIT), a transmembrane tyrosine kinase receptor encoded by
the C-KIT oncogene.15 In gonads obtained from individuals with intersex disorders that have a high risk of testicular tumors, the expression of KIT protein was detected at a later gestational age than in normal controls, consistent with both later germ cell migration and a change in the oncogene expression.16 The KIT gene is located on chromosome
4, and mutations in this gene have not been discovered in women with premature ovarian failure.17 The germ cells begin their proliferation during their migration.9 The germ cells are the direct precursors of sperm and ova, and by the 6th gestational week, on completion of the indifferent state, these primordial germ cells have multiplied by mitosis
to a total of 10,000. By the 6th week of gestation, the indifferent gonads contain the germ cells and supporting cells derived from the coelomic epithelium and the mesenchyme of the gonadal ridge. Male or female differentiation of the gonad is directed by the sex chromosomes. But the decision to be male or female must be communicated to the cells
of the indifferent gonad.18 This communication, too, is genetic in origin, involving signaling proteins and their receptors, programmed by the fundamental impact that depends on whether a Y chromosome is present. A genetic program involving hundreds of genes is initiated in the indifferent gonad at the urogenital ridge that leads to differentiation
into a testis or an ovary.19 The Stage of Differentiation If the indifferent gonad is destined to become a testis, differentiation along this line will take place at 6–9 gestational weeks. The absence of testicular evolution (formation of medullary primary sex cords, primitive tubules, and incorporation of germ cells) gives implicit evidence of the existence
of a primitive, albeit momentarily quiescent, ovary. In contrast to the male, female internal and external genitalia differentiation precedes gonadal maturation. These events are related to the genetic constitution and the territorial receptivity of the mesenchyme. If either factor is deficient or defective, improper development occurs. As has been noted,
primitive germ cells are unable to survive in locations other than the gonadal ridge. If partial or imperfect gonadal tissue is formed, the resulting abnormal nonsteroidal and steroidal events have wide ranging morphologic, reproductive, and behavioral effects. The Testes The factor that determines whether the indifferent gonad will become a testis is
called, appropriately, the testes-determining factor (TDF), a product of a single gene located on the Y chromosome.20,21 The testicular-determining factor gene is located within a region named SRY, the sex-determining region on the Y chromosome.22 The protein product of the SRY gene contains a DNA-binding domain to activate gene transcription
that diverts the development of gonadal somatic cells from the pathway of follicle cells to Sertoli cells.23 Rare cases have been reported of phenotypic, infertile males with a 46, XX karyotype, where the male differentiation is due to a translocation of a Y chromosome fragment containing SRY to an autosome or an X chromosome. Normal testis
development requires not only the presence of the SRY gene but its interaction with autosomal genes.24,25 Genes similar to SRY have been named SOX genes (the similarity is with the SRY box region that contains the DNA-binding sequence).23 SRY expression precedes SOX expression; indeed, SRY, acting cooperatively with steroidogenic factor 1,
SF1, and FGF9, a member of the fibroblast growth factor family, up-regulates SOX9 gene expression.21 Thus, SRY along with partner proteins targets male-specific genes that are essential for testicular development. This process is discussed in detail in Chapter 8. In mice, the developmental consequences of activating and inactivating mutations in
Sox9 resemble those of similar mutations in SRY, implying not only that Sox9 is required for testis differentiation but also that SRY activation of Sox9 may be all that is necessary to activate other genes important to testis development, such as Fgf9 (fibroblast growth factor 9), and to repress genes that induce ovary development, such as Wnt4 (a
member of the wingless family of genes), Rspo1 (R-spondin 1), Dax1 (dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1), and Foxl2 (forkhead box L2).26 Both testis and ovary differentiation require dominantly acting genes, with SRY inducing testis development via up-regulation of SOX9, and with other genes,
primarily WNT4 and RSPO1, teaming to promote ovary development via repression of SOX9. This concept views the fate of the bipotential gonad as balanced between opposing forces and SRY as the key factor. In XY gonads, SRY induces SOX9 and tips differentiation toward testis development, and in XX gonads lacking SRY, other genes combine to
repress SOX9 and promote ovary development.27 The expression of the SRY gene is confined to the genital ridge during fetal life, but the gene is also active in the germ cells of the adult, perhaps playing a role in spermatogenesis.20 The traditional view assigns active gene control and expression for testicular differentiation and a passive, “default”
mode of development for the ovary. However, recent evidence has challenged that concept, revealing that ovarian development requires the actions of genes such as WNT4, RSPO1, and DAX1, which team to repress the expression of genes in the testis pathway (e.g., SOX9), and other genes that promote ovarian development.26,28 “Passive” is not an
accurate description because even before the gonad differentiates into an ovary, robust gene activity associated with the female genotype occurs in the urogenital ridge.19 When the Y chromosome containing SRY is present, the gonads develop into testes. The male phenotype is dependent on the products (antimüllerian hormone and testosterone) of
the fetal testes, whereas the female phenotype is the result of an absence of these fetal gonadal products.29 Anti-müllerian hormone (AMH), which inhibits the formation of the müllerian ducts, is secreted at the time of Sertoli cell differentiation, beginning at 7 weeks. AMH expression is altered only by mutations in the AMH gene, located on
chromosome 19p13.3.30 Regression of the müllerian ducts is dependent on the presence of an adequate number of Sertoli cells, and the regulation of AMH receptor.31 Mutations in the AMH receptor gene result in the presence of the uterus, fallopian tubes, and the upper vagina in 46,XY men with normal external virilization. After involution of the
müllerian system, AMH continues to be secreted, but there is no known function. However, evidence in the mouse suggests a role in early germ cell transformation during spermatogenesis.32 In the ovary, very small amounts of AMH mRNA are present early in life, and although there may be no role in female development, its production later in life
by the granulosa cells leads to autocrine and paracrine actions in oocyte maturation and follicular development.33 Serum AMH levels in adult women correlate with the number of ovarian follicles present and predict the response to stimulation with ovulation-inducing therapy.34 The testis begins its differentiation in week 6–7 of gestation by the
appearance of Sertoli cells that aggregate to form the testicular cords. The primordial germ cells are embedded in the testicular cords that will form the Sertoli cells and spermatogonia. The mature Sertoli cells are the site of production of ABP (androgen-binding protein, important in maintaining the high local androgen environment necessary for
spermatogenesis) and inhibin. The Leydig cells differentiate (beginning week 8) from mesenchymal cells of the interstitial component surrounding the testicular cords. Thus, secretion of AMH precedes steroidogenesis in Leydig cells. Shortly after the appearance of the Leydig cells, secretion of testosterone begins. Androgen secretion increases in
conjunction with increasing Leydig cell numbers until a peak is reached at 15–18 weeks. At this time, Leydig cell regression begins, and at birth, only a few Leydig cells are present. The cycle of fetal Leydig cells follows the rise and decline of fetal hCG levels during pregnancy. This relationship and the presence of hCG receptors in the fetal testes
indicate a regulatory role for hCG.4 The pattern of hCG in the fetus parallels that of the mother, peaking at about 10 weeks and declining to a nadir at 20 weeks of gestation, but the concentrations are only 5% of maternal concentrations. hCG stimulation produces Leydig cell hypertrophy, and peak fetal testosterone levels are seen at 15–18 weeks.35
However, normal masculine differentiation occurs in mouse models lacking LH receptors, and molecular evidence indicates that fetal Leydig cells (but not adult cells) respond to adrenocorticotropic hormone (ACTH) as well as hCG.36,37 Testosterone synthesis in human fetal testes begins at the 8th week of gestation, reaches a peak between 15 and
18 weeks, and then declines. Testicular function in the fetus can be correlated with the fetal hormonal patterns. Although the initial testosterone production and sexual differentiation are in response to the fetal levels of ACTH and hCG, further testosterone production and masculine differentiation are maintained by the fetal pituitary gonadotropins.
Decreased testosterone levels in late gestation probably reflect the decrease in gonadotropin levels. The fetal Leydig cells, by an unknown mechanism, avoid down-regulation and respond to high levels of hCG and LH by increased steroidogenesis and cell multiplication. This generation of cells is replaced by the adult generation of Leydig cells that
becomes functional at puberty and responds to high levels of hCG and LH with down-regulation and decreased steroidogenesis. Leydig cells, therefore, are composed of two distinct populations, one active during fetal life and one active during adult life. The fetal spermatogonia, derived from the primordial germ cells, are in the testicular cords,
surrounded by the Sertoli cells. In contrast to the female, male germ cells do not start meiotic division before puberty (Figure 2.1). FIGURE 2.1 The differentiation of the wolffian system begins with the increase in testicular testosterone production. The classic experiments by Jost indicate that this effect of testosterone is due to local action, explaining
why male internal genitalia in true hermaphrodites are only on the side of the testis.29 Not all androgen-sensitive tissues require the prior conversion of testosterone to dihydrotestosterone (DHT). In the process of masculine differentiation, the development of the wolffian duct structures (epididymis, the vas deferens, and the seminal vesicle) is
dependent on testosterone as the intracellular mediator, whereas development of the urogenital sinus and urogenital tubercle into the male external genitalia, urethra, and prostate requires the conversion of testosterone to DHT.38 In the female, the loss of the wolffian system is due to the lack of locally produced testosterone. The Stage of Oogonal
Multiplication and Oocyte Formation in the Ovary Just as testicular development requires SRY and SOX9 expression, specific molecular signaling pathways are necessary for ovarian differentiation and oocyte survival. In the developing ovary, the most important genes are WNT4 and RSPO1. Both activate the beta-catenin signaling pathway in somatic
cells, which results in the loss of cell-cell adhesion between female germ cells that is required for their entry into meiosis.39 WNT4 and RSPO1 also cooperate to suppress somatic cell SOX9 expression. Thus, ovarian differentiation is dependent on essential genetic molecular signaling that is active in the absence of SRY. Evidence suggests that RSPO1
also may act directly to suppress male differentiation, even in the absence of SRY.40 The ultimate fate of the gonad depends on which molecular signaling pathway dominates.41 At 6–8 weeks, the first signs of ovarian differentiation are reflected in the rapid mitotic multiplication of germ cells, reaching 6–7 million oogonia by 16–20 weeks.12,42 This
represents the maximal oogonal content of the gonad. From this point in time, germ cell content will irretrievably decrease until, some 50 years later, the store of oocytes will be finally exhausted. By mitosis, primordial germ cells give rise during week 9 to the oogonia. The oogonia are transformed to oocytes as they enter the first meiotic division and
arrest in prophase. This process begins at 11–12 weeks, perhaps in response to a factor or factors produced by the rete ovarii,43 that may act directly on the germ cells or indirectly via actions on the somatic cells. Studies in mice suggest that retinoic acid derived from the mesonephros may act as a functional meiosis-inducing factor in the female
germ cells.44 Progression of meiosis to the diplotene stage is accomplished throughout the rest of pregnancy and completed by birth. Arrest of meiosis at the diplotene stage of the first meiotic prophase is probably maintained by inhibiting substances produced by granulosa cells. A single ovum is formed from the two meiotic divisions of the oocyte,
one just before ovulation and the second (forming the haploid ovum) at the time of sperm penetration. The excess genetic material is extruded as one polar body at each meiotic division. Gonadotropins and various growth factors (but not sex steroids) can induce resumption of meiosis in vitro, but only in oocytes enclosed by cumulus-granulosa cells.
Follicle-stimulating hormone (FSH) prepares the oocyte for the resumption of meiosis, a process that requires the presence of the gap junction network that allows communication between the cumulus cells and the oocyte. A family of sterols is present in follicular fluid, presumably secreted by the granulosa and cumulus cells in response to
gonadotropins, that activates oocyte meiotic resumption and maturation45,46 (Figures 2.2 and 2.3). FIGURE 2.2 FIGURE 2.3 The massive loss of oocytes during the second half of pregnancy is the consequence of several mechanisms. Besides follicular growth and atresia, substantial numbers of oocytes regress during meiosis, and those oogonia that
fail to be enveloped by granulosa cells undergo degeneration. This process is influenced by genes that actively repress germ cell death.47 In addition, germ cells (in the cortical area) migrate to the surface of the gonad and become incorporated into the surface epithelium or are eliminated into the peritoneal cavity.48,49 In contrast, once all oocytes
are encased in follicles (shortly after birth), the loss of oocytes will be only through the process of follicular growth and atresia. Chromosomal anomalies can accelerate germ cell loss. Individuals with Turner syndrome (45,X) experience normal migration and mitosis of germ cells, but the oogonia do not undergo meiosis, and rapid loss of oocytes
leaves the gonad without follicles early in life, and it appears as a fibrous streak. The rate of loss varies, and 10– 20% experience spontaneous menstruation; rare pregnancies have been reported in those who have had spontaneous menstruation.50,51 However, the presence of menstrual function and reproduction in a patient with Turner phenotype
may be due to an undetected mosaic complement, such as a 46,XX line in addition to 45,X. The Stage of Follicle Formation At 18–20 weeks, the highly cellular cortex is gradually perforated by vascular channels originating in the deeper medullary areas, and this marks the beginning of follicle formation.52 As the finger-like vascular projections enter
the cortex, it takes on the appearance of secondary sex cords. As blood vessels invade and penetrate, they divide the previously solid cortical cell mass into smaller and smaller segments. Drawn in with the blood vessels are perivascular cells that originate in the mesonephros or in the coelomic epithelium. Some believe that the coelomic epithelium is
the origin of all ovarian somatic cells; others favor a mesenchymal or dual origin.5,11 These cells give rise to the pregranulosa cells that surround the oocytes, which have completed the first stage of meiosis. The resulting unit is the primordial follicle—an oocyte arrested in prophase of meiosis, enveloped by a single layer of spindle-shaped
pregranulosa cells, surrounded by a basement membrane. Eventually, all oocytes are covered in this fashion. Residual mesenchyme not utilized in primordial follicle formation is noted in the interstices between follicles, forming the primitive ovarian stroma. This process of primordial follicular development continues until all oocytes in the diplotene
stage can be found in follicles, some time shortly after birth. As soon as the oocyte is surrounded by the rosette of pregranulosa cells, the entire follicle can undergo variable degrees of maturation before arresting and becoming atretic. The formation of a primary follicle is marked by a change of the pregranulosa layer to a cuboidal layer of granulosa
cells. This change is associated with proliferation. In the human, it is estimated that about 13 pregranulosa cells surround the oocyte, and with the change to a primary follicle, the number increases to about 76 granulosa cells.53 A later and perhaps more accurate study concluded that the primary follicle contains about 105 granulosa cells, associated
with an increase in average diameter from 40 to 54 μm.54 Further differentiation into a preantral follicle is marked by more complete granulosa proliferation. Call-Exner body formation (which will later coalesce to form an antrum) and occasionally a minor theca layer system that differentiates from surrounding mesenchymal cells can be seen.
Preantral follicles can be found in the 6th month of gestation, and antral follicles (the graafian follicle, characterized by a fluidfilled space) are present by the end of pregnancy but not in large numbers. It is only during the last 3rd of gestation that theca cells can be found surrounding follicles.42 Even in fetal life, the cycle of follicle formation,
variable ripening, and atresia occurs. Although these steps are precisely those typical of adult reproductive life, full maturity, as expressed in ovulation, does not occur. Estrogen production does not occur until late in pregnancy when follicular development takes place, and even then, steroidogenesis is not significant. Unlike the male, gonadal steroid
production is not required for development of a normal female phenotype. The development of the müllerian duct into the fallopian tubes, the uterus, and the upper third of the vagina is completely independent of the ovary. The ovary at birth and in the first year of life can contain cystic follicles of varying size, undoubtedly stimulated by the reactive
gonadotropin surge accompanying the withdrawal of the neonatal hypothalamus and pituitary from the negative feedback of fetoplacental steroids.55 Ovarian cysts can also be occasionally detected in fetuses by ultrasonography. The anterior pituitary begins development between 4 and 5 weeks of fetal life. The median eminence is apparent by week
9 of gestation, and the hypothalamic-pituitary portal circulation is functional by the 12th week. Pituitary levels of FSH peak at 20–23 weeks and circulating levels peak at 28 weeks.56 Levels are higher in female fetuses than in males until the last 6 weeks of gestation. Ovaries in anencephalic fetuses, which lack gonadotropin-releasing hormone
(GnRH) and gonadotropin secretion, lack antral follicles and existing follicles are smaller at term, but progression through meiosis and development of primordial follicles occurs, obviously not dependent on gonadotropins.4 The ovary develops receptors for gonadotropins only in the second half of pregnancy. Thus, the loss of oocytes during fetal life
cannot be solely explained by the decline in gonadotropins. The follicular growth and development observed in the second half of pregnancy, however, is gonadotropin dependent, and hypophysectomy of a fetal monkey is followed by an increase in oocyte loss by atresia.57,58 THE NEONATAL OVARY The total cortical content of germ cells falls to
500,000–2 million by birth as a result of prenatal oocyte depletion.59,60,61 This huge depletion of germ cell mass (close to 4–5 million) has occurred over as short a time as 20 weeks. No similar rate of depletion will be seen again. Because of the fixed initial endowment of germ cells, the newborn female enters life, still far from reproductive potential,
having lost 80% of her oocytes. The ovary is approximately 1 cm in diameter and weighs about 250–350 mg at birth, although sizable cystic follicles can enlarge the total dimensions. Intriguingly, the gonad on the right side of the body in both males and females is larger, heavier, and greater in protein and DNA content than the gonad on the left
side.62 Compartmentalization of the gonad into cortex and a small residual medulla has been achieved. In the cortex, almost all the oocytes are enclosed in primordial follicle units. Each ovary contains a similar total number of follicles.63 Varying degrees of maturation in some units can be seen as in the fetal state. There is a sex difference in fetal
gonadotropin levels. There are higher pituitary and circulating FSH and pituitary LH levels in female fetuses. The lower male levels are undoubtedly due to testicular testosterone and inhibin production. In infancy, the postnatal FSH rise is more marked and more sustained in females, whereas LH values are not as high. The FSH levels are greater
than the levels reached during a normal adult menstrual cycle, decreasing to low levels usually by 1 year of age but sometimes later.64 LH levels are in the range of lower adult levels. This early activity is accompanied by inhibin levels comparable to the low range observed during the follicular phase of the menstrual cycle. Follicular growth to the
antral stage is relatively common in the first 6 months of life in response to these elevated gonadotropin levels. The most common cause of abdominal masses in fetuses and newborns is ovarian cysts, a consequence of gonadotropin stimulation.65 Interference with the postnatal rise in gonadotropins in monkeys is associated with disturbances in
normal hypothalamic-pituitary function at puberty.66 Indeed, in male monkeys, the administration of a GnRH analogue in the neonatal period has an adverse impact on subsequent immunologic and behavioral functions as well as normal reproduction.66 After the postnatal rise, gonadotropin levels reach a nadir during early childhood (by about 6
months of age in males and 1–2 years in females) and then rise slightly between ages 4 and 10 years. THE OVARY IN CHILDHOOD The childhood period is characterized by low levels of gonadotropins in the pituitary and in the blood, little response of the pituitary to GnRH, and maximal hypothalamic suppression. The ovary, however, is not quiescent
during childhood. Follicles begin to grow at all times and frequently reach the antral stage. Ultrasonography can commonly demonstrate ovarian follicular cysts during childhood, ranging in size from 2 to 15 mm.67 These small unilocular ovarian cysts are not clinically significant.68 The process of atresia with an increasing contribution of follicular
remnants to the stromal compartment yields progressive ovarian enlargement during childhood, about a 10-fold increase in weight.69 Of course, the lack of gonadotropin support prevents full follicular development and function. There is no evidence that ovarian function is necessary until puberty. However, the oocytes during this time period are
active, synthesizing messenger RNAs and protein. Furthermore, ovariectomy in prepubertal monkeys indicates that the prepubertal suppression of GnRH and gonadotropins is partially dependent on the presence of ovaries, suggesting some functional activity of the ovary in childhood70 (Figure 2.4). FIGURE 2.4 THE ADULT OVARY At the onset of
puberty, the germ cell mass has been reduced to 300,000 to 500,000 units.12,71 During the next 35–40 years of reproductive life, 400–500 will be selected to ovulate, and the primary follicles will eventually be depleted to a point at menopause when only a few hundred to a thousand remain.72,73,74 A gradually increasing rate of follicular depletion
occurs throughout life accounting for a progressively declining number of follicles. In the last 10–15 years before menopause, follicular depletion correlates with a subtle but real increase in FSH and decrease in inhibin-B as well as insulin-like growth factor-1 (IGF-1), and AMH.34,75,76,77,78,79 Fewer follicles grow per cycle as a woman ages, and
cycles are at first shorter because follicular growth begins sooner during the late luteal phase, a consequence of a greater rise in FSH between cycles, and then longer as anovulation becomes more common.80,81,82,83,84 These changes, including the increase in FSH (which is probably due to the decrease in inhibin-B), may partly reflect the reduced
quality and capability of aging follicles. Beginning in their late 30s, women have smaller oocytes and smaller follicles, perhaps of lesser quality.54 However, the rise in FSH due to a decrease in inhibin-B is also believed to be the consequence of a decreasing number of follicles in each cohort of active follicles.85 The acceleration of follicular loss in the
later reproductive years has been questioned by a mathematical analysis of normal human ovaries.86 This model indicates a constantly accelerating loss of follicles from birth to menopause. The rise in FSH and decrease in inhibin-B in the late 30s could still reflect both lesser quality in the remaining follicles and fewer follicles participating in each
menstrual cycle. The classic concept that the mammalian ovary cannot produce new oocytes (and follicles) after fetal life has been challenged. Experimental work that is not without controversy identified stem cells in blood and bone marrow, which after transplantation to a chemically or genetically sterile recipient could generate oocytes within
follicles,87 raising the intriguing possibility of a new approach to treatment for men and women with infertility or reproductive diseases.88 In addition, putative stem cells have even been isolated from the ovarian surface endothelium, obtained from postmenopausal women and women with premature ovarian failure.89 This work suggesting
neooogenesis in adult life is an area of intense debate, including a number of well-designed studies that support the conventional wisdom that each female mammal is born with a finite number of oocytes that were formed in fetal life.90,91,92 The loss of oocytes (and follicles) through atresia is a response to changes in many factors. Certainly,
gonadotropin stimulation and withdrawal are important, but ovarian steroids and autocrine and paracrine factors are also involved. The consequence of these unfavorable changes, atresia, is a process called apoptosis, programmed cell death. This process is heralded by alterations in mRNAs required for cell proteins that maintain follicle integrity.93
Indeed, the process is a consequence of an orderly expression of key gene products that either promote or repress the apoptotic events. Human ovaries and nonhuman primate ovaries are innervated by sympathetic and sensory neurons.94 This neuronal network innervates the ovarian vasculature, interstitial tissue, and developing follicles. The
neurons are connected synaptically to the paraventricular nucleus of the hypothalamus.95 These neuronal cells produce catecholamines and nerve growth factor. The precise function of this unique ovarian nervous system is not known. Vasoactive intestinal peptide derived from these nerve fibers suppresses follicular atresia (apoptosis) in a
mechanism that also involves IGF1.96 It has been suggested that sympathetic innervation of the ovary continues to develop at puberty and that neurotransmitters are involved in the process in which follicles acquire FSH receptors and respond to FSH.97,98 During the reproductive years, the typical cycle of follicle maturation, including ovulation and
corpus luteum formation, is realized. This results from the complex but well-defined sequence of hypothalamic-pituitary-gonadal interactions in which follicle and corpus luteum steroid hormones, pituitary gonadotropins, and autocrine and paracrine factors are integrated to yield ovulation. These important events are described in detail in Chapters 4
and 5. For the moment, our attention is exclusively directed to a description of the events as the gonad is driven inexorably to final and complete exhaustion of its germ cell supply. The major feature of this reproductive period in the ovary’s existence is the full maturational expression of some follicle units in ovulation and corpus luteum formation and
the accompaniment of varying steroid output of estradiol and progesterone. For every follicle that ovulates, close to 1,000 will pursue abortive growth periods of variable length. Follicular Growth In the adult ovary, the stages of follicle development observed in the prenatal period are repeated but to a more complete degree. Progression from
primordial to primary follicle occurs, and the zona pellucida begins to form, followed by further enlargement of the oocyte enlarges and marked proliferation of the granulosa cells. A solid sphere of cells encasing the oocyte is formed. At this point, the theca interna is noted in initial stages of formation. The time that elapses in progressing from a
primary follicle to ovulation is approximately 85 days.99,100 The majority of this time passes in development that is independent of gonadotropins, achieving a state of readiness that will yield further growth in response to FSH stimulation. If gonadotropin increments are available, as can be seen early in a menstrual cycle, a further FSH-dependent
stage of follicle maturation is seen. The number of follicles that mature is dependent on the amount of FSH available to the gonad and the sensitivity of the follicles to the gonadotropins. FSH receptor expression is greatest in granulosa cells, but significant expression can be detected in ovarian surface epithelium and fallopian tube epithelium, where
the function is uncertain, but a role in epithelium-derived tumors is possible.101 The antrum first appears as a coalescence of numerous cavities between granulosa cells called Call-Exner bodies, which were described by Emma Call and Siegmund Exner in Vienna, in 1875. Emma Call was one of the first woman physicians in the United States.102
After receiving her medical degree from the University of Michigan in 1873, she went to Vienna as Exner’s postgraduate student. She returned to Boston and practiced as an obstetrician for more than 40 years. Emma Call was the first woman elected to the Massachusetts Medical Society (in 1884). Her description of the CallExner bodies was her only
publication. Whether Call-Exner bodies represent liquefaction or granulosa cell secretion is uncertain. At first, the cavity is filled with a coagulum of cellular debris. Soon a liquor accumulates, which is essentially a transudation of blood filtered through the avascular granulosa from the theca vessels. With antral formation, the theca interna develops
more fully, expressed by increased cell mass, increased vascularity, and the formation of lipid-rich cytoplasmic vacuoles within the theca cells. As the follicle expands, the surrounding stroma is compressed and is called the theca externa. The granulosa cells that surround the oocyte are avascular and separated from the surrounding stroma by a
basement membrane. Deprived of a vascular supply until after ovulation, the granulosa cells depend on specialized gap junctions that connect cells and communicate with the oocyte for the purpose of metabolic exchange and the transport of signaling molecules. It is this structure that allows repression and stimulation for the correct timing of
meiosis. The granulosa cells differ in function and activity; for example, LH receptor concentrations are highest in those cells closest to the basement membrane and lowest in those that surround the oocyte.103 At any point during follicle development, individual follicles may become arrested and eventually regress through an apoptotic process
known as atresia. At first, the granulosa component begins to disrupt. The antral cavity constituents are resorbed, and the cavity collapses and obliterates. The oocyte degenerates in situ. Finally, a ribbonlike scarred streak surrounded by theca is seen. Eventually, this theca mass loses its lipid and becomes indistinguishable from the growing mass of
stroma. Thus, the process of apoptosis is extensive in the granulosa, and the theca layer is largely spared to be incorporated into the interstitial tissue. Prior to regression, cystic follicles can be retained in the cortex for variable periods of time. Ovulation If gonadotropin stimulation is adequate, one of the several follicle units propelled to varying
degrees of maturity will advance to ovulation. Morphologically, these events include distention of the antrum by increments of antral fluid and compression of the granulosa against the limiting membrane separating the avascular granulosa and the luteinized, vascularized theca interna. In addition, the antral fluid increment gradually pinches off the
cumulus oophorus, the mound of granulosa enveloping the oocyte. The mechanisms of the thinning of the theca over the surface of the now protruding, distended follicle, the creation of an avascular area weakening the ovarian capsule, and the final acute distention of the antrum with rupture and extrusion of the oocyte in its cumulus are multiple and
complex (discussed in Chapter 6). Repeated evaluation of intrafollicular pressures has failed to indict an explosive factor in this crucial event (Figure 2.5). FIGURE 2.5 As demonstrated in a variety of animal experiments, the physical expulsion of the oocyte is dependent on a preovulatory surge in prostaglandin synthesis within the follicle. Inhibition of
this prostaglandin synthesis produces a corpus luteum with an entrapped oocyte. Both prostaglandins and the midcycle surge of gonadotropins are thought to increase the concentration and activity of local proteases, such as plasminogen conversion to plasmin. As a result of generalized tissue weakening (loss of intercellular gap junction integrity and
disruption of elastic fibers), there is swift accumulation of antral fluid followed by rupture of the weakened tissue envelope surrounding the follicle. Corpus Luteum Shortly after ovulation, profound alterations in cellular organization occur in the ruptured follicle that go well beyond simple repair. After tissue integrity and continuity are retrieved, the
granulosa cells hypertrophy markedly, gradually filling in the cystic, sometimes hemorrhagic, cavity of the early corpus luteum. In addition, for the first time, the granulosa becomes markedly luteinized by incorporation of lipid-rich vacuoles within its cytoplasm. Both these properties had been the exclusive features of the theca prior to ovulation. For
its part, the theca of the corpus luteum becomes less prominent, vestiges being noted eventually only in the interstices of the typical scalloping of the mature corpus luteum. As a result, a new yellow body is formed, now dominated by the enlarged, lipid-rich, fully vascularized granulosa. In the 14 days of its life, dependent on the low but important
quantities of LH available in the luteal phase, this unit produces estradiol and progesterone. Unless rescued by rising levels of hCG from a successful implantation, the corpus luteum rapidly ages. Its vascularity and lipid content wane, and the sequence of scarification (albicantia) ensues. Modulators of Function The complex events that yield an ovum
for fertilization and ovarian structures that provide hormonal secretion are the products of essentially every regulating mechanism in human biology. This includes classic endocrine signals, autocrine and paracrine/intracrine regulation, neuronal input, and immune system contributions. Representatives of the white blood cell series constitute a major
component of the ovarian stromal (interstitial) compartment. Macrophages present in permanent, noncyclic numbers may influence ovarian function through the secretion of regulatory cytokines.104 During the adult ovarian cycle, there is an infiltration of white blood cells in a pattern characterized by increasing numbers of mast cells culminating in
degranulation and release of histamine that is associated with hyperemia at ovulation.105 The corpus luteum attracts eosinophils and T lymphocytes, which signal and activate monocytes and macrophages involved in luteolysis. However, this immune mechanism should be viewed not just as a healing and resolving response but also as an important
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uterus was slow to accumulate.1,2 Papyrus writings from 2500 B.C. indicate that the ancient Egyptians made a distinction between the vagina and uterus. Because the dead had to be embalmed, dissection was precluded, but prolapse was recognized because it was important to return the uterus into its proper place prior to mummification. Next to
the Egyptian papyri in antiquity were Hindu writings in which descriptions of the uterus, tubes, and vagina indicate knowledge gained from dissections. This was probably the earliest description of the fallopian tubes. There is little information in Greek writings about female anatomy; however, Herophilus (fourth century B.C.), the great anatomist in
Alexandria and the originator of scholarly dissection, recorded the different positions of the uterus. Soranus of Ephesus (98–138 A.D.) accurately described the uterus (probably the first to do so), obviously from multiple dissections of cadavers. He recognized that the uterus is not essential for life, acknowledged the presence of leiomyomas, and
treated prolapse with pessaries. Herophilus and Soranus were uncertain about the function of the fallopian tubes, but Galen, Rufus, and Aetisu correctly guessed their function. Galen promoted the practice of bleeding for the treatment of almost every disorder. In his argument that nature prevented disease by discharging excess blood, Galen
maintained that women were healthier because their superfluous blood was eliminated by menstruation.3 The writings of Galen (130–200 A.D.) represented the knowledge of medicine for over 1,000 years until the end of the medieval Dark Ages. Galen’s description of the uterus and tubes indicates that he had only seen the horned uteri of animals. In
the 16th century, Berengarius, Vesalius, Eustachius, and Fallopius made significant contributions to the anatomic study of the female genitalia. Berengarius (Giacomo Berengario da Carpi) was the first anatomist to work with an artist. His anatomic text, published in 1514, depicted dissected subjects as if they were still alive. Gabriele Fallopio (or
Fallopius) published his work, Observationes Anatomicae, in Venice in 1561, 1 year before his death from pleurisy at age 40. He provided the first descriptions of the clitoris and the hymen and the first exact descriptions of the ovaries and the tubes. He named the vagina and the placenta and called the tubes the uteri tuba (the trumpet of the uterus),
but soon they were known universally as the fallopian tubes. It was his professor and mentor at the University of Padua, however, Andreas Vesalius, who was the first to accurately reveal the presence of the endometrial cavity. DEVELOPMENT SYSTEM OF THE MÜLLERIAN The Wolffian (mesonephric) and müllerian (paramesonephric) ducts are
discrete primordia that temporarily coexist in all embryos during the ambisexual period of development (up to 8 weeks). Thereafter, one type of duct system persists normally and gives rise to special ducts and glands, whereas the other disappears during the 3rd fetal month, except for nonfunctional vestiges. Hormonal control of mammalian somatic
sex differentiation was established by the classic experiments of Alfred Jost.4 In Jost’s landmark studies, the active role of maledetermining factors, as opposed to the constitutive nature of female differentiation, was defined as the directing feature of sex differentiation. This principle applies not only to the internal ducts but to the gonad, the external
genitalia, and even the brain. The critical factors in determining which of the duct structures stabilize or regress are the secretions from the testes: AMH (antimüllerian hormone, also known as müllerian-inhibiting substance or müllerian-inhibiting factor) and testosterone. The internal genitalia possess the intrinsic tendency to feminize. In the
absence of a Y chromosome and a functional testis, the lack of AMH allows retention of the müllerian system and development of fallopian tubes, uterus, and upper vagina. In the absence of testosterone, the Wolffian system regresses. In the presence of a normal ovary or the absence of any gonad, müllerian duct development takes place. This process
is discussed in greater detail in Chapter 8. AMH is a member of the transforming growth factor-β (TGF-β) family of glycoprotein differentiation factors that include inhibin and activin. During fetal development, AMH shows a sex-dimorphic expression pattern as it is only expressed by the fetal testis but not ovary. AMH is synthesized by Sertoli cells
soon after testicular differentiation and acts upon their respective type II receptors located on the surface of the müllerian ducts resulting in their ipsilateral regression by 8 weeks. Mutations in the AMH gene, located on chromosome 19p13.3, cause persistent müllerian duct syndrome (PMDS), characterized by the presence of a uterus, fallopian
tubes, and the upper part of the vagina in otherwise phenotypically normal males.5 In the absence of AMH, the fetus will develop fallopian tubes, uterus, and upper vagina from the paramesonephric ducts (the müllerian ducts). This development requires the prior appearance of the mesonephric ducts, and for this reason, abnormalities in the
development of the tubes, uterus, and upper vagina are associated with abnormalities in the renal system (Figures 3.1 and 3.2).6 FIGURE 3.1 FIGURE 3.2 In the late fetal life of human, the sex-dimorphic AMH expression pattern is lost as AMH begins to be produced by the granulosa cells within the ovary, the timing of which is well-coordinated since
müllerian duct differentiation is complete by this point. For many years, the function of AMH was thought to be restricted to in utero fetal sexual differentiation until the late 20th century, when other discoveries revealed that AMH plays an important role in postnatal ovarian biology, transforming the field of clinical reproductive medicine.7 The role
of AMH in female ovarian biology is discussed in Chapter 5 in greater detail. The paramesonephric ducts come into contact in the midline to form a Y-shaped structure, the primordium for the uterus, tubes, and the upper approximately one-third of the vagina.8 The fallopian tubes, the uterus, and the upper portion of the vagina are created by the
fusion of the müllerian ducts by the 10th week of gestation. Canalization to create the uterine cavity, the cervical canal, and the vagina is complete by the 22nd week of gestation. Under the epithelium lies mesenchymal tissue that will be the origin of the uterine stroma and smooth muscle cells. By the 20th week of pregnancy, the uterine mucosa is
fully differentiated into the endometrium. The endometrium, derived from the mucosal lining of the fused müllerian ducts, is essential for reproduction and may be one of the most complex tissues in the human body. It is always changing, responding to the cyclic patterns of estrogen and progesterone of the ovarian menstrual cycle and to a complex
interplay among its own autocrine and paracrine factors. THE HISTOLOGIC CHANGES IN THE ENDOMETRIUM DURING AN OVULATORY CYCLE The sequence of endometrial changes associated with an ovulatory cycle has been carefully studied by Noyes in the human and Bartlemez and Markee in the subhuman primate.9,10,11,12,13 From these
data, a description of menstrual physiology has been developed based on specific anatomic and functional changes within glandular, vascular, and stromal components of the endometrium.14,15,16 These changes will be discussed in five phases: (1) the menstrual endometrium, (2) the proliferative phase, (3) the secretory phase, (4) the preparation for
implantation, and (5) finally, the phase of endometrial breakdown. Although these distinctions are not entirely arbitrary, it must be recalled that the entire process is an integrated evolutionary cycle of endometrial growth and regression, which is repeated some 400 times during the adult life of the human female. The endometrium can be divided
morphologically into an upper two-thirds “functionalis” layer and a lower one-third “basalis” layer. The purpose of the functionalis layer is to prepare for the implantation of the blastocyst; therefore, it is the site of proliferation, secretion, and degeneration. The purpose of the basalis layer is to provide the regenerative endometrium following
menstrual loss of the functionalis17 (Figure 3.3). FIGURE 3.3 The Uterine Vasculature The two uterine arteries that supply the uterus are branches of the internal iliac arteries. At the lower part of the uterus, the uterine artery separates into the vaginal artery and an ascending branch that divides into the arcuate arteries. The arcuate arteries run
parallel to the uterine cavity and anastomose with each other, forming a vascular ring around the cavity. Small centrifugal branches (the radial arteries) leave the arcuate vessels, perpendicular to the endometrial cavity, to supply the myometrium. When these arteries enter the endometrium, small branches (the basal arteries) extend laterally to
supply the basalis layer. These basal arteries do not demonstrate a response to hormonal changes. The radial arteries continue in the direction of the endometrial surface, now assuming a corkscrew appearance (and now called the spiral arteries), to supply the functionalis layer of the endometrium. It is the spiral artery (an end artery) segment that is
very sensitive to hormonal changes. One reason that the functionalis layer is more vulnerable to vascular ischemia is that there are no anastomoses among the spiral arteries. The endometrial glands and the stromal tissue are supplied by capillaries that emerge from the spiral arteries at all levels of the endometrium. The capillaries drain into a
venous plexus and eventually into the myometrial arcuate veins and into the uterine veins. This unique vascular architecture is important in allowing a repeated sequence of endometrial growth and desquamation. The Menstrual Endometrium The menstrual endometrium is a relatively thin but dense tissue. It is composed of the stable, basalis
component and a variable, but small, amount of residual stratum spongiosum. At menstruation, this latter tissue displays a variety of functional states including disarray and breakage of glands, fragmentation of vessels and stroma with persisting evidence of necrosis, white cell infiltration, and red cell interstitial diapedesis. Even as the remnants of
menstrual shedding dominate the overall appearance of this tissue, evidence of repair in all tissue components can be detected. Endometrial regeneration originates in epithelial and stromal stem cells. The first evidence for the existence of adult stem cells in the endometrium was provided in 2004. It was reported by the group of Taylor at Yale that
some epithelial cells and stromal cells of human endometrium in HLA-antigen–mismatched bone marrow transplant recipients were of donor origin.7 Concurrently, the group of Caroline Gargett showed rare clonogenic cell populations in purified populations of human endometrial epithelial and stromal cells isolated from hysterectomy tissues.8 Since
then, adult endometrial stem cells have been further characterized in humans and animal models. Endometrial epithelial stem cells have been found in glands within the basalis layer and are thought to be responsible for the reepithelialization of the exposed surface of the endometrium and subsequent glandular proliferation to regenerate the
functionalis layer under the influence of increasing estrogen levels following menses.19 Endometrial mesenchymal stem/progenitor cells are found around blood vessels in the basalis layer. These progenitor cells are thought to contribute to regeneration and growth of the endometrial functionalis stroma.19 The menstrual endometrium is a
transitional state bridging the more dramatic proliferative and exfoliative phases of the cycle. Its density implies that the shortness of height is not entirely due to desquamation. Collapse of the supporting matrix also contributes significantly to the shallowness. Reticular stains in rhesus endometrium confirm this “deflated” state (Figure 3.4).
Nevertheless, as much as two-thirds of the functioning endometrium is lost during menstruation. The more rapid the tissue loss, the shorter the duration of flow. Delayed or incomplete shedding is associated with heavier flow and greater blood loss. FIGURE 3.4 DNA synthesis is occurring in those areas of the basalis that have been completely
denuded by days 2–3 of the menstrual cycle (the endometrium in the isthmic area, the narrow area between the cervix and the corpus, and the endometrium in the cornual recesses at the ostia of the tubes remain intact). The new surface epithelium emanates from the flanks of stumps of glands in the basalis layer left standing after menstrual
desquamation.20 Rapid re-epithelialization follows the proliferation of the cells in the basalis layer and the surface epithelium in the isthmic and tubal ostial endometrium. This epithelial repair is supported by underlying fibroblasts and stem cells. The stromal fibroblast layer forms a compact mass over which the resurfacing epithelium can “migrate.”
In addition, it is likely that the stromal layer contributes important autocrine and paracrine factors for growth and migration. Because hormone levels are at their nadir during this repair phase, the response may be due to injury rather than hormone mediated. However, the basalis layer is rich in its content of estrogen receptors. This “repair” is fast;
by day 4 of the cycle, more than two-thirds of the cavity is covered with new epithelium.20 By days 5–6, the entire cavity is re-epithelialized, and stromal growth begins. The Proliferative Phase The proliferative phase is associated with ovarian follicle growth and increased estrogen secretion. Undoubtedly as a result of this steroidal action,
reconstruction and growth of the endometrium are achieved. The glands are most notable in this response. At first, they are narrow and tubular, lined by low columnar epithelium cells. Mitoses become prominent, and pseudostratification is observed. As a result, the glandular epithelium extends peripherally and links one gland segment with its
immediate neighbor. A continuous epithelial lining facing the endometrial cavity is formed. The stromal component evolves from its dense cellular menstrual condition through a brief period of edema to a final loose syncytial-like status. Coursing through the stroma, spiral vessels extend (unbranched and uncoiled in the early proliferative phase) to a
point immediately below the epithelial binding membrane. Here, they form a loose capillary network. All of the tissue components (glands, stromal cells, and endothelial cells) demonstrate proliferation, which peaks on days 8–10 of the cycle, reflecting rising estradiol levels in the circulation and maximal estrogen receptor concentration in the
endometrium.21 This proliferation is marked by increased mitotic activity and increased nuclear DNA and cytoplasmic RNA synthesis, which is most intense in the functionalis layer in the upper two-thirds of the uterus, the usual site of blastocyst implantation. During proliferation, the endometrium grows from approximately 0.5 mm to 3.5–6.0 mm in
height of each singular apposed layer, corresponding to the trilaminar endometrium seen on ultrasound imaging; this image includes endometrium originating from both sides of the uterus and the junction of the two. Restoration of tissue constituents has been achieved by estrogen-induced new growth as well as incorporation of ions, water, and
amino acids. The stromal ground substance has reexpanded from its menstrual collapse. Although true tissue growth has occurred, a major element in the achievement of endometrial height is “reinflation” of the stroma. Factors that regulate the limits of endometrial growth are not well defined. While estrogen exposure is necessary, normal
endometrial growth reaches its peak by cycle days 9–10, a time when estradiol levels have not yet reached its peak.22 The factors that limit endometrial growth remain to be characterized. An important feature of this estrogen-dominant phase of endometrial growth is the increase in ciliated and microvillous cells. Ciliogenesis begins on days 7–8 of
the cycle.20 This response to estrogen is exaggerated in hyperplastic endometrium that is the result of hyperestrogenism. The concentration of these ciliated cells around gland openings and the ciliary beat pattern influence the mobilization and distribution of endometrial secretions during the secretory phase (Figure 3.5). Cell surface microvilli, also
a response to estradiol, are cytoplasmic extensions and serve to increase the active surface of cells. FIGURE 3.5 At all times, a large number of hematopoietic cells derived from the bone marrow are present in the endometrium. These include lymphocytes and macrophages, diffusely distributed in the stroma (Figure 3.6). FIGURE 3.6 The Secretory
Phase After ovulation, the endometrium now demonstrates a combined reaction to estrogen and progesterone activity (Figure 3.7). Most impressive is that total endometrial height is fixed at roughly its preovulatory extent (5–6 mm) despite continued availability of estrogen. Epithelial proliferation ceases 3 days after ovulation.23 Progesterone
receptor expression in endometrial cells is stimulated by rising estrogens in the follicular phase via estrogen receptor-α (ER-α), leading to augmented progesterone responsiveness during the luteal phase.24 Conversely, ER-α expression in endometrial cells is inhibited by progesterone via progesterone receptors.25 FIGURE 3.7 Progesterone action is
central to the changes that the endometrium undergoes in the secretory phase, which are geared toward preparing it for embryo implantation. Differential effects of progesterone on endometrial epithelial and stromal cells are thought to be due to cell type–specific differences in PR-A and PR-B expression and function. PR-A and PR-B are present in
endometrial epithelium during the proliferative phase and increase with rising estrogen levels, consistent with the known induction of PR expression by estrogen. In the endometrial epithelial compartment, PR-A levels decline toward the end of the secretory phase, whereas PR-B levels remain constant, suggesting that PR-B plays a role in the control
of glandular secretion. In the stromal cell compartment, in contrast, PR-A is the predominant isoform throughout the menstrual cycle, which likely reflects the requirement for prolonged progesterone-PR-A signaling in this compartment to support decidualization and the establishment of pregnancy.26,27 The action of progesterone in the uterus has
been revealed through studies utilizing PR antagonists such as mifepristone (RU486) for emergency contraception as well as knockout mice. Administration of RU486 at low doses in the mid or late follicular phase causes infertility by delaying endometrial maturation, while it delays the LH surge and inhibits ovulation at higher doses.28,29 If
administered during pregnancy, it induces abortion, fetal loss, or parturition depending on the gestational age.30,31 Genetic mouse models harboring defects in PR expression have been instrumental in dissecting the crucial roles of PRs in mediating progesterone actions on the uterus. Mice with global PR knockout are infertile due to defects in
ovulation and implantation. Their endometrium is characterized by hypertrophy and inflammation of the glandular epithelium and failure to undergo decidualization.32 Mice with PR-B–specific knockout, however, have normal ovarian function, implantation, pregnancy, and parturition, suggesting that PR-A is sufficient for normal uterine function.33
PR-A–null mice exhibit endometrial epithelial hyperplasia and inflammation, and no decidualization in the endometrial stroma,34 suggesting that PR-A is critical for normal function of the endometrial epithelium and stroma and that PR-B functions to promote hyperplasia of the epithelium, an effect which is repressed by PR-A. The progesteroneinduced limitation of growth is associated with a decline in mitosis and DNA synthesis, significantly due to progesterone interference with estrogen receptor expression and progesterone stimulation of 17β-hydroxysteroid dehydrogenase and sulfotransferase, which convert estradiol to estrone sulfate (which is rapidly excreted from the cell).35,36 In
addition, estrogen stimulates many oncogenes that probably mediate estrogen-induced growth. Progesterone antagonizes this action by suppressing the estrogen-mediated transcription of oncogene mRNA.37 Individual components of the tissue continue to display growth, but confinement in a fixed structure leads to progressive tortuosity of glands
and intensified coiling of the spiral vessels. The secretory events within the glandular cells, with progression of vacuoles from intracellular to intraluminal appearance, are well known and take place over a 7-day postovulatory interval. At the conclusion of these events, the glands appear exhausted, the tortuous lumina variably distended, and
individual cell surfaces fragmented in a sawtooth appearance. Stroma is increasingly edematous, and spiral vessels are prominent and densely coiled. The first histologic sign that ovulation has occurred is the appearance of subnuclear intracytoplasmic glycogen vacuoles in the glandular epithelium on cycle days 17–18 (Figure 3.8). Giant mitochondria
and the “nucleolar channel system” appear in the gland cells. The nucleolar channel system has a unique appearance due to progesterone, an infolding of the nuclear membranes. These structural alterations are soon followed by active secretion of glycoproteins and peptides into the endometrial cavity. Transudation of plasma also contributes to the
endometrial secretions. Important immunoglobulins are obtained from the circulation and delivered to the endometrial cavity by binding proteins produced by the epithelial cells. The peak secretory level is reached 7 days after the midcycle gonadotropin surge, coinciding with the time of blastocyst implantation. FIGURE 3.8 The Implantation Phase
Significant changes occur within the endometrium from the 7th to the 13th day of postovulation (days 21–27 of the cycle). At the onset of this period, the distended tortuous secretory glands have been most prominent with little intervening stroma. By 13 days of postovulation, the endometrium has differentiated into three distinct zones. Something
less than one-fourth of the tissue is the unchanged basalis fed by its straight vessels and surrounded by indifferent spindle-shaped stroma. The midportion of the endometrium (approximately 50% of the total) is the lace-like stratum spongiosum, composed of loose edematous stroma with tightly coiled but ubiquitous spiral vessels and exhausted
dilated glandular ribbons. Overlying the spongiosum is the superficial layer of the endometrium (about 25% of the height) called the stratum compactum. Here, the prominent histologic feature is the stromal cell, which has become large and polyhedral. In its cytoplasmic expansion, one cell abuts the other, forming a compact, structurally sturdy layer.
The necks of the glands traversing this segment are compressed and less prominent. The subepithelial capillaries and spiral vessels are engorged. At the time of implantation, on days 21–22 of the cycle, the predominant morphologic feature is edema of the endometrial stroma. This change may be secondary to the estrogen- and progesteronemediated increase in prostaglandin and vascular endothelial growth factor (VEGF) production by the endometrium that cause an increase in capillary permeability. Receptors for the sex steroids are present in the muscular walls of the endometrial blood vessels, and the enzyme system for prostaglandin synthesis is present in both the muscular walls
and the endothelium of the endometrial arterioles. Mitoses are first seen in endothelial cells on cycle day 22. Vascular proliferation leads to the coiling of the spiral vessels, a response to the sex steroids, the prostaglandins, and the autocrine and paracrine factors produced in response to estrogen and progesterone. During the secretory phase,
ovulation and rising ovarian P4 production promote a marked increase in leukocyte numbers, reaching up to 40% of all endometrial cells in the mid-late secretory phase of the menstrual cycle. This gain in leukocyte numbers is primarily due to the accumulation of uterine natural killer (uNK) cells, reaching a peak concentration in the first trimester of
pregnancy. These are specialized granulocytes that have an immunoprotective role in implantation and placentation. Their role in promoting decidual spiral artery vascular remodeling has been recently recognized, which may have important implications for pregnancy pathologies.38 They are located perivascularly and are believed to be derived from
the blood. By days 26–27, the endometrial stroma is infiltrated by many leukocytes, the majority of which are natural killer cells and macrophages, believed to be involved in the process of endometrial breakdown and menstruation. The appearance and function of these cells are regulated by the complex array of peptides and cytokines in the
endometrium in response to hormonal signaling. In addition to uNK cells and macrophages, the endometrium contains scattered T cells with no apparent cycle-dependent changes and uterine dendritic cells (uDCs), which are rare in the luteal endometrium but more abundant in the decidua of pregnancy.39 The gene expression pattern in the
endometrium throughout the menstrual cycle is being established, with a focus on the implantation window.40,41,42,43,44 As expected, microarray analyses reveal a changing pattern of gene expression that correlates with each hormonal and morphologic stage in the endometrial menstrual cycle.45 Ultimately, this will yield a comprehensive picture,
with the gene signature of each event in the estrogen and progesterone regulation of the endometrium. The regulating growth factors, cytokines, and peptide hormones that are essential for implantation as well as the aberration in their expression, which may underlie endometrial pathologies such as recurrent implantation failure, will be identified.
The stromal cells of the endometrium respond to hormonal signals, synthesize prostaglandins, and, when transformed into decidual cells, produce an impressive array of substances, some of which are prolactin, relaxin, renin, insulin-like growth factors (IGFs), and insulin-like growth factor–binding proteins (IGFBPs). The endometrial stromal cells, the
progenitors of decidual cells, were originally suggested to be derived from the bone marrow (from cells invading the endometrium during fetal life), but they were later considered to originate from the primitive uterine mesenchymal stem cells.46 More recent evidence from humans and animal models supports the notion that at least some of these
endometrial stromal cells are derived from adult bone marrow progenitors.18,47,48,49 Interestingly, recent evidence in mice suggests that a substantial population of decidual cells is derived from adult bone marrow progenitors and that this nonhematopoietic contribution of bone marrow may be important to implantation and pregnancy.50 The
decidualization process begins in the luteal phase under the influence of progesterone and mediated by autocrine and paracrine factors. On cycle days 22–23, predecidual cells can be identified, initially surrounding blood vessels, characterized by cytonuclear enlargement, increased mitotic activity, and the formation of a basement membrane. The
decidua, derived from stromal cells, becomes an important structural and biochemical tissue of pregnancy. Decidual cells control the invasive nature of the trophoblast, and the products of the decidua play important autocrine and paracrine roles in fetal and maternal tissues. This is discussed in greater detail in Chapter 7. Decidual cells play a key
role in both the process of endometrial bleeding (menstruation) and the process of endometrial hemostasis (implantation and placentation).51,52,53 Implantation requires endometrial hemostasis and the maternal uterus requires resistance to invasion. Inhibition of endometrial hemorrhage can be attributed, to a significant degree, to appropriate
changes in critical factors as a consequence of decidualization, for example, lower plasminogen activator levels, reduced expression of the enzymes that degrade the stromal extracellular matrix (such as the metalloproteinases), and increased levels of plasminogen activator inhibitor-1 (PAI1). Withdrawal of estrogen and progesterone support,
however, leads to changes in the opposite directions, consistent with endometrial breakdown. The Phase of Endometrial Breakdown Predecidual transformation has formed the “compacta” layer in the upper part of the functionalis layer by day 25 (3 days before menstruation). In the absence of fertilization and implantation and the consequent lack of
sustaining quantities of human chorionic gonadotropin from the trophoblast, the otherwise fixed life span of the corpus luteum is completed, and estrogen and progesterone levels wane. The withdrawal of estrogen and progesterone initiates important endometrial events: vasomotor reactions, the process of apoptosis, tissue loss, and, finally,
menstruation. The most prominent immediate effect of this hormone withdrawal is a modest shrinking of the tissue height and remarkable spiral arteriole vasomotor responses. The classic concept of the vascular sequence was constructed from direct observations of rhesus endometrium transplanted to the anterior chamber of the eye.9,10 With
shrinkage of height, blood flow within the spiral vessels diminished, venous drainage was decreased, and vasodilation ensued. Thereafter, the spiral arterioles underwent rhythmic vasoconstriction and relaxation. Each successive spasm was more prolonged and profound, leading eventually to endometrial blanching. Thus, these reactions were
proposed to lead to menstruation because of endometrial ischemia and stasis caused by vasoconstriction of the spiral arterioles. A new model of menstruation, as discussed in Chapter 15, emphasizes enzymatic autodigestion of the functional layer of the endometrium and its capillary plexus. In the first half of the secretory phase, acid phosphatase and
potent lytic enzymes are confined to lysosomes. Their release is inhibited by progesterone stabilization of the lysosomal membranes. With the waning of estrogen and progesterone levels, the lysosomal membranes are not maintained, and the enzymes are released into the cytoplasm of epithelial, stromal, and endothelial cells and eventually into the
intercellular space. These active enzymes will digest their cellular constraints, leading to the release of prostaglandins, extravasation of red blood cells, tissue necrosis, and vascular thrombosis. This process is one of apoptosis (programmed cell death, characterized by a specific morphologic pattern that involves cell shrinkage and chromatin
condensation culminating in cell fragmentation) mediated by cytokines.54 An important step in this breakdown is the dissolution of cell-to-cell adhesion by key proteins. Binding of endometrial epithelial cells utilizes transmembrane proteins, cadherins that link intercellularly with each other and intracellularly with catenins that are bound to actin
filaments55 (Figure 3.9). FIGURE 3.9 Endometrial tissue breakdown also involves a family of enzymes, matrix metalloproteinases (MMPs), that degrade components (including collagens, gelatins, fibronectin, and laminin) of the extracellular matrix and basement membrane.56,57 The metalloproteinases include collagenases that degrade interstitial
and basement membrane collagens, gelatinases that further degrade collagens, and stromelysins that degrade fibronectin, laminin, and glycoproteins. The expression of metalloproteinases in human endometrial stromal cells follows a pattern correlated with the menstrual cycle, indicating a sex steroid response as part of the growth and remodeling of
the endometrium with a marked increase in late secretory and early menstrual endometrium.58 Progesterone withdrawal from endometrial cells increases VEGF production and induces MMP secretion, probably from both endometrial stromal cells and leukocytes, which is followed by the irreversible breakdown of cellular membranes and the
dissolution of extracellular matrix.59,60,61 Appropriately, this enzyme expression increases in the decidualized endometrium of the late secretory phase, during the time of declining progesterone levels. With the continuing progesterone secretion of early pregnancy, the decidua is maintained, and metalloproteinase expression is suppressed, in a
mechanism mediated by TGF-β.62 In a nonpregnant cycle, metalloproteinase expression is suppressed after menses, presumably by increasing estrogen levels. Metalloproteinase activity is restrained by specific tissue inhibitors designated as tissue inhibitor of metalloprotein (TIMP).63 The balance of metalloproteinase and TIMP activity is an
important event in successful implantation. Thus, progesterone withdrawal can lead to endometrial breakdown through a mechanism that is independent of vascular events (specifically ischemia), a mechanism that involves cytokines.54 During bleeding, both normal and abnormal, there is evidence indicating that specific genes are activated in the
endometrium; one such gene has the structural features of the TGF-β family.64 There is considerable evidence to support a major role for a cytokine, tumor necrosis factor-α (TNF-α), in menstruation.54 TNF-α is a transmembrane protein whose receptor belongs to the nerve growth factor/TNF family for inducing apoptotic signals. The key change is
an increase in secretion because TNF-α secretion by endometrial cells reaches a peak at menstruation, but there is no cycle change in receptor content. TNF-α inhibits endometrial proliferation and induces apoptosis; this cytokine causes a loss of adhesion proteins (the cadherin-catenin-actin complex) and induces cell-to-cell dissolution. In addition to
endometrial cells, TNF-α also causes damage to vascular endothelium. Progesterone withdrawal is also associated with an increase in VEGF receptor concentrations in the stromal cells of the layers of endometrium destined to be sloughed.65 Although the VEGF system is usually involved with angiogenesis, in this case, these factors are involved in
the preparation for menstrual bleeding, perhaps influencing the expression of MMPs. Endometrial genes without classic steroid response elements can respond to the sex steroids either indirectly or by tethering to a family of proteins that mediate transcriptional activity. These proteins, induced by progesterone in stromal (decidual) and epithelial
cells, can activate tissue factor (TF), PAI-1, IGF-binding protein-1, uteroglobin, and uteroferrin. TF is involved in the clotting mechanism to sustain hemostasis. Uteroglobin is a small protein expressed in endometrial epithelial cells.66 The physiologic function of uteroglobin is uncertain. Uteroglobin, with high affinity, binds progestins and may play a
role in immunosuppression. Uteroglobin gene expression is stimulated by estrogen, and this response is enhanced by progesterone. Human endometrium can secrete β-endorphin, yet another candidate for involvement in endometrial immunologic events, and its release is inhibited by both estrogens and glucocorticoids67 (Figure 3.10). FIGURE 3.10
Eventually, considerable leakage occurs as a result of diapedesis, and finally, interstitial hemorrhage occurs due to breaks in superficial arterioles and capillaries. White cells migrate through capillary walls, at first remaining adjacent to vessels but then extending throughout the stroma. The leukocytes add important regulatory cytokines, chemokines,
and enzymes that are involved in the degradation of the extracellular matrix. During arteriolar vasomotor changes, red blood cells escape into the interstitial space. Thrombin-platelet plugs also appear in superficial vessels. The prostaglandin content (PGF2-α and PGE2) in the secretory endometrium reaches its highest levels at the time of
menstruation. The vasoconstriction and myometrial contractions associated with the menstrual events are believed to be significantly mediated by prostaglandins from perivascular cells and the potent vasoconstrictor endothelin-1, derived from stromal decidual cells. As ischemia and weakening progress, the continuous binding membrane is
fragmented, and intercellular blood is extruded into the endometrial cavity. New thrombin-platelet plugs form intravascularly upstream at the shedding surface, limiting blood loss. Increased blood loss is a consequence of reduced platelet numbers and inadequate hemostatic plug formation. Menstrual bleeding is influenced by activation of clotting
and fibrinolysis. Fibrinolysis is principally the consequence of the potent enzyme plasmin, formed from its inactive precursor plasminogen. Endometrial stromal cell TF and plasminogen activators and inhibitors are involved in achieving a balance in this process. TF stimulates coagulation, initially binding to factor VII. TF and PAI-1 expression
accompany decidualization, and the levels of these factors may govern the amount of bleeding.53,68 PAI-1, in particular, exerts an important restraining action on fibrinolysis and proteolytic activity.69 Blood loss is also controlled by constriction of the spiral arteries, mediated by the perivascular cells, myofibroblasts that surround the spiral
arteries.70 These cells respond to progesterone withdrawal by expressing prostaglandins, cytokines, and MMPs, not only causing cycling vasoconstriction and vasodilation but also modulating leukocyte entry (an important additional source of metalloproteinases) into the endometrium. Disordered growth and function of the perivascular cells are
likely contributing factors in menstrual bleeding problems (Figure 3.11). FIGURE 3.11 With progressive enzymatic degradation of the endometrium, the subsurface capillary and venous vascular system is disrupted, causing hemorrhage and escape of blood into the endometrial cavity. Additional ischemic breakdown ensues with necrosis of cells and
defects in vessels adding to the menstrual effluvium. Degeneration extends to the deepest extent of the functional layer where rupture of the basal arterioles contributes to bleeding. A natural cleavage point exists between basalis and spongiosum, and, once breached, the loose, vascular, edematous stroma of the spongiosum desquamates and
collapses. The process is initiated in the fundus and inexorably extends throughout the uterus. In the end, the typical deflated, shallow, dense, menstrual endometrium results. Within 13 hours, the endometrial height shrinks from 4 to 1.25 mm.15 Menstrual flow stops as a result of the combined effects of prolonged vasoconstriction of the radial
arteries and the spiral arteries in the basalis, tissue collapse, vascular stasis, and estrogen-induced “healing.” In contrast to postpartum bleeding, myometrial contractions are not important for control of menstrual bleeding. Thrombin generation in the basal endometrium in response to extravasation of blood is essential for hemostasis. Thrombin
promotes the generation of fibrin, the activation of platelets and clotting cofactors, and angiogenesis. The basalis endometrium remains during menses, and repair takes place from this layer. This endometrium is protected from the lytic enzymes in the menstrual fluid by a mucinous layer of carbohydrate products that are discharged from the
glandular and stromal cells.71 Normal Menses Approximately 50% of the menstrual detritus is expelled in the first 24 hours of menstrual flow. The menstrual fluid is composed of the autolyzed functionalis, inflammatory exudate, red blood cells, and proteolytic enzymes (at least one of which, plasmin, lyses fibrin clots as they form). The high
fibrinolytic activity advances emptying of the uterus by liquefaction of tissue and fibrin. If the rate of flow is great, clotting can and does occur. Most women (90%) have menstrual cycles with an interval of 24–35 days (Chapter 5).72,73 Menarche is followed by approximately 5–7 years of increasing regularity as cycles shorten to reach the usual
reproductive-age pattern. In the 40s, cycles begin to lengthen again. The usual duration of flow is 4–6 days, but many women have flow for as little as 2 days and as much as 8 days. The normal volume of menstrual blood loss is 30 mL; greater than 80 mL is abnormal. Normal and abnormal characteristics and definitions of menstrual flow are
discussed in detail in Chapter 15. A TELEOLOGIC THEORY ENDOMETRIAL-MENSTRUAL EVENTS OF Menstruation is a very recent phenomenon in the evolutionary time line. It occurs in very few species, even among viviparous animals. An unabashedly teleologic view of menstrual events was offered many years ago by Rock et al.74 The basic
premise of this thesis is that every endometrial cycle has, as its only goal, nourishing support of an early embryo. Failure to accomplish this objective is followed by orderly elimination of unutilized tissue and prompt renewal to achieve a more successful cycle. The ovum must be fertilized within 12–24 hours of ovulation. Over the next 4 days, it
remains unattached within the tubal lumen, utilizing tubal fluids and residual cumulus cells to sustain nutrition and energy for early cellular cleavage. After this stay, the solid ball of cells (morula), which is the embryo, leaves the tube and enters the uterine cavity. Here, the embryo undergoes another 2–3 days of unattached but active existence.
Fortunately, by this time, endometrial gland secretions have filled the cavity and they bathe the embryo in nutrients. This is the first of many neatly synchronized events that mark the conceptus-endometrial relationship. By 6 days after ovulation, the embryo (now a blastocyst) is ready to attach and implant. At this time, it finds an endometrial lining of
sufficient depth, vascularity, and nutritional richness to sustain the important events of early placentation to follow. Just below the epithelial lining, a rich capillary plexus has been formed and is available for creation of the trophoblast-maternal blood interface. Later, the surrounding zona compactum, occupying more and more of the endometrium,
will retain endometrial architecture despite the invasive inroads of the burgeoning trophoblast. Failure of the appearance of human chorionic gonadotropin, despite otherwise appropriate tissue reactions, leads to the vasomotor changes associated with estrogenprogesterone withdrawal and menstrual desquamation. However, not all the tissue is lost,
and, in any event, a residual stem cell containing basalis is always available, making resumption of growth with estrogen a relatively rapid process. Indeed, even as menses persists, early regeneration can be seen. As soon as follicle maturation occurs (in as short a time as 10 days), the endometrium is ready once again to perform its reproductive
function. THE UTERUS IS AN ENDOCRINE ORGAN The uterus is dynamic. It not only responds and changes in a sensitive fashion to classic hormonal signals (the endocrine events of the menstrual cycle), but it is also composed of complex tissues, with important autocrine and paracrine functions that serve not only the uterus but also the contiguous
tissues of the fetoplacental unit during pregnancy. The most dynamic component of the uterus is the endometrium. Endometrial Products The endometrium secretes many substances, the functions of which (and their interrelationships) represent a major investigative challenge.75 In addition to producing a nourishing, supportive environment for the
early embryo, the endometrium plays an important role in suppressing the immune response within the pregnant uterus. The mechanisms controlling the immune response and induction of fetal tolerance within the decidua are not well understood, but hormonal influence, decidual cells, NK cells, and regulatory T (Treg) cells along with their
downstream array of secretory products are undoubtedly important. The presence of the cytokine family, involved in inflammation and immune responses, is not surprising in a tissue that undergoes cyclic degeneration. The interleukins stimulate the production of prostaglandins as well as other cytokines.76 Colony-stimulating factor-1 is a cytokine
that influences cellular proliferation and the presence of macrophages. Interferon-γ is produced by activated T lymphocytes and inhibits endometrial epithelial proliferation. Leukemia-inhibiting factor (LIF) is expressed in response to a variety of other cytokines and growth factors. Like the interleukins, LIF is most abundant during the progesteronedominated secretory phase and early decidua and likely plays an important role in embryo implantation.77,78 TNF-α gene expression is present in the endometrium, and its activity is increased during the proliferative phase, decreased early in the secretory phase, and increased again in the midsecretory phase.79 TNF-α exerts multiple influences on
cellular growth (Table 3.1). TABLE 3.1 A Partial List of Endometrial Regulating Molecules Growth factors are peptides that bind to specific cell membrane receptors and initiate intracellular signaling pathways. Because the growth factors are potent mitogens, it is also not surprising that the follicular phase of the cycle, associated with proliferative
activity of the endometrium, is marked by dramatic alterations in growth factors. Estrogen stimulates gene expression for epidermal growth factor (EGF) (and its receptor) and IGF production. In turn, EGF elicits estrogen-like actions by interacting with the estrogen receptor mechanism.80 EGF, a potent mitogen, is present in endometrial stromal and
epithelial cells during the follicular phase of the cycle and in the stromal cells during the luteal phase.81 TGF-α and EGF work through the same receptor and are important mediators of estrogen-induced growth of the endometrium. TGF-α levels peak at midcycle, in contrast to EGF levels, which are relatively stable and noncyclic.82,83,84 Plateletderived growth factor is a potent mitogen localized to stromal cells (Figure 3.12). FIGURE 3.12 The IGFs promote cellular mitosis and differentiation. They are expressed in a pattern controlled by estrogen and progesterone. IGF-1 is predominant in the proliferative and early secretory endometrium, and IGF-2 appears in the mid to late secretory
phase and persists in early pregnancy decidua.85 Endometrial IGF-1 expression is correlated with the circulating estrogen levels during the menstrual cycle.86 This suggests that IGF-1 synthesis is regulated by estrogen and mediates estrogen-induced growth of the endometrium and IGF-2 is involved in differentiation in response to progesterone.
Evidence in the monkey indicates that IGF-1 is the primary regulator of myometrial growth in response to estrogen as well as to estrogen plus progesterone.87 As elsewhere in the body, the myometrial IGF activity is modulated by the IGFbinding proteins, which respond to the sex steroids in a differential manner; IGFBP-2 parallels IGF-1 response,
whereas IGFBP-3 is decreased in the muscle but increased in vascular endothelium by estrogen.88 IGFBP-4 and IGFBP-5 respond to estrogen but are unaffected by the addition of progesterone. IGFBP-1, as discussed later, is a major product of decidualized endometrium. Gonadotropin-releasing hormone (GnRH) is present in the endometrium and in
increased amounts in secretory endometrium and decidua.89 In human decidual cells, GnRH increases the expression of MMPs, suggesting a role for GnRH in the regulation of the enzymes involved in implantation.90 Like all of these molecules, GnRH is involved in signaling pathways associated with cell proliferation and breakdown, interacting with
adhesion factors such as integrins, enzymes, and angiogenic substances.91 Human myometrial smooth muscle and endometrial stromal cells express mRNA for parathyroid hormone-like protein, the function of which is unknown.92 TGF-β stimulates the production of the parathyroid hormone-like protein. TGF-β production is greatest in the secretory
phase and may inhibit cellular proliferation by increasing IGFBP-3 synthesis. Prostaglandins are produced by both epithelial and stromal cells, and the prostaglandin content in the endometrium reaches a peak level in the late secretory endometrium. The predominant prostaglandin produced by the endometrium is prostaglandin F2α, a potent
stimulus for myometrial contractions.93 Endometrial prostaglandin production decreases dramatically after implantation, suggesting the presence of an active mechanism for suppression.94 The production of prostaglandins requires estrogen support, but the increased production by secretory endometrium indicates progesterone enhancement, and
acute withdrawal of progesterone promotes a further increase.93 Endometrial stromal cells produce prostacyclin and thromboxane in response to estrogen, a response that can be blocked by progestins.95 The myometrium principally produces prostacyclin, utilizing precursors derived from the endometrium. However, receptors for all members of the
prostaglandin family are present on human myometrial cells, and contraction of the myometrium is a major consequence of prostaglandin F2α.96 Thromboxane is synthesized by uterine tissues. Gene expression for the thromboxane synthase and for the thromboxane receptor can be identified in endometrial glands, stromal cells, myometrial smooth
muscle, and uterine blood vessels.97 Thromboxane A2 is a potent vasoconstrictor and stimulator of smooth muscle cells. Because of its rapid metabolism, it is limited to autocrine and paracrine activity. Women with excessive menstrual bleeding have alterations in the normal rates of prostaglandin production. For this reason, effective reductions in
menstrual blood loss can be achieved with treatment utilizing one of the nonsteroidal anti-inflammatory agents that inhibit prostaglandin synthesis. These agents are also effective treatment for prostaglandin-mediated dysmenorrhea. Fibronectin and laminin are extracellular matrix substances that are secreted by stromal cells of the endometrium in
response to progesterone.98 These proteins are important adhesion molecules during implantation. Integrins are a family of glycoproteins that function as receptors for proteins such as collagen, fibronectin, and laminin. The integrins are highly expressed in the endometrium and are important for cell-to-cell and cell-to-matrix interactions.99 The
expression of integrins is regulated by cytokines and growth factors, not estrogen and progesterone.100 Endothelins are potent vasoconstrictors produced in the vascular endothelial cells. The vasoconstrictor activity of endothelin-1, present in the endometrium, is balanced by the fact that it promotes the synthesis of the vasodilators nitric oxide and
prostacyclin. Endothelin-1 is synthesized in endometrial stromal cells and the glandular epithelium, stimulated by both TGF-β and interleukin-1β.101 Endothelin-1 is at least one agent responsible for the vasoconstriction that shuts off menstrual bleeding. It is also a potent stimulator of myometrial contractions and can contribute to dysmenorrhea.
Finally, endothelin-1 is a mitogen and can promote the healing and re-epithelialization of the endometrium. Human decidual cells also synthesize and secrete endothelin-1, from where it may be transported into the amniotic fluid.102 Angiogenesis, the formation of new blood vessels, is an essential process in tissue growth and development.
Angiogenesis is necessary for tumor growth, and, in normal tissues, it is usually kept in check by regulating factors. The female reproductive tissues (specifically ovarian follicles, the trophoblast, and the endometrium), however, must experience periodic and rapid growth and regression (Figure 3.13). In these tissues, angiogenesis is part of normal
events. The endometrium is a major source for angiogenic factors during the menstrual cycle and during pregnancy.103 The sex steroids estrogen and progesterone are the primary regulators of uterine angiogenesis in all mammalian species.104,105 VEGFs, a collection of specific mitogens for endothelial cells, are abundantly expressed in human
endometrium, reaching a peak that correlates with the maximal angiogenesis reached during the secretory phase.106,107 The VEGF family contains six growth factors and utilizes three different receptors. During the proliferative phase, estrogen stimulates VEGF synthesis. VEGF expression is also stimulated by hypoxia, specifically the hypoxia
associated with endometrial breakdown, and the new blood vessel growth and the re-epithelialization of the endometrium in the new proliferative phase are dependent on these growth factors in response to estrogen.108,109 FIGURE 3.13 Angiogenesis is also influenced by many other growth factors and other substances such as fibronectin and
prostaglandins. The fibroblast growth factor family, in particular, is highly mitogenic for endothelial cells and endometrial stromal cells. Angiopoietins sustain the endometrium by preventing apoptosis and stabilizing blood vessels. The endometrium also produces inhibitory proteins, and the final growth of blood vessels reflects the balance between
the inhibitory and stimulatory factors. In all types of endometrial and myometrial cells, estrogen receptor expression reaches a maximum in the late proliferative phase.110,111 The concentration is greatest in the glandular epithelium. During the early secretory phase, estrogen receptor expression declines, followed by an increase in the mid and late
secretory phases. These changes reflect the cyclic changes in estradiol (which increases estrogen receptor expression) and progesterone (which decreases estrogen receptor expression). Although estrogen receptor-beta is present in human endometrium, it is less prominent than estrogen receptor-alpha and exhibits less change during the cycle,
except when it becomes the predominant estrogen receptor in the endometrial vasculature in the late secretory period.112 Estrogen stimulation of proliferation is largely, if not totally, mediated by estrogen receptor-alpha. Progesterone receptor expression in endometrial glandular epithelium reaches a maximum in the late proliferative and early

secretory phases (reflecting induction of progesterone receptor by estrogen) and then declines to nearly undetectable levels by the midpoint of the secretory phase. Stromal cells in the endometrium show only minor fluctuations in progesterone receptors during the menstrual cycle. Decidualizing stromal cells exhibit strong progesterone receptor
expression, although progesterone receptors are absent from decidual epithelial cells. Smooth muscle cells of the uterus demonstrate strong progesterone receptor expression throughout the menstrual cycle. Many of the events in uterine growth and function are regulated by the interplay between estrogen and progesterone. In general, progesterone
antagonizes estrogen stimulation of proliferation and metabolism. This antagonism can be explained by the effects of progestins on the estrogen receptor (a decrease in levels), on the enzymes that lead to excretion of estrogen from cells, and by progesterone suppression of estrogen-mediated transcription of oncogenes. Androgen receptor is present
in the endometrium at all stages of the menstrual cycle, in postmenopausal endometrium, and in the decidua of pregnancy.113 Surprisingly, the androgen receptor concentration is constant throughout the cycle. Androgens suppress the proliferative effects of estrogen on the endometrium, and experimental evidence suggests that the suppressive
effects on the endometrium induced by antiprogestational agents are mediated by the androgen receptor.114 The complexity of the endometrium can be appreciated by viewing the results of complementary DNA microarray studies. In one effort directed just to the endometrial breakdown associated with menstruation, 571 transcripts were identified
that were involved in 131 biochemical pathways, including thyroid hormone synthesis and metabolism!115 Gene expression studies are just beginning to profile the patterns associated with specific hormones and pharmacologic agents.116 The Decidua The decidua is the specialized endometrium of pregnancy. The term decidua is derived from the
Latin verb dêciduus, meaning shedding or falling off, reflecting the periodic sloughing of the endometrium—just like a tree shedding its leaves only to grow new leaves in the next season, which are essential to maintain its life. Decidualization is the process of transformation of endometrial stromal cells into decidual cells, which is essential for
supporting the implanting embryo and pregnancy. The biochemical dialogue between the fetoplacental unit and the mother must pass back and forth through the decidua. The classic view of the decidua conformed to its designation as a thin line in anatomic diagrams, a minor, inactive structural component. We now know that the decidua is a
vigorous, active tissue. Decidual cells are derived from the stromal cells of the endometrium, under the stimulation of progesterone. Increasing evidence from human and mouse studies supports a crucial role for transcriptional coregulators (coactivators and corepressors) such as repressor of estrogen receptor activity (REA) and steroid receptor
coactivator2 (Src-2) in this cellular transformation process.117,118 Once the decidual process is initiated, differentiating stromal cells secrete a number of cytokines, growth factors, and morphogens involved in propagating this process. This transformation is regulated by members of the TGF-β family, including activin A.119,120 In addition, ghrelin
acting via the growth hormone receptor is involved in this process.121 Moreover, interleukins such as IL-1β122 and leukemia inhibitory factor (LIF),123 HOX genes, as well as members of the Notch signaling pathway play crucial roles in the transformation of stromal cells to decidualized cells.124,125,126,127,128 In the proliferative phase,
endometrial stromal cells have a fibroblast-like appearance with little cytoplasm with elongated indented nuclei. Decidual cells appear during the secretory phase and continue to proliferate during early pregnancy, eventually lining the entire uterus including the implantation site. Decidual transformation is associated with rounding of the nucleus,
increased number of nucleoli, and accumulation of glycogen and lipid droplets in the expanding cytoplasm. The decidual cell is characterized by the new expression of a host of substances, including prolactin, relaxin, renin, IGFs, and IGFBPs. There is no evidence that these proteins are secreted into the circulation; therefore, they serve as autocrine
and paracrine agents.129,130 Riddick was the first to detect prolactin in the decidualizing endometrium of the late luteal phase.131 The amino acid sequence and the chemical and biologic properties of decidual prolactin are identical to those of pituitary prolactin. Decidual prolactin synthesis and release are controlled by the placenta, fetal
membranes, and decidual factors. Dopamine, bromocriptine, and thyrotropin-releasing hormone (TRH), in contrast to their action in the pituitary, have no effect on decidual synthesis and release of prolactin. A protein named decidual prolactin-releasing factor has been purified from the placenta, and an inhibiting protein, which blocks the stimulatory
activity of the releasing factor, has been purified from decidua.130 IGF-1, relaxin, and insulin all stimulate decidual prolactin synthesis and release, each through its own receptor. The same decidual cells produce both prolactin and relaxin. Prolactin exerts an overall inhibitory effect on the process of decidualization, perhaps an autocrine mechanism
to limit the extent of decidualization.132 Lipocortin-1 is a calcium- and phospholipid-binding protein, present in the placenta and decidua, that inhibits phospholipase A2 and responds to glucocorticoids. Lipocortin-1 inhibits decidual prolactin release but in a mechanism independent of phospholipase action and independent of glucocorticoids. The
prostaglandin system is not involved in decidual prolactin production, and corticosteroids do not affect decidual prolactin release.133 In 1978, it was discovered that the source of amniotic fluid prolactin is not the pituitary but the decidua,134 for which there is very strong supporting evidence. In vitro experiments indicate that the passage of
prolactin across the fetal membranes is in the direction of the amniotic cavity. The amniotic fluid concentration correlates with the decidual content, not with maternal circulating levels. The proportion of prolactinexpressing cells in the decidua increases throughout pregnancy, and the level of expression correlates positively with decidual cell
size.135,136 Amniotic fluid prolactin reaches peak levels in the first half of gestation (about 4,000 ng/mL) when maternal plasma levels are approximately 50 ng/mL and fetal levels about 10 ng/mL. Maternal circulating prolactin reaches maximal levels near term. Finally, amniotic fluid prolactin is unaffected by bromocriptine treatment (which reduces
both fetal and maternal circulating levels to baseline levels). It is believed that decidual prolactin regulates amniotic fluid volume and electrolyte concentrations. Prolactin regulates water and ion transport in lower animals, and prolactin binds to amniotic membranes. Disorders in human pregnancy associated with abnormal amniotic fluid volumes
may be explained by this mechanism, especially idiopathic polyhydramnios, which is associated with a decrease in the number of prolactin receptors in the membranes. Prolactin may be involved in the regulation of surfactant synthesis in the fetus, and prolactin may inhibit uterine muscle contractility. Prolactin suppresses the immune response and
helps to prevent immunologic rejection of the conceptus. Prolactin in the uteroplacental unit has also been suggested to stimulate trophoblast growth and invasion, to promote angiogenesis, and to modulate uNK cell survival.137,138 Fibroblast growth factor, derived from decidua, stimulates blood vessel growth in early pregnancy. Another factor,
endothelial cell–stimulating angiogenesis factor (a nonprotein mitogen), is also derived from decidua and contributes to the vascularization of the decidua during the first trimester of pregnancy.139 The expression of corticotropin-releasing hormone (CRH) has been demonstrated in human decidua, and many actions for decidual CRH are possible:
activation of prostaglandins, stimulation of myometrial contractions, and a contribution to both maternal and fetal stress responses during pregnancy and labor.140 Prorenin (the inactive precursor of renin) is produced in decidua in response to IGF-1, insulin, endothelin, and relaxin.141,142,143 A uterine role for renin has not been determined. The
IGFBPs, IGFBP-1, IGFBP-2, IGFBP-3, and IGFBP-4, are produced by endometrial stromal cells.144 Large amounts of IGFBP-1 are present in amniotic fluid. The IGFBPs appear to be regulated by insulin, the IGFs, and relaxin.145 Relaxin is related structurally to insulin and the IGFs, and it stimulates IGFBP-1 production in endometrial stromal
cells.146 IGFBP-1 is considered to be a marker for decidualization. Because it binds growth-promoting IGFs, the appearance of IGFBP-1 contributes to differentiation rather than proliferation of the endometrial stromal cells. IGFBP-1 begins to appear in the midsecretory phase endometrium and reaches a level of major production in decidua late in
the first trimester of pregnancy. IGFBP-1 levels peak around 16 weeks of gestation, preceding those of PRL. IGFBP-1, when first identified, was known as placental protein 12 and then as pregnancy-associated αglobulin. By the second trimester of pregnancy, high levels of IGFBP-1 are present in the amniotic fluid and the circulation and then fall
significantly during the third trimester. The decidual production of IGFBP-1 is correlated with the morphologic and histologic changes induced by progesterone and regulated by progesterone, relaxin, insulin, IGF-1, and IGF-2. In fact, IGFBP-1 is a mediator of progesterone-induced decidualization of endometrial stromal cells.147 Binding of the IGFs
to the IGFBPs would limit further mitogenic activity in the endometrium in the secretory phase and during pregnancy. In addition, decidual IGFBP-1 may contribute to the limitation of trophoblast invasion. The continuous stimulation of IGFBP-1 production by human endometrium can be maintained in women as long as they retain an intrauterine
device that releases a progestin into the endometrial cavity.148 In endometrial samples from these women, areas of endometrial atrophy correlate with intense staining for IGFBP-1. This makes a strong argument for the importance of IGFs for endometrial growth and the potential for prevention of endometrial growth by providing IGFBP-1. The
glycoprotein α-subunit, common to follicle-stimulating hormone (FSH), luteinizing hormone (LH), thyroid-stimulating hormone (TSH), and hCG, is secreted into the circulation by the pituitary and placenta. A specific role for the α-subunit has not been apparent; however, gonadotropin receptors are present in the endometrium, and αsubunit acts
synergistically with progesterone to induce decidualization of endometrial cells in vitro.149 In addition, the α-subunit stimulates decidual prolactin secretion.150 The chorion laeve, villous trophoblast, and decidua are all sites of TGF-β production.151 TGF-β can signal its own production; thus, TGF-β can be a messenger from fetal tissues to decidua.
TGF-β is also believed to play a role in limiting trophoblastic invasion.152 This may be accomplished by stimulating the production of PAI and the factor that causes tissue inhibition of metalloproteinases.153 SUMMARY: THE UTERINE ENDOMETRIUM It is helpful to keep in mind a fundamental and relatively simple description: the endometrium is
necessary for reproduction, and the synchronous, complex cycle of events is dependent on the endocrine guidance of estradiol and progesterone, modulated and mediated by the plethora of locally produced biochemical agents. Each and every signaling substance utilizes one of the pathways discussed in Chapter 1 and makes a contribution to the
dynamic sequence of morphologic and molecular events repeatedly dedicated to nourishing and supporting an early embryo. ANATOMICAL ABNORMALITIES OF THE UTERUS Congenital abnormalities of the müllerian ducts are relatively common, occurring in 7– 10% of all women, and contributing to the problems of infertility, recurrent pregnancy
loss, and poor pregnancy outcomes that occur in approximately 25% of women with uterine anomalies.154,155,156,157,158,159 Major anomalies are about 3 times more common in women with recurrent miscarriages.160 The problems encountered in pregnancy include preterm labor, breech presentations, intrauterine growth restriction, abnormal
placentation, and other complications that lead to interventions and greater perinatal mortality. Cervical cerclage is often indicated for prevention of preterm labor due to these anomalies. In addition, these abnormalities can produce the symptoms of dysmenorrhea and dyspareunia and even amenorrhea. Endometriosis in young women, especially
adolescents, should raise clinical suspicion of genital tract malformations. Because the embryologic origin of the ovaries is separate and distinct from that of the müllerian structures, patients with müllerian anomalies have normal ovaries and ovarian function. Conception and implantation are not prevented. Surgical correction is recommended for
pain, endometriosis due to obstruction, and poor obstetrical outcomes (Table 3.2). TABLE 3.2 Incidence of Müllerian Defects Anomalies can result from the failure of the müllerian ducts to fuse in the midline, to connect with the urogenital sinus, or to create the appropriate lumen in the upper vagina and uterus by resorption of the central vaginal cells
and the septum between the fused müllerian ducts. Because fusion begins in the midline and extends cephalad, abnormal results are more common at the fundal portion of the uterus (bicornuate uterus). Formation of the uterine cavity begins at the lower pole and extends cephalad with dissolution of midline tissue; hence, incomplete resorption of
tissue commonly yields persistence of the midline uterine wall (septum) intruding into the cavity. The molecular pathophysiology of these abnormalities has been insufficiently studied; however, the association with other somatic anomalies and occasional reports of familial transmission suggest genetic linkages. Vaginal outflow tract obstruction can
be minimal with a transverse septum or complete due to agenesis. A septum is the result of a defect in the connection of the fused müllerian ducts to the urogenital sinus or a failure of canalization of the vagina (Figure 3.14). The location of the septum varies, although it is usually in the upper or middle third of the vagina. Vaginal agenesis is the
result of a complete failure in canalization; these patients present with amenorrhea or pain due to accumulated menstrual effluvium. Surgical correction is frequently necessary to relieve the relative constriction (and obstruction) of the vaginal canal. An absent vagina is usually accompanied by an absent uterus and tubes, the classic müllerian
agenesis of the MayerRokitansky-Kuster-Hauser syndrome (discussed in Chapter 11) (Table 3.3). FIGURE 3.14 TABLE 3.3 Distribution of Specific Anomalies Adapted from Grimbizis GF, Camus M, Tarlatzis BC, Bontis JN, Devroey P, Clinical implications of uterine malformations and hysteroscopic treatment results, Hum Reprod Update 7:161, 2001.
Uterine anomalies can be organized into the following categories.162 Each of these can be associated with obstructions that present during adolescence with amenorrhea and cyclic pain.163 Uterus Didelphys (Double Uterus) Complete lack of fusion of the two müllerian ducts results in duplication of the corpus, cervix, and upper vagina. These
patients usually have no difficulties with menstruation and coitus, except when there are problems with the two hemivaginas. Fifteen to twenty percent of women with didelphic uterus also have unilateral anomalies, such as an obstructed hemivagina (often with ipsilateral renal agenesis); the anomalies are on the right in 65% of cases.164 Early
diagnosis and excision of the obstructing vaginal septum will preserve fertility. Pregnancy is associated with an increased risk of miscarriage, malpresentations, and preterm labor, although many patients will have no reproductive difficulties.161,165,166 Unification of the two endometrial cavities by metroplasty is generally not indicated and should
only be considered in patients with repeated poor obstetrical outcomes. Unification of the two hemivaginas should be considered only in symptomatic cases and only when there is considerable fusion with no intervening bowel or bladder between the two. Unicornuate Uterus An abnormality that is unilateral obviously is due to a failure of development
in one müllerian duct (probably a failure of one duct to migrate to the proper location). The altered uterine configuration is associated with an increase in endometriosis and in obstetrical complications (early spontaneous miscarriage, ectopic pregnancy, abnormal presentations, intrauterine growth retardation, and preterm
labor).165,167,168,169,170 There may be a rudimentary horn present, and implantation in this horn is followed by a very high rate of pregnancy wastage or tubal pregnancies. A rudimentary horn can also be a cause of chronic pain, and surgical excision is worthwhile. However, most rudimentary horns are asymptomatic because they are
noncommunicating, and the endometrium is not functional. Because of the potential for problems, prophylactic removal of the rudimentary horn is recommended when it is encountered during a surgical procedure. Patients with a unicornuate uterus have a particularly high incidence (40%) of urinary tract anomaly (usually of the kidney).171 Surgical
reconstructive procedures do not improve obstetrical outcomes; however, cervical cerclage may be beneficial when indicated. The Bicornuate Uterus This anomaly results from partial rather than complete lack of fusion of the two müllerian ducts, producing a single cervix with a varying degree of separation in the two uterine horns. A bicornuate
uterus has a fundal indentation that is ≥1 cm. This anomaly is relatively common, and pregnancy outcome has usually been reported to be near normal. Some, however, find a high rate of early miscarriage, preterm labor, and breech presentations.157,165 Even with a history of repeated poor pregnancy outcomes that are thought to be related to the
anomaly, surgical metroplasty is rarely considered. The cervical length should be assessed during pregnancy due to an association between bicornuate uterus and cervical insufficiency. The Septate Uterus The septate uterus is the most common uterine anomaly, accounting for 35–90% of uterine malformations. Partial lack of resorption of the midline
septum between the two müllerian ducts results in fibromuscular defects that range from a slight midline septum (the arcuate, heart-shaped cavity) to a significant midline division of the endometrial cavity. There is variation in the composition of the septum in terms of thickness, the relative amounts of fibrous and muscular tissue, and the degree of
vascularization. A total failure in resorption can leave a longitudinal vaginal septum. This defect is not a cause of infertility, but once pregnant, the greater the septum, the greater the risk of recurrent spontaneous miscarriage, especially in the second trimester. The complete septate uterus is associated with a high risk of spontaneous miscarriage,
preterm labor, intrauterine growth retardation, and breech presentation.157,172,173 Even a small septum is associated with these poor obstetrical outcomes.174 Outcomes are excellent with treatment by hysteroscopy.161,173,175,176,177,178,179 Posttreatment miscarriage rates are approximately 10% in contrast to the 21–44% pretreatment rates
with a septum. Longer septa appear to be associated with a higher risk of recurrent miscarriage, but this is controversial and many women with septa are asymptomatic and have good pregnancy outcomes. When the septum includes the cervix, it may appear as two cervices. A cervical septum should be left in place so as not to promote cervical
incompetence; the septum will dissipate in labor or can be lysed at that time. A longitudinal vaginal septum usually does not have to be excised (unless dyspareunia is a problem). Prophylactic surgery is considered appropriate for a septate uterus in older women when adverse pregnancy outcomes may lead to delays until the age of diminishing
fertility or in women being treated with in vitro fertilization. Arcuate Uterus An arcuate uterus has a slight midline indentation with minimal, and often broad, fundal cavity indentation. Although it was previously believed to have clinical consequence, an arcuate uterus is now classified as a normal variant and is not associated with adverse impact on
reproductive outcome.180 A surgical procedure is not indicated for the arcuate uterus. Very Rare Anomalies Isolated agenesis of the cervix or the endometrium is incredibly rare. The absence of the cervix can lead to so much pain and obstruction that hysterectomy is the best solution. Attempts to preserve fertility by creating a fistulous
communication between the uterus and vagina have achieved some success, but repeat surgery due to reappearance of obstruction is common.181,182 In asymptomatic patients or those with a strong desire for pregnancy, consideration should be given to the preservation of structures for the possibility of pregnancy that can be achieved by means of
one of the techniques of assisted reproduction (Chapter 28). With no normal outflow tract, retrograde menstruation is inevitable leading to endometriosis. In these women, complete endometrial suppression with an oral contraceptive or GnRH agonist/antagonist is appropriate until the time of conception. The Diethylstilbestrol-Associated Anomaly
Diethylstilbestrol (DES) is a nonsteroidal estrogen first synthesized in 1938. It was initially used for postpartum lactation suppression and treatment of postmenopausal symptoms, but its use later expanded to prevention of miscarriage, preterm birth, and other pregnancy problems. It is estimated that a total of 5 million women worldwide received
DES to improve pregnancy outcome. Abnormalities related to DES are becoming increasingly more rare since the U.S. Food and Drug Administration (FDA) advised against its use in pregnancy in 1971, following reports of vaginal clear cell adenocarcinoma in offspring of patients who used this drug. DES crosses the placenta, and exposure to DES
during a critical period of organogenesis causes multiple uterine malformations, maldevelopment of the uterine muscle layers, lack of stratification of the vaginal epithelium, and resorption of vaginal glands leading to vaginal adenosis. Mothers who were treated in 1938–1971 with high doses of DES early in their pregnancies had children who
developed a variety of anomalies, ranging from the hypoplastic T-shaped uterus to irregular cavities with adhesions.183 Women with uterine abnormalities usually also have cervical defects. In these individuals, the chance of term pregnancy is decreased because of higher risks of ectopic pregnancy, spontaneous miscarriage, and premature labor.184
An incompetent cervix is common. Poor outcome is correlated with an abnormal uterus on hysterosalpingography. No treatment is available beyond cervical cerclage. Accurate Diagnosis of Anomalies In the past, full diagnosis required surgical intervention, first laparotomy and then, more recently, laparoscopy. Today, vaginal ultrasonography,
especially three-dimensional ultrasound, sonohysterography, and magnetic resonance imaging are highly accurate, and surgical intervention is usually not necessary.185,186,187 Hysterosalpingography alone can yield inaccurate results due to a failure to perfuse both uterine horns on either side of a midline division and due to the inability to clearly
visualize the outer portion of the fundus. One cannot reliably distinguish bicornuate and septate uteri; both appear as two separate patent endometrial compartments. Decisions should not be based on hysterosalpingography alone. Congenital anomalies of the müllerian ducts are frequently accompanied by abnormalities in the urinary tract, such as a
horseshoe or pelvic kidney. Renal agenesis can be present on the same side as a müllerian defect. LEIOMYOMAS (UTERINE FIBROIDS) Uterine leiomyomas are benign neoplasms that arise from uterine smooth muscle and cause abnormal uterine bleeding and symptoms secondary to a large pelvic mass. It is hypothesized that leiomyomas originate
from somatic mutations in myometrial cells, resulting in progressive loss of growth regulation.188,189 The tumor grows as genetically abnormal clones of cells derived from a single progenitor cell (in which the original mutation took place). Studies indicate that leiomyomas are monoclonal.190 Different rates of growth can reflect the different
chromosomal abnormalities present in individual tumors. Multiple myomas within the same uterus are not clonally related; each myoma arises independently. The presence of multiple myomas (which have a higher recurrence rate than single myomas) argues in favor of a genetic predisposition for myoma formation. There is about a 2.5-fold increased
risk of developing myomas in the first-degree relatives of women with these tumors,191 and monozygotic twins’ concordance for uterine leiomyoma diagnosis is almost twice that of dizygotic twins.192 Hereditary leiomyomatosis and renal cell carcinoma are autosomal dominant syndromes with both cutaneous and uterine leiomyomas. The risk of
renal cell carcinoma and that of leiomyosarcoma is increased in this syndrome.193,194 The gene involved is fumarate hydratase, coding for an enzyme involved in the Krebs cycle. A family history of cutaneous leiomyomas should trigger screening for this gene mutation. Renal cell cancer occurs in 10–16% of women with this syndrome. Moreover, two
recent genome-wide association studies identified several single nucleotide polymorphisms that are significantly associated with uterine leiomyoma diagnosis.195,196 Such studies will likely yield patterns identifying women at high risk for uterine leiomyomas and perhaps risk for recurrence following ablation treatments and for malignant
progression to leiomyosarcoma. Thus far, chromosomal abnormalities have been described in about 40% of myomas.197 Mutations in the Med12 gene have been described as a key driver of but do not explain all fibroids.198 It is not certain whether leiomyosarcomas arise independently or from leiomyomas. However, the incidence of leiomyosarcomas
in patients with leiomyomas is very low (4–5 cm) and myomas that do not have greater than 50% protrusion into the cavity are not good candidates for hysteroscopic removal. The 5-year recurrence rate after abdominal myomectomy for a single myoma is about 10%, and 25% with multiple myomas, with subsequent hysterectomy necessary in one-third
of patients with recurrence.248 In a series with long-term follow-up, the recurrence rate over 10 years after single myomectomy reached 27%.249 Women who gave birth after myomectomy had a recurrence rate (over 10 years) of 16%, compared to a rate of 28% in those who did not give birth. In an Italian study of recurrence, the rate at 5 years
reached 55% in those who did give birth after surgery and 42% in those with no childbirth.250 These differences may reflect the diligence and sensitivity of the ultrasonographic assessments. Myomectomy for infertility or recurrent miscarriage requires a deliberate and careful decision after all factors have been considered. Intracavitary myomas,
however, usually require surgery. Submucosal myomas are associated with general cavitary alterations in the expression of proteins involved with implantation, not just an effect confined to the endometrium over the myoma.251,252,253 Subserous myomas do not typically affect fertility unless there is compression of the fallopian tubes. Intramural
myomas that do not distort the endometrial cavity probably have less effect on implantation and the risk of miscarriage254 than those that distort the cavity; however, they may still have an effect if the myoma is large or in close proximity to the endometrium.255,256 Because of the rapid regrowth of myomas following cessation of GnRH agonist
therapy, medical therapy for infertility is not recommended. Most myomas do not grow during pregnancy.257 When they do, most of the growth is in the first trimester, and most myomas regress in size after the pregnancy. The size of a myoma will not predict its course; large myomas will not necessarily grow more than small ones. Most pregnancies,
in the presence of myomas, will, therefore, be uncomplicated (although a higher incidence of cesarean section has been observed).207,258 Nevertheless, the risks of malpresentations, preterm delivery, and spontaneous miscarriage are increased.259 The so-called red degeneration of myomas is occasionally observed during late pregnancy, a
condition that is due to central hemorrhagic infarction of the myoma. Pain is the hallmark of this condition, occasionally associated with rebound tenderness, mild fever, leukocytosis, nausea, and vomiting. Usually, pain is the only symptom and resolution follows rest and analgesic treatment.260 Surgery should be a last resort. The larger the myoma,
the greater the risk of premature labor.261 Medical Therapy of Leiomyomas The goals of medical therapy for leiomyomas are to temporarily reduce symptoms and to reduce myoma size, and the therapy of choice is treatment with a GnRH agonist.262 Any treatment that lowers endogenous estrogen levels should be effective, and therefore, the use of
aromatase inhibitors is another option.263 Medical therapy is provided preoperatively to improve anemia and reduce surgical complexity and recovery times.264 Prolonged medical regimens have traditionally been expensive and complicated; however, the introduction of oral GnRH antagonists opens the potential for long-term use in fibroids.
Similarly, medical therapy from fibroids using selective progesterone receptor modulators (SPRMs) has become popular in Europe and Canada where they are available; currently, no SPRM is available for this indication in the United States. Currently, with few exceptions, surgical treatment is preferred for symptomatic uterine leiomyomas until these
new medical therapies are available. The short half-life of GnRH is due to rapid cleavage of the bonds between amino acids 5–6, 6–7, and 9–10. By altering amino acids at these positions, analogues of GnRH can be synthesized with different properties. Substitution of amino acids at the 6 position or replacement of the C-terminal glycine amide
(inhibiting degradation) produces agonists. An initial agonistic action (the so-called flare effect) is associated with an increase in the circulating levels of FSH and LH. This response is greatest in the early follicular phase when GnRH and estradiol have combined to create a large reserve pool of gonadotropins. After 1–3 weeks, desensitization and
down-regulation of the pituitary produce a hypogonadotropic, hypogonadal state. The initial response is due to desensitization, the uncoupling of the receptor from its effector system, whereas the sustained response is due to a loss of receptors by down-regulation and internalization. Furthermore, postreceptor mechanisms lead to secretion of
biologically inactive gonadotropins, which, however, can still be detected by immunoassay. The GnRH analogues cannot escape destruction if administered orally. Higher doses administered subcutaneously can achieve nearly equal effects as those observed with intravenous treatment; however, the smaller blood peaks are slower to develop and take
longer to return to baseline. Other forms of administration include nasal spray, sustained-release implants, and intramuscular injections of biodegradable microspheres. Treatment with GnRH Agonists Summarizing the experience with GnRH agonist treatment of leiomyomas, the mean uterine size decreases 30–64% after 3–6 months of treatment.262
Maximal response is usually achieved by 3 months. Menorrhagia, anemia, pelvic pressure, and urinary frequency all respond favorably to GnRH agonist treatment.265,266 GnRHa treatment results in a reduction in uterine and fibroid blood supply as measured by Doppler ultrasound and microvascular density.267,268 A decrease in operative blood
loss can be achieved when the pretreatment uterus is as large as a 16-week pregnancy or larger. However, some studies find no benefit in terms of surgical blood loss or length of hospital stay, and surgical dissection may be more difficult because of softening of the myoma. Why is there a variation in response? When one considers the many factors
involved in myoma growth (progesterone, estrogen, growth factors, and receptors), it makes sense that not every myoma is the same. After cessation of GnRH agonist therapy, menses return in 4–10 weeks, and myoma and uterine size return to pretreatment levels in 3–4 months. The rapid regrowth is consistent with the fact that reduction in size is
not due to a cytotoxic effect. The shrinkage is due to loss of water and extracellular matrix. Preoperative GnRH agonist therapy offers several advantages for hysteroscopic removal of submucosal tumors. In addition to a decrease in myoma size, endometrial atrophy will improve visualization, and decreased vascularity will reduce blood loss.
Leiomyomatosis peritonealis disseminata is a condition in which multiple small nodules of benign smooth muscle are found throughout the abdominal cavity and occasionally in the pulmonary cavity. This condition appears to be sensitive to estrogen and progestins because it has been aggravated by postmenopausal estrogen treatment and regression
has been achieved with GnRH agonist treatment.269 Adenomyosis is the ectopic presence of endometrial glands within the myometrium. This diagnosis can be made by magnetic resonance imaging, and successful treatment with a GnRH agonist has been reported.270,271 Side Effects of GnRH Agonists Hot flushes are experienced by more than 75%
of patients, usually in 3–4 weeks after beginning treatment. Approximately 5–15% of patients will complain of headache, mood changes, vaginal dryness, joint and muscle stiffness, and depression. About 30% of patients will continue to have irregular (although light) vaginal bleeding. It is useful to measure the circulating estradiol level. If the level is
greater than 30 pg/mL, suppression is inadequate. A small number (10%) of patients will experience a localized allergic reaction at the site of injection of depot forms of GnRH analogues. More serious reaction is rare, but immediate and delayed anaphylaxis can occur, requiring intense support and management.272 Bone loss occurs with GnRH
therapy if used without add-back hormone therapy, but not in everyone, and it is reversible if the course does not exceed 1 year. A significant vaginal hemorrhage 5–10 weeks after beginning treatment is encountered in about 2% of treated women, due to degeneration and necrosis of submucosal myomas.273 A disadvantage of agonist treatment is a
delay in diagnosis of a leiomyosarcoma. Keep in mind that almost all leiomyosarcomas present as the largest or only uterine mass. Close monitoring is necessary, and surgery has been the usual recommendation when either enlargement or no shrinkage of myomas occurs during GnRH agonist treatment.274 The use of Doppler ultrasonography or
magnetic resonance imaging offers greater accuracy of evaluation. However, the incidence of leiomyosarcoma, even in patients with “rapidly growing leiomyomas,” is very low (2 ng/mL), progesterone blocks the midcycle LH surge. Thus, appropriately low levels of progesterone derived from the maturing follicle contribute to the precise
synchronization of the midcycle surge. In addition to its facilitator action on LH, progesterone at midcycle is also responsible for the FSH surge.217 This action of progesterone can be viewed as a further step in ensuring completion of FSH action on the preovulatory follicle, especially making sure that a full complement of LH receptors is in place in
the granulosa layer. In certain experimental situations, incremental estradiol alone can elicit simultaneous surges of LH and FSH, suggesting that progesterone certainly enhances the effect of estradiol but may not be obligatory for the occurrence of the midcycle gonadotropin surge.218 Nevertheless, blockade of midcycle progesterone synthesis or
activity in the monkey impaired the processes of ovulation and luteinization.219 These actions of estrogen and progesterone in modulating gonadotropin release require the presence and action of GnRH. The preovulatory period is associated with a rise in plasma levels of 17hydroxyprogesterone (17-OHP). This steroid precursor does not appear to
have a role in cycle regulation, and its appearance in the blood simply represents the secretion of an intermediate product. The preovulatory rise in 17-OHP reflects LH stimulation of the P450scc and P450c17 enzymes that are critical for the production of androgens by the theca, which then get aromatized to estrogen by the granulosa. After
ovulation, some of the theca cells become luteinized as part of the corpus luteum and lose the ability to express P450c17. Other luteinized theca cells retain P450c17 activity and are believed to continue to produce androgens for aromatization to estrogens. For the lesser follicles that fail to achieve full maturity and undergo atresia, the adjoining theca
returns to its original role as a component of the ovarian stromal tissue, retaining, however, an ability to respond to LH with P450 activity and steroid production. Because the hormonal products of theca tissue are androgens, the increase in stromal tissue in the late follicular phase is associated with a rise in circulating androgen levels at midcycle,
when a 15% increase in androstenedione and a 20% increase in testosterone levels can occur.220 This response is enhanced by the late follicular phase rise in inhibin, known to augment LH stimulation of androgen production in theca cells. Increasing androgen production in the preovulatory stage in the cycle may serve two purposes: (1) a local role
within the ovary to enhance the process of atresia of the lesser follicles and (2) a systemic effect to stimulate libido nearing the time of ovulation. Intraovarian androgens accelerate granulosa cell death and follicular atresia. The specific mechanism for this action is unclear, although it is attractive to suspect an interference with estrogen and the
autocrine-paracrine factors in enhancing FSH activity. Therefore, androgens may play a regulatory role in ensuring that only a dominant follicle reaches the point of ovulation. It is well known that libido can be stimulated by androgens. If the midcycle rise in androgens affects libido, then an increase in sexual activity should coincide with this rise.
Early studies failed to demonstrate a consistent pattern in coital frequency in women because of the effect of male partner initiation. If only sexual behavior initiated by women is studied, a peak in female-initiated sexual activity is seen during the ovulatory phase of the cycle.221 The coital frequency of married couples has also been noted to increase
at the time of ovulation.222 Therefore, the midcycle rise in androgens may serve to increase sexual activity at the time most likely to achieve pregnancy. Key Points: Preovulatory Follicle Estrogen production becomes sufficient to achieve and maintain peripheral threshold concentrations of estradiol that are required to induce the LH surge. Acting
through its receptors, LH initiates luteinization and progesterone production in the granulosa layer. The preovulatory rise in progesterone facilitates the positive feedback action of estrogen at the level of pituitary, which results in the LH surge. Preovulatory rise in progesterone may also be required to induce the midcycle FSH peak. A midcycle
increase in local and peripheral androgens occurs, derived from the theca tissue of the lesser, unsuccessful follicles. OVULATION The preovulatory follicle, through the elaboration of estradiol, provides its own ovulatory stimulus. Considerable variation in timing exists from cycle to cycle, even in the same woman. A reasonable and accurate estimate
places ovulation approximately 10–12 hours after the LH peak and 24–36 hours after peak estradiol levels are attained (Figure 5.12).210,223 The onset of the LH surge appears to be the most reliable indicator of impending ovulation, occurring 34–36 hours prior to follicle rupture.224 A threshold of LH concentration must be maintained for 14–27
hours in order for full maturation of the oocyte to occur.225 Usually, the LH surge lasts 48–50 hours.224 FIGURE 5.12 Over recent decades, increasing utilization of in vitro fertilization in infertility management has allowed clarity in our understanding of the timeline of ovarian events following an induced LH surge. Spontaneous LH surge tends to
occur at approximately 3 A.M., beginning between midnight and 8:00 A.M. in over two-thirds of women.98 Seasonal variation in timing of LH surge is recognized.226 Ovulation occurs primarily in the morning during spring, and primarily in the evening during autumn and winter. From July to February in the Northern Hemisphere, about 90% of
women ovulate between 4 and 7 P.M.; during Spring, 50% of women ovulate between midnight and 11 A.M. Most of the studies have concluded that ovulation occurs more frequently (about 55% of the time) from the right ovary compared to the left. Furthermore, oocytes from the right ovary are suggested to have a higher potential for pregnancy
compared to those from the left side.227 The side of ovulation does not affect cycle characteristics, but cycles with short follicular phases tend to be followed by contralateral ovulation, and ovulation occurs randomly following cycles with a long follicular phase.228,229 Ovulation alternating between the two ovaries predominates in younger women,
but after 30 years of age, ovulations occur more frequently from the same ovary; however, throughout the reproductive years, more ovulations occur from the right ovary.229 Contralateral ovulation favors pregnancy more than ipsilateral ovulation, and ipsilateral ovulation increases with increasing age and decreasing fertility.230 The gonadotropin
surge initiates a cascade of events that ultimately lead to ovulation, the physical release of the oocyte, and its cumulus mass of granulosa cells.231 Ovulation is not an explosive event; therefore, a complex series of changes must occur, which cause the final maturation of the oocyte and the decomposition of the collagenous layer of the follicular wall
with its subsequent breakdown followed by release of the follicular contents.232 The LH surge initiates the resumption of meiosis in the oocyte (meiosis is not completed until after the sperm has entered and the second polar body is released), luteinization of granulosa cells and progesterone production, expansion of the cumulus, and the synthesis of
prostaglandins and other eicosanoids essential for follicle rupture. Premature oocyte maturation and luteinization are prevented by local factors. An LH-induced increase in cyclic AMP occurs within the follicle just prior to ovulation. Cyclic AMP is transferred from the granulosa cells to the oocyte via the gap junction network, and thus a reduction in
cyclic AMP occurs when LH causes a breakdown of the gap junctions. This results in a decrease in the local inhibitory action of OMI and luteinization inhibitor (LI). The OMI originates from granulosa cells, and its activity depends upon an intact cumulus oophorus. LI may be endothelin-1, a product of vascular endothelial cells.190 Locally produced
activin suppresses progesterone production by the luteal cells, providing yet another means of preventing premature luteinization.233,234 The propagation of LH-induced changes throughout the follicle depends on growth factors and their receptors, especially members of the EGF-like family, specifically LH-induced factors named amphiregulin,
epiregulin, and betacellulin.235 Disruption of this pathway interferes with oocyte resumption of meiosis and ovulation. There is abundant evidence that the oocyte exerts control over granulosa functions, affecting both metabolism and proliferation through the secretion of proteins in the TGFβ family.49,236,237,238,239 These proteins include inhibin,
activin, AMH, BMPs, and GDF9, which must be secreted in their active forms after processing of precursor proteins by proteases. The production of the active proteins is regulated by an interaction of the signaling proteins from the oocyte and the granulosa cells, determined by changing responsiveness to FSH as the components of the ovarian follicle
develop and differentiate.240 The differentiation and maintenance of the cumulus cells from the preantral granulosa cells are under the direction of the oocyte.241,242 The cumulus oophorus differs from other granulosa cells, lacking in LH receptors and progesterone production; FSH-induced LH receptor expression is suppressed in the contiguous
granulosa cells by the oocyte. The oocyte enables cumulus cells to respond to the gonadotropin-induced physical and biochemical changes just before ovulation. The local factors that prevent premature oocyte maturation and luteinization are probably under control of the oocyte. One mediator of this control system is nitric oxide, which maintains the
gap junction system of communication.243 Nitric oxide resists LH-induced resumption of oocyte meiosis and breakdown of the gap junction network until the massive LH surge overcomes this resistance and communication between the oocyte and the follicular cells is interrupted. With the LH surge, levels of progesterone in the follicle continue to
rise, up until the time of ovulation. The progressive rise in progesterone may act to terminate the LH surge as a negative feedback effect is exerted at higher concentrations. In addition to its central effects, progesterone increases the distensibility of the follicle wall. A change in the elastic properties of the follicular wall is necessary to accommodate
the rapid increase in follicular fluid volume, which occurs just prior to ovulation, unaccompanied by any significant change in intrafollicular pressure. FSH, LH, and progesterone stimulate the activity of proteolytic enzymes, resulting in digestion of collagen in the follicular wall and increasing its distensibility. The escape of the ovum is associated with
degenerative changes of the collagen in the follicular wall so that just prior to ovulation the follicular wall becomes thin and stretched. The gonadotropin surge also releases histamine, and histamine alone can induce ovulation in some experimental models. The proteolytic enzymes are activated in an orderly sequence.244 The granulosa and theca
cells produce plasminogen activator in response to the gonadotropin surge. Plasminogen is activated by either of two plasminogen activators: tissue-type plasminogen activator and urokinase-type plasminogen activator. These activators are encoded by separate genes and are also regulated by inhibitors. Plasminogen activators produced by granulosa
cells activate plasminogen in the follicular fluid to produce plasmin. Plasmin, in turn, generates active collagenase to disrupt the follicular wall. In rat models, plasminogen activator synthesis is triggered by LH stimulation (as well as growth factors and FSH), while plasminogen inhibitor synthesis is decreased.245 Thus, before and after ovulation, the
inhibitor activity is high, while just at ovulation, activator activity dominates and the inhibitors are at a nadir. A coordinated molecular regulation of these factors is necessary for the complex sequence of events result in ovulation. Plasminogen activator synthesis in granulosa cells is expressed only at a precise preovulatory stage in response to LH.
The inhibitor system, which is very active in the theca and interstitial cells, prevents inappropriate activation of plasminogen and disruption of growing follicles. The inhibitor system has been demonstrated to be present in human granulosa cells and preovulatory follicular fluid and to be responsive to paracrine substances, EGF and interleukin1β.246,247,248 Physical migration of the preovulatory follicle to the surface of the ovary is an important step in that the exposed surface of the follicle is now prone to rupture because it is now separated from cells rich in the plasminogen inhibitor system. Ovulation is the result of proteolytic digestion of the follicular apex, a site called the stigma. The
matrix metalloproteinase (MMP) enzymes and their endogenous inhibitors, tissue inhibitors of metalloproteinases (TIMPs), are increased in response to LH and progesterone and are also involved in this event.249 In the rat, the gene that encodes for plasminogen activator contains a promoter region, which has several sequences for known
transcription factors, such as the cyclic AMP-responsive element (CRE). The activation of this CRE (which involves a CREbinding protein) requires FSH stimulation. Thus, both gonadotropins appear to be involved in this process. Studies in the monkey indicate that the activation of plasminogen activator is mediated by prostaglandin E2.250
Prostaglandins E2 and F2α, but mainly prostaglandin E2, and other eicosanoids (especially HETEs, hydroxyeicosatetraenoic acids) increase markedly in the preovulatory follicular fluid in response to the LH surge, reaching a peak concentration at ovulation.251,252,253 Prostaglandin synthesis is stimulated by interleukin-1β, implicating this cytokine
in ovulation.254 Inhibition of cyclooxygenase-2 (COX-2)mediated synthesis of these products from arachidonic acid blocks follicle rupture without affecting the other LH-induced processes of luteinization and oocyte maturation.255,256,257 Prostaglandins act to free proteolytic enzymes within the follicular wall; HETEs may promote angiogenesis and
hyperemia (an inflammatory-like response).250,252,258 LH and PGE2 both activate the EGF-like signaling pathway that leads to cumulus expansion and resumption of oocyte meiosis.259 Prostaglandins may also contract smooth muscle cells that have been identified in the ovary, thereby aiding the extrusion of the oocytecumulus cell mass from the
ruptured follicle (Figure 5.13). This ovulatory role of prostaglandins is so well demonstrated that infertility patients should be advised to avoid the use of drugs that inhibit prostaglandin synthesis.257,260,261 FIGURE 5.13 A large number of leukocytes enter the follicle prior to ovulation. Neutrophils are a prominent feature in the theca compartment
of both healthy and atretic antral follicles.262 The accumulation of leukocytes is mediated by chemotactic mechanisms of the interleukin system.263 However, ovulation does not depend on these invading immune cells for the expression of the inflammatory-like response associated with ovulation. Ovarian follicular cells themselves in response to LH
express the genes involved with immune responses, resulting in the release of the host of products that affect the cellular reactions associated with ovulation and the remodeling process that leads to the corpus lutem.264 Estradiol levels plunge as LH reaches its peak. This may be a consequence of LHmediated down-regulation of its own receptors on
the periovulatory follicle. Theca tissue derived from healthy antral follicles exhibits marked suppression of steroidogenesis when exposed to high levels of LH, whereas exposure over a low range stimulates steroid production. The low midcycle levels of progesterone exert an inhibitory action on further granulosa cell multiplication, and the drop in
estrogen may also reflect this local follicular role for progesterone. Finally, estrogen can exert an inhibitory effect on P450c17, a direct action on the gene that is not receptor mediated. The granulosa cells that are attached to the basement membrane and enclose the follicle become luteal cells. The cumulus granulosa cells are in immediate proximity
and are attached to the oocyte. In the mouse, the cumulus cells are metabolically linked to the oocyte and respond to the FSH surge by secreting hyaluronic acid that disperses the cumulus cells prior to ovulation. This hyaluronic acid response depends upon maintenance of the link with the oocyte, indicating the secretion of a supporting factor. The
oocyte further secretes factors that promote granulosa cell proliferation and maintain the structural organization of the follicle.265 While FSH stimulates mural granulosa cell proliferation, its effect on the cumulus cells is the opposite; proliferation of the cumulus cells is suppressed by FSH. The FSH peak, partially and perhaps totally dependent on
the preovulatory rise of progesterone, has several functions. Plasminogen activator production is sensitive to FSH as well as LH. Expansion and dispersion of the cumulus cells allows the oocytecumulus cell mass to become free-floating in the antral fluid just before follicle rupture. The process involves the deposition of a hyaluronic acid matrix, the
synthesis of which is stimulated by FSH. Finally, an adequate FSH peak ensures an adequate complement of LH receptors on the granulosa layer. It should be noted that a shortened or inadequate luteal phase is observed in cycles when FSH levels are low or selectively suppressed at any point during the follicular phase. The mechanism that shuts off
the LH surge is unknown. Within hours after the rise in LH, there is a precipitous drop in the plasma estrogens. The decrease in LH may be due to a loss of the positive stimulating action of estradiol or to an increasing negative feedback of progesterone. The abrupt fall in LH levels may also reflect a depletion in pituitary LH content due to downregulation of GnRH receptors, either by alterations in GnRH pulse frequency or by changes in steroid levels.266,267 LH may further be controlled by “short” negative feedback of LH upon the hypothalamus. Direct LH suppression of hypothalamic-releasing hormone production has been demonstrated. However, in the sheep, the LH surge ends before
the GnRH signal begins to decline.268 Another possibility has been suggested: a so-called gonadotropin surge-inhibiting factor (GnSIF) originating in the ovary.269,270 GnSIF is produced in granulosa cells under the control of FSH and reaches a peak level in the circulation in the midfollicular phase. Its major role is believed to be prevention of
premature luteinization. It is likely that a combination of all these influences causes the rapid decline in gonadotropin secretion. The many contributions of progesterone to ovulation are highlighted by the results of experiments in the monkey. Suppression of steroidogenesis at midcycle prevented ovulation, but not the resumption of oocyte
meiosis.219 Administration of a progestin agonist to this experimental model restored ovulation. In experimental models of mice, knockout of progesterone receptor gene results in failure to ovulate, although oocyte maturation and luteinization are not impeded.271,272 These experiments indicate that progesterone receptor-A is the critical isoform
necessary for normal ovulation. An adequate gonadotropin surge does not ensure ovulation. The follicle must be at the appropriate stage of maturity for it to respond to the ovulating stimulus. In the normal cycle, gonadotropin release and final maturation of the follicle coincide because the timing of the gonadotropin surge is controlled by the level of
estradiol, which in turn is a function of follicular growth and maturation. Therefore, gonadotropin release and morphologic maturity of the follicle are usually coordinated and coupled in time. In the majority of spontaneous cycles in humans, the requisite feedback relationships in this system allow only a single follicle to reach the point of ovulation.
Nonidentical multiple births may, in part, reflect the random statistical chance of more than one follicle fulfilling all the requirements for simultaneous ovulation. Key Points: Ovulatory Events The LH surge initiates the continuation of meiosis in the oocyte, luteinization of the granulosa, and synthesis of progesterone and prostaglandins within the
follicle. Progesterone enhances the activity of proteolytic enzymes responsible, together with prostaglandins, for digestion and rupture of the follicular wall. The progesterone-influenced midcycle rise in FSH serves to free the oocyte from follicular attachments, to convert plasminogen to the proteolytic enzyme, plasmin, and to ensure that sufficient
LH receptors are present to allow an adequate normal luteal phase. THE LUTEAL PHASE Before rupture of the follicle and release of the ovum, the granulosa cells begin to increase in size and assume a characteristic vacuolated appearance associated with the accumulation of a yellow pigment, lutein, which lends its name to the process of
luteinization and the anatomical subunit, the corpus luteum. During the first 3 days after ovulation, the granulosa cells continue to enlarge. In addition, theca lutein cells may differentiate from the surrounding theca and stroma to become part of the corpus luteum. Dissolution of the basal lamina and rapid vascularization and luteinization make it
difficult to distinguish the origin of specific cells. Capillaries begin to penetrate into the granulosa layer after the cessation of the LH surge, reach the central cavity, and often fill it with blood; the corpus luteum at this stage has also been referred to as corpus hemorrhagicum.273 Angiogenesis is an important feature of the luteinization process, a
response to LH that is mediated by factors such as VEGF and angiopoietins produced in luteinized granulosa cells.174,175,274 In the early luteal phase, angiogenesis accompanies an increased expression of VEGF, with stabilization of vessel growth maintained by angiopoietin-1 binding to the endothelial Tie-2 receptor.178,275 With regression of the
corpus luteum, VEGF and angiopoietin-1 expressions decrease allowing greater occupancy of the Tie-2 receptor by angiopoietin-2, leading to the vascular breakdown that accompanies luetolysis. By day 8 or 9 after ovulation, a peak of vascularization of the corpus luteum is reached, associated with peak circulating levels of progesterone and estradiol.
The corpus luteum has one of the highest blood flows per unit mass in the body. On occasion, this ingrowth of vessels and bleeding will result in unchecked hemorrhage and an acute surgical emergency that can present at any time during the luteal phase. Indeed, excessive bleeding following ovulation can be a real risk for women who are
anticoagulated; medical suppression of ovulation, such as through use of a hormonal contraceptive (pill or patch or injection or vaginal ring) should be considered for premenopausal women who are prescribed blood thinners in an effort to minimize the risk of uncontrolled hemorrhage consequent to an otherwise innocuous event of ovulation. Normal
luteal function requires optimal preovulatory follicular development. Suppression of FSH during the follicular phase is associated with lower preovulatory estradiol levels, depressed midluteal progesterone production, and a decrease in luteal cell mass.276 Experimental evidence supports the contention that the accumulation of LH receptors during
the follicular phase predetermines the extent of luteinization and the subsequent functional capacity of the corpus luteum. Successful conversion of the avascular granulosa of follicular phase to the vascularized luteal tissue is also of importance. Because steroid production is dependent upon LDL transport of cholesterol, vascularization of the
granulosa layer is essential to allow circulating LDL cholesterol to reach the luteal cells to provide sufficient substrate for progesterone production. One of the important jobs for LH is to regulate LDL receptor binding, internalization, and postreceptor processing; the induction of LDL receptor expression occurs in granulosa cells during the early
stages of luteinization in response to the midcycle LH surge.277,278 This mechanism supplies cholesterol to the mitochondria for utilization as the basic building block in steroidogenesis (Figure 5.14). FIGURE 5.14 The life span and steroidogenic capacity of the corpus luteum are dependent on continued tonic LH secretion. Studies in
hypophysectomized women have demonstrated that normal corpus luteum function requires the continuous presence of small amounts of LH.279 This dependence of the corpus luteum on LH is further supported by the prompt luteolysis that follows the administration of GnRH agonists or antagonists or withdrawal of GnRH when ovulation has been
induced by the administration of pulsatile GnRH.280,281 There is no evidence that other luteotropic hormones, such as prolactin, play a role in primates during the menstrual cycle.282 The corpus luteum is a complex and heterogeneous structure. Besides the luteal cells, also present are endothelial cells, leukocytes, and fibroblasts. These
nonsteroidogenic cells form the bulk, about 70%, of the total cell population of the corpus luteum. The leukocyte population of the corpus luteum contributes several cytokines, including IL1-β and TNF-α.283 The many different leukocytes in the corpus luteum are also a rich resource for cytolytic enzymes, prostaglandins, and growth factors involved
in processes of angiogenesis, steroidogenesis, and luteolysis. The corpus luteum is one of the best examples of communication and cross talk in biology. For example, endothelial cells contribute vasoactive compounds, and, in turn, steroidogenic cells contribute factors that influence angiogenesis. The harmonious function of this system is in inverse
proportion to its complexity. Endothelial cells constitute about 35% of the cells in a mature corpus luteum.284 As elsewhere in the body, endothelial cells participate in immune reactions and endocrine functions. The endothelial cells are a source of endothelin-1, expressed in response to changes in blood flow, blood pressure, and oxygen tension.
Studies have indicated that endothelin-1 may be a mediator of luteolysis.285,286 Inhibition of VEGF prevents luteal angiogenesis.287 Even the luteal cell population is not homogeneous, being composed of at least two morphologically and functionally distinct cell types, large and small cells.288 Some believe that the large cells are derived from
granulosa cells and the small cells from theca cells. The small cells are the most abundant. Despite the fact that greater steroidogenesis takes place in the large cells, it is the small cells that contain LH and hCG receptors.289,290 The absence of LH/hCG receptors on the large cells, presumably derived from granulosa cells that acquire LH receptors
in the late follicular phase, requires explanation. Perhaps large cells are functioning at a maximal level with receptors totally occupied and functional, or because of intercellular communication through gap junctions, the large cells do not require direct gonadotropin support. Thus, the large cells can be functioning at a high level, under the control of
regulating factors that originate in the small cells in response to gonadotropins. In addition, the overall function is influenced by autocrine-paracrine signals from the endothelial and immune cells. Large luteal cells produce peptides (oxytocin, relaxin, inhibin, GnRH, growth factors, and prostaglandins) and are more active in steroidogenesis, with
greater aromatase activity and more progesterone synthesis than the small cells.291,292 Human granulosa cells (already luteinizing, when recovered from patients undergoing in vitro fertilization) contain minimal amounts of P450c17 mRNA. This is consistent with the two-cell explanation, which assigns androgen production (and P450c17) to the
cells derived from theca. With luteinization, expression of StAR, P450scc, and 3-β hydroxysteroid dehydrogenase markedly increases to account for the increasing production of progesterone; continued expression of these essential factors requires LH.293,294,295 The aromatase system (P450arom), of course, continues to be active in the luteinized
granulosa cells. Progesterone levels normally rise sharply after ovulation, reaching a peak approximately 8 days after the LH surge. Initiation of new follicular growth during the luteal phase is further inhibited by the low levels of gonadotropins due to the negative feedback actions of estrogen, progesterone, and inhibin A. With the appearance of LH
receptors on the granulosa cells of the dominant follicle and the subsequent transformation of the ovulatory follicle into a corpus luteum, inhibin expression comes under the control of LH, and expression changes from inhibin B to inhibin A.126,289,296 The circulating levels of inhibin A rise in the late follicular phase to reach a peak level at the
midluteal phase.33,127,188 Inhibin A, therefore, contributes to the suppression of FSH to nadir levels during the luteal phase, and to the changes at the luteal-follicular transition. There is a wave of small follicle growth during the luteal phase, probably in response to the FSH surge at midcycle; however, the luteal phase FSH suppression ensures that
a mature, large follicle will not emerge.297,298 The secretion of progesterone and estradiol during the luteal phase is episodic, and the changes correlate closely with LH pulses.100,299 Because of this episodic secretion, relatively low midluteal progesterone levels, which some inappropriately believe are indicative of an inadequate luteal phase, can
be found in the course of totally normal luteal phases. The corpus luteum of the primate is unique in its production of estrogen; however, unlike the follicular phase, luteal estrogen synthesis is dependent on LH. Within the corpus luteum, progesterone acts locally to enhance the LH-induced luteinization of granulosa cells, to support its own LHstimulated synthesis, and to inhibit apoptosis.300,301,302 In the normal cycle, the time period from the LH midcycle surge to menses is consistently close to 14 days. For practical purposes, luteal phases lasting between 11 and 17 days can be considered normal.303 The incidence of short luteal phases is about 5–6%. It is well known that significant
variability in cycle length among women is due to the varying number of days required for follicular growth and maturation in the follicular phase. The luteal phase cannot be extended indefinitely even with progressively increasing LH exposure, indicating that the demise of the corpus luteum is due to an active luteolytic mechanism. The corpus
luteum rapidly declines 9–11 days after ovulation, and the mechanism of the degeneration remains unknown. In certain nonprimate mammalian species, a luteolytic factor originating in the uterus and stimulated by estrogen (prostaglandin F2α) regulates the life span of the corpus luteum. No definite luteolytic factor has been identified in the primate
menstrual cycle, and removal of the uterus in the primate does not affect the ovarian cycle. The morphologic regression of luteal cells may be induced by the estradiol produced by the corpus luteum.304 A premature elevation of circulating estradiol levels in the early luteal phase results in a prompt fall in progesterone concentrations, and direct
injections of estradiol into the ovary bearing the corpus luteum induce luteolysis, while similar treatment of the contralateral ovary produces no effect.305 This action of estrogen may be mediated by nitric oxide. Nitric oxide stimulates luteal prostaglandin synthesis and decreases progesterone production.306 Nitric oxide and hCG have opposing
actions in the human corpus luteum; nitric oxide is associated with apoptosis of luteal cells.307 The final signal for luteolysis, however, is prostaglandin F2α that is produced within the ovary in response to the locally synthesized luteal estrogen (Figure 5.15).305,308 These relationships are supported by genome studies delineating prostaglandin F2α
and hCG effects on gene expression.309 The early luteal phase in primates is dominated by intraluteal synthesis of the luteotropic prostaglandin, PGE2; late in the luteal phase, intraluteal prostaglandin synthesis shifts to PGF2α.292 FIGURE 5.15 There is another possible role for the estrogen produced by the corpus luteum. In view of the known
estrogen requirement for the synthesis of progesterone receptors in the endometrium, luteal phase estrogen may be necessary to allow the progesterone-induced changes in the endometrium after ovulation. Inadequate progesterone receptor content due to inadequate estrogen priming of the endometrium is an additional possible mechanism for
subfertility; similarly, some early miscarriages (biochemical losses) may represent a form of luteal phase deficiency. Experimental evidence indicates that the luteolytic effect of prostaglandin F2α is partially mediated by endothelin-1.285,286 Prostaglandin F2α stimulates the synthesis of endothelin-1; endothelin-1 inhibits luteal steroidogenesis, and in
turn, endothelin-1 stimulates prostaglandin production in luteal cells.310 In addition, endothelin-1 stimulates the release of TNF-α, a growth factor known to induce apoptosis; members of the TNF family, including their receptors, are expressed in the corpus luteum and their expression peaks at the time of luteolysis.311,312 The corpus luteum
involves cellular interactions that require cell-to-cell contact. Gap junctions are a prominent feature of luteal cells, just as they are in the follicle before ovulation. When the various cell types of the corpus luteum are studied together, the performance is different compared with studies of single-cell types, greater steroidogenesis more closely
approximating the total function of the corpus luteum.313 It is believed that communication and exchange of signals takes place through the gap junction structures, explaining how the small cells respond to LH and hCG, but the large cells are the main site of steroidogenesis. Regulation of the gap junction system is influenced by oxytocin, a
paracrine role for oxytocin in the corpus luteum.25 When ovulation is induced by the administration of GnRH, normal luteal phase demise occurs despite no change in treatment, arguing against a change in LH as the dominant luteolytic mechanism. In addition, LH receptor–binding affinity does not change throughout the luteal phase. Thus, the
decline in steroidogenesis must reflect deactivation of the system (producing a refractoriness of the corpus luteum to LH), perhaps through the uncoupling of the G protein adenylate cyclase system. This is supported by studies in the monkey in which alteration in LH pulse frequency or amplitude did not provoke luteolysis.314 The process of
luteolysis involves proteolytic enzymes, especially the MMPs. These enzymes are held under inhibitory control by TIMPs secreted by the steroidogenic luteal cells, and because TIMP levels do not change in luteal tissue, luteolysis is believed to involve a direct increase in MMP expression. An important part of the rescue mission for hCG is to prevent
this increase in MMP expression.315 hCG can increase TIMP production, and this, too, would inhibit MMP activity and luteolysis.316 The source of MMPs is the fibroblast cell, and because luteal fibroblasts do not contain LH/hCG receptors, the release of MMPs in the regressing corpus luteum must depend on another signal. One such signal can be
locally produced activin-A that acts upon the fibroblasts to synthesize and release MMPs.317 Emerging hCG from a pregnancy can inhibit this activin-A system by increasing follistatin, the glycopeptide that binds the activin. In addition, human ovary contains the complete IL-1 system, providing another source of cytolytic enzymes. The survival of the
corpus luteum is prolonged by the emergence of a new stimulus of rapidly increasing intensity, the hCG. Blastocysts grown in culture produce and secrete hCG, beginning days 7–8 after fertilization.318 Messenger RNA for hCG can be found in 6- to 8-cell human embryos.319 Because the 8- to 12-cell stage is achieved about 3 days after fertilization, it
is believed that the human embryo begins to produce hCG before implantation when it can be detected in the mother as early as 6–7 days after ovulation. The embryo is capable, therefore, of preimplantation signaling, and higher levels of estradiol and progesterone can be measured in the maternal circulation even before maternal hCG is detectable,
presumably because of stimulation of the corpus luteum by hCG delivered directly from the uterine cavity to the ovary (Figure 5.16).320 Function of the corpus luteum is crucial during the first 7–9 weeks of pregnancy, and luteectomy early in pregnancy can precipitate miscarriage.321 Similarly, early pregnancy loss in primates can be induced by
injections of anti-hCG serum.322 Rescue of the corpus luteum by rising hCG levels from an early pregnancy is associated with maintenance of the corpus luteal vascular system (not new vessel growth), a process that is dependent on the angiogenic factors VEGF and angiopoietin2.177,178,275,323 FIGURE 5.16 Unlike the biphasic luteal pattern of
circulating progesterone levels (a decrease after ovulation and then a new higher peak at the midluteal phase), mRNA levels for the two major enzymes involved in progesterone synthesis (cholesterol side-chain cleavage and 3β-hydroxysteroid dehydrogenase) are maximal at ovulation and decline throughout the luteal phase.323 This suggests that the
life span of the corpus luteum is established at the time of ovulation, and luteal regression is inevitable unless the corpus luteum is rescued by the hCG of pregnancy. Therefore, primates have developed a system that requires rescue of the corpus luteum in contrast to lower animals that use a mechanism that actively causes the demise of the corpus

luteum (luteolysis). Key Points: Luteal Phase Normal luteal function requires optimal preovulatory follicular development (especially adequate FSH stimulation) and continued tonic LH support. The early luteal phase is marked by active angiogenesis mediated by VEGF. New vessel growth is held in check by angiopoietin-1 working through its receptor
Tie-2 on endothelial cells. Progesterone, estradiol, and inhibin A act centrally to suppress gonadotropins and new follicular growth during the luteal phase. Regression of the corpus luteum is associated with a decrease in VEGF and angiopoietin-1 expression and an increase in angiopoietin-2 activity and may involve the luteolytic action of its own
estrogen production, mediated by an alteration in local prostaglandin and involving nitric oxide, endothelin, and other factors. In early pregnancy, hCG rescues the corpus luteum, maintaining luteal function until placental steroidogenesis is well established. THE LUTEAL-FOLLICULAR TRANSITION The interval extending from the late luteal decline
of estradiol and progesterone production to the selection of the dominant follicle for the ensuing cycle is a critical and decisive time, marked by the appearance of menses; equally important but less apparent are the hormone changes that initiate the next cycle. The critical factors include GnRH, FSH, LH, estradiol, progesterone, and inhibin. Given
the important role for FSH-mediated actions on the granulosa cells, it is appropriate that the recruitment of a new ovulating follicle is directed by a selective increase in FSH that begins approximately 2 days before the onset of menses (Figure 5.17).324,325,326,327 Using a sensitive FSH bioassay, an increase in FSH bioactivity can be measured
beginning as early as the midluteal phase.34 There are at least two influential changes that result in this important increase in FSH: a decrease in the luteal steroids and inhibin and a change in GnRH pulsatile secretion. FIGURE 5.17 Inhibin B, originating in the granulosa cells of the corpus luteum and now under the regulation of LH, reaches a nadir
in the circulation at the midluteal period.188 Inhibin A reaches a peak in the luteal phase, and, thus, may help to suppress FSH secretion by the pituitary to the lowest levels reached during a menstrual cycle.33,188 The process of luteolysis, whatever the mechanism/s, with resulting demise of the corpus luteum, affects inhibin-A secretion as well as
steroidogenesis. Administration of inhibin A to monkeys effectively suppresses circulating FSH.328 Thus, an important suppressing influence on FSH secretion is removed from the anterior pituitary during the last days of the luteal phase. This selective action of inhibin on FSH (and not LH) is partly responsible for the greater rise in FSH seen during
the luteal-follicular transition, compared to the change in LH. Administration of recombinant (pure) FSH to gonadotropin-deficient women has demonstrated that the early growth of follicles requires FSH, and that LH is not essential during this period of the cycle.61,62 Inhibin-B levels begin to rise shortly after the increase in FSH (a consequence of
FSH stimulation of granulosa cell secretion of inhibin) and reach peak levels about 4 days after the maximal increase in FSH.33,118,188 Thus, suppression of FSH secretion during the follicular phase is an action exerted by inhibin B, whereas escape of FSH inhibition during the luteal-follicular transition is partly a response to decreasing inhibin A
secretion by the regressing corpus luteum. Circulating levels of activin increase before ovulation to a peak in the luteal phase; however, activin A is highly bound in the circulation, and it is not certain if it has an endocrine role.148,188 Nevertheless, the timing is right for activin to contribute to the rise in FSH during the luteal-follicular transition.
Activin enhances and follistatin suppresses GnRH activity. Evidence in vivo and in vitro indicates that gonadotropin response to GnRH requires activin activity.329 Activin specifically acts synergistically with GnRH to stimulate gene expression in the pituitary for the FSH beta-subunit.330 The selective rise in FSH is also significantly influenced by a
change in GnRH pulsatile secretion, previously strongly suppressed by the high estradiol and progesterone levels of the luteal phase exerting a negative feedback effect at the hypothalamus.104,331 A progressive and rapid increase in GnRH pulses (as assessed by the measurement of LH pulses) occurs during the luteal-follicular transition.103 From
the midluteal peak to menses, there is a 4.5-fold increase in LH pulse frequency (and presumably GnRH) from approximately 3 pulses/24 hours to 14 pulses/24 hours.103 During this time period, the mean level of LH increases approximately 2-fold, from approximately a mean of 4.8–8 IU/L. The increase in FSH is, as noted, greater than that of LH.
FSH pulse frequency increases 3.5-fold from the midluteal period to the time of menses, and FSH levels increase from a mean of approximately 4 IU/L to as much as 15 IU/L. An increase in GnRH pulse frequency has been associated with an initial selective increase in FSH in several experimental models, including the ovariectomized monkey with
destruction of the hypothalamus. Treatment of hypogonadal women with pulsatile GnRH results first in predominance of FSH secretion (over LH). This experimental response and the changes during the luteal-follicular transition are similar to changes observed during puberty with a predominance of FSH as GnRH pulsatile secretion begins to
increase. The pituitary response to GnRH is also relevant in the luteal follicular transition period. Estradiol suppresses FSH secretion by its classic negative feedback relationship at the pituitary level. The decrease in estradiol in the late luteal phase restores the capability of the pituitary to respond with an increase in FSH secretion.332 Key Points:
Luteal-Follicular Transition The demise of the corpus luteum results in a nadir in the circulating levels of estradiol, progesterone, and inhibin. The decrease in inhibin A removes a suppressing influence on FSH secretion in the pituitary. The decrease in estradiol and progesterone allows a progressive and rapid increase in the frequency of GnRH
pulsatile secretion and removal of the pituitary from negative feedback suppression. The removal of inhibin A and estradiol and increasing GnRH pulses combine to allow greater secretion of FSH compared with LH, with an increase in the frequency of the episodic secretion. The rising FSH is instrumental in rescuing approximately a 70-day-old group
of ready follicles from atresia, initiating a new wave of follicular recruitment, growth that is destined for attainment of dominance of a single follicle in the ensuing cycle. THE NORMAL MENSTRUAL CYCLE Menstrual cycle length (duration between day 1 of menses to the 1st day of subsequent menses) is determined by the rate and the quality of
follicular growth and development, and it is normal for the cycle length to vary in individual women.333,334 Subtle alterations in cycle length are appreciated with advancing age, and cycle lengths are the shortest (with the least variability) in the late 30s, a time when subtle but real increases in FSH and decreases in inhibin are occurring (Figure
5.18).124,303,335,336,337,338 This can be pictured as accelerated follicular growth (because of the changes in FSH and inhibin B). At the same time, fewer follicles grow per cycle as a woman ages.339 Approximately 2–4 years prior to the final menstrual period (marking the end of reproductive phase and the onset of menopause), the cycles
lengthen again. In the last 10–15 years before menopause, there is an acceleration of follicular loss.3 This accelerated loss begins when the total number of follicles reaches approximately 25,000, a number reached in normal women at age 37–38. Eventually menopause occurs because the supply of follicles is near depleted.340 FIGURE 5.18 The
changes in the later reproductive years reflect either lesser follicular competence as the better primordial follicles respond early in life, leaving the lesser follicles for later, or the fact that the total follicular pool is reduced in number (or both factors).341 Arguing in favor of a role for a reduced follicular pool is the observation that follicular fluid
obtained from preovulatory follicles of older women contains amounts of inhibins A and B that are similar to that measured in follicular fluid from young women.342 Variations in menstrual flow and cycle length are common at the extremes of reproductive age, during the early teenage years and in the years preceding the menopause. The prevalence
of anovulatory cycles is highest in women under age 20 and over age 40.343,344 Menarche is typically followed by approximately 5–7 years of relatively long cycles that gradually decrease in length and become more regular. Although menstrual cycle characteristics generally do not change appreciably during the reproductive years,344 overall cycle
length and variability slowly decrease. On average, mean cycle length and variability reach their lows at aboutage 40–42.334,345 Over the subsequent 8–10 years before the menopause, the trend is reversed; both average cycle length and variability steadily increase as ovulations become less regular and more infrequent.333,334,346,347 Mean cycle
length is greater in women at the extremes of body mass and composition; both high and low body mass index are associated with an increased mean cycle length.348,349 In general, variations in cycle length reflect differences in the length of the follicular phase of the ovarian cycle. Women who have a 25-day cycle ovulate on or about cycle day 10–
12, and those with a 35-day cycle ovulate approximately 10 days later. Within a few years after menarche, the luteal phase becomes extremely consistent (13–15 days) and remains so until the perimenopause.332,333 At age 25, over 40% of cycles are between 25 and 28 days in length; from age 25 to 35, over 60% are. Although it is the most often
reported intermenstrual interval, only approximately 15% of cycles in reproductive-aged women are actually 28 days in length. Less than 1% of women have a regular cycle lasting less than 21 days or more than 35 days.350 Most women have cycles that last from 24 to 35 days, but at least 20% of women experience irregular cycles.345 REFERENCES
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Danish county, Br J Obstet Gynaecol 99:422, 1992. 6 Conception - Sperm and Egg Transport, Fertilization, Implantation and Early Embryogenesis Among his many accomplishments, Galileo Galilei gave to science, in 1609, two important instruments, the telescope and the microscope.1 Anton van Leeuwenhoek of Delft, Holland, was fascinated by
Galileo’s microscope. Leeuwenhoek was a draper and had no medical or scientific training, yet he became a fellow of the Royal Society of London to which he submitted 375 scientific papers. In 1677, Leeuwenhoek described (fairly accurately) the “little animals of the sperm.” It was another 198 years before Wilhelm August Oscar Hertwig, in
Germany, demonstrated the union of sperm and egg, fertilization, in the sea urchin. The coming together of sperm and egg is one of the essentials of reproduction; however, the remote site of this event and the enclosed origins of the participants made fertilization a difficult subject for study. This changed with the advent of in vitro fertilization.
Greater understanding of sperm and egg development and union is one of the major benefits of the clinical application of the assisted reproductive technologies. This chapter examines the mechanisms involved in sperm and egg transport, fertilization, and implantation. SPERM TRANSPORT The evolution of scrotal mammals and the adoption of
internal fertilization are associated with sperm maturation that occurs outside of the testes. This includes epididymal maturation in the male and capacitation in the female before fertilization. The need for capacitation (the final step required to acquire the ability to fertilize) may be an evolutionary consequence of the development of a storage system
for inactive sperm in the caudal epididymis2 (Figure 6.1). FIGURE 6.1 The epididymis is over 6 m long in men, approximately 80 m in stallions, and over one hundred times the body length in a mouse; however, there are few functions known aside from sperm storage and nutrition. The epididymis is divided into three segments, the caput (head) where
the sperm begin their process of maturation, the corpus (body) where maturation continues, and the cauda (tail), the site of final maturation and storage.3 The sperm reach the caudal epididymis approximately 72 days after the initiation of spermatogenesis. At this time, the head of the sperm contains a membranebound nucleus capped by the
acrosome, a large vesicle of proteolytic enzymes. The inner acrosomal membrane is closely apposed to the nuclear membrane, and the outer acrosomal membrane is next to the surface plasma membrane. The flagellum is a complex structure of microtubules and fibers, surrounded at the proximal end by mitochondria. Motility and the ability to
fertilize are acquired gradually as the sperm pass into the epididymis (Figure 6.2). FIGURE 6.2 The caudal epididymis stores sperm available for ejaculation. The ability to store functional sperm provides a capacity for repetitive fertile ejaculations. Preservation of optimal sperm function during this period of storage requires adequate testosterone
levels in the circulation and maintenance of the normal scrotal temperature.4 The importance of temperature is emphasized by the correlation of reduced numbers of sperm associated with episodes of body fever. The evolution of the scrotum served the purpose of achieving the cooler temperatures required for effective sperm storage. In all
mammalian species that have been studied except humans, it is necessary for spermatozoa to pass through the epididymis in order to develop two characteristics, which are essential to achieve fertilization: the capacity for motility and the ability to bind to the zona pellucida and penetrate the oocyte. There is evidence that the maturation process
occurring in the epididymis involves modification of the sperm surface by epididymal proteins that are synthesized and secreted under the control of androgens.5 Most of the maturational changes occur in the proximal epididymis, where surface proteins that must be removed in the process of capacitation, discussed later, are acquired by the sperm.
It can be argued that in humans, the epididymis is not necessary for posttesticular sperm maturation and that its role is limited to storage because sperm that have never passed through the epididymis and that have been obtained from the vasa efferentia in men with a congenital absence of the vas deferens can fertilize the human oocyte in vitro and
result in pregnancy with live birth.6 Moreover, patients have achieved conception after anastomosis of the vas deferens to a seminiferous tubule 7 or the rete testis.8 In a similar context, the injection of sperm obtained by testicular biopsy directly into an oocyte (intracytoplasmic sperm injection [ICSI]) is very successful in achieving fertilization and
pregnancy;9 this observation, however, should be interpreted with caution, because with direct injection into the oocyte, surface protein action at the oocyte membrane is bypassed. The use of sperm from men with sperm abnormalities should be pursued with some caution. Men with severe oligospermia or azoospermia should receive appropriate
genetic counseling and should be offered testing for Y chromosome microdeletions before their sperm are used for ICSI. Sperm obtained from men with Y chromosome microdeletions involving the AZFc region of Yq11 can transmit the deletion to male children, who then will also likely be infertile. In addition, men with certain Y microdeletions,
including a portion of AZFc, may have an increased susceptibility for developing testicular germ cell tumors. The outcome in subsequent generations must be assessed and appropriate genetic screening must be developed to avoid the transmission of subtle but important genetic alterations. Semen forms a gel almost immediately following ejaculation
but then is liquefied in 20–30 minutes by enzymes derived from the prostate gland. The alkaline pH of semen provides protection for the sperm from the acid environment of the vagina. This protection is transient, and most sperm left in the vagina are immobilized within 2 hours. The more fortunate sperm, by their own motility, gain entrance into the
tongues of cervical mucus that layer over the ectocervix. These are the sperm that enter the uterus; the seminal plasma is left behind in the vagina. This entry is rapid, and sperm have been found in mucus within 90 seconds of ejaculation.10 The destruction of all sperm in the vagina 5 minutes after ejaculation does not interfere with fertilization in
the rabbit, further attesting to the rapidity of transport.11 Contractions of the female reproductive tract occur during coitus, and these contractions may be important for entry of sperm into the cervical mucus and further transport. Presumably successful entry is the result of combined female and male forces (the flagellar activity of the sperm). The
success of therapeutic insemination, however, indicates that coitus and female orgasm are not essential for sperm transport. The sperm swim and migrate through pores in the cervical mucus that are smaller than the sperm head; therefore, the sperm must actively push their way through the mucus.12 One cause of infertility, presumably, is impaired
sperm movement that prevents this transport through the mucus. This movement is probably also influenced by the interaction between the mucus and the surface properties of the sperm head.13 Abnormal morphology of the sperm head is often associated with impaired flagellar function; however, abnormal head morphology alone can be a cause of
poor mucus penetration.14,15 A sperm coating protein (beta-defensin 126), acquired in the caudal epididymis, carries a high negative charge and is critical for movement through the cervical mucus.16 It is generally believed that the cervical mucus has a filtering action; abnormal and less “capable” sperm have difficulty getting through.17 Uterine
contractions and sperm motility propel the sperm upward, and in the human, sperm can be found in the tube 5 minutes after insemination.18 Labeled albumin is present in the tubes within 30 seconds after intrauterine instillation.19 It is possible that the first sperm to enter the tube are at a disadvantage. In the rabbit, these early sperm have only
poor motility, and there is frequent disruption of the head membranes.20 The sperm in this vanguard are unlikely to achieve fertilization. Other sperm that have colonized the cervical mucus and the cervical crypts then make their way more slowly to the ampulla of the tube in order to meet the egg. The number of sperm in the cervical mucus is
relatively constant for 24 hours after coitus, and after 48 hours, there are relatively few remaining in the mucus.21 Although the isthmic region of the fallopian tube functions as a sperm reservoir in many species, this does not appear to be the case in human,22 where the cervix serves as a reservoir, providing a supply of sperm for up to 72 hours.
Human sperm have been found in the fallopian tube as long as 80 hours after intercourse, and these sperm can still perform fertilization normally with zona-free hamster oocytes.23 In animals, the fertilizable lifespan is usually one-half the motile lifespan. The attrition in sperm numbers from vagina to tube is substantial.24 Of an average of 200–300
million sperm deposited in the vagina, at most only a few hundred (rarely reaching 1,000), and often less, achieve proximity to the egg (Figure 6.3).22 Greater numbers are observed in the tubal ampulla at the time of ovulation. The major loss occurs in the vagina, with expulsion of semen from the introitus playing an important role. Other causes for
loss are digestion of sperm by vaginal enzymes and phagocytosis of sperm along the reproductive tract. There are also reports of sperm burrowing into or being engulfed by endometrial cells. Many sperm continue past the oocyte to be lost into the peritoneal cavity. FIGURE 6.3 Within the fallopian tube, sperm that are not yet capacitated are bound to
the epithelial cells. When these sperm release and undergo capacitation, they display a new pattern of movement that has been called hyperactivated motility.25,26 This motility may be influenced by an interaction with the tubal epithelium that results in greater speed and better direction as well as prevention of attachment and entrapment.
Structure of the Cervical Mucus The cervical mucus is a complex structure that is not homogeneous.27 The mucus is secreted in granular form, and a networked structure of the mucus is formed in the cervical canal. Thus, not all areas of the cervical mucus are equally penetrable by the sperm. It is proposed, based on animal studies, that the outward
flow of the cervical mucus establishes a linear alignment of parallel strands that direct the sperm upward. Pressurization of the mucus by contractions of the uterus further aids this alignment and may contribute to the speed of sperm transport. Responding to the midcycle estrogen peak, cervical mucus production, water content, and space between
its large glycoproteins reach a maximum in the immediate preovulatory period. The process of capacitation is initiated but not completed during the sperm’s passage through the cervix. Capacitation The discovery, in 1951, that rabbit and rat spermatozoa must spend some hours in the female reproductive tract before acquiring the capacity to
penetrate ova stimulated intensive research efforts to delineate the environmental conditions required for this change in the sperm to occur.28,29 The process by which the sperm were transformed was called capacitation, the cellular and molecular changes that ejaculated spermatozoa must undergo in order to fertilize.30 Attention was focused on
the hormonal and time requirements and the potential for in vitro capacitation. Successful experiments to capacitate sperm outside of the female body were subsequently conducted in hamsters31 and in mice,32 pioneering the field of in vitro fertilization. Capacitation occurs while the sperm are in the fallopian tube and is characterized by three
accomplishments: 1. The ability to bind to the zona pellucida. 2. The ability to undergo the acrosome reaction. 3. The acquisition of hypermotility. Capacitation changes the surface characteristics of sperm, as exemplified by removal of seminal plasma factors that coat the surface of the sperm, modification of the surface charge, and restriction of
receptor mobility. The protein beta-defensin 126 (DEFB126), derived from the epididymis, is the major coating protein of sperm that facilitates movement through the cervical mucus; its release from the sperm head is essential in order for the sperm to bind to the zona pellucida of the ovum.16,33 Sperm proteomics have demonstrated a huge
collection of receptors coated on the surface of sperm.34,35 The purpose of the coating proteins may be to produce a reservoir of sperm in the fallopian tubes by promoting the binding of sperm to tubal epithelial cells (Figure 6.4).36 FIGURE 6.4 The surface changes are associated with modifications of sperm cell membrane sterols, lipids, and
glycoproteins that cause decreased stability of the plasma membrane and the membrane lying immediately under it, the outer acrosomal membrane. The membranes undergo further, more striking modifications when capacitated sperm reach the vicinity of an oocyte or when they are incubated in follicular fluid. There is a breakdown and merging of
the plasma membrane and the outer acrosomal membrane, the acrosome reaction.37 This allows egress of the enzyme contents of the acrosome, the cap-like structure that covers the sperm nucleus. These enzymes, which include hyaluronidase, a neuraminidase-like factor, cumulus-dispersing enzyme, and a protease called acrosin, are all thought to
play roles in sperm penetration of the egg investments. The changes in the sperm head membranes also prepare the sperm for fusion with the egg membrane. It is the inner acrosomal membrane that fuses with the oocyte plasma membrane. The acrosome reaction can be induced by zona pellucida proteins of the oocyte and by human follicular fluid in
vitro.38,39 In addition, capacitation endows the sperm with hypermotility, and the increased velocity of the sperm is a very critical factor in achieving zona penetration.25 During capacitation, removal of cholesterol from sperm plasma membrane by albumin occurs first. This increases membrane permeability, which is followed by a critical increase in
intracellular calcium concentration due to an influx of extracellular calcium, believed to be induced by progesterone. The events that constitute the process of capacitation are regulated by the redox status of the sperm cell.40,41 The calcium influx activates secondary messenger systems, activating cAMP and redox reactions. Such activities lead to
the phosphorylation of proteins, especially tyrosine residues, an absolute requirement for capacitation.42 Sperm are stimulated to undergo capacitation when they encounter the alkaline change in pH at the time of ovulation, a response of the fallopian tubes to the midcycle hormonal changes. Although capacitation classically has been defined as a
change sperm undergo in the female reproductive tract, specifically in the fallopian tubes, it is apparent that sperm of some species, including the human, can acquire the ability to fertilize after a short incubation in defined media and without residence in the female reproductive tract. Therefore, success with assisted reproductive technologies is
possible. In vitro capacitation requires a culture medium that is a balanced salt solution containing energy substrates such as lactate, pyruvate, and glucose and a protein such as albumin, or a biologic fluid such as serum or follicular fluid. Sperm-washing procedures probably remove factors that coat the surface of the sperm, one of the initial steps in
capacitation. The removal of cholesterol from the sperm membrane is believed to prepare the sperm membrane for the acrosome reaction.43 The loss of cholesterol regulates the expression of sperm cell membrane surface lectins that are involved in sperm surface receptors for the zona pellucida.44 The time required for in vitro capacitation is
approximately 2 hours.45 The final dash to the oocyte is aided by the increased motility due to the state of hyperactivity. This change in motility can be measured by an increase in velocity and flagellar beat amplitude. Perhaps the increase in thrust gained by this hyperactivity is necessary for avoiding attachment to tubal epithelium and achieving
penetration of the cumulus and zona pellucida. Key Points: Steps in Sperm Transport Approximately 72 days are required to produce spermatozoa, a time period followed by storage in the epididymis prior to ejaculation. Sperm enter the cervical mucus and then the fallopian tubes within minutes, but only a few hundred sperm or less reach the oocyte.
The cervix serves as a reservoir of sperm for up to 72 hours. Capacitation, a process initiated during the sperm’s passage through the cervix and completed in the fallopian tube or during in vitro incubation in an appropriate medium, is characterized by the acquired ability of sperm to undergo the acrosome reaction, to bind to the zona pellucida, and
to acquire hyperactivated motility. The acrosome reaction is due to the modification and breakdown, followed by a merger, of the sperm cell membrane and the outer acrosomal membrane, allowing the release of enzymes and changes in the inner acrosomal membrane, necessary for fusion with the oocyte cell membrane. EGG TRANSPORT The
oocyte, at the time of ovulation, is surrounded by cumulus cells (the cumulus oophorus) that attach the oocyte to the granulosa cells that line the wall of the follicle. The zona pellucida, a noncellular porous layer of glycoproteins secreted by the oocyte, separates the oocyte from the cumulus cells. The cumulus cells communicate metabolically with the
oocyte by means of gap junctions. In response to the midcycle surge in luteinizing hormone (LH), maturation of the oocyte proceeds with the resumption of meiosis as the oocyte completes the first meiotic division, enters into the second meiotic division, and arrests in the second metaphase. Just before ovulation, the cumulus cells retract their cellular
contacts from the oocyte. The disruption of the gap junctions induces maturation and migration of the cortical granules to the outer cortex of the oocyte.46 Prior to ovulation, the oocyte and its cumulus mass of cells prepare to leave their long residence in the ovary by becoming detached from the follicular wall. Egg transport encompasses the period
of time from ovulation to the entry of the morula into the uterus. The egg can be fertilized only during the early stages of its sojourn in the fallopian tube. Within 2–3 minutes of ovulation in some animals, the cumulus and oocyte are in the ampulla of the fallopian tube. It takes longer in humans. In rats and mice, the ovary and distal portion of the tube
are covered by a common fluid-filled sac. Ovulated eggs are carried by fluid currents to the fimbriated end of the tube. In contrast, in primates, including humans, the ovulated eggs adhere with their cumulus mass of follicular cells to the surface of the ovary. The fimbriated end of the tube sweeps over the ovary in order to pick up the egg. Entry into
the tube is facilitated by muscular movements that bring the fimbriae into contact with the surface of the ovary. Variations in this pattern surely exist, as evidenced by women who achieve pregnancy despite having only one ovary and a single tube located on the contralateral side. Furthermore, eggs deposited in the cul-de-sac by transvaginal injection
are picked up by the tubes.47 Although there can be a small negative pressure in the tube in association with muscle contractions, oocyte pickup is not dependent on a suction effect secondary to this negative pressure. Ligation of the tube just proximal to the fimbriae does not interfere with pickup.48 In order to successfully achieve a pregnancy, not
only anatomically patent tubes but also a complex system of tubal transport must be operational to allow a timely favorable interaction between gametes and subsequently provide a supporting conduit for the developing conceptus to reach the uterus. Three different components, (1) ciliary motion, (2) muscular contractility, and (3) tubal fluid, all
contribute to varying degrees to effective tubal transport. The fallopian tube is composed of three layers: an inner mucosal surface, a wall of smooth muscle, and an outer serosal layer. It is lined by a single layer of simple columnar epithelium, composed of nonciliated cells and ciliated cells, that undergoes cyclic changes comparable to the
endometrium, in response to the ovarian steroids during the menstrual cycle.49 These changes can be evident as a higher percentage of ciliated cells in the follicular phase, with gradual transition into a secretory cell– dominant pattern in the luteal phase of the cycle. The nonciliated cells are characterized by major secretory activity during the
follicular phase of the cycle, culminating in the release of cytoplasmic components during the passage of the egg, perhaps providing important metabolic factors for transport and implantation. The cilia on the surface of the fimbriae (where they are present in greater concentrations) display adhesive sites, and these seem to have prime responsibility
for the initial movement of the egg into the tube. This movement is dependent on the presence of follicular cumulus cells surrounding the egg, because removal of these cells prior to egg pickup prevents effective egg transport. In the ampulla of the tube, the many cilia beat synchronously in the direction of the uterus, and in the fimbria, the ciliary
beat is faster in the secretory phase of the menstrual cycle.50 In women and monkeys, this unidirectional beat is also found in the isthmus of the tube. Various hormonal and neuronal factors have been shown to modulate the ciliary activity as shown by changes in ciliary beat frequency in the fallopian tube. These include adrenergic and cholinergic
stimulation, ovarian steroids, prostaglandins, angiotensin II, and adrenomedullin. The specific contribution of the cilia to egg transport in the ampulla and isthmus is an unresolved question. Most investigators have credited muscular contractions of the tubes as the primary force for moving the egg.51 However, interference with muscle contractility
in the rabbit did not block egg transport, implying that the cilia alone are adequate for transporting the ovum.52 Reversing a segment of the ampulla of the tube so that the cilia in this segment beat toward the ovary interferes with pregnancy in the rabbit without blocking fertilization. The fertilized ova are arrested when they come in contact with the
transposed area.53 This suggests that ciliary beating is crucial for egg transport. Spontaneous pregnancies have been reported in women who suffer from Kartagener syndrome (primary ciliary dyskinesia) in which there is a congenital absence of dynein arms (a protein structure associated with motility) in all bodily cilia, and thus the cilia do not
beat.54 However, motility of cilia in the tube may be disordered and not totally absent. Nevertheless, the pregnancies in women with Kartagener syndrome indicate the importance of uterine and fallopian tube muscular peristalsis.55 Human fallopian tube muscular contractions are stimulated by prostaglandins E2 and F2α and decreased by
progestins, human chorionic gonadotropin (hCG), and oxytocin.56 Transvaginal endoscopic observation of actual ovum and cumulus oophorus pickup in women revealed that the process is relatively slow (more than 15 minutes), the fimbriae on the ovulating side are distinguished by being erect (probably due to engorged blood vessels and suggesting
a local ovarian influence), and the only observable active mechanism involved ciliary movement.57,58 It is probable, therefore, that in normal circumstances, smooth muscle contractions and the flow of secretory fluid in response to ciliary activity work together to accomplish egg transport. Secretory epithelium of the tube is actively involved in
secretion of a variety of bioactive compounds. Maximal production of tubal fluid is seen in midcycle, and it is believed that its constituents, primarily prostaglandins, play a major role in modulating tubal contractile activity in order to facilitate the ovum pick up and embryo transfer.59,60 At midcycle, following follicular rupture and ovulation, follicular
fluid becomes the major component of the tubal fluid. In addition to the modulatory effects that follicular fluid exerts on ciliary beat frequency and tubal muscular contractility, the simple stream of follicular fluid into the tubal lumen may assist the ovum pick up and transport process.61 In most species, transport of the ovum (the fertilized oocyte)
through the tube requires approximately 3 days.62 The time spent within the various parts of the tube varies from one species to another. Transport through the ampulla is rapid in the rabbit, whereas in women, the egg spends about 80 hours in the tube, 90% of which is in the ampulla at the junction of the ampulla with the isthmus. It is in this
location that fertilization and dispersion of the cumulus cells are completed. Attempts to modify tubal function as a method for understanding its physiology have involved three major pharmacologic approaches: (1) altering levels of steroid hormones, (2) interference with or supplementation of adrenergic stimuli, and (3) treatment with
prostaglandins. Although there is abundant literature on the effects of estrogen and progesterone on tubal function, it is clouded by the use of different hormones, different doses, and different timing of injections. Because of these variations, it is difficult to obtain a coherent picture and to relate the experimental results to the in vivo situation. In
general, pharmacologic doses of estrogen favor retention of eggs in the tube. This “tube-locking” effect of estrogen can be partially reversed by treatment with progesterone (Figure 6.5). FIGURE 6.5 The isthmus of the tube has an extensive adrenergic innervation. Surgical denervation of the tube, however, does not disrupt ovum transport.
Prostaglandins (PG) of the F series stimulate muscle activity of the tube. Although PGF2a stimulates human oviductal motility in vivo, it does not cause acceleration of ovum transport. Is there an essential anatomic segment of the tube? Excision of the ampullaryisthmus junction in rabbits does not prevent fertility.63 This is equally true if small
segments of the ampulla are removed, and pregnancy can occur even if the entire isthmus and uterotubal junction are excised. Although the fimbriae are thought to play a crucial role in fertility, spontaneous pregnancies have been reported following sterilization by fimbriectomy or following surgical repair of tubes whose fimbriated ends had been
excised.64,65 The fallopian tube appears to readily adapt to anatomic changes and restrictions. In most species, a period of residence in the tube appears to be a prerequisite for full development. Rabbit eggs can be fertilized in the uterus, but they do not develop unless transferred to the tubes within 3 hours of fertilization.66 This implies that there
may be a component in uterine fluid during the first 48 hours following ovulation that is toxic to the egg.66 Indirect evidence of an inhospitable environment is also provided by studies indicating that there must be synchrony between development of the endometrium and the egg for successful pregnancy to occur.67,68 If the endometrium is in a
reduced or advanced stage of development compared with the egg, fertility is compromised. In addition, the blastocyst must undergo cleavage and development in order to gain the capability to implant in the uterus. Thus, it is conceptually useful to view the fallopian tube not as an active transport mechanism but as a structure that provides an
important holding action. This functional behavior is coordinated by the increasing estrogen and progesterone levels after ovulation, although local embryonic signals may also be involved. Successful pregnancies have occurred in the human following the Estes procedure, in which the ovary is transposed to the uterine cornua.69 Eggs are ovulated
directly into the uterus, completely bypassing the tube. Moreover, when fertilized donor eggs are transferred to women who are receiving hormone supplementation, there are several days during the treatment cycle when the blastocysts will implant. This crucial difference between animal and human physiology is of more than academic importance.
There has been speculation about the use of drugs that could accelerate tubal transport as a means of providing contraception by ensuring that the egg would reach the uterus when it was in an unreceptive state. Although this may work in animals, it is of doubtful value in the human because perfect synchrony is not required. Animal and human
reproduction also differ in the occurrence of ectopic pregnancy. Ectopic pregnancies are rare in animals, and in rodents, they are not induced even if the uterotubal junction is occluded immediately following fertilization. The embryos reach the blastocyst stage and then degenerate (Figure 6.6). FIGURE 6.6 Key Points: Egg Transport After ovulation,
the oocyte and its surrounding cumulus are in the ampulla of the fallopian tube within 15–20 minutes. Tubal transport depends on smooth muscle contractions and ciliary-induced flow of secretory fluid. The fallopian tube provides an important holding action to allow time for the endometrium to become receptive and the blastocyst to become capable
of implantation, a time period of approximately 80 hours, 90% of which is in the ampulla. OOCYTE MATURATION Oocyte maturation, as reviewed in Chapter 5, is regulated by the gonadotropins, the sex hormones, and the complex interaction among an array of growth factors and cytokines in the follicular fluid. In nonmammalian species, a
nongenomic action of progesterone causes an increase in intracellular calcium concentrations. In human oocytes, an influx of extracellular calcium occurs in response to estradiol, followed by secondary rises in calcium ions from intracellular stores, characterized by wave-like oscillations.70 This is a nongenomic response to estradiol at the cell
surface, and the transient increases in intracellular calcium improve the quality of the oocyte and contribute to the capability for fertilization. Calcium oscillations are a property common to mammalian oocytes and are also an early reaction to the fertilizing spermatozoan.71 Neither the presence of estradiol nor the calcium oscillations are required for
oocytes to resume meiosis. However, improved fertilization following estradiol-induced calcium increases indicates an important role for intrafollicular estradiol in overall oocyte maturation. FERTILIZATION The fertilizable life of the human oocyte is unknown, but estimates range between 12 and 24 hours. However, immature human eggs recovered
for in vitro fertilization can be fertilized even after 36 hours of incubation. Equally uncertain is knowledge of the fertilizable lifespan of human sperm. The most common estimate is 48–72 hours, although motility can be maintained after the sperm have lost the ability to fertilize. The extreme intervals that have achieved pregnancy documented after a
single act of coitus are 6 days prior to and 3 days after ovulation.72 The great majority of pregnancies occur when coitus takes place within the 3-day interval just prior to ovulation.73 Contact of sperm with the egg, which occurs in the ampulla of the tube, may not be random; there is some evidence for sperm-egg communication that attracts sperm
to the oocyte.74,75,76 This chemotactic responsiveness of sperm requires the changes that take place in the capacitation process.77 Thus, this may be a system to select a sperm that is fully capable of fertilization. The cumulus oophorus undergoes a preovulatory expansion that has at least two important roles. The ampullary space of the human
fallopian tube is relatively large (compared with the oocyte), and the expanded cumulus may serve to increase the chances of an encounter with one of the few spermatozoa that have reached the far section of the tube. In addition, this change may facilitate sperm passage through the cumulus. Sperm pass through the cumulus without the release of
acrosomal enzymes.78 It has been suggested, based on in vitro experiments, that the cumulus is essential for full development of the fertilizing ability of sperm; however, removal of the cumulus does not prevent sperm penetration and fertilization. Despite the evolution from external to internal fertilization over a period of about 100 million years,
many of the mechanisms have remained the same.79,80,81 The acellular zona pellucida that surrounds the egg at ovulation and remains in place until implantation has two major functions in the fertilization process: 1. The zona pellucida contains ligands for sperm, which are, with some exceptions, relatively species specific. 2. The zona pellucida
undergoes the zona reaction in which the zona becomes impervious to other sperm once the fertilizing sperm penetrates, and thus, it provides a bar to polyploidy.82 Sperm bind to the zona pellucida for about a minute and then penetrate it rapidly, mediated by acrosin, a trypsin-like proteinase that is bound to the inner acrosomal membrane of the
sperm.81,83,84 The pivotal role assigned to acrosin has been disputed. For example, manipulations that increase the resistance of the zona to acrosin do not interfere with sperm penetration, and thus, sperm motility may be the critical factor. The zona pellucida is a porous structure due to the many glycoproteins assembled into long, interconnecting
filaments. Nevertheless, a preponderance of evidence favors tenacious binding of capacitated spermatozoa to the zona pellucida as a requirement for penetration, although it is clear that penetration requires physical thrust with active motility not only of the tail but of the head as well. Indeed, sperm undergo rapid lateral oscillations of the head about
a fulcrum at the head-tail junction, suggesting a scythe-like action on the zona.2,81 The acrosome is a lysosome-like organelle in the anterior region of the sperm head, lying just beneath the plasma membrane like a cap over the nucleus. The lower part of the two arms is called the equatorial segment. The acrosome contains many enzymes that are
exposed by the acrosome reaction, immediately before fertilization. This reaction is one of exocytosis, the fusion of an intracellular storage vesicle with the inner surface of the cell membrane, followed by release of the vesicle contents. The acrosome reaction requires an influx of calcium ions, the efflux of hydrogen ions, an increase in pH, and fusion
of the plasma membrane with the outer acrosomal membrane, leading to the exposure and escape of the enzymes contained on the inner acrosomal membrane. Binding to the zona pellucida is required to permit a component of the zona to induce the acrosomal reaction. This component is believed to be a glycoprotein sperm receptor, which thus
serves dual functions: binding of sperm and induction of the acrosomal reaction. The initial contact between the sperm and the oocyte is a receptor-mediated process. The zona pellucida is composed of glycoproteins secreted by the oocyte, known as ZP1, ZP2, ZP3, and ZP4, with ZP3 being the most abundant.85,86,87,88 In humans, ZP3 and ZP4 are
the primary ligands for sperm and ZP2 binding occurs after the acrosome reaction, participating in the zona reaction to prevent polyspermy.89 Structural alteration of these glycoproteins leads to a loss of activity; inactivation of these ligands after fertilization is probably accomplished by one or more cortical granule enzymes. The ZP gene is
expressed only in growing oocytes. DNA sequence similarities of the ZP3 gene in various mammals indicate that this gene has been evolutionarily conserved and that the sperm-ligand interaction is a common mechanism among mammals (Figures 6.7 and 6.8).90 Mice with a disrupted ZP3 gene produce oocytes lacking a zona pellucida and are unable
to become pregnant.91,92 A vaccine against zona pellucida glycoproteins from pigs is used to control reproduction in a variety of female animals, including female elephants and deer.93 Human use of such a vaccine has been hampered by the difficulty in preparing pure glycoproteins, but this is now possible using recombinant techniques.94 FIGURE
6.7 FIGURE 6.8 The initial binding of the sperm to the zona requires recognition on the part of the sperm of the carbohydrate component of the species-specific glycoprotein ligand molecule.88,95 Once binding is accomplished, the acrosome reaction is triggered by the peptide chain component of the receptor glycoprotein. At least one receptor on the
sperm head is a tyrosine kinase that is activated by binding to the ZP3 glycoprotein and is an initiator of the acrosome reaction.96,97 This interaction is analogous to the general principle of behavior for hormone-receptor binding and activity. In the case of sperm and oocyte, recognition of the oocyte zona ligand involves an enzyme on the surface of
the sperm that becomes exposed during capacitation. Formation of the ZP3-enzyme complex, therefore, not only produces binding but also induces the acrosome reaction. The Gprotein signaling system is present on sperm heads, and activation at this point in time by progesterone, in an extragenomic mechanism, opens calcium channels to increase
intracellular levels of calcium ions, a requirement for the acrosome reaction.98,99,100 Thus, the initial sperm-zona interaction depends on binding of acrosome-intact spermatozoa, followed by a process mediated by the enzymes released by the zonainduced acrosome reaction. Protein kinase C activation is an important step in the acrosomal reaction,
leading to phosphorylation of sperm proteins involved in the process.101,102 Glycodelin is a glycoprotein with many isoforms found in endometrium, the fallopian tubes, follicular fluid, and in seminal fluid. The various forms of glycodelin modulate sperm function and fertilization by maintaining sperm in the uncapacitated state and inhibiting binding
of sperm to the zona pellucida by competing for zona receptors. A specific receptor for glycodelin is present on sperm, and thus, it makes sense that down-regulation of glycodelin expression would be associated with the hormonal changes at ovulation coinciding with the opening of the fertilization window.103 Spermatozoa enter the perivitelline
space at an angle. The oocyte is a spherical cell covered with microvilli. The sperm head is like a flat dish, and the thickness of the head is a little less than the distance between the oocyte microvilli.104 The region of the equatorial segment of the sperm head, the distal portion of the acrosome, makes initial contact with the vitelline membrane (the
egg plasma membrane or oolemma). At first, the egg membrane engulfs the sperm head, and, subsequently, there is fusion of egg and sperm membranes. Bedford has opined that the tangential trajectory of this process allows closure with expansion of the blastocyst, preventing the persistence of a hole that would allow herniation or interfere with the
normal hatching that occurs later within the uterus.105 Sperm-egg fusion is mediated by specific proteins. Two membrane proteins from the sperm head have been sequenced; one (PH-20, also called SPAM1) is involved in binding to the zona pellucida, and the other (PH-30, also called fertilin) is involved in fusion with the oocyte.106,107 PH-20, with
hyaluronidase activity, is also active in dispelling the cumulus.108 The cell membrane of the unfertilized oocyte contains integrin adhesion/fusion molecules that recognize peptides such as fibronectin, laminin, and collagen.109 Fibronectin appears on the spermatozoa, but it is disputed whether it appears with caudal maturation or after capacitation.
Vitronectin is a sperm protein that is activated after capacitation and the acrosome reaction and may be the key peptide interacting with oocyte cell membrane integrins.110 These steps in the fusion process will occur only with sperm that have undergone the acrosome reaction. Multiple spermassociated surface proteins are involved in binding to the
oocyte membrane, but no single peptide has been identified as absolutely essential for fertilization, implying redundancy.111,112 Fusion of the sperm and oocyte membrane to form a zygote is followed by the cortical reaction and metabolic activation of the oocyte. An increase in intracellularfree calcium in a periodic, oscillatory pattern always
precedes the cortical reaction and oocyte activation at fertilization, and this is believed to be the mechanism by which the spermatozoon triggers these developmental events.71,113,114 It is believed that calcium signaling in fertilization is initiated by the introduction of a sperm factor into the egg, a phospholipase protein that activates inositol 1,4,5trisphosphate leading to calcium release.114 An analysis of failed fertilizations in one couple after ICSIs indicated a high prevalence of failed oocyte activation; repeated ICSI after initiating oocyte activation with a calcium ionophore resulted in a successful pregnancy.115 The initiation of the block to penetration of the zona by other sperm is
mediated by the cortical reaction, another example of exocytosis with the release of materials from the cortical granules, lysosome-like organelles that are found just below the egg surface.116 As with other lysosome-like organelles, these materials include various hydrolytic enzymes. Changes brought about by these enzymes lead to the zona reaction,
the hardening of the extracellular layer by cross-linking of structural proteins, and inactivation of ligands for sperm receptors.117 Thus, the zona block to polyspermy is accomplished. The initial change in this zona block is a rapid depolarization of the oocyte membrane associated with a release of calcium ions from calmodulin.118,119 The increase in
intracellular calcium acts as a signal or trigger to activate protein synthesis in the oocyte. The depolarization of the membrane initiates only a transient block to sperm entry. The permanent block is a consequence of the cortical reaction and the release of enzymes, also apparently triggered by the increase in calcium. Approximately 3 hours after
fertilization, meiosis is completed.120 The second polar body is released, leaving the egg with a haploid complement of chromosomes. The addition of chromosomes from the sperm restores the diploid number to the now fertilized egg. The chromatin material of the sperm head decondenses, and the male pronucleus is formed. The male and the
female pronuclei migrate toward each other, and as they move into close proximity, the limiting membranes break down, and a spindle is formed on which the chromosomes become arranged. Thus, the stage is set for the first cell division. Embryonic genome activity in the human begins early; DNA synthesis activity can be detected 9–10 hours after
insemination.121 Human gene expression (transcription) begins between the 4- and 8-cell stages of preimplantation cleavage, 2–3 days after fertilization.122 Earlier embryonic signals may be derived from a store of maternal messenger RNAs, termed the “maternal legacy.”123,124 In addition, proteomics have identified RNAs and transcription
factors within sperm that suggest a mechanism for a paternal contribution to the early development of the embryo.35,125 Clinicians are interested not only in how normal fertilization takes place but also in the occurrence of abnormal events that can interfere with pregnancy. It is worthwhile, therefore, to consider the failures that occur in association
with in vivo fertilization. Studies in the nonhuman primate have involved monkeys and baboons. A surgical method was used to flush the uterus of regularly cycling rhesus monkeys, and 9 preimplantation embryos and 2 unfertilized eggs were recovered from 22 flushes. Two of the nine embryos were morphologically abnormal and probably would not
have implanted.126 Hendrickx and Kraemer used a similar technique in the baboon and recovered 23 embryos, of which 10 were morphologically abnormal.127 This suggests that, in nonhuman primates, some ovulated eggs are not fertilized and that many early embryos are abnormal and, in all likelihood, will be aborted. Similar findings have been
reported in the human in the classic study of Hertig et al.128 They examined 34 early embryos recovered by flushing, and examination of reproductive organs removed at surgery. Ten of these embryos were morphologically abnormal, including 4 of the 8 preimplantation embryos. Because the 4 preimplantation losses would not have been recognized
clinically, there would have been 6 losses recorded in the remaining 30 pregnancies. In each ovulatory cycle, only 20–30% of normally fertile couples can achieve a pregnancy.129 By using sensitive pregnancy tests, it has been suggested that 20% of pregnancies are lost after implantation and before the pregnancy is clinically perceived.130,131 In the
postimplantation period, if only clinically diagnosed pregnancies are considered, the generally accepted figure for spontaneous miscarriage in the first trimester in young women is 15%. Approximately 50–60% of these abortuses have chromosome abnormalities.132 This suggests that a minimum of 7.5% of all human conceptions are chromosomally
abnormal. The fact that only 1 in 200 newborns has a chromosome abnormality attests to the powerful selection mechanisms operating in early human gestation. Key Points: Fertilization Sperm penetration of the zona pellucida depends on a combination of sperm motility, an acrosomal proteinase, and binding of sperm head receptors to zona ligands.
Binding of sperm head receptors and zona ligands produces an enzyme complex that induces the acrosome reaction, releasing enzymes essential for the fusion of the sperm and oocyte membranes. Fusion of the sperm and oocyte membranes triggers the cortical reaction, the release of substances from the cortical granules, organelles just below the
egg cell membrane. The cortical reaction leads to the enzyme-induced zona reaction, the hardening of the zona, and the inactivation of ligands for sperm receptors, producing an obstacle to polyspermy. Cell division begins promptly after fertilization; human embryonic gene expression begins between the 4- and 8-cell stages. IMPLANTATION AND
PLACENTATION A normal pregnancy is, of course, impossible without successful implantation and placentation. Because there are differences among the various species, we will focus on the physical and biochemical events that are relevant in human reproduction.133,134 Shortly after the 8-cell morula enters the uterine cavity about 4 days after the
gonadotropin surge and 3 days after ovulation, a blastocyst (a preimplantation embryo of varying cell number, from 32 to 256) is formed. Implantation (the embedding of the blastocyst in the endometrial stroma) begins with the loss of the zona pellucida (hatching) about 1–3 days after the morula enters the uterine cavity. Preparation for Implantation
The change from proliferative to secretory endometrium, described in detail in Chapter 3, is an essential part of achieving the receptive conditions required for implantation. The primary endocrine requirement is the presence of progesterone; in the monkey, implantation and pregnancy can be achieved in the absence of luteal phase estrogen.135 This
crucial histologic change is termed decidualization, the process of endometrial fibroblasts transforming into specialized secretory decidual cells, and is caused by many underlying biochemical and molecular events orchestrated by progesterone. In most species, the implanting embryo triggers the decidualization process. In human beings, however,
decidualization is under maternal control and initiated during the midsecretory phase of each cycle in response to elevated progesterone and rising cellular cAMP levels. The human endometrium is 10–14 mm thick at the time of implantation in the midluteal phase. By this time, secretory activity has reached a peak, and the endometrial cells are rich
in glycogen and lipids. Decidualization is indispensable for pregnancy as it confers immune tolerance to the developing fetal semi-allograft, regulates trophoblast invasion, and both nourishes and protects the peri-implantation conceptus against a variety of physiologic stressors associated with pregnancy.136 Indeed, nourishment of the human fetus is
dependent on contributions from the endometrial glands until the end of the first trimester of pregnancy, when a high level of maternal blood flow is reached within the placenta.137 Understanding the dynamic endocrine behavior of the endometrium (Chapter 3) increases the appreciation for its active participation in the implantation process. The
window of endometrial receptivity is restricted to days 16–22 of a 28-day normal cycle (5–10 days after the LH surge) and days 16–19 of cycles stimulated by exogenous gonadotropins.68,138,139,140 The harmonious synchronization of a large cast of biochemical and molecular players is a complex achievement required for normal implantation. It is
not surprising that gene expression studies have begun to identify the presence of dysregulated endometrial genes in women with repeated implantation failures.141 The maximal chance of a normal implantation is only about 40% per cycle under optimal conditions142 (Figure 6.9). FIGURE 6.9 Endometrial receptivity is heralded by the progesteroneinduced formation of pinopodes (also called uterodomes), surface epithelial cells that lose their microvilli and develop smooth protrusions, appearing and regressing during the window of receptivity.143 The pinopodes may serve to absorb fluid from the uterine cavity forcing the blastocyst to be in contact with the endometrial epithelium. Blastocysts
adhere at sites with pinopodes where the cell surface loses its nonadhesive character.144 The most critical feature of the pinopode is the removal of adhesion-inhibiting mucin during the window of implantation.145 Pinopodes appear around day 21 and are present only for a few days during implantation, following the peak in progesterone levels and
marked by a decrease in progesterone receptor B in the endometrium.146 However, this limited appearance of pinopodes is controversial as others have described their appearance throughout the luteal phase and into pregnancy.147 While it has been known for long time that progesterone exerts a profound influence on uterine function during early
gestation and is crucial for implantation, our understanding of the underlying molecular mechanisms mediated by progesterone action have grown substantially over the past decade by detailed molecular studies in genetically engineered mouse models. These studies have revealed that several progesterone-regulated pathways involved in
endometrial function during implantation are conserved in mice and humans. Several progesterone receptor-regulated genes such as Ihh, Bmp2, Wnt4, Hoxa10, and Hand2 are essential for implantation and decidualization.148,149 Even before the blastocyst adheres to the surface epithelium, but after hatching from the zona pellucida, a dialogue
between the mother and the early embryo has begun. Early pregnancy factor (EPF) can be detected in the maternal circulation within 1–2 days after fertilization.150 Prior to implantation, EPF is apparently produced by the ovary in response to a signal from the embryo. After implantation, EPF is no longer secreted by the ovary but is derived from the
embryo. EPF has immunosuppressive properties and is associated with cell proliferation and growth. Indeed, there is reason to believe that endometrial receptivity for implantation requires appropriate signals from the embryo. One such signal is hCG. Blastocysts grown in culture produce and secrete hCG, beginning days 7–8 after fertilization.151
Messenger RNA for hCG can be found in 6- to 8-cell human embryos.152 Because the 8- to 16-cell stage is achieved about 3 days after fertilization, it is believed that the human embryo begins to produce hCG before implantation when it can be detected in the mother (about 6–7 days after ovulation). The embryo is capable, therefore, of
preimplantation signaling, and higher levels of estradiol and progesterone can be measured in the maternal circulation even before maternal hCG is detectable, presumably because of stimulation of the corpus luteum by hCG delivered directly from the uterine cavity to the ovary.153 Function of the corpus luteum is crucial during the first 7–9 weeks
of pregnancy, and luteectomy early in pregnancy can precipitate abortion.154 Similarly, early pregnancy loss in primates can be induced by injections of anti-hCG serum.155 Another substance secreted very early by the preimplantation embryo is platelet-activating factor, perhaps part of the immunosuppressive activity required to induce maternal
tolerance of the embryo. In the rabbit, platelet-activating factor also induces the production of EPF.156 Indeed, many growth factors are produced by the early embryo.157 In rodents and rabbits, implantation can be interrupted by injection of prostaglandin inhibitors.158,159 Indomethacin prevents the increase in endometrial vascular permeability
normally seen just prior to implantation. Additional evidence for a role by prostaglandins in the earliest stages of implantation is the finding of increased concentrations of prostaglandins at implantation sites, similar to any inflammatory response.160 The blastocysts of mice, rabbits, sheep, and cows produce prostaglandins, and prostaglandin E2
release from human blastocysts and embryos has been demonstrated.161 The secretory endometrial epithelial cells are also a source of prostaglandin E2 (but not prostaglandin F2α), and its synthesis may be stimulated by the tissue response that accompanies implantation. However, decidual synthesis of prostaglandins is significantly reduced
compared with proliferative and secretory endometrium, apparently a direct effect of progesterone activity and perhaps a requirement in order to maintain the pregnancy.160 Nevertheless, prostaglandin E2 synthesis is increased at the implantation site, perhaps in response to blastocyst factors, for example, plateletactivating factor, and correlates
with an increase in vascular permeability.160,162 It is now well accepted that decidua-derived prostaglandin E2 is one of the major regulators of trophoblastic invasion, activating other signaling proteins.163 As discussed in Chapter 3, the many cytokines, peptides, and lipids secreted by the endometrium are interrelated through the stimulating and
inhibiting actions of estrogen and progesterone, as well as the autocrine/paracrine activities of these substances on each other. The response to implantation certainly involves the many members of the growth factor and cytokine families. Angiogenesis, the growth of blood vessels from preexisting vessels, is a key feature of the endometrial cycle and
implantation. This process is regulated indirectly by the sex steroids and directly by growth factors, especially members of the fibroblast growth factor family, the angiopoietins, and the vascular endothelial cell growth factor (VEFG) family. There are at least five VEGF isoforms and four receptors. Two angiopoietins, Ang-1 and Ang-2, share a common
tyrosine kinase receptor, Tie2. VEGF-A seems critical for vascular growth and is up-regulated in the presence of reduced oxygen. The angiopoietins also promote the growth of blood vessels and act synergistically with VEGF. Controlled growth as well as appropriate regression reflect the balance between an ever-increasing number of stimulatory and
inhibitory factors discovered by scientists in this field (Table 6.1).164,165 TABLE 6.1 Growth Factors Implantation Implantation is defined as the process by which an embryo attaches to the uterine wall and penetrates first the epithelium and then the circulatory system of the mother to form the placenta. The embryo completely invades the
endometrium only in great apes and humans. Implantation is a process that is limited in both time and space, beginning 2–3 days after the fertilized egg enters the uterus usually on day 18 or 19 of the cycle (3 or 4 days after ovulation).140 Thus, implantation occurs 5–7 days after fertilization. A careful study of women attempting to conceive
documented that the first hormonal evidence of implantation (the appearance of hCG) occurred on 8, 9, or 10 days after ovulation; the earliest was 6 days and the latest 12 days.166 The risk of spontaneous early miscarriage markedly increases with late implantations (later than 9 days after ovulation). Implantation consists of three stages: apposition,
adhesion, and invasion (also called migration to denote its benign nature). Apposition and Adhesion The human blastocyst remains in the uterine secretions for approximately 1–3 days and then hatches from its zona pellucida in preparation for attachment. The implantation site in the human uterus is usually in the upper, posterior wall in the
midsagittal plane. Implantation is marked initially by apposition of the blastocyst to the uterine epithelium, usually about 2–4 days after the morula enters the uterine cavity. A prerequisite for this contact is a loss of the zona pellucida, which, in vitro, can be ruptured by contractions and expansions of the blastocyst. In vivo, this activity is less critical,
because the zona can be lysed by components of the uterine fluid. Nevertheless, blastocyst movement and escape from the zona pellucida appear to involve cytoplasmic projections (this leads to penetrations of the zona by the trophectoderm prior to zona hatching).167 By this time, the blastocyst has differentiated into an inner cell mass (embryo) and
trophectoderm (placenta), both essential for implantation. The endometrium produces at least three cytokines involved in implantation.168 These are colony-stimulating factor-1 (CSF-1), leukemia-inhibitory factor (LIF), and interleukin-1 (IL-1). CSF-1 expression and receptors for CSF-1 are found in both the human endometrium (peaking in decidua)
and the preimplantation embryo. Mice with an inactivating mutation in the CSF-1 gene are infertile because of low rates of implantation and fetal viability.169 LIF displays the same pattern of expression as CSF1, and mice with an LIF gene mutation have a failure of blastocyst implantation.170,171 Blocking the interleukin-1 receptor in mice also
prevents implantation.168 Interleukin-1 stimulates hCG release from human trophoblast cells, and the endometrium increases VEGF expression and regulates the tissue inhibitors of metalloproteinases (TIMPs); GnRH is produced in the human blastocyst and stimulates endometrial expression of interleukin-1.172 Perhaps the first maternal change in
the implantation process, increased permeability of the capillaries near the adherent blastocyst, is due to a blastocystdirected change in heparin-binding epidermal growth factor (HB-EGF) expression in the surface epithelium.173 In addition, the blastocyst contains receptors for epidermal growth factor that respond to HB-EGF and promote growth
and zona hatching. The adhesion process further involves a collection of adhesion molecules, including integrins, selectins, and trophinin.174 The decidualized endometrium and the early embryo express extracellular matrix components, especially laminin and fibronectin, which mediate cell adhesion by binding to the adhesion molecules.175 Cells are
fixed and supported by the extracellular matrix components such as laminin and fibronectin through attachments to these components via cell surface receptors, especially the integrins. An increase in specific isoforms of laminin in decidua at the time of implantation suggests an important interaction with the invading trophoblast.176 Thus,
implantation starts with adhesion due to binding with endometrial proteins, followed by invasion (migration) of the trophoblast by proteinase degradation of the extracellular matrix. Integrins are members of a family of transmembrane cell surface receptors for collagen, fibronectin, and laminin. Integrins are utilized in cell-cell and cell-matrix
interactions, contributing to cell migration, cell differentiation, and tissue structure. A cyclic change in integrin expression in the endometrial epithelial cells indicates peak expression at the time of implantation.177 It has been suggested that a lack of integrin expression during the implantation window can be a cause of infertility.178 The blastocyst
also expresses integrins in a time sequence and at a site (outgrowing trophoblast cells) that are appropriate for key activity during implantation.179 The integrins are a diverse collection of receptors, reflecting various combinations of the α and β subunits in the structure of the receptor, as well as variations in the cytoplasmic domain in the subunits.
Stimulation and inhibition of cellular proliferation in the endometrium and decidua are influenced by specific expression of the appropriate subunits.180 Mechanisms that control variation in the structure through splicing would account for the expression of an integrin variant appropriate for proliferation early in the endometrial cycle and prevention
of proliferation in the decidua, and perhaps prevention of trophoblastic invasion. Ephrins are peptides that bind to tyrosine kinase cell membrane receptors. Ephrin expression can be detected in both endometrial epithelial cells and in blastocysts.181 This is another system for the cell-to-cell communication involved in trophoblastic migration. The
process of tissue disruption is accompanied by an increase in lymphocytes, another source for cytokines and growth factors in addition to trophoblast and endometrial cells. The distinction between cytokines and growth factors is not always clear, but T lymphocytes and macrophages are significant secretors of cytokines. In general, cytokines, growth
factors, and their receptors have been identified in virtually all tissues associated with implantation. The cataloging is lengthy and often confusing.168,182 It is helpful to simply view these various substances as the biochemical tools by which the physical process of trophoblast adhesion and invasion is accomplished (Figure 6.10). FIGURE 6.10 Even if
the hormonal milieu and protein composition of the uterine fluid are hospitable, implantation may not occur if the embryo is not at the proper stage of development. It has been inferred from this information that there must be developmental maturation of the surface of the embryo before it is capable of attachment and implantation. Reports of
changes in the surface charge of preimplantation embryos differ in their findings, and it is unlikely that changes in surface charge are solely responsible for adherence of the blastocyst to the surface of epithelial cells. Binding of the lectin concanavalin A to the blastocyst changes during the preimplantation period, an indication that the surface
glycoproteins of the blastocyst are in transition.183 It is reasonable to assume that these changes in configuration on the surface occur in order to enhance the ability of the early embryo to adhere to the maternal surface. As the blastocyst comes into close contact with the endometrium, the microvilli on the surface flatten and interdigitate with those
on the luminal surface of the epithelial cells. A stage is reached where the cell membranes are in very close contact and junctional complexes are formed. The early embryo can no longer be dislodged from the surface of the epithelial cells by flushing the uterus with physiologic solutions. Intense research efforts are undergoing to define the
transcriptional profile of the endometrium throughout the menstrual cycle and window of implantation.184,185 Eventually, the characterization of an endometrium that is normally receptive to implantation will allow medical interventions. It is not far-fetched to consider therapeutic manipulations that will either improve implantation rates or provide
contraception. Invasion and Placentation In the 2nd week after ovulation, the placenta is formed.175 By this time, the trophoblasts at the implantation site have formed masses of cytotrophoblasts and syncytiotrophoblasts, and invasion of maternal blood vessels has begun. The walls of the spiral arteries are destroyed, as sinusoidal sacs are formed
lined with endovascular trophoblast. The fundamental change is a replacement of maternal vascular cells with cytotrophoblast cells. The purpose of placental invasion is to remodel the uterine vasculature, establishing a structure that will allow and maintain a high blood flow interchange between mother and fetus, replacing small, high-resistance
vessels with large, low-resistance vessels. The invading placental cells are special trophoblast cells, known as the extravillous trophoblast, that arise by proliferation and differentiation of cytotrophoblast stem cells within the chorionic villi. Three types of interactions between the implanting trophoblast and the uterine epithelium have been
described.186 First, trophoblast cells intrude between uterine epithelial cells on their path to the basement membrane. In the second type of interaction, the epithelial cells lift off the basement membrane, an action that allows the trophoblast to insinuate itself underneath the epithelium. Last, fusion of the trophoblast with individual uterine epithelial
cells has been identified by electron microscopy in the rabbit.187 This latter method of gaining entry into the epithelial layer raises interesting questions about the immunologic consequences of mixing embryonic and maternal cytoplasm. Trophoblast has the ability to phagocytose a variety of cells, but, in vivo, this activity seems largely confined to

removal of dead endometrial cells, or cells that have been sloughed from the uterine wall. Similarly, despite the invasive nature of the trophoblast, destruction of maternal cells by enzymes secreted by the embryo does not play a major role in implantation; there is virtually no necrosis. The early embryo does secrete a variety of enzymes (e.g.,
collagenase and plasminogen activators), and these are important for digesting the intercellular matrix that holds the epithelial cells together. Studies in vitro have demonstrated the presence of plasminogen activator in mouse embryos and in human trophoblast, and its activity is important in the attachment and early outgrowth stages of
implantation.188,189 Urokinase and proteases, trophoblastic enzymes that convert plasminogen to plasmin, are inhibited by hCG, indicating regulation of this process by the embryo.190 The trophoblast at a somewhat later stage of implantation can digest, in vitro, a complex matrix composed of glycoproteins, elastin, and collagen, all of which are
components of the normal intercellular matrix.191,192 Studies in vitro indicate that cells move away from trophoblast in a process called “contact inhibition.”193 Trophoblast then spreads to fill the spaces vacated by the cocultured cells. Once the extracellular matrix has been lysed, this movement of epithelial cells away from trophoblast would allow
space for the implanting embryo to move through the epithelial layer. Trophoblast movement is aided by the fact that only parts of its surface are adhesive, and the major portion of the surface is nonadhesive to other cells. The highly proliferative phase and migration of trophoblastic tissue during early embryogenesis are regulated by the many
growth factors and cytokines produced in both fetal and maternal tissues.194 VEGF is important for the growth of new blood vessels, and the angiopoietins recruit perivascular cells to provide vascular stability. The interaction of VEGF and angiopoietins is important in the remodeling of maternal vessels necessary to develop the uteroplacental
circulation. Another signal from the fetus to induce maternal blood vessels to grow is hCG, which of course is available even before implantation to bind to its receptor in the endometrium and stimulate vessels directly as well as the expression of angiogenic factors, such as VEGF.195,196 Preeclampsia is characterized by insufficient spiral artery
remodeling, and it has been suggested that alterations in circulating angiogenic factors play a pathogenic role in preeclampsia. Women with preeclampsia have been shown to have increased levels of the antiangiogenic factors, soluble fms-like tyrosine kinase 1 (sFlt-1), and soluble endoglin (sEng), which are thought to trap circulating VEGF,
placental growth factor (PGF), and transforming growth factor β (TGFβ), respectively, decreasing their free levels, leading to endothelial dysfunction and the clinical manifestations of the disease.197,198 Invasion of the early trophoblast requires the expression of integrins, stimulated by trophoblast-derived insulin-like growth factor-II and deciduaderived IGF-binding protein-1, and inhibited by decidua-derived TGFβ (Figure 6.11).199,200 Actively migrating trophoblast cells have a different integrin profile than nonmigrating cells, specifically cell surface receptors that preferentially bind laminin.175,201 The controlling mechanism (not yet known) for this change in integrin expression must be
a key regulator of trophoblast invasion. The specific nature of integrin expression can determine binding to matrix components, a requirement for migration. FIGURE 6.11 Integrin cell surface binding for the matrix components can be also regulated by activating and inactivating the integrins. This would allow trophoblast cells to alternate between
adhesive and nonadhesive states, thus achieving directional cell migration.202 The role of integrin cell surface receptors is not simply to bind to a structural component in extracellular matrix but also to activate intracellular signaling pathways (similar to the classic endocrine tropic hormone-cell membrane receptor pathway) that result in activation
of enzymes that ultimately promote adhesion and to regulate cellular gene transcription.175 IGF-binding protein-1 can stimulate trophoblastic cell migration independently of the IGF system by binding to an integrin receptor and activating kinase pathways.203 The uterine spiral arterioles are invaded by cytotrophoblasts, and the maternal
endothelium is replaced by cytotrophoblast tissue as far as the first third of the myometrium. The maternal vascular invasion by trophoblast cells and replacement of vascular endothelium with endovascular trophoblast may utilize a different class of surface molecules, the selectin family.175 The selectins have been demonstrated to be present in
decidual vascular endothelial cells, but only at the site of implantation. The selectins are responsive to inflammatory mediators, including cytokines. As the trophoblast cells replace maternal endothelium, the receptor profile for adhesion peptides of the trophoblast changes to resemble endothelial cells.204 It has been long recognized that this
invasion process is limited in pregnancies with preeclampsia, and this is the fundamental cause of the poor placental perfusion associated with preeclampsia and intrauterine growth retardation. The relative failure in this process in preeclampsia is characterized by insufficient conversion to endothelial adhesion receptors as well as low levels of IGFbinding protein-1 and matrix metalloproteinases.205,206,207 The matrix metalloproteinases, significantly involved in the process of menstruation (Chapter 3), are also key players in matrix degradation during trophoblast invasion. The metalloproteinases include collagenases, gelatinases, and the stromelysins. Integrinmediated adhesion can activate
this family of proteolytic enzymes, which then accomplish the degradation of matrix proteins that is necessary in order for trophoblast migration to take place. Production of the metalloproteinases is regulated by the combined actions of plasminogen activators, cytokines, and tissue inhibitors (TIMPs). Early trophoblastic invasion is enhanced by
trophoblast-derived GnRH that suppresses the expression of TIMPs, the inhibitors of matrix metalloproteinases.208 Further penetration and survival depend on factors that are capable of suppressing the maternal immune response to fetal antigens. The endometrial tissue makes a significant contribution to growth factor activity and immune
suppression by synthesizing proteins in response to the blastocyst even before implantation.209,210 One of the great mysteries associated with implantation is the mechanism by which the mother rejects a genetically abnormal embryo or fetus. Evidence from several mammalian species indicates that the endometrium is capable of “sensing” the
quality of the attaching embryo, mounting a decidualization response that is tailored to individual embryos. Microarray analysis of bovine endometrium has revealed differential gene expression depending on the origin (somatic cell nuclear transfer, IVF, or artificial insemination) and developmental potential of the implanting embryo.211 In humans,
endometrial stromal cells have been shown in vitro in a coculture model to respond selectively to low-quality embryos by inhibiting the secretion of key implantation factors, including IL1-beta, HB-EGF, and LIF.212 In addition, low-quality embryos elicit an endoplasmic stress response in human endometrial stromal cells in vitro, as well as in mouse
uterus in vivo.213 The embryonic signals will be effective only in a proper hormone milieu. Much of the knowledge concerning the hormone requirements for implantation in animals has been gained from studies of animals with delayed implantation. In a number of species, preimplantation embryos normally lie dormant in the uterus for periods of
time, which may extend for as long as 15 months before implantation is initiated. In other species, delayed implantation can be imposed by postpartum suckling or by performing ovariectomy on day 3 of pregnancy. This produces a marked decrease in synthesis of DNA and protein by the blastocyst. The embryo can be maintained at the blastocyst
stage by injecting the mother with progesterone. Using this model, hormonal requirements for implantation have been determined. In mice, there is a requirement for estrogen and progesterone. In other species, including the primate, the nidatory stimulus of estrogen is not required, and progesterone alone is sufficient.135 However, genomic
profiling indicates that the presence of some estrogen facilitates the progesteroneinduced gene expression associated with implantation.214 Although it is known that the hormone milieu of delayed implantation renders the embryo quiescent, it is not known whether this represents a direct effect on the embryo or whether there is a metabolic
inhibitor present in uterine secretions that acts on the embryo. Removal of the embryo from the uterus to culture dishes allows rapid resumption of normal metabolism, suggesting that in fact, there has been a release from the inhibitory effects of a uterine product. Limitation of Invasion Unlike the tissue invasion associated with cancer, trophoblast
invasion must be limited, confining the placenta to its intrauterine location and within the time constraint of a pregnancy. Invasion of the endometrial stromal compartment, breaching of the basement membrane, and penetration of maternal blood vessels are mediated by serine proteases and metalloproteinases. The serine proteases are plasminogen
activators that provide plasmin for proteolytic degradation of the extracellular matrix and activation of the metalloproteinase family. Trophoblast cells contain plasminogen activator receptors. Binding of plasminogen activator to this receptor is believed to be a method by which plasmin proteolysis is exerted in a controlled and limited site.215 Many
components of the inflammatory response play roles in the process of implantation. Cytokine secretion from the lymphocyte infiltrate in the endometrium activates cellular lysis of trophoblast, perhaps an important process in limiting invasion.216 The decidua at the time of implantation contains a large number of natural killer cells (large granular
lymphocytes). It has been proposed that an interaction between these cells and a human leukocyte antigen uniquely present in invading trophoblast limits invasion by producing appropriate cytokines.217 Invasion by the trophoblast is limited by the formation of the decidual cell layer in the uterus. Fibroblast-like cells in the stroma are transformed
into glycogen and lipidrich cells. In the human, decidual cells surround blood vessels late in the nonpregnant cycle, but extensive decidualization does not occur until pregnancy is established. Ovarian steroids govern decidualization, and in the human, a combination of estrogen and progesterone is critical. Tissue factor (TF), expressed in decidualized
endometrium, is a receptor for factor VII and its active form, VIIa. Concentrated in perivascular sites, TF forms what Lockwood calls a “hemostatic envelope” to promote hemostasis by providing fibrin.218,219 TF is appropriately positioned to counteract the threat of hemorrhage associated with trophoblastic invasion. Limitation of trophoblastic
invasion is attributed to the balance of promoting and restraining growth factors, cytokines, and enzymes. Plasminogen activator inhibitor-1 (PAI-1) is a major product of decidual cells, inhibiting excessive bleeding during menses and restraining trophoblast invasion in early pregnancy.218,220 PAI-1 binds plasminogen activator with a high affinity and
is regulated by cytokines and growth factors. The metalloproteinases that degrade the extracellular matrix components, such as collagens, gelatins, fibronectin, and laminin, are restrained by TIMPs. In addition, metalloproteinase degradation can be suppressed by inhibiting trophoblast production of these enzymes and by preventing conversion from
an inactive to an active form.221 Decidual TGF-β is a key growth factor involved in limitation of trophoblast invasion by inducing the expression of both TIMP and PAI-1. In addition, TGF-β can inhibit integrin expression and influence cytotrophoblasts to differentiate into noninvasive syncytiotrophoblasts.199,222 Decorin is a decidua-derived binding
proteoglycan that can bind TGF-β, storing it for when it is needed to limit invasion when it is freed and activated by plasmin. In addition, decorin exerts antiproliferative, antimigratory, and anti-invasive effects on trophoblast independently of TGF-β.223 Even hCG may exert a governing force by inhibiting protease activity.190,224 In the baboon, the
lower estrogen levels in early pregnancy permit trophoblast invasion, but the increasing estrogen levels later in pregnancy suppress maternal spiral artery invasion, an effect mediated by estrogen-induced decreases in cytotrophoblast VEGF expression.225,226 Key Points: Implantation The early embryo enters the uterine cavity as an 8-cell morula
and becomes a 32 to 256-cell blastocyst before implantation. Implantation begins with hatching from the zona pellucida about 1–3 days after the morula enters the uterine cavity. The endometrium is prepared for implantation by the complex activity of cytokines, growth factors, and lipids modulated by the sex hormones, especially progesterone. The
endometrium is receptive for implantation for only a few days. The process of implantation begins with apposition and adhesion of the blastocyst to the uterine epithelium, about 2–4 days after the morula enters the uterine cavity. This process is mediated by cytokines and involves adhesion molecules (integrins) that interact with extracellular
components, especially laminin and fibronectin. Trophoblastic invasion rapidly follows adhesion of the blastocyst, mediated by proteinase degradation of the extracellular matrix. The placenta is formed in the 2nd week after ovulation. Limitation of trophoblastic invasion is due to a restraint imposed by proteinase inhibitors, especially plasminogen
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outsider looking in, it seems as if the mother is in charge. But from the fetal point of view, it is overwhelmingly logical that the maternal adaptations of pregnancy are controlled by the fetus. For the fetus, one of the crucial aspects of intrauterine life is its dependency on the effective exchange of nutritive and metabolic products with the mother. It is
logical that mechanisms exist by which a growing fetus can influence or control the exchange process and, hence, its environment. The methods by which a fetus can influence its own growth and development involve a variety of messages transmitted, in many cases, by hormones. Hormonal messengers from the conceptus can affect metabolic
processes, uteroplacental blood flow, and cellular differentiation. Furthermore, a fetus may signal its desire and readiness to leave the uterus by hormonal initiation of parturition. On the other hand, from a teleologic standpoint, since pregnancy is such a great biologic investment, it would be logical for the mother to allocate its precious resources
focusing on supporting competent embryos. Indeed, it appears that the endometrium acts as a biosensor responding favorably to competent embryos but less favorably to poorly viable embryos, which are destined to fail. This chapter reviews the mechanisms of maternal-conceptus crosstalk and by which the fetus establishes influence over important
events during pregnancy. The important process of lactation is discussed in Chapter 16. STEROID HORMONES IN PREGNANCY Steroidogenesis in the fetoplacental unit does not follow the conventional mechanisms of hormone production within a single organ. Instead, the final products result from critical interactions and interdependence of
separate organ systems that individually do not possess the necessary enzymatic capabilities. It is helpful to view the process as consisting of a fetal compartment, a placental compartment (specifically the syncytiotrophoblast), and a maternal compartment (Figure 7.1). Separately, the fetal and placental compartments lack certain steroidogenic
activities. Together, however, they are complementary and form a complete unit that utilizes the maternal compartment as a source of basic building materials and as a resource for clearance of steroids. FIGURE 7.1 Progesterone In its key location as a way station between mother and fetus, the placenta can use precursors from either mother or
fetus to circumvent its own deficiencies in enzyme activity. The placenta converts little, if any, acetate to cholesterol or its precursors. Cholesterol and pregnenolone are obtained from the maternal bloodstream for progesterone synthesis. The fetal contribution is negligible because progesterone levels remain high after fetal demise. Thus, the massive
amount of progesterone produced in pregnancy depends on placental-maternal cooperation, although some have argued that the fetal liver is an important source of cholesterol (discussed later). Progesterone is largely produced by the corpus luteum until about 10 weeks of gestation. Pulsatile pituitary luteinizing hormone (LH) and eventually human
chorionic gonadotropin (hCG) from the implanting pregnancy stimulate progesterone production by the corpus luteum, which is essential for pregnancy maintenance until approximately the seventh week,1 when placental progesterone production is sufficient. In the setting of assisted reproductive technologies (ART), luteal phase dysfunction is a
common side effect. The exact cause of this is still unclear, but possible explanations include hypothalamic suppression of gonadotropin-releasing hormone (GnRH), pituitary downregulation or blockade of GnRH receptors, and disruption of granulosa cell mass during oocyte retrieval. Exogenous progesterone administration has been used successfully
in IVF to overcome this deficiency, and failure to use progesterone for luteal phase support results in low pregnancy rates between 0% and 18%.2 While it is clear that progesterone support is needed in patients undergoing ART, there is significant debate regarding the optimal dose, timing, and route of administration.3 Exogenous support for an
early pregnancy (until 10 weeks) requires 100 mg of progesterone daily, associated with a maternal circulating level of approximately 10 ng/mL.4 Despite this requirement, patients pregnant after ovarian stimulation with one of the techniques of assisted reproductive technology have concluded a successful pregnancy after experiencing extremely
low progesterone levels.5,6 Thus, individual variation is great, and very low circulating levels of progesterone can be encountered occasionally in women who experience normal pregnancies. The predictive value, therefore, of progesterone measurements is limited. In the luteal phase of conception cycles, progesterone concentrations increase from
about 1–2 ng/mL on the day of the LH surge to a plateau of approximately 10–35 ng/mL over the subsequent 7 days. The concentrations remain within this luteal phase range until the placenta takes over. After a transition period of shared function between the 7th week and 10th week called the luteal-placental shift, the placenta emerges as the major
source of progesterone synthesis, and maternal circulating levels progressively increase (Figure 7.2).4,7,8 At term, progesterone levels range from 100 to 200 ng/mL, and the placenta produces about 250 mg/day. Most of the progesterone produced in the placenta enters the maternal circulation. FIGURE 7.2 In contrast to estrogen, progesterone
production by the placenta is largely independent of the quantity of precursor available, the uteroplacental perfusion, fetal well-being, or even the presence of a live fetus. This is because the fetus contributes essentially no precursor. The majority of placental progesterone is derived from maternal cholesterol that is readily available. This is evident as
progesterone levels remain high even after fetal demise. At term, a small portion (3%) is derived from maternal pregnenolone. The cholesterol utilized for progesterone synthesis enters the trophoblast from the maternal bloodstream as low-density lipoprotein (LDL) cholesterol, by means of the process of endocytosis (internalization, as described in
Chapter 1) involving the LDL cell membrane receptors, a process enhanced in pregnancy by estrogen (Figure 7.1).9,10 Hydrolysis of the protein component of LDL may yield amino acids for the fetus, and essential fatty acids may be derived from hydrolysis of the cholesteryl esters. Unlike steroidogenesis elsewhere, it is not clear whether placental
progesterone production requires the control of tropic hormones. Although some evidence suggests that tropic hormone support is not necessary, other evidence indicate that a small amount of hCG must be present.11,12 There is evidence in the baboon that estrogen (estradiol) regulates progesterone production in the placenta.13 The fetoplacental
units in human and baboon pregnancies are virtually identical. Estradiol increases LDL cholesterol uptake in baboon trophoblastic tissue by increasing LDL receptor gene transcription, and in human syncytiotrophoblast, estradiol increases progesterone production by means of an increase in LDL uptake.13,14 Estrogen also stimulates cholesterol
production in the human fetal liver to provide circulating LDL cholesterol substrate for steroidogenesis.15 In addition, estrogen increases placental P450scc enzyme activity that converts cholesterol to pregnenolone, the immediate precursor for progesterone. Because estrogen production ultimately depends on the fetal adrenal gland for precursors,
the influence of estrogen on progesterone production would be another example of fetal direction and control in the endocrinology of pregnancy. The proponents of this interaction and dependence of progesterone production on fetal precursors argue that the lack of impact by conditions of estrogen deficiency (e.g., anencephaly, fetal demise) on
progesterone production is due to the fact that active, unbound estrogen remains within a critical, effective range, and what is lost reflects the degree of excess production in pregnancy.13 The human decidua and fetal membranes also synthesize and metabolize progesterone.16 In this case, neither cholesterol nor LDL cholesterol are significant
substrates; pregnenolone sulfate may be the most important precursor. This local steroidogenesis may play a role in regulating parturition. Amniotic fluid progesterone concentration is maximal between 10 and 20 weeks and then decreases gradually. Myometrial levels are about 3 times higher than maternal plasma levels in early pregnancy, remain
high, and are about equal to the maternal plasma concentration at term. In early pregnancy, the maternal levels of 17α-hydroxyprogesterone rise, marking the activity of the corpus luteum. By the 10th week of gestation, this compound has returned to baseline levels, indicating that the placenta has little 17α-hydroxylase activity. However, beginning
about the 32nd week, there is a second, more gradual rise in 17α-hydroxyprogesterone, due to placental utilization of fetal D5-sulfoconjugated precursors, to approximately 7 ng/mL, a level that persists until term.17 There are two active metabolites of progesterone that increase significantly during pregnancy. There is about a 10-fold increase of the
5α-reduced metabolite, 5α- pregnane-3-20-dione.18 This compound contributes to the resistance in pregnancy against the vasopressor action of angiotensin II. The circulating level, however, is the same in normal and hypertensive pregnancies. The maternal blood concentration of deoxycorticosterone (DOC) at term is 1,200 times the nonpregnant
levels. Some of this is due to the 3- to 4-fold increase in cortisol-binding globulin during pregnancy, but a significant amount is due to 21-hydroxylation of circulating progesterone in the kidney.19 This activity is significant during pregnancy because the rate is proportional to the circulating concentration of progesterone. The fetal kidney is also active
in 21hydroxylation of the progesterone secreted by the placenta into the fetal circulation. Currently, there is no known physiologic role for DOC during pregnancy. Progesterone has a role in parturition as discussed later in this chapter. It has been suggested that progesterone is also important in suppressing the maternal immunologic response to
fetal antigens, thereby preventing maternal rejection of the trophoblast. And, of course, progesterone prepares and maintains the endometrium to allow implantation. The human corpus luteum makes significant amounts of estradiol, but it is progesterone and not estrogen that is required for successful implantation.20 Because implantation normally
occurs about 5–6 days after ovulation, and hCG must appear by the 10th day after ovulation to rescue the corpus luteum, the blastocyst must successfully implant and secrete hCG within a narrow window of time. In the first 5–6 weeks of pregnancy, hCG stimulation of the corpus luteum results in the daily secretion of about 25 mg of progesterone and
0.5 mg of estradiol. Although estrogen levels begin to increase at 4–5 weeks due to placental secretion, progesterone production by the placenta does not significantly increase until about 10–11 weeks after ovulation. Progesterone serves as the substrate for fetal adrenal gland production of glucocorticoids and mineralocorticoids; however, cortisol
synthesis is also derived from LDL cholesterol synthesized in the fetal liver and obtained from the fetal circulation.15,21 The fetal zone in the adrenal gland is extremely active but produces steroids with a 3β-hydroxy-Δ5 configuration like pregnenolone and dehydroepiandrosterone (DHEA), rather than 3-keto-Δ4 products such as progesterone. The
fetus, therefore, lacks significant activity of the 3β-C, Δ4,5 isomerase system. Thus, the fetus must borrow progesterone from the placenta to circumvent this lack in order to synthesize the biologically important corticosteroids. In return, the fetus supplies what the placenta lacks: 19-carbon compounds to serve as precursors for estrogens. Steroid
levels have been compared in maternal blood, fetal blood, and amniotic fluid obtained at fetoscopy in women undergoing termination of pregnancy at 16–20 weeks of gestation.22 Cortisol, corticosterone, and aldosterone are definitely secreted by the fetal adrenal gland independently of the mother. The fetal arteriovenous differences confirm that
placental progesterone is a source for fetal adrenal cortisol and aldosterone. Estrogens The corpus luteum is the exclusive source of 17β-estradiol during the first 5–6 weeks of gestation. After the first trimester, the placenta becomes the major source of circulating 17β-estradiol.8 Estrogen production in pregnancy is under the control of the fetus and
is a fundamental signaling method by which the fetus directs important physiologic processes that affect fetal well-being. Estrogen influences progesterone production, uteroplacental blood flow, mammary gland development, and fetal adrenal gland function.13 The basic precursors of estrogens are 19-carbon androgens. However, there is a virtual
absence of 17α-hydroxylation and 17,20 desmolase (lyase) activity (P450c17) in the human placenta. As a result, 21-carbon products (progesterone and pregnenolone) cannot be converted to 19-carbon steroids (androstenedione and DHEA). Like progesterone, estrogen produced by the placental aromatase (P450arom) enzyme system must derive
precursors from outside the placenta.23 The androgen compounds utilized for estrogen synthesis in human pregnancy are, in the early months of gestation, derived from the maternal bloodstream. By the 20th week of pregnancy, the vast majority of estrogen excreted in the maternal urine is derived from fetal androgens. In particular, approximately
90% of estriol excretion can be accounted for by dehydroepiandrosterone sulfate (DHEAS) production by the fetal adrenal gland.23,24 The high output of DHEAS by the fetal zone is due to low 3βhydroxysteroid dehydrogenase gene expression.25 Removed from these conditions, this gene becomes active in response to adrenocorticotropic hormone
(ACTH). The major source of fetal adrenal DHEAS is LDL cholesterol circulating in the fetal blood. A minor source of fetal adrenal DHEAS is derived from pregnenolone secreted by the placenta. The fetal endocrine compartment is characterized by rapid and extensive conjugation of steroids with sulfate. This is a protective mechanism, blocking the
biologic effects of potent steroids present in such great quantities. In order to utilize fetal precursors, the placenta must be extremely efficient in cleaving the sulfate conjugates brought to it via the fetal bloodstream (Figure 7.3). Indeed, the sulfatase activity in the placenta is rapid and quantitatively very significant. It is recognized that a deficiency
in placental sulfatase is associated with low estrogen excretion, giving clinical importance to this metabolic step. This syndrome is discussed in greater detail later in this chapter. FIGURE 7.3 The fetal adrenal provides DHEAS as a precursor for placental production of estrone and estradiol. However, the placenta lacks 16α-hydroxylation ability, and
estriol with its 16α-hydroxyl group must be derived from an immediate fetal precursor. The fetal adrenal, with the aid of 16α-hydroxylation in the fetal liver, provides the 16αhydroxydehydroepiandrosterone sulfate for placental estriol formation (Figure 7.4). After birth, neonatal hepatic 16α-hydroxylation activity rapidly disappears. The maternal
contribution of DHEAS to total estrogen synthesis must be negligible because, in the absence of normal fetal adrenal glands (as in an anencephalic infant), maternal estrogen levels and excretion are extremely low. The fetal adrenals secrete more than 200 mg of DHEAS daily, about 10 times more than the mother.26 Estriol is the estrogen produced in
greatest quantity during pregnancy; estrone and estradiol are derived equally from fetal and maternal precursors.24 FIGURE 7.4 The profiles of the unconjugated compounds in the maternal compartment for the three major estrogens in pregnancy are as follows (Figure 7.5): FIGURE 7.5 1. A rise in estrone begins at 6–10 weeks, and individual values
range from 2 to 30 ng/mL at term.27 This wide range in normal values precludes the use of estrone measurements in clinical applications. 2. A rise in estradiol begins in weeks 6–8 when placental function becomes apparent.4 Individual estradiol values vary between 6 and 40 ng/mL at 36 weeks of gestation and then undergo an accelerated rate of
increase.27 At term, an equal amount of estradiol arises from maternal DHEAS and fetal DHEAS, and its importance in fetal monitoring is negligible. 3. Estriol is first detectable at 9 weeks when the fetal adrenal gland secretion of precursor begins. This temporal relationship closely corresponds to the early stages of steroidogenic maturation in the
fetal adrenal cortex, and the continued production of estriol is dependent upon the presence of a living fetus. Estriol is first detectable at approximately 0.05 ng/mL by 9 weeks and steadily increases to a range of approximately 10–30 ng/mL at term. Estriol concentrations plateau at 31–35 weeks and then increase again at 35–36 weeks.28 During
pregnancy, estrone and estradiol production is increased about 100 times over nonpregnant levels. However, the increase in maternal estriol excretion is about a 1,000-fold. The traditional view that estriol in pregnancy is a weak estrogen metabolite is not accurate. A weak estrogen provided in high concentrations can produce a biologic response
equivalent to that of estradiol.29 Because of its high production rate and concentration, estriol is an important hormone in pregnancy. The maternal level of estradiol is higher than in the fetus; in contrast, the estriol level in the fetus is greater than in the mother. The maternal cardiovascular adaptations to pregnancy that are so necessary to serve the
fetus are appropriately under the influence of the fetus and significantly regulated by estrogen.30 Blood volume is increased by estrogen stimulation of the maternal and trophoblastic renin-angiotensin systems, and uteroplacental blood flow, which is so critical for the fetus, is influenced by the vasodilatory effects of estrogen. The enzyme responsible
for estrogen synthesis is the cytochrome P-450 aromatase enzyme (P450arom or aromatase), the product of the CYP19 gene.31 The CYP19 gene is regulated in various tissues by tissue-specific promoters. The placenta, with its huge capacity for estrogen synthesis, triggers aromatase transcription from a powerful unique promoter that allows specific
regulation. An autosomal recessive disorder due to mutations in the P450arom gene is associated with a failure to convert androgen precursors to estrogen by placental aromatase.32 Consequently, a female fetus and the mother can undergo virilization. Nevertheless, growth and development of the fetus are not impaired, and this disorder raises the
question: How much, if any, estrogen is essential in human pregnancy? Is this another example of backup mechanisms operating to achieve the goal? Normally, placental aromatization is so efficient that little androgen presented to the placenta escapes.33 For this reason, fetuses are well protected against masculinization, and even in the presence of
an androgen-secreting tumor, extremely large amounts of aromatizable androgens or the secretion of nonaromatizable androgens is required to produce unwanted virilization. The estrogens presented to the maternal bloodstream are rapidly metabolized by the maternal liver prior to excretion into the maternal urine as a variety of more than 20

products. The bulk of these maternal urinary estrogens is composed of glucosiduronates conjugated at the 16 position. Significant amounts of the 3-glucosiduronate and the 3sulfate-16-glucosiduronate are also excreted. Only approximately 8–10% of the maternal blood estriol is unconjugated. The Fetal Adrenal Cortex The fetal adrenal cortex is
unique, differentiating by 8–9 weeks of gestational age into a thick inner fetal zone and a thin outer definitive zone, which is the source of cortisol and the forerunner of the adult cortex.34 Early in pregnancy, adrenal growth and development are remarkable, and the gland achieves a size equal to or larger than that of the kidney by the end of the first
trimester. After 20–24 weeks, the adrenal glands slowly decrease in size until a second spurt in growth begins at about 34–35 weeks. The gland remains proportionately larger than the adult adrenal glands. After delivery, the fetal zone (about 85% of the bulk of the gland) rapidly involutes to be replaced by simultaneous expansion of the outer
definitive zone to form the zona glomerulosa and the transitional zone to form the zona fasciculata and the zona reticularis (which expands again during adrenarche at puberty). By age 1, the fetal zone is gone, replaced by the adult adrenal cortex. Thus, the specific steroidogenic characteristics of the fetus are associated with a specific adrenal
morphology that is dependent on specific factors present during intrauterine life. Fetal DHEA and DHEAS production rises steadily concomitant with the increase in the size of the fetal zone and adrenal weight.35 DHEA and DHEAS are the major secretory products of the fetal zone because 3β-hydroxysteroid dehydrogenaseisomerase activity and the
expression of this enzyme’s gene are suppressed.25,36 The well-known increase in maternal estrogen levels is significantly influenced by the increased availability of fetal DHEAS as a precursor. Indeed, the accelerated rise in maternal estrogen levels near term can be explained, in part, by an increase in fetal DHEAS. The stimulus for the substantial
adrenal growth and steroid production has been a puzzle. Early in pregnancy, the adrenal gland can grow and function without ACTH, perhaps in response to hCG.34 After 15–20 weeks, fetal ACTH is required. However, during the last 12–14 weeks of pregnancy when fetal ACTH levels are declining, the adrenal quadruples in size.37 Because pituitary
prolactin is the only fetal pituitary hormone to increase throughout pregnancy, paralleling fetal adrenal gland size changes, it was proposed that fetal prolactin is the critical tropic substance. In experimental preparations, however, only ACTH exerts a steroidogenic effect. There is no fetal adrenal response to prolactin, hCG, growth hormone,
melanocyte-stimulating hormone (MSH), or thyrotropin-releasing hormone (TRH).38,39 Furthermore, in patients treated with bromocriptine, fetal blood prolactin levels are suppressed, but DHEAS levels are unchanged.40 Nevertheless, interest in prolactin persists because both ACTH and prolactin can stimulate steroidogenesis in vivo in the fetal
baboon.41 There is no question that, in the second half of pregnancy, ACTH is essential for the morphologic development and the steroidogenic mechanism of the fetal adrenal gland.42,43 ACTH activates adenylate cyclase, leading to steroidogenesis. Soon, the supply of cholesterol becomes rate limiting. Further ACTH action results in an increase in
LDL receptors, leading to an increased uptake of circulating LDL cholesterol, largely derived from the fetal liver.21 With internalization of LDL cholesterol, hydrolysis by lysosomal enzymes of the cholesteryl ester makes cholesterol available for steroidogenesis. For this reason, fetal plasma levels of LDL are low, and after birth, newborn levels of LDL
rise as the fetal adrenal involutes. In the presence of low levels of LDL cholesterol, the fetal adrenal is capable of synthesizing cholesterol de novo.44 Thus, near term, both de novo synthesis and utilization of circulating LDL cholesterol are necessary to sustain the high rates of DHEAS and estrogen formation. In addition, ACTH increases adrenal
response by increasing the expression of its own receptor.45 The tropic support of the fetal adrenal gland by ACTH from the fetal pituitary is protected by placental estrogen. The placenta prevents cortisol that is present in higher levels in the mother from reaching the fetus by converting cortisol to cortisone. The converting enzyme, 11βhydroxysteroid dehydrogenase, is abundantly expressed in syncytiotrophoblast at the interface between fetal tissue and maternal blood and is stimulated by placental estrogen.46,47 Regulation of this enzyme by estrogen thus influences fetal ACTH secretion. With increasing estrogen levels in late gestation, even greater 11β-hydroxysteroid
dehydrogenase activity would result in even less maternal cortisol reaching the fetal circulation. Thus, it is proposed that near labor, fetal ACTH secretion increases, the fetal adrenal gland undergoes greater maturation, and fetal cortisol synthesis from endogenous cholesterol increases.48 A relative deficiency in 11β-hydroxysteroid dehydrogenase
type 2 (the high-affinity isoform) would expose the fetus to excessively high cortisol levels and is correlated with low birth weight, which in turn is correlated with insulin resistance, abnormal lipids, and hypertension in adult life.49,50,51 A reduction of type 2 11β-hydroxysteroid dehydrogenase activity has been reported in pregnancies complicated by
smoking and pre-eclampsia, conditions known to be associated with intrauterine growth retardation.52,53 A similar reduction in activity has been documented with idiopathic intrauterine growth retardation, accompanied by a decreased ratio of cortisone to cortisol in umbilical artery blood.51 An interaction has been demonstrated in vitro between
progesterone and the lipoxygenase pathways that lead to the products of arachidonic acid other than prostaglandins in regard to the regulation of 11β-hydroxysteroid dehydrogenase activity.54 Progesterone down-regulates 11β-hydroxysteroid dehydrogenase expression, as do the products of lipoxygenase activity. Because the lipoxygenase products
increase progesterone output by trophoblast cells, an increase in lipoxygenase activity because of infection could increase progesterone levels, which in turn would decrease 11β- hydroxysteroid dehydrogenase activity, resulting in higher cortisol levels in the fetus with the consequences of stress and growth retardation. It has been suggested that the
increase in fetal cortisol secretion during normal pregnancy competes with progesterone for the glucocorticoid receptor in the placenta, thus blocking the inhibitory action of progesterone on corticotropin-releasing hormone (CRH) synthesis, leading to an increase in CRH.55 Placental production of CRH and the size of the fetal adrenal gland are
closely correlated in several primates, both reaching a peak in humans at the time of parturition. The increase in CRH would augment fetal ACTH secretion, producing adrenal growth and even more fetal cortisol in a positive feedback relationship, as well as more DHEAS to serve as precursor for the increase in estrogen that occurs prior to
parturition. However, fetal ACTH levels in the last half of pregnancy are not increasing but slightly decreasing. It is significant that CRH, as demonstrated in vitro, also directly stimulates DHEAS synthesis by the fetal adrenal gland.56,57 This is an important fetoplacental-adrenal cycle. Cortisol from the adrenal gland increases placental CRH
production; CRH induces ACTH receptor expression in the definitive zone of the fetal adrenal gland, leading to even greater adrenal cortisol secretion, and that in turn increases placental CRH biosynthesis as gestation advances.58 Direct stimulation of the fetal zone by CRH, supported by the presence of ACTH, augments the increasing production of
DHEA and DHEAS required for estrogen synthesis in late gestation.57 Adrenal gland steroidogenesis involves autocrine and paracrine regulation by various growth factors.34 Fetal adrenal cells produce inhibin, and the α subunit (present only in inhibin) is preferentially increased by ACTH.59,60 In the fetal adrenal, the β subunit is not expressed;
thus, inhibin-A and activin-A are the principal forms. Activin enhances ACTH-stimulated steroidogenesis while inhibiting mitogenesis in human fetal zone adrenal cells.60 This effect on steroidogenic activity is not present in adult adrenal cells. In vitro, activin enhances a shift in fetal adrenal cells from ACTH stimulation of DHEAS production to
cortisol production. This shift is analogous to the shift that occurs after birth. Perhaps, activin plays this role in the remodeling of the fetal zone in the newborn. A specific action for inhibin in fetal adrenal cells has not been described. We should not expect the fetal adrenal gland to be an exception to the ubiquitous presence and actions of all growth
factors.34 Basic fibroblast growth factor has potent mitogenic activity mediating the growth response of the fetal adrenal cortex to ACTH. Evidence indicates that the epidermal growth factor (EGF) receptor is activated in the fetal adrenal, but the ligand using this receptor is probably transforming growth factor- α. Like activin, transforming growth
factor-β inhibits fetal zone cellular proliferation and, in addition, suppresses steroidogenesis. The insulin-like growth factors (IGF-I and IGF-II) are important in mediating the tropic effects of ACTH, particularly increasing adrenal responsiveness to ACTH in the second half of pregnancy.61 IGF-II production in the fetal adrenal is very significant and is
stimulated by ACTH. IGF-II is believed to be important in prenatal growth.62 The abundance of IGF-II in the fetal adrenal gland implicates this growth factor as a mediator of ACTH-induced growth.63 Both IGF-I and IGF-II are equally mitogenic in a cell culture system of fetal adrenal cells and enhance the proliferation stimulated by basic fibroblast
growth factor and EGF.63 However, only transcription of IGF-II is stimulated by ACTH. IGF-II augments ACTH-stimulated steroidogenesis in the fetal adrenal, specifically by increasing the expression of P450c17.61 Thus, the growthpromoting and steroidogenic effects of ACTH are mediated by various growth factors, with a principal role played by
IGF-II. In this regard, the fetal adrenal differs from the adult adrenal where IGF-I is predominant; however, IGF-II is able to modulate responsiveness to ACTH in the fetal adrenal by activating the IGF-I receptor. Steroidogenic factor-1 (SF-1) and DAX-1 (named for the location of its gene on the X chromosome) are nuclear receptors for which specific
ligands have not been identified (“orphan receptors”). SF-1 influences the expression of genes that encode steroidogenic enzymes, and when genetic expression of SF-1 is disrupted in mice, gonads and adrenal glands fail to develop.64,65 Mutations in the DAX-1 gene result in adrenal hypoplasia, and DAX-1 is believed to work with SF-1 in regulating
development and function of steroid-producing tissues.66 The production of DHEA is dependent on the CYP17 gene that is responsible for both 17α-hydroxylase and 17,20-lyase enzyme activity. Differential regulation of these two activities with an increase in 17,20-lyase could account for the increase in DHEA in the fetal zone of the adrenal gland.
The SULT2A1 gene is responsible for the sulfation and production of DHEAS. Modulation of this gene would also contribute to the steroidogenic activity of the fetal zone. The unique features of the fetal adrenal gland can be ascribed to its high-estrogen environment. Tissue culture studies have demonstrated that hormonal peptides of pituitary or
placental origin are not the factors that are responsible for the behavior of the fetal adrenal gland.67,68,69 Estrogens at high concentration inhibit 3β-hydroxysteroid dehydrogenase-isomerase activity in the fetal adrenal gland and, in the presence of ACTH in conjunction with IGF-II, enhance the secretion of DHEA.70 Estradiol concentrations of 10–
100 ng/mL are required to inhibit cortisol secretion.71 The total estrogen concentrations in the fetus are easily in this range (Figure 7.5). A study of the kinetics of 3β-hydroxysteroid dehydrogenase activity in human adrenal microsomes reveals that all steroids are inhibitory and, most notably, estrone and estradiol at levels found in fetal life cause
almost total inhibition.72 In a study utilizing a human adrenocortical cell line, estradiol in high concentrations inhibited 3β-hydroxysteroid dehydrogenase, and the mechanism appeared to be independent of the estrogen receptor.73 The increase in DHEAS secretion by the fetal zone is a consequence of suppression of the gene (HSD3B2) that controls
3β-hydroxysteroid dehydrogenase expression; transcriptional factors necessary for the activity of this gene are absent in the fetal zone (Figure 7.6).74 FIGURE 7.6 The development of the adrenal gland during human fetal life and during the neonatal period is paralleled in the baboon.75 The adrenal cortex of the fetal baboon is characterized by the
same deficiency in 3β-hydroxysteroid dehydrogenase as that seen in the human, with the same diversion of steroidogenesis into production of DHEA and DHEAS. Experimental studies in the baboon suggest that placental estrogen maintains the production of DHEA and DHEAS by the fetal adrenal cortex, but excessive adrenal growth and
steroidogenesis are at the same time suppressed by the increasing estrogen levels in late pregnancy.76,77 Tissue growth in mammals is a consequence of cellular proliferation promoted by the cell regulators, cyclin D1 and cyclin E, which dimerize with kinases to form enzymes that carry out key phosphorylations during cell cycles. These key
regulators are expressed in increasingly high concentrations in the baboon fetal adrenal cortex, beginning in early gestation to midgestation, especially in the outer definitive zone (destined to be the adult adrenal cortex and the source of cortisol).78 This early increase in the definitive zone is followed by a progressive decrease in these factors
required for cellular proliferation in the definitive zone in late gestation. The cells in the fetal zone are derived from the definitive zone, and these changes indicate that the continued growth of the fetal adrenal cortex during gestation predominantly reflects cellular hypertrophy. Furthermore, because there is a progressive increase in the expression
of 3β-hydroxysteroid dehydrogenase within the fetal definitive zone, the decline in proliferation is associated with functional differentiation as the definitive zone acquires the ability to produce mineralocorticoids and glucocorticoids.78 Here again, the key modulator of this change may be estrogen, specifically an estrogen-induced decrease in cyclin
expression with advancing gestation. The explanation that estrogen regulates 3β-hydroxysteroid dehydrogenase is challenged by in vitro studies of human fetal zone cells indicating that estradiol and IGF-II combine to direct steroidogenesis to DHEAS in a mechanism not due to inhibition of 3β-hydroxysteroid dehydrogenase.70 Nevertheless, it is an
attractive and useful hypothesis to view the principal mission of the fetal adrenal as providing DHEAS as the basic precursor for placental estrogen production. Estrogen, in turn, feeds back to the adrenal to direct steroidogenesis along the Δ5 pathway to provide even more of its precursor, DHEAS. Thus far, this is the only known function of DHEAS.
With birth and loss of exposure to estrogen, the fetal adrenal gland quickly changes to the adult type of gland. It seems reasonable to conclude that this complex change in the fetal adrenal cortex is orchestrated by the interplay among fetal pituitary ACTH, placental estrogen, and placental growth factors (PLGFs). Measurement of Estrogen in
Pregnancy Because pregnancy is characterized by a great increase in maternal estrogen levels and estrogen production is dependent on fetal and placental steroidogenic cooperation, the amount of estrogen present in the maternal blood or urine reflects both fetal and placental enzymatic capability and, hence, well-being. Attention focused on estriol
because 90% of maternal estriol is derived from fetal precursors. The end product to be assayed in the maternal blood or urine is influenced by a multitude of factors. Availability of precursor from the fetal adrenal gland is a prime requisite, as well as the ability of the placenta to perform its conversion steps. Maternal metabolism of the product and
the efficiency of maternal renal excretion of the product can modify the daily amount of estrogen in the urine. Blood flow to any of the key organs in the fetus, placenta, and mother becomes important.79,80 Fetal hypoxemia due to acute reductions in uteroplacental blood flow is associated with a marked increase in adrenal androgen production in
response to an increase in fetal ACTH and, in response to the availability of androgen precursors, an increase in maternal estrogen levels.81 The response to acute stress is in contrast to the effect of chronic uteroplacental insufficiency, which is associated with a reduction in fetal androgens and maternal estrogens. In addition, drugs or diseases can
affect any level in the cascade of events leading up to the assay of estrogen. For years, measurement of estrogen in a 24-hour urine collection was the standard hormonal method of assessing fetal well-being. This was replaced by immunoassay of unconjugated estriol in the plasma.82 Because of its short half-life (5–10 minutes) in the maternal
circulation, unconjugated estriol has less variation than urinary or total blood estriol. However, assessment of maternal estriol levels has been superseded by various biophysical fetal monitoring techniques such as nonstress testing, stress testing, and measurement of fetal breathing and activity. In recent times, screening for fetal aneuploidy
(discussed later in the chapter) utilized three markers in the maternal circulation: α-fetoprotein, hCG, and unconjugated estriol. Hormonal testing for aneuploidy screening has been largely replaced by cell-free DNA (cfDNA) testing. Amniotic Fluid Estrogen Measurements Amniotic fluid estriol is correlated with the fetal estrogen pattern rather than
the maternal. Most of the estriol in the amniotic fluid is present as 16-glucosiduronate or as 3-sulfate-16-glucosiduronate. A small amount exists as 3-sulfate. Very little unconjugated estriol is present in the amniotic fluid because free estriol is rapidly transferred across the placenta and membranes. Estriol sulfate is low in concentration because the
placenta and fetal membranes hydrolyze the sulfated conjugates, and the free estriol is then passed out of the fluid. Because the membranes and the placenta have no glucuronidase activity, the glucosiduronate conjugates are removed slowly from the fetus. The glucosiduronates, therefore, predominate in the fetal urine and the amniotic fluid.
Because of the slow changes in glucosiduronates, measurements of amniotic fluid estriol have wide variations in both normal and abnormal pregnancies. An important clinical use for amniotic fluid estrogen measurements has not emerged. Estetrol Estetrol (15α-hydroxyestriol) is formed from a fetal precursor and is very dependent on 15αhydroxylation activity in the fetal liver. The capacity for 15α-hydroxylation of estrogens increases during fetal life, reaching a maximum at term. This activity then declines during infancy and is low, absent, or undetectable in adults. Estetrol may contribute to the estrogen effects taking place during pregnancy as maternal estetrol levels steadily
increase with advancing gestation and fetal levels are higher than maternal levels.83 Because of wide variations within and between individuals, there is no clinical use for maternal blood or urine estetrol measurements during pregnancy. However, estetrol, given in sufficient doses, is a potent, orally active estrogen that has potential for
pharmacologic therapy.84 Placental Sulfatase Deficiency Steroid sulfatase (STS) is a key enzyme in the biosynthesis of estriol in the human placenta. There is an X-linked metabolic disease characterized by a placental sulfatase deficiency in the syncytiotrophoblast and postnatal ichthyosis (also known as X-linked ichthyosis or XLI), occurring in about
1 in 2,000–3,000 newborn males.85 Patients with the placental sulfatase disorder are unable to hydrolyze DHEAS or 16α-hydroxyDHEAS; therefore, the placenta cannot form normal amounts of estrogen. A deficiency in placental sulfatase is usually discovered when patients go beyond term and are found to have extremely low estriol levels and no
evidence of fetal distress. The patients usually fail to go into labor and require delivery by cesarean section. Most striking is the failure of cervical softening and dilation; thus, cervical dystocia occurs that is resistant to oxytocin stimulation. There are many case reports of this deficiency, almost all detected by finding low estriol levels. It was
suggested that mothers who are carriers of this disorder are at increased risk for intrauterine growth retardation and perinatal complications even if the fetus is not affected.86 However, a careful analysis of unexplained low estriol levels concluded that this is a rare occurrence (about 3 per 10,000 pregnancies) and that perinatal complications in
pregnancies at risk for placental sulfatase deficiency are not increased (other than a higher cesarean section rate).87 XLI is inherited in X-linked recessive manner, therefore affecting almost exclusively males. However, rare cases of XLI were described in females homozygous for STS gene mutation.88,89 The STS X-linked recessive ichthyosis locus
(the STS gene) has been mapped to the distal short arm portion of the X chromosome, Xp22.32. Ninety percent of the cases of ichthyosis have a complete deletion of this gene plus flanking genes, and approximately 10% of patients have a point mutation or partial deletion of the STS gene. There are no known geographic or racial factors that affect
the gene frequency. The characteristic steroid findings are as follows: extremely low estriol and estetrol levels in the mother with extremely high amniotic fluid DHEAS and normal amniotic fluid DHEA and androstenedione. The normal DHEA and androstenedione with a high DHEAS rule out congenital adrenal hyperplasia. The small amount of estriol
that is present in these patients probably arises from 16α-hydroxylation of DHEAS in the maternal liver, thus providing 16α-hydroxylated DHEA to the placenta for aromatization to estriol. Maternal estrone and estradiol are also low but not as markedly reduced because of their utilization of maternal precursors. Measurement in maternal urine of
steroids derived from fetal sulfated compounds is a simple and reliable means of prenatal diagnosis. Demonstration of a high level of DHEAS in the amniotic fluid is confirmatory. The diagnosis was established by demonstrating a decrease in sulfatase activity in an in vitro incubation of placental tissue. The clinician should keep in mind that fresh
tissue is needed for this procedure because freezing lowers enzyme activity. STS activity can be assayed in leukocytes and modern diagnosis is done by genetic testing of the STS gene. It is now recognized that STS deficiency is present in other tissues and can persist after birth. These children develop ichthyosis beginning between birth and 6 months
of age, characterized by hyperkeratosis (producing scales on the neck, trunk, and palms) and associated with mild corneal opacities, pyloric stenosis, and cryptorchidism. The skin fibroblasts have a low activity of STS, and scale formation that occurs early in the first year of life is thought to be due to an alteration in the cholesterol:cholesteryl ester
ratio (due to the accumulation of cholesterol sulfate). This inherited disorder, thus, represents a single entity: placental sulfatase deficiency and X-linked ichthyosis, both reflecting a deficiency of microsomal sulfatase. More extensive deletions include contiguous genes and result in attention deficit hyperactivity disorder, autism, and mental
retardation.90 A family history of scaling in males (as well as repeated postdate pregnancies and cesarean sections) should prompt a consideration for prenatal diagnosis. Because the clinical use of estriol measurements has declined, there is no effective method to identify the presence of this problem in women with normal obstetrical histories.
However, a low maternal level of unconjugated estriol can be encountered with multiple marker screening (discussed later in this chapter). Furthermore, consideration should be given to antenatal screening by estriol measurement in pregnancies in which a male fetus is present and there is a previous history of a growth-retarded or stillborn male.
However, perinatal outcome is good even when placental sulfatase deficiency is not known to be present and only a very small number of affected boys have serious manifestations of the disorder; therefore, it is difficult to justify the need for antenatal diagnosis.87 Key Points: The Differential Diagnosis of an Extremely Low Estriol Impending or
present fetal demise Adrenal hypofunction Placental sulfatase deficiency Placental aromatase deficiency Drug-related effects PROTEIN HORMONES OF PREGNANCY The placental villus is composed of trophoblast, mesenchymal cells, and fetal blood vessels. The two main trophoblastic layers consist of the cytotrophoblast, separate mononuclear cells
prominent early in pregnancy and sparse late in pregnancy, and the syncytiotrophoblast, a continuous multinuclear layer on the surface of the villi. The cytotrophoblast is the basic placental stem cell from which the syncytiotrophoblasts arise by differentiation. The syncytiotrophoblast is, therefore, the functional cell of the placenta, the major site of
hormone and protein production. Control of this important cellular differentiation is still not understood; however, the process is influenced by hCG and, undoubtedly, a variety of growth factors.91 The protein hormone system is complicated because individual peptides can have multiple functions (Figure 7.7).92 The surface of the syncytiotrophoblast
is in direct contact with the maternal blood in the intervillous space. This may be a reason why placental proteins are secreted preferentially into the mother (Table 7.1). FIGURE 7.7 TABLE 7.1 Proteins Associated with Pregnancy Hypothalamic-Like Releasing Hormones The human placenta contains many releasing and inhibiting hormones, including
GnRH, CRH, TRH, and somatostatin.93 Because of the presence of hypothalamic-like releasing hormones in an organ that produces tropic hormones, we are motivated to construct a system of regulation analogous to the hypothalamic-pituitary axis. However, as we shall see, this proves to be very difficult. Placental Gonadotropin-Releasing Hormone
Gonadotropin-releasing hormone produced by the placenta is biologically and immunologically similar to the hypothalamic GnRH decapeptide. Immunoreactive GnRH can be localized in the cytotrophoblast and syncytiotrophoblast. Evidence indicates that placental GnRH regulates placental steroidogenesis and release of prostaglandins, as well as
hCG.93,94,95,96,97 In some studies, the highest amount of GnRH was present early in pregnancy when the number of cytotrophoblasts is greatest and hCG secretion reaches its peak; however, others report relatively constant levels throughout pregnancy.98,99 In fact, GnRH provides little augmentation of hCG secretion in first-trimester placental
culture, likely because hCG production is already close to maximum. At the second trimester, however, GnRH augments hCG release in a dosedependent fashion, with this effect diminishing in the term placenta.100,101 All isoforms of GnRH are expressed in the human placenta, but GnRH-I is the predominant form.102,103 The placental receptors for
GnRH have a lower affinity than that of GnRH receptors in the pituitary, ovary, and testis.104,105 This reflects the situation in which the binding site is in close proximity to the site of secretion for the regulatory hormone. A higher affinity is not necessary because of the large amount of GnRH available in the placenta, and the low-affinity receptors
avoid response to the low levels of circulating GnRH. GnRH receptors, present in both cytotrophoblasts and syncytiotrophoblasts, are produced in a pattern that parallels the curve of hCG secretion, a further evidence that placental GnRH and its receptor regulate hCG secretion.106 GnRH release is increased by estrogen, activin-A, insulin, and
prostaglandins and inhibited by progesterone, endogenous opiates, inhibin, and follistatin.92 The GnRH receptor is highly expressed in the fetal zone of the adrenal gland, raising the possibility of another pathway by which the placenta can influence fetal adrenal function.103 Placental Corticotrophin-Releasing Hormone CRH, identical in structure to
hypothalamic CRH, is produced in the trophoblast, the fetal membranes, and the decidua.92 Its production is regulated by steroids, decreased by progesterone, and, in contrast to the usual negative feedback action in the hypothalamus, increased by glucocorticoids.107 These interactions are consistent with the increase in fetal cortisol associated
with the last weeks of pregnancy and the increase in ACTH with labor. Placental CRH is further regulated (as in the hypothalamus) by an array of substances such as vasopressin, norepinephrine, angiotensin II, prostaglandins, neuropeptide Y, and oxytocin. CRH release is stimulated by activin and interleukin and inhibited by inhibin and nitric oxide.
The progressive increase in maternal CRH levels during pregnancy is due to the secretion of intrauterine CRH into the maternal circulation. The highest levels are found at labor and delivery. A binding protein for CRH exists in the human circulation, and it is produced in placenta, membranes, and decidua.108 Maternal levels of this binding protein
are not different in pregnancy until a slight increase at 35 weeks, followed by a major decrease until term, increasing the bioavailability of CRH in late gestation. Maternal CRH levels are elevated in women with pregnancies under stress, for example, with pre-eclampsia and preterm labor.92 An increase in placental CRH may be a response to the
activation of fetal pituitary ACTH and adrenal cortisol secretion in the presence of hypoxemia. Placental CRH has multiple roles, including stimulation of the fetal adrenal plus parturition and regulation of blood flow. It is not certain to what extent CRH contributes to the increase in maternal adrenal secretion during pregnancy. Trophoblast, amnion,
chorion, and decidua also produce a peptide similar to CRH, named urocortin, that binds to CRH receptors and CRH-binding protein.109 Urocortin displays activities similar to CRH, such as inducing the secretion of prostaglandins and matrix metalloproteinases in placental cells and fetal membrane cells and directly stimulating steroidogenesis in
cells derived from the fetal zone of the adrenal gland.57,110,111 Placental Thyrotropin-Releasing Hormone Thyrotropin-releasing hormone is different from the tripeptide produced by the hypothalamus. It is produced by the placenta from early pregnancy until term. It is localized mainly in the syncytiotrophoblast but also in the fetal and maternal
blood vessels as well as in the extravillous trophoblast. Placental TRH is secreted into both the maternal and fetal sides, but the concentration is higher in the fetal circulation, likely due to rapid degradation by proteases on the maternal side.112 Since placental TRH is predominantly released into the fetal circulation, this placental neuropeptide may
be involved in the regulation of thyroid function during fetal life. However, there is no conclusive evidence for this, and the possible paracrine effects of placental TRH remain unclear.113 Placental Growth Hormone–Releasing Hormone The structure of placental growth hormone–releasing hormone (GHRH) is identical to the hypothalamic peptide. It
is secreted by the placenta but does not contribute to maternal circulating levels. The presence of GHRH receptor in the placenta suggests a possible paracrine action, but GHRH does not regulate placental GH production.114 Thus, its function remains unknown. Human Chorionic Gonadotropin Human chorionic gonadotropin is a glycoprotein, a
peptide framework to which carbohydrate side chains are attached.115 Alterations in the carbohydrate component (about one-third of the molecular weight) change the biologic properties. For example, the long half-life of hCG is approximately 24 hours as compared with 2 hours for LH, a 12-fold difference, which is due mainly to the greater sialic
acid content of hCG. As with the other glycoproteins, follicle-stimulating hormone (FSH), LH, and thyroidstimulating hormone (TSH), hCG consists of two subunits, noncovalently linked by disulfide bonds, called alpha (α) and beta (β).116 The α subunit in these glycoprotein hormones is identical, consisting of 92 amino acids. Unique biologic activity as
well as specificity in immunoassays is attributed to the molecular and carbohydrate differences in the β subunits (see “Heterogeneity” in Chapter 1). β-hCG is the largest β subunit, containing 145 amino acid residues, including a unique carboxyl terminal tailpiece of 24 amino acid groups. It is this unique part of the hCG structure that allows the
production of highly specific antibodies and the utilization of highly specific immunologic assays. The extended sequence in the carboxyl-terminal region of β-hCG contains four sites for glycosylation, the reason why hCG is glycosylated to a greater extent than LH, a difference that is responsible for the longer circulating half-life of hCG. The long halflife in the presence of pregnancy assures the stability of the corpus luteum, while the short half-life of LH allows for the loss of progesterone production in the absence of pregnancy and resumption of menstrual cyclicity. This extended biologic availability of hCG is commonly utilized in ART in lieu of LH for triggering final oocyte maturation. All
human tissues appear to make hCG, but the placenta is different in having the ability to glycosylate the protein, thus reducing its rate of metabolism and giving it biologic activity through a long half-life. The carbohydrate components of the glycoproteins are composed of fructose, galactose, mannose, galactosamine, glucosamine, and sialic acid.
Although the other sugars are necessary for hormonal function, sialic acid is the critical determinant of biologic half-life. Removal of sialic acid residues in hCG, FSH, and LH leads to very rapid elimination from the circulation. Genes for tropic hormones contain promoter and enhancer or inhibitor regions located in the 5′ flanking regions upstream
from the transcription site. These sites respond to second messengers (cyclic AMP) as well as steroids and other yet unknown regulators. Differences in hCG structure are associated with a different promoter and transcriptional site that is located upstream in the hCG β subunit gene compared with the transcriptional site in the LH β subunit gene. The
hCG β subunit promoter does not contain steroid hormone response elements, allowing hCG secretion to escape feedback regulation by the sex steroids, in contrast to FSH and LH. The protein cores of the two glycoprotein subunits are the products of distinct genes.117 There is a single human gene for the expression of the α subunit. The gene for
the α subunit shared by FSH, LH, hCG, and TSH is located on chromosome 6p21.1–23. A single promoter site subject to multiple signals and hormones regulates transcription of the α gene in both placenta and pituitary. The α subunit gene is expressed in several different cell types, but the β subunit genes are restricted in cell type. The TSH β gene is
expressed only in thyrotrophs regulated by the thyroid hormone; the FSH β gene is expressed in gonadotrophs regulated by GnRH, activin, inhibin, and gonadal steroids; the LH β gene, also expressed in gonadotrophs, is regulated by GnRH and is unaffected by activin and inhibin.118 The α subunit gene requires the activation of distinct regulatory
elements in thyrotroph and gonadotroph cells, as well as in the placenta. It is the activation of these cell-specific elements that produces tissue specificity for α-gene expression. In gonadotrophs, the GnRH-signaling pathway for α-gene transcription utilizes phosphorylase stimulation of diacylglycerol (DAG) and inositol triphosphate (IP3) that lead to a
release of intracellular calcium stores. GnRH also stimulates the influx of calcium at the cell membrane. DAG, IP3, and calcium work together to stimulate protein kinase C activity. Protein kinase regulation of the α promoter is a principal part of the overall mechanism. This pituitary process is influenced by multiple factors including growth factors
and gonadal steroids. In the placenta, the mechanism also utilizes specific regulatory elements, but the primary signal is mediated by the cyclic AMPprotein kinase A pathway. The genes that encode for the β subunits of LH, hCG, and TSH are located in a cluster on chromosome 19q13.3. There are six genes for the β subunit of hCG and only one for βLH.119 Transcription for the six hCG genes, each with different promoter activity, varies, and it is not certain why hCG requires multigenic expression (perhaps this is necessary to reach the extremely high level of production in early pregnancy). It is thought that β-hCG evolved relatively recently from β-LH, and the unique amino acid terminal
extension of β-hCG arose by a read-through mutation of the translation stop codon in the β-LH gene; the DNA sequences of the β-hCG genes and the β-LH gene are 96% identical.119 Gene studies have indicated that the β-hCG gene originated in the common ancestor of monkeys, apes, and humans after the anthropoids diverged from tarsiers, about
35–55 million years ago.120,121 Only primates and equine species have been demonstrated to have genes for the β subunit of chorionic gonadotropin. In contrast to hCG, equine chorionic gonadotropin exerts both LH and FSH activities in many mammalian species because it contains peptide sequences in its β subunit that are homologous to those in
the pituitary gonadotropins of other species. The equine β-chorionic gonadotropin gene is identical to the equine β-LH gene, and although the primate β-hCG gene evolved from the same ancestral β-LH gene, the equine chorionic gonadotropin gene evolved in a different way. The β-LH gene is not expressed in the placenta. The genetic complexity for
the transcription of β-hCG raises the possibility for mutations of these genes as causes of reproductive problems. A search for β-hCG gene deletions in women with recurrent miscarriage or unexplained infertility and for duplications in women with gestational trophoblastic neoplasia found only normal gene structures.122 hCG production and secretion
are the result of complex interactions among the sex steroids, cytokines, GnRH, and growth factors. GnRH is synthesized by placental cells; GnRH receptors are present on placental cells; and GnRH stimulates the secretion of hCG and the steroid hormones in in vitro studies of placental cells.123,124,125 Similar responses can be demonstrated with
other peptides, such as interleukin-1β.126 Similar to opiate action in the hypothalamus, the endorphins are a major inhibiting influence on hCG secretion.127 Also similar to the pituitary secretion of gonadotropins, inhibin restrains and activin enhances the GnRH-hCG system, with a positive influence of estrogen and a negative impact by
progesterone.128,129 Follistatin, by binding activin, prevents the stimulatory activity of activin. Other growth factors, specifically IGF-I, IGF-II, TGF-α, and EGF, also influence hCG secretion. Although a relatively clear story can be constructed into a working concept regarding the autocrine/paracrine interactions in the regulation of the menstrual
cycle (Chapter 6), placental function is more complex, and a simple presentation of the many interactions cannot be produced. For example, EGF stimulates hCG secretion but also stimulates inhibin secretion in placental cells, and inhibin suppresses GnRH stimulation of hCG.130 Inhibin secretion in the placenta is further stimulated by
prostaglandins.131 Can the cytotrophoblast-syncytiotrophoblast relationship be compared with the hypothalamic-pituitary axis? It does appear that hypothalamic-like peptides (CRH, GnRH) originate in the cytotrophoblast and influence the syncytiotrophoblast to secrete pituitary-like hormones (hCG, hPL, ACTH). Unraveling the interaction is made
more difficult by the incredible complexity of the syncytiotrophoblast, a tissue that produces and responds to steroid and peptide hormones, growth factors, and neuropeptides. The best we can say is that locally produced hormones, growth factors, and peptides work together to regulate placental function. To this day, the only definitely known
function for hCG is support of the corpus luteum, taking over for LH on about the eighth day after ovulation, 1 day after implantation, when β-hCG first can be detected in maternal blood. hCG has been detected at the 8-cell stage in the embryo using molecular biology techniques.132 Continued survival of the corpus luteum is totally dependent on
hCG, and, in turn, survival of the pregnancy is dependent on steroids from the corpus luteum until the seventh week of pregnancy.1 From the seventh week to the tenth week, the corpus luteum is gradually replaced by the placenta, and by the tenth week, removal of the corpus luteum will not be followed by steroid withdrawal abortion. It is very
probable, but not conclusively proven, that hCG stimulates steroidogenesis in the early fetal testes, so that androgen production will ensue and masculine differentiation can be accomplished.133 However, normal masculine differentiation occurs in mouse models lacking LH receptors, and molecular evidence indicates that fetal Leydig cells (but not
adult cells) respond to ACTH as well as hCG.134 It is also possible that the function of the inner fetal zone of the adrenal cortex depends on hCG for steroidogenesis early in pregnancy. The β-hCG gene is expressed in fetal kidney and fetal adrenal, suggesting that hCG may affect the development and function of these organs.135 In addition, hCG may
regulate placental development by influencing the differentiation of cytotrophoblasts.136 hCG gene expression is present in both cytotrophoblast and syncytiotrophoblast, but it is synthesized mainly in the syncytiotrophoblast.137 The maternal circulating hCG concentration is approximately 100 IU/L at the time of the expected but missed menses. A
maximal level of about 100,000 IU/L in the maternal circulation is reached at 8–10 weeks of gestation. Why does the corpus luteum involute at the time that hCG is reaching its highest levels? One possibility is that a specific inhibitory agent becomes active at this time and another is down-regulation of receptors by the high levels of hCG. In early
pregnancy, down-regulation may be avoided because hCG is secreted in an episodic fashion.138 For unknown reasons, the fetal testes escape desensitization; no receptor down-regulation takes place.133 hCG levels decrease to about 10,000–20,000 IU/L by 18–20 weeks and remain at that level to term. It is not certain why hCG levels are decreased in
the second half of pregnancy. Advancing gestation is associated with increasing amounts of “nicked” hCG molecules in the maternal circulation.139 These molecules are missing a peptide linkage on the β subunit, and, therefore, they dissociate into free α and β subunits. At any one point in time, the maternal circulation contains hCG, nicked hCG, free
subunits, and fragments of hCG. In addition, the carbohydrate content of hCG varies throughout pregnancy, with more glycosylation present in early pregnancy (hyperglycosylated hCG). Overall, there are about 20–30 isoforms in the maternal blood, and the production of normal molecules is maximal in early gestation when the biologic actions of hCG
are so important.140 A major route of clearance for hCG is renal metabolism in which a final reduced fragment of the β subunit is produced, known as the β-core fragment. In the complex process of hCG regulation, several inhibiting factors have been identified, including inhibin and progesterone. The decline in hCG occurs at the time of increasing
placental progesterone production, and a direct inhibition by this steroid could explain the lower levels of hCG after the tenth week of gestation.141 hCG levels close to term are higher in women bearing female fetuses. This is true of serum levels, placental content, urinary levels, and amniotic fluid concentrations. The mechanism and purpose of this
difference are not known. Women who have markedly elevated levels of hCG in the second trimester, with no apparent explanation, have increased risks of spontaneous miscarriage, small-for-gestational-age infants, preeclampsia, and preterm delivery.142 There are two clinical conditions in which blood hCG titers are especially helpful: trophoblastic
disease and ectopic pregnancies. Early pregnancy is characterized by the sequential appearance of hCG, followed by β-hCG and then α-hCG. The ratio of β-hCG to whole hCG remains constant after early pregnancy. Trophoblastic disease is distinguished by very high β-hCG levels (3–100 times higher than normal pregnancy). Ectopic production of αand β-hCG by nontrophoblastic tumors is rare but does occur. In the United States, hydatidiform moles occur in approximately 1 in 600 induced abortions and 1 in 1,000–2,000 pregnancies. About 20% of patients with hydatidiform moles will develop malignant complications. Following molar pregnancies, the hCG titer should fall to a nondetectable
level by 16 weeks in patients without persistent disease. Patients with trophoblastic disease show an abnormal curve (a titer >500 IU/L) frequently by 3 weeks and usually by 6 weeks.143,144 A diagnosis of gestational trophoblastic disease is made when the β-hCG plateaus or rises over a 2-week period or a continued elevation is present 16 weeks
after evacuation. In the United States, the rare occurrence of this disease mandates consultation with a certified subspecialist in gynecologic oncology. Following treatment, hCG should be measured monthly for at least a year, then twice yearly for 5 years. To avoid missing the diagnosis of nonmolar trophoblastic disease, abnormal bleeding after any
pregnancy should be evaluated with an hCG measurement, and all patients with elevated hCG levels and early pregnancy losses should be followed with serial hCG testing. Choriocarcinoma is associated with the increased secretion of β-hCG that is glycosylated to a greater degree, so-called hyperglycosylated hCG, sometimes called invasive
trophoblast antigen.145,146 Hyperglycosylated hCG detected in mothers in the first weeks of normal pregnancies is the major circulating form of hCG, but the levels decrease rapidly to be replaced by the usual hCG isoform by the second trimester.147 These findings suggest that hyperglycosylated hCG plays a role in regulating trophoblastic
invasion; it is suggested that hyperglycosylated hCG is mainly autocrine in its activity, whereas regular hCG functions as a classic hormone in maintaining the corpus luteum. Measurement of hyperglycosylated hCG in the first weeks of pregnancy may have a role in screening for Down syndrome, but clinical uses for assays that are specific for the
many isoforms of hCG have yet to emerge.148,149 Some of the inaccuracy associated with routine pregnancy testing, especially home pregnancy tests, can be attributed to the variability in detecting hyperglycosylated hCG. We are just beginning to appreciate the complex heterogeneity of hCG, expressed by the many isoforms that are present in
biologic fluids.149 It is likely that a specific form of hCG can eventually be linked to a specific condition, offering the possibility of clinical application. For example, an assay specific for hyperglycosylated hCG may be of clinical value in assessing implantation and the early weeks of pregnancy; a low level predicts a failing pregnancy.150 General
clinical use awaits improvements in available assays, requiring the development of pure standards and specific antibodies. Meanwhile, clinicians should keep in mind that current assays measure a pool of hCG and its various molecules. Virtually all ectopic pregnancies are associated with detectable hCG. The hCG level increases at different rates in
normal and ectopic pregnancies, and the quantitative measurement of hCG combined with pelvic ultrasonography has had an enormous impact on the diagnosis and management of ectopic pregnancy. This important clinical problem is discussed fully in Chapter 33. Key Points: Summary of Contributions of hCG Measurement The quantitative
measurement of hCG can assess pregnancy viability. A normal rate of rise (at least a 50% increase every 2 days) usually indicates a normal pregnancy. When the hCG titer exceeds 1,500–3,000 IU/L, vaginal ultrasonography should identify the presence of an intrauterine gestation. Declining hCG levels are consistent with effective treatment, and
persistent or rising levels indicate the presence of viable trophoblastic tissue. With the use of modern sensitive assays, it is now appreciated that virtually all normal human tissues produce the intact hCG molecule. hCG can be detected in the blood of normal men and women, where it is secreted in a pulsatile fashion in parallel with LH; the source of
this circulating hCG is the pituitary gland, perhaps a consequence of evolution when hCG was derived from LH.151,152,153,154 The concentration of this pituitary hCG normally approximates the sensitivity of the usual modern assay, and for this reason, many laboratories will not report the presence of hCG unless the level is 5– 10 IU/L or higher.
hCG produced in sites other than the placenta has little or no carbohydrate; therefore, it has a very short half-life and is rapidly cleared from the circulation. Significant levels of free α subunit are also present in the circulation of healthy individuals; however, the levels of the β subunit are extremely low. False-Positive Tests or “Phantom” hCG Falsepositive results with the hCG assay occasionally occur and have been longrecognized, resulting in inappropriate surgical or medical treatment. The level is relatively low, usually less than 150 IU/L. There are many causes, including the hCG secreted by the pituitary, but this clinical problem is usually due to interference in the assay by other
substances, especially antibodies to LH or antianimal immunoglobulins.155 The capture or tracer antibodies used in the hCG assays may be from various animals, and some humans have antibodies that can cross-react with these animal antigens in a nonspecific fashion. These are referred to as heterophilic antibodies. Humans with recent exposure to
mononucleosis and those with IgA deficiency syndrome are prone to develop heterophile antibodies leading to falsepositive results.156 In addition, nontrophoblastic tumors can secrete detectable hCG. A false-positive result usually remains at the same level over time, neither increasing nor decreasing. When the clinical presentation is uncertain or
not consistent with laboratory results (especially an absence of trophoblastic tissue), a positive hCG can be confirmed by several procedures. Key Points: Positive hCG Confirmation Obtaining a similar result with a different assay method. If the results from a lab using an alternative commercial assay are negative or vary greatly, then a falsepositive
hCG can be assumed. Demonstrating the presence of hCG in the urine. Since large molecules like heterophilic antibodies do not cross the glomerular basement membrane, there will be no detectable hCG in the urine in the case of a false-positive hCG. Demonstrating parallel results with serial dilutions of the hCG standard and the patient’s serum
sample. In the presence of heterophilic antibodies, the results will not decrease as expected by performing a serial dilution. Human Placental Lactogen Human placental lactogen (hPL) (sometimes called human chorionic somatomammotropin), also secreted by the syncytiotrophoblast, is a single-chain polypeptide of 191 amino acids held together by 2
disulfide bonds. It is very similar in structure to human growth hormone (hGH) but has only 3% of hGH somatotropin activity. The growth hormone-hPL gene family consists of 5 genes on chromosome 17q22–q24. Two genes encode for hGH, one in the pituitary and one in the placenta, and three for hPL; however, only two of the hPL genes are
abundantly active in the placenta, each producing the same hPL hormone.157 The third hPL gene does generate a protein in the placenta, but its activity is limited.158 The half-life of hPL is short, about 15 minutes, hence its appeal as an index of placental problems. The level of hPL in the maternal circulation is correlated with fetal and placental
weight, steadily increasing until plateauing in the last 4 weeks of pregnancy (5–10 mg/mL). There is no circadian variation, and only minute amounts of hPL enter the fetal circulation. Very high maternal levels are found in association with multiple gestations; levels up to 40 mg/mL have been found with quadruplets and quintuplets. An abnormally low
level is anything less than 4 mg/mL in the last trimester (Figure 7.8). FIGURE 7.8 Physiologic Function Although hPL is similar in structure to growth hormone, neither growth hormone– releasing hormone nor somatostatin influence placental hPL secretion. One would expect the regulatory mechanism to involve PLGFs and cytokines, as is the case
with other placental steroids and peptides. Although hPL has about 50% of the lactogenic activity of sheep prolactin in certain bioassays, its lactogenic contribution in human pregnancy is uncertain. In the mother, hPL stimulates insulin secretion and IGF-I production and induces insulin resistance and carbohydrate intolerance. However, the wellrecognized insulin resistance in pregnancy is not solely an effect of hPL; for example, placental cytokines (especially TNF-α) influence this metabolic state.159 Experimentally, the maternal level of hPL can be altered by changing the circulating level (chronically, not acutely) of glucose. hPL is elevated with hypoglycemia and depressed with
hyperglycemia. This response in placental hPL may be secondary to the glucose-mediated changes in insulin levels; in vitro experiments with placental tissue indicated a decrease in hPL with a decrease in glucose, followed by an increase in hPL after exposure to insulin (Figure 7.9).160 This information and studies in fasted pregnant women have led
to the following formulation for the physiologic function of hPL.161,162,163,164,165,166,167 FIGURE 7.9 The metabolic role of hPL is to mobilize lipids as free fatty acids. In the fed state, there is abundant glucose available, leading to increased insulin levels, lipogenesis, and glucose utilization. This is associated with decreased gluconeogenesis and
a decrease in the circulating free fatty acid levels, because the free fatty acids are utilized in the process of lipogenesis to deposit storage packets of triglycerides (see Chapter 19, Obesity). Pregnancy has been likened to a state of “accelerated starvation,” characterized by a relative hypoglycemia in the fasting state.164 This state is due to two major
influences: 1. Glucose provides the major, although not the entire, fuel requirement for the fetus. A difference in gradient causes a constant transfer of glucose from the mother to the fetus. 2. Placental hormones, specifically estrogen and progesterone, and especially hPL, interfere with the action of maternal insulin. In the second half of pregnancy
when hPL levels rise approximately 10-fold, hPL is a major force in the diabetogenic effects of pregnancy. The latter is characterized by increased levels of insulin associated with decreased cellular response (hyperinsulinemia and peripheral insulin resistance). As glucose decreases in the fasting state, hPL levels rise. This stimulates lipolysis leading
to an increase in circulating free fatty acids. Thus, a different fuel is provided for the mother so that glucose and amino acids can be conserved for the fetus. With sustained fasting, maternal fat is utilized for fuel to such an extent that maternal ketone levels rise. There is limited transport of free fatty acids across the placenta. Therefore, when glucose
becomes scarce for the fetus, fetal tissues utilize the ketones that do cross the placenta. Thus, decreased glucose levels lead to decreased insulin and increased hPL, increasing lipolysis and ketone levels. hPL also may enhance the fetal uptake of ketones and amino acids. The mechanism for the insulin antagonism by hPL may be the hPL-stimulated
increase in free fatty acid levels, which, in turn, directly interfere with insulin-directed entry of glucose into cells. These interactions significantly involve growth factors, particularly insulin-like growth factor, at the cellular level (Figure 7.10). FIGURE 7.10 This mechanism can be viewed as an important means to provide fuel for the fetus between
maternal meals. However, with a sustained state of inadequate glucose intake, the subsequent ketosis may impair fetal brain development and function. Pregnancy is not the time to severely restrict caloric intake. Indeed, impaired fetal growth and development are now recognized to correlate with adverse cardiovascular risk factors and disease in
adult life as well as diabetes mellitus.50,168,169 The lipid, lipoprotein, and apolipoprotein changes during pregnancy are positively correlated with changes in estradiol, progesterone, and hPL.170 The lipolytic activity of hPL is an important factor because hPL is also linked to the maternal blood levels of cholesterol, triglycerides, phospholipids, and
insulin-like growth factor-I. When glucose is abundant, as in pregnant women with diabetes mellitus, the flow of nutritional substrates (in this case, glucose and amino acids) is in the direction of the fetus. The subsequent hyperinsulinemia in the fetus becomes a strong stimulus to growth, perhaps compounded by maternal hyperinsulinemia caused by
obesity as well as the hyperinsulinemia due to the peripheral resistance produced by the hormones of pregnancy.171 Fetal undernutrition lowers fetal IGF-I levels, and this is associated with a high prevalence of insulin resistance later as adults.172 In vitro studies indicate that hPL, despite its lower levels in the fetus, directly affects fetal tissue
metabolism, including synergistic actions with insulin, especially on glycogen synthesis in the liver. The failure of fetal growth hormone to affect fetal growth (e.g., normal growth in anencephalics) further indicates that hPL may be the fetal growth hormone. hPL Clinical Uses Blood levels of hPL are related to placental function. Some studies
indicated that hPL was valuable in screening patients for potential fetal complications, but others did not support the use of hPL measurements. Although use of the hPL assay can have an impact on perinatal care, fetal heart rate–monitoring techniques are more reliably predictive and sensitive for assessing fetal well-being. Furthermore, totally
uneventful pregnancies have been reported, despite undetectable hPL.173,174 Previous suggestions that a low or declining level of hPL and a high level of hCG are characteristic of trophoblastic disease were not accurate. Because of the rapid clearance of hPL (half-life of about 20 minutes), aborting molar pregnancies is likely to have low levels of
hPL, whereas the level of hCG is still high. However, intact molar pregnancies can have elevated levels of both hPL and hCG.175 Human Chorionic Thyrotropin The human placenta contains two thyrotropic substances. One is called human chorionic thyrotropin (hCT), which is similar in size and action to pituitary TSH. The content in the normal
placenta is very small, and it is unlikely that it has any physiologic importance. hCT differs from the other glycoproteins in that it does not appear to share the common α subunit. Antiserum generated to α-hCG does not neutralize the biologic activities of hCT, but it does neutralize that of hCG and pituitary TSH. Rarely, patients with trophoblastic
disease have hyperthyroidism and, even more rarely, thyroid storm.176 hCG has intrinsic thyrotropic activity, indicating that hCG is the second placental thyrotropic substance.177,178,179 It has been calculated that hCG contains approximately 1/4,000th of the thyrotropic activity of human TSH. In conditions with very elevated hCG levels, such as
hydatidiform mole, the thyrotropic activity can be sufficient to produce hyperthyroidism (with elevated free thyroxine, FT4, but suppressed levels of TSH), and this can even be encountered in normal pregnancy.180 Another very rare cause of hyperthyroidism in pregnancy is an inherited mutation of the thyrotropin receptor that makes it
hypersensitive to hCG.181 There is a correlation between elevated thyroid function and hyperemesis gravidarum.182,183 Hyperemesis gravidarum is usually associated with very high hCG levels, and some of these patients develop hyperthyroidism as well.184 Although free T4 will be elevated and TSH suppressed, patients with gestational
hyperthyroidism do not develop the clinical signs of Graves disease and TSH-receptor antibodies, TRAb, will not be detectable. These hyperthyroid manifestations in normal pregnancies may be linked to a specific subpopulation of hCG molecules with greater thyrotropic bioactivity (because highly purified, standard hCG has only trivial TSH-like
activity).185 Specifically, hCG with reduced sialic acid content is increased in pregnant patients with hyperemesis and hyperthyroidism.186 The thyroid hormone changes in pregnancy and the role of hCG as a thyroid stimulator are also discussed in Chapter 20. Human Chorionic Adrenocorticotropin The rise in maternal free cortisol and aldosterone
that takes place throughout pregnancy is due to placental ACTH and CRH production and secretion into the maternal circulation and due to the effects of estrogen and progesterone on the maternal hypothalamic-pituitary axis.187,188,189 The placental content of ACTH is higher than can be accounted for by the contribution of sequestered blood. In
addition, cortisol levels in pregnant women are resistant to dexamethasone suppression, indicating that there is a component of maternal ACTH and CRH that does not originate in the maternal hypothalamus and pituitary gland. The placental production of ACTH in the syncytiotrophoblast (and the increase in maternal ACTH levels) is probably due to
stimulation by the locally produced CRH in the cytotrophoblast.190 Placental proopiomelanocortin (POMC) gene expression and ACTH content are present throughout pregnancy and increase in the weeks before term.191 One can speculate that placental ACTH and CRH raise maternal adrenal activity in order to provide the basic building blocks
(cholesterol and pregnenolone) for placental steroidogenesis. The increased activity of the maternal adrenal gland is also necessary for the expansion of maternal blood volume during pregnancy. The maternal ACTH response to the administration of CRH during pregnancy is blunted, reflecting a high level of endogenous CRH and ACTH activity.
Vasopressin stimulates ACTH secretion in the pituitary, both directly and indirectly by potentiating the action of CRH. In contrast to the blunted response to CRH during pregnancy, the ACTH response to vasopressin is increased.192 This is further evidence that placental CRH produces a state of chronic stimulation for the maternal pituitary-adrenal
axis. Thus, in contrast to nonpregnant women, CRH levels in maternal plasma are relatively high, rising in the second trimester to peak values at term.193,194 In contrast to the hypothalamic-pituitary axis, placental CRH and ACTH are not suppressed by glucocorticoids, and, therefore, maternal ACTH levels are little affected by corticosteroid
administration to the mother. Oxytocin is a potent stimulator of CRH and ACTH placental production, a logical mechanism to meet the stress of labor and delivery. Binding of CRH with the CRH-binding protein blunts physiologic response, but the binding protein capacity is reached late in pregnancy, increasing the biologic activity of CRH and further
increasing cortisol availability during labor and delivery.195 Both maternal and fetal levels of CRH are further elevated in pathologic states such as premature labor, hypertension, fetal asphyxia, and intrauterine growth retardation.196 Because CRH also stimulates prostaglandin synthesis in the placenta and fetal membranes, it is implicated in the
premature labor that accompanies pathologic conditions.197 Growth Hormone, Growth Hormone–Releasing Hormone, and Somatostatin One of the two growth hormone genes on chromosome 17 is expressed only in the syncytiotrophoblast of the placenta; the other is expressed in the pituitary.158,198 The placental growth hormone is not identical to
pituitary growth hormone, differing in 13 amino acids, and after 15–20 weeks of pregnancy, placental growth hormone gradually replaces pituitary growth hormone in the maternal circulation.158,199 Indeed, by term, maternal pituitary growth hormone is undetectable. Placental growth hormone is not present in fetal blood. The changes in maternal
levels of insulin-like growth factors and insulin-like growth factor–binding proteins reflect regulation by this placental growth hormone.200 Maternal IGF-I levels in the circulation increase during pregnancy in a pattern similar to that of placental growth hormone. Placental growth hormone is not regulated by placental growth hormone–releasing
hormone but responds inversely to maternal glucose and insulin levels, protecting glucose availability for the fetus.158,201 Placental growth hormone can also stimulate gluconeogenesis and lipolysis in maternal organs. It is believed, therefore, that placental growth hormone influences fetal growth by affecting maternal metabolism. Placental growth
hormone and maternal IGF-1 levels are lower in pregnancies with intrauterine growth retardation and higher in women with female fetuses.200,202 Maternal circulating levels of placental growth hormone are higher at midgestation in pregnancies with fetal Down syndrome.203 α-Fetoprotein α-fetoprotein (AFP) is a relatively unique glycoprotein
(590 amino acids and 4% carbohydrate) derived largely from fetal liver and partially from the yolk sac until it degenerates at about 12 weeks. In early pregnancy (5–12 weeks), amniotic fluid AFP is mainly from yolk sac origin, whereas maternal circulating AFP is mainly from the fetal liver.204 Its function is unknown, but it is comparable in size to
albumin and contains 39% sequence homology; it may serve as a protein carrier of steroid hormones in fetal blood. AFP may also be a modulator of cell proliferation, synergizing with various growth factors.205 Peak levels of AFP in the fetal blood are reached at the end of the first trimester; then levels decrease gradually until a rapid decrease begins
at 32 weeks. Maternal blood levels are much lower than fetal levels, rising until week 32 (probably because of the great increase in trophoblast villous surface area during this time period) and then declining. Because AFP is highly concentrated in the fetal central nervous system, abnormal direct contact of CNS with the amniotic fluid (as with neural
tube and abdominal wall defects) results in elevated amniotic fluid and maternal blood levels. Other fetal abnormalities, such as intestinal obstruction, omphalocele, and congenital nephrosis, are also associated with high levels of AFP in the amniotic fluid. Besides indicating a variety of fetal anomalies, elevated maternal AFP levels are also present
with multiple pregnancies and associated with an increased risk of spontaneous miscarriage, stillbirth, preterm birth, pre-eclampsia, neonatal death, and low birth weight (probably reflecting an increase in villous surface area in response to an adverse intrauterine environment).206,207,208 Conversely, very low maternal AFP levels are associated
with large birth weight infants, miscarriage, and stillbirth.208,209 Multiple Marker Screening and Cell-Free DNA Down syndrome is a very common genetic cause of abnormal development. The majority of cases are due to trisomy 21, an extra chromosome usually due to nondisjunction in maternal meiosis. A low maternal level of AFP is associated
with trisomy 21. However, there is extensive overlap between normal and affected pregnancies responsible for a significant false-positive rate. Several placental products are secreted in increased amounts in pregnancies with trisomy 21, including hCG and hPL, whereas the maternal circulating level of unconjugated estriol is lower in affected
pregnancies. The free β subunit of hCG usually circulates in low concentrations, but in the presence of a fetus with Down syndrome, the levels are high. With trisomy 18, all markers are decreased. Until recently, screening for fetal aneuploidy combined three markers: AFP, β-hCG, and unconjugated estriol.210,211,212 This protocol detected 85% of
open neural tube defects and 80% of Down syndrome, if gestational age is determined by ultrasonography.213 However, Down syndrome represents only about 50% of the chromosomal abnormalities that can be detected. The multiple marker screening protocol measures AFP, unconjugated estriol, and hCG in maternal serum at 16–18 weeks of
gestation, the optimal time for neural tube defect detection. Using the patient’s age and the laboratory results, patients are provided a statistical estimation of risks for both neural tube defects and Down syndrome. Corrections are applied for race and weight. A pattern similar to that of Down syndrome has also been reported to be associated with
hydropic fetal Turner syndrome.214 The most critical factor for correct risk assessment is accurate gestational dating. A 2-week error in dating can change the calculated risk for Down syndrome 10-fold (Table 7.2). TABLE 7.2 Triple Test Values Therefore, ultrasound confirmation of gestational dating is essential. In addition, ultrasonography will
indicate fetal number (multiple pregnancies are associated with higher marker values) and assess the fetus and placenta for anomalies. Indeed, protocols are in current operation that include ultrasonography for biometric measurements (nuchal translucency, absence of a nose bone) combined with hormone markers as well as substances such as
inhibin-A and pregnancy-associated plasma protein A (PAPPA).215,216 Protocols are also being developed that use these markers to predict fetal loss.217 The combination of hormonal measurements with ultrasonography allows earlier antenatal screening, even in the first trimester, and multiple tests reduce the false-positive rate.218,219
Assessment of uterine artery pulsatility by Doppler ultrasonography further adds to evaluation accuracy. The technology that allows one to measure fetal cfDNA has been rapidly transforming the field of prenatal screening as aneuploidy screening for trisomy 21 (Down syndrome), trisomy 18, trisomy 13, and sex chromosome aneuploidies can be
performed using next-generation sequencing. The sources of cfDNA are both maternal and fetal. The primary source of so-called “fetal” cfDNA in the maternal circulation is thought to be apoptosis of placental cells (syncytiotrophoblast), which gets cleared from the maternal circulation soon after delivery.220 The maternal contribution to most cfDNA
is circulating hematopoietic cells.221 While the fetal DNA is not isolated, in the setting of a fetal chromosomal trisomy or monosomy, the differences in the fetal contribution are immense and can be detected as small differences in the total complement of DNA representative of each chromosome in the combined sample of circulating maternal and
fetal cfDNA. cfDNA is the most sensitive screening option for detecting trisomy 21, 18, and 13,222 and it is commonly used as a secondary screening test in women found to be screen-positive (high risk) as a result of a previous screening test. It is also increasingly being offered as a primary screening test for fetal aneuploidy in an increasing number
of countries including the United States.223 It is likely that further advances in this noninvasive technology will make it possible to expand screening to include other genetic conditions including monogenic disorders as well as make the test more affordable and accessible to a wider population. The multiple marker protocol is for screening a low-risk
population regardless of age, and similarly, the cfDNA testing is for initial screening or alternatively for further screening of a population deemed to be of higher risk based on prior screening. It is important to remember that amniocentesis or chorionic villus sampling is necessary for final diagnosis. Genetic amniocentesis or chorionic villus sampling
has been the standard recommendation for older women; however, although multiple marker screening does not detect all chromosomal abnormalities, it is now strongly argued that the detection rate is so high that multiple marker screening or cfDNA testing with ultrasonography should be offered even to younger women, and a decision for
amniocentesis or chorionic villus sampling is then based on the estimated risk for an abnormal fetus.211,224 Relaxin Relaxin is a peptide hormone produced by the corpus luteum of pregnancy, which is not detected in the circulation of men or nonpregnant women. A collection of related peptides compose the relaxin family, encoded by three relaxin
genes and four insulinlike peptide genes. These peptides are similar in structure to insulin, composed of two short peptide chains (24 and 29 amino acids, respectively) linked by disulfide bridges. Although it has been argued that the human corpus luteum is the sole source of relaxin in pregnancy, it has also been identified in human placenta, decidua,

and chorion.225,226,227 The maternal serum concentration rises during the first trimester when the corpus luteum is dominant and declines in the second trimester.228 This suggests a role in maintaining early pregnancy, but its function is not really known. In animals, relaxin softens the cervix (ripening), inhibits uterine contractions, and relaxes
the pubic symphysis; however, relaxin levels do not correlate with changes in peripheral joint laxity in human pregnancy.229 The animal cervical changes are comparable to those seen with human labor, and in in vitro studies of human cervical stromal cells, relaxin induces changes consistent with clinical ripening.230,231 Human relaxin binds
primarily to relaxin receptors in the decidua and chorionic cytotrophoblast.232 Expression of the relaxin receptors is greatest before term and reduced after labor.233,234 Relaxin, originating in the decidua and binding to its receptors in the fetal membranes, increases cytokine levels that can activate matrix metalloproteinases and lead to rupture of
the membranes and labor.235 A search for important roles of relaxin in human pregnancy continues, but these roles appear to be facilitatory, not mandatory. To examine the contribution of the corpus luteum, normally, pregnant women who conceived naturally were compared with women pregnant with donated oocytes (and therefore without
corpora lutea).236 Circulating relaxin was undetectable in the women without functioning ovaries, confirming that its major source is the corpus luteum. No effect on prolactin secretion was observed, but it did appear that relaxin enhanced growth hormone secretion by the pituitary. Obviously, relaxin is not necessary for the maintenance of
pregnancy and labor because the rest of pregnancy and the outcomes did not differ between those women with circulating levels of relaxin and those with undetectable levels. However, recombinant relaxin and drugs targeted to the relaxin receptors are being tested for clinical applications.237,238 Thus far, potential uses include a decrease in
collagen formation, an increase in vasodilation, an increase in vascular endothelial growth factor, and the release of histamine. In monkey studies, relaxin treatment combined with estrogen is effective for cervical ripening.239 Prolactin Following ovulation, the endometrium becomes a secretory organ and remains so throughout pregnancy.
Decidualized endometrium secretes renin, which may be involved in the regulation of water and electrolytes in the amniotic fluid, and relaxin, which may influence prostaglandin production in the membranes. One of the best studied special endocrine functions of the decidual endometrium is the secretion of prolactin. Prolactin is synthesized by the
endometrium during a normal menstrual cycle, but this synthesis is not initiated until histologic decidualization begins about day 23.240,241 The control of prolactin secretion by decidual tissue has not been definitively established. Some argue that once decidualization (Figure 7.11) is established, prolactin secretion continues in the absence of either
progesterone or estradiol, although there is evidence for an inhibitory feedback by decidual proteins (perhaps prolactin itself).240,242 Others indicate that endometrial prolactin production requires the combined effects of progestin and estrogen hormones plus the presence of other placental and decidual factors, including relaxin, IGF-I, and specific
stimulatory and inhibitory proteins.243 Indeed, human decidual cells express a prolactin-releasing peptide that stimulates prolactin secretion.244 It is recognized, however, that transcriptional regulation of the prolactin gene in the decidua is not identical to that in the pituitary and that unique transcription factors are involved.245 Prolactin, hPL, and
growth hormone bind to the same receptor that activates the JAK/Stat signaling pathway resulting in tyrosine phosphorylation and activation of transcription factors. FIGURE 7.11 During pregnancy, prolactin secretion is limited to the fetal pituitary, the maternal pituitary, and the uterus. Neither trophoblast nor fetal membranes synthesize prolactin,
but both the myometrium and endometrium can produce prolactin. The endometrium requires the presence of progesterone to initiate prolactin, whereas progesterone suppresses prolactin synthesis in the myometrium. Prolactin derived from the decidua is the source of prolactin found in the amniotic fluid.246 The prolactin in the fetal circulation is
derived from the fetal pituitary. Decidual prolactin is transcribed by a gene with an additional exon compared with the pituitary, accounting for a different system of regulation.247 During pregnancy, prolactin maternal blood levels rise from the normal level of 10– 25 ng/mL to high concentrations, beginning about 8 weeks and reaching a peak of 200–
400 ng/mL at term.248,249 The increase in prolactin parallels the increase in estrogen beginning at 7–8 weeks of gestation, and the mechanism for increasing prolactin secretion is believed to be estrogen suppression of the hypothalamic prolactin-inhibiting factor, dopamine, and direct stimulation of prolactin gene transcription in the
pituitary.250,251 There is marked variability in maternal prolactin levels in pregnancy, with a diurnal variation similar to that found in nonpregnant persons. The increase in maternal levels of prolactin represents maternal pituitary secretion in response to estrogen as the fetus prepares the mother for breastfeeding. The mechanisms for pituitary
secretion of prolactin are discussed in Chapters 2, 5, and 16. Amniotic fluid concentrations of prolactin parallel maternal serum concentrations until the tenth week of pregnancy, rise markedly until the 20th week, and then undergo a decrease until delivery. The maternal and fetal blood levels of prolactin are derived from the respective pituitary
glands, and, therefore, dopamine agonist suppression of pituitary secretion of prolactin throughout pregnancy produces low maternal and fetal blood levels, yet there is normal fetal growth and development, and amniotic fluid levels are unchanged.252 Fortunately, decidual secretion of prolactin is unaffected by dopamine agonist treatment because
decidual prolactin is important for fluid and electrolyte regulation of the amniotic fluid. This decidual prolactin is transported across the membranes in a process that requires the intact state of amnion and chorion with adherent decidua. The prolactin receptor is expressed in fetal and maternal tissues in the following descending order of intensity:
chorionic cytotrophoblast, decidua, amnion, and syncytiotrophoblast.253 This molecular expression is consistent with local actions. No clinical significance can be attached to maternal and fetal blood levels of prolactin in abnormal pregnancies. Decidual and amniotic fluid prolactin levels are lower, however, in hypertensive pregnancies and in
patients with polyhydramnios.254,255 Prolactin receptors are present in the chorion laeve, and their concentration is lower in patients with polyhydramnios.256 Prolactin reduces the permeability of the human amnion in the fetal to maternal direction. This receptor-mediated action takes place on the epithelium lining the fetal surface.257 There is
also evidence that prolactin derived from the fetal pituitary contributes to the regulation of fetal water and electrolyte balance by acting as an antidiuretic hormone.258 Cytokines and Growth Factors The placenta synthesizes many proteins that are part of the normal composition of cells throughout the body. Local placental cytokine production is
believed to be important for embryonic growth and in the maternal immune response essential for survival of the pregnancy.259 Interleukin-1β is produced in the decidualized endometrium during pregnancy, and colony-stimulating factor-1 (CSF-1) is produced by both decidua and placenta. CSF-1 gene expression in response to interleukin-1β has
been localized to mesenchymal fibroblasts from the core of placental villi.260 Thus, a system of communication is present between maternal decidual and fetal tissue to provide growth factor support for the placenta that would include fetal hematopoiesis, a known response to CSF-1. The placenta also produces interleukin-6, and both interleukins
stimulate hCG release by activation of the interleukin-6 receptor.261 Thus, the interleukin-1 influence on hCG secretion is mediated by the interleukin-6 system. Both trophoblast-derived interleukin-1 and tumor necrosis factor-α (TNF-α) synergistically release interleukin-6 and activate the interleukin-6 system to secrete hCG.262 Interferons and their
receptors are present in virtually all cells, and thus, it is not surprising that they are found in the tissues of pregnancy. The insulin-like growth factors, IGF-I and IGF-II, are involved in prenatal and postnatal growth and development. These growth factors do not cross the placenta into the fetal circulation; however, they may be involved in placental
growth.263 The maternal levels of IGF-I, which exerts lipolytic effects during pregnancy,264,265 are significantly regulated by growth hormone–dependent liver synthesis. The fetus can influence maternal IGF-I levels by means of the placental secretion of hPL. An increase in maternal IGF-I levels during pregnancy with a rapid decrease after delivery
indicates a significant placental influence. There is no major change in maternal IGF-II levels throughout pregnancy. There is evidence that IGF-II secreted by the placenta is also important for modulating the sensitivity of pancreatic β cells to glucose266 and maternal insulin and glucose concentrations during pregnancy.267,268 The six IGF-binding
proteins transport IGFs in the circulation, protect IGFs against metabolism and clearance, and, importantly, affect the biologic activity of IGFs by modulating IGF availability at the cellular level. Pregnancy is marked by a rise in maternal levels of insulin-like growth factor–binding protein-1 (IGFBP-1), beginning at the end of the first trimester and
reaching a peak at term.269,270 IGFBP-1 is now recognized to be the same as placental protein-12, a decidual protein. Thus, IGFBP-1 originates in the decidua, regulated by progesterone, as well as in the liver. The prominence of IGFBP-1 in the pregnant state is in contrast to the nonpregnant state when IGFBP-3 is the main circulating IGFBP.
During pregnancy, the levels of IGFBP-3 and IGFBP-2 decrease, apparently due to the activity of a pregnancy-associated serum protease (IGFBP-3 protease).269 These changes would promote the bioavailability of IGF-I in maternal tissues, and this may be important in enhancing nutrient transfer from the mother to the placenta. There is evidence to
indicate that the mother can alter IGFBP-3 proteolytic activity according to her nutritional state; thus, increased proteolysis would decrease IGFBP-3 levels increasing the bioavailability of maternal IGF-I.271 In the pregnant ewe and fetal lamb, glucose and other nutritional factors regulate the gene expression and, therefore, the circulating levels of
IGF-binding proteins.272 Fasting and feeding increased and decreased, respectively, the IGFBP concentrations, perhaps partly a response to insulin levels and the effect of insulin on liver synthesis of IGFBPs. These changes are consistent with IGF and IGFBP involvement in the responses to nutrition and stress. Because IGFBP-1 appears to be the
principal binding protein in pregnancy, attention is focused on the changes in IGF-I and IGFBP-1. IGF-I, produced in the placenta, regulates transfer of nutrients across the placenta to the fetus and, thus, enhances fetal growth; IGFBP-1, produced in the decidua, interferes with IGF-I action and inhibits fetal growth.273 Thus, newborn birth weight
correlates directly with maternal levels of IGF-I and inversely with levels of IGFBP-1. Intrauterine growth restriction is associated with reduced fetal blood levels of IGFI and IGFBP-3 and increased levels of IGFBP-1 and IGFBP-2.274 In view of the strong relationship between the IGF system and fetal nutrition, it is logical that fetal glucose availability
and insulin are the principal regulating agents. In experimental animals, an increase in fetal insulin or glucose elevates IGF-I levels, whereas nutritional restriction causes an increase in IGFBP-1 and IGFBP-2 and a decrease in IGFBP-3.275 Insulin is believed to influence growth by promoting cellular uptake of nutrients and by increasing IGF-I
production. The fetal blood levels of IGF-II parallel those of IGF-I, and IGF-II promotes fetal growth by means of the IGF-I receptor. IGF-II appears to be important early in embryonic growth, and then after organ development is complete, IGF-I becomes the dominant factor. EGF is present in both cytotrophoblast and syncytiotrophoblast, but more
intensely in syncytiotrophoblast, and probably is involved in the differentiation of cytotrophoblast into syncytiotrophoblast. EGF is well known as a mitogen. Other growth factors isolated from human placenta include platelet-derived growth factor, nerve growth factor, fibroblast growth factor, and transforming growth factors. These factors are
probably all involved in the proliferation and growth associated with pregnancy. Inhibin, Activin, and Follistatin The placenta produces inhibin, which is responsible for the marked increase in maternal inhibin levels throughout pregnancy.276,277 Inhibin-A is the principal bioactive inhibin secreted during pregnancy, rising in the maternal circulation
at the time of the emergence of placental function, peaking at 8 weeks of gestation, and then decreasing before increasing again in the third trimester to reach a level at term that is 100 times greater than that during the normal menstrual cycle.278,279,280,281 Undoubtedly, the high levels of inhibin and estrogen during pregnancy account for the
profound suppression of maternal gonadotropins. Trophoblastic inhibin synthesis is inhibited by activin-A and stimulated by hCG, GnRH, EGF, transforming growth factor-α, and PGE2 and PGF2α, the major placental prostaglandins.277 Activin-A, the major trophoblastic activin product, also increases in the maternal circulation, with elevated but
stable levels from 8 to 24 weeks, and then increasing to reach a level at term that is also 100 times greater than that during the normal menstrual cycle.282 Similar to their action in the ovarian follicle, inhibin and activin are regulators within the placenta for the production of GnRH, hCG, and steroids; as expected, activin is stimulatory, and inhibin is
inhibitory.128 GnRH and the subunits for inhibin and activin can be found in the same placental cells, in both cytotrophoblast and syncytiotrophoblast.283 The maternal levels of inhibin-B are very low throughout pregnancy; however, inhibin-B is significantly expressed in the amnion where it is believed to influence prostaglandin synthesis.284
Trophoblast synthesis and release of inhibin and activin are part of the complex placental story, involving many hormones and locally produced factors. The placental and decidual appearance of inhibin and activin occurs early in pregnancy in time for possible roles in embryogenesis and local immune responses. Higher levels of activin-A are found at
midgestation in women who subsequently develop pre-eclampsia.208,285 Follistatin is the activin-binding protein expressed in placenta, membranes, and decidua.286 Because follistatin binds activin, it antagonizes the stimulatory effects of activin on placental steroid and peptide production. Endogenous Opiates Fetal and maternal endogenous
opiates originate from the pituitary glands and are secreted in parallel with ACTH, in response to CRH, which is, in part, derived from the placenta.287 There is reason to believe that in pregnancy, the intermediate lobe of the maternal pituitary gland is a major source of elevated circulating endorphin levels. However, the syncytiotrophoblast in
response to CRH produces all of the products of POMC metabolism, including β-endorphin, enkephalins, and dynorphins. The placenta and membranes are richly endowed with G protein opioid receptors.288 The presence of CRH in the placenta and placental opiate production in response to CRH and oxytocin indicate an interaction similar to that in
the hypothalamic-pituitary axis.289 It is not certain whether maternal blood levels of endogenous opiates increase with advancing gestation.92 However, a marked increase in maternal values is reached during labor, coinciding with full cervical dilation. The maternal levels also correlate with the degree of pain perception and use of analgesia. On the
fetal side, hypoxia is a potent stimulus for endorphin release. There are many hypotheses surrounding the function of endogenous opiates in pregnancy. These include roles related to stress; inhibition of oxytocin, vasopressin, and gonadotropins; the promotion of prolactin secretion; and, of course, a natural analgesic agent during labor and delivery.
The Renin-Angiotensin System The maternal circulating levels of prorenin, the inactive precursor of renin, increase 10fold during early pregnancy, the result of ovarian stimulation by hCG.290,291 This increase in prorenin from the ovary is not associated with any significant change in the blood levels of the active form, renin. Possible roles for this
ovarian prorenin-reninangiotensin system include the following: stimulation of steroidogenesis to provide androgen substrate for estrogen production, regulation of calcium and prostaglandin metabolism, and stimulation of angiogenesis. This system may affect vascular and tissue functions both in and outside the ovary. Prorenin also originates in
chorionic tissues and is highly concentrated in the amniotic fluid. The highest biologic levels of prorenin are found in gestational sacs in early pregnancy; its possible roles in embryonic growth and development remain speculative.291 Renin and angiotensinogen (the renin substrate) are expressed by the following fetal tissues: chorion, amnion, and
placenta.292 This system responds to a variety of factors, affecting vascular resistance and blood volume.293 Maternal renin activity is increased fourfold by midgestation, partly a response to an estrogen-induced increase in angiotensinogen but largely a compensatory response to maintain blood pressure in the presence of vasodilation.294 There is
no evidence that fetal or uterine prorenin or renin contributes to the maternal circulation. Atrial Natriuretic Peptide Atrial natriuretic peptide (ANP) is derived from human atrial tissue and the placenta.295 It is a potent natriuretic, diuretic, and smooth muscle–relaxant peptide that circulates as a hormone. Maternal ANP increases in the third
trimester and during labor, and cord levels on the arterial side suggest that ANP is a circulating hormone in the fetus.296 In the mother, ANP release is stimulated by atrial stretch, and this is another mechanism for regulating the volume and electrolyte changes associated with pregnancy and delivery.297 ANP regulates water and electrolyte balance
in the fetus as well, and increased amniotic fluid and maternal blood second-trimester levels of ANP have been reported in the presence of fetal cardiac malformations.298 In mice with a targeted deletion of the natriuretic peptide receptor, hearts are enlarged, and surviving adults have hypertension and cardiac hypertrophy.299 ANP belongs to a
family of natriuretic peptides that have been found in the human uterus. ANP is secreted by myometrial cells and exerts a suppressive effect on myometrial contractions; it is speculated that the expanding uterus may release ANP just as the heart does when the atrium is stretched.300 Other Proteins The mother responds to a pregnancy even before
implantation. Remarkably, early pregnancy factor (EPF) can be detected in the maternal circulation within 1–2 days after coitus results in a pregnancy.301 It remains throughout pregnancy but, interestingly, disappears before parturition. EPF prior to implantation is apparently produced by the ovary in response to a signal from the embryo. After
implantation, EPF is no longer secreted by the ovary but now is derived from the embryo. EPF is a protein associated with cell proliferation and growth and, therefore, is present in many nonpregnant tissues such as neoplasms. EPF has immunosuppressive properties and is abundant in platelets. Pregnancy-specific γ1-glycoprotein (PSG) was
previously known as Schwangerschaftsprotein 1. The physiologic function of PSG produced by the placenta is unknown, but it has been used as a test for pregnancy and a marker for malignancies, including choriocarcinoma. Molecular studies have revealed that PSG consists of a family of glycoproteins encoded by genes on chromosome 19.302 The
PSG family is closely related to the carcinoembryonic antigen (CEA) proteins. Placental soluble fms-like tyrosine kinase (sFlt-1) and soluble endoglin (sENG) are circulating receptors for VEGF and PLGF and transforming growth factor-β (TGF-β), respectively.303,304 Soluble Flt-1 and sENG are secreted in large quantities by the placenta resulting in
marked elevation in their circulating levels during pregnancy, which steadily rise until term.303,304 They are almost undetectable in the circulation of nonpregnant individuals. Both sFlt-1 and sENG are found to be increased in sera and placentae of women with pre-eclampsia, and their abnormal elevation predates the development of the syndrome.
There is experimental animal evidence that sENG cooperates with sFlt-1 to induce endothelial dysfunction in vitro and pre-eclampsia in vivo.305 It is thought that sFlt-1 and sENG elevation results in angiogenic imbalance, which in turn leads to endothelial damage and the clinical onset of the syndrome. However, large prospective studies have failed
to show sufficient accuracy of these biomarkers for clinical utility in prediction of pre-eclampsia.306,307,308 Pregnancy-associated plasma protein-A is a placental protein that is similar to a macroglobulin in the serum, and investigators are still in search of specific functions. Low levels of PAPP-A in the first trimester are associated with adverse
obstetrical outcomes.208 Progesterone-associated endometrial protein, previously called placental protein 14, is now recognized to originate in secretory endometrium and decidua. No role for this protein has been described thus far. Neuropeptide Y, a peptide extensively distributed in the brain, is found in trophoblast, membranes, and decidua, with
higher but nonchanging maternal blood levels during pregnancy.92 PROSTAGLANDINS Prostaglandin Biosynthesis Prostaglandins are autocrine and paracrine factors produced in almost all cells in the human body. The family of prostaglandins with the greatest biologic activity is that having two double bonds, derived from arachidonic acid.309,310
Arachidonic acid can be obtained from two sources, directly from the diet (from meats) or by formation from its precursor linoleic acid, which is found in vegetables. In the plasma, 1–2% of the total free fatty acid content is free arachidonic acid. The majority of arachidonic acid is covalently bound in esterified form as a significant proportion of the
fatty acids in phospholipids and in esterified cholesterol. Arachidonic acid is only a minor fatty acid in the triglycerides packaged in adipose tissue (Figure 7.12). FIGURE 7.12 The rate-limiting step in the formation of the prostaglandin family is the release of free arachidonic acid. A variety of hydrolases may be involved in arachidonic acid release, but
phospholipase A2 activation is an important initiator of prostaglandin synthesis because of the abundance of arachidonate in the 2 position of phospholipids. In addition, phospholipase C activity can provide arachidonic acid. Types of stimuli that activate such lipases include burns, infusions of hypertonic and hypotonic solutions, thrombi and small
particles, endotoxin, snake venom, mechanical stretching, catecholamines, bradykinin, angiotensin, and the sex steroids. “Eicosanoids” refer to all the 20-carbon derivatives, whereas “prostanoids” indicate only those containing a structural ring. After the release of arachidonic acid, the synthetic path can go in two different directions: the
lipoxygenase pathway or the cyclooxygenase (prostaglandin endoperoxide H synthase) pathway, depending on the local cellular context. There are three lipoxygenase enzymes that lead to active compounds, predominantly in inflammatory white blood cells. Arachidonic acid is first converted to hydroperoxyeicosatetraenoic acids (HPETEs) and then to
hydroxyeicosatetraenoic acids (HETEs), lipoxins, or leukotrienes. The leukotrienes are formed by 5lipoxygenase oxygenation of arachidonic acid at C-5, forming an unstable intermediate, LTA4.311 LTB4 is formed by hydration and LTC4 by the addition of glutathione. The remaining leukotrienes are metabolites of LTC4. The previously known “slowreacting substance of anaphylaxis” consists of a mixture of LTC4, LTD4, and LTE4. The leukotrienes are involved in the defense reactions of white cells and participate in hypersensitivity and inflammatory responses. LTB4 acts primarily on leukocytes (stimulation of leukocyte emigration from the bloodstream), whereas LTC4, LTD4, and LTE4 affect
smooth muscle cells (bronchoconstriction in the lungs and reduced contractility in the heart). All leukotrienes increase microvascular permeability. Thus, the leukotrienes are major agonists, synthesized in response to antigens provoking asthma and airway obstruction. Leukotrienes are 100–1,000 times more potent than histamine in the pulmonary
airway. Asthma is now treated with specific leukotriene receptor antagonists. The 12-lipoxygenase pathway leads to 12-hydroxyeicosatetraenoic acid (12HETE). Little is known about 12-HETE other than its function as a leukostatic agent. The lipoxins (LXA and LXB), products of the 5- and 15-lipoxygenase pathways, inhibit natural killer cell
cytotoxicity and are vasodilators.311 The cyclo-oxygenase pathway leads to the prostaglandins. The first true prostaglandin (PG) compounds formed are PGG2 and PGH2 (half-life of about 5 minutes), the mothers of all other prostaglandins. The numerical subscript refers to the number of double bonds. This number depends on which of the three
precursor fatty acids has been utilized. Besides arachidonic acid, the other two precursor fatty acids are linoleic acid, which gives rise to the PG1 series, and pentanoic acid, the PG3 series. The latter two series are of less importance in physiology, hence the significance of the arachidonic acid family. The prostaglandins of original and continuing
relevance to reproduction are PGE2 and PGF2α and possibly PGD2. The α in PGF2α indicates the α steric configuration of the hydroxyl group at the C-9 position. The A, B, and C prostaglandins either have little biologic activity or do not exist in significant concentrations in biologic tissues. In the original work, the prostaglandin more soluble in ether
was named PGE, and the one more soluble in phosphate (spelled with an F in Swedish) buffer was named PGF. Later, naming became alphabetical. The cyclo-oxygenase enzyme (prostaglandin synthase) exists in two forms, COX-1 and COX-2, products of separate genes.312,313,314 Prostacyclin is produced by COX-1, the constitutive form of the
enzyme found in virtually all tissues, whereas COX-2 is induced in responses to inflammatory stimuli. COX-2 is expressed only after stimulation by various growth factors, cytokines, hormones, and endotoxins; therefore, it is called the inducible form. Thus, selective inhibition of COX-2 would possibly be therapeutically advantageous, avoiding the side
effects associated with inhibition of COX-1 (Figure 7.13). FIGURE 7.13 Thromboxane and Prostacyclin Thromboxanes are not true prostaglandins because of the absence of the pentane ring, but prostacyclin (PGI2) is a legitimate prostaglandin. Thromboxane (TX) (half-life about 30 seconds) and PGI2 (half-life about 2–3 minutes) can be viewed as
opponents, each having powerful biologic activity that counters or balances the other. TXA2 is the most powerful vasoconstrictor known, whereas PGI2 is a potent vasodilator. These two agents also have opposing effects on platelet function. Platelets, lungs, and the spleen predominately synthesize TXA2, whereas the heart, stomach, and blood vessels
throughout the body synthesize PGI2. The lungs are a major source of prostacyclin. Normal pulmonary endothelium makes prostacyclin, whereas TXA2 appears in response to pathologic stimuli.315 The pulmonary release of prostacyclin may contribute to the body’s defense against platelet aggregation (Figure 7.14). FIGURE 7.14 Let us take a closer
look at platelets. The primary function of platelets is the preservation of the vascular system. Blood platelets stick to foreign surfaces or other tissues, a process called adhesion. They also stick to each other and form clumps; this process is called aggregation. Because platelets synthesize TXA2, a potent stimulator of platelet aggregation, the natural
tendency of platelets is to clump and plug defects and damaged spots. The endothelium, on the other hand, produces PGI2, and its constant presence inhibits platelet aggregation and adherence, keeping blood vessels free of platelet aggregates and ultimately clots. Thus, prostacyclin has a defensive role in the body. It is 4–8 times more potent a
vasodilator than the E prostaglandins, and it prevents the adherence of platelets to healthy vascular endothelium. However, when the endothelium is damaged, platelets gather, beginning the process of thrombus formation. Even in this abnormal situation, prostacyclin strives to fulfill its protective role because increased PGI2 can be measured in
injured endothelium, in thrombosed vessels, and in the vascular tissues of hypertensive animals. It is believed that endothelial production of prostacyclin plays an important role in the impressive vasodilation that is associated with pregnancy. The placenta is a major source of thromboxane, and pre-eclampsia may, in part, reflect an imbalance between
the vasodilator, prostacyclin, and the vasoconstrictor, thromboxane.316 Conditions associated with vascular disease can be understood through the prostacyclin-thromboxane mechanism. For example, atheromatous plaques and nicotine inhibit prostacyclin synthesis. Increasing the cholesterol content of human platelets increases the sensitivity to
stimuli that cause platelet aggregation due to increased thromboxane production. The well-known association between low-density and highdensity lipoproteins (HDLs) (LDL cholesterol and HDL cholesterol) and cardiovascular disease may also be partly explained in terms of PGI2. LDL from men and postmenopausal women inhibits, and HDL
stimulates prostacyclin production.317 Platelets from diabetic pregnant women make more TXA2 than platelets from normal pregnant women. Smokers who use oral contraceptives have increased platelet aggregation and an inhibition of prostacyclin formation.318 Incidentally, onion and garlic inhibit platelet aggregation and TXA2 synthesis.319
Perhaps the perfect contraceptive pill is a combination of progestin, estrogen, and some onion or garlic. In some areas of the world, there is a low incidence of cardiovascular disease. This can be directly attributed to diet and the protective action of prostacyclin.320 The diet of Eskimos and Japanese has a high content of pentanoic acid and low levels
of linoleic and arachidonic acids. Pentanoic acid is the precursor of prostaglandin products with three double bonds, and, as it happens, PGI3 is an active agent, whereas TXA3 is either not formed or inactive. The fat content of most common fish is 8–12% pentanoic acid and more than 20% in the more exotic (and expensive) seafoods such as scallops,
oysters, and caviar. Metabolism Prostaglandin metabolism is initiated by 15-hydroxyprostaglandin dehydrogenase. The metabolism of prostaglandins occurs primarily in the lungs, kidneys, and liver. The lungs are important in the metabolism of E and F prostaglandins. Indeed, there is an active transport mechanism that specifically carries E and F
prostaglandins from the circulation into the lungs. Nearly all active prostaglandins in the circulation are metabolized during one passage through the lungs. Therefore, members of the prostaglandin family have a short half-life and, in most instances, exert autocrine/paracrine actions at the site of their synthesis. Because of the rapid half-lives, studies
are often performed by measuring the inactive end products, for example, 6keto-PGF1α, the metabolite of prostacyclin, and TXB2, the metabolite of thromboxane A2. Prostaglandin Inhibition A review of prostaglandin biochemistry is not complete without a look at the inhibition of the biosynthetic cascade of products. Corticosteroids were thought to
inhibit the prostaglandin family by stabilizing membranes and preventing the release of phospholipase. It is now proposed that corticosteroids induce the synthesis of proteins called lipocortins (or annexins), which block the action of phospholipase.321 Thus far, corticosteroids and some local anesthetic agents are the only substances known to work
at this step. Because corticosteroids reduce the availability of arachidonic acid for both the lipoxygenase and cyclo-oxygenase pathways, they are very effective antiinflammatory agents and antihypersensitivity agents, especially for the treatment of asthma. Aspirin is an irreversible inhibitor, selectively acetylating the cyclo-oxygenase involved in
prostaglandin synthesis. The other inhibiting agents, nonsteroidal antiinflammatory drugs (NSAIDs) such as indomethacin and naproxen, are reversible agents, forming a reversible bond with the active site of the enzyme. Acetaminophen inhibits cyclo-oxygenase in the central nervous system, accounting for its analgesic and antipyretic properties, but
it has no anti-inflammatory properties and does not affect platelets. However, acetaminophen does reduce prostacyclin synthesis; the reason for this preferential effect is unknown.322 The analgesic, antipyretic, and anti-inflammatory actions of these agents are mediated by inhibition of the cyclo-oxygenase enzymes, COX-1 and COX-2. Aspirin,
indomethacin, and ibuprofen are more potent inhibitors of COX-1 than COX-2.323 Diclofenac, acetaminophen, and naproxen inhibit both enzymes equally. The side effects associated with each agent are a reflection of the degree of selectivity toward the two enzymes; inhibition of COX-1, the constitutive form, is associated with significant side effects,
and inhibition of COX-2, the inducible form, is potentially therapeutic for pain and inflammation. Part of the anti-inflammatory activity of glucocorticoids is due to inhibition of COX-2 formation. The well-known gastric ulcerogenic side effect of anti-inflammatory drugs is due to the fact that PGE2 protects the gastric mucosa by inhibiting gastric acid
secretion, and COX-1 is the predominant enzyme in the gastric mucosa. The specific inhibitors of COX-2 are effective analgesics with a better gastrointestinal side effect profile (Figure 7.15). FIGURE 7.15 Efficacy in treating dysmenorrhea is similar compared to the older agents with the newer specific COX-2 inhibitors. Theoretically, the COX-2
inhibitors should avoid the unwanted inhibition of prostaglandin activity in the process of ovulation; however, in the mouse, it is the COX-2 enzyme that is involved in ovulation, and rofecoxib delayed ovulation in a small trial of women.324,325 Because of the irreversible nature of the inhibition by aspirin, aspirin exerts a longlasting effect on platelets,
maintaining inhibition in the platelet for its life span (8–10 days). Prostacyclin synthesis in the endothelium recovers more quickly because the endothelial cells can resynthesize new cyclo-oxygenase. Platelets, lacking nuclei, cannot produce new enzyme, probably exclusively COX-1. The sensitivity of the platelets to aspirin may explain the puzzling
results in the early studies in which aspirin was given to prevent subsequent morbidity and mortality following thrombotic events. It takes only a little aspirin to effectively inhibit thromboxane synthesis in platelets. Going beyond this dose will not only inhibit thromboxane synthesis in platelets but also inhibit the protective prostacyclin production in
blood vessel walls. Some suggest that a dose of 3.5 mg/kg (about half an aspirin tablet) given at 3-day intervals effectively induces maximal inhibition of platelet aggregation without affecting prostacyclin production by the vessel walls.326 Others indicate that the dose that effectively and selectively inhibits platelet cyclo-oxygenase is 20–40 mg
daily.327,328 The major handicap with the use of inhibitors of PG synthesis is that they strike blindly and with variable effects from tissue to tissue. Obviously, drugs that selectively inhibit TXA2 synthesis would be superior to aspirin in terms of antithrombotic effects. A concern with the specific COX-2 inhibitors is their inhibition of prostacyclin
formation, whereas COX-1 generation of TXA2 is unaffected. Unfortunately, arterial thrombotic events, including myocardial infarction and stroke, are about twofold increased in users of COX-2 inhibitors, raising appropriate caution, especially in individuals at high risk for cardiovascular disease.329 It is not certain that nonselective, traditional
NSAIDs don’t share this cardiovascular risk. THE ENDOCRINOLOGY OF PARTURITION The timing of birth is a crucial determinant of perinatal outcome. Both preterm birth (defined as delivery before 37 weeks of gestation) and postterm pregnancy (failure to deliver before 42 weeks) are linked to higher risk of adverse pregnancy events. It has long
been thought that the fetoplacental unit is in charge of the timing of parturition.330,331 While this appears to be true in some species, despite intensive investigations spanning many decades, a precise mechanism of such a “placental clock” has yet to crystallize in humans. It has now become apparent that the endometrium/decidua also plays a
central role in initiating the cascade of events culminating in human birth.332 Perhaps the best example of the interplay among fetus, placenta, and mother is the initiation and maintenance of parturition. Hormonal changes in the uteroplacental environment are the principal governing factors accounting for the eventual development of uterine
contractions. The sequence of events has been repeatedly reviewed in detail, where references to the original work are available.333,334,335,336,337,338,339 Extensive work in sheep has implicated the fetal pituitary-adrenal axis in normal parturition. The sequence of events in the ewe begins about 10 days prior to labor with elevation of fetal
cortisol in response to fetal pituitary ACTH, in turn a response to increased release of hypothalamic CRH. Fetal adrenalectomy or hypophysectomy prolongs pregnancy, whereas infusion of ACTH or glucocorticoids into the sheep fetus stimulates premature labor. Maternal stimulation of the fetal adrenal is not a factor because in sheep (and in women)
there is little or no placental transfer of maternal ACTH into the fetal circulation. Thus, parturition in the ewe is initiated by a signal in the fetal brain activating ACTH secretion. Increased cortisol secretion by the fetal adrenal gland starts a chain of events associated with labor. The sequence of events continues in the ewe with a decline in
progesterone. This change is brought about by the induction of 17α-hydroxylase, 17,20lyase enzyme activity (P450c17) in the placenta (Figure 7.16). The up-regulation of P450c17 may be mediated by PGE2. COX-2 activity is stimulated by cortisol, while at the same time, cortisol inhibits the activity of 15-hydroxyprostaglandin dehydrogenase. An
increase in PGE2 correlates with the increasing activity of P450c17. FIGURE 7.16 Glucocorticoid treatment of sheep placental tissue specifically increases the rate of production of 17α,20α-dihydroxypregn-4-en-3-one. This dihydroxyprogesterone compound also has been identified in sheep placental tissue obtained after spontaneous labor. Thus,
direct synthesis of progesterone does not decline, but increased metabolism to a 17α-hydroxylated product results in less available progesterone. Progesterone withdrawal is associated with a decrease in the resting potential of myometrium, that is, an increased response to electric and oxytocic stimuli. Conduction of action potential through the
muscle is increased, and the myometrial excitability is increased. Dihydroxyprogesterone also serves as a precursor for the rise in estrogen levels, which occurs a few days prior to parturition. Estrogens enhance rhythmic contractions, as well as increase vascularity and permeability and the oxytocin response. Thus, progesterone withdrawal and
estrogen increase lead to an enhancement of conduction and excitation. The final event in the ewe is a rise in PGF2α production hours before the onset of uterine activity. A cause-and-effect relationship between the rise in estrogen and the appearance of PGF2α has been demonstrated in sheep. These events indicate that the decline in progesterone,
the rise in estrogen, and the increase in PGF2α are all secondary to direct induction of a placental enzyme by fetal cortisol. Human Parturition The control of pregnancy and parturition is very species specific. The mechanisms involved in human pregnancy maintenance and parturition are highly complex and involve both maternal and fetal systems.
There is no simple chain of events as there are in other species. The steroid events in human pregnancy are not identical to events in the ewe, chiefly because placental P450c17 enzyme activity is absent. In addition, there is a more extended time scale. Steroid changes in the ewe occur over the course of several days, whereas in human pregnancy
the changes begin at approximately 34–36 weeks and occur over the last 5 weeks of pregnancy. However, if the time course is expressed as a percentage of gestational length, the percentages in sheep and primates are impressively comparable. Cortisol rises dramatically in amniotic fluid, beginning at 34–36 weeks, and correlates with pulmonary
maturation. Cord blood cortisol concentrations are high in infants born vaginally or by cesarean section following spontaneous onset of labor. In contrast, cord blood cortisol levels are lower in infants born without spontaneous labor, whether delivery is vaginal (induced labor) or by cesarean section (elective repeat section). In keeping with the
extended time scale of events, administration of glucocorticoids is not followed acutely by the onset of labor in pregnant women (unless the pregnancy is past due). It is unlikely that the cortisol increments in the fetus represent changes due to increased adrenal activity in the mother in response to stress. Although maternal cortisol crosses the
placenta readily, it is largely (85%) metabolized to cortisone in the process. This, in fact, may be the mechanism by which suppression of the fetal adrenal gland by maternal cortisol is avoided. In contrast to the maternal liver, the fetal liver has a limited capacity for transforming the biologically inactive cortisone to the active cortisol. On the other
hand, the fetal lung does possess the capability of changing cortisone to cortisol, and this may be an important source of cortisol for lung maturation. Cortisol itself induces this conversion in lung tissue. Increased fetal adrenal activity is followed by changes in steroid levels, as well as important developmental accomplishments (e.g., increased
pulmonary surfactant production and the accumulation of liver glycogen). In human parturition, an important contribution of the fetal adrenal, in addition to cortisol, is its effect on placental estrogen production. The common theme in human pregnancies associated with failure to begin labor on time is decreased estrogen production, for example,
delayed parturition in anencephaly or placental sulfatase deficiency.340 Progesterone maintenance of uterine quiescence and increased myometrial excitability associated with progesterone withdrawal are firmly established as mechanisms of parturition in lower species (Figure 7.17). In primates, the role of progesterone has been less certain, largely
because of the inability to demonstrate a definite decline in peripheral blood levels of progesterone prior to parturition.341 Nevertheless, pharmacologic treatment with progesterone or synthetic progestational agents has some effect in preventing premature labor, although not labor at term.342,343,344,345 There is also reason to believe that
progesterone concentration is regulated locally, especially in the fetal membranes, and progesterone withdrawal can be accomplished by a combination of binding, metabolism, and changes in receptor isoform levels, as well as changes in coactivating and corepressing proteins.346 FIGURE 7.17 In the myometrium, during advancing gestation and
with parturition, overall progesterone receptor concentration does not change with the onset of labor; however, a shift in receptor isoforms occurs with a dominance of progesterone receptor-A and other isoforms of the progesterone receptor other than receptor-B (progesterone receptor-C, another truncated isoform, is expressed in the myometrium,
decidua, and membranes).347,348,349,350,351 Because progesterone receptor-A mainly suppresses progesterone receptor-B activity (the principal mediator of genomic progestational action), this change is consistent with a local withdrawal of progesterone in the myometrium. Therefore, there is growing reason to believe that a functional
progesterone withdrawal occurs in primates, keeping the mechanism of parturition evolutionarily consistent. This withdrawal of progesterone occurs not only in the myometrium but also in the decidua and the fetal membranes. Because progesterone receptor-B activity suppresses estrogen receptor expression, a shift to progesterone receptor-A would
simultaneously allow both progesterone withdrawal and an increase in estrogen activity.348 This further indicates that the process of parturition begins before the onset of contractions. Prostaglandin involvement continues to be an integral part of this process; prostaglandin F2α stimulates progesterone receptor-A expression in myometrial cells
studied in vitro, a response consistent with the emerging dominance of progesterone receptor-A before parturition.352 Progesterone receptor concentrations in the monkey amnion change in the presence of labor, consistent with activation of prostaglandin and cytokine production in the membranes following functional progesterone withdrawal.347
In a fashion similar to human myometrium, progesterone receptor-A levels in monkey myometrium increase in late gestation and during labor. Interruption of exposure to progesterone (e.g., with the antiprogesterone, RU-486) leads to uterine contractions.353 Furthermore, inhibition of progesterone production in the second trimester of human or the
third trimester of monkey pregnancies is followed by a decrease in maternal, fetal, and amniotic fluid progesterone concentrations and preterm labor and delivery.354,355 Perhaps, multiple mechanisms exist, which affect in a subtle fashion the local concentration and actions of progesterone and the production of progesterone in fetal membranes
allowing redundant pathways to compensate when a specific pathway is compromised.356 Coactivator and corepressor proteins are known to modulate the responsiveness of steroid hormone target tissues. Appropriate changes in intracellular regulatory proteins would be another potential method to modulate progesterone activity in pregnant
tissues.357 An increase in estrogen levels in maternal blood begins at 34–35 weeks of gestation, but a late increase just before parturition (as occurs in the ewe) has not been observed in human pregnancy. Perhaps, a critical concentration is the signal in human pregnancy rather than a triggering increase. Or the changes are taking place at a local
level and are not reflected in the maternal circulation.358 Although it has not been definitely demonstrated, increased or elevated estrogen levels, as well as a local withdrawal of in progesterone production, are thought to play a key role in increasing prostaglandin. As with progesterone, the change in estrogen may be a functional increase at the
local tissue level, such as an increase in estrogen receptor concentration and/or activity. Given the central role in parturition for progesterone withdrawal in all species, the local estrogen change could be secondary to the functional progesterone withdrawal, such as the change in progesterone receptor-A expression, allowing estrogen receptor gene
expression to escape progesterone inhibition.348 The concept of a functional progesterone withdrawal in primate parturition and the obvious importance of progesterone withdrawal in other species prompted extensive study of the administration of progestational drugs to prevent preterm labor. There is some effect with progesterone itself, 100
mg/daily administered vaginally, but there is a one-third reduction in preterm birth with 17α-hydroxyprogesterone caproate given as a weekly 250-mg injection.359,360 These results have been obtained in women at high risk for preterm birth by virtue of a previous preterm birth. Progestational therapy is ineffective once labor has begun, and the
impact on pregnancies complicated by conditions associated with premature labor is unknown, although studies have indicated no reduction in preterm birth in women with twin or triplet gestations.361,362,363 Multiple clinical trials are ongoing. Key Points: Evidence for a Role of Prostaglandin in Parturition Prostaglandin levels in maternal blood
and amniotic fluid increase in association with labor. Arachidonic acid levels in the amniotic fluid rise in labor, and arachidonate injected into the amniotic sac initiates parturition. Patients taking high doses of aspirin have a highly significant increase in the average length of gestation, incidence of postmaturity, and duration of labor. Indomethacin
prevents the normal onset of labor in monkeys and stops premature labor in human pregnancies. Stimuli known to cause the release of prostaglandins (cervical manipulation, stripping of membranes, and rupture of membranes) augment or induce uterine contractions. The process of cervical ripening and softening is mediated by prostaglandins.
Exogenously administered prostaglandins induce labor. The precursor fatty acid for prostaglandin production in part may be derived from storage pools in the fetal membranes, the decidua, or both.321 Phospholipase A2 has been demonstrated in both human chorioamnion and uterine decidua. The availability of arachidonic acid for prostaglandin
production during parturition follows the stimulation of hydrolysis of phosphatidylethanolamine and phosphatidylinositol in decidual, amnion, and chorion laeve tissues.364,365,366 Microsomes from amnion, chorion laeve, and decidua vera tissues contain lipases that hydrolyze fatty acids esterified in the 2 position. Specific phospholipase activity
(phospholipase A2 acting on phosphatidylethanolamine and phospholipase C acting on phosphatidylinositol) combined with a DAG lipase that also has a specificity for arachidonic acid provides a mechanism for the release of arachidonic acid. The activity of these enzymes in fetal membranes and decidua vera tissue increases with increasing length of
gestation. The key may be the increasing levels of estrogen (both estradiol and estriol) in the maternal circulation as well as in the amniotic fluid or, more importantly, locally within the uterus. The marked rise in estrogen near term may affect the activity of the lipase enzymes, leading to the liberation of arachidonic acid. The activity of these
phospholipases is increased by increasing concentrations of calcium; and, therefore, the regulation of intracellular calcium is an important mechanism. Nevertheless, a role for local progesterone withdrawal in the activation of prostaglandin production remains a likely mechanism.355 Cervical ripening is the process by which the cervix becomes soft
and distensible and easily dilated. This change is associated with a decrease in collagen and proteoglycans, and an increase in water, brought about by enzymes and cytokines in response to prostaglandins. Progesterone is believed to exert a stabilizing influence on the cervix during pregnancy, a state that is antagonized by estrogen. Studies of
enzyme activity within human cervical tissue indicate that prior to the initiation of labor, progesterone levels are maintained in the cervix, whereas estrogen becomes inactivated.367 With the onset of parturition, 17β-hydroxysteroid dehydrogenase is decreased, resulting in an increase in the local concentrations of estradiol and a metabolite of
progesterone, 20α-hydroxyprogesterone (in effect, a local cervical withdrawal of progesterone). These changes are consistent with local responses to increasing estrogen levels and support the general mechanism of progesterone withdrawal occurring at localized tissue sites. The human fetal membranes and decidua are incredibly active. Human
chorion and decidua produce estrogen utilizing a variety of substrates, especially estrone sulfate and DHEAS, and this activity is increased around the time of parturition.368,369 In addition, the human fetal membranes synthesize and metabolize progesterone.16 The membranes contain a 17,20-hydroxysteroid dehydrogenase system. One active site
converts 20αdihydroxyprogesterone to progesterone, while another active site on this enzyme converts estrone to estradiol. Thus, this enzyme can play an important role in altering the estrogen/progesterone ratio. The membranes and the decidua contain distinct cell populations with different biochemical activities (which change with labor).370
Steroidogenic and prostaglandin interactions among these cells could produce the changes necessary for parturition without affecting the concentrations of circulating hormones. In addition, relaxin derived from decidua and/or chorion may exert a paracrine action on amnion prostaglandin production.227 Throughout most of pregnancy, the amnion
and chorion may exert an inhibitory influence over the myometrium by suppressing calcium channel activity.371 Finally, the fetus may take a very direct role in this scenario by secreting substances into the amniotic fluid, which interact with the fetal membranes to signal the initiation of parturition. Key Points: Observations of Placental CorticotropinReleasing Hormone (CRH) CRH is produced in trophoblast, the fetal membranes, and decidua.92 During pregnancy, CRH levels in the amniotic fluid and the maternal circulation progressively increase, and although amniotic fluid levels do not further increase with labor, the highest maternal levels are found at labor and delivery. Levels of the CRHbinding protein are decreased in trophoblast, membranes, decidua, the amniotic fluid, and maternal circulation prior to labor.370,372,373 This decrease in the CRH-binding protein would allow an increase in CRH activity. CRH directly stimulates DHEA and DHEAS biosynthesis in cells derived from the fetal zone of the adrenal.57 CRH stimulates
prostaglandin release in fetal membranes, decidua, and myometrium.108,374 Increased CRH and decreased CRH-binding protein have been measured in women with preterm labor and in women with threatened preterm labor who subsequently deliver within 24 hours.330,375,376,377 Cortisol, in the presence of progesterone, stimulates (probably
by blocking progesterone inhibition) trophoblastic CRH synthesis.55,378 CRH, activin A, vasopressin, and prostaglandin F2α stimulate oxytocin release from placental tissues, to augment myometrial contractions.379 CRH increases the secretion of matrix metalloproteinases in placental cells and fetal membranes, a prelude to the rupture of
membranes.110 These observations are consistent with a key mechanism involving CRH activity in the initial triggering events of parturition. Although in the ewe the CRH signal begins in the fetal brain, in women, it appears to begin in the uterus. Indeed, placental CRH is expressed in primate placentas.380 Progesterone and estrogen are major
inhibiting factors for CRH production in placental tissue.381 It has been hypothesized that rising fetal cortisol levels (e.g., in response to stress, especially hypoxia) compete with progesterone for the glucocorticoid receptor in the placenta, thus blocking the inhibitory action of progesterone on CRH synthesis, leading to an increase in CRH.55 Cortisol
directly stimulates CRH gene expression in the placenta, providing a mechanism for a specific link between cortisol and CRH.382 Because CRH directly stimulates steroidogenesis in the fetal zone of the adrenal, the increase in CRH would increase DHEAS to serve as precursor for the increase in estrogen that occurs prior to parturition. The sequence
of events could be started by an increase in CRH or a decrease in CRH-binding protein, or both, associated with the estrogen and progesterone changes in late pregnancy (estrogen and progesterone receptor-A repress and progesterone receptor-B increases CRH gene expression).383,384 On the other hand, consistent with the sheep studies, the
initiating step in this sequence of events could be an increase in fetal ACTH secretion, for example, in response to stress and relative hypoxemia and an increase in placental CRH (Figure 7.18). Although CRH plays a central role, various pathways can lead to its increase, another example of multiple pathways to parturition. Regardless of the specific
triggering event, it is increasingly clear that the fetus plays a pivotal, if not controlling, role in parturition. FIGURE 7.18 Regulation of Prostaglandins It is clear that suppression of prostaglandin production in the uterus is required for pregnancy maintenance and eventual success. The levels of prostaglandins in the decidua are 200-fold lower in
pregnancy than in the endometrium at any stage of the menstrual cycle, persisting throughout most of pregnancy. This appears to be caused by a decrease in prostaglandin synthesis and not an increase in prostaglandin breakdown.385 Moreover, in all species examined and at any gestational age, exogenous prostaglandin administration has the
ability to induce abortion,386,387 and failure to suppress prostaglandin production in the endometrium at the time of implantation is associated with spontaneous abortion.388 With labor, the arachidonic acid pathway in the fetal membranes shifts toward the cyclo-oxygenase direction with a large increase in the production of PGE2 due to the
induction of COX-2 activity. This COX-2 activity is a response to the increase in cortisol that in turn is a response to CRH. In addition, CRH can directly stimulate prostaglandin production in the membranes. Specific protein inhibitors of prostaglandin synthase have been demonstrated in placenta, amnion, and chorion, and these proteins cannot be
found in tissue from patients who have established labor.321,389 The link between infection and the onset of labor (especially preterm labor) may be due to the conversion by bacterial medium (with inflammatory factors such as the interleukins) of arachidonic metabolism in the membranes and decidua to a condition associated with labor marked by
the production of PGE2.321,390,391 In this case, prostaglandin production may be a consequence of inflammatory induction of the second cyclo-oxygenase enzyme COX-2.392 In addition, intra-amniotic infection is associated with a loss of the chorionic high concentration of 15-hydroxyprostaglandin dehydrogenase that inactivates prostaglandins,
resulting in a shift that favors biosynthesis and activity.393 These changes are modulated by the cytokines involved in the inflammatory response. Prostaglandin production during pregnancy reflects the usual complex interaction of a host of autocrine/paracrine factors. Platelet-activating factor, EGF, and transforming growth factor-α stimulate
prostaglandin production by the fetal membranes apparently by regulating intracellular calcium concentrations.394,395 Secretory products of the fetal membranes themselves are active stimulators of membrane prostaglandin production, including renin derived from chorion prorenin.396 Decidual PGF2α production is enhanced by bradykinin, EGF,
and transforming growth factor-α, and these responses are further increased by interleukin-1β.397,398 Prostaglandin production by amnion, chorion, and decidual cells is stimulated by CRH and modulated by progesterone.107 The ubiquitous substances, activin and inhibin, are involved here as well. Amnion and chorion produce the activin and
inhibin subunits, and activin stimulates prostaglandin PGE2 release from amnion cells.284 During labor, the maternal circulating levels of PGE2, PGF2α, and the PGF2α metabolite are increased, a change that can be directly attributed to uterine production because the gradient across the uterus for these substances is also increased. This increase in
production of prostaglandins within the uterus must be the key factor, because the concentration and affinity of prostaglandin receptors do not change at parturition.399 Prostacyclin is produced (at least in vitro) by a variety of tissues involved in pregnancy: endometrium, myometrium, placenta, amnion, chorion, and decidua. Prostacyclin and
thromboxane are probably more important in the vascular responses of mother and fetus and in all likelihood do not play a role in initiating or maintaining uterine contractions; however, prostacyclin does inhibit myometrial contractility.400 PGI synthase expression appropriately decreases in myometrium with increasing gestational age.401 Decidua
produces both PGE2 and PGF2α, but the amnion and chorion produce primarily PGE2.402 The inducible cyclo-oxygenase, COX-2, is expressed at a high level at term in the amnion and chorion.403 As in sheep, prostaglandin synthesis in membranes and decidua is probably stimulated by cortisol; glucocorticoid receptors are present in the same cells
that contain cyclo-oxygenase.404 There is evidence for the transfer of prostaglandin E2 across the membranes to the decidua and possibly the myometrium.405 The paradox of PGE2 production in the amnion being matched not by a PGE metabolite in the maternal circulation but by a PGF2α metabolite was explained by transfer across the membranes
and conversion of PGE2 to PGF2α in the decidua.406 However, continued study of this issue strongly indicates that prostaglandins produced on one side of the membranes do not contribute to the prostaglandins on the other side, arguing that uterine contractions must be primarily influenced by decidual or myometrial prostaglandins.407 Indeed,
COX-2 expression in the myometrium increases at term before the onset of labor and is correlated with estrogen receptor-α activity.348 There is reason to believe that the myometrial exposure to prostaglandins is also influenced by the activity of a catabolic enzyme in the chorion. At term, prostaglandin synthesis occurs in the amnion and decidua,
and throughout pregnancy, the chorion forms a barrier preventing passage of bioactive prostaglandins to the myometrium because of a large capacity to catabolize prostaglandins via 15hydroxyprostaglandin dehydrogenase.393,408 The activity of this enzyme is decreased in the presence of labor, including preterm labor, and after premature rupture
of membranes or when infection is present.393,409,410 Because the activity of 15-hydroxyprostaglandin dehydrogenase decreases in the myometrium and the chorion during labor, a combination of increased biosynthesis of prostaglandins and a decrease in 15-hydroxyprostaglandin dehydrogenase achieves the increase in prostaglandins associated
with parturition, probably mediated by the local changes in estrogen and progesterone bioavailability and activity, with key roles also played by CRH and cortisol. Cortisol decreases and progesterone increases 15-hydroxyprostaglandin dehydrogenase activity in placental tissues.411,412 A functional withdrawal of progesterone would allow a greater
effect of cortisol resulting in an increase in prostaglandins. Regulation of intracellular calcium ions contributes to this mechanism; an influx of calcium ions increases prostaglandin synthase expression, whereas prostaglandin dehydrogenase expression is suppressed.413 This is a potential pathway for the input of locally produced peptides involved in
parturition. Metalloproteinases Disruption and remodeling of the extracellular matrix are part of the process of parturition just as it is in implantation and placentation. Cervical ripening, rupture of the fetal membranes, and detachment of the placenta all involve activity of the matrix metalloproteinases in the decidua and the membranes.414 A
balance between these enzymes and their inhibitors is necessary to maintain the integrity of fetal membranes and uterine structure and function. With the change in function associated with parturition, one would expect this balance to shift toward metalloproteinase expression and activity, and, indeed, this is the case.415 An early event in premature
labor and premature rupture of membranes is the activation of the metalloproteinases. There is evidence to indicate that metalloproteinases are activated by prostaglandins and cytokines and inhibition is maintained by down-regulation of the conversion of plasminogen to plasmin by progesterone.416 Oxytocin and Myometrial Responses Using
sensitive assays, an increase in maternal levels of oxytocin can be detected prior to parturition, occurring at first only at night.417,418 Activation of oxytocin secretion is linked to progesterone withdrawal because brainstem oxytocin neurons are suppressed by brain metabolites of progesterone.419 Once labor has begun, oxytocin levels rise
significantly, especially during the second stage (Figure 7.19). Thus, maternal oxytocin may be most important for developing the later, more intense uterine contractions. Extremely high concentrations of oxytocin can be measured in the cord blood at delivery, and release of oxytocin from the fetal pituitary may also be involved in labor. However, this
is controversial, and studies in monkeys fail to indicate a role for fetal oxytocin in parturition.418 Part of the contribution of oxytocin to parturition is the stimulation of prostaglandin synthesis in decidua and myometrium.420 Cervical dilation appears to be dependent on oxytocin stimulation of prostaglandin production, probably in the decidua. The
greater frequency of labor and delivery at night may be due to greater nocturnal oxytocin secretion. In addition, oxytocin is synthesized in the amnion, in the chorion, and, significantly, in the decidua.417,421,422 This locally produced oxytocin, in response to CRH, may be a significant stimulus for myometrial and membrane production of
prostaglandins. FIGURE 7.19 It is likely that oxytocin action during the initial stages of labor may depend on myometrial sensitivity to oxytocin in addition to the levels of oxytocin in the blood. The concentration of oxytocin receptors in the myometrium is low in the nonpregnant state and increases steadily throughout gestation (an 80-fold increase),
and during labor, the concentration doubles. This receptor concentration correlates with the uterine sensitivity to oxytocin.423 The mechanism for the increase is unknown, but it likely is due to a change in the prostaglandin and hormonal milieu of the uterus, especially functional progesterone withdrawal. The local production and effects of oxytocin,
estrogen, and progesterone combine in a complicated process of autocrine, paracrine, and endocrine actions to result in parturition. Animal studies have implicated the formation of low-resistance pathways in the myometrium, called gap junctions, as an important action of steroids and prostaglandins during labor.424 In the gap junction, a pore
forms, which allows communication from cytoplasm to cytoplasm between two cells (Figure 7.20). The pore is a cylinder-shaped channel formed of six special proteins called connexins. Either substances or electrical current (ions) can follow this pathway without leakage into extracellular space. Thus, gap junctions provide a means of communication
between myometrial cells, allowing enhancement of electrical conductivity and synchronization of activity. Gap junction formation is related to the estrogen/progesterone ratio (estrogen up-regulates connexin-43, the gap junction protein, which is down-regulated by progesterone) and to the presence of the stimulating prostaglandins PGE2 and
PGF2α. Therefore, it is not surprising that the number of gap junctions increases in the final weeks of pregnancy, especially just before labor. The modulation of the number and the permeability of gap junctions are another contributing factors in the control of uterine contractility. FIGURE 7.20 The final contraction of the uterine muscle results from
increased free calcium concentrations in the myofibril, the result of prostaglandin action and functional progesterone withdrawal, an effect opposed to the promotion of calcium binding in the sarcoplasmic reticulum by the presence of progesterone.425,426 Thus, prostaglandins and oxytocin increase, while progesterone decreases intracellular
calcium levels. The intracellular calcium concentration is affected by cellular entry and exit of calcium as well as binding in the sarcoplasmic reticulum. It is the intracellular concentration of calcium that determines the rate of myosin phosphorylation and the contractile state of the myometrium. Tocolytic therapy (the use of β-adrenergic agents)
stimulates adenylate cyclase activity, which increases the levels of cellular cyclic AMP, which, in turn, decreases intracellular calcium concentration and inhibits actin-myosin interaction by modulating kinase phosphorylation. Ducsay and colleagues propose that the coordination of this complex relationship of physiologic, endocrine, and molecular
mechanisms is expressed in rhythms.75,427 Both mother and fetus experience 24-hour rhythms in hormone secretions, and uterine activity is correlated with day and night (photoperiod regulation). The coordination and enhancement of this rhythmicity play a role in parturition. Improved detection and measurement of this activity could contribute to
better prevention and treatment of preterm labor. Molecular biology is now assessing the activity of genes in the uterus and fetal membranes.428 Some of this activity is predictable, correlating with autocrine and paracrine substances known to be involved in parturition. The identification of other genes differentially regulated during parturition will
open new areas for research. Ultimately, we will come to understand the mechanisms of normal parturition and to be more effective in managing premature and abnormal labor. Concluding Thought Imagine yourself as a fetus within a pregnant uterus. Your growth, development, and survival require keeping the uterus quiescent for most of the
pregnancy. This is accomplished by maintaining progesterone inhibitory dominance of the myometrium. When ready to begin extrauterine life or when your environment becomes inhospitable, you are able to prepare or “activate” the parturition mechanisms by means of hormonal and autocrine/paracrine messengers. Ultimately, uterine contractions
and cervical ripening are stimulated, and amazingly, even if you are incapable of initiating these events, the sequence will eventually begin, and delivery will ensue. The extraordinary experience and wonder of labor and birth, as perceived by parents and birth assistants, are matched by your ability and the complexity of the systems you influence.
Treatment Inhibition of Labor with Prostaglandin The key role for prostaglandins in parturition raises the potential for treatment of premature labor with inhibitors of prostaglandin synthesis. The concern has been that such treatment would result in intrauterine closure of the ductus arteriosus causing pulmonary hypertension. Clinical studies,
however, indicate that use of the nonsteroidal anti-inflammatory agents for short periods of time (3 days) yields good results and does not result in this complication.429 Beyond 34 weeks, the fetus is more sensitive to this pulmonary action, and treatment should be limited to pregnancies less than 32 weeks and with caution from 32 to 34 weeks. If the
drug is failing, it should not be maintained because increased blood loss can occur at delivery. Because indomethacin inhibits the synthesis of all members of the prostaglandin family, including the vasodilating prostacyclin, it should be used with caution in hypertensive patients.430 Sulindac is just as effective as a tocolytic but does not affect urine
output and amniotic fluid, and it has a lesser impact on the fetal ductus arteriosus.431,432 A specific COX-2 inhibitor, celecoxib, was as effective as indomethacin in treating preterm labor, but importantly, there was no adverse impact on the ductus arteriosus and there was a lesser transient decrease in amniotic fluid volume.433,434 Treatment of
pregnant women with indomethacin reduces the amniotic fluid volume due to a decrease in fetal urine output. This is reversible with a decrease in dose. This treatment has been used for polyhydramnios with good response and no effect on the newborn despite treatment for 2–11 weeks.435,436,437 Induction of Labor and Cervical Ripening
Pharmacologically and physiologically, prostaglandins have two direct actions associated with labor: ripening of the cervix and myometrial stimulation. Successful parturition requires organized changes in both the upper uterus and in the cervix. The cervical changes are in response to the estrogen/progesterone ratio and the local release of
prostaglandins. Whether relaxin plays a role in human parturition is not established; however, recombinant relaxin is being tested for cervical ripening. Ripening of the cervix is the result of a change that includes an increase in hyaluronic acid and water and a decrease in dermatan sulfate and chondroitin sulfate (these compounds hold the collagen

fibers in a rigid structure). How prostaglandins operate in this change is unknown, but enzyme activation must be involved. For ripening of the cervix, PGE2 is very effective, whereas PGF2α has little effect. The purpose of pharmacologically achieving ripening of the cervix is to increase the success rate with induction of labor and lower the
proportion of cesarean sections. Intravaginal prostaglandin E2 (dinoprostone) administered as tablets and suppositories and mixed in gels has been very effective for cervical ripening. A synthetic PGE1 analogue, misoprostol, is also effective when used intravaginally or orally for cervical ripening and labor induction, although there can be a problem
of uterine tachysystole (rapid contractions).438,439,440,441 A major clinical application for the induction of labor in the United States is the use of intravaginal PGE2 in cases of fetal demise and anencephalic fetuses. The patient should be well hydrated with an electrolyte solution to counteract the induced vasodilation and decreased peripheral
resistance. If satisfactory uterine activity is established, the next application should be withheld. And, finally, because there is a synergistic effect when oxytocin is used shortly after prostaglandin administration, there should be a minimum of 6 hours between the last prostaglandin dose and beginning of oxytocin augmentation. Prostaglandins are
used to induce term labor. Intravenous prostaglandins are not an acceptable method due to the side effects achieved by the high dosage necessary to reach the uterus. The intravaginal and oral administration of PGE2 is as effective as intravenous oxytocin, with good results initially reported even in patients with previous cesarean sections.442,443
Later, concern was raised that uterine rupture may be more frequent with prostaglandin use in women with previous cesareans.444 The intravaginal administration of misoprostol, the synthetic prostaglandin E1 analogue, is safe, effective, and relatively inexpensive for the routine induction of labor.445 These methods, plus intracervical
administration, are in routine use in many parts of the world. Induced Abortion Prostaglandins are effective for postcoital contraception and first-trimester abortion but impractical because of the high incidence of side effects, including an unacceptable rate of incomplete abortions. For midtrimester abortions, intra-amniotic prostaglandin,
intramuscular methyl esters, and vaginal PGE suppositories are available. Again, the major clinical problems have been the efficacy in accomplishing complete expulsion and the high level of systemic side effects. Overall, there is a higher risk of hemorrhage, fever, infection, antibiotic administration, readmission to the hospital, and more operative
procedures when compared with saline abortions. The combination of prostaglandin’s oxytocic action with the antiprogesterone effect of RU 486 (mifepristone) has proved to be a safe and effective medical treatment for the induction of therapeutic abortion in both the first and second trimesters.446,447,448,449 Combining a prostaglandin analogue,
misoprostol, with mifepristone inexpensively and safely achieves greater than 95% efficacy (Chapter 21). Prostaglandins and Postpartum Hemorrhage When routine methods of management for postpartum hemorrhage caused by uterine atony have failed, an analogue of prostaglandin F2α gives excellent results (80–90% successful).450 Prostin 15 M
is 15(S)-15-methyl prostaglandin F2α-tromethamine. The dose is 0.25–0.5 mg, repeated up to 4 times and given with equal efficacy either intramuscularly or directly into the myometrium. It can also be used after the replacement of an inverted uterus. Failures are usually associated with infections or magnesium sulfate therapy. However, clinical
trials with injectable prostaglandins have indicated that regular methods are as effective and that the modest reduction in blood loss does not warrant routine use to prevent postpartum hemorrhage.451 When used after delivery for the prevention of postpartum hemorrhage, misoprostol, the PGE1 analogue, 600 mg given orally, is less effective with
more side effects than the standard use of oxytocin.451,452 However, misoprostol can be a lifesaver when delivery and hemorrhage occur in parts of the world where parenteral drugs are not available. PROSTAGLANDINS CIRCULATION AND THE FETAL The predominant effect of prostaglandins on the fetal and maternal cardiovascular system is to
maintain the ductus arteriosus and the renal, mesenteric, uterine, placental, and probably the cerebral and coronary arteries in a relaxed or dilated state. The importance of the ductus arteriosus can be appreciated by considering that 59% of the cardiac output flows through this connection between the pulmonary artery and the descending aorta.
Control of ductal patency and closure is mediated through prostaglandins. The arterial concentration of oxygen is the key to the caliber of the ductus. With increasing gestational age, the ductus becomes increasingly responsive to increased oxygen. In this area, too, attention has turned to PGI2 and TXA2. Fetal lamb ductus homogenates produce
mainly PGI2 when incubated with arachidonic acid. PGE2 and PGF2α are formed in small amounts and TXA2 not at all. Although PGE2 is less abundant than PGI2 in the ductus, it is a more potent vasodilator of the ductus and is more responsive to oxygen (decreasing vasodilation with increasing oxygen).453 Thus, PGE2 appears to be the most
important prostaglandin in the ductus from a functional point of view, whereas PGI2, the major product in the main pulmonary artery, appears to be the major factor in maintaining vasodilation in the pulmonary bed. The ductus is dilated maximally in utero by production of prostaglandins, and a positive vasoconstrictor process is required to close it.
The source of the vasoconstrictor is probably the lung. With increasing maturation, the lung shifts to TXA2 formation. This fits with the association of ductal patency with prematurity. With the onset of pulmonary ventilation at birth leading to vascular changes that deliver blood to the duct directly from the lungs, TXA2 can now serve as the
vasoconstrictor stimulus. The major drawback to this hypothesis is the failure of inhibitors to affect the constriction response to oxygen. Administration of vasodilating prostaglandins can maintain ductal patency after birth while preparing an infant for surgery to correct a congenital lesion causing pulmonary hypertension.454 Infants with persistent
ductus patency may be spared from thoracotomy by treatment with an inhibitor of prostaglandin synthesis. The use of indomethacin to close a persistent ductus in the premature infant is successful about 40% of the time.453,455 Ibuprofen is equally effective and reduces blood flow to critical organs less than that observed with indomethacin.456 An
important factor is early diagnosis and treatment because with increasing postnatal age the ductus becomes less sensitive to prostaglandin inhibitors, probably because of more efficient clearance of the drug.457 The highest incidence of successful ductus closure has been with infants younger than 30 weeks of gestation and younger than 10 days old.
This aspect of the use of prostaglandin inhibitors is of concern in considering the use of agents to inhibit premature labor. The drug half-life in the fetus and newborn is prolonged because the metabolic pathways are limited, and there is reduced drug clearance because of immature renal function. In utero constriction of the ductus can cause
congestive heart failure and fetal pulmonary hypertension.458 Prolonged ductus constriction leads to subendocardial ischemia and fibrotic lesions in the tricuspid valve muscles. Infants with persistent pulmonary hypertension have hypoxemia, cardiomegaly, and right-to-left shunting through the foramen ovale or the ductus. Infants of mothers given
either indomethacin or salicylates chronically have been reported to have this syndrome. Duration of exposure and dosage are critical. It takes occlusion of the ductus for more than 2 weeks to produce fetal pulmonary hypertension and cardiac hypertrophy. This side effect is rare in pregnancies less than 27 weeks of gestation; the ductus arteriosus
usually begins to respond at 27–30 weeks, and after 30 weeks, this is an important side effect that can be minimized if long-term use is avoided.459 PROSTAGLANDINS BREATHING AND FETAL Prior to parturition, fetal breathing is very shallow. It is proposed that placental PGE2 suppresses breathing by acting in the fetal brain.460 Occlusion of the
umbilical cord is rapidly followed by a loss of this PGE2 influence and the onset of air breathing. The administration of indomethacin to fetal sheep increases, whereas infusion of PGE suppresses, fetal breathing movements. This may be the explanation for the decrease in fetal breathing movements observed during human labor (associated with an
increase in prostaglandin levels). FETAL LUNG MATURATION The pulmonary alveoli are lined with a surface-active phospholipid-protein complex called pulmonary surfactant, which is synthesized in the type II pneumocyte of mature lungs. It is this surfactant that decreases surface tension, thereby facilitating lung expansion and preventing
atelectasis. In full-term fetuses, surfactant is present at birth in sufficient amounts to permit adequate lung expansion and normal breathing. In premature fetuses, however, surfactant is present in lesser amounts, and, when insufficient, postnatal lung expansion and ventilation are frequently impaired, resulting in progressive atelectasis, the clinical
syndrome of respiratory distress. Phosphatidylcholine (lecithin) has been identified as the most active and most abundant lipid of the surfactant complex. The second most active and abundant material is phosphatidylglycerol (PG), which significantly enhances surfactant function. Both are present in only small concentrations until the last 5 weeks of
pregnancy. Beginning at 20–22 weeks of pregnancy, a less stable and less active lecithin, palmitoyl-myristoyl lecithin, is formed. Hence, a premature infant does not always develop respiratory distress syndrome; however, in addition to being less active, synthesis of this lecithin is decreased by stress and acidosis, making the premature infant more
susceptible to respiratory distress. At about the 35th week of gestation, there is a sudden surge of dipalmitoyl lecithin, the major surfactant lecithin, which is stable and very active. Because secretion by the fetal lungs contributes to the formation of amniotic fluid and the sphingomyelin concentration of amniotic fluid changes relatively little
throughout pregnancy, assessment of the lecithin/sphingomyelin (L/S) ratio in amniotic fluid at approximately 34–36 weeks of pregnancy can determine the amount of dipalmitoyl lecithin available and thus the degree to which the lungs will adapt to newborn life. Gluck and colleagues, in 1971, were the first to demonstrate that the L/S ratio correlates
with pulmonary maturity of the fetal lung.461 In normal development, sphingomyelin concentrations are greater than those of lecithin until about gestational week 26. Prior to 34 weeks, the L/S ratio is approximately 1:1. At 34–36 weeks, with the sudden increase in lecithin, the ratio rises acutely. In general, a ratio of 2.0 or greater indicates
pulmonary maturity and that respiratory distress syndrome will not develop in the newborn.462 Respiratory distress syndrome associated with a ratio greater than 2.0 usually follows a difficult delivery with a low 5-minute Apgar score, suggesting that severe acidosis can inhibit surfactant production. A ratio in the transitional range (1.0–1.9) indicates
that respiratory distress syndrome may develop but that the fetal lung has entered the period of lecithin production, and a repeat amniocentesis in 1 or 2 weeks usually reveals a mature L/S ratio. The rise from low to high ratios can occur within 3–4 days. An increase in the surfactant content of PG at 34–36 weeks marks the final maturation of the
fetal lung. When the L/S ratio is greater than 2.0 and PG is present, the incidence of respiratory distress syndrome is virtually zero. The assessment of PG is especially helpful when the amniotic fluid is contaminated because the analysis is not affected by meconium, blood, or vaginal secretions. The L/S ratio has been replaced in many centers by a
method that uses fluorescence polarization with a fluorescent probe that binds to surfactant. The fluorescent method is simple, automated, rapid, and less costly. Abnormalities of pregnancy may affect the rate of maturation of the fetal lung, resulting either in an early mature L/S ratio or a delayed rise in the ratio. Accelerated maturation of the ratio
is associated with hypertension, advanced diabetes, hemoglobinopathies, heroin addiction, and poor maternal nutrition. Delayed maturation is seen with diabetes (without hypertension) and Rh sensitization. In general, accelerated maturation is associated with reductions in uteroplacental blood flow (and presumably increased fetal stress). With
vigorous and effective control of maternal diabetes, the risk of respiratory distress syndrome in the newborns is not significantly different from infants born to nondiabetics. Since Graham Liggins observed survival of premature lambs following the administration of cortisol to the fetus,463 it has become recognized that fetal cortisol is the principal
requisite for surfactant biosynthesis. This is true despite the fact that no increase in fetal cortisol can be demonstrated to correlate with the increases in fetal lung maturation. For this reason, fetal lung maturation can be best viewed as the result of not only cortisol but also the synergistic action of prolactin, thyroxine, estrogens, prostaglandins,
growth factors, and perhaps other yet unidentified agents.464 Insulin directly inhibits surfactant protein expression in fetal lung tissue, which explains the increase in respiratory distress syndrome associated with hyperglycemia in pregnancy (although this effect can be overcome by the stress associated with advanced diabetes).465 Corticosteroid
therapy of pregnant women threatened with preterm delivery reduces neonatal mortality, respiratory distress syndrome, and intraventricular hemorrhage.466 In general, maximal benefit in terms of enhanced fetal pulmonic maturity has been demonstrated with glucocorticoid administration from 24 to 34 weeks of gestational age, with some benefit
between 34 weeks and 36 6/7 weeks.466,467 The optimal effect requires that 48 hours elapse after initiation of therapy although some benefit is achieved within hours after administration. The current recommendation in the United States is to administer two doses of betamethasone, 12 mg intramuscularly 24 hours apart, or four doses of
dexamethasone, 6 mg intramuscularly every 12 hours for pregnant women between 24 0/7 weeks and 36 6/7 weeks of gestation who are at risk of preterm delivery within 7 days.466,467 Multiple weekly treatments or serial courses are no longer recommended, but a single repeat course of antenatal corticosteroids should be considered in women who
are less than 34 0/7 weeks of gestation who are at risk of preterm delivery within 7 days and require consultation with a maternal-fetal medicine specialist. Although every case of respiratory distress syndrome and subsequent chronic lung disease cannot be prevented, a significant impact can be achieved on infant mortality and the incidence and
severity of respiratory distress syndrome. Additional treatment with TRH was initially believed to be beneficial; however, clinical trials indicate that TRH does not further reduce the incidence of chronic lung disease in glucocorticoid-treated very low birth weight infants.468,469,470 THE POSTPARTUM PERIOD The immediate postpartum period is a
time of rapid readjustment to the nonpregnant endocrine state. About 10–15% of women become clinically depressed during this time, and an endocrine mechanism has been suggested.471 The clinician should always have a high index of suspicion for thyroid dysfunction because of the 5–10% incidence of postpartum thyroiditis in the 3–6 months
after delivery. Because of the relative hypercortisolism in the last trimester of pregnancy, it has been suggested that persistent suppression of hypothalamic CRH secretion (and thus the pituitary-adrenal axis) in the postpartum period is a characteristic finding in women with postpartum depression and that this suppression also contributes to a
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and Menopause Hormone Therapy Chapter 18: Transgender Endocrinology Chapter 19: Obesity Chapter 20: Reproduction and the Thyroid Normal and Development Abnormal 8 Sexual Abnormalities of sexual differentiation are seen infrequently in an individual clinician’s practice. However, few physicians have not been challenged at least once by a
newborn with ambiguous genitalia or by a young woman with primary amenorrhea. Traditional classifications for disorders of sexual differentiation have been confusing, but advances in reproductive science have helped to define their causes and to provide the foundation for a logical and efficient approach to diagnosis. This chapter first considers
the processes involved in normal sexual differentiation, to provide a basis for understanding the various types and causes of abnormal development. Some subjects are discussed in other chapters, but also are included here, for clarity and completeness. The fundamental theme is that disorders of sexual development (DSD) result primarily from
abnormalities in the amount or action of androgens—from excess androgen in females and from too little androgen in males. NORMAL SEXUAL DIFFERENTIATION The gender identity of a person (whether an individual identifies as a male or a female) is determined by their genetic, gonadal, and phenotypic sex and also is influenced by their
environment. Genetic or chromosomal sex is defined by the sex chromosomes, typically XX or XY. Gonadal sex is defined by the direction of gonadal differentiation, into ovaries or testes. Phenotypic sex is defined primarily by the appearance of the external genitalia and the secondary sexual characteristics that develop at puberty. Gender identity
includes all behavior having any sexual connotation, such as body gestures and mannerisms, habits of speech, recreational preferences, and content of dreams. Sexual expression, both homosexual and heterosexual, reflects the sum of all sexual influences on the individual, both prenatal and postnatal, the latter referring to the role assigned by society
in accordance with the individual’s phenotype and behavior. Normal sexual differentiation involves a sequence of related processes that begins with genetic or chromosomal sex, as established at the time of fertilization.1 Gonadal sex is determined next; directed by the genetic sex, the indifferent gonads differentiate into ovaries or testes. In turn,
gonadal sex controls the hormonal environment of the embryo, which directs the development of the internal and external genitalia. The processes involved in sexual differentiation of the embryonic brain are less clear, but may involve mechanisms similar to those controlling differentiation of the external genitalia. The inductive influences of
hormones on the developing central nervous system (CNS) ultimately may determine the patterns of hormone secretion and sexual behavior in the adult.2,3,4,5,6,7 Although the mechanisms that govern sex differentiation are not yet entirely clear, our understanding of the molecular processes involved has advanced significantly in recent years.
Current concepts are summarized here, beginning with the genetics of sex determination, followed by germ cell sex differentiation, gonadal differentiation, and development of the internal and external genitalia (Figure 8.1). FIGURE 8.1 Genetics of Sex Determination Both the X and the Y chromosomes appear to have evolved from autosomal
ancestors over a period of 300 million years.8 Most of the ancestral genes on the Y chromosome have been lost in the process, leaving only a limited number of currently active genes. A great many genes are involved in translating the sex chromosome composition of the embryo and in directing the differentiation of the gonadal somatic cells,9,10,11
but sex determination depends primarily on the presence or absence of a Y chromosome. In females, the identical pair of X chromosomes aligns and recombines along its entire length during meiosis, like the autosomes. In males, homology between the X and Y chromosomes is limited to two small regions located at the very distal ends of the short and
long arms of the Y. The “pseudoautosomal” region constitutes only approximately 5% of the entire Y chromosome and is the only region that normally pairs and recombines during meiosis.10,12 Most of the remaining 95% of the Y chromosome is unique to the male, containing multiple copies of genes expressed specifically in the testis and encoding
proteins with specialized functions.8 A single copy of the one gene most critical to testis differentiation, SRY (Sex-determining Region on Y), is located on the distal short arm of the Y (Yp11.3), immediately adjacent to the pseudoautosomal region.13 Most of what is known about the genetic basis for sexual differentiation derives from studies of
mutations in the mouse and human associated with varying degrees of “sex reversal,” conditions in which the chromosomal sex does not correlate with the gonadal or phenotypic sex. In humans, 46,XX male sex reversal occurs when pairing between the X and Y chromosomes during male meiosis extends abnormally into adjacent nonhomologous
regions, allowing inappropriate recombination and transfer of Y-specific DNA onto the X chromosome. Careful analysis of four XX males having a very small piece of translocated Y DNA (60 kb)14 prompted a search for highly conserved sequences within that region, which led to discovery of the SRY gene.13 The identification of SRY mutations in
three XY females supported the hypothesis that SRY was the critical and long-sought “testis-determining factor,”15,16 but proof derived ultimately from studies in the mouse. First, a deletion in Sry (by convention, mouse gene symbols are italicized and the first letter is in uppercase with all the rest in lowercase, human gene symbols are italicized and
all letters are in uppercase, mouse and human protein designations are the same as the gene symbol, but not italicized and all in uppercase) was identified in a line of XY female mice.17 Second, Sry gene expression in the genital ridge was observed just at the time of testis differentiation.18 Third, transgenic XX mice carrying Sry develop as males.19
SRY now is generally established as the primary genetic signal determining the direction of gonadal differentiation in mammals.10,20 However, XX hermaphrodites having ovotestes but not SRY have been described, and only a small proportion of phenotypic females with XY gonadal dysgenesis (Swyer syndrome) harbor SRY mutations. These
observations indicate clearly that sex determination and sex reversal involve genes other than SRY.21 Although the mechanisms that regulate SRY expression are still unclear, the nuclear receptor SF1 (Steroidogenic Factor 1) has emerged as a likely and important activator. In the mouse, SF1 binds to and activates the Sry promoter,22 and
heterozygous mutations in the Sf1 gene (resulting in haploinsufficiency) produce XY female sex reversal.23,24,25 In humans, SF1 haploinsufficiency is a known cause of XY female sex reversal,26 and an SF1 polymorphism that reduces transactivation function by approximately 20% is recognized as a susceptibility factor for the development of
micropenis and cryptorchidism.27,28 Evidence indicates that splice variants of WT1 (Wilms tumor 1) and GATA4 (GATA-binding protein 4) also may be involved in the regulation of Sry expression; both are transcription factors containing zinc-finger motifs that can interact and synergistically activate the promoter of human SRY.29 WT1 mutations are
associated with gonadal dysgenesis and ambiguous genitalia in males.30 The sequence of molecular events involved in testis differentiation is not completely understood, but SRY appears to activate a number of other genes that promote testis development.31 The 204 amino acid protein product of SRY (SRY) contains a 79 amino acid domain very
similar to that in a recognized family of transcription factors known as the high mobility group (HMG), which bind to DNA and regulate gene transcription. Members of the related SRY HMG box (SOX) protein family of transcription factors play a crucial role in the cascade of events that drives testis differentiation, and most of the SRY point mutations
identified in sex-reversed patients translate to abnormalities in the amino acid sequence of SOX proteins.32 Substantial evidence now indicates that SOX9 is the most likely SRY target gene. In mice, Sox9 expression is dramatically up-regulated soon after Sry expression begins in XY gonads but down-regulated in XX gonads,33 and cell fate mapping
experiments have found that SOX9-positive Sertoli cells derive exclusively from SRYpositive gonadal somatic cells.34 XY mouse embryos having a targeted deletion of Sox9 develop ovaries,35,36 and transgenic activation of Sox9 expression induces male development in XX embryos.10 In humans, heterozygous mutations in SOX9 (resulting in
haploinsufficiency) cause a skeletal malformation syndrome (campomelic dysplasia) in which most affected XY patients exhibit female sex reversal, and SOX9 duplication (resulting in overexpression) is the only known autosomal cause of XX male sex reversal.32 The developmental consequences of activating and inactivating mutations in Sox9
resemble those of similar mutations in Sry, implying not only that Sox9 is required for testis differentiation, but also that Sry activation of Sox9 may be all that is necessary to activate other genes important to testis development, such as Fgf9 (fibroblast growth factor 9), and to repress genes that induce ovary development, such as Wnt4 (a member of
the wingless family of genes), Rspo1 (Rspondin 1), Dax1 (dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1), and Foxl2 (forkhead box L2).32 DAX1 is a nuclear transcription factor normally up-regulated in the ovary and repressed by SOX9, but DAX1 duplication (resulting in overexpression) can repress SRY
(directly, or indirectly by inhibiting SF1) and cause XY female sex reversal.37,38 SOX9 probably is the one most important factor regulating the activity of genes involved in Sertoli cell differentiation, and evidence suggests that SOX9 drives the process via feed-forward loops that up-regulate its own expression. SOX9 stimulates Sf1 expression, binds
to the same enhancer as SRY (after Sry expression has ended), and also stimulates Fgf9 expression in nascent Sertoli cells, all of which up-regulate Sox9 expression and combine to maintain high levels of SOX9 activity.10,31,32 Although a great many genes are involved in testis differentiation, virtually all male-to-female sex reversal in mice and in
humans can be explained ultimately, directly or indirectly, by the failure to generate sufficient levels of SOX9 to promote the positive-feedback loops that maintain its expression. FGF9 appears particularly critical for maintaining the levels of Sox9 expression required to induce testis differentiation. Both Fgf9 and Sox9 are expressed at low levels in
bipotential XX and XY gonads (Figure 8.2), but Fgf9 expression is lost in XX and amplified in XY gonads soon after Sry is expressed.39 Deletion of Fgf9 does not prevent initial expression of Sry or Sox9 in Sertoli cell precursors, but Sox9 expression is a prerequisite for Fgf9 expression, and without it, Sox9 expression cannot be sustained.40 FGF9 also
appears to actively repress genes that promote ovary differentiation, such as Wnt4.39 FIGURE 8.2 Whereas ovarian differentiation has long been considered the “default” pathway of sex determination—the automatic result in the absence of a testis-determining factor— recent evidence challenges that traditional concept. In mice, inactivating
mutations in genes such as Wnt4,39,41 Rspo1,42,43,44 and Foxl245,46,47 result in partial or complete XX male sex reversal, and activating mutations in β-catenin or Dax1 result in XY female sex reversal.32,48,49 Rspo1 is required for Wnt4 expression and activates β-catenin, which, like Foxl2, down-regulates Sox9 expression.21 Dax1 acts as a
dominant-negative regulator of transcription of other nuclear receptors, including SF1, and thus may repress Sry expression.32 Taken together, these observations suggest strongly that ovarian development results from the active repression of one or more genes in the testis pathway, rather than from a developmental default mechanism. It now
appears that both testis and ovary differentiation require dominantly acting genes, with SRY inducing testis development via up-regulation of SOX9 and with other genes, primarily WNT4 and RSPO1, teaming to promote ovary development via repression of SOX9. The new concept views the fate of the bipotential gonad as balanced between opposing
forces and SRY as the key factor. In XY gonads, SRY induces SOX9 and tips differentiation toward testis development, and in XX gonads lacking SRY, other genes combine to repress SOX9 and promote ovary development.21,50 Germ Cell Sex Differentiation In human embryos, gonadal development begins during the 5th week of gestation as a
protuberance overlying the mesonephric ducts, known as the genital or gonadal ridge. The primordial germ cells do not arise within but migrate into the developing gonads between 4 and 6 weeks of gestation, proliferating as they go (Figure 8.3). At least in the mouse, their survival during migration appears to depend on an interaction between the
cell surface tyrosine kinase receptor, c-KIT, and a ligand produced by surrounding tissues, called stem cell factor.51 At this stage of development, the gonads are identical in males and females, indifferent and bipotential, capable of differentiating into either testes or ovaries in response to inductive signals. Although germ cells do not induce gonadal
development, they play a more active role in females than in males. In the genetic or pharmacologically induced absence of germ cells, testis cords (the embryonic precursor to seminiferous tubules in the adult testis) can develop, but in females, ovary differentiation fails altogether52,53; somatic cells aggregate but deteriorate, leaving only stromal
tissue and, ultimately, a fibrous streak. After arrival in the nascent gonads, germ cell differentiation into male (prospermatogonia) or female (oogonia) depends on the sex of the gonadal somatic cells and on signals in the surrounding environment rather than on the chromosomal sex of the germ cells themselves. In XY/XX mouse chimeras, XY
primordial germ cells can develop as oogonia in female embryos, and XX germ cells as prospermatogonia in male embryos.54 FIGURE 8.3 It is not yet clear whether the signaling molecules that mediate germ cell sex determination act in the developing testis to inhibit meiosis or in the developing ovary to induce meiosis, what those signaling
molecules may be, and whether they act directly on the germ cells themselves or indirectly via actions on gonadal somatic cells.31 Recent studies in mice aimed at identifying molecular candidates for the putative meiosis-inducing or meiosis-inhibiting factors have focused attention on retinoic acid, which is produced in the mesonephros. Whereas
retinoic acid treatment induces primordial germ cells in male gonadal explant cultures to express Stra8, Scp3, and Dmc1 (meiosis marker genes), germ cells in female gonadal explants treated with a retinoic acid inhibitor continue to express Oct4 (a marker for pluripotent cells).55 Moreover, Sertoli cells, which surround the germ cells in the
developing testis cords, express Cyp26B1, a gene encoding an enzyme (CYP26B1) that metabolizes retinoic acid.56 Taken together, these observations suggest that local levels of retinoic acid may regulate germ cell differentiation in the developing gonad, with retinoic acid diffusing from the adjacent mesonephros acting as the functional meiosisinducing factor in female germ cells and with CYP26B1 produced by Sertoli cells in the developing testis cords acting as the functional meiosis-inhibiting factor in male germ cells.10 Alternatively, or in addition, Sertoli cells may secrete a specific meiosisinhibiting factor, with one likely downstream target being Nanos2, a gene expressed exclusively in
male germ cells.31,57 In the male, the primordial germ cells become incorporated into the developing testis cords and enter mitotic arrest as prospermatogonia, resuming proliferation soon after birth. In the female, the primordial germ cells (oogonia) continue to proliferate by mitosis somewhat longer, reaching a peak of 5–7 million by 20 weeks of
gestation. However, only some enter meiosis and become primary oocytes, arresting in diplotene of the first meiotic prophase, and become surrounded by a single layer of flattened pregranulosa cells, forming primordial follicles. Those that are not incorporated into primordial follicles degenerate via apoptosis, and, by birth, only approximately 1–2
million germ cells remain. The signals for programmed cell death are unknown but seem likely to involve some form of intercellular communication between the primary oocyte and surrounding pregranulosa cells. Whereas male germ cells proliferate continuously, the traditional dogma has held that female germ cells proliferate only during
embryogenesis and, therefore, that females are born with a finite number of primordial follicles that are steadily depleted and cannot be replenished. However, that dogma has been challenged by studies suggesting that germ-line stem cells reside within the bone marrow and may replenish the ovary with new oocytes,58,59 stimulating a vigorous
scientific debate,60,61,62,63,64,65,66 which continues.67,68,69 Testis Differentiation and Development The current model for testis differentiation and development, based primarily on studies in mice, envisions a sequence of events that begins with the formation of the genital ridge, first recognized as a thickening underlying the coelomic
epithelium adjacent to the mesonephros. Primordial germ cells migrate into the genital ridge, along with proliferating coelomic epithelial cells, which express SF1. A portion of the epithelial daughter cells expresses Sry to become Sertoli cell precursors, the first cell type to differentiate and the only cell type in the developing testis that expresses Sry.
The subset of somatic cells expressing Sry immediately also begins to express Sox9, a reliable marker for developing Sertoli cells. In turn, Sox9-positive Sertoli cell precursors secrete other paracrine signaling molecules such as Fgf9 and prostaglandin D2 (PGD2), which also play important roles in testis differentiation. FGF9 reinforces Sox9
expression and induces neighboring cells to proliferate, thereby increasing the generation of supporting cell precursors that are able to express Sry. PGD2 can induce even Sry-negative cells to express SOX9 and to differentiate into Sertoli cells.34 Together, FGF9 and PGD2 help to maintain SOX9 levels and to ensure a sufficient number of Sertoli
cells to form a testis. Once the number of SOX9-positive cells reaches a critical threshold, SOX9 represses Sry expression. Under the control of Sry, Sertoli cells also secrete a factor that induces a migration of cells from the adjacent mesonephros. The developing testis enlarges rapidly with the influx of migrating cells, which differentiate into
endothelial cells and Leydig cells upon their arrival in the developing gonad.10 Male-specific peritubular myoid cells appear to differentiate from cells already within the gonad, flattening and surrounding aggregates of Sertoli cells that organize in layers around clusters of primordial germ cells.50 The peritubular myoid cells thus help to form the
testis cords, later serving to promote the movement of sperms through the seminiferous tubules in the adult testis. Together, the Sertoli cells and peritubular myoid cells induce the development of a basal lamina between them, separating the testis cords from the interstitial tissue. The steroidogenic Leydig cells differentiate within the interstitium, in
close proximity to developing blood vessels that derive from endothelial cell precursors. Endothelial cell migration from the mesonephros is specific to the male and required for development of an arterial network that extends throughout the interstitium but not into the testis cords50 (Figure 8.4). FIGURE 8.4 Ovary Differentiation and Development
In females lacking a Y chromosome and SRY, the bipotential gonad begins to differentiate into an ovary about 2 weeks later than testis development begins in the male. Normal ovarian differentiation requires the presence of germ cells; in their absence, the gonadal somatic cells fail to differentiate, indicating some form of communication between
germ cells and somatic cells.53 Wnt4 and Rspo1 are two genes that play an important role in ovarian differentiation; XX mice with targeted deletions of either gene develop ovotestes containing sex cords and functional Leydig cells.43 Wnt4 expression suppresses the migration of mesonephric endothelial and steroidogenic cells as occurs in the
developing testis. This action of Wnt4 is dependent on Rspo1.41,43 Rspo1expression is specifically up-regulated in XX somatic cells from the earliest stages of gonadal differentiation and encodes a secreted protein that, like WNT4, activates the β-catenin signaling pathway in somatic cells, resulting in a loss of cell-cell adhesion between female germ
cells, which is a prerequisite for their entry into meiosis.43 Consequently, directly or indirectly, RSPO1 regulates female germ cell and ovarian differentiation, by promoting events required for initiation of meiosis, by inhibiting migration of mesonephric cells via Wnt4 expression, and by down-regulating Sox9, which drives testis differentiation. Thus,
whereas testis differentiation is directed by somatic cells, ovary differentiation requires communication between somatic cells and germ cells.70 Gradually, the developing ovary becomes organized into an outer cortex and an inner medullary region, which ultimately regresses, leaving behind a compressed nest of vestigial tubules and Leydig cells in
the hilar region known as the rete ovarii. By 20 weeks of gestation, the ovary achieves mature compartmentalization, consisting of an active cortex containing follicles exhibiting early stages of maturation and atresia, and a developing stroma. Within the cortex, primordial follicles are separated from the somatic cells by a surrounding basement
membrane. In some primordial follicles, the pregranulosa cells become cuboidal and proliferate, the oocyte enlarges and produces a zona pellucida (an extracellular glycoprotein matrix deposited between the oocyte and the granulosa cells), and a surrounding layer of thecal cells develops. The remainder stay quiescent until sometime later. The
molecular events that regulate primordial follicle formation and that stimulate or inhibit the initiation of follicular development are understood poorly but appear to involve a variety of factors, all locally produced and regulated, including members of the transforming growth factor β (TGF-β) superfamily of proteins and another family of trophic factors
called neurotrophins. Activins, inhibins, antimüllerian hormone (AMH), and bone morphogenetic proteins (BMPs) are members of the TGF-β family of proteins. Activins promote and inhibins retard primordial follicle development, and their relative local concentrations in the fetal ovary during the time of follicle assembly may determine the size of the
ovarian follicular pool.71 AMH appears to be an important inhibitor of primordial follicle growth, and BMPs exert the opposite effect.71 AMH action is mediated, at least in part, by the transcription factor Osterix (Osx), which influences regression of müllerian ducts.72 Neurotrophins and their receptors are essential for the differentiation and survival
of various neuronal populations in the central and peripheral nervous systems, but their presence in the developing ovary suggests they also play a role in ovarian development. Four mammalian neurotrophins have been identified, including nerve growth factor (NGF), brain-derived neurotropic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin
4/5 (NT-4/5), all of which exert their actions via binding to high-affinity transmembrane tyrosine kinase receptors encoded by members of the trk proto-oncogene family (NGF to TrkA, BDNF and NT4/5 to TrkB, and NT-3 to TrkC).73 Observations in NGF- and TrkA-null mice indicate that NGF stimulates the proliferation of ovarian mesenchymal cells
during the early stages of follicular assembly and promotes differentiation and synthesis of folliclestimulating hormone (FSH) receptors in granulosa cells. Similar experiments with TrkB-null mice suggest that TrkB signaling is required for oocyte survival after follicular assembly and for preantral follicular development.73 The specific signaling
mechanisms that mediate the effects of activins, inhibins, BMPs, and neurotrophins remain to be established. Other paracrine factors mediate a bidirectional communication between oocytes and their surrounding granulosa cells. Oocytes are linked to their investment of granulosa cells via gap junctions, which allow passage of small molecules such
as ions (e.g., calcium), metabolites (e.g., pyruvate, nucleic acids, inositol), amino acids (e.g., Lalanine), cholesterol, and intracellular signaling molecules (e.g., cyclic adenosine monophosphate, cAMP) between granulosa cells and oocytes. In mice, targeted deletions of gap junction proteins (known as connexins), disrupt follicular and oocyte
development.70,74,75,76 Oocytes are unable to use glucose as an energy source to support meiotic maturation, cannot transport certain amino acids, and lack both the enzymes necessary for cholesterol synthesis and the receptors for its uptake from carrier-borne sources. Consequently, they are dependent on adjacent granulosa cells to metabolize
glucose into a usable energy substrate, such as pyruvate, for transport of essential amino acids, such as L-alanine, and for synthesis and transfer of cholesterol.77 To meet their needs, oocytes stimulate glycolysis, amino acid transport, and cholesterol synthesis in granulosa cells via paracrine and juxtacrine signals that promote expression of
transcripts involved in these metabolic processes, at least in some species.77 Candidate signaling molecules include closely related members of the TGF-β family, growth differentiation factor 9 (GDF9) and BMP15; both are expressed robustly in oocytes and appear crucial for normal ovarian follicle development in mammalian species.78 Genital Duct
Differentiation and Development Caspar Wolff described the mesonephros in 1759 in his doctoral dissertation, at the age of 26.79 The paired structures were named wolffian bodies by the 19th century embryologist, Rathke, in recognition of Wolff’s initial discovery and description. Johannes Müller, a German physiologist, described the embryology of
the genitalia in 1830. The paramesonephric ducts received his name, not because of his original contributions, but in recognition of his ability to synthesize the existing literature into a coherent concept. The mesonephric (wolffian) and paramesonephric (müllerian) ducts are discrete primordia that coexist in all embryos during the ambisexual period
of development (up to 8 weeks). Thereafter, one duct system persists, giving rise to specialized ducts and glands, and the other regresses, leaving behind only nonfunctional vestiges. The wolffian duct develops first; differentiates into the epididymis, vas deferens, and seminal vesicles in males; and regresses in females. The müllerian duct develops
later, even after the beginning of sex determination; differentiates into the fallopian tubes, uterus, and upper portion of the vagina in females; and regresses in males. The hormonal control of genital duct differentiation and development was established by the classic experiments of Alfred Jost.80 His landmark studies demonstrated that hormones
produced by the testis direct the sexual differentiation of both the internal and external genitalia in the male. Whereas testosterone stabilizes and promotes development of the wolffian ducts, AMH directs the regression of the müllerian system. In females, the wolffian ducts regress, in the absence of testosterone, and the müllerian ducts develop fully,
in the absence of AMH. Although not yet clearly defined, our knowledge of the molecular mechanisms involved is growing steadily. Mesonephric (Wolffian) Duct Development Testosterone is secreted by the fetal testes soon after Leydig cell formation (at 8 weeks of gestation) and rises rapidly to peak concentrations at 15–18 weeks. Fetal testosterone
stimulates development of the wolffian duct system, from which the epididymis, vas deferens, and the seminal vesicles derive. Testosterone levels in the male fetus correlate with Leydig cell development, overall gonadal weight, 3β-hydroxysteroid dehydrogenase activity, and chorionic gonadotropin (hCG) concentrations. As maternal hCG levels
decline, beginning at approximately 20 weeks of gestation, Leydig cell testosterone secretion comes under the control of fetal pituitary luteinizing hormone (LH). In the absence of LH, as in males with anencephaly and other forms of congenital hypopituitarism, Leydig cells all but disappear and the internal and external genitalia do not develop
fully.81 Testosterone can reach the developing wolffian duct system via the systemic fetal circulation, but the paracrine actions of testosterone produced in nearby Leydig cells are more important for the stabilization and differentiation of the wolffian duct. High local concentrations of testosterone stimulate the ipsilateral wolffian duct to differentiate
into the epididymis, vas deferens, and seminal vesicle. Duct system differentiation proceeds, therefore, according to the nature of the adjacent gonad. High concentrations of testosterone are required because the duct does not have the ability to convert testosterone to dihydrotestosterone (DHT).82 In rodents, wolffian development can be induced in
female embryos by treatment with exogenous androgens, but only to a limited extent,83 because exogenous androgen treatment cannot achieve and maintain the high local concentrations required to induce duct differentiation. For the same reason, the wolffian ducts do not develop in female fetuses exposed to excess endogenous adrenal androgens,
as in classical congenital adrenal hyperplasia (CAH), or to excess maternally derived androgens, as occurs in women with pregnancy luteoma. Testosterone acts via binding to androgen receptors in the wolffian duct, which are detectable in both males and females, but androgen production in females does not approach the levels required to promote
wolffian duct differentiation.83 The paired wolffian ducts arise within the urogenital ridge during embryogenesis, running its length and terminating in the cloaca. The ducts form by a rearrangement of mesenchymal cells rather than by cell proliferation.84 The regulatory signals involved have not been established, but evidence from studies in mice
having targeted deletions of candidate genes has implicated a number of transcription factors, including PAX2, LIM1, and EMX2. All are expressed in mesenchymal condensations before duct formation and respond to opposing signals from adjacent mesoderm and overlying ectoderm, which appear to restrict their expression to the specific area in the
mesoderm from which the ducts arise.84 Along the axis of the forming wolffian ducts, a series of smaller tubules develop. The most anterior tubules fuse with the wolffian duct to become the precursors of the efferent ducts, ultimately connecting the testis to the epididymis; the more posterior or caudal tubules regress. In the human, parallel efferent
ductules form multiple connections with the head (caput) of the epididymis. Gradually, the straight wolffian ducts elongate and coil as a result of epithelial cell proliferation, stimulated by testosterone transported from the testes via the lumen of the duct, as well as by growth factors (e.g., epidermal growth factor, EGF; basic fibroblast growth factor,
bFGF), which also are found in high concentrations in luminal fluid.85,86 The structure of the developing epididymis becomes increasingly complex. Elongation and three-dimensional coiling begin at the end nearest the testis (the caput) and progress distally, except at the most caudal end of the duct, which remains straight and ultimately gives rise
to the vas deferens. The factors that stimulate or control coiling of the duct are uncertain but may involve a combination of regional signals from the surrounding mesenchyme, focal “hot spots” of epithelial cell growth, and physical space limitations.84 Region-specific expression of homeobox (HOX) genes, which are transcriptional regulators of
patterning, appears important for the differentiation of the duct into its morphologically and functionally distinct segments (caput, corpus, and caudal regions). For example, Hoxa10 and Hoxa11 appear to act distally to define the boundary between the epididymis and vas deferens.87 Others HOX genes appear to direct differentiation of the seminal
vesicle (derived from the posterior wolffian duct) and the prostate (derived from the urogenital sinus).88 Evidence suggests that HOX genes may act by controlling the expression of other morphogenic factors such as inhibin beta A, which is expressed most highly in the greatly coiled caput region and to a progressively lesser extent in the
mesenchyme surrounding more distal regions of the duct.89 Growth factors in the testicular fluid also appear to play an important role in cellular differentiation along the length of the epididymis.90 The extraordinary length of the epididymis—approximately 6 meters in the human— reflects its functional importance. As sperms leave the testis, they
are functionally immature, having neither full motility nor the ability to recognize and fertilize an oocyte. They mature and acquire those functions as they pass through the epididymis, undergoing both biochemical and physical changes in a changing luminal environment regulated by a region-specific epididymal epithelium. The vas deferens is
distinguished from the epididymis by its structure and by its function. It originates at the caudal end of the epididymis, where sperms are stored, and ends in the ejaculatory duct, which joins with the urethra. The vas deferens is surrounded by layers of smooth muscle that contract in response to sympathetic nerve stimulation, moving sperms through
the vas deferens, into the ejaculatory duct (formed by the union of the vas with the duct of the seminal vesicle), and into the urethra. Paramesonephric (Müllerian) Duct Development and Regression The müllerian ducts begin by invagination of the coelomic epithelium, which progresses until reaching the wolffian ducts, then elongate, by cellular
proliferation, along the length of the wolffian ducts until reaching and fusing with the urogenital sinus.91 The wolffian ducts make no direct contribution to the müllerian ducts, but are essential for normal müllerian development, serving as a guide or migrational template.92 If the wolffian ducts do not form, müllerian duct development also fails.
Consequently, abnormalities in the renal system are highly associated with abnormalities in development of the fallopian tubes, uterus, and upper vagina. Müllerian duct development can be separated into three phases, each controlled by different genes, as demonstrated by careful analyses of mutant mice. Selection of the cells in the coelomic
epithelium that will become the müllerian ducts is controlled by Lim1, which encodes a protein also involved in formation of the wolffian ducts.93 Expression of Wnt4 and other genes in the Wnt family (Wnt7a, Wnt9b) appears necessary for epithelial invagination.91 Pax2 is required for duct elongation94 and, together with Pax8, also for
differentiation of the duct into a uterus and vagina.95 Directly or indirectly, müllerian duct development also involves other genes such as those encoding retinoic acid receptors; mice having targeted deletions of the retinoic acid receptors fail to develop müllerian ducts or to differentiate specific portions of the duct96 (Figure 8.5). FIGURE 8.5 AMH
is a member of the TGF-β superfamily family of growth and differentiation factors that includes inhibin and activin.97,98 The gene encoding AMH is located on the short arm of chromosome 19 (19p13.3). Like other members of the TGF-β superfamily, AMH signaling is mediated via a heterodimeric receptor consisting of a type I and a type II
serine/threonine kinase receptor; the type II part of the receptor mediates ligand specificity and the type I receptor activates a downstream signaling cascade. The specific type II receptor that binds AMH, called AMHR2, has been isolated in several mammalian species; in the human, the gene encoding AMHR2 is located on chromosome 12 (12q13).
Three different type I receptors have been linked to AMH signaling— ALK2, ALK3, and ALK6; ALK2 and ALK3 appear particularly important, because decreased expression or deletion of either disrupts müllerian duct regression.91 AMH gene expression is induced by SOX9 in Sertoli cells soon after testicular differentiation and results in the
ipsilateral regression of the müllerian ducts by 8 weeks of gestation, before the emergence of testosterone and stimulation of the wolffian ducts.99 Inactivating mutations of AMH or AMHR2 result in persistent müllerian ducts in males.100 The process of müllerian duct regression involves a number of genes, but studies in mice indicate that Wt1 and
Wnt7a play key roles. AMH signaling induces coelomic epithelial cells expressing Wt1, Amhr2, and Alk3 to migrate and surround the müllerian duct, transforming to mesenchymal cells in the process.101,102 Wnt7a expression in the müllerian duct mesoepithelium promotes secretion of a signaling molecule (WNT7a) that activates AMHR2 in the
neighboring mesenchymal cells via WT1, which binds and activates the Amhr2 promoter.91 At the same time, β-catenin gene expression increases in the mesenchymal cells surrounding the duct, and accumulation of β-catenin is accompanied by increased apoptosis in the müllerian ductal epithelium.101,102 Whether WNT-dependent β-catenin activity
is required to induce Amhr2 expression or functions downstream of AMH signaling, or both, is not yet clear. Regardless, the process of müllerian duct regression appears to involve both apoptosis and the transition of ductal epithelial cells to mesenchymal cells.91 The matrix metalloproteinase MMP2 also plays a role, by mediating destruction of the

extracellular matrix; available evidence indicates that MMP2 activity also is AMH dependent, although the mechanism involved has not been established103 (Figure 8.6). FIGURE 8.6 Development of the External Genitalia In the bipotential state, which persists until 9 weeks of gestation, the external genitalia consist of a genital tubercle, a urogenital
sinus, and lateral labioscrotal folds or swellings. Unlike the internal genitalia where both duct systems initially coexist, the external genitalia are neutral primordia able to develop into either male or female structures, depending on gonadal steroid hormone signals. In the male, the Leydig cells of the fetal testis begin to secrete testosterone at 8–9
weeks of gestation, and masculinization of the external genitalia begins 1 week later, at approximately 10 weeks. The genital tubercle grows, forming the penis, the edges of the urogenital sinus fuse to form the penile urethra, and the labioscrotal folds fuse to form a scrotum. The process typically is completed by 12–14 weeks of gestation. Thereafter,
the principal change is in the growth and length of the penis. Complete development of the male external genitalia and differentiation of the prostate requires the conversion of testosterone to DHT, via the action of the intracellular enzyme 5αreductase. The genital tubercle and the labioscrotal swellings are highly sensitive to DHT, being rich in both
androgen receptors and 5α-reductase activity (Figure 8.7). FIGURE 8.7 In the female, and in males with defects in androgen synthesis or action, the external genital primordia do not masculinize. The genital tubercle remains small and becomes the clitoris, the margins of the urogenital sinus remain separate and form the labia minora, the labioscrotal
folds form the labia majora, and the urogenital sinus develops into the lower vagina and urethra. In females, abnormal androgen exposure between 9 and 14 weeks of gestation results in varying degrees of masculinization, such as clitoral hypertrophy and labial fusion. In males, the external genitalia will not masculinize completely if androgen action
is deficient during the same critical time interval, yielding a small phallus, hypospadias, or scrotal defects. In both sexes, because the external genitalia share a common origin, genital ambiguity results from abnormalities in androgen action—in females from too much and in males from too little. Sexual Differentiation of the Central Nervous System
Experimental evidence from studies in rodents and nonhuman primates suggests strongly that the fetal hormonal environment directs sexual differentiation of not only the genitalia but also the CNS. Treatment with testosterone during early development increases reproductive and other behaviors more common in males and decreases behaviors
more common in females. These observations suggest that testosterone and its metabolites play a role in brain development and neuronal organization.104,105 Most of our knowledge about the early influence of testosterone on the brain and behavior in humans derives from clinical disorders associated with abnormal hormone production in early
life, such as CAH. In male fetuses with classical CAH, sexual development progresses normally, but in female fetuses, testosterone is markedly elevated and causes masculinization of the external genitalia (clitoral enlargement and labial fusion). Studies in girls with classical CAH indicate that increased prenatal androgen exposure also affects their
brains and behavior. Compared to unrelated age- and sex-matched controls or to unaffected female relatives of similar age, their toy preferences (vehicles, weapons) and play behaviors (rough, active play) are more typical of boys than of girls, to an extent that correlates with the severity of their disorder.4,106,107 Girls with classical CAH also display
more physical aggression and greater spatial abilities.108,109,110 Although less well studied, there also is evidence to suggest that antenatal androgen exposure may influence sexual orientation. Whereas most females with classical CAH are heterosexual, as a group they are more likely to exhibit a bisexual or homosexual orientation; the effect is
more pronounced in women with the severe salt-wasting form of CAH than in those with the milder, simple virilizing CAH.111 Other studies observing a significant linear relationship between childhood behaviors and maternal serum or amniotic fluid testosterone concentrations during pregnancy suggest that even normal variations in prenatal
androgen exposure may influence behavior, in both males and females.112,113 Presumably, the behavioral consequences of variations in prenatal androgen exposure reflect changes in neuronal development and organization. In rodents, an area of the anterior hypothalamic/preoptic region, called the sexually dimorphic nucleus of the preoptic area, is
substantially larger in males than in females and treatment with androgens increases its size in females.104 Whereas no comparable, specific, sexually dimorphic region has been identified in the human brain, there is some evidence from studies in females with classical CAH using functional MRI to suggest that prenatal androgen exposure may
“masculinize” certain regions of the brain such as the amygdala, which is involved with regulation of emotion and aggression.114 Variations in fetal hormonal programming may contribute, therefore, to the spectrum of psychosexual behavior observed in humans. In addition, gender role is influenced heavily by the sex of rearing and by social
interactions based upon genital appearance and secondary sexual characteristics. DISORDERS OF SEXUAL DEVELOPMENT Disorders of sexual development (DSD) are congenital conditions characterized by atypical development of chromosomal, gonadal, or phenotypic sex. Traditionally, they have been classified according to gonadal sex. A true
hermaphrodite has both ovarian and testicular tissue. A male pseudohermaphrodite has testes, but a female genital phenotype, and a female pseudohermaphrodite has ovaries, but masculine genital characteristics. However, recent advances in molecular genetic diagnosis and increasing awareness of ethical issues and patient advocacy concerns
suggested the need to reexamine the traditional classification scheme and to retire gender-based terms that many now consider pejorative. Ideally, a classification system must be flexible, to allow incorporation of new information, logical, to maintain a consistent structure, reflect genetic cause when that is known, and accommodate the spectrum of
phenotypic variation. The classification and nomenclature used here, organized by chromosomal composition and causation, conform with recommendations arising from a 2006 consensus conference involving experts in pediatric endocrinology and other specialties involved in the management of patients with DSD (Table 8.1).115 TABLE 8.1
Disorders of Sexual Development 46,XX Disorders of Sexual Development DSD in chromosomal females can result from abnormalities in gonadal development, but most are caused by androgen excess, which may be of fetal, fetoplacental, or maternal origin. Excess fetal androgen production results from steroidogenic enzyme deficiencies causing
CAH. Androgen excess of fetoplacental origin results from enzyme deficiencies involving both the fetal adrenal and the placenta. Maternal androgen excess can result from the ingestion of drugs having androgenic properties and from disorders causing gestational hyperandrogenism. Disorders of Gonadal (Ovarian) Development Rarely, 46,XX DSD
can result from abnormalities of gonadal development, which include ovotesticular DSD (true hermaphroditism), testicular DSD (46,XX sex reversal), and gonadal dysgenesis. Ovotesticular Disorder Hermaphroditism) of Sexual Development (True Ovotesticular DSD previously was called true hermaphroditism.115 Hermaphroditus, the Greek god with
bisexual attributes, was the child of Hermes—the god of athletics, secrets, and occult philosophy—and Aphrodite, the goddess of love. The bisexual theme was immortalized in Greek and Roman sculptures depicting a woman with male external genitalia. Pliny (23–79 A.D.) was the first to apply the term hermaphrodite to humans, offering a description
in his massive work, Historia Naturalis. Ovotesticular DSD is a rare condition characterized by mixed ovarian and testicular tissue, which may include bilateral ovotestes or an ovotestis and a contralateral ovary or testis. The disorder is described here because the majority of patients have a 46,XX karyotype. However, because 7% of patients with
ovotesticular DSD have a 46,XY karyotype and 10–40% exhibit chromosomal mosaicism,116 the disorder also must be listed among the causes of 46,XY and sex chromosome disorders of sexual development. Whereas gonads containing testicular tissue are observed most frequently on the right, normal ovaries are observed most often on the left.116
Usually, both müllerian and wolffian internal genital structures are present, and as could be predicted, internal genital structures correspond with the adjacent gonad. Whereas most have a vagina, the uterus can be normal and functional, hypoplastic, vestigial, or altogether absent.116,117 External genital development reflects the level of androgen
production and exposure, and the phenotype can range widely, from ambiguous genitalia to isolated hypospadias. Most are virilized sufficiently to allow male sex assignment, but three-fourths develop gynecomastia and half menstruate after puberty. The genetics and pathophysiology of ovotesticular DSD are not well established. Mechanisms that
might explain the testicular development include the translocation of testis-determining genes from the Y to the X chromosome or an autosome and autosomal dominant mutations that promote testis development in the absence of a Y chromosome.118 In one individual, the condition has been associated with an inactivating mutation in the RSPO1
gene,119 which is located on chromosome 1p34.2–3. Testicular Disorder of Sexual Development (46,XX Sex Reversal) Testicular DSD is a rare “sex reversal” syndrome in which the chromosomal sex (46,XX) is not consistent with the gonadal sex (testes). The disorder was first described by de la Chapelle in 1964120 and can be divided into two types,
SRY positive and SRY negative. Approximately 90% of cases result from abnormal recombination between the distal portions of the short arms of the X and Y chromosomes and transfer of SRY from the Y to the X chromosome during male meiosis; in 10% of cases, SRY cannot be detected.121 In most SRY-negative patients, the mechanism causing
testis development cannot be determined.121,122,123,124 Although some patients with SRY-positive testicular DSD have ambiguous genitalia, which may result from preferential inactivation of the SRY-bearing X chromosome,125 the large majority are sterile males with normal genital development, a normal male hair pattern, and short stature.
Consequently, unless they have cryptorchid testes, most are not recognized until after puberty, when they may present with hypogonadism, gynecomastia, and/or infertility.121 In contrast, SRY-negative XX males usually have ambiguous genitalia and often develop gynecomastia or fail to masculinize fully after puberty.121,122,123,124 Rarely, they
may exhibit occult gonadal mosaicism for SRY.126 In some, the phenotype has been linked to a duplication of sequences on chromosome 17q, including the SOX9 gene, which acts downstream of SRY in the testis-determining pathway.32,127 However, in most patients with SRY-negative testicular DSD, the cause remains unclear. In theory, XX male
sex reversal might result from an inactivating mutation or deletion in genes encoding factors that inhibit testis development, but there is no direct evidence that they are a cause of testicular DSD.122 Gonadal Dysgenesis Some individuals with primary amenorrhea, hypergonadotropic hypogonadism, and gonadal dysgenesis (streak gonads) have a
normal 46,XX karyotype, providing indirect evidence that autosomal genes also play a critical role in ovarian differentiation. Affected women are normal in stature and, in most cases, have no apparent somatic anomalies. A wide variety of candidate genes have been identified, primarily via experiments involving murine knockout models, including
several that encode DNAand RNA-binding proteins and transcription factors expressed during oogenesis.128 Androgen Excess—Fetal Origin (Congenital Adrenal Hyperplasia) Virilizing CAH is a genetic disorder caused by enzyme defects in adrenal cortisol biosynthesis. More than 90% of cases result from a deficiency in the enzyme
21hydroxylase.129,130,131 Deficiencies of 11β-hydroxylase and 3β-HSD are less common causes of CAH. In all, the pathophysiology relates primarily to decreased cortisol production, which stimulates a compensatory increase in pituitary adrenocorticotropic hormone (ACTH) secretion, causing adrenal hyperplasia; increased levels of steroid
hormones proximal to the enzyme block seek an alternative metabolic pathway, resulting in increased production of androgens. In females, the classic forms of CAH (with and without salt wasting) are characterized by genital ambiguity. Depending on the time, duration, and level of exposure, abnormally high androgen concentrations in utero result in
varying degrees of clitoral enlargement and labial fusion and abnormalities of the urethra and vagina; generally, the urethra and vagina share a urogenital sinus that opens at the base of the clitoris. The fetal adrenal cortex does not achieve a significant level of function before 10 weeks of gestation, and by that time, the vagina and urethra normally
have become separated. However, between 10 and 12 weeks, rising androgen levels can promote progressive clitoral enlargement, labial fusion, and even partial closure of the urethra. At birth, the genital anatomy is similar to that in males with hypospadias and bilateral cryptorchidism and can result in incorrect sex assignment. The effects of
elevated adrenal androgen levels arising after 12–14 weeks of gestation are more limited. Female external genital development normally is not completed until approximately 20 weeks of gestation, and the size of the clitoris depends more on the level than on the timing of excess androgen exposure. Development of the internal genitalia is normal in
females with classical CAH because the excess androgen derives from the adrenals and the normal ovaries produce neither AMH nor significant amounts of androgen. Absent AMH and the high local androgen concentrations required to promote wolffian duct development, the fallopian tubes, uterus, and upper vagina develop normally. 21Hydroxylase (P450c21) Deficiency The enzyme 21-hydroxylase (also designated P450c21 and CYP21A2) mediates the conversion of 17α-hydroxyprogesterone (17-OHP) to 11-deoxycortisol (the immediate precursor of cortisol) and of progesterone to 11-deoxycorticosterone (an intermediate steroid in aldosterone synthesis). CAH due to 21-hydroxylase
deficiency is the most frequent cause of sexual ambiguity and the most common endocrine cause of neonatal death. The more serious “salt-wasting” variety of classical 21-hydroxylase deficiency is characterized by severe deficiencies of both cortisol and aldosterone, resulting in salt wasting and dehydration, in addition to virilization. In the less severe
“simple virilizing” form of the disorder, elevated levels of ACTH are able to drive sufficient glucocorticoid and mineralocorticoid production to prevent circulatory collapse, but excess androgen production in utero results in masculinization of the external genitalia. The third and least severe “nonclassical” form of 21-hydroxylase deficiency generally
does not become apparent until adolescence or early adulthood, when abnormally high androgen levels cause hirsutism and menstrual irregularities. Data derived from neonatal screening programs for detection of classical CAH indicate that prevalence varies widely with ethnicity. Whereas the overall prevalence is approximately 1 in 15,000 live
births,132 prevalence ranges from 1 in 28,000 Chinese133 and between 1 in 5,000 and 1 in 23,000 Caucasians,134,135 to as high as 1 in 280 Yupik Eskimos.136 In the United States, the prevalence of classical CAH is lower in African Americans (1 in 42,000) than in Caucasians (1 in 15,500).137 Approximately two-thirds exhibit salt wasting, and onethird has the simple virilizing form of the disorder (Figure 8.8). FIGURE 8.8 Nonclassical 21-hydroxylase deficiency is one of the most common autosomal recessive diseases, and as in the classical form of the disorder, prevalence varies with ethnicity. Nonclassical 21-hydroxylase deficiency affects between 1 in 100 and 1 in 1,000
Caucasians136,137,138 and may be even more common among those of Mediterranean, Hispanic, Slavic, and Eastern European Jewish descent.139 Most affected individuals are not identified in neonatal screening programs because their serum levels of 17-OHP are not sufficiently elevated.140 Estimates of the carrier frequency (heterozygotes) for
nonclassical 21-hydroxylase deficiency generally have ranged between 1 in 60 and 1 in 80 individuals133,136 but have been as high as 1 in 10 in a European population.141 All forms of CAH, including 21-hydroxylase deficiency, are transmitted as autosomal recessive disorders. Humans have two CYP21A genes; one is a nonfunctional pseudogene
(CYP21A1, also designated CYP21P, encoding an inactive form of the enzyme), and the other is the active gene (CYP21A2). The two genes have greater than 90% homology and reside in the same region within the HLA histocompatibility complex on the short arm of chromosome 6 (6p21.3), which provides ample opportunity for recombination during
meiosis.142,143,144,145 Most CYP21A2 mutations (approximately 75%) result from nonreciprocal gene conversions in which a segment of the CPY21A1 pseudogene is inserted into the active CYP21A2 gene, altering its sequence and resulting in point mutations that yield a defective enzyme.144,145,146,147,148 Approximately 20% of CYP21A2
mutations result from unequal crossover exchanges between the two genes, yielding a larger fusion gene that produces an enzyme having reduced or no activity.134,139,148,149 About 20 gene conversion mutations account for almost all of the affected alleles observed among various ethnic groups.147,150,151,152,153,154,155,156,157 The
remaining 5% of patients with CYP21A2 mutations have 1 or 2 of the more than 60 different point mutations that have been identified.147,150,151,152 Women who carry a classic mutation are at risk for having a child with the severe form of the disorder. They may be asymptomatic, having one classic mutation and one normal allele, or exhibit the
nonclassical form of CAH, having one classic mutation and a variant allele associated with mild enzyme deficiency (compound heterozygote). Compound heterozygotes having two variant alleles can exhibit the features of nonclassical CAH but are not at risk for having a child with classical CAH. Although phenotype does not reliably predict genotype,
the effect of a given mutation generally can be predicted by site-directed mutagenesis and expression and by analysis of enzyme activity in vitro.138,147,153,154,155,156,158,159,160,161,162,163,164,165 The salt-wasting form of classical 21-hydroxylase deficiency usually is associated with large gene deletions or a mutation that affects splicing and
results in no enzyme activity. Patients with the simple virilizing form of classical 21-hydroxylase deficiency most often have point mutations that result in low but detectable enzyme activity (e.g., 1–2% of normal) that supports adequate aldosterone and cortisol production. Those with the nonclassical form of 21-hydroxylase deficiency usually are
compound heterozygotes, having one classic mutation and one variant allele or two variant alleles; the phenotype of compound heterozygotes usually correlates with the less severe of the two mutations.150 Heterozygotes may exhibit biochemical abnormalities but typically have no clinically significant endocrinopathy.166,167 Females with classical
21-hydroxylase deficiency (both salt-wasting and simple virilizing forms) present at birth with ambiguous genitalia (adrenogenital syndrome).168,169,170 Boys with salt-wasting CAH typically present as neonates or during early infancy with symptoms of adrenal insufficiency (failure to thrive, dehydration, hyponatremia, hyperkalemia), and those with
simple virilizing CAH not identified by neonatal screening generally present as young children with early virilization. Females with the nonclassical “late-onset” form of 21-hydroxlyase deficiency have normal external genitalia and present later, during childhood or early adolescence with precocious puberty, or as young adults with other signs of
hyperandrogenism such as hirsutism. As discussed earlier in this chapter in reference to the sexual differentiation of the CNS, females with classical CAH tend to exhibit greater interest in male-typical toys and play and more cross-gender and aggressive behavior than do unaffected healthy women.4,106,107,108,109,110,111 Studies of cognitive
function in women with classical CAH have yielded inconsistent results. Whereas some have suggested that such women exhibit lower171,172 or higher intelligence173 and differences in verbal learning and memory,174,175 compared to unaffected women, others have found no evidence to indicate that prenatal androgen exposure has a consistent or
predictable effect on cognition in women with CAH.176 Fertility in women with classical CAH is lower than that in normal women,3,111 primarily due to chronic anovulation relating to excess production of adrenal androgens and progestogens (progesterone, 17-OHP) and disordered patterns of gonadotropin secretion151; abnormalities of genital
anatomy and psychological factors, such as delayed psychosexual development and decreased sexual activity, also contribute.177 In one study of quality of life in women with classical CAH, half reported that their disease adversely affected their sexual life and most were less than satisfied with their genital anatomy and function, regardless whether
they had received reconstructive surgery; vaginal stenosis or narrowing were commonly observed.178 Women with classical CAH also had a later sexual debut and fewer pregnancies and children. Fertility rates correlate with the severity of the disorder and are significantly lower in women with salt wasting than in those with the simple virilizing
form of classical CAH.179 However, outcomes of pregnancies among women with classical CAH who conceive are normal except for an increased incidence of gestational diabetes.177 Children born to mothers with classical CAH have normal birth weight, have no increased incidence of malformations, and exhibit normal intellectual and social
development.177,180 Although maternal serum androgen concentrations can increase significantly during pregnancy and should be monitored, the high capacity of placental aromatase activity effectively protects the female fetus from the masculinizing effects of maternal hyperandrogenism.180 Diagnosis of 21-hydroxylase deficiency is based on a
high serum concentration of 17-OHP, the primary substrate for the enzyme. In neonates with either salt-wasting or simple virilizing CAH, 17-OHP levels typically are greater than 3,500 ng/dL129,181; levels in normal newborns generally are below 100 ng/dL.147 To distinguish 21hydroxylase deficiency from other causes of CAH (11β-hydroxylase and
3β-HSD deficiencies), serum concentrations of 11-deoxycortisol and 17α-hydroxypregnenolone also should be measured. When the diagnosis is suspected but uncertain, it can be confirmed by performing an ACTH stimulation test, obtaining blood samples before and 60 minutes after administering cosyntropin (synthetic ACTH 1–24; 1 mg/m2 or 0.25
mg)182; in affected infants, stimulated 17-OHP levels typically exceed 10,000 ng/dL.168 Diagnosis also can be confirmed by genotyping, which can detect approximately 95% of mutations.183 In couples known to be at risk for having an affected child (affected sibling, both partners carriers for a classic mutation), prenatal diagnosis is possible by
genotyping amniocytes or, preferably, cells obtained by chorionic villus sampling (CVS).139,152 Early prenatal diagnosis offers the option for intervention, before the most critical period of fetal genital differentiation, in efforts to avoid severe masculinization of the external genitalia in affected female fetuses. Neonatal screening programs measure
17-OHP in blood samples dried on filter paper, comparing results to established reference values that vary with weight and gestational age.184,185 Antenatal corticosteroid treatment can decrease 17-OHP levels and increase the risk for a false-negative result, particularly when administered repeatedly186; screening can be repeated at 1–2 weeks of
age, with careful monitoring in the interim, or genotyping can be performed on the dried blood sample.187 In the late-onset nonclassical form of 21-hydroxylase deficiency, serum 17-OHP concentrations often are only slightly elevated, especially late in the day, and the serum dehydroepiandrosterone sulfate (DHEA-S) concentration usually is normal.
In children, morning values greater than 82 ng/dL suggest the diagnosis, which can be confirmed by performing an ACTH stimulation test. In adult women, morning values less than 200 ng/dL (obtained during the early follicular phase of the cycle) exclude the diagnosis, levels over 800 ng/dL are virtually diagnostic, and intermediate results require
additional evaluation with an ACTH stimulation test; in most patients with nonclassical 21-hydroxylase deficiency, the stimulated 17-OHP level will exceed 1,500 ng/dL.139,181,188 A 21-hydroxylase deficiency can be distinguished from 11βhydroxylase and 3β-HSD deficiencies by also measuring 11-deoxycortisol and 17αhydroxypregnenolone, but the
distinction in patients with late-onset CAH has little or no clinical relevance and generally is unnecessary. 11β-Hydroxylase (P450c11) Deficiency The enzyme 11β-hydroxylase (also designated P450c11 and CYP11B1) mediates the conversion of 11-deoxycortisol to cortisol and of 11-deoxycorticosterone to corticosterone (an intermediate steroid in
aldosterone synthesis). The clinical features of 11β-hydroxylase deficiency result from the excess production of adrenal androgens and the mineralocorticoid action of 11-deoxycorticosterone; 11-deoxycortisol has no significant biologic activity. Although 11β-hydroxylase deficiency is the second most common cause of CAH, it accounts for only about 5–
8% of adrenal steroid enzyme defects.168,169,189 Like 21hydroxylase deficiency, 11β-hydroxylase deficiency has severe salt-wasting and simple virilizing forms and a milder late-onset form. In females, 11β-hydroxylase deficiency can result in virilization of the external genitalia, but also may present later, in children with sexual precocity or in
adolescent or young women with hirsutism and menstrual irregularity.190,191,192 In most affected individuals, the disorder has unique clinical features that help to distinguish it from 21-hydroxylase deficiency. Whereas both 21hydroxylase deficiency and 11β-hydroxylase deficiency may result in salt wasting, approximately two-thirds of patients with
11β-hydroxylase deficiency exhibit hypertension due to an increased production of mineralocorticoids.189,193,194,195 Hypokalemia also may be observed and plasma rennin activity often is low. These effects generally have been attributed to excess production of 11-deoxycorticosterone, which has significant mineralocorticoid activity, although blood
pressure and serum 11- deoxycorticosterone concentrations do not correlate closely.190,196 The explanation for the wide variation in the clinical manifestations of 11β-hydroxylase deficiency is not clear. The overall incidence of 11β-hydroxylase deficiency is approximately 1 in 100,000 live births, but like 21-hydroxylase deficiency, incidence varies
with ethnicity. In Israel, the incidence of 11β-hydroxylase deficiency is as high as 1 in 5,000 births among Jews of Moroccan ancestry.197 The enzyme deficiency is an autosomal recessive disorder caused by mutations in the CYP11B1 gene, which is located on the long arm of chromosome 8 (8q21–q22). The known mutations include missense
mutations that result in production of an inactive enzyme,165,198,199,200 frameshift and nonsense mutations that prevent enzyme synthesis,201,202,203 and others resulting from unequal recombination between the CYP11B1 and CYP11B2 genes.204,205 The CYP11B2 gene is located in the same region on chromosome 8 and encodes an enzyme
having both 11β-hydroxylase and 18-hydroxylase (also designated P450c18 or P450aldo) activity, mediating the conversion of corticosterone to 18-hydroxycorticosterone and, subsequently, aldosterone. There are no specific correlations between genotype and phenotype in patients with 11β-hydroxylase deficiency.206 Although the late-onset form of
11βhydroxylase deficiency may be caused by mutations yielding an enzyme with reduced but still significant activity, none has yet been identified. Diagnosis of 11β-hydroxylase deficiency is based on demonstrating high serum concentrations of 11-deoxycortisol and 11-deoxycorticosterone, as well as testosterone; both basal and ACTH-stimulated
levels generally are elevated in affected neonates.189,207,208 In adolescents and young adults, basal 11-deoxycortisol and 11-deoxycorticosterone levels may be normal and ACTH stimulation often is required to make the diagnosis; results must be compared to established age and sexspecific normal values. 3β-Hydroxysteroid Dehydrogenase
Deficiency The enzyme 3β-hydroxysteroid dehydrogenase/D5-D4 isomerase (3β-HSD) catalyzes the oxidation and isomerization of D5-3β-hydroxysteroid precursors into D4-ketosteroids, an essential step in the formation of all classes of steroid hormones (glucocorticoids, mineralocorticoids, progestogens, androgens, and estrogens). There are two 3βHSD isoenzymes, designated type I and type II. The type I 3β-HSD gene (HSD3B1) mediates 3β-HSD activity in the placenta and peripheral tissues (skin, breasts, prostate) and the type II 3β-HSD gene (HSD3B2) is active in the adrenal, ovary, and testis. Deficiency of type II 3β-HSD causes an uncommon form of CAH, accounting for less than 5% of
cases.209 The type I isoenzyme is normal in patients with 3β-HSD deficiency. Consequently, serum concentrations of D4 steroids, such as 17-OHP and androstenedione, can be normal or even sometimes modestly elevated in affected patients. Serum levels of the substrates for the type I enzyme (pregnenolone, 17αhydroxypregnenolone, DHEA) are
increased due to the defect in the type II enzyme in the adrenals and gonads. The clinical presentation of patients with 3β-HSD deficiency varies significantly, but can be divided into salt-wasting and non–salt-wasting forms. The salt-wasting form has been associated with nonsense mutations introducing stop codons,210 frameshift
mutations,210,211,212 and a variety of point mutations in the HSD3B2 gene.213,214,215,216,217 Those with the non–salt-wasting form have had missense mutations causing single amino acid substitutions that dramatically decrease the enzyme’s affinity for substrates or cofactors.217,218,219,220 The external genitalia of females with 3β-HSD
deficiency can be mildly virilized, presumably because DHEA levels are high and some is converted to androstenedione and, subsequently, to testosterone in the periphery. Whereas the salt-wasting form of classical 3β-HSD deficiency (analogous to those of 21hydroxylase and 11β-hydroxylase deficiencies) usually is diagnosed during the first few
months of life, the non–salt-wasting form of the disorder generally presents later. In females, because the external genitalia often are normal at birth, diagnosis of the non– salt-wasting form of 3β-HSD deficiency typically is delayed, presenting in childhood with premature pubarche or in young women with signs of hyperandrogenism.209 Although
basal levels of D5-3β-hydroxy steroids (pregnenolone, 17αhydroxypregnenolone, DHEA, and DHEA-S) generally are elevated in affected individuals, an increased ratio of D5/D4 steroids is a better indication of a possible 3βHSD deficiency. The most reliable diagnostic criterion is the serum 17αhydroxypregnenolone concentration after ACTH
stimulation. Proposed threshold values are based on observations in patients with documented mutations (neonates, ≥12,600 ng/dL; Tanner stage I children ≥5,490 ng/dL, children with premature pubarche, ≥9,790 ng/dL; adults ≥9,620 ng/dL). Some have argued that many women with a clinical diagnosis of polycystic ovary syndrome actually may
have a late-onset form of 3β-HSD deficiency that may be as or more common than the late-onset form of 21-hydroxylase deficiency.221 An exaggerated 17α-hydroxypregnenolone response to ACTH stimulation is relatively common in women with hyperandrogenism, but levels rarely approach those observed in women with proven mutations,
suggesting that the response likely reflects only adrenal hyperactivity and not an enzyme deficiency.222 Furthermore, molecular studies have only rarely identified any mutations in HSD3B2 in patients suspected of having a mild form of 3β-HSD deficiency.223,224,225 Treatment of Congenital Adrenal Hyperplasia Treatment for classical forms of CAH
is aimed at providing sufficient amounts of the deficient hormone, cortisol, to reduce excessive ACTH secretion and to prevent the consequences of excessive androgen production. In mothers at risk for having an affected child, treatment can reduce or prevent masculinization of a female fetus. In neonates with classical CAH, treatment can be
lifesaving and prevents further virilization. In children, treatment permits normal growth and sexual maturation. In adults with classical or nonclassical CAH, treatment helps in the management of hirsutism, menstrual abnormalities, and infertility. Preimplantation Genetic Diagnosis in Couples at Risk for Having an Affected Child Polymerase chain
reaction (PCR)-based genotyping has greatly improved genetic counseling of families with CAH. In couples at risk for conceiving an affected child, the technology also can be applied in preimplantation genetic testing for monogenic disorders (PGT-M, previously called preimplantation genetic diagnosis [PGD]) to detect affected embryos resulting from
in vitro fertilization (IVF).226,227 Previously, this technique was performed by removing a single cell from each embryo reaching the 6–8 cell stage on the 3rd day after oocyte retrieval and fertilization by intracytoplasmic sperm injection (ICSI), with transfer of an unaffected embryo(s) 2 days later at the blastocyst stage. However, following
developments in blastocyst culture, day 5 trophoblast biopsy has become the preferred technique.228 Although PGT-M requires IVF that otherwise would be unnecessary in fertile couples, some may prefer this option over others based on early prenatal diagnosis, as described below. Prenatal Treatment of Mothers at Risk for Having an Affected Child
Prenatal maternal treatment with dexamethasone (up to 1.5 mg daily in divided doses) can greatly decrease or prevent fetal female genital virilization.229 Dexamethasone is not metabolized by the placenta and crosses effectively into the fetal circulation. For maximum effectiveness, treatment should begin at 4–5 weeks of gestation and not later than
9 weeks.148,229,230,231,232 Prenatal maternal treatment poses some potential risks for the fetus, such as postnatal failure to thrive and psychomotor developmental delay, and also can have significant maternal side effects, including severe abdominal striae, hyperglycemia, hypertension, gastrointestinal symptoms, and emotional lability.232,233
Given that only one in eight fetuses will benefit from maternal treatment (one in four affected, half of which will be males), the best approach involves early prenatal diagnosis by CVS with rapid sex determination and genotyping, continuing or beginning treatment only in those mothers having an affected female fetus. However, because even shortterm prenatal treatment with dexamethasone may adversely affect postnatal physical, cognitive, and emotional development, careful pretreatment counseling, monitoring, and long-term follow-up are required and best provided in a research setting234,235 (Figure 8.9). FIGURE 8.9 Neonatal Treatment Newborn infants with classical CAH may be
identified by prenatal diagnosis or neonatal screening or because they have genital ambiguity (females) or an adrenal crisis (males). Infants who exhibit signs of adrenal crisis (hypotension, hyponatremia, hyperkalemia, hypoglycemia, vomiting and diarrhea, weight loss, anorexia) require urgent medical treatment, focusing first on administration of
fluids (10–20 mL/kg 0.9% saline) and correction of any significant hypoglycemia (2–4 mg/kg 10% dextrose); hyperkalemia should be corrected by administering glucose and insulin, if necessary. After a blood sample is obtained for measurement of steroid hormones (17-OHP primarily), a stress dose of hydrocortisone should be administered (50–100
mg/m2 intravenously, typically 25 mg), followed by 50–100 mg/m2 daily in divided doses (every 4 hours). Additional stress doses of hydrocortisone are administered until the infant is stable and feeding normally. Immediate mineralocorticoid replacement is not necessary but will be required if a diagnosis of salt-wasting CAH is confirmed. Initially,
doses of fludrocortisone up to 0.3 mg daily and sodium chloride supplementation (1–3 g daily; 17–51 mEq daily) are required. In infants having a positive neonatal screening test for CAH, the diagnosis should be confirmed with a second blood sample for measurement of 17-OHP and electrolytes. While awaiting the results, electrolytes should be
monitored closely if the infant is not treated empirically with glucocorticoids and mineralocorticoids. Again, the urgent need is to identify infants with salt-wasting CAH before they develop adrenal crisis, which can occur anytime within the first few days or weeks after birth without treatment.147,229 Treatment in Children Ideally, the medical,
surgical, and psychological management of children with CAH should be guided by a multidisciplinary team, including pediatric endocrinologists, surgeons, urologists, geneticists, and psychologists.229 Children with classical or symptomatic nonclassical 21-hydroxylase deficiency require treatment with glucocorticoids.147,229,236 The goal of
treatment is to promote normal growth and development by providing sufficient hormone to minimize adrenal sex steroid production while avoiding the consequences of glucocorticoid excess. Usually, that can be achieved by treatment with hydrocortisone (cortisol) in a dose of 12–18 mg/m2 daily,139,229,236 which still exceeds normal daily cortisol
secretion in children and adolescents (6–9 mg/m2/day).237,238,239 Whereas long-acting glucocorticoids (e.g., prednisone, dexamethasone) also can be used, their longer duration of action and greater potency also increase the risk of overtreatment, which can adversely affect growth before closure of the epiphyses.148,240,241 Normal growth has
been observed in some studies of children treated with prednisone (approximately 1 mg/m2/day)242 or dexamethasone (approximately 0.27 mg/m2/day),243 but hydrocortisone remains the treatment of choice during childhood.229,236 Mineralocorticoid treatment with fludrocortisone is required for children having classical 21-hydroxylase deficiency,
regardless whether they have the saltwasting or simple virilizing form of the disorder. The goal of treatment is to maintain normal serum sodium and potassium concentrations while avoiding the consequences of overtreatment or undertreatment. Excessive mineralocorticoid treatment can cause hypertension and hypokalemia and may impair
growth.244 Inadequate treatment can result in poor growth because it increases the glucocorticoid requirement244,245 and may increase adrenal androgen production, because chronic volume depletion causes increased production of renin and angiotensin II, which can stimulate steroidogenesis.246 In children, fludrocortisone is administered in a
dose ranging between 0.05 and 0.2 mg daily.229 Salt supplementation can be discontinued as the child begins to eat table food, but may be needed during hot weather or strenuous exercise. The effectiveness of treatment generally should be monitored approximately every 3 months in infants and every 4–12 months in children,229 by measuring the
serum concentrations of 17-OHP, androstenedione, plasma rennin activity, growth velocity, and skeletal maturation, comparing results to normative data for age and sexual maturation.139 Ideally, serum hormone measurements should be obtained in the morning when results will reflect peak concentrations.147,229,236 Serum 17-OHP levels
generally should be maintained in a range between 400 and 1,200 ng/dL, but care must be taken to avoid undertreatment of hyperandrogenism and the consequences of iatrogenic hypercortisolism.247 Plasma rennin activity should be kept within the normal range for age by adjusting treatment with fludrocortisone and salt supplementation, before
adjusting the level of glucocorticoid treatment. When necessary, a brief 7–10-day course of treatment with dexamethasone can effectively suppress high androstenedione levels that may result from poor compliance. Bone age and growth rate should be monitored every 6 months, with the goal of avoiding a decrease in growth and advanced bone
age.248,249 Patients with classical CAH have an increased risk for developing central precocious puberty due to poor control of adrenal androgen production; in those who do, treatment with a long-acting GnRH agonist may be needed.250 Illness can precipitate adrenal crisis in children with classical CAH unless they receive adequate glucocorticoid
treatment. Signs and symptoms suggesting the possibility include hypotension, electrolyte imbalance (hyponatremia, hyperkalemia, hypoglycemia), and vomiting and diarrhea that sometimes can be accompanied by abdominal pain, fever, loss of appetite, and weight loss. In children with mild illness, the maintenance dose of glucocorticoid generally
should be increased by two- to threefold. When illness is associated with diarrhea or vomiting and reduced oral intake, intravenous glucocorticoids, saline, and glucose may be required. In children with severe illness or who require major surgery, intravenous hydrocortisone should be administered in a dose appropriate for age; for those 12 years of
age or older, a onetime dose of 100 mg should be administered, followed by 100 mg/day. During recovery, stress doses of hydrocortisone can be gradually decreased, by approximately 50% per day.229 Children with classical CAH are at increased risk for early puberty and short stature because high levels of sex steroids promote premature
epiphyseal closure. In treated patients with classical CAH, adult height usually is lower than in reference populations, by an average of approximately 10 cm, independent of the level of control of adrenal androgen concentrations, which suggests that treatment with exogenous glucocorticoids also suppresses growth.251,252 The effectiveness of
treatment during the first 2 years of life and during puberty appears to have the most important influence on final height.253,254,255 Treatment with growth hormone and a long-acting GnRH agonist can help to maximize growth and adult height.256,257 Obesity is a common complication of glucocorticoid treatment in children with classical CAH;
body mass index correlates with the dose of prescribed medication.258 In obese children, the incidence of hypertension also is increased.259 The surgical management of the genital abnormalities in virilized female children with classical CAH is quite complicated. Traditionally, surgery has been performed in the first few years of life, when the child
is still too young to remember the procedure, to avoid any psychological problems associated with having abnormal external genitalia. However, the wisdom and outcomes achieved with early surgery recently have been challenged, and many now advocate delaying unnecessary surgery until the child is older and can participate in the decision.115
The controversy is discussed in a later section of this chapter devoted to the management of ambiguous genitalia. If clitoroplasty is performed, the clitoral recession procedure, conserving the glans and its innervation, should be employed. It is important to know that women who undergo clitoroplasty and even total clitoral amputation generally do not
have an impaired erotic response or decreased capacity for orgasm. When necessary, vaginal reconstruction is best postponed until after puberty when mature compliance is possible. In patients with severe classical CAH, bilateral adrenalectomy offers the potential advantage of preventing adrenal hyperandrogenism, but also increases the risk for
developing adrenal crisis.260,261,262 Treatment in Adults For older adolescent and adult women with classical CAH, the goal of treatment is to lower and maintain serum concentrations of adrenal precursors (17-OHP) and androgens to the upper limits for normal women. After epiphyseal closure is complete, treatment with long-acting
glucocorticoids (e.g., dexamethasone, prednisone) generally is preferred. When administered at bedtime in a dose ranging between 0.25 and 0.75 mg, ACTH is effectively suppressed for most or all of the following day. Bedtime treatment effectively inhibits the peak of ACTH secretion, which occurs between 2:00 A.M. and 10:00 A.M.240 To avoid the
risks of osteoporosis and developing Cushing syndrome, dosage must be adjusted to the needs of the individual patient. Alternative treatment regimens include prednisone (median dose 7 mg/day; range 4–10 mg/day) or single or divided doses of hydrocortisone (median 30 mg/day; range 15–40 mg/day).263 Supplemental doses of glucocorticoid,
generally involving a two- to threefold increase in the usual daily dose, are indicated during times of stress such as febrile illness, surgery, and trauma; normal exercise does not require stress doses of glucocorticoids.236 As in children with classical CAH, mineralocorticoid treatment in adults is provided with fludrocortisone, in the dose required to
maintain normal serum sodium and potassium concentrations and plasma rennin activity, usually ranging between 0.1 and 0.2 mg/day. When mineralocorticoid treatment is optimized, the dose of glucocorticoids can be minimized.244,245 Inadequate treatment can result in chronic volume depletion that promotes excess production of renin and
angiotensin II, which, in turn, can stimulate increased adrenal androgen synthesis.246 Patients with the simple virilizing form of classical CAH who exhibit increased plasma renin activity and aldosterone concentrations can benefit from mineralocorticoid treatment, which helps in controlling 17-OHP levels.264,265 Treatment should be monitored by
periodic measurements of bone density, and serum 17-OHP, DHEA-S, androstenedione, and testosterone concentrations, remaining alert to the development of signs or symptoms of Cushing syndrome. In those who require mineralocorticoid treatment, plasma renin activity should be monitored and maintained near the upper limit of normal. Many
women with classical CAH who underwent reconstructive surgery during childhood later require further reconstructive surgery during late adolescence or early adulthood, generally involving clitoroplasty and vaginoplasty. Approximately half of procedures performed during infancy will require later revision.139,266 Psychological counseling, ideally
beginning soon after the diagnosis is established, is an important part of the treatment of classical CAH. Although data are limited and conflicting, the incidence of adult psychiatric disorders may be increased in women with classical CAH.267,268 Sexual relationships may develop somewhat later than usual and sexual function may not be completely
normal, even in those having had reconstructive surgery.5 Treatment During Pregnancy Although normal reproduction is possible with effective treatment, fertility generally is decreased in women with classical CAH, particularly in those with the salt-wasting variety of the disorder, due to chronic anovulation and, in some cases, due to poor surgical
results.3 In those who do conceive, serum concentrations of androstenedione, testosterone, and 17-OHP should be carefully monitored and the dosage of glucocorticoids increased as needed to maintain normal levels for gestational age. Treatment with long-acting glucocorticoids should be discontinued in favor of treatment with hydrocortisone, which
is metabolized by the placenta and thereby avoids the risk of suppressing the fetal hypothalamic-pituitary-adrenal axis. In general, term pregnancies, delivery of healthy female infants with normal external genitalia, and normal growth and development in both girls and boys can be achieved.180,269 Even when maternal androgen levels cannot be
suppressed to normal, the high capacity of placental aromatase activity effectively protects the fetal female genitalia.180 The incidence of cesarean delivery is increased, primarily because of concerns that vaginal delivery may disrupt a previous surgical reconstruction of perineal anatomy. An android pelvis is no more common than usual, because the
form and size of the adult pelvis are determined during the pubertal growth spurt. However, a small pelvis might result if bone age is advanced to age 13–14 before treatment started. The need for stress doses of glucocorticoids during labor and delivery is obvious and does not increase the risk for infection or poor wound healing. Androgen Excess—
Fetoplacental Origin Two rare enzyme deficiencies associated with androgen excess—aromatase deficiency and P450 oxidoreductase deficiency—are distinct from those causing classical forms of CAH because they involve both the fetal adrenal and the placenta. Aromatase (P450arom) Deficiency The enzyme aromatase (also designated P450arom and
CYP19A1) catalyzes the conversion of 19-carbon androgens (androstenedione, testosterone, 16α-hydroxy DHEA) to aromatic 18-carbon estrogens (estrone, estradiol, and estriol, respectively) and is encoded by the CYP19A1 gene, located on chromosome 15 (15p21.1). The enzyme is active in the gonads, the placenta, the brain, and in adipose; tissuespecific regulation is controlled, in part, by alternative tissue-specific promoters. Aromatase deficiency is a rare autosomal recessive disorder caused by mutations in the CYP19A1 gene. As a consequence, fetal androgens are not converted to estrogens in the placenta, resulting in female fetal virilization (due to the accumulation of fetal androgens),
low maternal serum estrogen levels, and maternal hirsutism, which typically develops during the second half of pregnancy and regresses after delivery. Affected females classically present with ambiguous genitalia at birth and, at puberty, exhibit signs of hyperandrogenism, absent breast development, primary amenorrhea associated with
hypergonadotropic hypogonadism, and multicystic ovaries.270,271,272,273 Aromatase mutations also can produce variable or nonclassic phenotypes characterized by varying degrees of breast development.274 P450 Oxidoreductase Deficiency The classical forms of CAH all are caused by mutations in genes encoding steroidogenic enzymes, resulting
in reduced or absent enzyme activity, and in clinical signs and symptoms caused by the accumulation of steroid precursors and/or decreased production of the principal steroid end product. Another newly described form of CAH results from a deficiency in the P450 oxidoreductase (POR) enzyme. Although not a steroidogenic enzyme per se, POR
nonetheless affects several steroidogenic pathways and now is recognized as a cause of both 46,XX DSD (female virilization) and 46,XY DSD (incomplete male virilization), which is discussed below.275 First described in 2004,276 POR deficiency is perhaps the most complex form of CAH because it affects the activity of all of the P450 enzymes
involved in steroidogenesis, to varying degrees, resulting in varying patterns of abnormal steroid hormone production and a spectrum of clinical manifestations, and has other “nonendocrine” effects on skeletal development and drug metabolism. POR is a flavoprotein associated with the endoplasmic reticulum and is encoded by the POR gene, located
on chromosome 7 (7q11.2). POR serves as the electron donor in the activation of all microsomal P450 enzymes, including P450c21 (the adrenal 21hydroxylase, CYP21A2), P450c17 (CYP17A1, which catalyzes both 17α-hydroxylase and 17,20-lyase activities), and P450arom (aromatase, CYP19A1, which mediates the conversion of androgens to
estrogens). POR deficiency is an autosomal recessive disorder and more than 25 different POR mutations already have been identified, most being missense mutations in the central electron transfer domain of the protein.275,277 Patients with the same mutation, even siblings, can exhibit phenotypic differences, but the hormonal profile of all patients
with POR mutations reflects partial deficiencies of 21-hydroxylase and 17α-hydroxylase/17,20-lyase. Because 21-hydroxylase and 17,20-lyase activities are impaired to a greater degree than 17α-hydroxylase activity, basal serum 17-OHP concentrations are elevated and exhibit an exaggerated response to ACTH stimulation (due to impaired 21hydroxylase activity), and levels of DHEA/DHEA-S and androstenedione are low (due to impaired 17,20-lyase activity). Basal cortisol levels usually are normal or near normal, but do not rise normally with ACTH stimulation, revealing a chronically compensated adrenal insufficiency275 (Table 8.2). TABLE 8.2 Hormone Profile Associated with P450
Oxidoreductase Deficiency Surprisingly, females with POR deficiency frequently become virilized in utero, something not expected, given that fetal adrenal androgen production should be decreased, not increased. There are two hypotheses concerning the source of androgen excess that might explain the apparent dichotomy, but neither has been
established conclusively.278,279,280 The first envisions that even the modest amount of androgens produced could accumulate due to the deficiency of placental P450arom in patients with POR deficiency. The second invokes an alternative “backdoor pathway” to androgen production in which elevated levels of 17-OHP, which cannot be efficiently
metabolized via P450c21 or P450c17 activities, seek alternative metabolism via 5αreduction and ultimately are converted to DHT, circumventing the usual pathway via androstenedione and testosterone (“Backdoor pathway” of androgen production is shown in Figure 8.10).279,280,281 Although the backdoor pathway still involves P450c17, the
enzyme’s affinity for its substrate in the alternative pathway (5α-pregnane-3α, 17αdiol-20-one) is much higher than for 17-OHP. Therefore, the backdoor pathway likely functions better than the conventional metabolic pathway in patients with POR deficiency.281 FIGURE 8.10 The phenotype of POR deficiency varies widely. Whereas some exhibit a
characteristic spectrum of skeletal abnormalities known as the Antley-Bixler syndrome (craniosynostosis, midface hypoplasia, choanal atresia or stenosis, radiohumeral and/or radioulnar synostosis, femoral bowing and fractures, and joint contractures), indistinguishable from that observed in patients with mutations in the fibroblast growth factor
receptor-2 gene (FGFR2), bony abnormalities are subtle or altogether absent in others.275 The phenotypic spectrum in patients with proven POR deficiency has included asymptomatic patients identified by neonatal screening for 21-hydroxylase deficiency, asymptomatic patients whose mothers virilized during pregnancy, virilized female infants, and
an adult female with primary amenorrhea and multicystic ovaries.276,278,281,282 The widely varying phenotype has led to speculation that POR deficiency may be relatively common and frequently goes unrecognized or is misdiagnosed. Diagnosis of POR deficiency is not straightforward. The diagnosis should be considered in the evaluation of
children with sexual ambiguity and when prenatal screening for trisomy 21 reveals low maternal estriol levels. Mutation analysis is indicated for patients who exhibit compatible steroid hormone profiles. Androgen Excess—Maternal Hyperandrogenism) Origin (Gestational Maternal gestational hyperandrogenism is another, albeit very uncommon,
cause of fetal virilization and may result from maternal ingestion of androgens or drugs having androgenic actions or from excess maternal androgen production. The possibility should be considered when a pregnant woman exhibits a rapid onset of masculinizing signs, including hirsutism, temporal balding, clitoromegaly, and deepening of the voice.
It also should be considered after delivery of a virilized female infant, remembering that luteomas and theca-lutein cysts regress after delivery. The possible or probable extent of fetal virilization relates to the time of exposure to maternal androgens. Whereas exposure during early pregnancy can cause labioscrotal fusion and clitoromegaly, exposure
after 12 weeks of gestation causes only clitoral hypertrophy. Drug Ingestion Most cases of female fetal virilization resulting from maternal drug ingestion have involved treatment with danazol for endometriosis283 or with progestins for threatened or recurrent abortion.284,285 The risk appears limited to progestins that bind to the androgen
receptor.286 Given their potential risks, progestational agents other than progesterone or 17-hydroxyprogesterone are no longer administered to pregnant women. However, virilization of female infants has not been observed in women exposed to oral contraceptives after conception.287 Maternal ingestion of androgens also can cause fetal
virilization, but often does not, probably because fetal exposure is limited by the high capacity of placental aromatase activity. Excess Androgen Production Women who develop gestational hyperandrogenism merit a thorough evaluation.288 Luteomas and theca-lutein cysts are the most common causes; virilizing ovarian or adrenal tumors are rarely
encountered during pregnancy.289,290,291,292,293,294,295 However, all diagnostic possibilities warrant consideration. Pelvic ultrasonography is helpful for distinguishing between adrenal and ovarian tumors, solid and cystic ovarian masses, and unilateral from bilateral ovarian disease. Approximately one-half of luteomas and almost all theca-lutein
cysts are bilateral296; other ovarian tumors usually are unilateral. Malignant tumors are most likely to be solid and unilateral. Serum hormone measurements have limited diagnostic value, given that maternal serum testosterone concentrations normally rise progressively during pregnancy, primarily due to the marked increase in sex hormone–
binding globulin (SHBG) levels. Surgery is rarely needed for women with luteomas or theca-lutein cysts because both characteristically regress after delivery. However, when a tumor is highly suspected and cannot be excluded, laparoscopy or laparotomy may be required to establish the correct diagnosis. Pregnancy Luteoma Pregnancy luteomas are
hyperplastic masses of luteinized cells and not true tumors. Their true incidence is unknown and most likely go unrecognized because they produce little androgen or have little or no significant androgenic effect. Luteomas may be discovered incidentally at the time of cesarean delivery or other abdominal surgery during pregnancy or the early
puerperium or when they are large or cause maternal virilization. Typically, luteomas are solid masses ranging between 6 and 10 cm in size; in approximately half of cases, they are bilateral.297,298 In women with luteomas, serum concentrations of androstenedione, testosterone, and DH are increased, sometimes dramatically.288,297,299 However,
only approximately one-third of reported pregnancy luteomas have been associated with maternal hirsutism or virilization,288,300 probably because any increase in serum free testosterone is limited by the large increase in SHBG levels that occurs during pregnancy. There is essentially no risk that the female fetus of a woman with a luteoma will
become virilized if the mother herself does not. However, approximately 80% of female infants born to virilized mothers also are virilized, to an extent that correlates with the severity, duration, and, most importantly, the stage of pregnancy at the time of androgen exposure.301,302 The typically prompt regression of luteomas after delivery suggests
that hCG may play some role in stimulating or perpetuating androgen production in luteomas.303 However, most luteomas are identified late in gestation, long after the peak in maternal serum hCG concentrations. Moreover, theca-lutein cysts, rather than luteomas, are more commonly associated with excessively high hCG levels, as observed in
women with gestational trophoblastic disease. Consequently, it seems likely that some other mechanism is responsible for the growth and androgen production of luteomas in late gestation. Theca-Lutein Cysts Clinically apparent theca-lutein cysts, also known as hyperreactio luteinalis, develop most frequently in women with multiple pregnancies,
isoimmunized mothers, those with molar pregnancies or gestational trophoblastic disease, and women with diabetes mellitus, all of which are associated with increased maternal serum hCG concentrations; the highest incidence (10–20%) is observed in women with trophoblastic disease.304 However, not all women with such conditions develop
thecalutein cysts, which also may persist long after evacuation of molar pregnancies despite the rapid decrease in serum hCG levels.304,305,306 Rarely, mothers with pre-existing hirsutism related to polycystic ovary syndrome or ovarian stromal hyperthecosis may develop theca-lutein cysts and gestational hyperandrogenism.307,308 Ovaries
containing theca-lutein cysts can become quite enlarged, reaching 10–15 cm in diameter. Histologically, the ovarian cortex usually exhibits focal hyalinization. Approximately 30% of pregnant women with clinically apparent theca-lutein cysts become hirsute or virilize.288,309,310,311 In most of those who exhibit virilization, serum concentrations of
testosterone and androstenedione are elevated; cord serum testosterone levels also may be elevated in their infants,309,310,312,313 but no cases of virilized female infants have been reported. Other Disorders of Genital Development There is a last group of 46,XX DSD that cannot yet be classified by cause, because their causes are unknown. The
category includes cloacal exstrophy, müllerian agenesis, and the syndrome of müllerian, renal, and cervicothoracic somite dysplasia known as the MURCS association. Cloacal Exstrophy Cloacal exstrophy is a rare and complex anorectal and genitourinary malformation in which the rectum, vagina, and urinary tract share a common everted orifice,
accompanied by an omphalocele, and an imperforate anus. Typically, the bladder and genitalia are divided into two halves on either side of an exposed segment of bowel; a number of variants have been described.314 The disorder is believed to result from the failed migration of the lateral mesodermal folds of the infraumbilical anterior abdominal
wall, leading to an enlarged cloacal membrane that ruptures prematurely, before descent of the urorectal septum, sometime prior to 8 weeks of gestation.314,315 Müllerian Agenesis (Mayer-Rokitansky-Küster-Hauser Syndrome) Müllerian agenesis is a disorder of genital development characterized by absence of the vagina, an absent or hypoplastic
uterus, and normal or hypoplastic fallopian tubes.316 The disorder is a relatively common cause of primary amenorrhea and is described in detail in Chapter 10 (Amenorrhea). Typically, the ovaries are entirely normal, although one or both also may be undescended, hypoplastic, or associated with an inguinal hernia. Affected patients often also have
urologic anomalies (unilateral renal agenesis, ectopic or horseshoe kidney, and duplication of the collecting systems) and skeletal malformations (e.g., hemiverterbrae and scoliosis or the Klippel-Feil syndrome, which includes a short neck, low hairline, limited range of motion, and neurologic symptoms, resulting from one or more fused
vertebrae).317,318 The cause is unknown, although some cases are associated with chromosomal translocations or occur in familial aggregates, suggesting a genetic basis. Logically, müllerian agenesis might be attributed to an activating mutation in the gene encoding AMH or its receptor, causing excess AMH activity, but none have been
identified.319 Patients with müllerian agenesis typically present in late adolescence or as young adults with primary amenorrhea, exhibiting normal breast and pubic hair development and no visible vagina. A few may have functional islands of endometrium, resulting in obstructed menses and symptoms of cyclic pain.317,318 Evaluation should
include a karyotype, renal ultrasonography, spinal x-rays, and pelvic ultrasonography or MRI when there is reason to suspect a functional uterine remnant.320,321 Surgery generally is indicated only for those with symptoms relating to hematometra, endometriosis, or an inguinal hernia. When the time is appropriate, a functional vagina can be
created by progressive vaginal dilation,322,323,324 traditional vaginoplasty,325 or the modified Vecchietti operation, which is performed laparoscopically.326,327 Women with müllerian agenesis are infertile but can expect normal sexual function and have their own genetic offspring via IVF using oocytes retrieved from their own normal ovaries and
their partner’s sperms, with subsequent transfer of embryos to a gestational surrogate.328,329 While still experimental, uterine transplantation has become an option for patients with MRKH to carry their own pregnancy since the first report of successful live birth following uterine transplant in 2015.330 To date, approximately 40 live and deceased
donor uterine transplants have been performed with numerous live births using IVF. Additional optimization is ongoing with use of utero-ovarian vein pedicles in live donor procedures and minimizing cold ischemia time in deceased donors. Consequently, uterine transplantation is likely to become a more prevalent and accepted treatment.331
Müllerian Renal Cervicothoracic Somite Dysplasia (The MURCS Association) The MURCS association is a syndrome characterized by müllerian (MU) aplasia or hypoplasia, unilateral renal (R) agenesis or ectopy and cervicothoracic somite (CS) dysplasia, which results in vertebral defects (e.g., Klippel-Feil anomaly, scoliosis), and abnormalities of the
ribs, upper limbs, and scapula.332 Other associated anomalies have included cleft lip and palate, ovarian agenesis, abnormal pulmonary fissures, tetralogy of Fallot, anorectal malformations, and transmissive deafness.333,334,335,336 The pathophysiology involved is unclear but logically may involve an event occurring very early in development
when the blastemas of the pronephric buds and cervicothoracic buds are closely located. The disorder has similarities to the 22q11 deletion syndrome (aortic arch anomalies, facial deformities, nasal voice, mild learning difficulties, renal agenesis, autoimmune disease, and cervical spine anomalies) and to the MayerRokitansky-Küster-Hauser
syndrome, suggesting a similar pathophysiology.332,337 46,XY Disorders of Sexual Development DSD occurring in chromosomal males (46,XY) can result from abnormalities in gonadal development, from decreased fetal androgen synthesis relating to deficiencies of steroidogenic enzymes or regulatory proteins, from androgen receptor defects that
prevent normal androgen action, from LH receptor defects causing Leydig cell hypoplasia, or from mutations affecting AMH or its receptor. Disorders of Gonadal (Testicular) Development Normal gonadal development requires normal germ cells and normal gonadal somatic cells. Disorders of testicular development include complete gonadal
dysgenesis (Swyer syndrome), partial gonadal dysgenesis (a variety of single-gene disorders and chromosomal abnormalities involving key genes), and the loss of otherwise normally developed testes during fetal life (testicular regression syndrome). In addition, a small proportion of patients with ovotesticular DSD (discussed in an earlier section of
this chapter) has a 46,XY karyotype. Complete Gonadal Dysgenesis (Swyer Syndrome) Swyer syndrome is an uncommon form of gonadal dysgenesis, characterized by a 46,XY karyotype.338 Despite the presence of a Y chromosome, the phenotype is female because the dysgenetic (streak) gonads produce neither AMH nor androgens. Consequently,
the vagina, cervix, uterus, and fallopian tubes develop normally and the internal and external genitalia do not masculinize.339 In approximately 10–15% of patients, the disorder results from an inactivating mutation in the SRY gene, but in most, no cause can be identified.340 Mutations in other genes involved in the regulation of SRY expression or
encoding important downstream elements in the testis-determining pathway have been implicated.341,342,343 Patients with Swyer syndrome generally present after the expected time of puberty with delayed sexual maturation, primary amenorrhea, normal pubic hair, and normal female internal and external genital anatomy. Evaluation reveals
hypergonadotropic hypogonadism, prompting a karyotype that establishes the diagnosis. Gonadectomy is indicated soon after diagnosis due the significant risk for development of germ cell tumors in occult testicular elements (20–30%).344 Sex of assignment and rearing and gender identify is unequivocally female, and no specific treatment is
required other than estrogen therapy to induce breast development and, subsequently, estrogen and progestin therapy (cyclic or combined) to maintain sexual maturation. Pregnancy can be achieved with IVF using donor oocytes and has not been associated with any specific risks or complications.345 Partial Gonadal Dysgenesis Partial gonadal
dysgenesis describes a group of disorders resulting from a wide assortment of genetic mutations causing abnormal gonadal development and function. In affected patients, müllerian structures may be present or absent, the external genitalia may be female, ambiguous, or male, and the phenotype can include developmental abnormalities outside of
the reproductive tract. The wide variations in phenotype reflect the many different actions of the gene products, which are involved in the regulation of SRY expression, müllerian regression, testis differentiation, and developmental patterning. Examples include single-gene disorders involving WT1, SF1, SRY, SOX9, DHH (an intercellular signaling
molecule having an important role in morphogenesis and testis development), ATRX (a transcriptional regulator expressed during development), and ARX (a homeobox-containing gene expressed during development), as well as chromosomal aberrations involving key genes such as a DMRT1 (hemizygosity), DAX1 (duplication), and WNT4
(duplication)115,346,347 (Table 8.3). TABLE 8.3 Genes Associated with 46,XY Partial Gonadal Dysgenesis Data from Lee PA, Houk CP, Ahmed SF, Hughes IA, Consensus statement on management of intersex disorders. International Consensus Conference on Intersex, Pediatrics 118:e488, 2006. Testicular Regression Syndrome Testicular regression
syndrome is a condition in which a developmentally normal testis existed during fetal life but subsequently regressed or was lost. The disorder can be unilateral or bilateral and is characterized by partial or complete absence of testicular tissue in the presence of normal male external genitalia.348 Typically, the vas and associated vessels end blindly
with a varying amount of testicular tissue remaining. The natural history of the disorder is poorly understood. Current concepts presume normal early embryonic development and testicular descent, followed by a catastrophic event such as torsion. If the process occurs relatively late in pregnancy, the internal and external genitalia virilize and the
müllerian ducts regress normally, but the testes are absent at birth (anorchia). However, earlier loss of both testes can result in a small phallus or incomplete masculinization.349 In histopathologic studies of atretic nodular testicular remnants obtained from affected neonates or young boys, only 10% of specimens have contained any identifiable
seminiferous tubules, which consisted mainly of Sertoli cells enveloped in fibrous strands with no visible germ cells.348 Hemosiderin-laden macrophages, generally a late cellular response to tissue damage, are present in approximately two-thirds of cases and, occasionally, a vas and epididymis can be observed.348,350,351 Disorders of Androgen
Synthesis A number of steroidogenic enzymes and regulatory proteins are involved in androgen synthesis, and a deficiency in any one of them can result in decreased fetal androgen production and its consequences. All are rare, but each is a recognized cause of 46,XY DSD; together, they account for less than 5% of cases. Disorders of testosterone

synthesis usually impair virilization of the external genitalia to a greater extent than the internal genitalia. Steroid 5α-Reductase Deficiency Steroid 5α-reductase (type 2) deficiency is an autosomal recessive disorder characterized by a 46,XY karyotype and severe perineal hypospadias (describing a genital configuration consisting of a phallus midway
in size between penis and clitoris, a chordee tethering the phallus to the perineum, a urethral opening usually on the perineum, and an incompletely closed urogenital opening resembling a small and shallow vagina), which results from impaired virilization during embryogenesis due to defective conversion of testosterone to dihydrotestosterone
(DHT).352,353,354 In the classical presentation, the external genitalia are predominantly female at birth, exhibiting failed fusion of the labioscrotal folds and a urogenital sinus or separate urethral and vaginal openings, with or without clitoromegaly. The internal genitalia are male; the epididymides, vasa deferentia, seminal vesicles, and ejaculatory
ducts form, but empty into a shortened, blind vagina. In some, the wolffian duct derivatives end on the perineum, on either side of the urethra. The testes are located in the inguinal canals, in the labia majora, or in the scrotum and exhibit impaired spermatogenesis. The distinguishing feature of the disorder is that affected individuals virilize, to
varying degrees, at the time of puberty. Unlike in disorders relating to abnormalities in the androgen receptor, breast development in men with steroid 5α-reductase is like that in normal males. Although a few individuals with 5α-reductase deficiency are sufficiently virilized to be assigned a male gender at birth,355 most have been reared as females
and assumed a male gender and behavior at the time of puberty.356 The clinical features of steroid 5α-reductase deficiency again illustrate the mechanisms involved in phenotypic sexual differentiation.357 The wolffian duct derivatives (the ejaculatory ducts, epididymides, vasa deferentia, and seminal vesicles) form normally, in response to normal
fetal testosterone levels, but the genital structures that derive from the urogenital sinus and genital tubercle (the external genitalia, urethra, and prostate) do not virilize normally, because they are dependent on the intracellular conversion of testosterone to DHT. Affected men develop a normal muscle mass, libido, and deepening of the voice, which
result from the actions of testosterone, but have less body hair and less temporal hairline recession, and no problems with acne, all of which result primarily from the actions of DHT. The unique importance of DHT during fetal development is demonstrated by the significant genital virilization that occurs after puberty.358 There are two types of
steroid 5α-reductase, designated types 1 and 2,359 encoded by two separate genes; the gene encoding the type I enzyme (RD5A1) is located on chromosome 5 (5p15) and that encoding the type 2 enzyme (RD5A2) is located on chromosome 2 (2p23). In those with the disorder recognized as steroid 5α-reductase deficiency, the type 2 enzyme is
defective and the type 1 enzyme is normal.360 The resulting impaired conversion of testosterone to DHT prevents normal virilization of the male external genitalia during fetal development. Affected individuals typically have very low but measurable serum DHT concentrations, which could reflect limited activity of the abnormal enzyme but more
likely results from the actions of the type 1 enzyme.355 The virilization that occurs at puberty may be driven by serum DHT or by testosterone itself. Transient gynecomastia may develop at puberty but does not persist, because androgen and estrogen production is like that in normal adult men. A wide variety of RD5A2 mutations has been described,
most being point mutations that yield a low concentration of enzyme, an unstable enzyme having reduced activity, or an enzyme with decreased affinity for testosterone and/or essential cofactors. Approximately 40% of affected individuals are homozygous for the same mutation, the remainder being compound heterozygotes.360 Nearly half have
similarly affected family members, likely reflecting consanguinity and a founder effect.361 In women, mutations are essentially silent; although body hair may be reduced and menarche delayed, even those with homozygous mutations are phenotypically normal and have normal menstrual function and fertility.362,363 The diagnosis of 5α-reductase
deficiency should be suspected in infants with genital ambiguity and in adolescents or young adults having the characteristic phenotype and serum hormone profile (a normal male serum testosterone concentration and an increased testosterone/DHT ratio), which typically exceeds 10 in infants and often exceeds 20 in older children and
adults.354,364 In infants and prepubertal children, basal testosterone and DHT levels may not be sufficient for diagnosis and are best evaluated by performing an hCG stimulation test, measuring testosterone and DHT before (basal, day 1) and after (stimulated, days 3 and 6) administering exogenous hCG (1,500 IU/m2 on days 1 and 3).364,365,366
Individuals with 5α-reductase deficiency can be distinguished from those having defects of testosterone synthesis by their normal or elevated serum testosterone levels and from those with incomplete androgen insensitivity by demonstrating normal ratios of 5β- to 5α-reduced glucocorticoid metabolites, as indicators of hepatic steroid metabolism.367
A definitive diagnosis can be established by analyzing DNA extracted from blood or tissue.360 The management of patients with steroid 5α-reductase deficiency is complicated because half or more initially assigned as females undergo a change in gender identity and behavior in later life.356 The sex of rearing, the age of the subject, and the gender
identity influence the choice of management. The decision to raise an individual as female should be made only after thorough psychological evaluation to confirm a female gender identity, but once made, management is relatively straightforward. Gonadectomy should be performed to prevent later virilization and tumor development in cryptorchid
testes.368 Any clitoromegaly can be surgically corrected, taking care to maintain the glans clitoris. If required, a functional vagina can be established by progressive vaginal dilation323,324,369 or by surgical vaginoplasty.370 Estrogen treatment to induce and maintain feminine characteristics should be started at the usual time of puberty or
immediately after gonadectomy in adults. The decision to raise an individual as male is no less complex and also will involve surgical and medical treatment. The timing of surgery to correct the hypospadias and cryptorchidism depends on the degree of hypospadias and the size of the phallus. Unfortunately, the extent of virilization at puberty usually
is less than desired,364,371 prompting efforts to improve results by treatment with exogenous testosterone or DHT. Treatment with testosterone before puberty can help to enlarge the phallus.364 Treatment with DHT can raise serum DHT concentrations, but must be specially prepared as there is no commercially available preparation.372,373
Although sperm counts are quite low in most patients,374 fertility can be achieved via intrauterine insemination375 or IVF and ICSI.376 The change from a female to a male gender identity can be extremely traumatic psychologically, but some have managed the transition quite successfully.356 In one such case, the patient effectively conducted a
“double life,” functioning in all public respects as a female while having numerous clandestine heterosexual relationships. Aware of his male sexual identity since puberty, he nonetheless delayed seeking medical assistance for fear that exposure would bring shame and guilt to his religiously devout elderly “old-world” mother. Although he had planned
to keep his secret until his mother died, he finally sought diagnostic help at age 65, because his mother, then age 93, continued to enjoy good health. The transition from a female to a male gender in an individual with steroid 5α-reductase deficiency was chronicled in the Pulitzer Prize–winning novel, Middlesex, authored by Jeffrey Eugenides, which
features the heroine Calliope Stephanides who becomes the hero, Cal.377 17α-Hydroxylase Deficiency The CYP17A1 gene encodes an enzyme having both 17α-hydroxylase and 17,20-lyase activities, which are required for synthesis of cortisol, androgens, and estrogens. Deficiency of 17α-hydroxylase is a rare cause of CAH, with little more than 100
cases reported.378,379 Human 17α-hydroxylase deficiency syndromes involving a loss of only 17α-hydroxylase or 17,20-lyase have been observed,380,381 but in most affected patients, both enzymes are deficient.382 The compensatory increase in ACTH stimulation that accompanies decreased cortisol synthesis stimulates increased production of 11deoxysteroids (via 21hydroxylase), including corticosterone and the mineralocorticoids 11deoxycorticosterone and 18-hydroxy-deoxycorticosterone.383,384 In turn, mineralocorticoid excess leads to volume expansion, which inhibits renin release and the synthesis of aldosterone.385 Production of androgens (dependent on 17,20-lyase activity) and,
subsequently, estrogens is decreased in both the adrenals and the gonads. Serum concentrations of progesterone are increased, but those of 17-OHP, cortisol, DHEA, DHEA-S, androstenedione, testosterone, and estradiol are low. Like other forms of CAH, 17α-hydroxylase deficiency is an autosomal recessive disorder. The CYP17A1 gene is located on
chromosome 10 (10q24.3) and numerous different mutations have been described,386 including small insertions that disrupt the normal reading frame of the gene (resulting in early termination),387 deletions of a single or several codons,388,389 large deletions with insertion of foreign DNA,390 and nonsense or missense mutations that yield stop
codons or an enzyme with decreased activity.389,391,392,393,394,395,396,397,398 Females with 17α-hydroxylase deficiency typically present with delayed puberty, primary amenorrhea, and hypergonadotropic hypogonadism; most are hypertensive (due to hypernatremia and hypervolemia) and some also have hypokalemia.399,400 Affected males
usually have female external genitalia (male pseudohermaphroditism), a blind vagina, and intra-abdominal testes; most have been raised as girls, with the underlying disorder recognized only later during evaluation for delayed puberty.401 The treatment of 17α-hydroxylase deficiency involves giving sufficient glucocorticoids to suppress excess
production of ACTH and mineralocorticoids while avoiding glucocorticoid excess. Because almost all affected patients are raised as females, estrogen therapy also should be provided, at the time of diagnosis at puberty or the expected time of puberty. In genetic females having a uterus, progestational treatment also must be provided. 3βHydroxysteroid Dehydrogenase Deficiency Defects in the enzyme 3β-hydroxysteroid dehydrogenase/ D5-D4 isomerase (3β-HSD) and its endocrine and developmental consequences in genetic females are discussed in detail in the earlier section of this chapter devoted to causes of female virilization (46,XX DSD). The enzyme defect is considered here
again, briefly, because it can cause incomplete masculinization of males as well as virilization in females. Type II 3β-HSD catalyzes the oxidation and isomerization of D5-3β-hydroxysteroid precursors into D4-ketosteroids in the adrenals and gonads. A 3β-HSD deficiency results in the accumulation of excessive amounts of D5-3β-hydroxysteroids,
including pregnenolone, 17α-hydroxypregnenolone, DHEA, and DHEA-S, and in low levels of D4-ketosteroids such as androstenedione and testosterone and, subsequently, DHT. Consequently, affected males exhibit varying degrees of incomplete masculinization, ranging from hypospadias to nearly normal female external genitalia.219,402,403 17βHydroxysteroid Dehydrogenase Deficiency The 17β-hydroxysteroid dehydrogenase (17β-HSD) family of enzymes includes the type 3 isoenzyme, which catalyzes the conversion of androstenedione into the biologically active androgen, testosterone, in the Leydig cells of the testis. Mutations in the HSD17B3 gene, located on chromosome 9 (9q22), can
result in 17β-HSD deficiency, an autosomal recessive disorder caused by impaired testicular testosterone production.404,405 Although rare, 17β-HSD deficiency is the most common hereditary defect in testosterone synthesis. Males with homozygous or compound heterozygous mutations have testes and normally developed internal genitalia but have
severely undervirilized external genitalia, which typically appear female and include a short, blind vagina, much like patients with incomplete androgen insensitivity.405,406 Consequently, most are assigned a female gender at birth and are raised as females. Alternatively, they can exhibit genital ambiguity, with varying degrees of clitoromegaly and
labial fusion, or have male genitalia with micropenis or hypospadias.404,407 The testes may be located in the abdomen, in the inguinal canals, or in the labia majora. Virilization occurs at puberty, probably due to extratesticular conversion of androstenedione to testosterone by unaffected 17β-HSD isoenzymes in peripheral tissues (e.g., liver, skin,
adipose).405,408,409,410 The phallus enlarges, muscle mass increases, a male body habitus and hair pattern develop, and the voice may deepen. Gender role reversal has been observed in one- to two-thirds of those affected and raised as girls.411 Ideally, therefore, the diagnosis is best made before puberty and followed with gonadectomy and
estrogen therapy in those with female genitalia. In those born with ambiguous genitalia, early diagnosis may allow male sex assignment because androgen treatment can promote development of a nearly normal adult male phenotype.412,413 When suspected, an elevated basal serum androstenedione level and low serum testosterone/androstenedione
ratio (4 mL in volume or 2.5 cm in diameter) in boys. The early developing sexual characteristics are “isosexual,” meaning they are consistent with the child’s gender. Gonadotropin-independent precocious puberty, also known as “peripheral precocious puberty” or “pseudoprecocious puberty,” describes early sexual development that is independent of
GnRH and gonadotropins and generally results from exposure to sex steroid hormones that derive from the gonads, the adrenals, or the environment. Gonadotropin-independent precocious puberty is further subclassified as isosexual when sexual characteristics are consistent with gender and as “contrasexual” when inconsistent with gender
(virilization in girls or feminization in boys). Incomplete precocious puberty describes children with isolated premature thelarche or premature adrenarche. Both usually represent variants of normal pubertal development, but some will progress to complete precocious puberty that may be gonadotropin-dependent or gonadotropin-independent.
Gonadotropin-Dependent Precocious Puberty Gonadotropin-dependent precocious puberty results from early maturation of the hypothalamic-pituitary-gonadal axis and is much more common in girls than in boys.189 Although puberty begins earlier than normal, the sequence of pubertal events generally is normal and proceeds at the normal pace. Up
to 90% of children with gonadotropin-dependent precocious puberty have no identifiable cause (idiopathic), a diagnosis made by exclusion.190,191 However, the disorder can be associated with a variety of central nervous system lesions, including tumors, irradiation, hydrocephalus, cysts, trauma, inflammatory diseases, and midline developmental
defects such as septo-optic dysplasia. Consequently, head magnetic resonance imaging (MRI) is indicated even when there are no neurologic signs or symptoms.184,191,192 Tumors associated with gonadotropin-dependent precocious puberty include hamartomas, astrocytomas, ependymomas, pineal tumors, and optic and hypothalamic gliomas.
Hamartomas are heterotopic neuronal masses containing GnRH neurons that typically attach to the tuber cinereum or floor of the third ventricle where they can function as an ectopic hypothalamic GnRH pulse generator, divorced from the central inhibitory mechanisms that normally restrain activity during childhood; they are the most common
tumor associated with precocious puberty and can be associated with gelastic seizures (laughing, giggling)193,194; some produce transforming growth factor alpha, which mediates the release of GnRH.195 The precocious puberty that can be observed in children with neurofibromatosis usually relates to an optic glioma.196 As described in an earlier
section of this chapter, activating mutations in the gene encoding the GPR54 receptor (KISS1R), which mediates the actions of kisspeptin (an excitatory neuroregulator of GnRH secretion), can cause gonadotropin-dependent precocious puberty.53 Children exposed to high circulating androgen or estrogen concentrations, as may occur with CAH,
virilizing tumors, and the McCune-Albright syndrome, often exhibit early maturation of the hypothalamic-pituitary-gonadal axis, which then results in gonadotropin-dependent precocious puberty.197,198,199 Although quite rare, girls with severe primary hypothyroidism can present with precocious puberty, exhibiting breast development,
galactorrhea, and episodic menstrual bleeding. In most cases, the very high serum levels of TSH, which has structural similarity to FSH, appear to activate the FSH receptor.200 Rarely, gonadotropin-dependent precocious pubertal development has resulted from an autonomous pituitary gonadotropin–secreting tumor rather than from early
maturation of the hypothalamic-pituitary-gonadal axis.201,202 Gonadotropin-Independent Precocious Puberty Gonadotropin-independent precocious puberty can result from excess sex steroid secretion from the gonads or adrenals or from exposure to exogenous estrogens. Autonomous functional ovarian follicular cysts are the most common cause of
gonadotropin-independent precocious puberty in girls. Transient breast development and vaginal bleeding are the most common presentation, which can be an isolated event or recur at unpredictable intervals.203,204,205 Serum estrogen levels typically are elevated, but not always (due to regression of the cyst), and both basal and GnRHstimulated
gonadotropin concentrations are low. In most cases, bone age is not advanced. Ovarian ultrasonography usually demonstrates one or more unilateral or bilateral ovarian cysts greater than 15 mm in diameter.206 The disorder is self-limited in most and requires no treatment. However, recurrent cysts resulting in prolonged or repeated estrogen
exposure can precipitate early maturation of the hypothalamicpituitary-gonadal axis, resulting in gonadotropin-dependent precocious puberty.204 Autonomous ovarian cysts also can be an early manifestation of McCune-Albright syndrome, arising before the emergence of the characteristic skin (“café au lait spots”) or bone lesions; affected patients
therefore require careful longer-term follow-up.203,205 Ovarian tumors are rare causes of gonadotropin-independent precocious puberty in girls and include granulosa cell tumors, Leydig cell tumors, and gonadoblastomas.207,208,209 McCune-Albright syndrome is a rare disorder characterized classically by precocious puberty, café au lait skin
pigmentation, and polyostotic fibrous dysplasia of the bone, all caused by a somatic mutation of the alpha subunit of the G-protein (encoded by the GNAS1 gene), which results in a mosaic distribution of cells bearing constitutively active adenylate cyclase.210,211,212 The mutation results in continuous stimulation of endocrine function and, in
addition to precocious puberty, also can cause gigantism, Cushing syndrome, adrenal hyperplasia, and thyrotoxicosis, in varying combinations. Although precocious puberty is the most common clinical manifestation,213 the phenotype varies with the tissues that are affected by the mutation and can include hepatitis, intestinal polyps, and cardiac
arrhythmias. As in other forms of gonadotropin-independent precocious puberty, the sequence of pubertal development may be abnormal; for example, vaginal bleeding frequently precedes breast development.214 The skin and bone lesions can increase over time and may not be present at the initial presentation. Early and repeated exposure to
elevated sex steroid levels can result in accelerated growth, advanced bone age, and reduced adult height; it also may induce early maturation of the hypothalamic-pituitary-gonadal axis, resulting in secondary gonadotropin-dependent precocious puberty. McCune-Albright syndrome is more common in girls than in boys. The diagnosis merits
consideration in girls presenting with recurrent functional ovarian follicular cysts and episodic menses.215 Partial forms of the syndrome also have been described.212 Adrenal pathology, such as androgen-secreting tumors and CAH, is another cause of gonadotropin-independent precocious pubertal development. Exposure to exogenous estrogens or
environmental pollutants having estrogenic activity (xenoestrogens) can result in premature sexual development in infants or toddlers.216,217,218 Examples include accidental exposure to estrogens, xenoestrogens, or placental extracts contained in cosmetics or personal hair and skin care products and environmental pollutants that can act as
endocrine disruptors by mimicking estradiol, such as polychlorinated biphenyls, herbicides, pesticides, and plasticizers, which may be found in water contaminated with industrial products.219 Serum hormone levels in affected children typically are in the normal range, but can vary widely depending on the nature, time, and frequency of use or
exposure. Children are extremely sensitive to the effects of estrogen and may respond with increased growth or breast development even at serum levels below the limits of detection.220 Incomplete Precocious Puberty Incomplete precocious puberty includes premature adrenarche or premature thelarche and usually is a variant of normal puberty.
Such cases present a clinical dilemma due to uncertainty regarding whether the condition is entirely benign, as usual, or might be the first indication of true precocious puberty. Premature Adrenarche Premature adrenarche is the most common cause of premature pubarche, describing otherwise unexplained early growth of genital hair associated
with increased levels of adrenal androgens.221 Generally, the best indicator of adrenarche is a serum DHEAS concentration greater than 40 μg/dL, which is higher than that normally seen in children 1–5 years of age (5–35 μg/dL). In children with premature adrenarche, the growth rate and bone age often are above average but still within normal
ranges. Exaggerated adrenarche is the term used to describe the clinical extreme of premature adrenarche, wherein the serum DHEA-S level exceeds that typical of adrenarche or for age and usually, but not always, is associated with a somewhat early onset of true puberty.222 The cause of premature adrenarche is unknown. The condition
traditionally has been considered an early variant of normal development and, as such, generally has no serious consequences. However, up to 20% of girls with premature adrenarche may subsequently develop gonadotropin-dependent precocious puberty, and close follow-up therefore is recommended.81,223 Other evidence indicates that girls with
premature adrenarche also are at increased risk for developing polycystic ovary syndrome, suggesting that premature adrenarche may be an early manifestation of the disorder.224,225,226,227,228,229 In many, premature pubarche is preceded by low birth weight and is followed by hyperandrogenism, hirsutism, and oligomenorrhea in adolescence,
often accompanied by hyperinsulinemia and dyslipidemia. These observations suggest that insulin resistance may be the underlying metabolic disorder, causing decreased growth during fetal life, premature pubarche, and hyperandrogenism that worsens during late puberty or the early postmenarcheal years.230 In those affected, metformin
treatment can decrease insulin resistance and hyperandrogenism, improve the lipid profile, often restore cyclic menses, and may help to prevent later development of diabetes and cardiovascular disease.231 Premature pubarche usually results from a premature adrenarche but also has other causes. Idiopathic premature pubarche, unassociated with
any demonstrable increase in adrenal androgen production, probably reflects an increased sensitivity of hair follicles to normal androgen concentrations. In select instances, this may be caused by increased androgen receptor (AR) activity due to shorter CAG repeats or AR methylation pattern.232,233 Premature pubarche sometimes can be the only
clinical manifestation of a mild form of CAH.234,235 Other rare causes of ACTH-dependent childhood virilization include Cushing syndrome, glucocorticoid resistance, cortisone reductase deficiency, and androgen-producing neoplasms of the adrenal gland or ovary. The evaluation of premature pubarche should focus first on determining whether the
growth of pubic hair is an isolated phenomenon or may be associated with other signs and symptoms suggesting another of the diagnoses mentioned above. The single most important and useful test is an x-ray of the left hand and wrist for bone age. If sexual hair is small in amount and slow-growing and bone age is normal, precocious puberty is
unlikely and expectant management is appropriate, with re-evaluation at 6 months and periodically thereafter. A limited endocrine evaluation should include measurements of serum testosterone and DHEA-S, for comparison to age-adjusted normal values. The presumptive diagnosis of premature adrenarche can be made when both are appropriate for
pubarche, bone age is normal, and predicted adult height is within the range expected for the family.236 More extensive endocrine evaluation can be reserved for those children having other signs suggesting true precocious puberty or a virilizing disorder. An ACTH stimulation test to exclude the diagnosis of CAH is indicated when bone age is
advanced abnormally, the predicted adult height is abnormally low, or the serum testosterone and DHEA-S concentrations are elevated above the ranges typical of premature adrenarche. The test is performed by obtaining blood samples before and 60 minutes after administering cosyntropin (synthetic ACTH 1–24; 1 μg/m2 or 0.25 mg). A stimulated
serum 17-OHP concentration greater than 1,000 ng/dL generally indicates 21-hydroxylase deficiency.237 In children with premature pubarche, diagnosis of the rare 3β-HSD deficiency requires a stimulated 17ahydroxypregnenolone level greater than 9,790 ng/dL.235 Premature adrenarche is a benign condition and requires no specific treatment.
Parents can be reassured that the condition is a normal variant relating to increased sensitivity of hair follicles to low levels of androgen or an early occurring incomplete form of puberty. However, children with a diagnosis of premature adrenarche merit periodic re-evaluation for evidence of progressive virilization. Premature Thelarche Premature
thelarche generally is defined as isolated breast development in girls before the age of 8 years. In girls, premature thelarche usually is a benign condition considered a variant of normal puberty. Early breast development is particularly common during the first year of life when the hypothalamic-pituitary-gonadal axis is still active.238,239 Studies
using ultrasensitive bioassays for estrogen have detected higher estrogen levels in many, but not all, girls with premature thelarche than in normal controls.240 The breast also may be more sensitive to estradiol than normal in some girls.241 Although most affected children subsequently experience normal puberty and growth,242,243,244 a
significant proportion experiences an earlier than average menarche.245 Physical examination typically reveals a light pink areola with an infantile appearance, with Tanner stage 2 or 3 breast development; frequently, the change may be unilateral or asymmetrical. There is no sign of androgen exposure. Exaggerated thelarche describes those with
premature thelarche who also exhibit increased growth velocity and/or advanced bone age and may represent an intermediate between premature thelarche and precocious puberty.240,246 Even girls with exaggerated thelarche exhibit a prepubertal pattern of response to acute stimulation with GnRH or a GnRH agonist; FSH levels rise more than
LH, which remains below 5 IU/L.247 Some cases have been associated with the presence of functional ovarian cysts.203 Genetic studies in girls with exaggerated thelarche have revealed that some harbor a mutation in the GNAS1 gene, suggesting that the disorder can be an early or the only sign of McCune-Albright syndrome.240,248 Premature
thelarche also has been related to exposure to exogenous estrogen, including environmental chemicals that degrade slowly in the environment and can accumulate in the food chain, but no clear relationship with premature thelarche has been established. The evaluation of premature thelarche, like that of premature adrenarche, should focus on
determining whether breast development is an isolated phenomenon or associated with other signs of precocious puberty; here again, the most important initial test is an evaluation of bone age. In children with Tanner stage 2 breast development and normal bone age, precocious puberty is unlikely and expectant management is appropriate, with reevaluation at 6 months and periodically thereafter. Approximately 15–20% of girls with premature thelarche subsequently develop gonadotropin-dependent precocious puberty, at a mean age of 7.1 ± 0.7 years and a mean bone age of 9.0 ± 1.1 years.249,250 A longitudinal study involving more than 150 girls with premature thelarche observed that
69% had complete regression of breast development (13% of these later developing true precocious puberty), 21% had recurrent episodes of breast development (32% later developing true precocious puberty), and 10% had persistent breast development (57% later developing true precocious puberty).250 Evaluation of Precocious Pubertal
Development The evaluation of early sexual development begins with a careful history and physical examination and measurement of bone age to determine whether there is any corresponding increase in linear growth. Subsequent evaluation is limited to those with precocious puberty and is aimed at determining the cause and at directing treatment.
The medical history should determine when the physical change(s) was first noticed, in the siblings and parents as well as in the patient, seek evidence of growth acceleration, exclude previous history of neurologic disease or trauma or exposure to sex steroids, and identify any associated symptoms of headache, seizures, or abdominal pain. The
physical examination should include height, weight, and calculation of growth velocity (cm/year), which often is an early indication of evolving precocious puberty.251 A fundoscopic examination should be performed to detect papilledema, a sign of increased intracranial pressure. Evaluation of visual fields may reveal evidence to suggest a sellar mass
lesion. A careful examination of the skin should be performed to identify any café au lait spots, which suggest the diagnosis of McCune-Albright syndrome. Tanner staging of pubic hair and/or breast development should be performed. The diameter of the glandular breast tissue should be measured, taking care to distinguish it from adipose. Accurate
assessments are important for determining whether additional evaluation is warranted. A measurement of bone age is indicated when examination demonstrates signs of early sexual development (Table 9.4). TABLE 9.4 Tanner Staging Endocrine Evaluation and Imaging Children with advanced bone age and those having normal bone age
accompanied by both breast and pubic hair development, or normal bone age with evidence of accelerated growth and breast or pubic hair development, warrant further endocrine evaluation and imaging. Basal and GnRH-stimulated serum gonadotropin levels differentiate gonadotropindependent from gonadotropin-independent precocious puberty,
which then guides further evaluation. Serum gonadotropin concentrations should be measured using ultrasensitive assays having low detection limits for pediatric patients (approximately 0.1 IU/L).252,253,254 The GnRH stimulation test is performed by obtaining blood samples before and 30–40 minutes after a single dose of GnRH (100 μg),
administered intravenously. Because synthetic GnRH currently is not available in the United States, a GnRH agonist can be used instead,255,256,257 obtaining blood samples before and 60 minutes after a single dose of leuprolide acetate (20 μg/kg), administered subcutaneously.257 The stimulated serum LH concentration is the most useful
diagnostic parameter; although a normal threshold value has not been firmly established, due to differences in assay methods and the limited amount of normative data, a stimulated LH value of 3.3–5.0 IU/L defines the upper limit of normal for prepubertal children (Tanner stage 1, T1) with most assays.257 Both basal and stimulated serum LH
concentrations have high specificity and positive predictive value for diagnosis of gonadotropin-dependent precocious puberty. In a study comparing the results of GnRH stimulation tests performed in normal children (T1) with those obtained in children with gonadotropin-dependent and gonadotropin-independent precocious puberty, the mean basal
serum LH concentration was 1.6 IU/L in the group with gonadotropin-dependent precocious puberty and less than 0.6 IU/L in the other two groups. The mean stimulated LH value in the group of children with gonadotropindependent precocious puberty was 21.6 IU/L, compared to 3.2 IU/L in normal children (T1) and 1.4 IU/L in the group with
gonadotropin-independent precocious puberty.258 In children with gonadotropin-dependent precocious puberty (as identified by elevated basal or stimulated serum LH levels), a head MRI is indicated to exclude an intracranial mass lesion.257,259 Thyroid function tests (TSH and free T4) should be obtained if there is any clinical evidence of
hypothyroidism. In children with gonadotropin-independent precocious puberty (as identified by normal basal and stimulated serum LH levels), serum concentrations of estradiol, testosterone and hCG (functional ovarian cysts and tumors, functional adrenal tumors), late afternoon cortisol (Cushing syndrome), DHEA-S (premature adrenarche), and
17-OHP (CAH) should be obtained to determine the peripheral source of sex steroid production and the cause of early sexual development. Abdominal and pelvic ultrasonography is indicated in all girls with precocious puberty to identify functional ovarian cysts or tumors. Ultrasonography is indicated even for those with gonadotropin-dependent
precocious puberty because early and repeated or sustained exposure to sex steroids from autonomous peripheral sources can induce a secondary premature maturation of the hypothalamic-pituitary-gonadal axis (Figure 9.7). FIGURE 9.7 Treatment of Precocious Puberty The treatment of precocious puberty differs according to whether it is
gonadotropindependent or gonadotropin-independent and on the underlying cause, when that can be determined. The principal goals of treatment are to stop or slow development until normal pubertal age, to maximize adult height, and to reduce the risk of psychosocial problems associated with early sexual maturation. Treatment Puberty of
Gonadotropin-Dependent Precocious The decision to treat gonadotropin-dependent precocious puberty depends on the underlying pathology and on the speed of sexual development. In those having an identified intracranial lesion, treatment should be directed to the lesion, if that is possible. In those having no intracranial lesion, the decision to treat
should be based primarily on the pace of progression and on the estimated adult height. Treatment for gonadotropin-dependent precocious puberty generally is indicated when sexual maturation progresses to the next stage within 3–6 months, when growth velocity is accelerated to greater than 6 cm/year (unless peak height velocity has already
passed), when bone age is advanced by 1 year or more, or when predicted adult height is below the target range or is decreasing on serial determinations.259 Conversely, those with stable or regressing pubertal signs, normal growth velocity (for age), bone age within 1 year of chronologic age, and a predicted adult height within the target range may
not require treatment. In most cases, growth velocity should be monitored for 3–6 months before making the decision to treat.259 Treatment aimed only at avoiding the potential psychosocial consequences of precocious puberty should be carefully considered because there are few data regarding outcomes and effectiveness. GnRH Agonist Treatment
Long-acting GnRH agonists have proven both safe and effective for the treatment of idiopathic gonadotropin-dependent precocious puberty.260,261,262,263,264,265,266,267 GnRH agonist treatment causes a brief initial “flare” of gonadotropin release, followed by pituitary desensitization (exhaustion of available stores of releasable gonadotropins)
and down-regulation (decrease in GnRH receptors). By suppressing the pituitarygonadal axis, GnRH agonist therapy can prevent progressive pubertal development, and increase final adult height, compared to pretreatment predictions. Young children and those who exhibit rapidly progressive development can be expected to have early epiphyseal
fusion, are at greatest risk for compromised adult height, and can benefit most from treatment.257 In girls under 6 years of age with idiopathic gonadotropin-dependent precocious puberty, treatment with a GnRH agonist can be expected to add 9–10 cm to adult height. In older children already past their peak with slowing growth velocity, treatment
can be expected to slow it further, to delay epiphyseal fusion, and to yield slow but steady increases in predicted adult height. In girls between 6 and 8 years of age, GnRH agonist treatment typically results in a gain of 4–7 cm in height, less if bone age is significantly advanced.257 Girls already close to the age of normal puberty, those with slowly
progressive maturation, and girls with a predicted height above 150 cm have less to gain and may not benefit significantly from treatment.268,269,270 The choice among the available GnRH agonist formulations depends mostly on physician preference and availability. Depot preparations generally are preferred because of improved compliance.
Direct comparisons in randomized trials have not been made, but any of the following treatment regimens generally can be expected to suppress the pituitary-gonadal axis271,272,273 Buserelin 6.3 mg every 2 months Goserelin 3.6 mg every month or 9.8 mg every 3 months Histrelin 50-mg implant every year Leuprolide 3.75–7.5 mg monthly or 11.25
mg every 3 months Triptorelin 3.0–3.75 mg monthly or 11.25 mg every 3 months Nonetheless, the dose of GnRH agonist treatment required can vary significantly.274 Inadequate treatment can permit progressive sexual development and bone maturation. Conversely, overtreatment can suppress endogenous GH and decrease growth velocity and bone
mineral accumulation to levels below those normally expected during the prepubertal years.275 The adequacy of GnRH agonist treatment can be monitored simply by measuring the serum LH concentration 30–60 minutes after each repeated injection of the agonist; the LH level should be less than 3.0 IU/L, consistent with prepubertal norms after
acute GnRH agonist stimulation.276 GnRH agonist treatment should be monitored at 3–6 month intervals with serial physical examinations to detect any progressive pubertal development; bone age also should be evaluated periodically.257 Breast development should cease and growth velocity and the pace of advancing bone age should decrease.
Pubic hair development may continue due to normal adrenarche.277 Although bone density may decline during longer durations of treatment, bone mass is regained after treatment ends and peak bone mass is normal; consequently, there is no reason or need to monitor bone density.257 Treatment with GnRH agonists does not appear to have any
significant longterm adverse effects on function of the hypothalamic-pituitary-gonadal axis.278 It can be continued until the epiphyses are fused or until the pubertal and chronologic ages are appropriately matched. Prompt reactivation of the pituitary-gonadal axis and pubertal development, in a pattern similar to that in normal adolescents, generally
follows the discontinuation of treatment.279 In one Japanese study of 63 girls and 11 boys who were treated with leuprorelin for an average of 3.8 years, 96.8% of girls achieved menarche or remenarche within an average of 17.5 (±11.2) months after cessation of treatment.267 GnRH agonist therapy also is recommended for treatment of GnRHsecreting hypothalamic hamartomas193,280; the tumor can be monitored by serial imaging and risky surgery can be avoided. Treatment for other hypothalamic, pituitary, cerebral, or pineal tumors must be individualized. Many that are small and do not extend around or into vital structures can be excised successfully. Treatment Puberty of
Gonadotropin-Independent Precocious The treatment of gonadotropin-independent precocious puberty is aimed at the underlying pathology. Girls with functional tumors involving the ovaries or adrenals are treated surgically; hCG-secreting tumors also may require adjunctive radiation or chemotherapy, depending on the type and location of the
tumor. Solitary unilateral functional ovarian cysts also can be excised surgically. Children with CAH should receive treatment with glucocorticoids, and those with McCune-Albright syndrome generally are best treated with drugs that inhibit steroidogenesis or hormone action rather than surgery, to preserve fertility. McCune-Albright Syndrome in
Girls In girls with McCune-Albright syndrome, treatment can be aimed at blocking aromatization and estrogen production, but available evidence indicates that aromatase inhibitors, such as fadrozole, letrozole, and anastrozole, tend to lose their effectiveness over time.281,282,283,284 The alternative is to block the effects of estrogens by treatment
with an antiestrogen such as tamoxifen, which has been used successfully for treatment of associated vaginal bleeding.285 Bisphosphonate treatment can be useful in the treatment of the fibrous dysplasia of the bone that causes pain and fractures.286 Those who develop a gonadotropin-dependent component to their precocious development, due to
chronic premature exposure to sex steroids, may benefit from adjunctive treatment with a GnRH agonist, as in children with idiopathic gonadotropin-dependent precocious puberty.214 Management of Incomplete Precocious Puberty Although girls with isolated premature thelarche or premature adrenarche do not require treatment, they do merit
regular examinations to detect other emerging evidence of precocious sexual development that may signal the need for further evaluation and possible treatment. DELAYED PUBERTY Delayed puberty is defined by absent or incomplete sexual maturation by the age at which 95% of children of the same sex has started pubertal development. In the
United States, breast development, the usual first sign, begins by the age of 12 years in more than 95% of girls.140 Delayed puberty results from hypogonadism, which, in turn, can result from an inactive hypothalamic-pituitary axis (hypogonadotropic hypogonadism) or from primary gonadal failure (hypergonadotropic hypogonadism). The most
common cause of hypogonadotropic hypogonadism is a functional GnRH deficiency, reflecting a constitutional delay in the reactivation of the hypothalamic-pituitary-gonadal axis or the suppressive effects of chronic stress due to illness, malnutrition, or excessive exercise. GnRH deficiency also can result from genetic defects (e.g., Kallmann syndrome)
or anatomical abnormalities (e.g., hypothalamic and pituitary tumors). Other causes of hypogonadotropic hypogonadism include pituitary failure, hypothyroidism, and hyperprolactinemia. Hypergonadotropic hypogonadism can result from idiopathic primary gonadal failure, from previous treatment of malignancy (gonadectomy, chemotherapy, gonadal
radiation), or from a variety of congenital and genetic abnormalities or syndromes. The distribution of diagnostic frequencies among girls with delayed puberty is shown in the table below, representing the findings in a series of 326 patients.287 The series included all girls who were referred for evaluation of delayed pubertal milestones, including
some with only primary amenorrhea relating to müllerian or other developmental anomalies or androgen insensitivity syndrome, who did not have true delayed puberty. In a subsequent study involving 74 females aged 18 years old and younger (mean age 14 ± 1.4 year) referred to a tertiary center solely for the evaluation of delayed puberty, the final
diagnosis was constitutional delay in 22 (30%), functional hypogonadotropic hypogonadism (chronic illness, eating disorders, excessive exercise) in 14 (19%), irreversible hypogonadotropic hypogonadism (genetic causes, CNS tumors) in 15 (20%), hypergonadotropic hypogonadism (previous chemotherapy, gonadal radiation, and congenital and
genetic abnormalities) in 19 (26%), with 4 patients (5%) left unclassified288 (Table 9.5). TABLE 9.5 Relative Frequency of Delayed Pubertal Abnormalities287 Evaluation of Delayed Pubertal Development The initial evaluation of delayed puberty begins in the same way as that for precocious puberty, with a careful history, physical examination, and a
measurement of bone age. The medical history should determine whether pubertal development has not yet started or began and then stopped. A careful evaluation of the previous growth pattern can provide important clues.289 Those with constitutional delay typically exhibit delayed growth, adrenarche, and sexual development, associated with
declining growth velocity and delayed skeletal maturation. Other important historical factors include dietary and exercise habits, previous serious illnesses, and medications that might delay the onset or slow the pace of pubertal progression.290 Delayed puberty can be among the first clinical indications of an underlying metabolic disorder, such as
inflammatory bowel disease or hypothyroidism. Neurologic symptoms, including headache, visual disturbances, anosmia, dyskinesia, seizures, and mental retardation, suggest a CNS disease or disorder. Anosmia suggests strongly a genetic cause, such as a KAL1, FGF8, FGFR1, PROK2, or PROKR2 gene mutation (all associated with different forms of
Kallmann syndrome). A complete family history, with emphasis on the age at pubertal milestones in older siblings and parents, also provides useful information; in most patients with constitutional delay, other family members have a similar history.288 The physical examination should include height, weight, arm span, and Tanner staging of breast
and pubic hair development. Height should be compared to norms for age and for bone age and then carefully monitored for at least 6 months. A eunuchoid body habitus (arm span exceeds height by ≥5 cm) suggests delayed epiphyseal closure due to hypogonadism. In the presence of breast budding (Tanner stage 2), a normal spontaneous puberty
generally can be expected and both the patient and family can be reassured. Congenital malformations such as midline defects and skeletal abnormalities (cleft lip/palate, scoliosis) suggest congenital GnRH deficiency resulting from genetic mutations involving elements of the fibroblast growth factor signaling pathway. As in patients with precocious
puberty, a fundoscopic examination should be performed to detect papilledema and visual fields should be evaluated. A measurement of bone age should be obtained for comparison with chronologic age and for assessment of the potential for future growth. Patients with constitutional delay of puberty typically exhibit a bone age between 12 and 13.5
years, which generally does not progress further without the exposure to gonadal steroids that is required for epiphyseal closure. Laboratory Evaluation and Imaging The laboratory evaluation of girls with delayed puberty is aimed first at differentiating primary (hypergonadotropic) from secondary (hypogonadotropic) hypogonadism, which typically
can be accomplished by measuring the serum FSH, LH, and estradiol concentrations. By midadolescence, gonadotropin levels, particularly FSH, are grossly elevated in girls with primary gonadal failure.27 In patients with hypogonadism, low basal gonadotropin levels are consistent with the diagnosis of constitutional delay of puberty, but also with
congenital GnRH deficiency or pituitary gonadotropin deficiency. Ultrasensitive immunofluorometric assays for FSH and LH may help to distinguish the low but detectable concentrations typically observed in those with constitutional delay from the undetectable levels in patients with congenital GnRH deficiency, but these assays have not yet been
widely validated for use in patients who are truly GnRH deficient.23 GnRH agonist stimulation testing generally is not helpful or necessary. Whereas some have found that stimulation with a GnRH agonist (buserelin, nafarelin, triptorelin) can successfully discriminate constitutional delay of puberty from congenital GnRH deficiency in
boys,291,292,293 similar studies have not been conducted in girls with delayed puberty. Consequently, after excluding other causes, time and serial observations may be required to establish the correct diagnosis. When the estradiol level is clearly low, a serum FSH level in the low normal range has the same interpretation and clinical implication as
a frankly low FSH concentration. If the hypothalamic-pituitary-ovarian axis was intact and functioning normally, the FSH level should be high when estrogen levels are grossly low; therefore, a “normal” value is abnormally low in that clinical context and indicates hypothalamicpituitary suppression or dysfunction. Moreover, although the level of
immunoreactive FSH may be normal, the level of biologically active FSH may not be, because patients with hypogonadotropic hypogonadism may secrete gonadotropins having altered patterns of glycosylation and reduced biologic activity.294 Further laboratory evaluation is directed toward determining the cause of hypogonadotropic or
hypergonadotropic hypogonadism, once that is established. Hypogonadotropic Hypogonadism In girls with hypogonadotropic hypogonadism, measurement of the serum prolactin concentration is indicated to identify those with hyperprolactinemia, which can cause either delayed or arrested pubertal development, depending on when it arises.
Hyperprolactinemia can result from excessive secretion by a pituitary lactotrope adenoma, from any other hypothalamic or pituitary tumor or disorder that interrupts the normal delivery of hypothalamic dopamine via the tuberoinfundibular tract, or from medications that interfere with the actions of dopamine. Therefore, hyperprolactinemia is an
indication for imaging by MRI, except when it can be attributed confidently to medications. Measurement of the serum TSH and free thyroxine (T4) concentrations also is indicated to identify those who may have primary or secondary hypothyroidism, particularly if growth velocity has slowed and the bone age is grossly delayed. The serum DHEA-S
concentration may be helpful for distinguishing constitutional delay of puberty from congenital GnRH deficiency. Patients with congenital GnRH deficiency are more likely to have a normal adrenarche than those with constitutional delay, although values in the two groups frequently overlap.295 Other laboratory tests are aimed at identifying those
who may have an occult chronic illness, such as chronic inflammatory bowel disease, liver disease, or anorexia nervosa, and should include a complete blood count, erythrocyte sedimentation rate, and liver function tests. Although pelvic ultrasonography can be used to determine the presence or absence of a uterus in virginal girls, it must be
interpreted cautiously because results can be misleading when the reproductive organs are immature and very small and generally are unnecessary. Whereas müllerian anomalies are a common cause of primary amenorrhea, they are not associated specifically with delayed puberty. A head MRI should be obtained in patients with hypogonadotropic
hypogonadism and those with neurologic signs or symptoms. In addition to detecting mass lesions, imaging can reveal the presence or absence of the olfactory bulbs and tracts (absent in Kallmann syndromes). Hypergonadotropic Hypogonadism A karyotype should be obtained in all girls with hypergonadotropic hypogonadism to detect chromosomal
abnormalities, except when a history of previous chemotherapy or gonadal radiation provides an obvious explanation. The most common disorder of this type is gonadal dysgenesis, with Turner syndrome (45,X) being the prototype. In addition to other structural X chromosome abnormalities (e.g., deletions, rings, and isochromosomes), karyotype will
identify those harboring a Y chromosome (e.g., 46,XY, Swyer syndrome), in whom gonadectomy will be indicated due to the significant risk for malignant transformation in occult testicular elements (20– 30%). In patients with hypergonadotropic hypogonadism and a normal (46,XX) karyotype, the diagnostic possibilities include 17-hydroxylase
deficiency, a rare steroidogenic enzyme defect associated with sexual infantilism and hypertension, and other uncommon causes of primary ovarian failure, all of which are discussed in detail in Chapter 10 (Figure 9.8). FIGURE 9.8 Treatment of Delayed Puberty The first priority in the treatment of delayed puberty is to correct the specific cause, when
that is possible, such as thyroid hormone therapy for hypothyroidism, dopamine agonist therapy for hyperprolactinemia, and excision of a craniopharyngioma or other operable central lesion. In those with no such identifiable cause, congenital GnRH deficiency must be distinguished from constitutional delay of puberty, but in most, a final diagnosis
can be established only after serial observations; however, treatment options are the same in either case. Patients with congenital GnRH deficiency or constitutional delay of puberty can be managed expectantly, providing reassurance and psychological support, or with hormone therapy, which may be appropriate for those with severe pubertal delay
or serious psychosocial concerns that cannot be resolved with reassurance and education. In general, sex hormone therapy should be limited to girls over 12 years of age having few or no signs of sexual maturation causing significant distress or anxiety. The goals of short-term hormone therapy are to foster age-appropriate secondary sexual
development and to induce a growth spurt and a normal adolescent increase in bone density without causing premature epiphyseal closure, which requires that bone age be monitored at 6-monthly intervals during treatment. In those who prove ultimately to have an isolated GnRH deficiency, the longer-term goals are to maintain sex hormone levels
in the normal physiologic range and to induce ovulation with exogenous gonadotropin therapy when fertility becomes a priority. Oral or transdermal estrogen therapy can be used, beginning at doses well below those used for adults (e.g., 0.25–0.5 mg oral micronized estradiol or its equivalent), increasing gradually at intervals of 3–6 months according
to response (Tanner stage, bone age), with the goal of completing sexual maturation over a period of 2–3 years. A progestin should not be added to the treatment regimen until there is substantial breast development and full contour breast growth has plateaued, because premature progestin treatment can adversely affect breast growth or contours.
In general, progestin therapy can safely begin once menses have begun or after 12–24 months of estrogen treatment. Once breast development has been accomplished and menses are established, hormone therapy can be discontinued for 1–3 months, at intervals, to observe whether spontaneous menses will begin, as can be expected in girls with
constitutional delay of puberty. Persistent hypogonadism beyond 18 years of age clearly suggests congenital GnRH deficiency. In general, GH therapy is best limited to those with documented GH deficiency. Serum GH and IGF-I levels typically are low in patients with constitutional delay of puberty but increase after treatment with estrogen and
usually are normal in those with congenital GnRH deficiency. GROWTH PROBLEMS ADOLESCENTS IN NORMAL Perhaps, the worst thing about an adolescent growth problem is that it makes the individual feel “different.” It is probably true that, more than anyone else, the adolescent does not like to be different. Therefore, concerns over unusually
short or tall stature deserve attention and should not be dismissed. Growth in height is a continuous but not a linear process. There are three distinct phases of growth. The first is the infantile phase, which is characterized by rapid growth amounting to a total of 30–35 cm during the first 2 years of life. The next phase is the childhood phase, during
which growth proceeds at a relatively constant pace of 5–7 cm/year, often slowing in late childhood. The last is the pubertal phase, which is characterized by a growth spurt at a rate of 8–14 cm/year, reflecting the effects of increasing levels of both GH and sex steroid hormones.296,297 The contribution of heredity to final adult height is difficult to
predict accurately, but a child’s height potential can be estimated by calculating the midparental height; for girls, midparental height is calculated as follows: Target height represents a range of heights encompassing the 3rd to 97th percentiles for expected adult height, equating with the midparental height ± 8.5 cm.298 For children with delayed or
accelerated growth, height should be adjusted to the appropriate percentile based on bone age, rather than chronologic age, to permit a more accurate judgment regarding whether growth is consistent with genetic potential. The basic and essential laboratory test in the evaluation of perceived abnormal growth is a left hand/wrist x-ray for bone age.
The Bayley-Pinneau tables (found at the end of this chapter) can be used to determine a predicted adult height, based on current height and bone age, in reference to the Greulich-Pyle Atlas.299 The predicted adult height is the number found where the column corresponding to the patient’s current height intersects the row corresponding to her bone
age. If bone age is within 1 year of chronologic age, the table for average girls should be used. If bone age is accelerated or delayed by 1 year or more, the tables for children with accelerated or delayed growth should be used, with one exception. Height predictions for girls with idiopathic GnRHdependent precocious puberty are more accurate when
using the table for average girls.300 Short Stature Short stature is defined as height 2 or more standard deviations below the mean height for children of the same sex and chronologic age, as determined by plotting height on an appropriate growth chart. Accurate serial measurements of height and growth velocity are perhaps the most useful tool in
the evaluation of children with growth failure.301 The pattern of growth is more important than any single point measurement. Slowing growth that increasingly deviates from a previously defined pattern (percentile) is the key finding. Children should grow at a rate of at least 5 cm/year from age 4 year to the onset of puberty. The most common
causes of short stature are familial (genetic) and constitutional delay of growth; both are characterized by a normal growth velocity. If growth velocity is abnormally low (less than fifth percentile for age), a thorough evaluation for the many potential causes is warranted, as described below. Short stature is a feature of a variety of chromosomal (Down
syndrome, Turner syndrome) and other genetic disorders (Noonan syndrome, Russell-Silver syndrome) and commonly is associated with intrauterine growth restriction or infections and maternal exposures during pregnancy such as smoking and alcohol. Children with short stature relating to endocrine disorders such as Cushing syndrome, GH
deficiency, and hypothyroidism usually are overweight for height. In contrast, those with malnutrition due to an eating disorder, excessive exercise, malabsorption, or other systemic illness typically are underweight for height and merit evaluation for gastrointestinal,302,303 heart, pulmonary,304 and renal disease.305 Idiopathic short stature
describes children whose height is more than 2 standard deviations below the mean for age with no identifiable endocrine, metabolic, or other cause. Such children generally exhibit low normal growth velocity and have normal serum IGF-I levels. Those with genetic or familial short stature typically have normal bone age and a predicted adult height
within the target range, whereas those with constitutional delay of growth have delayed bone age. Recent evidence has suggested that 2–15% of children with idiopathic short stature may have mutations in the SHOX (Short Stature Homeobox) gene, located at the distal tip of the short arm of the X chromosome (Xp22.33).306,307,308 Affected
children tend to have short forearms and lower legs, Madelung deformity of the forearm (a congenital subluxation or dislocation of the distal ulna), cubitus valgus (wide carrying angle of the arm), a high-arched palate, and muscle hypertrophy, compared to those without such mutations.309 Additional mutations with similar phenotype have been
found on various autosomal chromosomes like FGFR3 (4p16.3), ACAN (15q26.1), NPPC (2q37), and NPR2 (9p13).310 Evaluation Although it is unlikely that a patient with congenital hypothyroidism will present undiagnosed and untreated as an adolescent, thyroid function always should be evaluated. Because both primary and secondary
hypothyroidism can cause growth failure, both the serum TSH and free T4 concentrations should be measured. Cushing syndrome (hypercortisolism) is rare in children, except when it results from excess glucocorticoid treatment. Children with congenital GH deficiency generally are not difficult to recognize, usually presenting as young children with
severe growth failure, delayed bone age, and very low serum concentrations of IGF-I and its major binding protein, IGFBP-3. Provocative tests of GH secretion are required to establish the diagnosis. The evaluation of children with short stature should include the following: Bone age A complete blood count and erythrocyte sedimentation rate
Electrolytes, creatinine, bicarbonate, calcium, phosphate, alkaline phosphatase, and albumin TSH, free T4, IGF-I (and IGFBP-3 in children under 3 years of age) Antiendomysial antibodies (a serologic screen for celiac disease) Karyotype (to exclude Turner syndrome or other X chromosome abnormalities) A head MRI is not required to establish the
diagnosis of idiopathic short stature, but should be considered in children with known GH deficiency and those with signs or symptoms of hypothalamic-pituitary dysfunction. Treatment GH therapy for idiopathic short stature was approved by the U.S. Food and Drug Administration in 2003 and is considered indicated for girls whose height is more
than 2.25 standard deviations below the mean for age whose epiphyses are not closed and whose predicted adult height is less than 59 inches. However, GH treatment of children with idiopathic short stature is controversial, because the response to therapy is unpredictable and typically quite modest311,312,313,314 and because evidence that short
stature has significant psychosocial consequences is lacking.315,316,317 Most children with idiopathic short stature, particularly those with constitutional delay of growth, exhibit catch-up growth during puberty without treatment.311,318 Moreover, the average increase in height is only approximately 4–6 cm after more than 5 years of treatment.313
The optimal age for starting treatment is between age 5 years and early puberty.319 GH treatment has relatively few potential adverse effects.311,313,320 Although highdose treatment has been reported to advance the onset of puberty and epiphyseal closure,321 lower doses do not.322 Current evidence suggests that the impact of treatment
correlates with serum IGF-I levels and that treatment can be optimized when the dose of GH is adjusted to maintain a normal IGF-I concentration.319 However, GH therapy generally should be limited to children whose short stature is a significant disability and whose self-image and socialization are judged likely to improve significantly with an
increase in height.323,324 The associated costs and potential benefits must be weighed carefully because the costs of GH therapy are extremely high. In the United States, the cost has been estimated to exceed $50,000 per inch gained in adult height!325 An alternative approach to treatment involves the use of a long-acting GnRH agonist to delay
pubertal development and epiphyseal fusion. However, the modest impact of such treatment (ranging up to only 4 cm in increased height) comes at the cost of a substantial decrease in bone mineral density accretion.326 Although treatment with an aromatase inhibitor might also seem logical, such therapy actually slows growth in girls via profound
inhibition of estrogen production. Tall Stature Tall stature is defined as height 2 or more standard deviations above the mean height for children of the same sex and chronologic age. Although tall stature is nearly as common as short stature, it is perceived as more socially acceptable and less commonly perceived as a problem. Most children with tall
stature, like those with short stature, represent the extremes of a normal distribution of heights and only a few have a specific growth abnormality.327 Abnormally rapid growth during childhood and adolescence can result from precocious pubertal development, GH excess,328 hyperthyroidism,329 sex hormone deficiency or insensitivity,330,331 or
rare autosomal recessive disorders such as familial glucocorticoid deficiency332 or resistance333 and congenital total lipodystrophy.334 Patients with Marfan syndrome,335 homocystinuria,336 and neurofibromatosis type I also can be unusually tall.337 The diagnosis of familial or constitutional tall stature generally is established by family history
and the absence of dysmorphic features, distinguishing it from disorders of excessive growth. In most tall but otherwise normal children, a careful family history, physical examination, and bone age generally are all that is required to establish the diagnosis and to provide reassurance. Serial measurements of growth at 6–12-month intervals can help
to confirm that growth is in the high normal range but not excessive. The Bayley-Pinneau tables (found at the end of this chapter) can be used to predict adult height in tall girls and become more accurate after the age of 12 years; in younger children, they may tend to overestimate adult height.338 Treatment As in otherwise normal short children
and adolescents, the treatment of tall children and adolescents is controversial, generally discouraged, and should be limited to those whose tall stature is the cause of significant psychosocial problems.339,340,341 Sex steroids have been used to treat tall girls and boys for decades, the goal being to promote early epiphyseal fusion.342,343 The
earlier treatment is started, the greater the likelihood that adult height will be diminished. The stage of secondary sexual development is relevant because the adolescent growth spurt precedes menarche, and treatment must begin before menarche to be optimally effective.327 Although that implies that treatment could begin as early as age 8 or 9
years, the usual age to begin treatment is between 10 and 12 years. However, treatment that begins after menarche can still achieve up to an inch of growth reduction.344,345 A typical starting dose is 15– 30 μg of ethinyl estradiol, which can be administered in a low-dose oral contraceptive pill. Treatment should continue until the epiphyses are
closed, as can be determined by serial measurements of bone age at 6–12-month intervals during treatment.346 The mean adjusted reduction in height ranges up to 6 cm, but averages a more modest 1–2.5 cm,338 and treatment is not without potential complications and future consequences. Common side effects include nausea, water retention and
weight gain, and menorrhagia. Whereas an early study found no adverse effects of treatment on future fertility,347 a more recent study involving 1,243 adult women with hereditary tall stature observed that the risk for future infertility was significantly increased and that cycle fecundability was decreased by approximately 40% in those treated with
estrogen as adolescents, compared to those who received no treatment.348 This was further confirmed in a subsequent study from the Netherlands involving 125 tall women aged 20–42 years, of whom 52 women had been treated with 100 μg and 43 with 200 μg of ethinyl estradiol in adolescence.349 In that study, 80% of untreated women achieved
pregnancy within 1 year, compared to 69% of women treated with 100 μg and 59% of women treated with 200 μg ethinyl estradiol; there was a significant correlation between the estrogen dose and time to pregnancy. The mechanism responsible for the effect is still unknown, but it might be related to ovarian function and follicular depletion. In a
study from the same Dutch group comprising 285 tall women (157 treated and 128 untreated), treated women had significantly higher odds of being diagnosed with imminent ovarian failure (OR 2.83, 95% CI = 1.04–7.68).350 Serum FSH levels in these women were significantly increased, whereas antral follicle counts and serum antimüllerian
hormone levels were decreased350 (Tables 9.6, 9.7, 9.8). TABLE 9.6 Bayley-Pinneau Table for Average Girls299 TABLE 9.7 Bayley-Pinneau Girls299 Table for Accelerated TABLE 9.8 Bayley-Pinneau Table for Delayed Girls299 REFERENCES 1. Dahl RE, Adolescent brain development: a period of vulnerabilities and opportunities. Keynote address, Ann
N Y Acad Sci 1021:1, 2004. 2. Knobil E, Remembrance: the discovery of the hypothalamic gonadotropin-releasing hormone pulse generator and of its physiological significance, Endocrinology 131:1005, 1992. 3. Vazquez-Martinez R, Shorte SL, Boockfor FR, Frawley LS, Synchronized exocytotic bursts from gonadotropin-releasing hormone-expressing
cells: dual control by intrinsic cellular pulsatility and gap junctional communication, Endocrinology 142:2095, 2001. 4. Herbison AE, Pape JR, Simonian SX, Skynner MJ, Sim JA, Molecular and cellular properties of GnRH neurons revealed through transgenics in the mouse, Mol Cell Endocrinol 185:185, 2001. 5. Schwanzel-Fukuda M, Crossin KL, Pfaff
DW, Bouloux PM, Hardelin JP, Petit C, Migration of luteinizing hormone-releasing hormone (LHRH) neurons in early human embryos, J Comp Neurol 366:547, 1996. 6. Kaplan SL, Grumbach MM, Aubert ML, The ontogenesis of pituitary hormones and hypothalamic factors in the human fetus: maturation of central nervous system regulation of anterior
pituitary function, Recent Prog Horm Res 32:161, 1976. 7. Park SJ, Goldsmith LT, Weiss G, Age-related changes in the regulation of luteinizing hormone secretion by estrogen in women, Exp Biol Med (Maywood) 227:455, 2002. 8. Kaplan SL, Grumbach MM, Pituitary and placental gonadotrophins and sex steroids in the human and subhuman primate
fetus, Clin Endocrinol Metab 7:487, 1978. 9. DiVall SA, Radovick S, Pubertal development and menarche, Ann N Y Acad Sci 1135:19, 2008. 10. Styne DM, Physiology of puberty, Horm Res 41(Suppl 2):3, 1994. 11. Grumbach MM, The neuroendocrinology of human puberty revisited, Horm Res 57(Suppl 2):2, 2002. 12. Winter JS, Faiman C, Hobson WC,
Prasad AV, Reyes FI, Pituitary-gonadal relations in infancy. I. Patterns of serum gonadotropin concentrations from birth to four years of age in man and chimpanzee, J Clin Endocrinol Metab 40:545, 1975. 13. Waldhauser F, Weissenbacher G, Frisch H, Pollak A, Pulsatile secretion of gonadotropins in early infancy, Eur J Pediatr 137:71, 1981. 14.
Burger HG, Famada Y, Bangah ML, McCloud PI, Warne GL, Serum gonadotropin, sex steroid, and immunoreactive inhibin levels in the first two years of life, J Clin Endocrinol Metab 72:682, 1991. 15. Andersson A-M, Toppari J, Haavisto A-M, Petersen JH, Simell T, Simell O, Skakkebæk NE, Longitudinal reproductive hormone profiles in infants: peak
of inhibin B levels in infant boys exceeds levels in adult men, J Clin Endocrinol Metab 83:675, 1998. 16. Winter JS, Hughes IA, Reyes FI, Faiman C, Pituitary-gonadal relations in infancy: 2. Patterns of serum gonadal steroid concentrations in man from birth to two years of age, J Clin Endocrinol Metab 42:679, 1976. 17. Plant TM, Hypothalamic control

of the pituitary-gonadal axis in higher primates: key advances over the last two decades, J Neuroendocrinol 20:719, 2008. 18. Wildt L, Marshall G, Knobil E, Experimental induction of puberty in the infantile female rhesus monkey, Science 207:1373, 1980. 19. Jakacki RI, Kelch RP, Sander SE, Lloyd JS, Hopwood NJ, Marshall JC, Pulsatile secretion of
luteinizing hormone in children, J Clin Endocrinol Metab 53:453, 1982. 20. Oerter KE, Urarte MM, Rose SR, Barnes KM, Cutler GB, Gonadotropin secretory dynamics during puberty in normal girls and boys, J Clin Endocrinol Metab 71:1251, 1990. 21. Dunkel L, Alfthan H, Stenman U-H, Selstam G, Rosberg S, Albertsson-Wikland K, Developmental
changes in 24-hour profiles of luteinizing hormone and follicle-stimulating hormone from prepuberty to midstages of puberty in boys, J Clin Endocrinol Metab 74:890, 1992. 22. Apter D, Butzow TL, Laughlin GA, Yen SS, Gonadotropin-releasing hormone pulse generator activity during pubertal transition in girls: pulsatile and diurnal patterns of
circulating gonadotropins, J Clin Endocrinol Metab 23. 24. 25. 26. 27. 28. 29. 30. 31. 32. 33. 34. 35. 36. 37. 38. 39. 40. 41. 42. 76:940, 1993. Wu FC, Butler GE, Kelnar CJ, Huhtaniemi I, Veldhuis JD, Ontogeny of pulsatile gonadotropin releasing hormone secretion from midchildhood, through puberty, to adulthood in the human male: a study using
deconvolution analysis and an ultrasensitive immunofluorometric assay, J Clin Endocrinol Metab 81:1798, 1996. Mitamura R, Yano K, Suzuki N, Ito Y, Makita Y, Okuno A, Diurnal rhythms of luteinizing hormone, follicle-stimulating hormone, testosterone, and estradiol secretion before the onset of female puberty in short children, J Clin Endocrinol
Metab 85:1074, 2000. Kulin HE, Grumbach MM, Kaplan SL, Changing sensitivity of the pubertal gonadal hypothalamic feedback mechanism in man, Science 166:1012, 1969. Kelch RP, Kaplan SL, Ghumbach MM, Suppression of urinary and plasma follicle-stimulating hormone by exogenous estrogens in prepubertal and pubertal children, J Clin Invest
52:1122, 1973. Conte FA, Grumbach MM, Kaplan SL, A diphasic pattern of gonadotropin secretion in patients with the syndrome of gonadal dysgenesis, J Clin Endocrinol Metab 40:670, 1975. Burstein S, Schaff-Blass E, Blass J, Rosenfield RL, The changing ratio of bioactive to immunoreactive luteinizing hormone (LH) through puberty principally
reflects changing LH radioimmunoassay dose-response characteristics, J Clin Endocrinol Metab 61:508, 1985. Sehested A, Juul AA, Andersson AM, Petersen JH, Jensen TK, Muller J, Skakkebaek NE, Serum inhibin A and inhibin B in healthy prepubertal, pubertal, and adolescent girls and adult women: relation to age, stage of puberty, menstrual cycle,
follicle-stimulating hormone, luteinizing hormone, and estradiol levels, J Clin Endocrinol Metab 85:1634, 2000. Legro RS, Lin HM, Demers LM, Lloyd T, Rapid maturation of the reproductive axis during perimenarche independent of body composition, J Clin Endocrinol Metab 85:1021, 2000. Mitsushima D, Hei DL, Terasawa E, gamma-Aminobutyric
acid is an inhibitory neurotransmitter restricting the release of luteinizing hormone-releasing hormone before the onset of puberty, Proc Natl Acad Sci U S A 91:395, 1994. Mitsushima D, Marzban F, Luchansky LL, Burich AJ, Keen KL, Durning M, Golos TG, Terasawa E, Role of glutamic acid decarboxylase in the prepubertal inhibition of the luteinizing
hormone releasing hormone release in female rhesus monkeys, J Neurosci 16:2563, 1996. Keen KL, Burich AJ, Mitsushima D, Kasuya E, Terasawa E, Effects of pulsatile infusion of the GABA(A) receptor blocker bicuculline on the onset of puberty in female rhesus monkeys, Endocrinology 140:5257, 1999. Fritschy JM, Paysan J, Enna A, Mohler H,
Switch in the expression of rat GABAA-receptor subtypes during postnatal development: an immunohistochemical study, J Neurosci 14:5302, 1994. Pau KY, Berria M, Hess DL, Spies HG, Hypothalamic site-dependent effects of neuropeptide Y on gonadotropin-releasing hormone secretion in rhesus macaques, J Neuroendocrinol 7:63, 1995. El Majdoubi
M, Sahu A, Ramaswamy S, Plant TM, Neuropeptide Y: a hypothalamic brake restraining the onset of puberty in primates, Proc Natl Acad Sci U S A 97:6179, 2000. Gore AC, Mitsushima D, Terasawa E, A possible role of neuropeptide Y in the control of the onset of puberty in female rhesus monkeys, Neuroendocrinology 58:23, 1993. Woller MJ,
Terasawa E, Infusion of neuropeptide Y into the stalk-median eminence stimulates in vivo release of luteinizing hormone-release hormone in gonadectomized rhesus monkeys, Endocrinology 128:1144, 1991. Brann DW, Mahesh VB, Excitatory amino acids: evidence for a role in the control of reproduction and anterior pituitary hormone secretion,
Endocr Rev 18:678, 1997. Medhamurthy R, Dichek HL, Plant TM, Bernardini I, Cutler GB Jr, Stimulation of gonadotropin secretion in prepubertal monkeys after hypothalamic excitation with aspartate and glutamate, J Clin Endocrinol Metab 71:1390, 1990. Plant TM, Gay VL, Marshall GR, Arslan M, Puberty in monkeys is triggered by chemical
stimulation of the hypothalamus, Proc Natl Acad Sci U S A 86:2506, 1989. Popa SM, Clifton DK, Steiner RA, The role of kisspeptins and GPR54 in the neuroendocrine regulation of reproduction, Annu Rev Physiol 70:213, 2008. 43. de Roux N, Genin E, Carel JC, Matsuda F, Chaussain JL, Milgrom E, Hypogonadotropic hypogonadism due to loss of
function of the KiSS1-derived peptide receptor GPR54, Proc Natl Acad Sci U S A 100:10972, 2003. 44. Seminara SB, Messager S, Chatzidaki EE, Thresher RR, Acierno JS Jr, Shagoury JK, Bo-Abbas Y, Kuohung W, Schwinof KM, Hendrick AG, Zahn D, Dixon J, Kaiser UB, Slaugenhaupt SA, Gusella JF, O’Rahilly S, Carlton MB, Crowley WF Jr, Aparicio SA,
Colledge WH, The GPR54 gene as a regulator of puberty, N Engl J Med 349:1614, 2003. 45. Shahab M, Mastronardi C, Seminara SB, Crowley WF, Ojeda SR, Plant TM, Increased hypothalamic GPR54 signaling: a potential mechanism for initiation of puberty in primates, Proc Natl Acad Sci U S A 102:2129, 2005. 46. Rometo AM, Krajewski SJ, Voytko
ML, Rance NE, Hypertrophy and increased kisspeptin gene expression in the hypothalamic infundibular nucleus of postmenopausal women and ovariectomized monkeys, J Clin Endocrinol Metab 92:2744, 2007. 47. Wakabayashi Y, Nakada T, Murata K, Ohkura S, Mogi K, Navarro VM, Clifton DK, Mori Y, Tsukamura H, Maeda K, Steiner RA, Okamura
H, Neurokinin B and dynorphin A in kisspeptin neurons of the arcuate nucleus participate in generation of periodic oscillation of neural activity driving pulsatile gonadotropin-releasing hormone secretion in the goat, J Neurosci 30(8):3124, 2010. 48. Plant TM, Ramaswamy S, Dipietro MJ, Repetitive activation of hypothalamic G protein-coupled
receptor 54 with intravenous pulses of kisspeptin in the juvenile monkey (Macaca mulatta) elicits a sustained train of gonadotropin-releasing hormone discharges, Endocrinology 147:1007, 2006. 49. Keen KL, Wegner FH, Bloom SR, Ghatei MA, Terasawa E, An increase in kisspeptin-54 release occurs with the pubertal increase in luteinizing hormonereleasing hormone-1 release in the stalk-median eminence of female rhesus monkeys in vivo, Endocrinology 149:4151, 2008. 50. Tenenbaum-Rakover Y, Commenges-Ducos M, Iovane A, Aumas C, Admoni O, de Roux N, Neuroendocrine phenotype analysis in five patients with isolated hypogonadotropic hypogonadism due to a L102P inactivating
mutation of GPR54, J Clin Endocrinol Metab 92:1137, 2007. 51. Seminara SB, Dipietro MJ, Ramaswamy S, Crowley WF Jr, Plant TM, Continuous human metastin 45– 54 infusion desensitizes G protein-coupled receptor 54-induced gonadotropin-releasing hormone release monitored indirectly in the juvenile male Rhesus monkey (Macaca mulatta): a
finding with therapeutic implications, Endocrinology 147:2122, 2006. 52. Ramaswamy S, Seminara SB, Pohl CR, DiPietro MJ, Crowley WF Jr, Plant TM, Effect of continuous intravenous administration of human metastin 45–54 on the neuroendocrine activity of the hypothalamicpituitary-testicular axis in the adult male rhesus monkey (Macaca mulatta),
Endocrinology 148:3364, 2007. 53. Teles MG, Bianco SD, Brito VN, Trarbach EB, Kuohung W, Xu S, Seminara SB, Mendonca BB, Kaiser UB, Latronico AC, A GPR54-activating mutation in a patient with central precocious puberty, N Engl J Med 358:709, 2008. 54. Semple RK, Achermann JC, Ellery J, Farooqi IS, Karet FE, Stanhope RG, O’Rahilly S,
Aparicio SA, Two novel missense mutations in g protein-coupled receptor 54 in a patient with hypogonadotropic hypogonadism, J Clin Endocrinol Metab 90:1849, 2005. 55. Plant TM, Gonadal regulation of hypothalamic gonadotropin-releasing hormone release in primates, Endocr Rev 7:75, 1986. 56. Shibata M, Friedman RL, Ramaswamy S, Plant TM,
Evidence that down regulation of hypothalamic KiSS1 expression is involved in the negative feedback action of testosterone to regulate luteinising hormone secretion in the adult male rhesus monkey (Macaca mulatta), J Neuroendocrinol 19:432, 2007. 57. El Majdoubi M, Sahu A, Plant TM, Changes in hypothalamic gene expression associated with the
arrest of pulsatile gonadotropin-releasing hormone release during infancy in the agonadal male rhesus monkey (Macaca mulatta), Endocrinology 141:3273, 2000. 58. Plant TM, Ramaswamy S, Kisspeptin and the regulation of the hypothalamic-pituitary-gonadal axis in the rhesus monkey (Macaca mulatta), Peptides 30:67, 2009. 59. Frisch R, Revelle R,
Variation in body weights and the age of the adolescent growth spurt among Latin 60. 61. 62. 63. 64. 65. 66. 67. 68. 69. 70. 71. 72. 73. 74. 75. 76. 77. 78. 79. 80. 81. American and Asian populations, in relation to calorie supplies, Hum Biol 41:185, 1969. Frisch RE, Revelle R, Cook S, Components of weight at menarche and the initiation of the
adolescent growth spurt in girls: estimated total water, lean body weight and fat, Hum Biol 45:469, 1973. Rosenfield RL, Lipton RB, Drum ML, Thelarche, pubarche, and menarche attainment in children with normal and elevated body mass index, Pediatrics 123:84, 2009. Vigersky RA, Andersen AE, Thompson RH, Loriaux DL, Hypothalamic
dysfunction in secondary amenorrhea associated with simple weight loss, N Engl J Med 297:1141, 1977. Dubey AK, Cameron JL, Steiner RA, Plant TM, Inhibition of gonadotropin secretion in castrated male rhesus monkeys (Macaca mulatta) induced by dietary restriction: analogy with the prepubertal hiatus of gonadotropin release, Endocrinology
118:518, 1986. Simon D, Puberty in chronically diseased patients, Horm Res 57(Suppl 2):53, 2002. I’Anson H, Manning JM, Herbosa CG, Pelt J, Friedman CR, Wood RI, Bucholtz DC, Foster DL, Central inhibition of gonadotropin-releasing hormone secretion in the growth-restricted hypogonadotropic female sheep, Endocrinology 141:520, 2000. Ahima
RS, Prabakaran D, Mantzoros C, Qu D, Lowell B, Maratos-Flier E, Flier JS, Role of leptin in the neuroendocrine response to fasting, Nature 382:250, 1996. Zuure WA, Roberta AL, Quennell JH, Anderson GM, Leptin signaling in GABA neurons, but not glutamate neurons, is required for reproductive function, J Neurosci 33:45, 2013. Martin C, Navarro
VM, Simavli S, Vong L, Carroll RS, Lowell BB, Kaiser UB, Leptin-responsive GABAergic neurons regulate fertility through pathways that results in reduced kisspeptinergic tone, J Neurosci 34:17, 2014. Mantzoros CS, Flier JS, Rogol AD, A longitudinal assessment of hormonal and physical alterations during normal puberty in boys. V. Rising leptin
levels may signal the onset of puberty, J Clin Endocrinol Metab 82:1066, 1997. Roemmich JN, Rogol AD, Role of leptin during childhood growth and development, Endocrinol Metab Clin North Am 28:749, 1999. Roemmich JN, Clark PA, Berr SS, Mai V, Mantzoros CS, Flier JS, Weltman A, Rogol AD, Gender differences in leptin levels during puberty are
related to the subcutaneous fat depot and sex steroids, Am J Physiol 275:E543, 1998. Matkovic V, Ilich JZ, Skugor M, Badenhop NE, Goel P, Clairmont A, Klisovic D, Nahhas RW, Landoll JD, Leptin is inversely related to age at menarche in human females, J Clin Endocrinol Metab 82:1066, 1997. Farooqi IS, Jebb SA, Langmack G, Lawrence E,
Cheetham CH, Prentice AM, Hughes IA, McCamish MA, O’Rahilly S, Effects of recombinant leptin therapy in a child with congenital leptin deficiency, N Engl J Med 341:879, 1999. Farooqi IS, Leptin and the onset of puberty: insights from rodent and human genetics, Semin Reprod Med 20:139, 2002. Garcia MC, Lopez M, Alvarez CV, Casanueva F,
Tena-Sempere M, Dieguez C, Role of ghrelin in reproduction, Reproduction 133:531, 2007. Gottsch ML, Clifton DK, Steiner RA, Galanin-like peptide as a link in the integration of metabolism and reproduction, Trends Endocrinol Metab 15:215, 2004. Terasawa E, Fernandez DL, Neurobiological mechanisms of the onset of puberty in primates, Endocr
Rev 22:111, 2001. Roa J, Navarro VM, Tena-Sempere M, Kisspeptins in reproductive biology: consensus knowledge and recent developments, Biol Reprod 85(4):650, 2011. Korth-Schutz S, Levine LS, New MI, Dehydroepiandrosterone sulfate (DS) levels, a rapid test for abnormal adrenal androgen secretion, J Clin Endocrinol Metab 42:1005, 1976. de
Peretti E, Forest MG, Pattern of plasma dehydroepiandrosterone sulfate levels in humans from birth to adulthood: evidence for testicular production, J Clin Endocrinol Metab 47:572, 1978. Ibanez L, Dimartino-Nardi J, Potau N, Saenger P, Premature adrenarche–normal variant or forerunner of 82. 83. 84. 85. 86. 87. 88. 89. 90. 91. 92. 93. 94. 95. 96.
97. 98. 99. 100. 101. 102. 103. adult disease? Endocr Rev 21:671, 2000. Rich BH, Rosenfield RL, Lucky AW, Helke JC, Otto P, Adrenarche: changing adrenal response to adrenocorticotropin, J Clin Endocrinol Metab 52:1129, 1981. Endoh A, Kristiansen SB, Casson PR, Buster JE, Hornsby PJ, The zona reticularis is the site of biosynthesis of
dehydroepiandrosterone and dehydroepiandrosterone sulfate in the adult human adrenal cortex resulting from its low expression of 3 beta-hydroxysteroid dehydrogenase, J Clin Endocrinol Metab 81:3558, 1996. Hammer GD, Parker KL, Schimmer BP, Minireview: transcriptional regulation of adrenocortical development, Endocrinology 146:1018,
2005. Gell JS, Carr BR, Sasano H, Atkins B, Margraf L, Mason JI, Rainey WE, Adrenarche results from development of a 3beta-hydroxysteroid dehydrogenase-deficient adrenal reticularis, J Clin Endocrinol Metab 83:3695, 1998. Auchus RJ, Rainey WE, Adrenarche - physiology, biochemistry and human disease, Clin Endocrinol (Oxf) 60:288, 2004.
Huang N, Dardis A, Miller WL, Regulation of cytochrome b5 gene transcription by Sp3, GATA-6, and steroidogenic factor 1 in human adrenal NCI-H295A cells, Mol Endocrinol 19:2020, 2005. Zumoff B, Walsh BT, Katz JL, Subnormal plasma dehydroiso-androsterone to cortisol ratio in anorexia nervosa: a second hormonal parameter of ontogenetic
regression, J Clin Endocrinol Metab 56:668, 1983. Parker LN, Adrenarche, Endocrinol Metab Clin North Am 20:71, 1991. Taha D, Mullis PE, Ibanez L, de Zegher F, Absent or delayed adrenarche in Pit-1/POU1F1 deficiency, Horm Res 64:175, 2005. Hauffa BP, Kaplan SL, Grumbach MM, Dissociation between plasma adrenal androgens and cortisol in
Cushing’s disease and ectopic ACTH producing tumor: relation to adrenarche, Lancet 1:1373, 1984. Cavallo A, Melatonin secretion during adrenarche in normal human puberty and in pubertal disorders, J Pineal Res 12:71, 1992. Ehrhart-Bornstein M, Hinson JP, Bornstein SR, Scherbaum WA, Vinson GP, Intraadrenal interactions in the regulation of
adrenocortical steroidogenesis, Endocr Rev 19:101, 1998. Smith CP, Dunger DB, Williams AJ, Taylor AM, Perry LA, Gale EA, Preece MA, Savage MO, Relationship between insulin, insulin-like growth factor I, and dehydroepiandrosterone sulfate concentrations during childhood, puberty, and adult life, J Clin Endocrinol Metab 68:932, 1989. Blogowska
A, Rzepka-Gorska I, Krzyzanowska-Swiniarska B, Body composition, dehydroepiandrosterone sulfate and leptin concentrations in girls approaching menarche, J Pediatr Endocrinol Metab 18:975, 2005. Biason-Lauber A, Zachmann M, Schoenle EJ, Effect of leptin on CYP17 enzymatic activities in human adrenal cells: new insight in the onset of
adrenarche, Endocrinology 141:1446, 2000. Guercio G, Rivarola MA, Chaler E, Maceiras M, Belgorosky A, Relationship between the growth hormone/insulin-like growth factor-I axis, insulin sensitivity, and adrenal androgens in normal prepubertal and pubertal girls, J Clin Endocrinol Metab 88:1389, 2003. Rosenfield RL, Hirsutism and the variable
response of the pilosebaceous unit to androgen, J Investig Dermatol Symp Proc 10:205, 2005. Remer T, Boye KR, Hartmann M, Neu CM, Schoenau E, Manz F, Wudy SA, Adrenarche and bone modeling and remodeling at the proximal radius: weak androgens make stronger cortical bone in healthy children, J Bone Miner Res 18:1539, 2003. Abbassi V,
Growth and normal puberty, Pediatrics 102:507, 1998. Bass S, Delmas PD, Pearce G, Hendrich E, Tabensky A, Seeman E, The differing tempo of growth in bone size, mass, and density in girls is region-specific, J Clin Invest 104:795, 1999. Biro FM, Huang B, Crawford PB, Lucky AW, Striegel-Moore R, Barton BA, Daniels S, Pubertal correlates in black
and white girls, J Pediatr 148:234, 2006. Tanner JM, Davies PS, Clinical longitudinal standards for height and height velocity for North American children, J Pediatr 107:317, 1985. 104. Lloyd T, Rollings N, Andon MB, Demers LM, Eggli DF, Kieselhorst K, Kulin H, Landis JR, Martel JK, Orr G, Determinants of bone density in young women. I.
Relationships among pubertal development, total body bone mass, and total body bone density in premenarchal females, J Clin Endocrinol Metab 75:383, 1992. 105. Magarey AM, Boulton TJ, Chatterton BE, Schultz C, Nordin BE, Cockington RA, Bone growth from 11 to 17 years: relationship to growth, gender and changes with pubertal status
including timing of menarche, Acta Paediatr 88:139, 1999. 106. Taranger J, Engstrom I, Lichtenstein H, Svennberg-Redegren I, VI. Somatic pubertal development, Acta Paediatr Scand Suppl 258:121, 1976. 107. McKay HA, Bailey DA, Mirwald RL, Davison KS, Faulkner RA, Peak bone mineral accrual and age at menarche in adolescent girls: a 6-year
longitudinal study, J Pediatr 133:682, 1998. 108. Gilsanz V, Roe TF, Mora S, Costin G, Goodman WG, Changes in vertebral bone density in black girls and white girls during childhood and puberty, N Engl J Med 325:1597, 1991. 109. Maynard LM, Wisemandle W, Roche AF, Chumlea WC, Guo SS, Siervogel RM, Childhood body composition in relation to
body mass index, Pediatrics 107:344, 2001. 110. Rosner B, Prineas R, Loggie J, Daniels SR, Percentiles for body mass index in U.S. children 5 to 17 years of age, J Pediatr 132:211, 1998. 111. Herrington J, Carter-Su C, Signaling pathways activated by the growth hormone receptor, Trends Endocrinol Metab 12:252, 2001. 112. Kojima M, Hosoda H,
Date Y, Nakazato M, Matsuo H, Kangawa K, Ghrelin is a growth-hormonereleasing acylated peptide from stomach, Nature 402:656, 1999. 113. Shimon I, Taylor JE, Dong JZ, Bitonte RA, Kim S, Morgan B, Coy DH, Culler MD, Melmed S, Somatostatin receptor subtype specificity in human fetal pituitary cultures. Differential role of SSTR2 and SSTR5 for
growth hormone, thyroid-stimulating hormone, and prolactin regulation, J Clin Invest 99:789, 1997. 114. Hartman ML, Veldhuis JD, Thorner MO, Normal control of growth hormone secretion, Horm Res 40:37, 1993. 115. Leung KC, Ho KK, Measurement of growth hormone, insulin-like growth factor I and their binding proteins: the clinical aspects,
Clin Chim Acta 313:119, 2001. 116. Ho Y, Liebhaber SA, Cooke NE, Activation of the human GH gene cluster: roles for targeted chromatin modification, Trends Endocrinol Metab 15:40, 2004. 117. Giustina A, Veldhuis JD, Pathophysiology of the neuroregulation of growth hormone secretion in experimental animals and the human, Endocr Rev 19:717,
1998. 118. Jaffe CA, DeMott-Friberg R, Barkan AL, Endogenous growth hormone (GH)-releasing hormone is required for GH responses to pharmacological stimuli, J Clin Invest 97:934, 1996. 119. Unger RH, The hyperleptinemia of obesity-regulator of caloric surpluses, Cell 117:145, 2004. 120. Toogood AA, Nass RM, Pezzoli SS, O’Neill PA, Thorner
MO, Shalet SM, Preservation of growth hormone pulsatility despite pituitary pathology, surgery, and irradiation, J Clin Endocrinol Metab 82:2215, 1997. 121. Hindmarsh PC, Matthews DR, Stratton I, Pringle PJ, Brook CDG, Rate of change (modulation) of serum growth hormone concentrations is a more important factor in determining growth rate
than duration of exposure, Clin Endocrinol (Oxf) 36:165, 1992. 122. Savage MO, Burren CP, Blair JC, Woods KA, Metherell L, Clark AJ, Camacho-Hubner C, Growth hormone insensitivity: pathophysiology, diagnosis, clinical variation and future perspectives, Horm Res 55(Suppl 2):32, 2001. 123. De Meyts P, Whittaker J, Structural biology of insulin
and IGF1 receptors: implications for drug design, Nat Rev Drug Discov 1:769, 2002. 124. Murphy LJ, The role of the insulin-like growth factors and their binding proteins in glucose homeostasis, Exp Diabesity Res 4:213, 2003. 125. Juul A, Serum levels of insulin-like growth factor I and its binding proteins in health and disease, Growth Horm IGF Res
13:113, 2003. 126. Harris DA, Van Vliet G, Egli CA, Grumbach MM, Kaplan SL, Styne DM, Vainsel M, Somatomedin-C in normal puberty and in true precocious puberty before and after treatment with a potent luteinizing hormone- 127. 128. 129. 130. 131. 132. 133. 134. 135. 136. 137. 138. 139. 140. 141. releasing hormone agonist, J Clin Endocrinol
Metab 61:152, 1985. Mansfield MJ, Rudlin CR, Crigler JF Jr, Karol KA, Crawfod JD, Boepple PA, Crowley WF Jr, Changes in growth and serum growth hormone and plasma somatomedin-C levels during suppression of gonadal sex steroid secretion in girls with central precocious puberty, J Clin Endocrinol Metab 66:3, 1988. Attie KM, Ramirez NR,
Conte FA, Kaplan SL, Grumbach MM, The pubertal growth spurt in eight patients with true precocious puberty and growth hormone deficiency: evidence for a direct role of sex steroids, J Clin Endocrinol Metab 71:975, 1990. Ross JL, Long LM, Skerda M, Cassorla F, Kurtz D, Loriaux DL, Cutler GB Jr, Effect of low doses of estradiol on 6-month growth
rates and predicted height in patients with Turner syndrome, J Pediatr 109:950, 1986. Bohnet HG, New aspects of oestrogen/gestagen-induced growth and endocrine changes in individuals with Turner syndrome, Eur J Pediatr 145:275, 1986. He C, Kraft P, Chen C, Buring JE, Pare G, Hankinson SE, Chanock SJ, Ridker PM, Hunter DJ, Chasman DI,
Genome-wide association studies identify loci associated with age at menarche and age at natural menopause, Nat Genet 41(6):724, 2009. Perry JR, Stolk L, Franceschini N, Lunetta KL, Zhai G, McArdle PF, Smith AV, Aspelund T, Bandinelli S, Boerwinkle E, Cherkas L, Eiriksdottir G, Estrada K, Ferrucci L, Folsom AR, Garcia M, Gudnason V, Hofman
A, Karasik D, Kiel DP, Launer LJ, van Meurs J, Nalls MA, Rivadeneira F, Shuldiner AR, Singleton A, Soranzo N, Tanaka T, Visser JA, Weedon MN, Wilson SG, Zhuang V, Streeten EA, Harris TB, Murray A, Spector TD, Demerath EW, Uitterlinden AG, Murabito JM, Meta-analysis of genome-wide association data identifies two loci influencing age at
menarche, Nat Genet 41(6):648, 2009. Viswanathan SR, Daley GQ, Gregory RI, Selective blockade of microRNA processing by Lin28, Science 320:97, 2008. Sulem P, Gudbjartsson DF, Rafnar T, Holm H, Olafsdottir EJ, Olafsdottir GH, Jonsson T, Alexandersen P, Feenstra B, Boyd HA, Aben KK, Verbeek AL, Roeleveld N, Jonasdottir A, Styrkarsdottir U,
Steinthorsdottir V, Karason A, Stacey SN, Gudmundsson J, Jakobsdottir M, Thorleifsson G, Hardarson G, Gulcher J, Kong A, Kiemeney LA, Melbye M, Christiansen C, Tryggvadottir L, Thorsteinsdottir U, Stefansson K, Genome-wide association study identifies sequence variants on 6q21 associated with age at menarche, Nat Genet 41(6):734, 2009. Ong
KK, Elks CE, Li S, Zhao JH, Luan J, Andersen LB, Bingham SA, Brage S, Smith GD, Ekelund U, Gillson CJ, Glaser B, Golding J, Hardy R, Khaw KT, Kuh D, Luben R, Marcus M, McGeehin MA, Ness AR, Northstone K, Ring SM, Rubin C, Sims MA, Song K, Strachan DP, Vollenweider P, Waeber G, Waterworth DM, Wong A, Deloukas P, Barroso I, Mooser V,
Loos RJ, Wareham NJ, Genetic variation in LIN28B is associated with the timing of puberty, Nat Genet 41(6):729, 2009. Tanner JM, Growth at Adolescence. 2nd ed, Blackwell Scientific Publications, Oxford, 1962. Crain DA, Janssen SJ, Edwards TM, Heindel J, Ho SM, Hunt P, Iguchi T, Juul A, McLachlan JA, Schwartz J, Skakkebaek N, Soto AM, Swan S,
Walker C, Woodruff TK, Woodruff TJ, Giudice LC, Guillette LJ Jr, Female reproductive disorders: the roles of endocrine-disrupting compounds and developmental timing, Fertil Steril 90:911, 2008. Anderson SE, Dallal GE, Must A, Relative weight and race influence average age at menarche: results from two nationally representative surveys of US
girls studied 25 years apart, Pediatrics 111:844, 2003. Chumlea WC, Schubert CM, Roche AF, Kulin HE, Lee PA, Himes JH, Sun SS, Age at menarche and racial comparisons in US girls, Pediatrics 111:110, 2003. Herman-Giddens ME, Slora EJ, Wasserman RC, Bourdony CJ, Bhapkar MV, Koch GG, Hasemeier CM, Secondary sexual characteristics and
menses in young girls seen in office practice: a study from the Pediatric Research in Office Settings network, Pediatrics 99:505, 1997. Sun SS, Schubert CM, Chumlea WC, Roche AF, Kulin HE, Lee PA, Himes JH, Ryan AS, National estimates of the timing of sexual maturation and racial differences among US children, Pediatrics 110:911, 2002. 142.
Wu T, Mendola P, Buck GM, Ethnic differences in the presence of secondary sex characteristics and menarche among US girls: the Third National Health and Nutrition Examination Survey, 1988–1994, Pediatrics 110:752, 2002. 143. Anderson SE, Must A, Interpreting the continued decline in the average age at menarche: results from two nationally
representative surveys of U.S. girls studied 10 years apart, J Pediatr 147:753, 2005. 144. Zacharias L, Wurtman RJ, Age at menarche. Genetic and environmental influences, N Engl J Med 280:868, 1969. 145. Kaplowitz PB, Slora EJ, Wasserman RC, Pedlow SE, Herman-Giddens ME, Earlier onset of puberty in girls: relation to increased body mass
index and race, Pediatrics 108:347, 2001. 146. Adair LS, Gordon-Larsen P, Maturational timing and overweight prevalence in US adolescent girls, Am J Public Health 91:642, 2001. 147. Freedman DS, Khan LK, Serdula MK, Dietz WH, Srinivasan SR, Berenson GS, Relation of age at menarche to race, time period, and anthropometric dimensions: the
Bogalusa Heart Study, Pediatrics 110:e43, 2002. 148. Johnston FE, Roche AF, Schell LM, Norman H, Wettenhall B, Critical weight at menarche. Critique of a hypothesis, Am J Dis Child 129:19, 1975. 149. Garn SM, LaVelle M, Rosenberg KR, Hawthorne VM, Maturational timing as a factor in female fatness and obesity, Am J Clin Nutr 43:879, 1986.
150. Biro FM, Lucky AW, Simbartl LA, Barton BA, Daniels SR, Striegel-Moore R, Kronsberg SS, Morrison JA, Pubertal maturation in girls and the relationship to anthropometric changes: pathways through puberty, J Pediatr 142:643, 2003. 151. Ma HM, Du ML, Luo XP, Chen SK, Liu L, Chen RM, Zhu C, Xiong F, Li T, Wang W, Liu GL, Onset of breast
and pubic hair development and menses in urban Chinese girls, Pediatrics 124:e269, 2009. 152. Marshall WA, Tanner JM, Variations in pattern of pubertal changes in girls, Arch Dis Child 44:291, 1969. 153. Marshall WA, Tanner JM, Variations in the pattern of pubertal changes in boys, Arch Dis Child 45:13, 1970. 154. Read GF, Wilson DW, Hughes
IA, Griffiths K, The use of salivary progesterone assays in the assessment of ovarian function in postmenarcheal girls, J Endocrinol 102:265, 1984. 155. Vuorento T, Huhtaniemi I, Daily levels of salivary progesterone during menstrual cycle in adolescent girls, Fertil Steril 58:685, 1992. 156. Apter D, Vihko R, Early menarche, a risk factor for breast
cancer, indicates early onset of ovulatory cycles, J Clin Endocrinol Metab 57:82, 1983. 157. Sizonenko PC, Paunier L, Hormonal changes in puberty III: correlation of plasma dehydroepiandrosterone, testosterone, FSH and LH with stage of puberty and bone age in normal boys and girls and in patients with Addison’s disease or hypogonadism or
premature or late adrenarche, J Clin Endocrinol Metab 41:894, 1975. 158. Hung W, August GP, Glasgow AM, Pediatric Endocrinology, Medical Examination Publishing Co., Garden City, 1978. 159. Jenner MR, Kelch RP, Kaplan SL, Grumbach MM, Hormonal changes in puberty. IV. Plasma estradiol, LH and FSH in prepubertal children, pubertal
females, and in precocious puberty, premature thelarche, hypogonadism and in a child with a feminizing ovarian tumor, J Clin Endocrinol Metab 34:521, 1972. 160. Raiti S, Johanson A, Light C, Migeon CJ, Blizzard RM, Measurement of immunologically reactive follicle stimulating hormone in serum of normal male children and adults, Metabolism
18:234, 1969. 161. Johanson J, Guyda H, Light C, Migeon CG, Blizzard RM, Serum luteinizing hormone by radioimmunoassay in normal children, J Pediatr 74:416, 1969. 162. Frasier SD, Gafford F, Horton R, Plasma androgens and adolescence, J Clin Endocrinol Metab 29:1404, 1969. 163. Lee PA, Migeon CJ, Puberty in boys: correlation of plasma
levels of gonadotropins (LH, FSH), androgens (testosterone, androstenedione, dehydroepiandrosterone and its sulfate), estrogens (estrone and estradiol) and progestins (progesterone and 17-hydroxyprogesterone), J Clin Endocrinol Metab 41:556, 1975. 164. Bergstrom E, Hernell O, Lonnerdal B, Persson LA, Sex differences in iron stores of
adolescents: what is normal? J Pediatr Gastroenterol Nutr 20:215, 1995. 165. Looker AC, Dallman PR, Carroll MD, Gunter EW, Johnson CL, Prevalence of iron deficiency in the United States, JAMA 277:973, 1997. 166. Lucky AW, Biro FM, Huster GA, Morrison JA, Elder N, Acne vulgaris in early adolescent boys. Correlations with pubertal maturation
and age, Arch Dermatol 127:210, 1991. 167. Lucky AW, Biro FM, Simbartl LA, Morrison JA, Sorg NW, Predictors of severity of acne vulgaris in young adolescent girls: results of a five-year longitudinal study, J Pediatr 130:30, 1997. 168. Angold A, Worthman CW, Puberty onset of gender differences in rates of depression: a developmental,
epidemiologic and neuroendocrine perspective, J Affect Disord 29:145, 1993. 169. Brown KM, McMahon RP, Biro FM, Crawford P, Schreiber GB, Similo SL, Waclawiw M, StriegelMoore R, Changes in self-esteem in black and white girls between the ages of 9 and 14 years. The NHLBI Growth and Health Study, J Adolesc Health 23:7, 1998. 170.
Striegel-Moore RH, McMahon RP, Biro FM, Schreiber G, Crawford PB, Voorhees C, Exploring the relationship between timing of menarche and eating disorder symptoms in Black and White adolescent girls, Int J Eat Disord 30:421, 2001. 171. Graber JA, Lewinsohn PM, Seeley JR, Brooks-Gunn J, Is psychopathology associated with the timing of
pubertal development? J Am Acad Child Adolesc Psychiatry 36:1768, 1997. 172. Magnusson D, Stattin H, Allen V, Differential maturation among girls and its relation to social adjustment: a longitudinal perspective, In: Featerman D, Lerner R, eds. Life-Span Development and Behavior, Academic Press, New York, 1986, p. 135. 173. Ge X, Conger RD,
Elder GH Jr, Coming of age too early: pubertal influences on girls’ vulnerability to psychological distress, Child Dev 67:3386, 1996. 174. Gevelber MA, Biro FM, Adolescents and sexually transmitted diseases, Pediatr Clin North Am 46:747, 1999. 175. Rosenthal SL, Biro FM, Succop PA, Bernstein DI, Stanberry LR, Impact of demographics, sexual
history, and psychological functioning on the acquisition of STDS in adolescents, Adolescence 32:757, 1997. 176. Harrison HR, Costin M, Meder JB, Bownds LM, Sim DA, Lewis M, Alexander ER, Cervical Chlamydia trachomatis infection in university women: relationship to history, contraception, ectopy, and cervicitis, Am J Obstet Gynecol 153:244,
1985. 177. Moscicki AB, Winkler B, Irwin CE Jr, Schachter J, Differences in biologic maturation, sexual behavior, and sexually transmitted disease between adolescents with and without cervical intraepithelial neoplasia, J Pediatr 115:487, 1989. 178. Shew ML, Fortenberry JD, Miles P, Amortegui AJ, Interval between menarche and first sexual
intercourse, related to risk of human papillomavirus infection, J Pediatr 125:661, 1994. 179. Kaplowitz PB, Oberfield SE, Reexamination of the age limit for defining when puberty is precocious in girls in the United States: implications for evaluation and treatment. Drug and Therapeutics and Executive Committees of the Lawson Wilkins Pediatric
Endocrine Society, Pediatrics 104:936, 1999. 180. Finlay F, Jones R, Precocious puberty, Pediatrics 106:162, 2000. 181. Rosenfield RL, Bachrach LK, Chernausek SD, Gertner JM, Gottschalk M, Hardin DS, Pescovitz OH, Saenger P, Current age of onset of puberty, Pediatrics 106:622, 2000. 182. Stanhope R, Gonadotrophin-dependent precocious
puberty and occult intracranial tumors: which girls should have neuro-imaging? J Pediatr 143:426, 2003. 183. Midyett LK, Moore WV, Jacobson JD, Are pubertal changes in girls before age 8 benign? Pediatrics 111:47, 2003. 184. Chalumeau M, Chemaitilly W, Trivin C, Adan L, Breart G, Brauner R, Central precocious puberty in girls: an evidencebased diagnosis tree to predict central nervous system abnormalities, Pediatrics 109:61, 2002. 185. Chalumeau M, Hadjiathanasiou CG, Ng SM, Cassio A, Mul D, Cisternino M, Partsch CJ, Theodoridis C, Didi M, Cacciari E, Oostdijk W, Borghesi A, Sippell WG, Breart G, Brauner R, Selecting girls with precocious puberty for brain imaging: validation of
European evidence-based diagnosis rule, J Pediatr 143:445, 2003. 186. Kaplowitz P, Precocious puberty in girls and the risk of a central nervous system abnormality: the elusive 187. 188. 189. 190. 191. 192. 193. 194. 195. 196. 197. 198. 199. 200. 201. 202. 203. 204. 205. 206. 207. search for diagnostic certainty, Pediatrics 109:139, 2002. Biro FM,
Galvez MP, Greenspan LC, Succop PA, Vangeepuram N, Pinney SM, Teitelbaum S, Windham GC, Kushi LH, Wolff MS, Pubertal assessment method and baseline characteristics in a mixed longitudinal study of girls, Pediatrics 126:e583, 2010. Kaplowitz P, Bloch C; the Section on Endocrinology, Evaluation and referral of children with signs of early
puberty, Pediatrics 137:e20153732, 2016. Pescovitz OH, Comite F, Hench K, Barnes K, McNemar A, Foster C, Kenigsberg D, Loriaux DL, Cutler GB Jr, The NIH experience with precocious puberty: diagnostic subgroups and response to short-term luteinizing hormone releasing hormone analogue therapy, J Pediatr 108:47, 1986. Bridges NA,
Christopher JA, Hindmarsh PC, Brook CG, Sexual precocity: sex incidence and aetiology, Arch Dis Child 70:116, 1994. Chemaitilly W, Trivin C, Adan L, Gall V, Sainte-Rose C, Brauner R, Central precocious puberty: clinical and laboratory features, Clin Endocrinol (Oxf) 54:289, 2001. Ng SM, Kumar Y, Cody D, Smith CS, Didi M, Cranial MRI scans are
indicated in all girls with central precocious puberty, Arch Dis Child 88:414, 2003. Mahachoklertwattana P, Kaplan SL, Grumbach MM, The luteinizing hormone-releasing hormonesecreting hypothalamic hamartoma is a congenital malformation: natural history, J Clin Endocrinol Metab 77:118, 1993. Striano S, Meo R, Bilo L, Cirillo S, Nocerino C,
Ruosi P, Striano P, Estraneo A, Gelastic epilepsy: symptomatic and cryptogenic cases, Epilepsia 40:294, 1999. Jung H, Carmel P, Schwartz MS, Witkin JW, Bentele KH, Westphal M, Piatt JH, Costa ME, Cornea A, Ma YJ, Ojeda SR, Some hypothalamic hamartomas contain transforming growth factor alpha, a pubertyinducing growth factor, but not
luteinizing hormone-releasing hormone neurons, J Clin Endocrinol Metab 84:4695, 1999. Listernick R, Charrow J, Gutmann DH, Intracranial gliomas in neurofibromatosis type 1, Am J Med Genet 89:38, 1999. Pescovitz OH, Hench K, Green O, Comite F, Loriaux DL, Cutler GB Jr, Central precocious puberty complicating a virilizing adrenal tumor:
treatment with a long-acting LHRH analog, J Pediatr 106:612, 1985. Pescovitz OH, Cassorla F, Comite F, Loriaux DL, Cutler GB Jr, LHRH analog treatment of central precocious puberty complicating congenital adrenal hyperplasia, Ann N Y Acad Sci 458:174, 1985. Holland FJ, Kirsch SE, Selby R, Gonadotropin-independent precocious puberty
(“testotoxicosis”): influence of maturational status on response to ketoconazole, J Clin Endocrinol Metab 64:328, 1987. Anasti JN, Flack MR, Froehlich J, Nelson LM, Nisula BC, A potential novel mechanism for precocious puberty in juvenile hypothyroidism, J Clin Endocrinol Metab 80:276, 1995. Faggiano M, Criscuolo T, Perrone L, Quarto C, Sinisi
AA, Sexual precocity in a boy due to hypersecretion of LH and prolactin by a pituitary adenoma, Acta Endocrinol (Copenh) 102:167, 1983. Ambrosi B, Bassetti M, Ferrario R, Medri G, Giannattasio G, Faglia G, Precocious puberty in a boy with a PRL-, LH- and FSH-secreting pituitary tumour: hormonal and immunocytochemical studies, Acta Endocrinol
(Copenh) 122:569, 1990. Rodriguez-Macias KA, Thibaud E, Houang M, Duflos C, Beldjord C, Rappaport R, Follow up of precocious pseudopuberty associated with isolated ovarian follicular cysts, Arch Dis Child 81:53, 1999. de Sousa G, Wunsch R, Andler W, Precocious pseudopuberty due to autonomous ovarian cysts: a report of ten cases and longterm follow-up, Hormones (Athens) 7:170, 2008. Pienkowski C, Baunin C, Gayrard M, Lemasson F, Vayasse P, Tauber M, Ovarian cysts in prepubertal girls, In: Sultan C, ed. Pediatric and Adolescent Gynecology. Evidence-Based Clinical Practice, Karger, Basel, 2004, p. 66. Fakhry J, Khoury A, Kotval PS, Noto RA, Sonography of autonomous follicular
ovarian cysts in precocious pseudopuberty, J Ultrasound Med 7:597, 1988. Lack EE, Perez-Atayde AR, Murthy AS, Goldstein DP, Crigler JF Jr, Vawter GF, Granulosa theca cell tumors in premenarchal girls: a clinical and pathologic study of ten cases, Cancer 48:1846, 1981. 208. Young RH, Dickersin GR, Scully RE, Juvenile granulosa cell tumor of the
ovary. A clinicopathological analysis of 125 cases, Am J Surg Pathol 8:575, 1984. 209. Arhan E, Cetinkaya E, Aycan Z, Aslan AT, Yucel H, Vidinlisan S, A very rare cause of virilization in childhood: ovarian Leydig cell tumor, J Pediatr Endocrinol Metab 21:181, 2008. 210. Weinstein LS, Shenker A, Gejman PV, Merino MJ, Friedman E, Spiegel AM,
Activating mutations of the stimulatory G protein in the McCune-Albright syndrome, N Engl J Med 325:1688, 1991. 211. Shenker A, Weinstein LS, Moran A, Pescovitz OH, Charest NJ, Boney CM, Van Wyk JJ, Merino MJ, Feuillan PP, Spiegel AM, Severe endocrine and nonendocrine manifestations of the McCune-Albright syndrome associated with
activating mutations of stimulatory G protein GS, J Pediatr 123:509, 1993. 212. Lumbroso S, Paris F, Sultan C, Activating Gsalpha mutations: analysis of 113 patients with signs of McCune-Albright syndrome–a European Collaborative Study, J Clin Endocrinol Metab 89:2107, 2004. 213. de Sanctis C, Lala R, Matarazzo P, Balsamo A, Bergamaschi R,
Cappa M, Cisternino M, de Sanctis V, Lucci M, Franzese A, Ghizzoni L, Pasquino AM, Segni M, Rigon F, Saggese G, Bertelloni S, Buzi F, McCune-Albright syndrome: a longitudinal clinical study of 32 patients, J Pediatr Endocrinol Metab 12:817, 1999. 214. Haddad N, Eugster E, An update on the treatment of precocious puberty in McCune-Albright
syndrome and testotoxicosis, J Pediatr Endocrinol Metab 20:653, 2007. 215. Frisch LS, Copeland KC, Boepple PA, Recurrent ovarian cysts in childhood: diagnosis of McCune-Albright syndrome by bone scan, Pediatrics 90:102, 1992. 216. Massart F, Parrino R, Seppia P, Federico G, Saggese G, How do environmental estrogen disruptors induce
precocious puberty? Minerva Pediatr 58:247, 2006. 217. Donovan M, Tiwary CM, Axelrod D, Sasco AJ, Jones L, Hajek R, Sauber E, Kuo J, Davis DL, Personal care products that contain estrogens or xenoestrogens may increase breast cancer risk, Med Hypotheses 68:756, 2007. 218. Massart F, Meucci V, Saggese G, Soldani G, High growth rate of girls
with precocious puberty exposed to estrogenic mycotoxins, J Pediatr 152:690, 2008. 219. McLachlan JA, Simpson E, Martin M, Endocrine disrupters and female reproductive health, Best Pract Res Clin Endocrinol Metab 20:63, 2006. 220. Aksglaede L, Juul A, Leffers H, Skakkebaek NE, Andersson AM, The sensitivity of the child to sex steroids:
possible impact of exogenous estrogens, Hum Reprod Update 12:341, 2006. 221. Rosenfield RL, Cooke DW, Radovick S, The ovary and female maturation, In: Sperling M, ed. Pediatric Endocrinology, Elsevier, Philadelphia, 2008, p. 530. 222. Ibanez L, Jimenez R, de Zegher F, Early puberty-menarche after precocious pubarche: relation to prenatal
growth, Pediatrics 117:117, 2006. 223. Saenger P, Premature adrenarche, In: Fineberg L, Kleinman R, eds. Saunders Manual of Pediatric Practice, WB Saunders, Philadelphia, 2002, p. 933. 224. Rosenfield RL, Clinical review: identifying children at risk for polycystic ovary syndrome, J Clin Endocrinol Metab 92:787, 2007. 225. Utriainen P,
Jaaskelainen J, Romppanen J, Voutilainen R, Childhood metabolic syndrome and its components in premature adrenarche, J Clin Endocrinol Metab 92:4282, 2007. 226. Vuguin P, Linder B, Rosenfeld RG, Saenger P, DiMartino-Nardi J, The roles of insulin sensitivity, insulinlike growth factor I (IGF-I), and IGF-binding protein-1 and -3 in the
hyperandrogenism of African-American and Caribbean Hispanic girls with premature adrenarche, J Clin Endocrinol Metab 84:2037, 1999. 227. Ibanez L, Potau N, Zampolli M, Rique S, Saenger P, Carrascosa A, Hyperinsulinemia and decreased insulin-like growth factor-binding protein-1 are common features in prepubertal and pubertal girls with a
history of premature pubarche, J Clin Endocrinol Metab 82:2283, 1997. 228. Ibanez L, Potau N, Chacon P, Pascual C, Carrascosa A, Hyperinsulinaemia, dyslipaemia and cardiovascular risk in girls with a history of premature pubarche, Diabetologia 41:1057, 1998. 229. Denburg MR, Silfen ME, Manibo AM, Chin D, Levine LS, Ferin M, McMahon DJ, Go
C, Oberfield SE, Insulin sensitivity and the insulin-like growth factor system in prepubertal boys with premature adrenarche, 230. 231. 232. 233. 234. 235. 236. 237. 238. 239. 240. 241. 242. 243. 244. 245. 246. 247. 248. 249. 250. 251. J Clin Endocrinol Metab 87:5604, 2002. Ibanez L, Valls C, Potau N, Marcos MV, de Zegher F, Sensitization to insulin
in adolescent girls to normalize hirsutism, hyperandrogenism, oligomenorrhea, dyslipidemia, and hyperinsulinism after precocious pubarche, J Clin Endocrinol Metab 85:3526, 2000. Ibanez L, Valls C, Ferrer A, Marcos MV, Rodriguez-Hierro F, de Zegher F, Sensitization to insulin induces ovulation in nonobese adolescents with anovulatory
hyperandrogenism, J Clin Endocrinol Metab 86:3595, 2001. Lappalainen S, Utriainen P, Kuulasmaa T, Voutilainen R, Jääskeläinen J, Androgen receptor gene CAG repeat polymorphism and X-chromosome inactivation in children with premature adrenarche, J Clin Endocrinol Metab 93(4):1304, 2008. Vottero A, Capelletti M, Giuliodori S, Viani I, Ziveri
M, Ner TM, Bernasconi S, Chizzoni L, Decreased androgen receptor gene methylation in premature pubarche: a novel pathogenic mechanism? J Clin Endocrinol Metab 91(3):968, 2006. Rosenfield RL, Lucky AW, Acne, hirsutism, and alopecia in adolescent girls. Clinical expressions of androgen excess, Endocrinol Metab Clin North Am 22:507, 1993.
Lutfallah C, Wang W, Mason JI, Chang YT, Haider A, Rich B, Castro-Magana M, Copeland KC, David R, Pang S, Newly proposed hormonal criteria via genotypic proof for type II 3beta-hydroxysteroid dehydrogenase deficiency, J Clin Endocrinol Metab 87:2611, 2002. Sherar LB, Mirwald RL, Baxter-Jones AD, Thomis M, Prediction of adult height using
maturity-based cumulative height velocity curves, J Pediatr 147:508, 2005. New MI, Steroid 21-hydroxylase deficiency (congenital adrenal hyperplasia), Am J Med 98:2S, 1995. Mills JL, Stolley PD, Davies J, Moshang T Jr, Premature thelarche. Natural history and etiologic investigation, Am J Dis Child 135:743, 1981. Chellakooty M, Schmidt IM,
Haavisto AM, Boisen KA, Damgaard IN, Mau C, Petersen JH, Juul A, Skakkebaek NE, Main KM, Inhibin A, inhibin B, follicle-stimulating hormone, luteinizing hormone, estradiol, and sex hormone-binding globulin levels in 473 healthy infant girls, J Clin Endocrinol Metab 88:3515, 2003. Codner E, Roman R, Premature thelarche from phenotype to
genotype, Pediatr Endocrinol Rev 5:760, 2008. Ilicki A, Prager Lewin R, Kauli R, Kaufman H, Schachter A, Laron Z, Premature thelarche–natural history and sex hormone secretion in 68 girls, Acta Paediatr Scand 73:756, 1984. Van Winter JT, Noller KL, Zimmerman D, Melton LJ, Natural history of premature thelarche in Olmsted County, Minnesota
1940 to 1984, J Pediatr 116:278, 1990. Verrotti A, Ferrari M, Morgese G, Chiarelli F, Premature thelarche: a long-term follow-up, Gynecol Endocrinol 10:241, 1996. Volta C, Bernasconi S, Cisternino M, Buzi F, Ferzetti A, Street ME, Da Milano AM, Isolated premature thelarche and thelarche variant: clinical and auxological follow-up of 119 girls, J
Endocrinol Invest 21:180, 1998. Salardi S, Cacciari E, Mainetti B, Mazzanti L, Pirazzoli P, Outcome of premature thelarche: relation to puberty and final height, Arch Dis Child 79:173, 1998. Garibaldi LR, Aceto T Jr, Weber C, The pattern of gonadotropin and estradiol secretion in exaggerated thelarche, Acta Endocrinol (Copenh) 128:345, 1993.
Pescovitz OH, Hench KD, Barnes KM, Loriaux DL, Cutler GB Jr, Premature thelarche and central precocious puberty: the relationship between clinical presentation and the gonadotropin response to luteinizing hormone-releasing hormone, J Clin Endocrinol Metab 67:474, 1988. Roman R, Johnson MC, Codner E, Boric MA, áVila A, Cassorla F,
Activating GNAS1 gene mutations in patients with premature thelarche, J Pediatr 145:218, 2004. Pasquino AM, Pucarelli I, Passeri F, Segni M, Mancini MA, Municchi G, Progression of premature thelarche to central precocious puberty, J Pediatr 126:11, 1995. Zhu SY, Du ML, Huang TT, An analysis of predictive factors for the conversion from
premature thelarche into complete central precocious puberty, J Pediatr Endocrinol Metab 21:533, 2008. Papadimitriou A, Beri D, Tsialla A, Fretzayas A, Psychou F, Nicolaidou P, Early growth acceleration in 252. 253. 254. 255. 256. 257. 258. 259. 260. 261. 262. 263. 264. 265. 266. 267. 268. 269. girls with idiopathic precocious puberty, J Pediatr
149:43, 2006. Neely EK, Hintz RL, Wilson DM, Lee PA, Gautier T, Argente J, Stene M, Normal ranges for immunochemiluminometric gonadotropin assays, J Pediatr 127:40, 1995. Neely EK, Wilson DM, Lee PA, Stene M, Hintz RL, Spontaneous serum gonadotropin concentrations in the evaluation of precocious puberty, J Pediatr 127:47, 1995. Resende
EA, Lara BH, Reis JD, Ferreira BP, Pereira GA, Borges MF, Assessment of basal and gonadotropin-releasing hormone-stimulated gonadotropins by immunochemiluminometric and immunofluorometric assays in normal children, J Clin Endocrinol Metab 92:1424, 2007. Garibaldi LR, Aceto T Jr, Weber C, Pang S, The relationship between luteinizing
hormone and estradiol secretion in female precocious puberty: evaluation by sensitive gonadotropin assays and the leuprolide stimulation test, J Clin Endocrinol Metab 76:851, 1993. Ibanez L, Potau N, Zampolli M, Virdis R, Gussinye M, Carrascosa A, Saenger P, Vicens-Calvet E, Use of leuprolide acetate response patterns in the early diagnosis of
pubertal disorders: comparison with the gonadotropin-releasing hormone test, J Clin Endocrinol Metab 78:30, 1994. Carel JC, Eugster EA, Rogol A, Ghizzoni L, Palmert MR, Antoniazzi F, Berenbaum S, Bourguignon JP, Chrousos GP, Coste J, Deal S, de Vries L, Foster C, Heger S, Holland J, Jahnukainen K, Juul A, Kaplowitz P, Lahlou N, Lee MM, Lee P,
Merke DP, Neely EK, Oostdijk W, Phillip M, Rosenfield RL, Shulman D, Styne D, Tauber M, Wit JM, Consensus statement on the use of gonadotropin-releasing hormone analogs in children, Pediatrics 123:e752, 2009. Brito VN, Batista MC, Borges MF, Latronico AC, Kohek MB, Thirone AC, Jorge BH, Arnhold IJ, Mendonca BB, Diagnostic value of
fluorometric assays in the evaluation of precocious puberty, J Clin Endocrinol Metab 84:3539, 1999. Carel JC, Leger J, Clinical practice. Precocious puberty, N Engl J Med 358:2366, 2008. Comite F, Cutler GB Jr, Rivier J, Vale WW, Loriaux DL, Crowley WF Jr, Short-term treatment of idiopathic precocious puberty with a long-acting analogue of
luteinizing hormone-releasing hormone. A preliminary report, N Engl J Med 305:1546, 1981. Crowley WF Jr, Comite F, Vale W, Rivier J, Loriaux DL, Cutler GB Jr, Therapeutic use of pituitary desensitization with a long-acting LHRH agonist: a potential new treatment for idiopathic precocious puberty, J Clin Endocrinol Metab 52:370, 1981. Comite F,
Cassorla F, Barnes KM, Hench KD, Dwyer A, Skerda MC, Loriaux DL, Cutler GB Jr, Pescovitz OH, Luteinizing hormone releasing hormone analogue therapy for central precocious puberty. Long-term effect on somatic growth, bone maturation, and predicted height, JAMA 255:2613, 1986. Rosenfield RL, Selection of children with precocious puberty
for treatment with gonadotropin releasing hormone analogs, J Pediatr 124:989, 1994. Klein KO, Barnes KM, Jones JV, Feuillan PP, Cutler GB Jr, Increased final height in precocious puberty after long-term treatment with LHRH agonists: the National Institutes of Health experience, J Clin Endocrinol Metab 86:4711, 2001. Pasquino AM, Pucarelli I,
Segni M, Matrunola M, Cerroni F, Adult height in girls with central precocious puberty treated with gonadotropin-releasing hormone analogues and growth hormone, J Clin Endocrinol Metab 84:449, 1999. Walvoord EC, Pescovitz OH, Combined use of growth hormone and gonadotropin-releasing hormone analogues in precocious puberty: theoretic
and practical considerations, Pediatrics 104:1010, 1999. Tanaka T, Niimi H, Matsuo N, Fujieda K, Tachibana K, Ohyama K, Satoh M, Kugu K, Results of longterm follow-up after treatment of central precocious puberty with leuprorelin acetate: evaluation of effectiveness of treatment and recovery of gonadal function. The TAP-144-SR Japanese Study
Group on Central Precocious Puberty, J Clin Endocrinol Metab 90:1371, 2005. Bar A, Linder B, Sobel EH, Saenger P, DiMartino-Nardi J, Bayley-Pinneau method of height prediction in girls with central precocious puberty: correlation with adult height, J Pediatr 126:955, 1995. Palmert MR, Malin HV, Boepple PA, Unsustained or slowly progressive
puberty in young girls: initial presentation and long-term follow-up of 20 untreated patients, J Clin Endocrinol Metab 84:415, 1999. 270. Fontoura M, Brauner R, Prevot C, Rappaport R, Precocious puberty in girls: early diagnosis of a slowly progressing variant, Arch Dis Child 64:1170, 1989. 271. Antoniazzi F, Zamboni G, Central precocious puberty:
current treatment options, Paediatr Drugs 6:211, 2004. 272. Lahlou N, Carel JC, Chaussain JL, Roger M, Pharmacokinetics and pharmacodynamics of GnRH agonists: clinical implications in pediatrics, J Pediatr Endocrinol Metab 13(Suppl 1):723, 2000. 273. Partsch CJ, Sippell WG, Treatment of central precocious puberty, Best Pract Res Clin
Endocrinol Metab 16:165, 2002. 274. Partsch CJ, Hummelink R, Peter M, Sippell WG, Oostdijk W, Odink RJ, Drop SL, Comparison of complete and incomplete suppression of pituitary-gonadal activity in girls with central precocious puberty: influence on growth and predicted final height. The German-Dutch Precocious Puberty Study Group, Horm Res
39:111, 1993. 275. Lee PA, Central precocious puberty. An overview of diagnosis, treatment, and outcome, Endocrinol Metab Clin North Am 28:901, 1999. 276. Bhatia S, Neely EK, Wilson DM, Serum luteinizing hormone rises within minutes after depot leuprolide injection: implications for monitoring therapy, Pediatrics 109:E30, 2002. 277. Wierman
ME, Beardsworth DE, Crawford JD, Crigler JF Jr, Mansfield MJ, Bode HH, Boepple PA, Kushner DC, Crowley WF Jr, Adrenarche and skeletal maturation during luteinizing hormone releasing hormone analogue suppression of gonadarche, J Clin Invest 77:121, 1986. 278. Cassio A, Bal MO, Orsini LF, Balsamo A, Sansavini S, Gennari M, De Cristofaro E,
Cicognani A, Reproductive outcome in patients treated and not treated for idiopathic early puberty: long-term results of a randomized trial in adults, J Pediatr 149:532, 2006. 279. Jay N, Mansfield MJ, Blizzard RM, Crowley WF Jr, Schoenfeld D, Rhubin L, Boepple PA, Ovulation and menstrual function of adolescent girls with central precocious puberty
after therapy with gonadotropinreleasing hormone agonists, J Clin Endocrinol Metab 75:890, 1992. 280. Stewart L, Steinbok P, Daaboul J, Role of surgical resection in the treatment of hypothalamic hamartomas causing precocious puberty. Report of six cases, J Neurosurg 88:340, 1998. 281. Nunez SB, Calis K, Cutler GB Jr, Jones J, Feuillan PP, Lack
of efficacy of fadrozole in treating precocious puberty in girls with the McCune-Albright syndrome, J Clin Endocrinol Metab 88:5730, 2003. 282. Feuillan P, Calis K, Hill S, Shawker T, Robey PG, Collins MT, Letrozole treatment of precocious puberty in girls with the McCune-Albright syndrome: a pilot study, J Clin Endocrinol Metab 92:2100, 2007. 283.
Shulman DI, Francis GL, Palmert MR, Eugster EA, Use of aromatase inhibitors in children and adolescents with disorders of growth and adolescent development, Pediatrics 121:e975, 2008. 284. Mieszczak J, Lowe ES, Plourde P, Eugster EA, The aromatase inhibitor anastrozole is ineffective in the treatment of precocious puberty in girls with McCuneAlbright syndrome, J Clin Endocrinol Metab 93:2751, 2008. 285. Eugster EA, Rubin SD, Reiter EO, Plourde P, Jou HC, Pescovitz OH, Tamoxifen treatment for precocious puberty in McCune-Albright syndrome: a multicenter trial, J Pediatr 143:60, 2003. 286. Lala R, Matarazzo P, Bertelloni S, Buzi F, Rigon F, de Sanctis C, Pamidronate treatment of
bone fibrous dysplasia in nine children with McCune-Albright syndrome, Acta Paediatr 89:188, 2000. 287. Reindollar RH, Tho SPT, McDonough PG, Delayed puberty: an updated study of 326 patients, Trans Am Gynecol Obstet Soc 8:146, 1989. 288. Sedlmeyer IL, Palmert MR, Delayed puberty: analysis of a large case series from an academic center, J
Clin Endocrinol Metab 87:1613, 2002. 289. Rosenfield RL, Clinical review 6: diagnosis and management of delayed puberty, J Clin Endocrinol Metab 70:559, 1990. 290. Pugliese MT, Lifshitz F, Grad G, Fort P, Marks-Katz M, Fear of obesity. A cause of short stature and delayed puberty, N Engl J Med 309:513, 1983. 291. Wilson DA, Hofman PL, Miles
HL, Unwin KE, McGrail CE, Cutfield WS, Evaluation of the buserelin stimulation test in diagnosing gonadotropin deficiency in males with delayed puberty, J Pediatr 148:89, 2006. 292. Ghai K, Cara JF, Rosenfield RL, Gonadotropin releasing hormone agonist (nafarelin) test to differentiate 293. 294. 295. 296. 297. 298. 299. 300. 301. 302. 303. 304.
305. 306. 307. 308. 309. 310. 311. 312. gonadotropin deficiency from constitutionally delayed puberty in teen-age boys–a clinical research center study, J Clin Endocrinol Metab 80:2980, 1995. Kauschansky A, Dickerman Z, Phillip M, Weintrob N, Strich D, Use of GnRH agonist and human chorionic gonadotrophin tests for differentiating constitutional
delayed puberty from gonadotrophin deficiency in boys, Clin Endocrinol (Oxf) 56:603, 2002. Tommaselli AP, Valentino R, Savastano S, Randazzo G, Scalfi L, Contaldo F, Dorato M, Lombardi G, Altered glycosylation of pituitary gonadotropins in anorexia nervosa: an alternative explanation for amenorrhea, Eur J Endocrinol 132:450, 1995. Copeland KC,
Paunier L, Sizonenko PC, The secretion of adrenal androgens and growth patterns of patients with hypogonadotropic hypogonadism and isiopathic delayed puberty, J Pediatr 91:985, 1977. Karlberg J, A biologically-oriented mathematical model (ICP) for human growth, Acta Paediatr Scand Suppl 350:70, 1989. Kerrigan JR, Rogol AD, The impact of
gonadal steroid hormone action on growth hormone secretion during childhood and adolescence, Endocr Rev 13:281, 1992. Tanner JM, Goldstein H, Whitehouse RH, Standards for children’s height at ages 2–9 years allowing for heights of parents, Arch Dis Child 45:755, 1970. Bayley N, Pinneau SR, Tables for predicting adult height from skeletal age:
revised for use with the GreulichPyle hand standards, J Pediatr 40:423, 1952. Kauli R, Galatzer A, Kornreich L, Lazar L, Pertzelan A, Laron Z, Final height of girls with central precocious puberty, untreated versus treated with cyproterone acetate or GnRH analogue. A comparative study with re-evaluation of predictions by the Bayley-Pinneau method,
Horm Res 47:54, 1997. Rosenfeld RG, Albertsson-Wikland K, Cassorla F, Frasier SD, Hasegawa Y, Hintz RL, Lafranchi S, Lippe B, Loriaux L, Melmed S, Diagnostic controversy: the diagnosis of childhood growth hormone deficiency revisited, J Clin Endocrinol Metab 80:1532, 1995. Damen GM, Boersma B, Wit JM, Heymans HS, Catch-up growth in 60
children with celiac disease, J Pediatr Gastroenterol Nutr 19:394, 1994. Brain CE, Savage MO, Growth and puberty in chronic inflammatory bowel disease, Baillieres Clin Gastroenterol 8:83, 1994. Balfour-Lynn L, Growth and childhood asthma, Arch Dis Child 61:1049, 1986. Betts PR, Magrath G, Growth pattern and dietary intake of children with
chronic renal insufficiency, Br Med J 2:189, 1974. Rappold GA, Fukami M, Niesler B, Schiller S, Zumkeller W, Bettendorf M, Heinrich U, Vlachopapadoupoulou E, Reinehr T, Onigata K, Ogata T, Deletions of the homeobox gene SHOX (short stature homeobox) are an important cause of growth failure in children with short stature, J Clin Endocrinol
Metab 87:1402, 2002. Huber C, Rosilio M, Munnich A, Cormier-Daire V, High incidence of SHOX anomalies in individuals with short stature, J Med Genet 43:735, 2006. Ross JL, Kowal K, Quigley CA, Blum WF, Cutler GB Jr, Crowe B, Hovanes K, Elder FF, Zinn AR, The phenotype of short stature homeobox gene (SHOX) deficiency in childhood:
contrasting children with LeriWeill dyschondrosteosis and Turner syndrome, J Pediatr 147:499, 2005. Rappold G, Blum WF, Shavrikova EP, Crowe BJ, Roeth R, Quigley CA, Ross JL, Niesler B, Genotypes and phenotypes in children with short stature: clinical indicators of SHOX haploinsufficiency, J Med Genet 44:306, 2007. Kang MJ, Novel genetic
cause of idiopathic short stature, Ann Pediatr Endocrinol Metab 22(3), 2017. Leschek EW, Rose SR, Yanovski JA, Troendle JF, Quigley CA, Chipman JJ, Crowe BJ, Ross JL, Cassorla FG, Blum WF, Cutler GB Jr, Baron J, Effect of growth hormone treatment on adult height in peripubertal children with idiopathic short stature: a randomized, double-blind,
placebo-controlled trial, J Clin Endocrinol Metab 89:3140, 2004. Hintz RL, Attie KM, Baptista J, Roche A, Effect of growth hormone treatment on adult height of children with idiopathic short stature. Genentech Collaborative Group, N Engl J Med 340:502, 1999. 313. Finkelstein BS, Imperiale TF, Speroff T, Marrero U, Radcliffe DJ, Cuttler L, Effect of
growth hormone therapy on height in children with idiopathic short stature: a meta-analysis, Arch Pediatr Adolesc Med 156:230, 2002. 314. Bryant J, Baxter L, Cave CB, Milne R, Recombinant growth hormone for idiopathic short stature in children and adolescents, Cochrane Database Syst Rev (3):CD004440, 2007. 315. Downie AB, Mulligan J,
McCaughey ES, Stratford RJ, Betts PR, Voss LD, Psychological response to growth hormone treatment in short normal children, Arch Dis Child 75:32, 1996. 316. Theunissen NC, Kamp GA, Koopman HM, Zwinderman KA, Vogels T, Wit JM, Quality of life and self-esteem in children treated for idiopathic short stature, J Pediatr 140:507, 2002. 317.
Visser-van Balen H, Geenen R, Kamp GA, Huisman J, Wit JM, Sinnema G, Long-term psychosocial consequences of hormone treatment for short stature, Acta Paediatr 96:715, 2007. 318. Rekers-Mombarg LT, Wit JM, Massa GG, Ranke MB, Buckler JM, Butenandt O, Chaussain JL, Frisch H, Leiberman E, Spontaneous growth in idiopathic short stature.
European Study Group, Arch Dis Child 75:175, 1996. 319. Cohen P, Rogol AD, Deal CL, Saenger P, Reiter EO, Ross JL, Chernausek SD, Savage MO, Wit JM, Consensus statement on the diagnosis and treatment of children with idiopathic short stature: a summary of the Growth Hormone Research Society, the Lawson Wilkins Pediatric Endocrine
Society, and the European Society for Paediatric Endocrinology Workshop, J Clin Endocrinol Metab 93:4210, 2008. 320. Kemp SF, Kuntze J, Attie KM, Maneatis T, Butler S, Frane J, Lippe B, Efficacy and safety results of long-term growth hormone treatment of idiopathic short stature, J Clin Endocrinol Metab 90:5247, 2005. 321. Kamp GA, Waelkens
JJ, de Muinck Keizer-Schrama SM, Delemarre-VandeWaal HA, VerhoevenWind L, Zwinderman AH, Wit JM, High dose growth hormone treatment induces acceleration of skeletal maturation and an earlier onset of puberty in children with idiopathic short stature, Arch Dis Child 87:215, 2002. 322. Crowe BJ, Rekers-Mombarg LT, Robling K, Wolka AM,
Cutler GB Jr, Wit JM, Effect of growth hormone dose on bone maturation and puberty in children with idiopathic short stature, J Clin Endocrinol Metab 91:169, 2006. 323. Sandberg DE, Bukowski WM, Fung CM, Noll RB, Height and social adjustment: are extremes a cause for concern and action? Pediatrics 114:744, 2004. 324. Allen DB, Fost N, hGH
for short stature: ethical issues raised by expanded access, J Pediatr 144:648, 2004. 325. Lee JM, Davis MM, Clark SJ, Hofer TP, Kemper AR, Estimated cost-effectiveness of growth hormone therapy for idiopathic short stature, Arch Pediatr Adolesc Med 160:263, 2006. 326. Yanovski JA, Rose SR, Municchi G, Pescovitz OH, Hill SC, Cassorla FG, Cutler
GB Jr, Treatment with a luteinizing hormone-releasing hormone agonist in adolescents with short stature, N Engl J Med 348:908, 2003. 327. Drop SL, De Waal WJ, De Muinck Keizer-Schrama SM, Sex steroid treatment of constitutionally tall stature, Endocr Rev 19:540, 1998. 328. Sotos JF, Overgrowth. Hormonal Causes, Clin Pediatr (Phila) 35:579,
1996. 329. Schlesinger S, MacGillivray MH, Munschauer RW, Acceleration of growth and bone maturation in childhood thyrotoxicosis, J Pediatr 83:233, 1973. 330. Smith EP, Boyd J, Frank GR, Takahashi H, Cohen RM, Specker B, Williams TC, Lubahn DB, Korach KS, Estrogen resistance caused by a mutation in the estrogen-receptor gene in a man, N
Engl J Med 331:1056, 1994. 331. Morishima A, Grumbach MM, Simpson ER, Fisher C, Qin K, Aromatase deficiency in male and female siblings caused by a novel mutation and the physiological role of estrogens, J Clin Endocrinol Metab 80:3689, 1995. 332. Thistlethwaite D, Darling JA, Fraser R, Mason PA, Rees LH, Harkness RA, Familial
glucocorticoid deficiency. Studies of diagnosis and pathogenesis, Arch Dis Child 50:291, 1975. 333. Malchoff CD, Javier EC, Malchoff DM, Martin T, Rogol A, Brandon D, Loriaux DL, Reardon GE, Primary cortisol resistance presenting as isosexual precocity, J Clin Endocrinol Metab 70:503, 1990. 334. Huseman C, Johanson A, Varma M, Blizzard RM,
Congenital lipodystrophy: an endocrine study in three 335. 336. 337. 338. 339. 340. 341. 342. 343. 344. 345. 346. 347. 348. 349. 350. siblings. I. Disorders of carbohydrate metabolism, J Pediatr 93:221, 1978. Hayward C, Porteous ME, Brock DJ, Mutation screening of all 65 exons of the fibrillin-1 gene in 60 patients with Marfan syndrome: report of 12
novel mutations, Hum Mutat 10:280, 1997. Fowler B, Jakobs C, Post- and prenatal diagnostic methods for the homocystinurias, Eur J Pediatr 157(Suppl 2):S88, 1998. Carmi D, Shohat M, Metzker A, Dickerman Z, Growth, puberty, and endocrine functions in patients with sporadic or familial neurofibromatosis type 1: a longitudinal study, Pediatrics
103:1257, 1999. Joss EE, Temperli R, Mullis PE, Adult height in constitutionally tall stature: accuracy of five different height prediction methods, Arch Dis Child 67:1357, 1992. Wettenhall HN, Cahill C, Roche AF, Tall girls: a survey of 15 years of management and treatment, J Pediatr 86:602, 1975. Prader A, Zachmann M, Treatment of excessively tall
girls and boys with sex hormones, Pediatrics 62:1202, 1978. Bailey JD, Park E, Cowell C, Estrogen treatment of girls and constitutional tall stature, Pediatr Clin North Am 28:501, 1981. Bierich JR, Estrogen treatment of girls with constitutional tall stature, Pediatrics 62:1196, 1978. Sorgo W, Scholler K, Heinze F, Heinze E, Teller WM, Critical analysis
of height reduction in oestrogentreated tall girls, Eur J Pediatr 142:260, 1984. Schoen EJ, Solomon IL, Warner O, Wingerd J, Estrogen treatment of tall girls, Am J Dis Child 125:71, 1973. Norman H, Wettenhall B, Cahill C, Roche AF, Tall girls: a survey of 15 years of management and treatment, Adolesc Med 86:602, 1975. de Waal WJ, Greyn-Fokker
MH, Stijnen T, van Gurp EA, Toolens AM, de Munick Keizer-Schrama SM, Aarsen RS, Drop SL, Accuracy of final height prediction and effect of growth-reductive therapy in 362 constitutionally tall children, J Clin Endocrinol Metab 81:1206, 1996. de Waal WJ, Torn M, de Muinck Keizer-Schrama SM, Aarsen RS, Drop SL, Long term sequelae of sex
steroid treatment in the management of constitutionally tall stature, Arch Dis Child 73:311, 1995. Venn A, Bruinsma F, Werther G, Pyett P, Baird D, Jones P, Rayner J, Lumley J, Oestrogen treatment to reduce the adult height of tall girls: long-term effects on fertility, Lancet 364:1513, 2004. Hendriks AE, Drop SL, Laven JS, Boot AM, Fertility of tall
girls treated with high-dose estrogen, a doseresponse relationship, J Clin Endocrinol Metab 97(9), 2012. Hendriks AE, Laven JS, Valkenburg O, Fong SL, Fauser BC, de Ridder MA, de Jong FH, Visser JA, van Ginneken AM, Boot AM, Drop SL, Fertility and ovarian function in high-dose estrogen-treated tall women, J Clin Endocrinol Metab 96(4), 2011.
10 Amenorrhea Few problems in gynecologic endocrinology can present a diagnostic challenge to clinicians like that of amenorrhea. The number, variety, and complexity of diseases and disorders that must be considered can seem daunting and, in many instances, include unfamiliar organ systems. Moreover, some of the diagnostic possibilities can
have serious consequences, if not recognized and treated effectively. Consequently, otherwise confident and experienced clinicians may view the problem as too complicated and time-consuming or may question their ability to perform or interpret the evaluation. However, when approached logically and systematically, the diagnostic evaluation of
amenorrhea truly is straightforward, involving thorough history taking and a finite number of laboratory tests and procedures already familiar to almost all clinicians. With few exceptions, an evaluation can be completed quickly and without great expense. The purpose of this chapter is to provide a systematic strategy for the evaluation of amenorrhea
that will yield an accurate diagnosis, no matter how common or uncommon the cause. Once a diagnosis is established, additional corroborating evidence and the assistance of appropriate specialists (e.g., neurosurgeon, internist, endocrinologist, or psychiatrist) can be obtained, when necessary. However, the large majority of women with amenorrhea
have relatively simple problems—polycystic ovary syndrome (PCOS), hypothalamic amenorrhea, hyperprolactinemia, and ovarian failure—all of which can be managed easily by the primary health providers after an initial consultation with a specialist. The diagnostic evaluation described here is not new. With minor modifications, it has been applied
successfully for several decades. Before describing the evaluation in detail, amenorrhea first must be defined, so as to identify the patients who warrant an evaluation. A brief preliminary review of the physiologic mechanisms involved in menstruation (discussed in detail in Chapter 5) provides the framework necessary to understand and follow the
logical design of the diagnostic evaluation. DEFINITION OF AMENORRHEA The age at which menarche should be expected varies with individual differences in the age at the onset of puberty. The normal pubertal progression is discussed in detail in Chapter 9 and is only briefly summarized here. In general, the first menses should occur within 2–3
years after the initiation of pubertal development. In most young girls (approximately 80%), the first sign of puberty is an acceleration of growth (the growth spurt), followed by breast budding (thelarche) and the appearance of pubic hair (adrenarche). In the remainder (approximately 20%), adrenarche precedes thelarche by a brief interval, but the
two events typically are closely linked. Consequently, menarche can occur as early as age 10 (when puberty begins at age 8) and rarely occurs later than age 16 (when puberty begins at age 13). On average, the mean ages for thelarche, adrenarche, and menarche in girls of African ancestry are 6–12 months earlier than in Caucasian girls. Once
normal menstrual cycles have been established, menses should occur at regular intervals ranging between 25 and 35 days. The term amenorrhea refers to “absence of menses.” Patients fulfilling any of the following criteria should be evaluated for amenorrhea: No menses by age 14 in the absence of growth or development of secondary sexual
characteristics No menses by age 16 regardless of the presence of normal growth and development of secondary sexual characteristics In women who have menstruated previously, no menses for an interval of time equivalent to a total of at least three previous cycles or no menses over a 6month period Having affirmed the traditional definition of
amenorrhea, it is important to point out that unduly strict adherence to these criteria with a disregard to the overall clinical picture can result in a delay in identifying serious underlying health conditions. For example, there is no reason to defer the evaluation of a young girl who presents with the classical phenotype of Turner syndrome. Similarly, a
14-year-old girl who has no vagina should not be advised to return in 2 years before initiating evaluation and offering intervention. All patients deserve a considerate evaluation at initial presentation. Finally, the possibility of pregnancy as a reason for amenorrhea must always be considered. Traditionally, amenorrhea has been categorized as primary
or secondary. Primary amenorrhea describes patients who have never menstruated, and secondary amenorrhea describes those who have menstruated previously but now do not. The differential diagnoses of primary and secondary amenorrhea differ. For example, when evaluating a case of primary amenorrhea, the clinician must consider a wide
range of possibilities; these should include consideration of possible absence of hypothalamic gonadotropinreleasing hormone (GnRH) (such as in cases of Kallmann syndrome), disorders of the pituitary (ranging from hyperprolactinemia, secondary hypothyroidism to abnormalities in the secretion of growth hormone [GH] and gonadotropins),
abnormalities of the ovaries that could range from gonadal dysgenesis to functional abnormalities such as PCOS, and abnormalities of the müllerian system that could range from complete absence of the uterus to various forms of obstructive anomalies such as imperforate hymen, transverse vaginal septum, or vaginal agenesis. In contrast, when
encountering secondary amenorrhea, developmental absence of GnRH or presence of obstructive uterine anomalies of the müllerian system as a mechanism for amenorrhea is highly unlikely. While these classic distinctions between primary and secondary amenorrhea can help narrow the scope of diagnostic possibilities, such preliminary
categorization can sometimes be misleading. For example, premature ovarian insufficiency (POI), PCOS, and pregnancy can present as either primary or secondary amenorrhea. In any case, the diagnostic approach recommended here can be applied effectively in all women with amenorrhea. BASIC PRINCIPLES FUNCTION IN MENSTRUAL A
functioning hypothalamo-pituitary-ovarian (HPO) axis along with a normal uterovaginal anatomy is a requisite for menstrual function. The ovaries must contain viable follicles that can respond to stimulation by the gonadotropins, follicle-stimulating hormone (FSH), and luteinizing hormone (LH), released from the anterior pituitary. In turn, pituitary
gonadotropin secretion depends on the action of GnRH, secreted from the medial basal hypothalamus into the portal vascular network that bathes the anterior pituitary. Finally, the pulsatile pattern of hypothalamic GnRH secretion is governed by input from higher centers that interpret and translate environmental stimuli and modulated by the

feedback effects of ovarian sex steroids. Finally, the uterus must contain a functional endometrium that can respond to the actions of ovarian sex steroid hormones, estrogen and progesterone, across the ovarian cycle of follicle development, ovulation, and corpus luteum function, and the genital outflow tract must be anatomically intact with
continuous connection between the vaginal orifice, the vaginal canal, the endocervix, and the uterine cavity, to allow egress to the menstrual flow that marks the beginning of each menstrual cycle. The entire system is highly regulated by a complex interplay of mechanisms that integrate biophysical and biochemical information composed of
interacting hormonal signals, autocrine/paracrine factors, and target cell reactions. The basic requirements for normal menstrual function thus include four anatomically and functionally distinct structural components—(1) the genital outflow tract including the uterus, cervix, and vagina; (2) the ovary; (3) the pituitary; and (4) the hypothalamus —thus
providing a natural and useful hierarchy for organizing the diagnostic evaluation of amenorrhea (Figure 10.1). FIGURE 10.1 Therefore, the many causes of amenorrhea can be categorized according to the site or level of the disorder or disturbance: Disorders of the Disorders of the Disorders of the Disorders of the genital outflow tract and uterus
ovary anterior pituitary hypothalamus or central nervous system Amenorrhea can result from congenital or acquired disease or dysfunction at any level in the system and can involve more than one mechanism. For example, PCOS involves a number of interrelated pathophysiologic mechanisms operating at multiple levels including the ovarian, the
pituitary, and the hypothalamus. EVALUATION OF AMENORRHEA Like any other complaint, evaluation begins with a careful medical history followed by a detailed physical examination, which always provide valuable diagnostic clues. Information gained from the medical history and physical examination clearly can exclude certain differential
diagnoses; however, hasty first impressions also can be deceiving and can lead to errors in judgment and to inappropriate, costly, and needless testing. A methodical, systematic approach to evaluation to help arrive at the most plausible diagnosis therefore is best. Logically, the recommended evaluation for amenorrhea is designed to separate the
reproductive physiology and function into its distinct structural components—the genital outflow tract and uterus, the ovary, the pituitary, and the hypothalamus—and to test the functional integrity of each, beginning at the lowest level and progressing systematically to the higher levels of the system until the cause is determined. Medical History The
menstrual history is, of course, key. Primary amenorrhea speaks for itself, but cyclic pelvic or lower abdominal pain or urinary complaints can be caused by developmental anomalies resulting in obstructed menstrual flow (cryptomenorrhea), such as may be caused by an imperforate hymen, transverse vaginal septum, or cervical atresia. In women
with secondary amenorrhea, the history surrounding the onset of amenorrhea can provide important diagnostic clues. Onset of amenorrhea following endometrial curettage or other uterine surgery involving the endometrial cavity (e.g., resection of a submucous uterine fibroid) clearly suggests the possibility of damage to the endometrium as a
mechanism for amenorrhea (e.g., Asherman syndrome resulting from endometrial curettage undertaken for removal of products of conception in management of a nonviable early pregnancy). Amenorrhea, either secondary or even primary, in the setting of symptoms of hyperandrogenism (acne, excess facial and bodily hair, or thinning of scalp hair) is
highly suggestive of PCOS. Galactorrhea in the setting of amenorrhea identifies hyperprolactinemia, PCOS, or pregnancy as plausible mechanisms for amenorrhea. Women with PCOS classically present with infrequent and irregular menses dating from menarche or early adulthood and often report longstanding symptoms of hyperandrogenism. In
most with hypothalamic amenorrhea, the onset of amenorrhea temporally relates to events resulting in severe nutritional, physical, or emotional stress. Picture of POI can vary with some women presenting as primary amenorrhea, others reporting varying durations of menstrual irregularity before amenorrhea, to sudden cessation of menses in the
absence of any prior menstrual disturbances. While symptoms of hypoestrogenism, such as hot flushes and night sweats, are often experienced by women with POI presenting as secondary amenorrhea, these symptoms may not be experienced when POI develops prior to onset of puberty. Questions relating to past medical history, general health, and
lifestyle can identify a severe or chronic illness such as diabetes, renal failure (which is often associated with elevated prolactin levels, primarily reflective of altered renal clearance), or inflammatory bowel disease, previous head trauma, or evidence of physical or psychological stress. Specific history relating to weight loss or weight gain and to the
frequency and intensity of exercise is highly relevant and often revealing. Headaches, seizures, vomiting, behavioral changes, or visual symptoms may suggest a disorder of the central nervous system. Vaginal dryness or hot flushes are evidence of estrogen deficiency and suggest ovarian insufficiency. Progressive hirsutism or features of virilization
are unusual in PCOS and concerning for either nonclassical (late-onset) congenital adrenal hyperplasia (CAH) or an androgen-producing tumor of the ovary or adrenal gland; possibility of exposure to exogenous androgens as a mechanism for worsening hyperandrogenism must also be considered. Symptoms of galactorrhea obviously suggest
hyperprolactinemia, but may require directed questioning as this symptom may not be spontaneously divulged by some women. History relating to the time and duration of any treatment with oral contraceptive pills (OCP), progestins (e.g., depot medroxyprogesterone acetate [MPA], progestin implants, or intrauterine system), GnRH agonists (often
used for management of common gynecologic disorders such as endometriosis, uterine fibroids, and premenstrual syndrome), or other medications or drugs that can affect central neurotransmitter secretion and thereby disrupt hypothalamopituitary signals that are critical to normal menstrual function (phenothiazines, reserpine derivatives,
amphetamines, benzodiazepines, antidepressants, dopamine antagonists, opiates) also can provide important diagnostic clues. Pregnancy as a mechanism for amenorrhea must always be considered, regardless of patient’s age. Physical Examination The overall body habitus often provides important information. Height, weight, and body mass index
(BMI) should be determined and recorded. A combination of sexual infantilism and short stature (0.85) are commonly encountered in women with PCOS. Both hypothyroidism and hyperthyroidism can be associated with amenorrhea. Examination of the skin can reveal a soft, warm, and moist texture as seen in hyperthyroidism; a rapid pulse,
exophthalmos or lid lag, a fine tremor, and hyperreflexia suggest the diagnosis of Graves disease; goiter may not always be appreciated. Conversely, dry, coarse skin, a slow pulse, diminished reflexes, and thinning of the hair, particularly involving eyebrow hair, are suggestive of hypothyroidism. A goiter or thyroid nodule is further evidence of a
thyroid disorder. Orange discoloration of the skin, without scleral icterus, can result from hypercarotenemia associated with excessive ingestion of low-calorie carotene-containing fruits and vegetables in chronically dieting women. Acanthosis nigricans (velvety hyperpigmented skin observed most commonly at the nape of the neck, in the axillae and
groin, and beneath the breasts) strongly suggests severe insulin resistance, hyperinsulinemia, and the possibility of type II diabetes. Features of hyperandrogenism, such as acne and hirsutism, are common symptoms of PCOS, but can also be the presenting symptoms of nonclassical CAH, or result from exposure to androgenic anabolic steroids. When
accompanied by any sign of frank virilization (deepening of the voice, frontotemporal balding, decrease in breast size, increased muscle mass, clitoromegaly), the possibility of ovarian hyperthecosis or an ovarian or adrenal neoplasm must be considered. Examination of the breasts deserves careful attention. Breast development is a reliable indicator
of endogenous estrogen production or exposure to exogenous estrogens. The Tanner stage of breast development should be noted (Chapter 9). A secondary arrest of breast development suggests a disruption of the HPO axis. When menarche has not followed breast development at the expected time (ideally, within 2 years of thelarche), a
developmental anomaly of the reproductive tract as a mechanism for primary amenorrhea should be high in the list of differential diagnoses. Breast examination should be systematic and thorough yet gentle, and examination of the nipple must be undertaken to evaluate for expressible galactorrhea. Secretions that result from hormonal stimulation of
the breast tissue typically emerge from multiple duct openings at the nipple, whereas a discharge relating to breast pathology usually arises from a single duct. Macroscopic characteristics of any expressed nipple discharge can point to the underlying etiology; bilateral nipple discharge that appears milky or opaque is a classic manifestation of
hyperprolactinemia; unilateral bloody or greenish discharge should raise concerns for a focal ductal pathology and should be further evaluated with imaging studies (mammography, ultrasound, or even breast MRI). Microscopic examination of any expressed cloudy or white nipple secretions demonstrating lipid droplets confirms galactorrhea and
suggests hyperprolactinemia. Evidence of chronic chest wall lesion(s) (such as eczema) may even identify a mechanism for hyperprolactinemia. Abdominal examination rarely may reveal a suprapubic mass, as may result from hematometra or an eccentric mass suggestive of an ovarian neoplasm. Excessive growth of terminal hair in the infraumbilical
region and extension of pubic hair in a male escutcheon pattern are suggestive of hyperandrogenism. Purple hue abdominal striae raise the possibility of Cushing syndrome (discussed in Chapter 13); more commonly, however, pale pink stretch marks along the abdominal wall often result from progressive obesity or a previous pregnancy. Careful
examination of the external genitalia and the lower genital tract is key, particularly when evaluating for primary amenorrhea. The presence of pubic hair growth reliably reflects androgen production or exposure. Because breast development and growth of pubic hair typically progress in a symmetrical manner, their Tanner stages should be
consistent. Absent or scant growth of sexual hair can be expected in otherwise sexually infantile girls, but also is a classical sign of androgen insensitivity syndrome (AIS) when breast development may be asymmetrically advanced. Clitoromegaly is a concerning sign of virilization and should prompt evaluation for hyperandrogenemia; obvious and
severe enlargement of the clitoris may suggest ambiguous genitalia, and in this case, assessment of karyotype may be the next step in evaluation. Attempts at office examination of the vagina in sexually infantile girls or those with a small hymenal ring are generally non-informative and often even counterproductive; such an examination can be
effectively undertaken under anesthesia, at which time either a speculum examination or vaginoscopy can be performed to document the presence and appearance of the cervix. A patent vagina and normal cervix exclude müllerian/vaginal agenesis, AIS, and obstructive causes of primary amenorrhea such as an imperforate hymen or a transverse
vaginal septum. In those with primary amenorrhea having an absent or infantile vaginal orifice, rectal examination can provide meaningful information as a distended hematocolpos can be easily palpated proximal to the site of obstruction from a transverse vaginal septum, when the uterus is present and functional. Atrophic appearance of the external
genitalia and loss of rugosity of the vaginal epithelium are features that would suggest a diagnosis of POI. Evaluation of the Genital Outflow Tract and Uterus Evaluation of the genital outflow tract and uterus can be organized easily based on the menstrual history and physical examination of the genital anatomy. Primary amenorrhea in the setting of
adequate development of secondary sex characteristics but with a blind or absent vagina points directly to a developmental anomaly of the genital outflow tract as a mechanism for amenorrhea. Primary or secondary amenorrhea with a patent vagina and visible cervix excludes abnormalities of the genital outflow tract, except in those with history of
previous cervical or uterine surgery or infection in whom the possibilities of cervical stenosis and intrauterine adhesions or other endometrial damage must be considered. In premenarchal-age girls with the incidental finding of an absent vaginal orifice, diagnosis can be more difficult but also is seldom urgent. Although pelvic ultrasonography
generally can determine whether a uterus is present, imaging must be interpreted cautiously because even abdominal/pelvic magnetic resonance imaging (MRI) can be misleading when the reproductive organs are immature and very small. Remaining alert to the diagnostic possibilities, careful observation over time is preferable to invasive
investigations otherwise unnecessary in the asymptomatic prepubertal girl. Abnormal Genital Anatomy The embryology of the female genital tract is complex but generally well defined and is described in detail in Chapter 3. Briefly summarized, it involves both the medial migration and midline fusion of the müllerian (paramesonephric) ducts to form
the uterus and fallopian tubes, cervix, and upper vagina and the vertical fusion of the developing müllerian ductal system with the invaginating urogenital sinus that forms the lower vagina and the introitus. Outflow tract abnormalities that result from failure of müllerian duct development include a spectrum of anatomical abnormalities that range
from vaginal/müllerian agenesis to cervical agenesis, transverse vaginal septa, and imperforate hymen (Figure 10.2). Although all are uncommon and the clinician may have only limited or no previous experience with any of these anatomical malformations, each has unique and distinguishing features that, in most cases, point to the correct diagnosis
at the time of the initial visit. Only limited additional evaluation, described in a later section of this chapter, is required to firmly establish the diagnosis and to plan treatment. AIS must be considered as a differential diagnosis in any girl presenting as primary amenorrhea and diagnosed with vaginal agenesis; the presence or absence of pubic hair
distinguishes AIS from an isolated müllerian anomaly in a genetically normal female. FIGURE 10.2 Normal Genital Anatomy In those with primary or secondary amenorrhea having a patent vagina and visible exocervix, the likelihood of a genital outflow tract abnormality is very small. The only possibilities that need be considered are cervical stenosis
and endometrial damage that may result from surgical trauma (Asherman syndrome) or infection (such as genital tuberculosis). Since these are acquired conditions, they result in secondary amenorrhea with an onset that typically correlates closely with the time of the previous insult. Both receive separate and thorough discussion in the later section
of this chapter devoted to specific disorders of the genital outflow tract and uterus. Evaluation of Ovarian Function In women with secondary amenorrhea, obstructive developmental disorders of the genital tract can be excluded. Similarly, in those with normal genital tract anatomy and no relevant history to suggest the possibility of acquired cervical
stenosis or Asherman syndrome, disorders of the genital outflow tract and uterus can similarly be excluded. Further stepwise evaluation is then required to determine the underlying cause of amenorrhea, and attention now may be focused on the next level of the reproductive system, the ovary. Abnormalities of ovarian function are the most common
overall cause of amenorrhea (primary and secondary) and include a wide variety of disorders ranging from simple chronic anovulation as in women with PCOS to ovulatory dysfunction associated with obesity, thyroid disorders, and hyperprolactinemia, to ovarian failure or POI. Several conditions are associated with POI including genetic abnormalities
(these can be chromosomal abnormalities or single gene disorders such as fragile X [FMR1] premutations or genetically inherited metabolic disorders such as galactosemia) or autoimmune disease, or following exposure to radiation or chemotherapy. These and other specific causes of ovarian failure and the mechanisms involved are discussed at
length in a later section of this chapter. The focus here is on the evaluation of ovarian function and on the diagnosis and treatment of common chronic anovulatory disorders. The most obvious measure of ovarian function is estrogen production. Unfortunately, one cannot rely just on symptoms and signs of estrogen deficiency to identify hypogonadal
women. Genitourinary atrophy develops only gradually and is not observed commonly in young women, even when estrogen levels are clearly low, and vasomotor symptoms typically are absent in women with hypothalamic dysfunction. Other methods for assessing the level of ovarian estrogen production include measurement of the serum estradiol
concentration and “bioassays” based on clinical observations of the amount and character of cervical mucus, the results of a “progestin challenge test,” or measurement of endometrial thickness by transvaginal ultrasonography. Although each method is informative to varying degrees, each also has pitfalls, no one method is definitive, and more than
one measure therefore is recommended. Overall, the duration of amenorrhea, other symptoms, medical history, and clinical examination all contribute to the overall assessment relating to ovarian function. Serum Estradiol Concentration A serum estradiol measurement is easy to obtain, is relatively inexpensive, and provides some degree of objective
assessment of ovarian steroidogenic function. Reasonably, one would expect to find relatively normal estrogen levels (in premenopausal early follicular phase range) in women with normal ovaries whose amenorrhea results simply from mild dysregulation and chronic anovulation, as in obese women and those with PCOS, and to find low estrogen
levels (in the menopausal range) in women with ovarian failure, pituitary disease, or more severe hypothalamic dysfunction. Unfortunately, serum estradiol concentrations can fluctuate erratically in all conditions, normal or low on any given day, and therefore can be misleading. A random estradiol concentration greater than approximately 40 pg/mL
suggests the presence of functional ovarian follicles; such levels of estradiol however can also be encountered in women with POI, those in perimenopause, and sporadically in women with hypothalamic amenorrhea. Conversely, a low random estradiol concentration may suggest ovarian failure, but also is commonly encountered in women with
hypothalamic amenorrhea, and may be observed in those with less severe forms of chronic anovulation. Bioassays of Estrogen Production The observation of estrogenic cervical mucus—clear, watery, stretchable, and relatively abundant—suggests a normal level of ovarian estrogen production, but its absence cannot be interpreted confidently because
many normal women exhibit such mucus only during the late follicular phase of the cycle when estrogen levels are relatively high, or not at all. The progestin challenge test is based on the premise that progestin treatment (e.g., 5–7 days of exposure to MPA 10 mg daily or norethindrone acetate 1 mg daily) will induce a withdrawal bleed only in those
whose endometrium has been exposed to circulating estrogen concentrations in premenopausal range. A pure progestational agent must be used because endogenous estrogen status cannot be inferred from the response to an OCP that contains both estrogen and progestin. The more potent synthetic progestins such as MPA are a better choice than
oral micronized progesterone, which must be administered in relatively high doses (e.g., 200–300 mg daily) to achieve a response.1 A positive test—bleeding within 2–7 days after completion of progestin treatment—implies endogenous estrogen production and is reassuring for residual ovarian function. A negative progestin challenge test—no
withdrawal menses—suggests hypogonadism. Scant withdrawal bleeding or spotting suggests marginal levels of endogenous estrogen production. Despite the reassurance provided by a positive progestin challenge test, the overall correlation between withdrawal bleeding and estrogen status is far from perfect; both false-positive (withdrawal
bleeding despite generally low levels of estrogen production) and false-negative (absent bleeding despite significant estrogen production) results are relatively common. Up to 40–50% of women whose amenorrhea relates to stress, exercise, weight loss, hyperprolactinemia, or ovarian failure, in whom estrogen levels generally are low, exhibit some
degree of withdrawal bleeding.2,3 In contrast, up to 20% of amenorrheic women with significant estrogen production (such as women with PCOS who exhibit elevated circulating androgen levels) experience no withdrawal bleeding4; rationale for false-negative response lies in an endometrium that is rendered unresponsive by chronic exposure to
high circulating androgen levels. The endometrial thickness, determined by transvaginal ultrasonography (the maximum two-layer thickness in the midsagittal plane), is a measure of endometrial proliferation, which reflects the level of estrogen production. Endometrial thickness correlates with both the serum estradiol concentration and with the
response to a progestin challenge in women with amenorrhea. In one study involving 44 women with secondary amenorrhea, endometrial thickness was significantly greater in 32 women who had withdrawal bleeding (10.3 ± 4.1 mm) than in 12 who did not (5.0 ± 1.3 mm); the serum estradiol level also was significantly greater (45.3 ± 19.4 vs. 18.6 ±
8.0 pg/mL), and an endometrial thickness measuring 6.0 mm or greater predicted withdrawal bleeding with 95% accuracy.2 An added potential benefit of endometrial thickness as a measure of ovarian estrogen production is that it can help to identify individuals with chronic anovulation at low risk for having associated pathology such as hyperplasia
or cancer. In addition to thickness, the sonographic appearance of the endometrial echo is also informative of tissue estrogenization. A trilaminar-appearing endometrial echo correlates with proliferative effects of estrogen on the endometrium. Serum Follicle Concentration Stimulating Hormone (FSH) The serum FSH concentration is a useful, but
indirect, measure of ovarian function. A normal or low serum FSH level indicates the presence of functional ovarian follicles and may be observed in a variety of conditions associated with amenorrhea, including chronic anovulation (e.g., PCOS), pituitary disease, and hypothalamic dysfunction. Low FSH levels are also commonly seen in women using
hormonal contraceptive regimens. A high serum FSH concentration in the presence of amenorrhea is a reliable indicator of ovarian follicular depletion or ovarian failure. Exceptions to this interpretation are rarely encountered and include inactivating mutations involving the FSH or LH receptor, enzyme deficiencies (17α-hydroxylase, aromatase), and
functional pituitary and ectopic FSH-secreting tumors; in these conditions, disproportionately elevated FSH levels will be seen despite the presence of ovarian follicles. Because the clinical implications of an elevated FSH level are serious, one or more repeated measurements are warranted to confirm the finding (Table 10.1). TABLE 10.1 Placing
Serum Gonadotropin Levels in Clinical Perspective Although certainly not inappropriate, generally it is neither necessary nor helpful to also measure serum LH because levels of the two gonadotropins typically move in parallel. The one notable and highly relevant exception in women with amenorrhea—the “monotropic” rise in FSH that signals a more
advanced stage of follicular depletion— can be detected by measuring FSH alone. In women who are menstruating regularly, serum levels of FSH tend to be higher than of LH at all times in the cycle except for the periovulatory period. During the midcycle gonadotropin surge in ovulatory cycles, LH levels increase more than those of FSH, but that
has little relevance in women with amenorrhea. A “reversed” LH/FSH ratio (FSH lower than LH), like that seen in prepubertal girls, suggests, but does not prove, hypothalamic dysfunction.5 A moderately increased serum LH concentration frequently is observed in women with PCOS, but is not a diagnostic criterion. Other conditions in which levels of
the two gonadotropins diverge significantly are truly rare and include ectopic gonadotropin secretion by tumors outside the reproductive tract, single gonadotropin deficiencies resulting from mutations in genes encoding the β-subunit of LH or FSH, and the very rare functional gonadotroph adenoma that secretes clinically important amounts of one
gonadotropin (FSH) but not the other. Measurement of the serum FSH level traditionally has been recommended only for those having demonstrable evidence of hypogonadism (e.g., a negative progestin challenge), to help differentiate between patients with gonadal failure (in whom FSH levels will be elevated) and those with functional hypothalamic
or pituitary causes of amenorrhea (in whom FSH levels will be in low or normal range). Measurement of serum FSH contributes to a more confident clinical assessment of ovarian function and helps differentiate patients with common chronic anovulatory conditions from those with more severe hypogonadism who otherwise may go unrecognized and
who require further specific evaluation, counseling, or treatment. For example, when evaluation suggests marginal levels of estrogen production (e.g., serum estradiol levels of 30–40 pg/mL or lower or when scant bleeding follows a progestin challenge), a low serum FSH can identify those who merit further evaluation to exclude pituitary and
hypothalamic disorder or disease, as described below. Conversely, in women with normal levels of estrogen production, a moderately elevated FSH level (e.g., 10–15 IU/L) is concerning for diminished ovarian reserve, and this information can be helpful in guiding women toward proactively exploring opportunities for fertility planning and
preservation before the opportunity gets lost. Like the other measures of ovarian function, the serum FSH concentration must be interpreted carefully, in its clinical context. FSH levels can fluctuate unpredictably, particularly during the years immediately preceding the menopause, regardless whether it occurs prematurely or at the usual age. It is
important to appreciate that a sharp rise in FSH occurs during the estrogen-induced LH surge; unless serum estrogen levels are also tested along with FSH, elevated FSH if drawn at the time of an LH surge can be erroneously interpreted to represent diminished ovarian reserve, a label that generates significant psychological distress. Serum
Antimullerian Hormone (AMH) Concentration A member of the TGFβ family of growth factors, AMH is secreted by the ovarian granulosa cells of the preantral and small growing follicles measuring less than 4 mm in diameter. Circulating levels of AMH are now recognized as a more reliable marker of ovarian reserve status compared to FSH. In
contrast to FSH, where high levels are concerning for diminished ovarian reserve, higher AMH levels are reassuring. Undetectable AMH level in the setting of amenorrhea is highly concerning for ovarian failure as a mechanism for amenorrhea. In contrast, levels greater than 5 ng/mL in association with amenorrhea are suggestive of PCOS as a
plausible reason for amenorrhea. Measurement of AMH is reliable on any day in an individual’s menstrual cycle, although prolonged periods of ovarian suppression, such as with use of hormonal contraceptives, can result in spuriously lower circulating AMH levels.6 Chronic Anovulation When evaluation reveals clear evidence of adequate ovarian
estrogen production and serum FSH and AMH levels are also normal, a diagnosis of chronic anovulation is established. Hyperprolactinemia is one of the most common causes of anovulation and amenorrhea, and, although less common, thyroid disorders are easily identified and treated. Measurement of serum prolactin and thyroid-stimulating
hormone (TSH) concentrations is therefore justified in all women with amenorrhea. For efficiency, both can be measured along with the serum FSH and estradiol levels, at the outset of the evaluation. When all are normal, no further evaluation is required. Besides thyroid and prolactin disorders, common and likely causes of chronic anovulation
include PCOS, obesity, psychological stress or intense exercise, and reproductive aging. In all but the last, anovulation can be attributed to a dysfunctional HPO axis in which gonadotropin secretion is sufficient to stimulate follicular development and estrogen production to varying degrees, but the system lacks the coordination required to achieve
successful ovulation. Women with classical PCOS usually are easily recognized because they commonly exhibit signs of hyperandrogenism (such as acne and/or excessive facial and bodily hair or thinning of scalp hair), unlike those whose chronic anovulation relates solely to weight gain or obesity; the pathophysiology of the two disorders is complex
and is discussed at length in Chapter 11 (PCOS) and Chapter 19 (obesity). Severe hirsutism (Chapter 12) or signs of virilization warrant additional specific evaluation to exclude steroidogenic enzyme deficiencies, androgen-secreting tumors, and Cushing syndrome, as described in Chapter 13 (reproduction and the adrenal). The diagnosis of
anovulation relating to emotional, nutritional, or physical stresses is often suggested by the medical history and the chronology of events, but is arrived at only after systematic exclusion of the conditions discussed above. Management of chronic anovulation associated with the commonly encountered thyroid disorders and hyperprolactinemia is
summarized here. Thyroid Disorders The newest ultra-sensitive TSH assays now in common use detect both primary hypothyroidism (elevated TSH) and primary hyperthyroidism (low TSH); either may result in chronic anovulation and amenorrhea. Although only a few patients presenting with amenorrhea will have a thyroid disorder that is not
clinically apparent, their exclusion and treatment are so simple that routine measurement of TSH in the evaluation of menstrual disturbances is justified; a return of ovulatory cycles typically follows the restoration of normal thyroid hormone levels. Any abnormal TSH value should be confirmed by repeat testing that includes measurement of serum
thyroxine (tetraiodothyronine; T4 or free T4) levels to better define the nature (primary vs. secondary) and the extent of the thyroid disorder. Elevated TSH with normal free T4 concentration indicates subclinical hypothyroidism, best viewed as a compensated state wherein normal levels of T4 are maintained, but only under increased levels of
pituitary TSH stimulation. Although observation and periodic reevaluation are reasonable in patients with subclinical hypothyroidism, because not all will develop frank hypothyroidism, treatment is warranted in those with menstrual dysfunction or infertility. In those with a low TSH and a normal free T4 level, serum triiodothyronine (T3) should be
measured; an elevated T3 can identify hyperthyroidism that otherwise might escape detection. When the T3 also is normal, subclinical hyperthyroidism is likely and should be followed carefully through vigilant clinical surveillance and periodic monitoring of TSH levels. On rare occasions, both TSH and free T4 levels are low, suggesting secondary
hypothyroidism of pituitary origin; this requires further assessment to determine the cause of pituitary dysfunction. Evaluation of serum levels of other pituitary hormones, such as gonadotropins, prolactin, and ACTH, should be considered if secondary hypothyroidism is suspected, as this information will help guide further management. A few women
with hypothyroidism will develop secondary hyperprolactinemia and may even experience galactorrhea. The likelihood of hyperprolactinemia increases with the duration of hypothyroidism; galactorrhea is more common in young women with higher prolactin levels.7 The mechanism probably involves both the gradual depletion of hypothalamic
dopamine (the putative prolactin-inhibiting factor) and constant stimulation of pituitary lactotropes by the hypothalamic thyrotropin-releasing hormone (TRH), which may cause pituitary hypertrophy or hyperplasia and sometimes even enlargement or erosion of the sella turcica.8,9 Although prolactin levels rapidly normalize with appropriate
treatment of the accompanying hypothyroidism, the disappearance of breast secretions in those with galactorrhea is gradual and can take several months. Patients with primary hypothyroidism and hyperprolactinemia may present with either primary or secondary amenorrhea10 (Figure 10.3). FIGURE 10.3 Hyperprolactinemia Hyperprolactinemia is
among the most common causes of secondary amenorrhea. Hyperprolactinemia occurring in premenarchal years may even present as delayed puberty and primary amenorrhea. Checking serum prolactin level is therefore justified in all women with amenorrhea. A normal random measurement (100 ng/mL) typically result in frank hypogonadism with
low estrogen levels and their clinical consequences (e.g., genitourinary atrophy, and loss of bone mass).13,14 Despite galactorrhea being a recognized consequence of prolactin excess, the symptom or finding of galactorrhea cannot reliably identify those whose amenorrhea results from hyperprolactinemia. Only about one-third of women with
hyperprolactinemia exhibit galactorrhea, probably because breast milk production requires estrogen and hyperprolactinemia often results in anovulation or a more severe secondary hypogonadotropic hypogonadism and, consequently, low circulating estrogen levels. The structural heterogeneity of prolactin offers another possible explanation.
Prolactin circulates in various forms that have varying bioactivity (manifested by galactorrhea) and immunoactivity (recognition by immunoassay).15,16,17 The predominant circulating form of prolactin (80–95%) is monomeric (molecular weight 23 kDa), which is more biologically active than the larger glycosylated variants that may combine to form
dimers or trimers (“big prolactin,” 50–60 kDa) and other even larger varieties (macroprolactin, >100 kDa), which result from the aggregation of smaller prolactin molecules bound together with immunoglobulins.18 The larger molecular forms are cleared more slowly, predominate in women with hyperprolactinemia having normal menses, and result
in minimal or no galactorrhea.19 If suspected, the diagnosis of macroprolactinemia can be confirmed by requesting the laboratory to pretreat the patient’s serum with polyethylene glycol to precipitate the macroprolactin before performing the prolactin assay.20 In women with mildly elevated prolactin levels, diagnosis of macroprolactinemia avoids
unnecessary and costly imaging aimed at excluding pituitary and hypothalamic mass lesions. Hyperprolactinemia has many causes that are discussed in detail in the chapter dedicated to the breast (Chapter 16) and briefly summarized here.21 Hyperprolactinemia may result from hypothyroidism, prolactin-secreting pituitary adenomas, and other
pituitary or hypothalamic tumors that may compress the pituitary stalk and disrupt the delivery of dopamine. A variety of drugs that lower dopamine levels or inhibit dopamine action may cause hyperprolactinemia, including amphetamines, benzodiazepines, butyrophenones, metoclopramide, methyldopa, opiates, phenothiazines, reserpine, and
tricyclic antidepressants. Breast or chest wall surgery, cervical spine lesions, or herpes zoster (affecting the dermatome that includes the breast) may activate the afferent sensory neural pathway that stimulates prolactin secretion in a manner similar to suckling. Renal insufficiency may cause hyperprolactinemia, due to decreased clearance. Rarely,
hyperprolactinemia may result from ectopic prolactin secretion by bronchogenic and renal cell carcinomas, or by a gonadoblastoma or prolactinoma that may arise in benign or malignant ovarian teratomas, or from aberrantly located pituitary tissue in places such as the pharynx.22,23,24,25,26 All possible causes must be therefore be considered and
excluded; a careful history can eliminate most of the possibilities. When iatrogenic mechanism for prolactin excess is deemed as a plausible cause, a trial of drug discontinuation or use of an alternative medication can be considered, in consultation with the prescribing physician. When discontinuation or drug substitution is not possible, further
evaluation to exclude a pituitary or hypothalamic mass lesion is required before concluding that prolactin excess is entirely of iatrogenic origin. Women with amenorrhea and hyperprolactinemia that cannot be attributed confidently to medication or another specific cause require further evaluation with imaging to exclude pituitary tumors and
hypothalamic mass lesions. (See “Evaluation of Pituitary Function” section.) Pituitary adenomas and their management are discussed in detail in a later section of this chapter devoted specifically to pituitary causes of amenorrhea. Discussion here is limited to the treatment of hyperprolactinemia unassociated with any demonstrable sellar abnormality.
Treatment with a dopamine agonist restores ovulatory function and menses within several weeks in the large majority of women with hyperprolactinemia. Although improvement in galactorrhea is anticipated with decline in circulating prolactin levels, the absolute resolution of milk leakage following normalization of prolactin levels often lags by
weeks to even months.27 Bromocriptine and cabergoline are two commonly utilized dopamine agonists in the management of hyperprolactinemia; both are highly effective. Bromocriptine has a relatively short half-life, often necessitating a frequency of administration of 2 to 3 times daily; gastrointestinal side effects such as nausea are common, and
bedtime dosing is better tolerated. Cabergoline is a selective dopamine receptor type 2 agonist having fewer side effects than bromocriptine, greater potency, and a longer duration of action requiring less frequent administration (twice weekly) and can be effective in those who cannot tolerate or prove resistant to bromocriptine28,29; due to its better
tolerance and convenience of dosing, cabergoline is increasingly being utilized as the preferred of the two dopamine agonists. Long-term use of dopamine agonists in relatively high doses, such as used in the management of Parkinson disease (>3 mg daily), has been associated with hypertrophic valvular heart disease; mitogenic stimulation of
normally quiescent valve cells via activation of the serotonin receptors is a suspected mechanism for this uncommon but serious risk of long-term use of dopamine agonists in high doses.30,31 Although the doses required for effective treatment of hyperprolactinemia are much lower than used for treatment of Parkinson disease, concerns remain that
long-term use of even relatively low doses of dopaminergic drugs may increase the risk of valvular heart disease.32,33 Treatment should begin with a low-dose regimen, and dosing should be gradually adjusted in increments to achieve normalization of prolactin levels; the goal should be to utilize the lowest dose of cabergoline or bromocriptine
required to normalize serum prolactin concentrations. Given the concerns relating to long-term use of dopaminergic drugs, a trial discontinuation of treatment should be attempted if prolactin levels have been normal for 2 or more years.34 In those who cannot tolerate oral treatment, vaginal administration is effective and associated with fewer side
effects.35,36 Either drug may be used in women planning to conceive since both appear to be safe in early pregnancy.37,38 Treatment with a dopamine agonist is the obvious choice when the objective is ovulation induction and pregnancy or the elimination of troublesome galactorrhea. However, for those with neither specific indication, alternative
treatments deserve careful consideration. Although treatment with a dopamine agonist certainly is a logical choice, it is by no means the only choice or necessarily the best choice for all women with hyperprolactinemia and amenorrhea. It is important to remember that treatment should be focused on the patient and not on the prolactin level.
Hyperprolactinemia itself poses no particular health risks. In women not at risk for an unwanted pregnancy, cyclic progestin therapy will prevent the clinical consequences of chronic unopposed estrogen exposure in those who are not frankly hypogonadal. For those manifesting signs and/or symptoms of hypoestrogenism, cyclic or combined
estrogen/progestin treatment in physiologic doses, such as used for managing menopausal symptoms (Chapter 17), will prevent the consequences of chronic estrogen deficiency. In women who need contraception, treatment with a low-dose combination hormonal contraceptive achieves the same goals. In the past, treatment with exogenous estrogen
was considered contraindicated for women with hyperprolactinemia due to a fear that this might aggravate the underlying pathophysiology or promote the growth of an underlying pituitary tumor; however, experience has shown that estrogenic formulations (used as menopausal hormone therapy or as combination hormonal contraceptives) pose no
such risks.39,40 The same treatments are useful in the management of women with medication-induced hyperprolactinemia and hypogonadism when the drug cannot be discontinued or an alternative substituted. Dopamine agonists are best avoided in patients with medication-induced hyperprolactinemia, because they may interfere with or
counteract the dopamine antagonist properties of their primary treatment. Unfortunately, amenorrhea and galactorrhea often promptly recur within weeks after discontinuation of dopamine agonist treatment and most therefore require long-term therapy. General Management All patients with chronic anovulation require management, and following
a limited evaluation, as described here, treatment can be implemented immediately. Clinicians are keenly aware that normal endometrium that is chronically exposed to an estrogenic environment without antagonistic influences of periodic progesterone exposure as occurs in ovulatory cycles can progress to hyperplasia, atypia, and cancer within a
relatively short interval of time. However, too often they believe the problem is relevant only in older age women. The critical factor in determining the risk for these endometrial pathologies is not the age but the duration of exposure to unopposed estrogen stimulation. Young women who remain anovulatory for long periods of time can, and do,
develop endometrial cancer.41,42,43,44 Although endometrial sampling is not indicated for all women with chronic anovulation, it should be given serious consideration for those at greatest risk for endometrial pathology. Obesity, hyperinsulinemia, and diabetes are recognized risk factors for endometrial cancer, and these risks are especially
prevalent in women with PCOS, a population that is especially deemed at risk for endometrial hyperplasias and cancer.45,46 Although endometrial thickness, as assessed by transvaginal ultrasound, can offer valuable prognostic yield in identifying postmenopausal women at risk for endometrial hyperplasia and cancer, it is of little value in
prognosticating a similar risk profile in premenopausal amenorrheic populations. No studies correlating endometrial thickness and histology in premenopausal women with amenorrhea have been performed. However, in premenopausal women with abnormal uterine bleeding, no serious pathology was found in those having an endometrial thickness
less than 8 mm,47 and in asymptomatic postmenopausal women, an endometrial thickness less than 5–6 mm has greater than 99% negative predictive value for endometrial disease.48,49 A thin endometrium (150 ng/dL). Occasionally, virilization results from a nonfunctioning ovarian tumor that creates a mass effect with resulting stimulation of the
surrounding stroma.108 Most functioning ovarian tumors are palpable on pelvic examination, but small tumors easily can go unrecognized, particularly in the overweight to obese women. Transvaginal ultrasonography can identify almost all solid ovarian mass lesions, although very small tumors located in the hilar region still can escape detection.
Imaging approaches for detecting the rare androgen-producing adrenal adenoma or carcinoma, as reviewed in Chapter 13, should be considered when in the setting of clinical suspicion, pelvic examination and transvaginal ultrasonography fail to reveal an ovarian tumor.109 Selective ovarian venous catheterization can be considered for the rare
patient having no demonstrable ovarian or adrenal mass lesion.53,101,110,111,112 However, because the overall clinical utility of the technique is still uncertain,113 the procedure should be reserved only for women desiring future fertility (and thus desiring to avoid bilateral oophorectomy) in whom an ovarian androgen-secreting tumor is strongly
suspected despite negative imaging. An analysis of results obtained in 136 reported patients with hirsutism who had selective ovarian venous sampling yielded a number of important observations.113 A right:left ovarian venous effluent testosterone ratio greater than 1.44 correctly identified 90% of right-sided tumors and lower values correctly
identified 86% of women with left-sided or bilateral lesions. In three women with a left-sided tumor, the left:right testosterone ratio was greater than 15. The differing anatomy of the right (draining into the vena cava) and left ovarian vein (draining into the left renal vein) and the related technical difficulty of catheterization might explain why venous
sampling was more effective for identifying right-sided ovarian tumors. When suspicion for a tumor is insufficient to warrant ovarian venous catheterization, or the procedure reveals no significant gradient in testosterone concentrations, the likelihood of an occult ovarian tumor is very small, leaving the HAIR-AN syndrome or stromal hyperthecosis as
the most likely cause of severe hyperandrogenism. Both are associated with severe insulin resistance, which can be documented by performing an oral glucose tolerance test including insulin levels, as discussed below. The likelihood of an informative yield from open surgical exploration of the ovaries in the setting of negative imaging is slim;
however, in resource poor settings, this may be necessary to establish a diagnosis; laparoscopic inspection and biopsy are not sufficient. Dynamic endocrine evaluation, using dexamethasone, contraceptive steroids, or a GnRH agonist in attempts to isolate adrenal or ovarian androgen production, is not recommended, because results are unreliable
and can be misleading.108,114,115,116 Ovarian androgen-secreting tumors are sensitive to LH stimulation and thus respond to ovarian suppression and stimulation.117,118,119 Insulin Resistance Insulin resistance is a common feature of women with PCOS and a key component of the HAIR-AN syndrome and ovarian stromal hyperthecosis. Although
high circulating androgen concentrations decrease insulin sensitivity, the primary pathology in women with HAIR-AN and hyperthecosis is severe insulin resistance, resulting in grossly elevated insulin levels that stimulate ovarian androgen production in theca cells (via insulin, IGF-1, and hybrid receptors) and markedly decrease hepatic SHBG
production, thereby greatly increasing the amount of circulating free androgen. Insulin resistance and hyperinsulinemia also explain the occasional elderly woman who presents with severe progressive hirsutism and elevated total testosterone levels. The problem does not simply reflect an ovarian response to elevated pituitary gonadotropin levels but
actually relates to the development of hyperinsulinemia-driven hyperthecosis. Insulin appears to have a direct effect on the severity of hirsutism and a synergistic interaction with testosterone.120 A number of methods have been described to quantify both insulin sensitivity and insulin resistance and are further discussed in Chapter 11. Evidence of
acanthosis nigricans is a reliable clinical indicator of significant insulin resistance. A baseline 2-hour oral glucose tolerance test (75-g glucose load) is recommended for all women with PCOS,33,121,122 because up to 35% exhibit impaired glucose tolerance (glucose 140–199 mg/dL) and up to 10% have non– insulin-dependent diabetes mellitus
(glucose ≥200 mg/dL).123 In patients with severe hyperandrogenism having no evidence of an androgen-secreting tumor, the corresponding fasting and 2-hour insulin concentrations can be used to document the degree of insulin resistance, in support of the diagnosis of HAIR-AN syndrome or hyperthecosis; most have grossly elevated insulin
levels.40 The 2-hour glucose/insulin ratio (mg/dL/μU/mL) provides an estimate of insulin sensitivity, with values less than 1.0 indicating insulin resistance. Plasma insulin concentrations that exceed an upper limit of normal or a defined threshold value (e.g., a 2-hour plasma insulin >80–100 μU/mL) also have been used as a quantitative test for insulin
resistance (Figure 12.8). FIGURE 12.8 Although the use of insulin-sensitizing agents in women with PCOS has been associated with improvements in circulating androgen levels, any evidence that such an approach offers benefit against hirsutism is lacking and treatment with insulin-sensitizing agents specifically for hirsutism (i.e., in the absence of
menstrual or metabolic abnormalities) is likely of minimal value.124 Consequently, routine assessment of insulin sensitivity in the evaluation of isolated hirsutism is not recommended. Key Points: Evaluation of Hirsutism Laboratory evaluation is recommended for women with moderate or severe hirsutism, or hirsutism that is sudden in onset, rapidly
progressive, or associated with symptoms or signs of virilization. Routine laboratory evaluation of women with mild hirsutism is unnecessary. The serum total testosterone concentration is the best overall measure of androgen production and is the first hormone that should be measured in women with hirsutism that merit evaluation. An androgensecreting tumor should be suspected, and excluded, in women with rapidly progressive hirsutism, symptoms or signs of virilization, or a serum testosterone concentration 150 ng/dL or greater. However, most such patients will not have a tumor. Nonclassical congenital adrenal hyperplasia should be suspected, and excluded, in patients with an early
onset of hirsutism (pre- or perimenarcheal, including those with a premature adrenarche), in women with a family history of the disorder, and those in high-risk ethnic groups (Hispanic, Mediterranean, Slavic, and Ashkenazi Jewish heritage). Cushing syndrome should be suspected, and excluded, in hirsute women manifesting symptoms and signs of
hypercortisolism (discussed in Chapter 13). Coexistence of hypertension and diabetes in women with hirsutism should prompt consideration for screening for Cushing syndrome. TREATMENT OF HIRSUTISM The treatment of hirsutism should be directed toward its cause, whenever possible, but also must consider the extent to which the patient
views it as a problem, and her therapeutic and reproductive goals. Whereas laboratory evaluation is recommended only for women with moderate or severe hirsutism, treatment should be considered for all women who judge themselves hirsute. Excess facial and bodily hair can be a source of significant psychological stress, and many with mild
hirsutism often seek treatment.78 Although hirsutism can be managed using cosmetic measures such as shaving, plucking, waxing, and depilatory agents, most women with hirsutism have increased androgen production, and hair growth promptly recurs if managed only by physical removal; most already are using one or more such methods.
Consequently, almost all who seek treatment for hirsutism require and will benefit from pharmacologic therapy. The severity of hirsutism should be defined before treatment begins to provide the means for monitoring response; the methods and frequency of hair removal provide the most practical and clinically relevant measure of treatment efficacy.
Serial measurements of serum androgen levels during treatment are neither necessary nor helpful. However, repeated hormonal evaluation is indicated when hirsutism progresses despite treatment. Before treatment begins, it also is important to foster reasonable expectations regarding its likely impact as well as timeline for anticipated benefit.
Finer, lighter, and slower hair growth, and the prevention of new terminal hair growth, all can be expected; a complete cessation or elimination of hair growth however cannot. No significant reduction in hair growth may occur for up to 6 months, which approximates the half-life of a hair follicle growth cycle. After 6 months, a change in dose or drug,
or the addition of a second drug, should be considered if the patient judges her response as inadequate. In general, treatment, once initiated, should be continued indefinitely or until the time that the patient is ready to pursue fertility because the problem of hair excess rarely goes away and almost always recurs following treatment
discontinuation.125 Almost all treatment options that are available for management of hirsutism either actively prevent the possibility of conception (such as hormonal contraceptive formulations) or are contraindicated for use in pregnancy (such as antiandrogens that due to known and potential teratogenic effects as in utero exposure of male fetus to
antiandrogens can interfere with the normal development of male external genitalia). Treatments for hirsutism are aimed at reducing the production, increasing the protein-bound proportion, and/or blocking the action of androgens. Combined estrogenprogestin hormonal contraceptives and antiandrogens are the primary weapons in the therapeutic
arsenal against hirsutism. It is important to emphasize that even women with IH relating to increased end-organ sensitivity to androgens can benefit from treatments that lower free/active androgen concentrations or block the androgen receptor126; clinical response correlates with circulating levels of 3α-androstanediol glucuronide (the peripheral
metabolite of DHT), supporting increased peripheral 5α-reductase activity as the cause of IH.127 Estrogen–Progestin Hormonal Contraceptives Estrogen–progestin contraceptives have a number of complementary noncontraceptive actions that make them a logical and effective treatment for hirsutism (Figure 12.9): FIGURE 12.9 Key Points:
Contraceptives Estrogen–Progestin Hormonal In hirsute women, ovarian androgen production usually is an LH-dependent process. The progestin component of the combination estrogen–progestin contraceptives, through negative feedback, suppresses pituitary LH secretion and thereby also suppresses ovarian androgen production.128,129,130,131
The high level of estrogen component in combination contraceptives stimulates hepatic SHBG production, thereby increasing binding capacity for circulating androgens and decreasing the amount of free/active androgen.131,132,133 Directly or indirectly, combination estrogen–progestin contraceptives can also decrease adrenal DHEA-S secretion to
variable degrees.134,135,136,137 Certain synthetic progestogens (19-nor-derivatives such as levonorgestrel and norethindrone) in high doses can inhibit 5α-reductase activity in the skin,138 which decreases the production of dihydrotestosterone (DHT), the major nuclear androgen in hair follicles and sebaceous glands. Others, such as cyproterone
acetate (Figure 12.10) and drospirenone (Figure 12.11), inhibit androgen signaling at the level of the androgen receptor, thereby acting as antiandrogens.139,140,141,142 FIGURE 12.10 FIGURE 12.11 The large majority of the benefits resulting from treatment with estrogen–progestin contraceptives derive from the first two actions. In addition to
these specific actions on androgen production, binding, and metabolism, combination contraceptives have other effects that often are equally important in the clinical management of women with hirsutism. Most women with hirsutism have underlying chronic anovulation and menstrual irregularity as well as episodic dysfunctional bleeding is often
encountered in this population. Combinations of chronic anovulation and insulin resistance often predispose to abnormal patterns of endometrial growth. Treatment with estrogen– progestin contraceptives addresses not just the mechanisms underlying hirsutism but additionally offers endometrial protection due to continuous progestin exposure,
thereby mitigating risk for developing endometrial pathology including hyperplasia and even cancer. The predictability of the induced withdrawal bleeding, lessening in volume and duration of menstrual flow, and thereby improved menstrual discomfort as well as reliable contraceptive efficacy are additional benefits that make combination estrogen–
progestin contraceptive formulations as a first-line approach for managing hirsutism. Current oral contraceptives contain ethinyl estradiol, in doses ranging from 20 to 50 μg daily, and one of a variety of progestins. In general, all low-dose oral contraceptives (containing 20–35 μg ethinyl estradiol) have similar effectiveness in the treatment of acne
and hirsutism. Although estrogen induces a dose-dependent increase in serum SHBG concentrations,131,132 low- and higher-dose pills suppress free testosterone levels to a comparable extent.143,144 Although contraceptive progestins have varying impact on SHBG levels, most studies show no detectable differences in their overall clinical
effectiveness.143,144,145,146,147 Notable, however, are a few studies that demonstrate superiority against symptoms of hyperandrogenism of formulations containing antiandrogenic progestins.139,141 Cyproterone acetate (CPA, Figure 12.10) is an antiandrogenic progestin that has long been available in combination with ethinyl estradiol as oral
contraceptive formulations in many countries; these, however, remain absent from the U.S. market. CPA has been shown to cause greater improvement to hirsutism (as measured by the modified FG score) than other contraceptive progestins after 12 months of use.139 Drospirenone (Figure 12.11), a derivative of spironolactone, is a newer progestin
that has some intrinsic antiandrogenic properties.148,149 The dose of drospirenone utilized in contraceptive formulations (3 mg) is equivalent to approximately 25 mg spironolactone,92 and although this low dose was considered ineffective in providing additive benefit beyond that already offered by the estrogen component of contraceptive
formulations,139,150 recent data demonstrate superiority of drospirenone-containing contraceptives against hyperandrogenism compared to formulations containing other progestins.141 Yet another consideration that relates to the progestin component of a hormonal contraceptive formulation is that of androgenic potential. Progestins that are 19nortestosterone derivates (such as levonorgestrel, norethindrone), while being potent in their progestogenic effects, are innately androgenic and can theoretically worsen symptoms of hyperandrogenism, specifically acne.147,151 Although the evidence is limited that levonorgestrel-containing contraceptive formulations are less effective for hirsutism,
it is prudent to preferentially choose contraceptive formulations containing less androgenic or even antiandrogenic progestin to manage hirsutism, particularly so when acne is also present. The transdermal contraceptive patch (delivering 20 μg ethinyl estradiol and 150 μg norelgestromin daily) and the vaginal contraceptive ring (releasing 15 μg
ethinyl estradiol and 120 μg etonogestrel daily) are effective hormonal contraceptives. The average circulating ethinyl estradiol concentration in transdermal hormonal contraceptive patch users is approximately 60% higher than in women using an oral contraceptive containing 35 μg ethinyl estradiol, resulting in a greater increase in SHBG and thus
a probability of greater benefit against hyperandrogenism; however, the overall decrease in androgen levels is no different from oral formulations.152 Data regarding effects of transdermal and vaginal estrogen–progestin hormonal contraceptive formulations on hirsutism are nonexistent. The progestin-only contraceptive formulations, and in
particular higher-dose progestin regimens, such as medroxyprogesterone acetate 10–20 mg orally daily, or 150 mg intramuscularly every 3 months, may be considered in women with evidence of hyperandrogenemia in the setting of elevated LH levels for whom use of estrogen– progestin combination formulations is contraindicated. Although the
progestin-alone regimen suppresses gonadotropins secretion to a lesser extent than estrogen–progestin regimens, LH still is suppressed sufficiently to cause a significant decrease in ovarian androgen production. In addition, testosterone clearance increases during treatment with medroxyprogesterone acetate,153 due to induction of hepatic enzyme
activity. Although SHBG levels are decreased during treatment, the decrease in androgen production is so great that free testosterone levels still are decreased overall.154 Subjectively, 60–100% of women report improvement in their hirsutism during treatment with oral contraceptives,128,129,130,131,155 which agrees with observations in studies
using objective measures of hirsutism.131,132,155,156,157 Combination oral contraceptives have similar effectiveness for improving acne and seborrhea.158,159 Clinical improvement reflects the decrease in free/active androgen during treatment: new terminal hair growth decreases or stops, terminal hairs already present grow more slowly and
produce finer hair, and acne gradually improves or disappears. Hormone therapy must be continued for at least 6 months before judging its effectiveness. In the meantime, the patient can continue to use her preferred method of hair removal (e.g., shaving, plucking, waxing). After 1–2 years, or when pregnancy becomes the goal, treatment can be
discontinued and the patient observed for a return of ovulatory cycles, although most again will exhibit chronic anovulation. Permanent hair removal by electrolysis or laser methods (discussed below) may be required ultimately, at least in some patients, but is best postponed until hormonal suppression has achieved its maximum benefits.
Antiandrogens Antiandrogens are an effective treatment for hirsutism but are best used in combination with hormonal contraceptives or another means of highly effective contraception because they have the potential to adversely affect sexual development in a genetic male fetus if the patient conceives during treatment. In patients with
contraindications to combined hormonal contraceptives, an alternative means of reliable contraception (e.g., an intrauterine device) should be provided during treatment with antiandrogens. Combination of hormonal contraceptives and antiandrogens also is a logical choice for patients who respond inadequately to contraceptives alone.
Spironolactone Spironolactone is an aldosterone antagonist having structural similarity to progestins that predominantly acts as an androgen receptor antagonist (Figure 12.10). Spironolactone competes with DHT for binding to the androgen receptor and, to varying extent, also inhibits ovarian and adrenal androgen synthesis.160 Although serum
androstenedione levels decrease, those of DHEA, DHEA-S, and cortisol do not significantly change during treatment with spironolactone. The effects of spironolactone are dose dependent, and best results are achieved with doses of 50–100 mg twice daily.161,162,163,164 In two clinical trials comparing spironolactone (100 mg daily) with placebo,
active treatment resulted in significantly greater subjective improvement in hirsutism.165,166 As with all treatments for hirsutism, maximal effects are observed only after approximately 6 months of therapy. Side effects are relatively few, including diuresis in the early days of treatment and occasional complaints of fatigue and abnormal uterine
bleeding. Although spironolactone can cause hyperkalemia, the effect is rare and monitoring of potassium levels is not necessary in women with normal renal function. The action of spironolactone, peripheral androgen receptor blockade, nicely complements the androgen lowering effects of combined oral contraceptives and may thus provide
additional benefit for those who fail to achieve adequate results from oral contraceptives alone. Although the results achieved with combined treatment are not greatly different from monotherapy,167,168,169 the predominant benefits of the combined approach include reliable contraception and avoidance of erratic uterine bleeding that can be
encountered with use of spironolactone alone. The abnormal bleeding pattern associated with spironolactone use can often be avoided by deferring spironolactone until after implementation of a hormonal contraceptive (e.g., by the addition of spironolactone as a second agent after 6 months of oral contraceptive use). Cyproterone Acetate
Cyproterone is a derivative of 17α-hydroxyprogesterone (17OHP) having potent progestational activity that inhibits gonadotropin secretion but also acts as a competitive androgen receptor antagonist and inhibits enzymes involved in androgen synthesis, like spironolactone (Figure 12.10). Cyproterone acetate is the progestin in the combined
estrogen–progestin oral contraceptive called “Diane” (2 mg CPA and 50 μg ethinyl estradiol) in common use in many parts of the world but not available in the United States. The lesser estrogen dose formulation “Dianette” or “Diane 35” contains 2 mg CPA and 35 μg ethinyl estradiol. The drug also has been used in higher doses (12.5–100 mg), alone
or in combination with estrogen.170,171 A systematic review including data from nine clinical trials concluded that combined treatment with CPA and ethinyl estradiol is more effective than placebo and yields results comparable to those achieved with oral contraceptives, spironolactone, and other treatments.172 The most common side effects
associated with cyproterone treatment are fatigue, edema, loss of libido, weight gain, and mastalgia. Finasteride Finasteride inhibits 5α-reductase and thus blocks the conversion of testosterone to the more androgenic DHT. The enzyme 5α-reductase exists in two forms, with type 1 being most prevalent in the skin and type 2 predominating in
reproductive tissues.173 Although finasteride inhibits the type 1 enzyme only to a limited extent, evidence from clinical trials indicates its efficacy is comparable to those of spironolactone and another antiandrogen, flutamide.166,169,174 Because fetal external male genital development requires the action of DHT, the risks of inadvertent finasteride
treatment during pregnancy are a particular concern, and finasteride should not be used without a highly effective method of contraception (Figure 12.12). FIGURE 12.12 Flutamide Flutamide is a nonsteroidal androgen receptor antagonist used primarily in the treatment of prostate cancer. The drug (250–750 mg daily) inhibits hair growth directly
and is as effective as spironolactone,157,166,169,175,176 but its higher cost and potential for causing severe hepatotoxicity make it an unattractive therapeutic choice, by comparison 177,178 (Figure 12.13). FIGURE 12.13 In the absence of significant clinical benefit, combination of two different antiandrogen regimens (such as combining
spironolactone and finasteride) has also been reported to offer benefit.179,180 Insulin-Sensitizing Drugs Given that PCOS is the most common cause of hirsutism and that insulin resistance is a common feature of the disorder, insulin-sensitizing drugs offer another potential approach to the treatment of hirsutism.92,181 Treatment with metformin and
thiazolidinediones (rosiglitazone, pioglitazone) decreases both circulating insulin and androgen levels in women with PCOS.182,183,184,185,186,187,188,189 Improvements in hirsutism scores with use of metformin alone are described in the pediatric population.190 However, a systematic review and meta-analysis including nine placebocontrolled
trials concluded that insulin-sensitizing drugs have no important benefits for the treatment of hirsutism.124 Accordingly, guidelines issued by the Endocrine Society suggest against their use for the treatment of hirsutism.92 Other Treatments The mainstay of medical treatment for hirsutism has been, and remains, estrogen– progestin contraceptives,
with the addition of an antiandrogen as a second-line strategy, often introduced approximately 6 months after initiating trial of combination hormonal contraceptives if the desired cosmetic result has not yet been achieved. However, for women who are significantly bothered by symptoms of hyperandrogenism, and for those interested in use of
levonorgestrel-containing intrauterine system, antiandrogen regimen can be initiated earlier and even concomitantly with contraceptive regimen. Gonadotropin-Releasing Hormone Agonists In women with severe hyperandrogenism who fail to respond to or cannot tolerate treatment with estrogen–progestin contraceptives and antiandrogens, and
particularly in those with evidence of LH dominance, GnRH agonist therapy can be considered. The effectiveness of GnRH agonist therapy relates directly to the suppression of LHdependent ovarian androgen production. GnRH agonists (e.g., leuprolide, nafarelin, goserelin) are not recommended for routine use, primarily because they induce a severe
hypoestrogenism but also because they are more costly and inconvenient to use.92 Serum androgen levels decrease dramatically during GnRH agonist treatment, typically falling to near-castrate levels within as little as a month.191,192,193,194 The addition of estrogen to GnRH agonist therapy to eliminate estrogen deficiency symptoms and prevent
bone loss does not diminish its efficacy for treating hirsutism. Cyclic or continuous treatment with estrogen (e.g., 0.3–0.625 mg conjugated estrogens daily, or equivalent) and progestin (e.g., 5–10 mg medroxyprogesterone), or an estrogen– progestin contraceptive, can be used as “add back” strategy, particularly when GnRH agonist use is planned for
longer than 3-month duration. Combined treatment decreases free testosterone concentrations to lower levels than GnRH therapy alone, due to the added benefit of increased SHBG concentrations induced by estrogen.195,196,197,198 Nevertheless, combined treatment with a GnRH agonist and oral contraceptives is no more effective than treatment
with a GnRH agonist alone, and somewhat less effective than combined treatment with oral contraceptives and an antiandrogen.199 GnRH agonist therapy can also be considered in management of women with ovarian hyperthecosis who typically have severe hyperandrogenism. However, the impact of treatment on their hirsutism may be less than
expected, even when gonadotropin secretion is suppressed profoundly, because most also have severe insulin resistance with hyperinsulinemia driving their androgen production.200 Adequate suppression of ovarian androgens may not be achieved in obese women, given concomitant insulin resistance. Although a combination of GnRH agonist and
metformin can be considered in situations of significant insulin resistance, it is important to appreciate that there data on efficacy of this combination against hirsutism are currently lacking. Glucocorticoids Glucocorticoids are used to suppress endogenous ACTH secretion in the long-term management of women with classical CAH. They also have
been used for the treatment of hirsutism in women with the nonclassical, late-onset form of the disorder, with varying benefit. Although glucocorticoids suppress serum adrenal androgen levels effectively in women with nonclassical CAH, they are less effective than oral contraceptives or antiandrogens for the treatment of hirsutism.201,202
Consequently, glucocorticoid treatment has even less to offer women with other causes for hirsutism.194,203,204 Eflornithine Hydrochloride Eflornithine hydrochloride (13.9% cream) is a topically applied inhibitor of ornithine decarboxylase, an enzyme active in the dermal papilla that is essential for hair growth; it is not a depilatory agent. In clinical

trials, twice daily application produced noticeable improvement in facial hair growth within a few weeks in the majority of patients. However, the drug must be used continuously, because hair growth reverts to pretreatment characteristics within approximately 8 weeks after treatment is discontinued.205 When used in conjunction with laser hair
removal, eflornithine produces a more rapid response than laser treatment alone.206,207 Treatment with topical eflornithine hydrochloride is perhaps best suited for patients with mild facial hirsutism. Permanent Hair Removal A number of options exist for the removal of unwanted hair including plucking, waxing, shaving, or use of depilatory agents
and are commonly utilized by women with hirsutism; while effective to varying degrees, the results achieved are only temporary. After removal by plucking, new hair become apparent at the skin surface after approximately 6–8 weeks. Waxing can be used on larger areas of the body, but results last no longer. Both methods remove the entire hair but
typically not the dermal papilla. Because shaving removes hair to a level only slightly below the skin surface, its results are short-lived and most women will need to shave again within 1–3 days. Electrolysis and photoepilation (laser and pulsed light therapies) strategies are aimed at destruction of the dermal papilla, and results of these interventions
vary both in the magnitude of benefit and in degrees of permanence of hair removal. Electrolysis Electrolysis has been used as a method of permanent hair reduction for more than 100 years.208 The earliest method, called galvanic electrolysis, used direct current applied to a fine needle inserted into the hair follicle, which produced sodium hydroxide
from saline in tissues, causing a chemical destruction of the dermal papilla. Modern “thermolytic” techniques use high-frequency alternating current, causing thermal destruction of the hair follicle, or a “blend” of the two methods.209,210 Although electrolysis is an effective method of “permanent” hair reduction through damaging the dermal
papilla,211 hair growth recurs in up to 25% of women by 6 months after the treatment is discontinued.209,210 In sensitive areas, topical anesthetic creams typically are applied first, because electrolysis can be painful. Electrolysis also can cause inflammation and erythema and, in some, pigmentation changes and scarring. Unfortunately, there are no
governing standards of practice for electrolysis and no formal training is required in many jurisdictions before starting a practice. In experienced hands, electrolysis can produce satisfying results, but the quality of care, and results, can vary considerably (Figure 12.14). FIGURE 12.14 Laser and Pulsed Light Therapies Photoepilation therapies use
laser or intense pulsed light to destroy hair follicles.212,213 Both methods attempt to selectively target the hair bulb by using wavelengths absorbed specifically by melanin, but absorption by pigment in the epidermis also can occur. Consequently, they are best suited for light-skinned individuals with dark hair, in whom most of the energy will be
absorbed by melanin in the hair bulb; the risk of burns and other complications such as postinflammatory pigment changes increases with the amount of skin pigmentation, although advances in technology are improving options for patients with darker skin.214,215,216 Photoepilation therapies can be used for removal of any color of hair but, as
might be expected, are more effective in patients with black or brown hair than in those with red or blonde hair. Success rates achieved with laser and pulsed light therapies vary with hair growth phase, skin and hair color, location, the type of laser, and the number of treatments.217,218 Most patients require a series of four to six treatments at 4- to
6-week intervals to achieve the desired result,214 followed by maintenance treatments every 6–12 months to remove any hairs that grow back. Head-to-head split face comparison studies have demonstrated superiority of pulse light treatments over electrolysis in managing facial hirsutism.219 Key Points: Treatment of Hirsutism The response to all
medical treatments for hirsutism is relatively slow, generally requiring 6 months to achieve significant benefits, which approximates the duration of the life cycle of a hair follicle. In the absence of contraindications, the first treatment of choice for hirsutism, particularly if there is evidence of hyperandrogenemia, is a low-dose estrogen– progestin
contraceptive. In patients having an inadequate response to treatment with estrogen–progestin contraceptives alone, an antiandrogen should be added, with spironolactone generally being the best choice. A trial of 5α-reductase inhibitor can be considered in preference over spironolactone in hirsute women with normal circulating androgen profile.
The use of GnRH agonists should be reserved for patients who fail to respond to or cannot tolerate more traditional treatments and particularly so in women with disproportionately high serum LH levels. GnRH agonist should be combined with sex steroid add-back therapy, which prevents the consequences of hypoestrogenism and does not diminish
the efficacy of GnRH agonist treatment. Permanent hair removal using electrolysis or photoepilation therapies (laser, pulsed light), when necessary, is best postponed until hormonal suppression has achieved its maximum benefits. REFERENCES 1. Knochenhauer ES, Key TJ, Kahsar-Miller M, et al., Prevalence of the polycystic ovary syndrome in
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adrenals are a pair of endocrine glands, one located along the upper medial pole of each kidney. Normal function of the adrenals is not just critical to survival but also contributes toward the earliest signs of physical and sexual maturity, namely, the development of axillary and pubic hair. Menstrual abnormalities such as oligomenorrhea or
amenorrhea are often seen in women with adrenal disorders. On the other hand, certain adrenal disorders, the classic example being congenital adrenal hyperplasia (CAH), can mimic common gynecologic conditions, such as polycystic ovary syndrome (PCOS, discussed in detail in Chapter 11). The goal of including this chapter in a gynecology
textbook is to sensitize this readership to differential diagnoses to consider when evaluating women presenting with menstrual abnormalities, with features that mimic PCOS discussed in Chapter 11, or manifesting certain clinical features that suggest the possibility of an underlying adrenal disorder.1,2 Detailed discussion on the management of
adrenal disorders is beyond the scope of a gynecologist/reproductive endocrinologist, and patients should be referred promptly to an internist-endocrinologist for completion of evaluation and management. Each adrenal gland is composed of two distinct hormone-producing compartments, the outer cortex, and the inner medulla (Figure 13.1). Adrenal
cortical cells are organized into three distinct functional layers, each responsible for a distinct functional category of steroid hormones.3,4 Cells constituting the outermost cortical layer, the zona granulosa, are responsible for secreting a class of hormones called mineralocorticoids. Mineralocorticoids, of which aldosterone is the prototype, are
responsible for bodily fluid and electrolyte homeostasis, and their secretion is governed by the renal reninangiotensin system. Glucocorticoids, of which cortisol is the prototype, are the second class of adrenal steroid hormones, which are secreted by cells that comprise the zona fasciculata of the adrenal cortex. Cortisol is critical to a number of
biologic processes including cellular homeostasis, energy balance, and immunity. Adrenal secretion of cortisol is under the control of ACTH (adrenocorticotropic hormone), and in turn, circulating cortisol maintains a tight control of secretion of both the ACTH (by the anterior pituitary) and of the hypothalamic CRH (corticotropin-releasing hormone)
(Figure 13.2). It is the ACTH that drives the steps involved in the adrenal steroidogenic processes, starting from the initial step of transportation of the parent cholesterol from the cellular cytosol to the mitochondria, as well as regulating the synthesis of the cytochrome P-450 enzymes that are involved in the steroidogenic pathways (Figure 13.3). The
innermost layer of the adrenal cortex is the zona fasciculata, and cells of this layer contain the 17,21-lyase enzyme (CYP17/P450c17) that preferentially leads to production of the glucocorticoid precursors, 17-hydroxyprogesterone and 17hydroxypregnenolone, intermediaries in the synthesis of androgens (see Figure 13.3). FIGURE 13.1 FIGURE 13.2
FIGURE 13.3 ANDROGENS IN WOMEN The ovaries and the adrenal cortex are the two major sources of circulating androgens in women. In women, the major circulating androgens (in descending order of serum concentration) are dehydroepiandrosterone sulfate (DHEA-S), dehydroepiandrosterone (DHEA), androstenedione, testosterone, and
DHT.5,6,7,8 DHEA-S, DHEA, and androstenedione can be considered prehormones because they have little or no intrinsic androgenic activity and require conversion to testosterone to exert androgenic effects. DHEA-S is produced almost exclusively by the adrenal glands, at a rate ranging between 3.5 and 20 mg/day3; the normal serum concentration
is 100–350 μg/dL in most laboratories. DHEA is produced by both the adrenals (50%) and the ovaries (20%) and from the peripheral conversion of DHEA-S (30%). The production rate of DHEA is between 6 and 8 mg/day,6 and normal serum concentrations range between 1 and 10 ng/mL. Androstenedione production is divided equally between the
ovaries and the adrenals; the production rate is between 1.4 and 6.2 mg/day and the normal serum concentration is 0.5–2.0 ng/mL.7,8 Serum immunoassays for DHEA-S, DHEA, and androstenedione generally reflect the amount of biologically available hormone because none of the three is protein bound to any significant extent. In women,
testosterone production derives from the adrenals (25%), from the ovaries (25%), and from peripheral conversion of androstenedione (50%) (Figure 13.4). The production rate ranges between 0.1 and 0.4 mg/day, and the normal serum concentration is 20–80 ng/dL; levels do not fluctuate widely but are lowest during the early follicular phase and
approximately 20% higher at midcycle.6 Testosterone bioavailability and metabolism, relevance of the hepatic sex hormone–binding globulin for tissue effects of androgens, and changes in the ovarian androgen production and in circulating profile in the postmenopausal period are discussed in Chapter 12. Adrenal androgen production is recognized
to progressively decline with advancing age regardless of menopausal state; serum DHEA concentrations in women between ages 40 and 50 years are approximately half those in younger women. FIGURE 13.4 Cells of the adrenal medulla are entirely distinct, both functionally and developmentally, from the cortex. The adrenal medulla is responsible
for the production of catecholamines, norepinephrine and epinephrine, which play critical roles in regulating cardiovascular and renal systems. Although any major systemic disorder will ultimately affect reproductive function, disorders of the adrenal medulla are less likely to manifest as reproductive dysfunction and therefore will not be further
discussed in this chapter. Adrenal Cortical Disorders Relevant to Female Reproduction Congenital Adrenal Hyperplasia (CAH) Congenital adrenal hyperplasia (CAH) includes a group of autosomal recessive inherited endocrine disorders that are characterized by impaired cortisol synthesis due to inherited deficiencies in certain steroidogenic pathway
enzymes.9,10,11,12,13,14,15,16,17,18 Varying degrees of adrenal androgen excess are a hallmark. Clinical presentation is dictated by the severity of enzyme deficiency (and hence degree of cortisol deficiency) and consequent severity of androgen excess. Females with classical CAH (Table 13.1) usually are recognized at birth or during early infancy
due to ambiguous appearance of genitalia (discussed in Chapter 8).11 The nonclassical form of CAH (NCCAH, also known as late-onset CAH), however, tends to manifest later, with stigmata that are often subtle. NCCAH can present as premature adrenarche or precocious puberty (discussed in Chapter 9) and are often misdiagnosed as PCOS due to
accompanying symptoms of hyperandrogenism (hirsutism and/or acne) and irregular menses (discussed in Chapter 11).19,20,21,22,23,24,25 Data from neonatal screening programs for detection of classical CAH indicate that the overall prevalence of classical CAH is approximately 1 in 10,000 to 1 in 15,000 live births and varies with ethnicity. Among
different races, the prevalence reportedly ranges from 1 in 28,000 Chinese26 to between 1 in 5,000 and 1 in 23,000 Caucasians,27,28 to as high as 1 in 280 Yupik Eskimos.29 In the United States, the reported prevalence of classical CAH is 1 in 15,500 White and 1 in 42,000 African Americans.30 In contrast to the general population, the prevalence of
NCCAH among American White and Hispanic women with evidence of hyperandrogenism is higher, reported between 1% and 4%.14 In other countries, prevalence has ranged from as low as 0.3% among Northern Italians to as high as 6–10% among women from Israel, India, and Jordan.15,16 In different studies, the prevalence of nonclassical CAH
has ranged between 1% and 15%.14,15,16,17 TABLE 13.1 Congenital Adrenal Hyperplasia: Common Genetic Variants The most common cause of both classical and nonclassical CAH is adrenal 21hydroxylase (CYP21 or P450c21) deficiency caused by mutations in the CYP21A2 gene.12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27 The
enzyme 21-hydroxylase is responsible for a critical step in the synthesis of both glucocorticoids and mineralocorticoids (see Figure 13.3), and its deficiency results in accumulation and overproduction of the precursor steroidogenic hormone 17α-hydroxyprogesterone (17OHP). 17OHP represents a steroid metabolism intermediary, which not only is the
substrate for 21-hydroxylase enzyme but also represents a critical precursor for both adrenal cortisol and androgen synthesis (see Figure 13.3). Deficiency of 21hydroxylase accounts for the vast majority of cases of CAH (almost 90%). Deficiencies involving 11β-hydroxylase (second most common type of CAH caused by mutations in CYP11B1) occur in
1 in 100,000 live births in the general population and account for approximately 5% of cases of CAH. Deficiency of 3β-hydroxysteroid dehydrogenase represents the least common type of CAH that results from mutations in the HSD3B gene. Regardless of the involved enzyme, the pathophysiology of CAH stems from decreased cortisol production,
which stimulates a compensatory increase in pituitary ACTH secretion; the net results of chronic ACTH excess are adrenal hyperplasia and excessive levels of steroid hormones proximal to the enzyme block, which then seek an alternative metabolic pathway, resulting in increased production of androgens. These disorders are also reviewed in a
context-specific manner in Chapters 8, 9, 11, and 12. The severity of hormonal abnormalities depends on the degree of the enzymatic impairment, which depends on the genotype.31, 32, 33 Compound heterozygotes for two different mutations usually have a phenotype compatible with the milder mutation (Table 13.1). Females with classical CAH
(both salt-wasting and simple virilizing forms) typically present at birth with ambiguous genitalia. In clinical settings with appropriate resources, cases of classic CAH in female newborns are likely to be diagnosed early given the abnormal appearing genitalia. Unless biochemically screened, this diagnosis will be missed in the male newborns who
exhibit normal-appearing male genitalia. Unless diagnosed in a timely manner, infants with classic CAH have a poor prognosis due to rapid onset of electrolyte and fluid imbalance (salt wasting) due to deficiencies of both mineralocorticoids and glucocorticoids. In the United States and many other countries, routine screening of newborns is instituted
to ensure a timely initiation of supplementation with the deficient hormones and consequent normalization of adrenal androgens.18,28,34 In contrast to the classic variant, those with the NCCAH or “lateonset” form of CAH present later, during childhood or early adolescence with precocious puberty, or as young adults with signs of
hyperandrogenism, very much like those with PCOS.18, 19, 20, 21, 22, 23, 24, 25 NCCAH must be considered in the differential diagnoses of all girls and women presenting with signs and symptoms of hyperandrogenism25 and particularly so for those having an early onset of hirsutism (pre- or perimenarcheal, including girls with premature
adrenarche), those with a family history of the disorder, and girls and women in high-risk ethnic groups presenting with features of androgen excess (Hispanic, Mediterranean, Slavic, Ashkenazi Jewish, or Yupik Eskimo heritage). Diagnostic yield from routine screening of CAH is very low, because the disorder is uncommon.2,13,35 The importance of
a prompt diagnosis of NCCAH lies in timeliness of interventions to help minimize severity of androgen excess–related symptoms and to ensure access to preconception genetic counseling given the heritable nature of this disorder. The diagnosis of NCCAH itself is unlikely to change the choice of recommended treatment. Inclusion of glucocorticoids in
the management of NCCAH has been shown to effectively improve hyperandrogenemia through suppressing the ACTH drive by negative feedback. The field however, has long shifted away from using glucocorticoids as a first-line approach and currently recommended management strategies aim at targeting the symptoms, for example, using
combined hormonal contraceptives and antiandrogens to manage hirsutism. Glucocorticoids are less effective than estrogen-progestin contraceptives and/or antiandrogens for the treatment of chronic anovulation and hirsutism in women with NCCAH.36,37 Androgen-Secreting Neoplasms of Adrenals Adrenal neoplasms are a rare cause of androgen
excess. The majority of these are malignant, although testosterone production has been described by some adrenal adenomas. In addition to androgens (DHEA, DHEA-S testosterone), cortisol excess may be seen.38 Clinical presentation can be quite similar to that of ovarian androgen– secreting tumors (as discussed in Chapter 12). Cushing Syndrome
A disorder of cortisol excess, Cushing syndrome, can be confused with PCOS as symptoms of hyperandrogenism, such as hirsutism, as well as menstrual irregularities are often seen. However, the prevalence of Cushing syndrome in women presenting with hyperandrogenism is extremely low, well below 1%.2,35,39 One must be alerted to symptoms
and signs of hypercortisolism, which, however, may vary with the duration and extent of excess cortisol secretion. In addition to hirsutism, the classical features of Cushing syndrome include progressive central obesity, excess fat accumulation in the cheeks (“moon face”) or at the back of the neck (“buffalo hump”), severe fatigue and muscle
weakness, hypertension, atrophy of the skin, and subcutaneous tissue (easy bruising and purple striae on the abdomen and flanks).40 Hyperpigmentation is also common41,42 and can be particularly prominent in cases of Cushing disease (caused by excess secretion of α-melanocyte–stimulating hormone, a by-product of ACTH synthesis from
proopiomelanocortin, the common precursor molecule) in areas most exposed to light (the face, neck, and back of the hands) or areas subject to chronic mild trauma, friction, or pressure (the elbows, knees, knuckles, and shoulders). Hypertension, diabetes, osteoporosis, and depression are common (Table 13.2).43, 44, 45, 46 TABLE 13.2 Causes of
Cortisol Excess The clinical presentation of Cushing syndrome can also be caused by (1) long-term ingestion of prescribed glucocorticoids for chronic medical conditions, (2) an ACTHsecreting pituitary corticotroph adenoma (termed Cushing disease, accounting for most cases of cortisol excess), (3) cortisol-secreting adrenal adenomas and
carcinomas, or (4) ectopic CRH or ACTH secretion by tumors (commonly bronchial carcinoids). The use of prescribed glucocorticoids (oral, rectal, inhaled, topical, or injected) is the most common cause of Cushing syndrome overall. The first step in the evaluation of suspected Cushing syndrome is to exclude exogenous glucocorticoid exposure.
EVALUATION OF WOMEN SUSPECTED ADRENAL DISORDERS WITH Gynecologists in general and reproductive endocrinologists in particular may be the first to encounter patients with adrenal disorders as menstrual dysfunction is a common initial presentation in reproductive-age women. Additionally, adrenal conditions that result in excessive
production of glucocorticoids and/or androgens may mimic features of PCOS, the most common endocrine disorder of reproductive-age women. Gynecologists and reproductive endocrinologists therefore should be familiar with the initial screening process aimed at identifying the few who will benefit from prompt referral to endocrinologists for
additional specific evaluation and definitive management. As always, evaluation should begin with a careful history and physical examination, which always provide important diagnostic clues. Laboratory investigation and imaging are used primarily to exclude other rare or potentially serious possibilities. HISTORY AND PHYSICAL EXAMINATION
Adrenal disorders should be considered in the differential diagnosis of any girl or woman presenting with features of androgen excess as well as menstrual irregularity. Similar to evaluation of hirsutism (Chapter 12), the key elements of the medical history in women with suspected adrenal disorders include the menstrual history, presence, timing of
onset, and rate of progression of features of androgen excess (such as acne, hirsutism, hair loss, or features of virilization discussed in Chapters 11 and 12). Information on race and ethnicity and family history is particularly important when considering genetic disorders of an autosomal recessive inheritance, such as the nonclassical CAH. Although
the clinical presentation of nonclassical CAH can closely resemble that of PCOS, hirsutism tends to present earlier in life and be more severe in women with CAH often accompanied by history of early-onset adrenarche and precocious puberty.47,48 A relatively short history and later age at onset of hirsutism (after age 25) or rapid progression over a
period of months are highly concerning for an androgen-producing neoplasm. Symptoms of androgen excess (hirsutism, acne) if accompanied by progressive weight gain, easy bruising, and depressive symptoms should lead one to consider Cushing syndrome as a differential diagnosis. A family history of hirsutism, menstrual irregularity, obesity, and
infertility should raise concerns for possibility of nonclassical CAH, which is more common in women of Hispanic, Mediterranean, Slavic, or eastern European Jewish (Ashkenazi) heritage. The physical examination should include attention to the general appearance with particular vigilance for signs and symptoms that can suggest a possibility of an
underlying adrenal disorder. The classic descriptions of an excess glucocorticoid milieu include distinct physical features such as moon facies; buffalo hump and facial plethora; presence of wide cutaneous striae of purple hue along the anterior and lateral abdominal wall; proximal muscle weakness; evidence of hypertension, hyperglycemia,
hypokalemia, and osteoporosis and tendency toward easy bruising and depression. Features of androgen excess due to nonclassical CAH are often confused with PCOS presentation, whereas signs of virilization (such as worsening hirsutism, male pattern baldness, clitoromegaly, deepening of voice, increasing libido, and changes in physique that
include a regression in breast size and an increase in muscle mass) should alert one to the possibility of an underlying androgen-secreting tumor, particularly when the onset of symptoms is recent and progression is rapid (months and not years). Clitoral size varies significantly among women49; in one study, the mean length of the glans clitoris was
5.1 ± 1.4 mm and the mean width was 3.4 ± 1.0 mm.50 Clitoromegaly generally is defined by a clitoral length greater than 10 mm or by a clitoral index (length times width) greater than 35 mm2.51 Other relevant physical findings include spontaneous or expressible galactorrhea, suggesting hyperprolactinemia (discussed in Chapter 4), and
abdominal or pelvic masses that may represent an androgen-secreting tumor. As discussed in Chapter 12, the modified Ferriman-Gallwey score is commonly utilized to quantify the severity of hirsutism.52 LABORATORY EVALUATION As discussed in Chapter 12, the relationship between symptoms of hyperandrogenism such as hirsutism and
circulating androgen concentrations is not entirely clear. The primary aim is to identify those having potentially serious endocrine disorders requiring specific treatment (nonclassical CAH, androgen-secreting tumors, Cushing syndrome). Thyroid disorders and hyperprolactinemia should be excluded in women with menstrual dysfunction. Elevated
serum prolactin concentrations can be associated with increased serum DHEA-S levels,53 prolactin receptors have been identified in the human adrenal, and prolactin can increase adrenal DHEA production in vitro.54 Screening for Congenital Adrenal Hyperplasia Serum 17α-Hydroxyprogesterone Concentration In both normal women and those with
NCCAH, the normal diurnal pattern of pituitary ACTH secretion is reflected in serum 17-hydroxyprogesterone (17OHP) concentrations, which peak in the morning and nadir late in the day. Morning serum 17OHP levels during the follicular phase of the menstrual cycle are clearly higher in women with NCCAH than in normal women, whereas evening
concentrations may overlap significantly. A follicular-phase morning serum 17OHP concentration less than 200 ng/dL (10 ng/mL) are virtually diagnostic for 21hydroxylase deficiency, and concentrations between 200 and 800 ng/dL (2–8 ng/mL) strongly suggest the diagnosis, which should be confirmed by performing an ACTH stimulation test.57
ACTH stimulation test is performed by obtaining blood samples before and 60 minutes after administering cosyntropin (synthetic ACTH 1–24, 0.25 mg intramuscularly or intravenously). In most affected women, the response to ACTH stimulation is exaggerated, and the 17OHP level rises above 1,500 ng/dL (Figure 13.5).17,55,56,58 From New MI,
Speiser PW, Genetics of adrenal steroid 21-hydroxylase deficiency, Endocr Rev 7(3):331, 1986.63 Genetic Screening More than 95% of CAH cases are caused by mutations of the CYP21A2 that encodes 21-hydroxylase, a cytochrome P-450 type II enzyme of 495 amino acids.58 The functioning CYP21A2 gene and its duplicated, but nonfunctional
pseudogene (CYP21A1P), are both located on the short arm of chromosome 6 (band 6p21.3).59 A variety of structural abnormalities ranging from deletions, gene duplications, rearrangements, substitutions, and point mutations to splicing mutations have been described to impact the enzyme activity, which in turn is a determinant of the degree of
virilization.60,61,62,63,64,65,66 Because of the high degree of sequence homology between CYP21A2 and its pseudogene, recombination occurs, and more than two-thirds of CYP21A2 disease–causing mutations are pseudogene-derived variants due to gene conversion, the transfer of deleterious pseudogene mutations to the active CYP21A2 gene.14
De novo mutations in CYP21A2 that are not carried by either parent and uniparental disomy of chromosome 6 are rare mechanisms accounting for less than 2% of the cases.65,66 Genotyping should be considered for confirming the diagnosis or elucidating a carrier state. Genotype correlates with disease severity, and the information provided is
essential for preconception counseling. Heterozygote carriers exhibit lesser responses to ACTH stimulation that overlap with those of normal subjects,67 (Figure 13.5). Diagnosis of Androgen-Producing Adrenal Tumor Hormones Testing for elevated androgen levels should begin with a serum total testosterone concentration. Serum testosterone levels
(normal 20–80 ng/dL) are elevated in most (70%), but not all, women with chronic anovulation and hirsutism. A serum total testosterone concentration greater than 150 ng/dL identifies almost all women with a potential androgen-producing tumor.68,69,70 However, because serum testosterone concentrations can vary significantly in women with and
without tumors, a tumor still should be suspected and excluded, in women with rapidly progressive hirsutism or signs or symptoms of virilization, even when the serum testosterone concentration is below the threshold value. DHEA-S circulates in higher concentration than any other steroid and derives almost exclusively from the adrenal gland. It is,
therefore, a direct measure of adrenal androgen activity. The upper limit of normal in most laboratories is approximately 350 μg/dL, but ranges vary among laboratories. DHEA-S serves primarily as a prehormone, providing substrate for conversion to testosterone and henceforth to dihydrotestosterone in the periphery. Although the serum DHEA-S
concentration would seem useful for identifying women with adrenal causes of hyperandrogenism, the test lacks both sensitivity and specificity for that purpose. DHEA-S levels frequently are not grossly elevated in women with nonclassical CAH or Cushing syndrome and often are elevated in women with PCOS.71 However, unlike NCCAH, the levels
of ACTH are not elevated in women with PCOS.72,73 Serum DHEA-S concentration can be grossly elevated (≥700 μg/dL) in women with rare androgen-secreting adrenal tumors. However, in almost all such patients, serum testosterone levels also are greatly elevated,74 via peripheral conversion of high circulating DHEA-S levels or because the tumor
also secretes testosterone. A serum DHEA-S concentration may be useful in women who’s clinical presentation suggests strongly the possibility of a tumor, but the test otherwise has little or no clinical utility in the evaluation of hirsutism. Adrenal CT (Computed Tomography) imaging is extremely sensitive for detecting the rare androgen-producing
adrenal adenoma or carcinoma, and this step should be undertaken when a tumorous source for androgen excess is suspected and when pelvic examination and transvaginal ultrasonography fail to reveal an ovarian tumor.38 Most androgen-secreting adrenal tumors are malignant.38,75,76 Adrenal adenomas typically are smaller (50%) can be
managed by subtotal hysteroscopic myomectomy, abdominal myomectomy, or hysterectomy, depending on the surgeon’s skills and the need to preserve fertility potential. For those experienced with the procedure, laparoscopic or robotic myomectomy approaches are options that are increasingly utilized by women who have not yet completed
childbearing; while offering quicker postoperative recovery and cosmetic benefits from smaller size incisions, these minimally invasive approaches do not eliminate the risk of pelvic adhesions nor the need for cesarean delivery in a future pregnancy. Hysterectomy is certainly an option for women with AUB, multiple large fibroids, and no interest in
future pregnancy. Endometrial Hyperplasia Endometrial hyperplasia is a histologic diagnosis based on findings of proliferating glands of varying size and shape and a greater gland-to-stroma ratio than is observed in the normal endometrium.79 Endometrial hyperplasia results almost exclusively from unopposed chronic estrogen stimulation.
Historically, endometrial hyperplasia was classified as simple or complex (reflecting the architectural pattern), with or without nuclear atypia (enlargement, rounding, pleomorphism, and aneuploidy). The simple and complex designations, based upon the gland-to-stroma ratio in the endometrium, were abandoned by the World Health Organization in
2014,80 both to simplify the terminology and to better reflect the molecular understanding that only the presence of atypia is reflective of the genetic changes that are relevant to the risk of progression of hyperplasia to invasive endometrial cancer. Lesions without atypia basically represent only exaggerated forms of persistent proliferative
endometrium; they regress spontaneously, after curettage or with progestin treatment, and are associated with little risk (1–3%) for progression to adenocarcinoma.81,82,83,84 In contrast, atypical endometrial hyperplasia exhibits an entirely different behavior; it does not often spontaneously regress, can be quite resistant to even repeated curettage
or prolonged high-dose progestational therapy, has significant risk (10–30%) of progression to adenocarcinoma if left untreated, and must therefore be regarded as a precancerous lesion.81,82,83,84 Atypical lesions are distinguished from invasive carcinomas by the absence of stromal invasion. It is important to note that, despite concerted efforts to
standardize classification criteria, there is significant interobserver variability in the classification assigned by pathologists, even within the same institution.85,86 Other classification systems have been proposed,87,88 but none has gained wide acceptance. When an office biopsy reveals endometrial hyperplasia, further evaluation is required to
exclude atypia or a coexisting cancer that was not represented in the tissue specimen, and if subsequent curettage reveals atypical endometrial hyperplasia, there is significant risk of an unrecognized adenocarcinoma. In a retrospective study involving 824 women with a diagnosis of complex atypical hyperplasia after office sampling, 100 were
diagnosed with cancer after further evaluation with curettage, but 298 of the remaining 724 (41%) had unexpected cancer in a hysterectomy specimen obtained within 6 months of the original diagnosis; among those having an occult cancer, 30% had been further evaluated with curettage and 45% had not.89 Endometrial hyperplasia without atypia
has a low risk for progression to endometrial cancer and can be corrected using progestin treatment regimens similar to those recommended for the management of anovulatory bleeding. Cyclic progestin therapy (medroxyprogesterone acetate 5–10 mg daily or norethindrone acetate 5 mg daily for 14 days/month × 3–6 months) induces regression in
at least 80–90% of patients82,174; alternatively, continuous progestin treatment for a similar interval is an effective option. Yet another option for women interested in longer-term contraception is LNG-IUS.175,176,177 Repeat biopsy to confirm regression is recommended in 3 months following initiation of treatment, and in those with a LNG-IUS, it
can be performed without removing the device. Hysterectomy should be considered in patients with persistent endometrial hyperplasia with atypia that is unresponsive to aggressive progestin regimens. Women with intent on preserving their reproductive potential may be treated with progestins, but more potent and longer durations of treatment

(megestrol acetate 80 mg twice daily for 3–6 months) are required and repeated biopsies to monitor response and confirm resolution of the lesion are essential. Insertion of an LNG-IUS is an effective treatment option178; in fact, multiple studies suggest it is more effective than oral progestins, with higher resolution and lower relapse rates. Most
women with atypical hyperplasia will respond to medical treatment.179,180,181 The median time to regression is approximately 9 months, and persistent disease after 7–9 months of treatment predicts failure.179,181 Resistant lesions in women who remain adamantly opposed to surgery may require even higher and longer durations of progestational
therapy. The resistance of atypical lesions to progestin therapy should not be surprising since nuclear atypia reflects a degree of cellular dedifferentiation. Women who respond to medical management should be encouraged to pursue pregnancy at the earliest possible time and must be carefully monitored because recurrence is common. Once
childbearing is completed, placement of LNG-IUS and periodic endometrial surveillance utilizing transvaginal ultrasound and endometrial sampling may be considered. Coagulation Disorders Desmopressin (DDAVP) is a synthetic analog of arginine vasopressin that has been used to treat AUB in women with coagulation disorders, especially those with
von Willebrand disease.182,183,184 The drug promotes the release of von Willebrand factor from endothelial cell storage sites and also may have other actions.185 Desmopressin can be administered intravenously, subcutaneously, or by intranasal spray. The nasal spray formulation generally is recommended for home and prophylactic treatment of
von Willebrand disease. Treatment induces a rapid increase in coagulation factor VIII and von Willebrand factor that lasts 6–12 hours. Although its effects may be only modest, desmopressin has been used successfully in the management of heavy menstrual bleeding in women with von Willebrand disease, beginning treatment with the onset of
menses.183,184,186 ,187,188 Antifibrinolytic therapy is an alternative to treatment with desmopressin in women with menorrhagia relating to von Willebrand disease. Tranexamic acid prevents clot dissolution, particularly in mucous membranes having naturally high fibrinolytic activity such as the endometrium.188,189 Estrogen-progestin
contraceptives or the LNG-IUS also help to reduce the volume and duration of menses in women with von Willebrand disease.190,191 Chronic Endometritis Although there is no single etiology that has been identified as a mechanism for chronic endometritis, a number of infectious etiologies have been suggested including gut bacteria, mycoplasma,
ureaplasma, chlamydia, and even yeast. While there is no consensus on the choice of antimicrobial regimen nor on duration of therapy, a number of empiric regimens are in clinical use (Table 15.5).192,193,194,195 TABLE 15.5 Common Approaches to Managing Chronic Endometritis (CE) Chronic Endometritis If the abnormal bleeding does not
improve with this treatment, efforts should be made to identify another explanation for the abnormal bleeding. OTHER TREATMENTS MENSTRUAL BLEEDING FOR HEAVY A specific cause for heavy or prolonged menstrual bleeding in ovulatory women cannot always be identified; local defects in endometrial hemostasis are presumed
responsible.196 Nevertheless, the problem still can be effectively managed using a variety of nonspecific medical and surgical therapies. Nonsteroidal Anti-Inflammatory Drugs There is little question that prostaglandins have important actions on the endometrial vasculature and in endometrial hemostasis. The concentrations of PGE2 and PGF2α
increase progressively in human endometrium during the menstrual cycle and are found in high concentrations in menstrual endometrium.39 The NSAIDs inhibit prostaglandin synthesis and decrease menstrual blood loss and may also alter the balance between thromboxane A2 (a vasoconstrictor and promoter of platelet aggregation) and
prostacyclin (a vasodilator and inhibitor of platelet aggregation).197 Although the exact mechanism involved is unclear, NSAIDs decrease both normal menstrual bleeding and the increased bleeding associated with an intrauterine device.198,199 In general, NSAID treatment reduces menstrual blood loss by approximately 20–40% and to a greater
extent in those with heavy menstrual bleeding.200,201,202 Ibuprofen (400 mg, taken 3 times daily) and mefenamic acid (500 mg, taken 3 times daily) have been studied most extensively, but no specific NSAID offers any clear advantage.202 Treatment with NSAIDs might be considered the first-line therapy for ovulatory women with heavy menstrual
bleeding and no demonstrable pathology. Side effects are few because treatment is limited, usually beginning with the onset of bleeding and continuing for 3–5 days as necessary. NSAIDs have the added advantage of providing relief from dysmenorrhea, even when menses are normal, and can be taken perimenstrually by women attempting to
conceive. Estrogen-Progestin Contraceptives In addition to their role in anovulatory women, estrogen-progestin contraceptives can be used to reduce menstrual blood loss in ovulatory women with heavy menstrual bleeding, regardless whether the bleeding is associated with pathology (e.g., myomas, adenomyosis) or is unexplained. In women with
unexplained menorrhagia, estrogenprogestin contraceptives can be expected to decrease bleeding by up to 40%.203,204 The Levonorgestrel-Releasing System Intrauterine The LNG-IUS is available in multiple models with different doses and release rates of progestin, as well as different physical sizes and durations of efficacy. The best-studied model
is LNg 52/5, marketed in the United States under the brand name Mirena. Mirena has a reservoir containing 52-mg levonorgestrel mixed with polydimethylsiloxane, which controls the rate of hormone release. For contraceptive purposes, the device is approved for 5 years but lasts for 7 years and perhaps up to 10 years. Menstrual blood loss in
women with heavy menstrual bleeding can be reduced by 75–95%, due to progestin-induced decidualization of the endometrium.205,206 Data from randomized trials indicate that the decrease in menstrual blood loss achieved with the LNg 52/5 is greater than with cyclic administration of norethindrone (5 mg 3 times daily, cycle days 5–26),206,207
NSAIDs,208,209 or tranexamic acid210 and approaches or even equals that achieved with endometrial ablation.211,212 Patient satisfaction with the LNG-IUS also compares favorably to that with ablation or hysterectomy.211 The LNG-IUS is an attractive option for ovulatory women with heavy menstrual bleeding and for women with intractable
bleeding associated with chronic illnesses (renal failure). Gonadotropin-Releasing Hormone Agonists Treatment with a long-acting gonadotropin-releasing hormone agonist (GnRHa) can achieve short-term relief from a bleeding problem and has been used effectively as a preoperative adjunct in women awaiting conservative (myomectomy, endometrial
ablation) or definitive surgery (hysterectomy) for abnormal bleeding. In women with severe anemia resulting from menorrhagia, preoperative GnRHa-induced amenorrhea can provide temporary relief from further bleeding, allow hemoglobin levels to return to normal, and decrease the probability of transfusion with surgery. GnRHa treatment also
will often decrease the size of myomas and overall uterine mass. In women with large fibroids awaiting hysterectomy, the effect can provide an added benefit by allowing a minimally invasive surgical approach when an abdominal operation might otherwise have been required. While the same benefit can be obtained for women with plans for
myomectomy (along with a small decrease in intraoperative blood loss), GnRHa can decrease the size and firmness of myomas, making their identification and removal more difficult. This can result in both an increase in surgical difficulty and an increased chance of persistent myomas that remain after the surgery. As a method for thinning the
endometrium before an ablation procedure (particularly using a resectoscope), GnRHa treatment improves operating conditions and outcomes.213 GnRHa treatment is also useful in the management of abnormal menstrual bleeding that may follow organ transplantation where the toxicity of immunosuppressive drugs makes use of sex steroids less
desirable. However, the expense and side effects resulting from estrogen deficiency (hot flashes, bone mineral depletion) make GnRHa an unattractive long-term strategy for treatment of abnormal bleeding. Gonadotropin-Releasing Hormone Antagonists An oral formulation of a GnRH antagonist was recently approved in the United States (Elagolix)
for the management of moderate to severe pain associated with endometriosis but also offers a potential for benefit for the management of heavy uterine bleeding related to uterine fibroids.214 Selective Progesterone Receptor Modulators This class of agents includes mifepristone and ulipristal acetate (UPA), which in the past decade has emerged as
an effective strategy against heavy menstrual bleeding related to uterine fibroids. Selective progesterone receptor modulators (SPRMs) are highly effective in improving fibroid-related menstrual loss and health-related quality of life.215 In clinical studies, repeated doses of UPA reduced the median fibroid volume by 45% with nearly 90% of patients
reporting a significant reduction in menstrual bleeding.216 Long-term use of SPRMs however has been associated with unique endometrial effects described as progesterone receptor modulator–associated endometrial changes (PAEC), which are considered as both benign and reversible.217 Tranexamic Acid Tranexamic acid is an antifibrinolytic
agent that has been used widely in Europe for the treatment of menorrhagia. The drug reversibly blocks lysine binding sites on plasminogen, thereby preventing fibrin degradation. An oral form of the drug was approved by the U.S. Food and Drug Administration in 2009 for the treatment of heavy menstrual bleeding. The drug is administered for 4–7
days during menses (1000–1500 mg 3–4 times daily; the FDA-approved formulation sold in the United States is taken as 1300 mg 3 times daily for 5 days during menstruation) and decreases menstrual blood loss by 35–60%.218,219 The risk for thrombosis associated with tranexamic acid is controversial.220,221 Consequently, it has limited value in
women with contraindications to hormone therapy, because most relate to the risk of thrombosis. Endometrial Ablation Persistent bleeding despite treatment is both frustrating and concerning. Myomas and polyps usually can be removed, with improvement or resolution of abnormal bleeding. Hysterectomy is an appropriate choice for some, but many
prefer to avoid a major operation if possible, and still others have conditions that make them poor candidates for major surgery. Endometrial ablation is another option for the management of unexplained heavy menstrual bleeding when medical treatments are rejected, unsuccessful, or poorly tolerated.222 A wide variety of methods have been
developed for endometrial ablation. The first method described was hysteroscopic Nd:YAG (neodymium-doped yttrium aluminum garnet) laser photovaporization, almost 40 years ago.223 Soon thereafter, less costly techniques were developed using electrosurgical instruments (resectoscopic loop, roller ball).224,225 A number of randomized
controlled trials have compared hysteroscopic electrosurgical endometrial ablation to hysterectomy as treatment for heavy menstrual bleeding. Overall, hysterectomy involves longer operating and recovery time, a higher risk for complications, and greater expense but provides a permanent solution; the need for retreatment of many women after
ablation narrows the cost difference over time. Satisfaction rates with both procedures are high.226 Several additional techniques for endometrial ablation have been developed.227 Hysteroscopic approaches include a bipolar vaporizing electrode228 and a hydrothermal technique.229 There are also balloon devices that contain heated water (87°C ±
5°C)230,231 and another method that uses a gold-plated mesh electrode that conforms to the uterine cavity and ablates with bipolar radiofrequency.232,233 Still, others employ microwave234 or cryosurgical technologies.235 Compared to traditional hysteroscopic methods, the “blind” techniques for ablation are technically easier to perform, take
less time, are more likely to require only local anesthesia, and achieve similar results, but equipment problems are more common.196,236 Although all methods are effective, there are reasons for choosing one method over another in individual women. Cryoablation and thermal balloon ablative devices are available for office use for women who
prefer an office-based procedure using minimal or no anesthesia.236 Radiofrequency electrosurgical ablation is another excellent officebased method and does not require medical pretreatment to thin the endometrium. Hydrothermal ablation is the procedure of choice for women having an abnormally shaped uterine cavity, unrelated to uterine
myomas. For women with submucous fibroids smaller than 3 cm, microwave ablation may be ideal, although hysteroscopic myomectomy and roller ball electrosurgical ablation also is appropriate and is preferred for women with larger submucous myomas (Table 15.6). TABLE 15.6 Preoperative evaluation before ablation should include thorough
examination of the uterine cavity by saline sonography or office hysteroscopy to exclude focal lesions such as polyps and myomas that can be resected and to identify women not having a normally shaped uterine cavity who may not be appropriate candidates for some global ablation methods like the thermal balloon. Best results with ablation can be
achieved if the endometrium also is first rendered thin and inactive, to increase the likelihood that ablation will include the basal layer of the endometrium, which is 4–6 mm beneath the surface, depending on the phase of the cycle. Several methods to achieve that purpose have been described, including curettage immediately prior to performing the
ablation and preoperative treatment with progestins, estrogen-progestin contraceptives, danazol, or GnRH agonists.213,237 Bipolar radiofrequency ablation is an exception, in that the technique is equally effective with and without endometrial pretreatment. Among women with menorrhagia who undergo an endometrial ablation procedure, 80–90%
report reduced bleeding, 25–50% develop amenorrhea, 70– 80% report less menstrual pain, 75–90% are satisfied with the surgical outcome, and 80% require no additional surgery up to 5 years after ablation.229,231,232,234,235,236,238,239,240 Approximately 15–24% of women who have an endometrial ablation will later have a hysterectomy.
Overall, despite the lower risks, fewer complications, and more rapid recovery associated with endometrial ablation, women treated with hysterectomy tend to be more satisfied with the outcome.241,242,243,244 For obvious reasons, endometrial ablation is not an appropriate treatment for women who have not completed childbearing. Conversely,
endometrial ablation is not a sterilization procedure. Although uncommon, pregnancy is still possible after ablation and is associated with an increased risk for complications, including miscarriage, antepartum hemorrhage, preterm delivery, and abnormal placentation.245,246 Consequently, sexually active women still require contraception after
endometrial ablation. There are legitimate concerns that endometrial carcinomas might be inadvertently managed by endometrial ablation247,248 or that the procedure might obliterate portions of the uterine cavity leaving isolated, residual islands of endometrium in which adenocarcinoma could develop and go unrecognized in the absence of
bleeding.249,250 These observations emphasize the importance of thorough preoperative evaluation, to include endometrial biopsy, and proper patient selection for ablation procedures. Although the risk can never be completely avoided, endometrial ablation is not recommended for women at increased risk for endometrial cancer (obesity, diabetes,
hypertension, smoking, family history, chronic anovulation).251 Importantly, in women who have had an endometrial ablation and receive postmenopausal hormone therapy, treatment must include a progestin to minimize the induction of endometrial hyperplasia or cancer from long-term use of estrogen alone. Other complications of endometrial
ablation include hematometra, cervical stenosis, and uterine perforation. Hematometra develops when active islands of endometrium remain above ablated areas that adhere. Thorough ablation of the upper limits of the cavity, including the cornua and tubal ostia but excluding the cervix and cervical-uterine junction, decreases the risk for
complication. Uterine perforation complicates 1% or less of endometrial ablation procedures. Endometrial ablation can be an effective treatment for women with acute or prolonged bleeding who are hemodynamically stable when medical treatment fails or is contraindicated.252,253,254,255 In one reported series of 26 women with acute severe
bleeding treated by hysteroscopic endometrial resection, no further medical or surgical treatment was required for 24 of the women over 19 months of follow-up; 1 with endometrial cancer detected in the surgical specimen and another with uterine myomas required hysterectomy.252 Key Point: Clinical Principles Considering that abnormal
menstrual bleeding is the single most common complaint that reproductive-age women bring to their physician, all clinicians who provide primary care for women must have an organized, logical approach to the evaluation and treatment of the problem. The following summarizes the key elements of the clinical evaluation and treatment of abnormal
menstrual bleeding in premenopausal women. DIAGNOSTIC EVALUATION SUMMARY Anovulatory bleeding is usually irregular, infrequent, and unpredictable; variable in amount, duration, and character; and most often observed in adolescents and aging women, the obese, and women with the clinical features of PCOS. Regular and predictable but
increasingly heavy or prolonged periods or new onset of episodic intermenstrual bleeding more often results from a structural abnormality than from anovulation. Recurrent episodes of intermenstrual bleeding often result from intrauterine pathology and warrant evaluation. The most common cause of a sudden departure from a well-established
pattern of predictable menses is a complication of pregnancy. The evaluation of women with a complaint of AUB should include a pregnancy test and complete blood count to exclude the possibility of pregnancy and to identify those with anemia and thrombocytopenia. When the clinical history and examination clearly point to anovulatory bleeding,
empiric medical treatment can be offered without additional laboratory evaluation or imaging. A well-timed serum progesterone determination can help to confirm the diagnosis of anovulatory bleeding when doubt exists. A serum TSH can exclude thyroid disorders in anovulatory women. Liver or renal function tests are indicated only for those with
known or strongly suspected disease. Bleeding disorders are more common than is generally perceived. Coagulation tests are indicated for adolescents with heavy menstrual bleeding from menarche, women with past episodes of excessive bleeding from trauma or surgery, and those with unexplained heavy or prolonged menstrual bleeding.
Endometrial biopsy should be seriously considered before treatment begins when the clinical history suggests long-term unopposed estrogen exposure, regardless of age, but is unnecessary when the endometrium is very thin (12 mm), even when clinical suspicion of disease is low. Uterine imaging with ultrasound or sonohysterography should be
performed when examination reveals abnormal uterine size or contours, when history (regular cycles of increasing volume or duration, new-onset intermenstrual bleeding), laboratory tests (serum progesterone >3 ng/mL), or biopsy results (secretory endometrium) provide objective evidence of ovulation, and when empiric medical treatment fails. The
combination of sonohysterography and endometrial biopsy has high sensitivity and high negative predictive value for detection of endometrial and uterine pathology in women with abnormal bleeding. TREATMENT SUMMARY Cyclic progestin therapy is an appropriate treatment for oligomenorrheic anovulatory women with episodic abnormal
bleeding who do not need contraception; choice of an estrogen-progestin contraceptive or the LNG-IUS may be preferable in those seeking contraception. Standard cyclic progestin treatments do not reliably suppress the HPO axis, will not prevent random ovulation, and are not contraceptive. Estrogen therapy is the best initial treatment when a
denuded or attenuated endometrium is strongly suspected or demonstrated. Clinical examples include women in whom optimally performed endometrial biopsy yields minimal tissue, women receiving chronic progestin treatment, and women with prolonged heavy bleeding. Progestin or estrogen-progestin therapy is unlikely to succeed in these
situations and may even aggravate the problem. Failed medical management for presumed anovulatory bleeding suggests strongly that another pathology is causing or contributing to the bleeding and signals the need for additional diagnostic evaluation. In women with acute heavy bleeding, imaging with transvaginal ultrasonography helps to guide
the choice of treatment by defining the endometrial thickness and revealing structural abnormalities not otherwise suspected. Acute prolonged episodes of heavy anovulatory bleeding can be treated effectively with high-dose estrogen-progestin therapy or with high-dose progestin alone (when estrogen is contraindicated), provided that the
endometrium is normal or increased in thickness. Treatment with depot medroxyprogesterone acetate has no place in the acute management of abnormal bleeding. Once administered, it cannot be withdrawn, and if unsuccessful, its effects can be difficult to overcome. Endometrial curettage should be considered when bleeding is acute and demands
immediate action or fails to respond promptly to intensive medical therapy. Hysteroscopy at time of curettage helps to ensure an accurate diagnosis. Endometrial hyperplasia without cytologic atypia is an exaggerated form of persistent proliferative endometrium resulting from long-term unopposed estrogen stimulation in women with chronic
anovulation. With few exceptions, the lesion can be treated effectively with cyclic or continuous progestin therapy or by insertion of a LNG-IUS. Endometrial hyperplasia with cytologic atypia is a precancerous lesion best treated surgically except in women with intent on preserving reproductive potential. Medical management of atypical endometrial
hyperplasia requires high doses and longer durations of progestin treatment or insertion of a LNG-IUS, serial endometrial biopsies to monitor response, and longer-term close surveillance. Uterine myomas are extremely common and cannot be regarded as the cause of abnormal bleeding before other possibilities have been excluded, particularly when
they do not protrude into or displace the uterine cavity. Sonohysterography clearly defines the proximity of myomas to the uterine cavity and helps to differentiate clinically relevant myomas from those that are not. Desmopressin is very effective for the management of heavy menstrual bleeding in women with von Willebrand disease, beginning
treatment with the onset of menses. Tranexamic acid, estrogen-progestin contraceptives, or insertion of a LNG-IUS also helps to reduce the volume and duration of menses in women with coagulation disorders. Nonsteroidal anti-inflammatory drugs, estrogen-progestin contraceptives, LNGIUS, and tranexamic acid are effective medical treatment
options for the management of heavy menstrual bleeding in ovulatory women with adenomyosis, global cavity enlargement related to multiple intramural leiomyomata, and otherwise unexplained menorrhagia. SPRMs are the newest class of agents available for managing abnormal bleeding in patients with uterine fibroids. LNGIUS and GnRHa are
effective options for managing adenomyosis-related abnormal bleeding. Endometrial ablation using hysteroscopic or nonhysteroscopic techniques is an effective alternative to hysterectomy for management of abnormally heavy menstrual bleeding when medical treatments are rejected, unsuccessful, or poorly tolerated. REFERENCES 1. Fraser IS,
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concerns of medicine and society. Mammals define our biologic class by the ability of the breast to nourish our young. As obstetricians, we seek to enhance or diminish function, and as gynecologists, the appearance of inappropriate lactation (galactorrhea), breast masses, breast pain, or changes in breast contour may signify serious disease. Cancer of
the breast is the most prevalent cancer in women. This chapter reviews the factors involved in normal growth and development of the breast, including the physiology of normal lactation, describes the numerous factors leading to inappropriate lactation, and, finally, discusses the endocrine aspects of breast cancer. GROWTH AND DEVELOPMENT
The basic component of the breast lobule is the hollow alveolus or milk gland lined by a single layer of milk-secreting epithelial cells, derived from an ingrowth of epidermis into the underlying mesenchyme at 10–12 weeks of gestation. Each alveolus is encased in a crisscrossing mantle of contractile myoepithelial strands and a rich capillary network.
The lumen of the alveolus connects to a collecting intralobular duct by means of a thin nonmuscular duct. There are 15–20 of these collecting intralobular ducts per breast, which are arranged radially into mammary lobules. The collecting intralobular ducts reach the exterior of the breast and are also lined by contractile muscle cells. Growth of this
milk-producing system is dependent on numerous hormonal factors that occur during embryologic development, at puberty, and then in pregnancy. Although there is considerable overlapping of hormonal influences, the differences in quantities of the stimuli in each circumstance and the availability of entirely unique inciting factors (human placental
lactogen [hPL] and prolactin) during pregnancy permit this chronologic distinction. The strength of the hormonal stimulus to breast tissue during pregnancy is responsible for the fact that nearly half of the male and female newborns have breast secretions (Figure 16.1). FIGURE 16.1 In embryologic development, the ectoderm gives rise to the
epithelial component of the mammary gland and the mesoderm gives rise to the stroma. These initially form as mammary lines down the ventral surface of the embryo, resolving to one pair of placodes of mammary tissue in most humans due to complex signaling cascades from TBX3, BMP4, FGF10, Lef1, and Wnt10b.1,2 These placodes descend from

the surface epithelium into the underlying mesenchyme, leaving stalks of epithelium.3 Once the mammary placode reaches the fat pad, the epithelium branches and lumenizes to form the rudimentary intralobular ducts. Nipple generation occurs by thickening of the epidermis and suppression of hair follicle growth, and this is regulated by parathyroid
hormone–related protein.4 In humans, these processes are similar in males and females. Gender-specific breast differentiation in humans occurs at puberty. The major influences on breast growth at puberty are growth hormone as mediated by insulin-like growth factor 1 (IGF-1) and estrogen.5 In most girls, the first response to the increasing levels
of IGF-1, growth hormone, and estrogen is an increase in size and pigmentation of the areola and the formation of a mass of breast tissue just underneath the areola. Breast tissue binds estrogen in a manner similar to the uterus and vagina. The human breast expresses both estrogen receptors, ER-alpha and ER-beta.6 The development of estrogen
receptors in the breast does not occur in the absence of prolactin. The primary effect of estrogen in subprimate mammals is to stimulate growth of the ductal portion of the gland system. Progesterone in these animals, in the presence of estrogen, influences growth of the alveolar components of the lobule that later become the milk-producing
structures.7 However, no hormone alone is capable of yielding optimal breast growth and development. Full differentiation of the gland requires insulin, cortisol, thyroxine, and prolactin.8 Experimental evidence in mice knockout models supports the combined actions of estrogen and progesterone, mediated primarily by ER-alpha and progesterone
receptor-B but dependent on epidermal growth factor and IGF-1.9,10,11,12 Estrogen and progesterone receptors in normal breast tissue are located in nondividing epithelial cells and in stromal cells adjacent to proliferating epithelial cells, indicating the importance of paracrine communication using growth factors. Growth hormone–induced IGF-1 is
essential in both mammary development and function.9 The pubertal response is a manifestation of closely synchronized central (hypothalamus-pituitary) and peripheral (ovary-breast) events. For example, gonadotropin-releasing hormone (GnRH) is known to stimulate prolactin release, and this action is potentiated by estrogen.13 This suggests a
paracrine interaction between gonadotrophs and lactotrophs, linked by estrogen, ultimately with an impact on the breast. Changes occur routinely in response to the estrogen-progesterone sequence of a normal menstrual cycle. Maximal size of the breast occurs late in the luteal phase. Fluid secretion (Figure 16.2), mitotic activity, and DNA
production of nonglandular tissue and glandular epithelium peak during the luteal phase.14,15,16 This accounts for cystic and tender premenstrual changes. FIGURE 16.2 During the normal menstrual cycle, estrogen receptors in mammary gland epithelium decrease in number during the luteal phase, whereas progesterone receptors remain at a high
level throughout the cycle.17 Studies using tissue from reduction mammoplasties or from breast tissue near a benign or malignant lesion have demonstrated a peak in mitotic activity during the luteal phase.15,18,19 Using fine-needle biopsy tissue, an immunocytochemical marker of proliferation was higher in the luteal phase than in the proliferative
phase.17 And in this study, there was a direct correlation with serum progesterone levels. However, important studies indicate that with increasing duration of exposure, progesterone imposes a limitation on breast cell proliferation.20,21,22 Final differentiation of the alveolar epithelial cell into a mature milk cell is accomplished by the gestational
increase in estrogen and progesterone, combined with the presence of prolactin, but only after prior exposure to cortisol and insulin. The complete reaction depends on the availability of minimal quantities of thyroid hormone. Thus, the endocrinologically intact individual in whom estrogen, progesterone, thyroxine, cortisol, insulin, prolactin, hPL, and
growth hormone are available can have appropriate breast growth and function. During the first trimester of pregnancy, growth and proliferation are maximal, changing to differentiation and secretory activity as pregnancy progresses. Breast tissue changes with aging. During teenage years, the breasts are dense and predominantly glandular. As the
years go by, the breasts contain progressively more fat, but after menopause, this process accelerates so that soon into the postmenopausal years, the breast glandular tissue is mostly replaced by fat. Abnormal Shape and Size Early differentiation of the mammary gland anlage is under genetic and fetal hormonal control. Abnormalities in adult size or
shape may reflect the impact of hormones (especially the presence or absence of testosterone) during this early period of development. This prenatal hormonal influence programs the breast development that will occur in response to the increase in hormones at puberty. Occasionally, the breast bud begins to develop on one side first. Similarly, one
breast may grow faster than the other. These inequalities usually disappear by the time development is complete. However, exact equivalence in size may not be attained. Significant asymmetry is correctable only by a plastic surgeon. Likewise, hypoplasia and hypertrophy can be treated only by corrective surgery. Hormone therapy is ineffective in
producing a permanent change in breast shape or size, with one exception, in patients with primary amenorrhea due to deficient ovarian function; estrogen treatment induces significant and gratifying breast growth. Breast size can be temporarily increased in current users of oral contraceptives, but there is no lasting effect associated with past
use.23 Accessory nipples (almost always without underlying breast tissue) can be found anywhere from the groin to the neck, remnants of the mammary line that extends early in embryonic life (6th week) along the ventral, lateral body wall. They occur in approximately 1% of women (sporadic or familial) and require no therapy. Whether or not
polythelia is associated with renal and urinary tract malformations is controversial.24,25,26,27,28 It is recommended to investigate the renal-urinary tract by renal ultrasound in the presence of polythelia.29 Accessory breast tissue occurs because of incomplete embryologic regression of the mammary ridges, and for this reason, the location is along
the mammary line that extends from the axilla to the pubic area. Ectopic breast tissue is usually detected during puberty, pregnancy, or lactation, a consequence of hormonally induced enlargement. Accessory breasts are commonly bilateral and occasionally are found in unusual locations such as the axilla, scapula, thigh, or labia majora, and when
nipple and areola are absent, the mass can be a diagnostic dilemma.30 Even when the diagnosis is obvious, surgical excision is indicated for cosmetic and comfort reasons.31 Accessory breast tissue is subject to the same risk of cancer as normal breasts. PREGNANCY AND LACTATION Prolactin Secretion In most mammalian species, prolactin is a
single-chain polypeptide of 199 amino acids, 40% similar in structure to growth hormone and placental lactogen. All three hormones are believed to have originated from a common ancestral protein about 400 million years ago. Prolactin is encoded by a single gene on chromosome 6, producing a molecule that in its major form is maintained in three
loops by disulfide bonds.32 Prolactin variants are the result of posttranslational modifications. Little prolactin represents a splicing variant resulting from the proteolytic deletion of amino acids. Big prolactin can result from the failure to remove introns; it has little biologic activity and does not cross-react with antibodies to the major form of prolactin.
The so-called big variants of prolactin are due to separate molecules of prolactin binding to each other, either noncovalently or by interchain disulfide bonding. Some of the apparently larger forms of prolactin are prolactin molecules complexed to binding proteins. High levels of relatively inactive prolactin in the absence of a tumor can be due to the
creation of macromolecules of prolactin by antiprolactin autoantibodies.33,34 Overall, big prolactins account for somewhere between 10% and 25% of the hyperprolactinemia reported by commercial assays.35 Other modifications of prolactin exist, including glycosylation, phosphorylation, deamidation, and sulfation. Prolactin that has been
glycosylated continues to exert activity, and other enzymatic cleavages of the prolactin molecule yield fragments that may be capable of biologic activity. Differences in the carbohydrate moieties can produce differences in biologic activity and immunoreactivity. However, the nonglycosylated form of prolactin is the predominant form of prolactin
secreted into the circulation.36 At any one point of time, the bioactivity (e.g., galactorrhea) and the immunoreactivity (circulating levels by immunoassay) of prolactin represent the cumulative effect of the family of structural variants. Remember, immunoassays do not always reflect the biologic situation (e.g., a normal prolactin level in a woman with
galactorrhea). The routine radioimmunoassay of prolactin is generally clinically reliable, especially at extremely high levels associated with prolactinsecreting pituitary tumors. The anterior pituitary cells that produce prolactin, growth hormone, and thyroidstimulating hormone (TSH; lactotrophs, somatotrophs, and thyrotrophs) require the presence
of Pit-1, a transcription factor, for transactivation. Pit-1 binds to the prolactin gene in multiple sites in both the promoter region and in an adjacent region, designated as a distal enhancer; Pit-1 binding is a requirement for prolactin promoter activity and gene transcription. Many hormones, neurotransmitters, and growth factors influence the prolactin
gene, involved in a level of function beyond that allowed by Pit-1. Fundamental modulation of prolactin secretion is exerted by estrogen, producing both differentiation of lactotrophs and direct stimulation of prolactin production.37,38 An estrogen response element is adjacent to one of the Pit-1 binding sites in the distal enhancer region, and estrogen
stimulation of the prolactin gene involves interaction with this Pit-1 binding site. Estrogen additionally influences prolactin production by suppressing dopamine secretion.39 Prolactin is also synthesized in extrapituitary tissues, including breast tissue and endometrial decidua.40 In extrapituitary sites, the active promoter site is upstream of the
pituitary initiation site and is not regulated by Pit-1, estrogens, or dopamine. Progesterone increases prolactin secretion in the decidua but has no effect in the pituitary (Figure 16.3). FIGURE 16.3 Prolactin is involved in many biochemical events during pregnancy. Surfactant synthesis in the fetal lung is influenced by prolactin, and decidual prolactin
modulates prostaglandin-mediated uterine muscle contractility.41,42 Prolactin also contributes to the prevention of the immunologic rejection of the conceptus by suppressing the maternal immune response. Prolactin is both produced and processed in breast cells. The mechanisms and purpose for mammary production of prolactin remain to be
determined, but prolactin in milk is believed to be derived from local synthesis. Transmission of this prolactin to the newborn may be important for immune functions. Prolactin-Inhibiting Dopamine The basal hypothalamus maintains suppression of pituitary prolactin secretion by delivering dopamine, a prolactin-inhibiting factor (PIF), to the anterior
pituitary via the portal circulation. Suckling suppresses the formation of dopamine.43 Dopamine binds specifically to lactotroph cells and suppresses the secretion of prolactin into the general circulation; in its absence, prolactin is secreted. Dopamine binds to a G-protein– coupled receptor (Chapter 2) that exists in a long form and a short form, but
only the D2 (long form) is present on lactotrophs. There are several other PIFs, but a specific role has been established only for dopamine. Prolactin-Releasing Factor Prolactin secretion may also be influenced by a positive hypothalamic factor, prolactinreleasing factor (PRF). PRF does exist in various birds. The identity of this material has not been
elucidated or its function substantiated in normal human physiology. It is believed that most prolactin secretagogues work by inhibiting dopamine secretion, including thyrotropin-releasing hormone (TRH), growth factors, vasopressin, and oxytocin.44 TRH stimulation of prolactin release involves calcium mechanisms (both internal release and influx
via calcium channels) in response to the TRH receptor, also a member of the G-protein family. However, except in hypothyroidism, normal physiologic changes as well as abnormal prolactin secretion are easily explained and understood in terms of variations in the PIF, dopamine. The Prolactin Receptor The prolactin receptor is encoded by a gene on
chromosome 5p13–14 that is near the gene for the growth hormone receptor. The prolactin receptor belongs to a receptor family that includes many cytokines and some growth factors, supporting a dual role for prolactin as a classic hormone and as a cytokine.32 Prolactin receptors exist in more than one form, all containing an extracellular region, a
single transmembrane region, and a relatively long cytoplasmic domain. There is evidence for more than one receptor, depending on the site of action (e.g., decidua and placenta).45 The similar amino acid identity between prolactin and growth hormone receptors is approximately 30%, with certain regions having up to 70% homology.46 Prolactin
receptors are expressed in many tissues throughout the body. Because of the various forms and functions of prolactin, it is likely that multiple signal mechanisms are involved, and for that reason, no single second messenger for prolactin’s intracellular action has been identified. A protein also exists that functions as a receptor/transporter,
translocating prolactin from the blood into the cerebrospinal fluid, the amniotic fluid, and milk. Amniotic Fluid Prolactin Amniotic fluid concentrations of prolactin parallel maternal serum concentrations until the 10th week of pregnancy, rise markedly until the 20th week, and then decrease. Maternal prolactin does not pass to the fetus in significant
amounts. Indeed, the source of amniotic fluid prolactin is neither the maternal pituitary nor the fetal pituitary. The failure of dopamine agonist treatment to suppress amniotic fluid prolactin levels, and studies with in vitro culture systems indicate a primary decidual source with transfer via amnion receptors to the amniotic fluid, requiring the
intactness of amnion, chorion, and adherent decidua. This decidual synthesis of prolactin is initiated by progesterone, but once decidualization is established, prolactin secretion continues in the absence of both progesterone and estradiol.47 Various decidual factors regulate prolactin synthesis and release, including relaxin, insulin, and IGF-1.
Prolactin produced in extrapituitary sites involves an alternative exon upstream of the pituitary start site, generating a slightly larger RNA transcript compared with the pituitary product. However, the amino acid sequence and the chemical and biologic properties of decidual prolactin are identical to those of pituitary prolactin. It is hypothesized that
amniotic fluid prolactin plays a role in modulating electrolyte economy not unlike its ability to regulate sodium transport and water movement across the gills in fish (allowing the ocean-dwelling salmon and steelhead to return to freshwater streams for reproduction). Thus, prolactin would protect the human fetus from dehydration by control of salt
and water transport across the amnion. Prolactin reduces the permeability of the human amnion in the fetal to maternal direction by a receptor-mediated action on the epithelium lining the fetal surface.48 Decidual and amniotic fluid prolactin levels are lower in hypertensive pregnancies and in patients with polyhydramnios.49,50 Prolactin receptors
are present in the chorion laeve, and their concentration is lower in patients with polyhydramnios.51 Thus, idiopathic polyhydramnios may be a consequence of impaired prolactin regulation of amniotic fluid. Lactation During pregnancy, prolactin levels rise from the normal level of 10–25 ng/mL to high concentrations, beginning about 8 weeks and
reaching a peak of 200–400 ng/mL at term.52,53 The increase in prolactin parallels the increase in estrogen beginning at 7–8 weeks’ gestation, and the mechanism for increasing prolactin secretion (discussed in Chapter 7) is believed to be estrogen suppression of the hypothalamic dopamine, as well as direct stimulation of prolactin gene transcription
in the pituitary.54,55 There is marked variability in maternal prolactin levels in pregnancy, with pulsatile secretion and a diurnal variation similar to that found in nonpregnant subjects. The peak level occurs 4–5 hours after the onset of sleep.56 Made by the placenta and actively secreted into the maternal circulation from the 6th week of pregnancy,
hPL rises progressively, reaching a level of approximately 6,000 ng/mL at term. hPL, though displaying less activity than prolactin, is produced in such large amounts that it may exert a lactogenic effect. Although prolactin stimulates significant breast growth, and is available for lactation, only colostrum (composed of desquamated epithelial cells and
transudate) is produced during gestation. Full lactation is inhibited by progesterone, which interferes with prolactin action at the alveolar cell prolactin receptor level. Both estrogen and progesterone are necessary for the expression of the lactogenic receptor, but progesterone antagonizes the positive action of prolactin on its own receptor, while
progesterone and pharmacologic amounts of androgens reduce prolactin binding.46,57,58 In mice, progesterone stimulates a corepressor that blocks the promoter region of the casein milk protein gene, thus inhibiting transcription.59 After delivery, the loss of progesterone leads to a decrease in the inhibitory peptide. The effective use of high doses
of estrogen to suppress postpartum lactation indicates that pharmacologic amounts of estrogen also block prolactin action (Figure 16.4). FIGURE 16.4 The principal hormone involved in milk biosynthesis is prolactin. Without prolactin, synthesis of lactose, lipids, and the primary protein, casein, will not occur, and true milk secretion will be impossible.
The hormonal trigger for initiation of milk production within the alveolar cell and its secretion into the lumen of the gland is the rapid disappearance of estrogen and progesterone from the circulation after delivery. The clearance of prolactin is much slower, requiring 7 days to reach nonpregnant levels in a nonbreastfeeding woman. These discordant
hormonal events result in removal of the estrogen and progesterone inhibition of prolactin action on the breast. Breast engorgement and milk secretion begin 3–4 days postpartum when the sex steroids have been sufficiently cleared. Maintenance of steroidal inhibition or rapid reduction of prolactin secretion (with a dopamine agonist) is effective in
preventing postpartum milk synthesis and secretion. Augmentation of prolactin (by domperidone, metoclopramide, TRH, or sulpiride; all dopamine receptor blockers) results in increased milk yield.60 In the first postpartum week, prolactin levels in breastfeeding women decline approximately 50% (to about 100 ng/mL). Suckling elicits increases in
prolactin, which is important in initiating milk production. Until 2–3 months postpartum, basal levels are approximately 40–50 ng/mL, and there are large (about 10–20-fold) increases after suckling. Throughout breastfeeding, baseline prolactin levels remain elevated, and suckling produces a twofold increase that is essential for continuing milk
production.61,62 The pattern or values of prolactin levels do not predict the postpartum duration of amenorrhea or infertility.63 The failure to lactate within the first 7 days postpartum may be the first sign of Sheehan syndrome (hypopituitarism following intrapartum infarction of the pituitary gland). Maintenance of milk production at high levels is
dependent on the joint action of both anterior and posterior pituitary factors. By mechanisms to be described in detail shortly, suckling causes the release of both prolactin and oxytocin as well as TSH.64,65 Prolactin sustains the secretion of casein, fatty acids, and lactose and the volume of secretion, while oxytocin contracts myoepithelial cells and
empties the alveolar lumen, thus enhancing further milk secretion and alveolar refilling. The increase in TSH with suckling suggests that TRH may play a role in the prolactin response to suckling. The optimal quantity and quality of milk are dependent upon the availability of thyroid, insulin and the insulin-like growth factors, cortisol, and the dietary
intake of nutrients and fluids. Secretion of calcium into the milk of lactating women approximately doubles the daily loss of calcium.66,67 In women who breastfeed for 6 months or more, this is accompanied by significant bone loss even in the presence of a high calcium intake.68 However, bone density rapidly returns to baseline levels in the 6
months after weaning.69,70 The bone loss is due to increased bone resorption, probably secondary to the relatively low estrogen levels associated with lactation. It is possible that recovery is impaired in women with inadequate calcium intake; total calcium intake during lactation should be at least 1,500 mg/day. Nevertheless, calcium
supplementation has no effect on the calcium content of breast milk or on bone loss in lactating women who have normal diets.71 In addition, fetuses and lactating mothers, except in unusual circumstances, do not suffer from a significant deficiency in vitamin D.72 Furthermore, studies indicate that any loss of calcium and bone associated with
lactation is rapidly restored, and therefore, there is no impact on the risk of postmenopausal osteoporosis.73,74,75,76,77 Rarely, a pregnant woman can present with osteoporosis and vertebral fractures, probably a consequence of very inadequate calcium intake and severe vitamin D deficiency.78 Case reports of pregnancy-associated osteoporosis
indicate that this acute condition can be successfully treated with either bisphosphonates or teriparatide, the parathyroid hormone fragment.79,80 Antibodies are present in breast milk and contribute to the health of an infant. Besides the proteins, carbohydrates, and fats that provide a complete and balanced diet, human milk prevents infections in
infants both by transmission of immunoglobulins and by modifying the bacterial flora of the infant’s gastrointestinal tract. Viruses can be transmitted through breast milk; however, women infected with hepatitis B may breastfeed if the child is immunized with HBIG passive prophylaxis and vaccine active prophylaxis.81 Women infected with hepatitis
A and C or cytomegalovirus may breastfeed if following routine hygienic precautions. Women with human immunodeficiency viruses and active herpetic outbreaks on the breasts are advised not to breastfeed. Vitamin A, vitamin B12, and folic acid are significantly reduced in the breast milk of women with poor dietary intake. As a general rule,
approximately 1% of any drug ingested by the mother appears in breast milk. Prolonged breastfeeding has many health benefits for both the mother and infant, including lowered risk of maternal breast cancer, ovarian cancer, diabetes, hypertension, and heart disease and lowered risk of infant infectious disease, sudden infant death syndrome, and
metabolic disease including diabetes and obesity in childhood. Frequent emptying of the lumen is important for maintaining an adequate level of secretion. Indeed, after the fourth postpartum month, suckling appears to be the only stimulant required; however, environmental and emotional states also are important for continued alveolar activity.
Vigorous aerobic exercise does not affect the volume or composition of breast milk, and therefore, infant weight gain is normal.82 Maternal diet and hydration have little impact on lactation; the primary control of milk output is under the control of the infant’s suckling.83 Suckling studied with ultrasonography indicates that the infant’s instinctive
attachment to a nipple immediately establishes a vacuum seal.84 The tongue moves up and down, increasing the vacuum and producing milk flow during the downward motion. However, the ejection of milk from the breast does not occur only as the result of a mechanically induced negative pressure produced by suckling. Tactile sensors
concentrated in the areola activate, via thoracic sensory nerve roots 4, 5, and 6, an afferent sensory neural arc that stimulates the paraventricular and supraoptic nuclei of the hypothalamus to synthesize and transport oxytocin to the posterior pituitary. The efferent arc (oxytocin) is blood-borne to the breast alveolus-ductal systems to contract
myoepithelial cells and empty the alveolar lumen. Milk contained in major ductal repositories is ejected from 15–20 openings in the nipple. This rapid release of milk is called “letdown.” This important role for oxytocin is evident in knockout mice lacking oxytocin who undergo normal parturition but fail to nurse their offspring.85 The milk ejection
reflex involving oxytocin is present in all species of mammals. Oxytocin-like peptides exist in fish, reptiles, and birds, and a role for oxytocin in maternal behavior may have existed before lactation evolved.83 In many instances, the activation of oxytocin release leading to letdown does not require initiation by tactile stimuli. The central nervous system
can be conditioned to respond to the presence of the infant, or to the sound of the infant’s cry, by inducing activation of the efferent arc. These messages are the result of many stimulating and inhibiting neurotransmitters. Suckling, therefore, acts to refill the breast by activating both portions of the pituitary (anterior and posterior) causing the breast
to produce new milk and to eject milk. The release of oxytocin is also important for uterine contractions that contribute to involution of the uterus. The oxytocin effect is a release phenomenon acting on secreted and stored milk. Prolactin must be available in sufficient quantities for continued secretory replacement of ejected milk. This requires the
transient increase in prolactin associated with suckling. The amount of milk produced correlates with the amount removed by suckling. The breast can store milk for a maximum of 48 hours before production diminishes. Breastfeeding by Adopting Mothers Adopting mothers occasionally request assistance in initiating lactation.86 Successful
breastfeeding can be achieved by ingestion of 25-mg chlorpromazine t.i.d. or metoclopramide 10 mg t.i.d. together with vigorous nipple stimulation using a breast pump every 3–4 hours.87 Milk production will not appear for several weeks. This preparation ideally should begin about a month before the expected baby is due. Stasis of milk within the
breast, without stimulation, will lead to cessation of lactation. Once adequate lactation is established, drug treatment should be discontinued, tapering the dose over 3 weeks. Cessation of Lactation Lactation can be terminated by discontinuing suckling. The primary effect of this cessation is loss of milk letdown via the neural evocation of oxytocin.
With passage of a few days, the swollen alveoli depress milk formation probably via a local pressure effect (although milk itself may contain inhibitory factors). With resorption of fluid and solute, the swollen engorged breast diminishes in size in a few days. In addition to the loss of milk letdown, the absence of suckling reactivates dopamine
production so that there is less prolactin stimulation of milk secretion. Routine use of a dopamine agonist for suppression of lactation is not recommended because of reports of hypertension, seizures, myocardial infarctions, and strokes associated with its postpartum use. Contraceptive Effect of Lactation A moderate contraceptive effect accompanies
lactation and produces child spacing, which is very important in the developing world as a means of limiting family size. The contraceptive effectiveness of lactation depends on the intensity of suckling, the extent to which supplemental food is added to the infant diet, and the level of nutrition of the mother (if low, the longer the contraceptive interval;
however, well-nourished and undernourished women resume ovulating at the same time postpartum88). If suckling intensity or frequency is diminished, contraceptive effect is reduced. Only amenorrheic women who exclusively breastfeed at least every hour, including nighttime, during the first 6 months have the contraceptive protection equivalent
to that provided by oral contraception (98% efficacy); with menstruation or after 6 months, the chance of ovulation increases.89,90 With full or nearly full breastfeeding, approximately 70% of women remain amenorrheic through 6 months and only 37% through 1 year; nevertheless, with exclusive breastfeeding, the contraceptive efficacy at 1 year is
high, at 92%.90 Fully breastfeeding women commonly have some vaginal bleeding or spotting in the first 8 postpartum weeks, but this bleeding is not due to ovulation.91 Supplemental feeding increases the chance of ovulation (and pregnancy) even in amenorrheic women.92 Total protection is achieved by the exclusively breastfeeding woman for a
duration of only 10 weeks.91 Half of women studied who are not fully breastfeeding ovulate before the 6th week, the time of the traditional postpartum visit; a visit during the third postpartum week is strongly recommended for contraceptive counseling (Table 16.1). TABLE 16.1 Rule of 3s for Postpartum Initiation of Contraception In
nonbreastfeeding women, gonadotropin levels remain low during the early puerperium and return to normal concentrations during the 3rd to 5th week when prolactin levels have returned to normal. In an assessment of this important physiologic event (in terms of the need for contraception), the mean delay before first ovulation was found to be
approximately 45 days, while no woman ovulated before 25 days after delivery.89 Half of women studied ovulated before the 6th postpartum week, underscoring the need to move the traditional postpartum medical visit to the 3rd week after delivery. In women who do receive dopamine agonist treatment at or immediately after delivery, return of
ovulation is slightly accelerated, and contraception is required a week earlier, in the 2nd week postpartum.93,94 Prolactin concentrations are increased in response to the repeated suckling stimulus of breastfeeding.95 Given sufficient intensity and frequency, prolactin levels remain elevated. Under these conditions, follicle-stimulating hormone (FSH)
concentrations are in the low normal range (having risen from extremely low concentrations at delivery to follicular range in the 3 weeks postpartum), and luteinizing hormone (LH) values are also in the low normal range. Low levels of gonadotropins do not allow the ovary to display follicular development and secrete estrogen. Therefore, vaginal
dryness and dyspareunia are commonly reported by breastfeeding women. The use of vaginal estrogen preparations is discouraged because absorption of the estrogen can lead to inhibition of milk production. Vaginal lubricants should be used until ovarian function and estrogen production return. The mechanism of the contraceptive effect is of
interest because a similar interference with normal pituitary-gonadal function is seen with elevated prolactin levels in nonpregnant women with breast milk production and amenorrhea. Earlier experimental evidence suggested that the ovaries might be refractory to gonadotropin stimulation while prolactin levels are high enough to produce
galactorrhea.96 Prolactin appears to affect granulosa cell function in vitro by inhibiting the synthesis of progesterone. It also may change the testosterone/dihydrotestosterone ratio, thereby reducing aromatizable substrate and increasing local antiestrogen concentrations. Nevertheless, a direct effect of prolactin on ovarian follicular development
does not appear to be a major factor. The alternative and predominant contraceptive mechanism is central. Elevated levels of prolactin inhibit the pulsatile secretion of GnRH.97,98 Prolactin excess has short-loop positive feedback effects on dopamine. Increased dopamine reduces GnRH by suppressing arcuate nucleus function, perhaps in a
mechanism mediated by endogenous opioid activity.99,100 However, blockade of dopamine receptors with a dopamine antagonist or the administration of an opioid antagonist in breastfeeding women does not always affect gonadotropin secretion.101 The exact mechanism for the suppression of GnRH secretion remains to be fully identified. The
principle of GnRH suppression by prolactin is reinforced by the demonstration that treatment of amenorrheic, lactating women with pulsatile GnRH fully restores pituitary secretion and normal ovarian cyclic activity.102 At weaning, as prolactin blood concentrations fall to normal, gonadotropin levels increase, and estradiol secretion rises. This
prompt resumption of ovarian function is followed by the occurrence of ovulation within 14–30 days of weaning. INAPPROPRIATE LACTATION: GALACTORRHEA SYNDROMES Galactorrhea refers to the mammary secretion of a milky fluid, which is nonphysiologic in that it is inappropriate (not immediately related to pregnancy or the needs of a
child), persistent, and sometimes excessive. Although usually white or clear, the color may be yellow or even green. In the latter circumstance, local breast disease should be considered. To elicit breast secretion, pressure should be applied to all sections of the breast beginning at the base of the breast and working up toward the nipple. Galactorrhea
can involve both breasts or just one breast. Hormonally induced secretions usually come from multiple duct openings in contrast to pathologic discharge that usually comes from a single duct. A bloody discharge is more typical of cancer. The quantity of secretion is not an important criterion. Amenorrhea does not necessarily accompany galactorrhea,
even in the most serious provocative disorders. Any galactorrhea demands evaluation in a nulliparous woman or if at least 12 months has elapsed since the last pregnancy or weaning in a parous woman. This recommendation has evolved empirically, knowing that many women have the persistence of galactorrhea for many months after breastfeeding,
and therefore, there is room for clinical judgment. Differential Diagnosis of Galactorrhea The differential diagnosis of galactorrhea is a complex clinical challenge. The difficulty arises from the multiple factors involved in the control of prolactin release. In most pathophysiologic states, the final common pathway leading to galactorrhea is an
inappropriate augmentation of prolactin release. The following considerations are important: 1. Increased prolactin release can be a consequence of prolactin elaboration and secretion from pituitary tumors (discussed in Chapter 10), which function independently of the otherwise appropriate restraints exerted by PIFs from a normally functioning
hypothalamus. This infrequent but potentially dangerous tumor, which has endocrine, neurologic, and ophthalmologic liabilities that can be disabling, makes the differential diagnosis of persistent galactorrhea a major clinical challenge. Beyond producing prolactin, the tumor may also suppress pituitary parenchyma by expansion and compression,
interfering with the secretion of other tropic hormones. Other pituitary tumors may be associated with lactotroph hyperplasia and present with the characteristic syndrome of hyperprolactinemia and amenorrhea. 2. A variety of drugs can inhibit hypothalamic dopamine.103 There are nearly 100 phenothiazine derivatives with indirect mammotropic
activity. In addition, there are many phenothiazine-like compounds, reserpine derivatives, amphetamines, and an unknown variety of other drugs (opiates, diazepams, butyrophenones, verapamil, α-methyldopa, and tricyclic antidepressants) that can initiate galactorrhea via hypothalamic suppression. The final action of these compounds is either to
deplete dopamine levels or to block dopamine receptors. Chemical features common to many of these drugs are an aromatic ring with a polar substituent as in estrogen and at least two additional rings or structural attributes making spatial arrangements similar to estrogen. Thus, these compounds may act in a manner similar to estrogens to decrease
dopamine and/or to act directly on the pituitary. In support of this conclusion, it has been demonstrated that estrogen and phenothiazine derivatives compete for the same receptors in the median eminence. Prolactin is uniformly elevated in patients on therapeutic amounts of these drugs, but essentially never as high as 100 ng/mL. Approximately 30–
50% exhibit galactorrhea that should not persist beyond 3–6 months after drug treatment is discontinued. 3. Hypothyroidism (juvenile or adult) can be associated with galactorrhea. With diminished circulating levels of thyroid hormone, hypothalamic TRH is produced in excess and acts as a PRF to release prolactin from the pituitary. Reversal with
thyroid hormone is strong circumstantial evidence to support the conclusion that TRH stimulates prolactin. 4. Excessive estrogen (e.g., oral contraceptives) can lead to milk secretion via hypothalamic suppression, causing reduction of dopamine and release of pituitary prolactin, and direct stimulation of the pituitary lactotrophs. Galactorrhea
developing during oral contraceptive administration may be most noticeable in the traditional dosing regimen during the 7 days free of medication (when the steroids are cleared from the body and the prolactin interfering action of the estrogen and progestin on the breast wanes). Galactorrhea caused by excessive estrogen disappears within 3–6
months after discontinuing medication. This is now a rare occurrence with the lower-dose pills.104 A longitudinal study of 126 women did demonstrate a 22% increase in prolactin values over mean control levels, but the response to low-dose oral contraceptives was not out of the normal range.105 5. Prolonged intensive suckling can also release
prolactin, via hypothalamic reduction of dopamine. Similarly, thoracotomy scars, cervical spinal lesions, eczema, and herpes (Figure 16.5) zoster can induce prolactin release by activating the afferent sensory neural arc, thereby simulating suckling. Galactorrhea and elevated prolactin levels have been observed secondary to nipple piercing.106 6.
Stresses can inhibit hypothalamic dopamine, thereby inducing prolactin secretion and galactorrhea. Trauma, surgical procedures, and anesthesia can be seen in temporal relation to the onset of galactorrhea. 7. Hypothalamic lesions, stalk lesions, or stalk compression (events that physically reduce production or delivery of dopamine to the pituitary)
allow release of excess prolactin leading to galactorrhea. 8. Increased prolactin concentrations can result from nonpituitary sources such as lung, ovarian, and renal tumors and even a uterine leiomyoma. Severe renal disease requiring hemodialysis is associated with elevated prolactin levels due to the decreased glomerular filtration rate. FIGURE
16.5 The Clinical Problem of Galactorrhea A variety of eponymic designations were applied in the past to variants of the lactation syndromes based on the presence of an intrasellar tumor or antecedent pregnancy. Currently, categorization of individual cases according to these eponymic guidelines neither is helpful nor does it permit discrimination of
patients who have serious intrasellar or suprasellar pathology. Galactorrhea and hyperprolactinemia are not completely correlated. The reported incidence of women with hyperprolactinemia displaying galactorrhea is about 33%. The disparity may be due partially to the variable zeal with which the presence of nipple milk secretion is sought during
physical examination, the usually accompanying hypoestrogenic state, or heterogeneity of tropic hormones (Chapter 1). The immunoassay for prolactin may not discriminate among heterogeneous molecules of prolactin. A high circulating level of prolactin may not represent material capable of interacting with breast prolactin receptors. On the other
hand, galactorrhea can be seen in women with normal prolactin serum concentrations. Episodic fluctuations and sleep increments may account for this clinical discordance, or in this case, bioactive prolactin may be present that is immunoreactive not detectable. Remember that at any one point in time, the bioactivity (galactorrhea) and the
immunoreactivity (immunoassay result) of prolactin represent the cumulative effect of the family of structural and molecular prolactin variants present in the circulation. Hyperprolactinemia or galactorrhea may be associated with a variety of menstrual cycle disturbances: corpus luteum insufficiency (luteal phase defect), oligoovulation, as well as
amenorrhea. About one-third of women with secondary amenorrhea have elevated prolactin concentrations. Pathologic hyperprolactinemia inhibits the pulsatile secretion of GnRH, and the reduction of circulating prolactin levels restores menstrual function. Mild hirsutism may accompany ovulatory dysfunction caused by hyperprolactinemia. Whether
excess androgen is stimulated by a direct prolactin effect on adrenal cortex synthesis of dehydroepiandrosterone (DHEA) and its sulfate (DHEAS) or is primarily related to the chronic anovulation of these patients (and hence ovarian androgen secretion) is not settled. Another possibility is hyperinsulinemia. Women with elevated prolactin levels have
been reported to have an association with hyperinsulinemia because of an increase in peripheral insulin resistance.107,108,109,110,111,112,113,114 This association is independent of obesity; however, there is considerable variation and the mechanism is uncertain. We recommend that in patients with hyperprolactinemia who have a family history of
early coronary heart disease or who have an abnormal lipid profile, consideration should be given to the evaluation and management of hyperinsulinemia as described in Chapter 11. In the pathophysiology of male hypogonadism, hyperprolactinemia is much less common, and the incidence of actual galactorrhea quite rare. Hyperprolactinemia in men
usually presents with decreased libido and potency. If galactorrhea has been present for 6 months to 1 year, or hyperprolactinemia is noted in the process of working up menstrual disturbances, infertility, or hirsutism, the probability of a pituitary tumor must be recognized. The evaluation and management of hyperprolactinemia are presented in
detail in Chapter 10. Galactorrhea as an isolated symptom of hypothalamic dysfunction existing in an otherwise healthy woman does not require treatment. Periodic prolactin levels, if within normal range, confirm the stability of the underlying process. However, some patients find the presence or amount of galactorrhea sexually, cosmetically, and
emotionally burdensome. Treatment with combined oral contraceptives, androgens, danazol, and progestins has met minimal success. Dopamine agonist treatment, as described in Chapter 10, therefore, is the therapy of choice. Even with normal prolactin concentrations and normal imaging, treatment with a dopamine agonist can eliminate
galactorrhea. THE MANAGEMENT OF MASTALGIA The cyclic premenstrual occurrence of breast discomfort is a common problem and is occasionally associated with dysplastic, benign histologic changes in the breast. Neither a specific etiology (although the response is probably secondary to the hormonal stimulation of the luteal phase) nor an
adverse consequence (such as an increased risk of breast cancer) has been established.115 Approximately 70% of women report premenstrual breast discomfort in surveys, and interference with activities is recorded in 10–30%.115 Medical treatment of mastalgia has historically included a bewildering array of options. Several are of questionable
value. Diuretics have little impact, and thyroid hormone treatment is indicated only when hypothyroidism is documented. Steroid hormone treatment has been tried in many combinations, mostly unsupported by controlled studies. An old favorite, with many years of clinical experience testifying to its effectiveness, is testosterone. One must be careful,
however, to avoid virilizing doses. In recent years, these methods have been supplanted by several new approaches. Danazol in a dose of 100–200 mg/day is effective in relieving discomfort as well as decreasing nodularity of the breast.116,117 A daily dose is recommended for a period of 6 months. This treatment may achieve long-term resolution of
histologic changes in addition to the clinical improvement. Doses below 400 mg daily do not assure inhibition of ovulation, and a method of effective contraception is necessary because of possible teratogenic effects of the drug. Significant improvement has been noted with vitamin E, 600 units/day of the synthetic tocopherol acetate. No side effects
have been noted, and the mechanism of action is unknown.118 Bromocriptine (2.5 mg/day, which can be administered vaginally if side effects are a problem) and antiestrogens such as tamoxifen (10 or 20 mg daily) are also effective for treating mammary discomfort and benign disease.117,119,120 In a comparison study, tamoxifen was more effective
than danazol.117 Clinical observations suggested that abstinence from methylxanthines leads to resolution of symptoms. Methylxanthines (caffeine, theophylline, and theobromine) are present in coffee, tea, chocolate, and cola drinks. In controlled studies, however, a significant placebo response rate (30–40%) has been observed. Careful assessments
of this relationship in controlled studies failed to demonstrate a link between methylxanthine use and mastalgia, mammographic changes, or atypia (premalignant tissue changes).121,122 In addition, studies have consistently failed to detect a convincing link between methylxanthine-containing beverages and the risk of breast
cancer123,124,125,126,127 (Figure 16.6). FIGURE 16.6 CANCER OF THE BREAST Scope of the Problem Currently, female American newborns have a lifetime probability of developing breast cancer of 12.4%, about one in eight, double the risk in 1940.128,129 There are about 252,000 new cases of invasive breast cancer and 63,000 new cases of in
situ breast cancer per year in the United States. Between 2002 and 2003, there was a 7% decrease in the incidence of invasive breast cancer, and since 2004, breast cancer incidence has stabilized.128 This decrease and stabilization are believed to reflect a reduction in the use of postmenopausal hormone therapy following the publicized results of
the Women’s Health Initiative in 2002 (Chapter 17), as well as an increase in the utilization of mammography in the 1990s. About 97% of all breast cancers in the United States occur in women over age 40; 77% of all cases occur over age 50.128 Mortality rates remained disappointingly constant until a decline began in the 1990s. The 5-year survival
rate for localized breast cancer (about 61% of breast cancers) has risen from 72% in the 1940s to 99%.128 This is attributed to better therapy and earlier diagnosis because of the greater utilization of screening mammography. With regional spread, the 5-year survival rate for breast cancer is 85%; with distant metastases, the rate is 27%. The breast
is the leading site of cancer in US women and is the second highest cause of cancer death in US women (behind lung cancer)130 (Table 16.2, Figures 16.7 and 16.8). TABLE 16.2 The Chances of Developing Breast Cancer in the United States According to Age128 FIGURE 16.7 FIGURE 16.8 Over the years, breast cancer continued to have a deadly
impact despite advances in surgical and diagnostic techniques. Classically, the single most useful prognostic information in women with operable breast cancer has been the histologic status of the axillary lymph nodes.131,132 The survival rate is higher with axillary lymph nodes negative for disease compared with positive nodes. Because of this
recognition of the importance of the axillary nodes, the traditional surgical approach to breast cancer was based on the concept that breast cancer is a disease of stepwise progression. There is an important change in concept. Breast cancer is now viewed as a systemic disease, with spread to local and distant sites at the same time. Breast cancer is
best viewed as occultly metastatic at the time of presentation. Therefore, dissemination of tumor cells has occurred by the time of surgery in many patients with invasive lesions and even in some patients with noninvasive tumors. Because we have been dealing with a disease that has already reached the point of dissemination in many patients, we
must move the diagnosis forward several years in order to have an impact on breast cancer mortality. Earlier diagnosis requires that we should be aware of what it is that makes a high-risk patient. However, keep in mind that the great majority of women (85%) who develop breast cancer do not have an identifiable risk factor other than age, and
therefore, every woman must be considered at risk. Risk Factors A constellation of factors influences the risk for breast cancer. These include reproductive experience, ovarian activity, benign breast disease, familial tendency, genetic differences, dietary considerations, and specific endocrine factors. Clinicians can calculate the risk for an individual
patient at the National Cancer Institute Internet site: (Table 16.3). TABLE 16.3 Risk Factors for Breast Cancer130 Reproductive Experience The risk of breast cancer increases with the increase in age at which a woman bears her first full-term child. A woman pregnant before the age of 18 has about one-third the risk of one who first delivers after the
age of 35. To be protective, pregnancy must occur before the age of 30. Age at first birth and multiparity in women who experience their first birth before age 25 reduce the risk of breast cancer that is positive for estrogen and progesterone receptors.131,132 Women over the age of 30 years at the time of their first birth have a greater risk than
women who never become pregnant.133 There is reason to believe that the age at the time of birth of the last child is the most important influence (an increasing risk with increasing age).134 There is, however, a significant protective effect with increasing parity, present even when adjusted for age at first birth and other risk factors.135,136
Delayed childbearing and fewer children in modern times are believed to have contributed significantly to the increased incidence of breast cancer observed in the 1990s. Although pregnancy at an early age produces an overall lifetime reduction in risk, there is evidence that the first few years after delivery are associated with a transient increase in
risk.137 This increase probably reflects accelerated growth of an already present malignancy by the hormones of pregnancy. A very large case-control study concluded that pregnancy transiently increases the risk (perhaps for up to 3 years) after a woman’s first childbirth, and this is followed by a lifetime reduction in risk.138 And some have found
that a concurrent or recent pregnancy (3–4 years previously) adversely affects survival (even after adjustment for size of tumor and number of nodes).139,140 It is argued that breast cells that have already begun malignant transformation are adversely affected by the hormones of pregnancy, while normal stem cells become more differentiated and
resistant, reducing the number of stem cells capable of malignant change. The number of breast stem cells available for this beneficial response diminishes with age and succeeding pregnancies.141 Although it is likely that this effect is mediated by estrogen and progesterone, experimental evidence indicates the presence of LH receptors in breast
tissue, and it is possible that human chorionic gonadotropin (hCG) contributes to the protective differentiation of breast cells.142,143,144 Another possibility is an antiproliferative action of alpha-fetoprotein, a peptide that is secreted in the fetal liver and stimulated by the hormones of pregnancy.145,146 Initially, conflicting results were reported in
over 20 studies examining the risk of breast cancer associated with the number of abortions (both spontaneous and induced abortions) experienced by individual patients.147,148 Concern for an adverse effect was based on the theoretical suggestion that a full-term pregnancy protects against breast cancer by invoking complete differentiation of
breast cells, but abortion increases the risk by allowing breast cell proliferation in the first trimester of pregnancy, but not allowing the full differentiation that occurs in later pregnancy. In these studies, there was a major problem of recall bias; women who develop breast cancer are more likely to truthfully reveal their history of induced abortion
than healthy women. In studies that avoided recall bias (e.g., by deriving data from national registries instead of personal interviews), the risk of breast cancer was identical in women with and without induced abortions.148,149 More careful case-control studies failed to link a risk of breast cancer with either induced or spontaneous
abortions.150,151 Similarly, newer prospective cohort studies, including the Nurses’ Health Study, also reported no association between the incidence of breast cancer and induced or spontaneous abortions.152,153,154 The fact that pregnancy early in life is associated with a reduction in the risk of breast cancer implies that etiologic factors are
operating during that period of life. The protection afforded only by the first pregnancy suggests that the first full-term pregnancy has a trigger effect that either produces a permanent change in the factors responsible for breast cancer or changes the breast tissue and makes it less susceptible to malignant transformation. There is evidence for a
lasting impact of a first pregnancy on a woman’s hormonal milieu. A small but significant elevation of estriol, a decrease in DHEA and DHEAS, and lower prolactin levels all persist for many years after delivery.155,156 These changes take on significance when viewed in terms of the endocrine factors considered below. Lactation may offer a weak to
moderate protective effect (20% reduction) on the risk of breast cancer, both estrogen receptor–positive and estrogen receptor–negative tumors.132,133,157,158,159,160,161,162,163,164,165 The same beneficial effect has been reported in BRCA mutation carriers in one study, but not in another.166,167 The Nurses’ Health Study could not detect a
protective effect of lactation, and a Norwegian prospective study, including a high percentage of women with long durations of breastfeeding, found no benefit on either premenopausal or postmenopausal breast cancer incidence.168,169 The impact of lactation, if significant, must be small. However, an analysis of the worldwide available data
concluded that breastfeeding would reduce the risk of breast cancer by 4.3% per year of breastfeeding and potentially could reduce the cumulative incidence by age 70 by ore than 50%.170 A meta-analysis indicated that breastfeeding reduced the risk of breast cancer by about 10–20%, and the impact was limited to premenopausal women.171 There
is a unique and helpful study of the Chinese Tanka, who are boat people living on the coast of Southern China.172 The women of the Chinese Tanka wear clothing with an opening only on the right side, and they breastfeed only with the right breast. All breast cancers were in postmenopausal women, and the cancers were equally distributed between
the two sides, suggesting a protective effect only for premenopausal breast cancer. In both cohort and case-control studies, there is good evidence that cosmetic breast augmentation does not increase the risk of breast cancer.173,174 Specifically, studies have failed to indicate an increased risk of breast cancer in women who have had cosmetic
breast implants.175,176,177,178,179 Ovarian Activity Women who have a premenopausal oophorectomy have a lower risk of breast cancer, and the lowered risk is greater the younger a woman is when ovariectomized. There is a 70% risk reduction in women who have oophorectomy before age 35. There is a small decrease in risk with late menarche
and a moderate increase in risk with late natural menopause, indicating that ovarian activity plays a continuing role throughout reproductive life.180 Observational studies indicated that anovulatory and infertile women (exposed to less progesterone) have a small increased risk of breast cancer later in life.181,182,183,184 However, the statistical
power of these observational studies was limited by small numbers (all fewer than 15 cases). Larger numbers are available in the Nurses’ Health Study, where the opposite result was apparent: a reduction in the incidence of breast cancer in women with infertility attributed to ovulatory disorders.185 Benign Breast Disease Benign breast lesions are
present in over 70% of women undergoing breast biopsy and are stratified into nonproliferative lesions, proliferative without atypia, atypical hyperplasia, and lobular carcinoma in situ.186 Women with prior benign breast disease form only a small proportion of breast cancer patients, approximately 5%. The risk of developing future breast cancer
depends on the severity of the lesion. Nonproliferative lesions such as simple cysts portend a 1.17 relative risk of future breast cancer. Fibrocystic change, a proliferative lesion without atypia, is characterized by dilation of terminal ducts (ductal ectasia) and alveoli, a process caused by obstruction of ducts (probably by stromal fibrosis), persistent
secretion, and retention of the secretory material. Fibroadenomas are the most common cause of breast masses in premenopausal women and account for 12% of breast masses in menopausal women.187 Other examples of proliferative lesions without atypia are intraductal papillomas and moderate hyperplasia of the usual type. In the Nurses’ Health
Study, biopsies with proliferative disease had a relative risk of breast cancer of 1.6.188 Women with atypical hyperplasia had a relative risk of 5.3, while women with atypia and a family history of breast cancer had a relative risk of 11. Only 4–10% of benign biopsies have atypical hyperplasia. For most women, benign breast lesions are not a disease
but a physiologic change brought about by cyclic hormonal activity189 (Table 16.4). TABLE 16.4 Classification of Breast Biopsy Tissue According to Risk for Breast Cancer Familial Tendency Most breast cancers are sporadic, that is, they arise in individuals without a family history of breast cancer. However, female relatives of women with breast
cancer have about twice the rate of the general population. There is an excess of bilateral disease among patients with a family history of breast cancer. Relatives of women with bilateral disease have about a 45% lifetime chance of developing breast cancer. The relative risks associated with first-degree relatives are presented in Table 16.5. TABLE
16.5 Relative Risk with Affected First-Degree Relatives190 It is worth emphasizing that only one of nine women who develop breast cancer has an affected first-degree relative, and most women with an affected relative will never have breast cancer.190 The breast and ovarian tumor suppressor gene (BRCA1) associated with familial cancer is on the
long arm of chromosome 17, localized to 17q12–q21.191 Although other genetic alterations have been observed in breast tumors, multiple, different mutations in BRCA1 are believed to be responsible for approximately 20% of familial breast cancer and 80% of families with both early-onset breast and ovarian cancer. Overall, no more than 5–10% of
breast cancers in the general population can be attributed to inherited mutations.128,190 Autosomal dominant inheritance of mutations in this gene can be either maternal or paternal; male carriers are at increased risk for colon and prostate cancers.192,193 A second autosomal dominant locus of multiple mutations, BRCA2, on chromosome 13q12–
q13 accounts for up to 35% of families with earlyonset breast cancer (but a lower rate of ovarian cancer) and, in males, for prostate cancer, pancreatic cancer, and male breast cancer.193,194 Together, BRCA1 and BRCA2 account for 80% of families with multiple cases of early-onset breast cancer.195 About 5–10% of women who develop ovarian
cancer have mutations in BRCA1.196,197,198 BRCA1 encodes a 1,863-amino acid protein with a zinc finger domain that is a tumor suppressor important in DNA repair. Mutations in many different regions of the BRCA1 gene cause a loss or reduction in its function.199,200 Because not every individual with a mutation in this gene develops cancer,
other factors are involved, making the accuracy of prediction more difficult and arguing against widespread screening for mutations of this gene. Providing accurate numbers is a difficult task, because breast cancer has a multifactorial etiology with both genetic and environmental factors. The BRCA1 gene could play a role in sporadic breast and
ovarian cancer, but analysis of tumors has failed to find mutations in sporadic cancers that occur later in life.201 High-risk families have a high probability of harboring a mutation in a dominant breast cancer susceptibility gene. It is estimated that approximately 0.04–0.2% of women in the United States carry the BRCA1 susceptibility (and BRCA2 is
less common).202 Among women of Ashkenazi Jewish descent, the prevalence of BRCA1 and BRCA2 mutations is about 2%.203 The percentage of breast cancer cases in the general population associated with a family history accounts for only a minor part of the overall prevalence, as low as 3%.204,205 In addition, there appears to be great
variability in different parts of the world, and the prevalence in minority populations has not been adequately measured. The presence of ovarian cancer or breast cancer within a family should prompt genetic counseling and possibly genetic screening for hereditary breast and ovarian cancer syndromes.206 High-risk families have the presence of
multiple cases of breast cancer in close relatives (usually at least three cases) that follows an autosomal dominant pattern of inheritance; breast cancer is usually diagnosed before age 45; there may be cases of ovarian cancer in the family as well. Many of the cases, but not all, can be attributed to the susceptibility genes BRCA1 and BRCA2. High-risk
families have the following cumulative breast cancer risk by the age of 80 as determined by the analysis of family histories202 (Tables 16.6 and 16.7). TABLE 16.6 Family History Characteristics Associated with the Presence of BRCA Mutations TABLE 16.7 Risk of Breast Cancer Based on Family History Each child of a BRCA mutation carrier has a
50% chance of inheriting the mutation. In the United States, women who are carrying the BRCA1 mutation have a 46% cumulative risk of developing breast cancer by age 70, 57% risk overall, and a 39% risk for ovarian cancer.207,208 There is also a small increase in the risk for other cancers, specifically of the pancreas, colon, uterus, and cervix.209
The male relatives who are carrying this mutation have an increased risk of prostate cancer and colon cancer in addition to a cumulative risk of breast cancer of 1.2%.210 The cancer risk for women with BRCA2 mutations is 43% for breast cancer and 22% for ovarian cancer by age 70 and a 49% risk of breast cancer overall.207,208 Male BRCA2
mutation carriers have a higher cumulative risk of breast cancer, 6.8%, compared with male BRCA1 carriers.210 In addition, BRCA2 mutation carriers have increased risks of cancers originating in the pancreas, prostate, gallbladder and bile duct, stomach, and skin.211 Breast cancer associated with BRCA1 mutations is histologically different (more
often aneuploid and receptor-negative) compared to BRCA2 mutations and sporadic cancers and appears to grow faster but, paradoxically, has a better survival in response to treatment.212 Outcome results, however, have not been consistent. A well-done Dutch study could not detect a difference in disease-free and overall survival comparing breast
cancer cases from families with proven BRCA1 mutations to patients with sporadic breast cancer213 (Table 16.8). TABLE 16.8 Summary of Breast and Ovarian Cancer Risk in BRCA Carriers207 Because not all families with breast cancer carry mutations of BRCA1 or BRCA2, these families probably have other less common breast cancer susceptibility
genes, some of which remain to be identified. In addition, the current screening methods do not detect all BRCA mutations. For example, a mutation in a gene involved in the recognition and repair of damaged DNA, CHEK2, is prevalent in families with hereditary breast and colorectal cancer.214 Other genes that infrequently cause inherited breast
cancer include the ATM gene, the p53 tumor suppressor gene, and the PTEN gene.129 When three or more closely related individuals within a family have been diagnosed with breast cancer, the likelihood that an inherited dominant genetic mutation is present is very high. The affected women need not be first-degree relatives, but they must be
related either all on the mother’s side or the father’s side. Identifying the families that carry the BRCA2 gene uses the same historical criteria as that for the BRCA1 gene. The family presence of just one case of ovarian cancer further increases the likelihood of the BRCA1 mutation. In contrast to BRCA1 families, BRCA2 families have only a moderately
increased incidence of ovarian cancer. Once it has been determined that a family is at high risk for a breast cancer gene mutation, it is recommended that this family be referred to an appropriate laboratory and service that can be identified through the medical genetics department at a regional referral institution. Although blood samples can be
mailed by overnight mail, involvement with an appropriate center is highly urged because of the importance of accurate informed consent, counseling, and follow-up care. The way in which information is communicated to patients has a profound impact on decision-making and compliance with surveillance. If a patient tests positive for a genetically
inherited predisposition to breast cancer, or if a patient has two or more first-degree relatives in which breast cancer was diagnosed before age 50, or if a patient has three or more first-degree relatives with breast cancer at any age, we recommend following at-risk screening guidelines for early detection of breast cancer. 215 For patients aged 25–
29, this means an annual breast MRI with contrast and breast exams every 6–12 months.216,217 For women over age 30, alternating annual breast MRI with contrast and annual mammogram every 6 months, as well as breast exams every 6–12 months, are appropriate.216,218 Prophylactic mastectomy should also be discussed with these patients.
High-risk women who have undergone prophylactic mastectomy experience a major reduction (more than 90%) in the number of breast cancers, although total prevention is not achieved.219,220,221 Because the mutation is present in every cell, and prophylactic mastectomy does not remove all tissue, there is no guarantee that breast cancer will be
totally prevented. Any discussion of mastectomy should include psychosocial considerations and side effects of surgery, which can include decreased sexual satisfaction; negative body image; decreased anxiety about the development of breast cancer; pain, tingling, or numbness at the surgical site; and a routine discussion of typical surgical
complications such as infection or bleeding issues.222,223,224,225 The same situation applies with prophylactic oophorectomy in that a carcinoma can arise from peritoneal cells. However, prophylactic salpingo-oophorectomy reduces the risk of ovarian cancer by about 90% and the risk of breast cancer by about 50%.225,226 Risk-reducing salpingooophorectomy is recommended at age 35 or when childbearing is complete for patients carrying BRCA1 mutations, and by age 40 in BRCA2 carriers. In patients with a PTEN mutation, annual endometrial biopsy starting at age 30 and hysterectomy when childbearing is complete are also recommended as these patients are at risk of uterine cancer in
addition to breast cancer.216 In contrast to being associated with a lower ovarian cancer risk, the impact of oral contraceptives on the risk of breast cancer in patients carrying a BRCA1 or BRCA2 mutation is not clear. A case-control study concluded that BRCA1 (but not BRCA2) mutation carriers had small increases in the risk of breast cancer in
users for at least 5 years (OR = 1.33, CI = 1.11–1.60), in users before age 30 (OR = 1.29, CI = 1.09–1.52), and in those who developed breast cancer before age 40 (OR = 1.38, CI = 1.11– 1.72).227 In contrast, another case-control study concluded that oral contraceptive use for at least 5 years doubled the risk of breast cancer before age 50 in BRCA2
carriers, but not in BRCA1 carriers.228 A retrospective analysis of an international cohort of BRCA carriers indicated that an increased risk of breast cancer with both BRCA1 and BRCA2 carriers was present only with 4 or more years of use before a first full-term pregnancy.229 A study that focused on low-dose oral contraceptives could detect no
association with breast cancer risk in BRCA mutation carriers.167 Another case-control study found no increase in the risk of breast cancer diagnosed before age 40 in either BRCA1 or BRCA2 carriers.230 And finally, a case-control study could detect no significant increase in the risk of contralateral breast cancer among BRCA1 and BRCA2 carriers
or in noncarriers with the use of oral contraceptives or postmenopausal hormones.231 The data with oral contraceptives in BRCA mutation carriers are all observational and not robust. Until better information is forthcoming, it seems reasonable to inform carriers of BRCA mutations that the use of oral contraceptives is likely to reduce the risk of
ovarian cancer, but the effect on breast cancer risk is uncertain. The effect of chemoprevention by tamoxifen and raloxifene has not been tested in BRCA mutation carriers by randomized trials. However, in subgroup analyses of the American trial assessing the effect of tamoxifen for prevention, tamoxifen reduced the risk of breast cancer by 62% in
BRCA2 carriers but had no impact in BRCA1 carriers.232,233 This is consistent with the fact that women with BRCA2 mutations have predominately estrogen receptor–positive tumors and women with BRCA1 mutations have mostly estrogen receptor–negative tumors. Raloxifene has been shown to decrease primary breast cancer by 7 cases per 1,000
women when compared to placebo.234 When compared with raloxifene, tamoxifen prevented 5 more cases of primary breast cancer per 1,000 women.234 In a randomized controlled trial of postmenopausal women at high risk of breast cancer, the aromatase inhibitor anastrozole was shown to decrease risk of primary breast cancer by about 50%
over placebo.235 Given the side effects associated with these drugs, the decision to use one of these agents for chemoprevention is a difficult one for both clinician and patient. Prophylactic bilateral salpingooophorectomy remains as the superior choice for risk protection, a procedure that can in most cases be easily performed by laparoscopy. Serial
sectioning of the ovaries and tubes is mandatory to detect microscopic cancers. In a cohort of women with BRCA1/2 who had oophorectomy, hormone therapy of any type did not alter the reduction in breast cancer.236 The average length of follow-up was 3.6 years. A case-control study of 472 postmenopausal women with a BRCA1 mutation found
that women who used hormone therapy after prophylactic oophorectomy, either estrogen only or combined estrogen-progestin, not only did not have an increased risk of breast cancer, but hormone use was actually associated with a decreased risk.237 The findings were the same regardless of duration of use or current or past use. The conclusion is
encouraging but limited by the fact that 68% of the tumors in the study were estrogen receptor– negative, making the estrogen receptor–positive tumors (that are more likely to be influenced by hormone use) relatively small in number. Women who are BRCA carriers face difficult decisions regarding hormonal treatment for menopausal symptoms.
The experience thus far indicates that hormone therapy can be used safely for several years. Continuing follow-up of these patients may extend this period of safety even longer. Dietary Factors The geographic variation in incidence rates of breast cancer is considerable (the United States has the highest rates and Japan the lowest), and it has been
correlated with the amount of animal fat in the diet.236 Lean women, however, have an increased incidence of breast cancer, although this increase is limited to small, localized, and welldifferentiated tumors.237 Furthermore, studies have failed to find evidence for a positive relationship between breast cancer and dietary total or saturated fat or
cholesterol intake.238,239,240,241 One study found that dietary fat is a stronger risk factor for postmenopausal breast cancer than for premenopausal breast cancer, but another study had the opposite conclusion.242,243 Although a cohort study concluded that dietary fat is a determinant of postmenopausal breast cancer, the association did not

achieve statistical significance.244 And another very large cohort study in Europe demonstrated only a very weak link between saturated fat intake and the risk of breast cancer, only in nonusers of hormone therapy.245 Thus, the epidemiologic literature provides little support for a major contribution of dietary fat to the risk of breast cancer.
Nevertheless, there is a correlation between intra-abdominal fat (android obesity) and the risk of breast cancer, a consequence of excessive caloric consumption, however, not a specific dietary component.246 Presumably, the connection between android obesity and breast cancer is through the metabolic perturbations, especially hyperinsulinemia,
associated with excessive body weight. The incidence of breast cancer is increased in countries associated with affluent, unfavorable diets (high fat content) and a lack of physical exercise. Indeed, increased physical activity in postmenopausal women reduces the risk of breast cancer.247 The common denominator may be the peripheral insulin
resistance and hyperinsulinemia that become prevalent with aging and weight gain in affluent, modern societies. This specific metabolic change is becoming a common theme in various clinical conditions, particularly noninsulin-dependent diabetes mellitus, anovulation and polycystic ovaries, hypertension, and dyslipidemia. Hyperinsulinemia is found
more often in women with breast cancer.248 There are, indeed, many reasons to avoid excess body weight. The risk of breast cancer is reduced in women who exercise regularly.249 The increased circulating levels of insulin that are a consequence of obesityinduced insulin resistance can directly stimulate breast tissue growth and can also increase
levels of biologically active estradiol by lowering sex hormone–binding globulin (SHBG) synthesis in the liver. In a cohort of women enrolled in the Women’s Health Initiative, an increase in the risk of breast cancer in obese women who were not using hormone therapy correlated with hyperinsulinemia and elevated estradiol levels, but not with IGF-1
levels.250 An adjustment for estrogen levels indicated that the hyperinsulinemia acted independently and was the more robust factor. The inability to demonstrate this association with hyperinsulinemia in hormone users may be a consequence of the lower insulin levels caused by estrogen treatment. In the parts of the world where soy intake is high,
there is a lower incidence of breast, endometrial, and prostate cancers. For example, a case-control study concluded that there was a 54% reduced risk of endometrial cancer, and other case-control studies found a reduction in the risk of breast cancer, in women with a high consumption of soy and other legumes.251,252,253 It is by no means certain,
however, that there is a direct effect of soy intake.254 Soy intake may be a marker for other factors in lifestyle or diet that are protective. Short-term studies on breast secretions have actually indicated that soy intake produces an estrogenic response.255,256,257 The effect of soy intake on the risk of breast cancer is discussed in greater detail in
Chapter 17. After migration to the United States, Asian women gradually increase (sixfold) their risk of breast cancer over several generations, eventually reaching the level of white women.258 Evidence indicates that this reflects a change in diet and lifestyle, with an increase in risk associated with a gain in height and weight.259,260 Recent weight
gain is especially associated with increased risk. A reduced risk, however, is observed in heavy, younger women. The effect of body weight on the risk of breast cancer differs in premenopausal and postmenopausal women. In premenopausal women who are overweight, the risk of breast cancer is lower compared with normal-weight individuals, and in
postmenopausal women, especially in nonusers of hormone therapy, excess weight is associated with either an unchanged or slightly increased risk.261,262,263,264 This is attributed to a more marked increase in total and free estrogen levels in overweight postmenopausal women, in contrast to lower levels with increasing weight in premenopausal
women. Postmenopausal obese women have later menopause, higher estrone production rates and higher free estradiol levels (because of insulin-induced lower SHBG levels), and a slightly greater risk for breast cancer.265 A large Swedish case-control study and an American prospective cohort study suggested that the principal factor is weight gain
during adulthood and that the impact on breast cancer emerges 10 years after menopause.264,266 In the Women’s Health Initiative, subjects who prospectively reported weight gain in adulthood were more likely to develop breast cancer postmenopausally.267 As noted, this weight gain may be the important determinant in the increasing risk
experienced by migrants from low-risk parts of the world who move to high-risk areas. Evidence indicates that the intake of vitamins A, C, and E has no effect on the risk of breast cancer.268 Alcohol in the Diet There is a modest increase in the risk for estrogen receptor–positive breast cancer with the consumption of one or more alcoholic drinks of all
forms per day.269,270 Almost all of many studies conclude that 2 drinks daily increase the risk by about 20%.271,272 It is speculated that breast cancer and alcohol are linked through estrogen, either a direct or an indirect effect (e.g., on hepatic enzymes) on estrogen metabolism. An effect of alcohol ingestion by premenopausal women was not
demonstrated on circulating levels of estrone, estradiol, DHEAS, or SHBG in a cross-sectional study that depended upon a questionnaire to assess alcohol intake.273 However, when alcohol is administered under experimental conditions, circulating estrogen concentrations are increased.274,275,276 And in a prospective cohort study of
premenopausal women in Italy, higher estradiol levels were correlated with an increased alcohol intake over a 1-year period of time.277 Similarly, the increased caloric intake associated with alcohol use may also lead to increased adiposity and elevated insulin levels. Specific Endocrine Factors Adrenal Steroids Subnormal levels of etiocholanolone (a
urinary excretion product of androstenedione) were found from 5 months to 9 years before the diagnosis of breast cancer in women living on the island of Guernsey, off the English Coast.278 A subnormal excretion of this 17-ketosteroid was also found in sisters of patients with breast cancer. A sixfold increase in the incidence of breast cancer was
found between women excreting less than 0.4 mg of etiocholanolone and those excreting over 1 mg/24 hours. After 37 years of follow-up, low levels of androsterone and etiocholanolone were observed to correlate with an increase in breast cancer only in women under age 50; over age 50, the reverse was true.279 Measurement of these 17ketosteroids might be a useful screening procedure to detect a high-risk group of patients because approximately 25% of the population excretes less than 1 mg/24 hours, but these early results have never been pursued. Endogenous Estrogens and Androgens Epidemiologic and other information continue to suggest some estrogen-/progestinrelated
promoter function. These include the following: (1) the condition is 100 times more common in women than in men; (2) breast cancer invariably occurs after puberty; (3) untreated gonadal dysgenesis and breast cancer are mutually exclusive; (4) a 65% excess rate of breast cancer has been observed among women who have had an endometrial
cancer; and (5) breast tumors contain estrogen and progesterone receptors, which are biologically active. Taken together, these data suggest an element of estrogen/progestin dependence, if not provocation, in many breast cancers. Estriol generally has failed to produce breast cancer in rodents, and in fact, estriol protects the rat against breast
tumors induced by various chemical carcinogens (but so did estradiol).280 The hypothesis is that a higher estriol level protects against the more potent effects of estrone and estradiol. This might explain the protective effect of early pregnancies. Women having an early pregnancy continue to excrete more estriol than nulliparous women.
Premenopausal healthy Asiatic women have a lower breast cancer risk than Caucasians and also have a higher rate of urinary estriol excretion.281 When Asiatic women migrate to the United States, however, the risk of breast cancer increases, and their urinary excretion of estriol decreases, perhaps a consequence of dietary changes as noted above.
A study of Westernized Asian women also documented a reduction in estrogen 2-hydroxy metabolites, with decreasing values linked to increasing breast cancer risk associated with measures of Westernization.282 A major factor in the potency differences among the various estrogens (estradiol, estrone, estriol) is the length of time the estrogen
receptor complex occupies the nucleus. The higher rate of dissociation with the weak estrogen (estriol) can be compensated for by continuous application to allow prolonged nuclear binding and activity. Estriol has only 20–30% affinity for the estrogen receptor compared to estradiol; therefore, it is rapidly cleared from a cell. But if the effective
concentration is kept equivalent to that of estradiol, it can produce a similar biologic response.283 In pregnancy, where the concentration of estriol is very great, it can be an important hormone, not just a metabolite. Thus, higher estriol levels are not necessarily protective. Indeed, antagonism of estradiol occurs only within a very narrow range of the
ratio of estradiol to estriol, a range rarely encountered either physiologically or pharmacologically.284 Below this range, estradiol is unimpeded; above this range, estriol itself exerts estrogenic activity. Indeed, no inhibition of mammary tissue proliferation markers could be detected in women administered with estriol in the presence of an estrogenprogestin oral contraceptive.285 There have been no epidemiologic studies of breast cancer risk in women treated with estriol, and therefore, the contention that estriol protects against breast cancer remains speculative. There have been many studies assessing the relationship between endogenous hormone levels and the risk of breast cancer. A
pooled analysis of nine prospective studies concluded that the risk of breast cancer, especially estrogen receptor–positive tumors, increases with increasing concentrations of all endogenous estrogens and androgens, including estradiol, estrone, estrone sulfate, androstenedione, DHEA, DHEAS, and testosterone.286 A prospective study in Sweden
found that current use of any estrogen-containing product was associated with a slightly higher risk of breast cancer, but use of estriol specifically was associated with a lower risk of breast cancer, when compared to women who had never used exogenous hormones.287 The overall increase in breast cancer risk was about twofold comparing the
lowest endogenous levels in postmenopausal women with the highest levels. This relationship is seen with both estrogens and androgens.288,289 Postmenopausal women who are overweight have an increased risk of breast cancer, and analyses that adjusted for the increase in circulating estrogens associated with obesity concluded that the
increasing risk with increasing body weight is the result of the increase in estrogens and a decrease in SHBG.290,291 The increased risk of breast cancer in a cohort of obese women not using hormone therapy in the Women’s Health Initiative was attributed to elevated circulating levels of insulin and biologically active estradiol, highlighting the
critical role for hyperinsulinemia as discussed above.263 Bone mass is generally regarded as a marker of estrogen exposure, and women with the highest bone densities have a greater risk of breast cancer compared with women who have low bone densities.292,293,294 Another attempt to link the risk of breast cancer to the endogenous estrogen
level focused on prenatal exposure. A reduced risk for breast cancer is observed for women born to mothers with pregnancy-induced hypertension, suggesting that this finding is due to the lower estrogen levels associated with preeclampsia.295,296 The biologic plausibility and epidemiologic support for a sex steroid link are impressive arguments.
Whether the important factor is the total amount of estrogens or progestins, the amount of estrogen unopposed by progesterone, the amount of free (unbound) estradiol, the duration of exposure to estrogens and progestins, or some other combination is not known. Endogenous Progesterone Because mitotic activity in the breast reaches its peak
during the progesterone-dominant luteal phase of the menstrual cycle,297,298,299 it is argued that progesterone is the key to influencing the risk of breast cancer. However, studies do not support a major role for a progestational influence. Indeed, evidence indicates that with increasing duration of exposure, progesterone can limit breast epithelial
growth as it does with endometrial epithelium.14,15,16 In vitro studies of normal breast epithelial cells reveal that progestins inhibit proliferation.300 Human breast tissue specimens removed after the patients were treated with estradiol and progesterone indicate that progesterone inhibits in vivo estradiol-induced proliferation.14,16 Women who
ultimately develop breast cancer do not have different blood levels of progesterone.289,301 In addition, several clinical observations would argue against progesterone as a key factor. Although there is some disagreement, most studies indicate that the high levels of estrogen and progesterone during pregnancy have no adverse impact on the course
of breast cancer diagnosed during pregnancy or when pregnancy occurs subsequent to diagnosis and treatment. Exogenous Hormone Use The large number of women taking or having taken oral contraceptive steroids, combined with the belief that sex steroids provoke or promote abnormal breast growth and possibly cancer, has provided a source of
major concern for years. In Denmark, a recent prospective study has indicated a small increase in the risk of breast cancer associated with hormonal contraceptive users.302 This study followed over 1.8 million women ages 15–49 for an average of 10.9 years, or 19.6 million person-years, to determine association between any type of hormonal birth
control and development of breast cancer. They found an overall relative risk of breast cancer in women who used hormonal contraception for greater than 6 months of 1.08 (95% CI 1.03–1.13) as compared to women who never used hormonal contraceptives. They found that the risk increased with increasing length of use of hormonal contraceptives,
with women who used them for more than 10 years having a relative risk of 1.46 (95% CI 1.32–1.61). In women who used hormones for less than 1 year, the risk of breast cancer was not increased over women who never used hormones. Additionally, this study looked at the risk of developing breast cancer by hormone type. Patients who used
norethindrone either alone or combined with estrogen in a pill, drospirenone with ethinyl estradiol orally, depot medroxyprogesterone acetate, and the contraceptive implant, patches, and rings did not appear to have an increased risk of breast cancer. Oral contraceptives with estrogen carrying levonorgestrel, norgestimate, desogestrel, oral
contraceptives with levonorgestrel alone, and the levonorgestrel-releasing intrauterine device all appear to have a significant but modest increased risk for breast cancer development. To put this into perspective, for every 7,690 women using hormonal contraception for 1 year, there is one extra case of breast cancer. Previous case-control studies
focused on breast cancer diagnosed at a later age, varying histologic subtypes of breast cancer, and familial breast cancer in hormonal contraceptive uses and found no association. The largest case-control study is that performed by the Centers for Disease Control and Prevention, involving 4,575 American women with breast cancer, aged 35–64.303
Initiation at a younger age had no impact. In this study, the risk of breast cancer was not increased in current users or past users of oral contraception. There was no adverse effect of increasing duration of use or higher doses of estrogen and no increase in risk in women with a family history of breast cancer. A multicenter, large case-control study of
women younger than 55 years with breast cancer concluded that the use of oral contraceptives or postmenopausal hormone therapy either before or after diagnosis did not increase the risk of the first breast cancer or recurrent breast cancer.304 This negative finding was not changed by the duration of use or age of use. Furthermore, no increase in
breast cancer mortality can be detected in women who have used oral contraceptives.305,306 A team of epidemiologists from several institutions in the United States performed a case-control study of the association between oral contraceptive use and lobular and ductal breast cancer occurring in young women (under age 44), concluding that the
use of oral contraceptives has no meaningful effects on breast cancer risk according to histologic subtype.307 Lobular cancer is more hormonally sensitive than ductal breast cancer. This is all to say that while clinicians should take heed of the prospective Danish study, the biggest risk in increases in breast cancer appears to be in early and recent
use of oral contraceptives. It has long been a concern that studies showing this effect of hormones on a premenopausal population may affect the growth of a preexisting malignancy. The literature we have on subpopulations, including patients with familial breast cancer, does not indicate that using hormonal birth control significantly increases their
risk of developing breast cancer.308 Oral contraception appears to protect against benign breast disease. A French casecontrol study indicated a reduction of nonproliferative benign breast disease associated with low-dose oral contraceptives used before a first full-term pregnancy, but no effect on proliferative disease or with use after a
pregnancy.309 A Canadian cohort study that almost certainly reflected the use of modern low-dose oral contraceptives concluded that oral contraceptives do protect against proliferative benign disease, with an increasing reduction in risk with increasing duration of use.310 Women with a greater mammographic breast density have a higher risk of
breast cancer.311 If more than 75% of the breast is dense, the risk is 4–5 times increased. Mammographic density is associated with epithelial and stromal cell proliferation.312 Studies in twins and families have indicated that there is a strong genetic determinant of an individual’s breast density and that this genetic influence is shared with the other
genetic factors that increase the risk of breast cancer.313,314,315,316 In general, breast density declines with age and increasing body weight and numbers of pregnancies. About 25% of women on estrogen-progestin therapy have an increase in their breast density. However, it is not certain that the short-term increase in density with hormone
therapy changes an individual’s risk of breast cancer. The increase in breast density associated with postmenopausal hormone therapy appears in some studies to be a transient, reversible change, a change not consistent with a persistent effect on cellular proliferation. After discontinuing hormone therapy, some reports indicated that breast density
rapidly decreases.317,318,319,320 However, in a large randomized trial of 1,704 women age 45–80, although suspension of hormone therapy for 1 or 2 months produced small but significant decreases in density, mammography recall rates of 10–12% were not affected.321 In one small screening population of 47 women, a 4-week period without
hormones before mammography had no measurable effect on density readings.322 Therefore, the evidence is mixed regarding a recommendation to discontinue hormone therapy for 2–4 weeks prior to mammography in women who have dense breasts. Another approach is to consider lower doses of hormone therapy; there is some evidence that lowdose treatment has little effect on breast density.323 Thyroid, Prolactin, and Various Nonestrogen Drugs Despite isolated suggestions of increased risk, hypothyroidism, reserpine, and prolactin excess, whether spontaneous or drug-induced, are not associated with an enhanced risk of breast cancer.319,320 Breast Cancer in Diethylstilbestrol-Exposed
Women From 1940 to 1970, diethylstilbestrol (DES), a potent synthetic estrogen, was prescribed in high doses in the mistaken belief that it would reduce the risk of pregnancy-related complications. Exposure to DES occurred in association with 2 million live births; therefore, the risk for induction of breast cancer during a period of breast
differentiation could be significant if DES were a true breast carcinogen. The first study on this subject reported on the follow-up of women who participated in a controlled trial of DES in pregnancy between 1950 and 1952 at the University of Chicago. In this study, an increase in breast cancer risk that did not reach significance was observed with
DES exposure.324 A large collaborative study, involving approximately 6,000 women, concluded that there is a small but significant increase in the risk of breast cancer many years later in life in women exposed to DES during pregnancy.325 In a longer follow-up (more than 30 years) of this large cohort of DESexposed women, exposure to DES was
associated with a significant, but modest (about twofold), increase in the risk of breast cancer.326 Importantly, the relative risk did not increase with duration of follow-up and remained stable over time. This conclusion was confirmed in a prospective study by the American Cancer Society and in a national cohort of women followed since the
1970s.327,328 Certainly, it is wise to recommend to DES-exposed women that they adhere to screening for breast cancer, including mammography as discussed later. More recently, as in utero–exposed DES daughters reach an age when breast cancer becomes more prevalent, an increased risk of cancer has been detected in daughters of DESexposed women.329 Thankfully, the relative risk is quite small and does not change the recommendations for breast screening. It will be important to track this population for further increases as they age. Receptors and Clinical Prognosis There is a strong correlation between the presence of estrogen receptors and certain clinical characteristics of
breast cancer.330 Premenopausal, younger patients are more frequently receptor negative. Patients with receptor-positive tumors survive longer and have longer disease-free intervals after mastectomy than those with receptor-negative tumors. The presence of estrogen receptors correlates with increased disease-free interval regardless of the size
and location of the tumors. Similarly, patients with estradiol receptor–negative tumors were noted to have the same high rate of recurrence as patients with axillary lymph node metastases. Patients with tumors that are positive for estrogen receptors are more likely to respond to endocrine treatment. Estrogen receptor status correlates with the
degree of differentiation of the primary tumor. A large proportion of highly differentiated grade I carcinomas are receptor positive, while the reverse is true of grade III tumors. Remember that estrogen stimulates the production of progesterone receptors. Overall, about 80% of breast cancers are positive for estrogen receptors, and of these, about
70% are positive for progesterone receptors; thus, about 58% of all breast cancers express both estrogen and progesterone receptors.331 The best prognosis is seen in patients with positive progesterone receptors, even with subsequent disease if the recurrent disease is still progesterone receptor–positive. The loss of progesterone receptors is an
ominous sign. Tumors that are estrogen receptor–positive, but progesterone receptor–negative, express higher levels of the epidermal growth factor receptors, HER-1 and HER-2, and are more aggressive and tamoxifen-resistant.331 The total absence of estrogen and progesterone receptors indicates a very different disease, one that should be treated
aggressively with chemotherapy. Hormone Therapy of Breast Cancer Tamoxifen The purpose of adjuvant therapy of breast cancer is to provide treatment in the absence of recognized active disease in order to reduce the risk of future recurrence or to minimize systemic recurrence in the presence of metastatic disease. Tamoxifen is very similar to
clomiphene (in structure and actions), both being nonsteroidal compounds structurally related to DES. In vitro, the estrogen binding affinity for its receptor is 100– 1,000 times greater than that of tamoxifen. Thus, tamoxifen must be present in a concentration 100–1,000 times greater than estrogen to maintain inhibition of breast cancer cells. Doseresponse studies with tamoxifen have failed to demonstrate an increase in activity with doses larger than the standard, 20 mg daily. When bound to the estrogen receptor, tamoxifen prevents gene transcription by the TAF-2 pathway. In vitro studies demonstrate that these actions are not cytocidal, but rather cytostatic (and thus tamoxifen use must be
long term). The mechanism of tamoxifen action is discussed in detail in Chapter 1. We have available a remarkable worldwide overview of 37,000 women involved in tamoxifen randomized trials.332 Adjuvant treatment with the antiestrogen tamoxifen achieved highly significant reductions in recurrence and increases in survival. The beneficial effect
of tamoxifen was evident no matter what the age of the patient, in both premenopausal and postmenopausal women, in node-positive and node-negative disease, and in both estrogen receptor–positive and estrogen receptor–negative tumors (however, the effect of tamoxifen on estrogen receptor–negative tumors is small). The impact on recurrence
occurred in the first 5 years, but continued impact on survival occurred throughout 15 years.333 Hormonal adjuvant treatment yields worldwide an extra 100,000 10-year survivors. With tamoxifen, there is an increased survival at 5 years of approximately 25%, most evident in women over age 50. Response rates in advanced breast cancer are 30–
35%, most marked in patients with tumors that are positive for estrogen receptors, reaching 75% in tumors highly positive for estrogen receptors. There is a lower rate (a 47% reduction with 5 years of treatment) of a second primary breast cancer in the contralateral breast in women treated with tamoxifen. Data from randomized clinical trials
document that a treatment duration of 5 years is superior to 2 years.334 It was previously thought that there was little reason to extend tamoxifen treatment of breast cancer patients beyond 5 years.335,336 The data suggested that survival and recurrence rates worsened with longer therapy, probably due to the emergence of tamoxifen-resistant
tumors. However, a randomized placebo-controlled trial looked at women with estrogen receptor–positive early breast cancer who had completed 5 years of tamoxifen therapy and were considered disease-free, and these patients were randomized to either placebo or additional tamoxifen for 5 years.337 In this study, it was found that women
receiving 10 years of tamoxifen had fewer recurrences (relative risk after year 10 was 0.75, 95% CI was 0.62–0.9), lower breast cancer mortality (relative risk after year 10 was 0.71, 95% CI 0.58–0.88), and a lower overall mortality than women who received placebo (relative risk 0.87, 95% CI 0.78– 0.97). The risk of pulmonary embolus and
endometrial cancer was significantly higher in the tamoxifen continuation group, while the risk of ischemic heart disease was significantly lower. The efficacy of tamoxifen is significantly dependent on the formation of active metabolites, 4-hydroxytamoxifen and endoxifen, which have a greater affinity for the estrogen receptor than tamoxifen. A
cytochrome enzyme, P450 2D6, is involved in this metabolism, and genetic variants in the enzyme can account for lower activity leading to reduced efficacy for tamoxifen. Genotyping of CYP2D6 could allow better selection of patients for tamoxifen treatment.338 However, others contend that the metabolite levels are sufficient for good efficacy even
in the presence of reduced enzyme activity and that the studies linking CYP2D6 genotype and breast cancer recurrence have yielded heterogeneous results.339 It is not certain that CYP2D6 variation is the explanation for recurrence of resistant tumors. Tamoxifen has many important side effects, attributed to both its estrogen agonist action and its
antiestrogen impact in different target tissues. The major disturbing side effect is an increase in hot flushing. The serious side effects of tamoxifen include endometrial cancer (discussed later), venous thrombosis, and cataracts. In a report from the prevention trial in England and in the US preventive trial, tamoxifen treatment of postmenopausal
women prevented bone loss, but premenopausal women treated with tamoxifen had significant reductions in bone mineral density.234,340 Blurred and decreased vision has been reported associated with retinal changes.341 In a prospective study of 63 patients in Greece, 6.3% developed retinopathy, which was reversible except for retinal
opacities.342 In the 2,673 patients in the protocols of the Eastern Cooperative Oncology Group, premenopausal women who received tamoxifen and chemotherapy had significantly more venous and arterial thrombosis than those who received chemotherapy without tamoxifen, and in postmenopausal women, tamoxifen alone was associated with more
venous thrombosis.343 Serum protein changes reflect the estrogenic (agonistic) action of tamoxifen. This includes decreases in antithrombin III, cholesterol, and LDL cholesterol, while HDL cholesterol and SHBG levels increase (as do other binding globulins). Because of the significant impact on SHBG, a marked increase in circulating estrogens has
been observed in premenopausal women; however, unbound, free estrogen is actually reduced. For example, in a clinical study of premenopausal women receiving tamoxifen, 20 mg daily, the percent free estradiol decreased from 1.72% to 1.47% after 3 months because of the increase in SHBG.344 The estrogenic activity of tamoxifen, 20 mg daily, is
nearly as potent as 2-mg estradiol in lowering FSH levels in postmenopausal women, 26% versus 34% with estradiol.345 The estrogenic actions of tamoxifen include the stimulation of progesterone receptor synthesis, an estrogen-like maintenance of the bone and the cardiovascular system, and estrogenic effects on the vaginal mucosa and the
endometrium. Indeed, patients with breast cancer who have been treated with tamoxifen were reported to have less coronary heart disease in some studies, but not all.234,332,346,347 Tamoxifen increases the frequency of hepatic carcinoma in rats at very large doses. This is consistent with its estrogenic, agonistic action, but this effect is unlikely to
be a clinical problem, and it has not been observed at doses used clinically.332 Gynecologic Problems with Tamoxifen Tamoxifen is selective estrogen receptor modulator, having both estrogen receptor antagonist and agonist properties, depending on the tissue and genes examined. A tissue that is highly sensitive to estrogen, the endometrium,
responds to the weak estrogenic action of tamoxifen, which is present in high doses for long durations in women receiving adjuvant treatment for breast cancer. The National Surgical Adjuvant Breast and Bowel Project compared the rates of endometrial cancers in tamoxifen and non–tamoxifen-treated patients who had breast cancer.348 The rate of
endometrial cancer in the tamoxifen-treated group equaled an increased relative risk of 7.5. Although 88% of the endometrial tumors were stage I, four patients died of advanced endometrial cancer. It is worth noting that the incidence of endometrial cancer in the tamoxifen-treated group was estimated to be 6.3 per 1,000 patients after 5 years of
treatment. This incidence is very similar to what would be expected with unopposed estrogen treatment, a similarity to be expected in that the agonistic estrogenic action of tamoxifen over the long term should be similar to the relatively low doses of estrogen used for postmenopausal hormone therapy. Similar results were reported from the
Stockholm tamoxifen trial, and an increased rate of postmenopausal endometrial cancer was confirmed in the U.S. Breast Cancer Prevention Trial.234,349 In the world overview of randomized trials, the incidence of endometrial cancer quadrupled with 5 years of tamoxifen treatment.332 In addition, women being treated with tamoxifen were reported
to develop atypical hyperplasia of the endometrium, endometrial polyps, ovarian cysts, growth of fibroids, adenomyosis, and rapid exacerbation of endometriosis.350,351,352,353 The proper prevention, surveillance, and management of women being treated with tamoxifen are critical problems. It is inappropriate to advocate oral progestational
treatment to prevent the endometrial response to tamoxifen. The progestational impact (at the low doses currently used for endometrial protection) on the risk of breast cancer recurrence and the interaction with tamoxifen are not known. Indeed, a relatively high dose of norethindrone (2.5 mg daily for 3 months) was unable to exert a protective
effect on the endometrium in healthy women participating in the U.K. tamoxifen prevention trial, and a high dose of megestrol acetate failed to reverse endometrial hyperplasia.354,355 The levonorgestrel intrauterine device (IUD) effectively effectively protects the endometrium against hyperplasia and polyps in women using tamoxifen or
postmenopausal estrogen therapy.356,357,358,359,360,361,362,363,364 Breakthrough bleeding is a problem in the early months, but this method is suitable for both premenopausal and postmenopausal women using tamoxifen. This IUD can also be used to treat endometrial hyperplasia.365,366,367,368,369,370 However, the persistence of atypia at
biopsy follow-up after 6 months is an indication that regression is unlikely to occur. Although the levonorgestrel IUD confidently provides good protection against endometrial hyperplasia, clinicians should maintain a high degree of suspicion of unusual bleeding (bleeding that occurs after a substantial period of amenorrhea) and aggressively assess
the endometrium. Most tamoxifen-treated women who have developed endometrial cancer have been symptomatic with vaginal bleeding, but not all. Vaginal bleeding in tamoxifen users should always prompt uterine evaluation. Unfortunately, some women with amenorrhea have had advanced, invasive uterine disease. Stage III and stage IV
endometrial cancers with a poor prognosis were reported more frequently in long-term tamoxifen users.371 In addition, tamoxifen is associated with a higher rate of mixed mesodermal tumors and sarcomas of the endometrium.371 It makes sense to detect abnormal changes as early as possible, but an ideal surveillance method had eluded clinicians.
The progestin challenge test may be a cost-effective method to detect the presence of stimulated endometrium, and small prospective studies reported 100% sensitivity and positive predictive value for endometrial pathology.372,373 Periodic transvaginal ultrasound using a cutoff endometrial thickness of 9 mm has been studied as a surveillance
method, and it has been shown to be ineffective at identifying endometrial cancer in this patient population with a sensitivity of 63%, specificity of 60%, and positive predictive value of only 1.4%.374 The use of ultrasonographic measurement of endometrial thickness, with saline instillation sonohysterography when the appearance is not totally
benign, may be used. In a retrospective study using endometrial thickness cutoffs of 9.5 mm on regular ultrasonography and 5.5 mm on saline sonography yielded sensitivities of 89% and 78% and specificities of 78% and 84%. When using either the presence of polypoid lesions or endometrial thickness of 5.5 mm or greater on saline sonography,
sensitivity increased to 100%.375 Tamoxifen is associated with an ultrasonographic image that is unique, characterized by sonolucent changes that are subepithelial in the presence of atrophic epithelium, thus the usefulness of saline instillation to discriminate epithelial thickness from combined endometrial changes.376 Periodic endometrial
aspiration biopsy would likely be sufficient for surveillance, but this procedure carries with it the potential for a very significant negative effect on patient compliance (with her tamoxifen and with her clinician) and a low rate of positive results. It is also logical to expect patients on tamoxifen to be at increased risk for the development and progression
of endometriosis. There are case reports of women being treated with tamoxifen, 20 mg daily, who required hysterectomy and oophorectomy for severe endometriosis.377,378,379,380 In addition, women receiving tamoxifen develop adenomyosis, ovarian cysts, and endometrioid cancer of the ovary.380,381,382,383 In our view, an annual pelvic
examination is not sufficient; every 6 months is best. A woman being treated for breast cancer will naturally focus her attention and energy on the cancer itself, especially in the early years of treatment. The same can be said for the specialist who is monitoring the treatment. It falls to the patient’s health care manager, her primary clinician, to look at
the broader picture. A clinician interacting with patients being treated for breast cancer has an obligation to consider the impact of the patient’s treatment on other body systems and functions. Tamoxifen offers the hope of adding many years to a woman’s life. Medical intervention by a clinician can help make those years better with good preventive
health care. Aromatase Inhibitors for the Treatment of Breast Cancer Aromatase inhibitors block the conversion of androgen precursors to estrogen at all target tissue sites, nearly completely inhibiting total body estrogen production in postmenopausal women. This inhibition is not as complete in premenopausal women. The modern aromatase
inhibitors include two nonsteroidal inhibitors, anastrozole (Arimidex) and letrozole (Femara), and one steroidal inactivator, exemestane (Aromasin). The aromatase enzyme is present in the stromal tissue of normal and abnormal breast tissue and in breast epithelial cells. Aromatase activity is increased in breast cancer tissues, associated with a switch
from a promoter controlled primarily by glucocorticoids and cytokines to a promoter regulated through cyclic AMP pathways.384 However, aromatase activity in malignant breast epithelial cells is either undetectable or very low. Thus, growth stimulation of hormonally sensitive breast cancer is presumed to be influenced by local estrogen synthesis in
adjacent stromal cells that is increased in a paracrine fashion by malignant cells activating alternative aromatase gene promoters.385 A relationship between the aromatase and prostaglandin cyclooxygenase systems may explain the beneficial effects of nonsteroidal antiinflammatory drugs in epidemiologic reports on the risk of breast cancer.386
Cyclooxygenase is overexpressed in breast cancer, and the treatment combination of aromatase and cyclooxygenase inhibitors is being evaluated in clinical trials.387 The specific inhibitors of P450arom that have been developed produce intense blockage of estrogen production and, importantly, reduce estrogen biosynthesis in the cells adjacent to
breast tumors. The initial development of drugs that reduce estrogen production focused on alterations of the androstenedione molecule to produce competitive inhibitors. The preparation of a large number of altered steroid agents yielded exemestane, a steroidal inactivator of the aromatase enzyme, that clinically is grouped in the family of
aromatase inhibitors. The first nonsteroidal inhibitors, such as aminoglutethimide, affected other CYP450 enzymes, producing unwanted toxic effects. The current generation of nonsteroidal aromatase inhibitors containing a triazole ring, anastrozole and letrozole, are highly specific with no effect on the biosynthesis of other steroids. These agents are
100–3,000 times more potent than aminoglutethimide and reduce total body aromatization by 97– 99%.388 The first studies with the nonsteroidal aromatase inhibitors demonstrated that anastrozole (1 mg daily) and letrozole (2.5 mg daily) were more effective than tamoxifen in women with advanced breast cancer.389,390,391 Similar results were
reported with exemestane.392 More recent clinical trials focused on the treatment of early breast cancer. The ATAC Trial.393,394,395 The Arimidex, Tamoxifen, Alone or in Combination trial included 9,366 patients in 380 sites in 23 countries. Eighty-four percent had estrogen receptor–positive tumors and one-third had positive lymph nodes. The
patients were randomized to daily treatment with anastrozole, 1 mg; tamoxifen, 20 mg; or a combination of both for 5 years. Compared with tamoxifen, anastrozole increased the disease-free survival by 14%, decreased the incidence of new contralateral primary tumors by 38% (although this difference did not reach statistical significance), and
increased the time to recurrence by 17%. The combination treatment was not better than anastrozole alone. In patients negative for estrogen and progesterone receptors, the small effect of anastrozole was equivalent to that of tamoxifen. After long-term follow-up, it was apparent that the carryover effect after 5 years of treatment was greater with
anastrozole compared with tamoxifen.395 There were significant differences in comparing the adverse effects of the two drugs (Table 16.9). TABLE 16.9 Side Effects of Hormone Therapies for Breast Cancer Adverse gynecologic events occurred less frequently with anastrozole compared with tamoxifen in the ATAC trial.396 These events included
lower incidences of vaginal hemorrhage, vaginal discharge, endometrial polyps, endometrial hyperplasia, and endometrial cancer. As a result, there was a fourfold increase in hysterectomy in the women treated with tamoxifen. Importantly, more women remained adherent to treatment with anastrozole. The BIG Trial. The Breast International Group
trial randomized 8,028 women to either tamoxifen or letrozole for 5 years and reported an improved disease-free survival in the letrozole group.397,398 The ITA Trial. The Italian Tamoxifen Anastrozole Trial of 448 women compared 5 years of tamoxifen to a group switched to anastrozole after 2–3 years of tamoxifen.399 The disease-free survival was
significantly increased in the sequentially treated group. The IES Trial. The Intergroup Exemestane Study included 4,742 patients and compared 5 years of tamoxifen with a sequential group switched to exemestane, 25 mg daily, after 2–3 years of tamoxifen.400,401 There was a 32% reduction in risk with exemestane for recurrence, contralateral
breast cancer, or death that equaled an improvement of 4.7% in disease-free survival. The risk of contralateral breast cancer was reduced by 56%. The TEAM Trial. The Tamoxifen Exemestane Adjuvant Multinational Study randomized 9,775 women to either exemestane, 25 mg daily, or tamoxifen, 20 mg daily.402 In 2004, the trial was modified,
switching tamoxifen patients to exemestane after 2.5–3 years of treatment to complete 5 years of treatment total. After 10 years of follow-up, there was no difference in disease-free survival.403 The MA.17 Trial. After 5 years of tamoxifen treatment, 5,187 women were randomized to 5 years of letrozole or placebo.404,405 The analysis indicated an
improvement in disease-free survival with letrozole, 94.3% compared to 91.4% in the placebo group. This impact was present in both patients with positive nodes and negative nodes. Overall, the letrozole group experienced a 39% reduction in contralateral primary breast cancer, a 42% reduction in recurrences, and a 38% reduction in distant
metastases. Because of these benefits, the trial was unblinded and patients were given the option of switching from placebo to letrozole. In an updated analysis, disease-free survival was improved with letrozole treatment.406,407 This study reported significantly more joint complaints and more hot flushing compared with placebo and an increase in
fractures and cardiovascular events. Aromatase inhibitors are more effective than tamoxifen for the treatment of estrogen-sensitive breast cancers in postmenopausal women, either for early disease or for metastatic breast cancer. The three aromatase inhibitors have similar side effect profiles. The major problem has been an increase in fractures due
to the bone loss associated with the profoundly low estrogen levels (nearly a 99% decrease), an effect that can be prevented with bisphosphonate treatment. Besides hot flushing, other major side effects are joint arthralgias, reduced sexual function, and myalgia.408 Compared with tamoxifen, there is less, if any, endometrial stimulation and less
venous thromboembolism. Anecdotal experience has suggested that anastrozole users have an increased prevalence of retinal hemorrhages, presumably due to vascular fragility secondary to estrogen depletion.409 A decision analysis using computer modeling suggested that a modestly improved outcome is associated with sequential therapy
(tamoxifen for 2.5 years followed by an aromatase inhibitor) compared with 5 years of an aromatase inhibitor alone. The actual increase was only 1–2%.410 This small difference was not supported by a phase 3 clinical trial, a continuation of the BIG trial, comparing letrozole monotherapy with tamoxifen-letrozole sequential therapy, in which the
overall survival in the treatment groups did not differ.411 The American Society of Clinical Oncology and the National Comprehensive Cancer Network, based on the results of the clinical trials, now make the following recommendations405,412: Postmenopausal women with hormone-positive breast cancers should be treated with an aromatase
inhibitor for 5–10 years, tamoxifen for 5–10 years, or tamoxifen for 5 years followed by 5 years of aromatase inhibitor treatment. Premenopausal women with hormone-positive breast cancers should be treated with tamoxifen for 5–10 years, with the option of switching to an aromatase inhibitor after 5 years if the patient becomes postmenopausal
during treatment. Aromatase inhibitors are appropriate as initial treatment for women with contraindications to tamoxifen. Aromatase inhibitor treatment has been associated with better response rates compared with tamoxifen in postmenopausal women with tumors overexpressing HER-2. This evidence is not strong but should be considered. There
is insufficient evidence available to support the use of tamoxifen after treatment with an aromatase inhibitor. A reasonable and important addition to these recommendations is to promote adequate calcium and vitamin D supplementation and to consider prophylactic bisphosphonate treatment to prevent bone loss and fractures. Treatment with
zoledronic acid (4 mg intravenously every 6 months) increased bone density in women being treated with letrozole and even improved disease-free survival rates.413,414 Similar bone density results were obtained with the once-a-month oral bisphosphonate, ibandronate.415 More effective protection against bone loss and fractures is achieved by
starting bisphosphonate treatment simultaneously with an aromatase inhibitor.416 Bisphosphonates appeared to have an independent beneficial impact on the incidence of breast cancer in observational studies. In the Women’s Health Initiative, oral bisphosphonate users had a significant 32% reduction in estrogen receptor–positive breast cancer
incidence.417 However, randomized controlled trials looking at 3–4 years of bisphosphonate use in women ages 55–89 showed no difference in the risk of developing breast cancer.418 A meta-analysis of randomized trials looking at 19,818 patients comparing aromatase inhibitors with tamoxifen in early breast cancer focused on cardiovascular
risk.419 The relative risk for grade III and IV cardiovascular adverse events with aromatase inhibitors as compared to tamoxifen was unexpectedly 1.31 (CI = 1.07– 1.60). However, there was a 47% reduced risk of thromboembolic events with aromatase inhibitors, RR = 0.53 (CI = 0.42–0.65). Additionally, a meta-analysis of randomized controlled
trials looking at 16,349 patients comparing extended aromatase inhibitor therapy with placebo in patients with early breast cancer showed an increase in relative risk of cardiovascular events of 1.18 (95% CI = 1.0–1.4).420 The increase in cardiovascular disease with aromatase inhibitors reflects the absence of a beneficial influence of estrogen on the
lipid profile and on important vascular epithelial functions such as nitric oxide synthesis. The meta-analyses suggest that this is a relatively low risk. Furthermore, it is inadvisable to consider only one of the estrogen deficiency side effects. The overall impact on a patient will be determined by the additive effects on all estrogen target tissues. The
effects on cognition and the risk of Alzheimer disease are major potential issues. Cognitive assessments were performed in a subgroup of women in the IBIS anastrozole trial for prevention of breast cancer; no significant differences were observed comparing the treatment group with the placebo group; however, the duration of the study was only 2
years.421 Another study reported worse verbal and visual learning in women treated with anastrozole compared with tamoxifen treatment.422 Dutch women in the TEAM trial who were tamoxifen users performed worse than healthy controls on verbal memory and executive function testing, whereas no adverse effects were observed in exemestane
users after 1 year.423 Continuing follow-up of treated women over a longer period of time will be necessary to acquire a better understanding of the impact of aromatase inhibitors on cognition. Some important questions regarding aromatase inhibitors remain unanswered. The optimal duration of therapy is not established. At the present time,
treatment longer than 5 years awaits appropriate clinical trial data. The long-term safety is unknown; will a low estrogen and a relatively high androgen hormonal environment lead to clinical consequences? Balancing the benefits and risks will require this information. Nevertheless, aromatase inhibitor treatment has justifiably usurped the place of
tamoxifen in the adjuvant treatment of breast cancer; the reason being that it is more effective to pharmacologically block estrogen biosynthesis, especially at the local level, than it is to interfere with estrogen action. Tamoxifen, Raloxifene, and Aromatase Inhibitors for Prevention of Breast Cancer Tamoxifen Women at increased risk for breast cancer
participated in a breast cancer prevention trial initiated in the United States in 1992. The study compared two groups of women, one treated with placebo and one with 20-mg tamoxifen daily for 5 years. Early in 1998 (after about 4 years of follow-up), the study was unblinded because there were 49% fewer cases of invasive breast cancer and 50%
fewer cases of noninvasive breast cancer in the tamoxifen-treated arm of the study.232 This outcome was not without risk. There was a 2.4-fold increase in postmenopausal endometrial cancer, a 2.8-fold increase in pulmonary embolism, a 1.6-fold increase in venous thrombosis, and a 1.6fold increase in cataracts. There have been four randomized
placebo-controlled tamoxifen prevention trials. In the 7-year follow-up report of the American tamoxifen for prevention study, the risk for breast cancer was 0.57 (CI = 0.46–0.79), a 43% reduction, not the 50% cited in the results above, and the risk for in situ disease was 0.63 (CI = 0.45–0.89), a 37% reduction.233 Follow-up of the Italian national trial
demonstrated a 23% reduction of estrogen receptor–positive cancers in the group of women considered to be at the highest risk of cancer.424 The Royal Marsden randomized, double-blinded tamoxifen breast cancer prevention trial began in 1986, enrolling 2,494 women with a positive first-degree family history of breast cancer.425 The treatment
group received 20 mg tamoxifen daily for 8 years. Twenty years later (median follow-up of 13 years), there were 139 estrogen receptor–positive breast cancers for a 39% reduction (HR = 0.61, CI = 0.43–0.86). The lowered risk did not become statistically significant until after the 8-year treatment period. The International Breast Cancer Intervention
Study (IBIS), also a randomized, double-blinded trial, began in 1992 and enrolled 7,145 women; the treatment period with tamoxifen 20 mg daily was 5 years.426 After a median follow-up of 8 years, there was a 34% reduction in estrogen receptor–positive cancers (RR = 0.66, CI = 0.50– 0.87). The IBIS trial found a greater reduction during the
treatment period, but when the analysis was restricted to estrogen receptor–positive cancers, the IBIS and Royal Marsden trials were similar, finding a greater effect after treatment. The differences among these trials are attributed to variations in risk factors in the studied populations. The American trial enrolled women with risk assigned by the
Gail model, a risk assessment tool for invasive breast cancer that has been validated in white women.427 The women in the International trial were at a lower risk than those in the Royal Marsden trial, and the women in the Italian trial were not assessed for risk. Epidemiologists from England, Italy, and Australia reviewed the combined results of the
breast cancer tamoxifen prevention trials and added updated results.428 The combined data indicated a 48% reduction in estrogen receptor–positive cancers and no effect on the incidence of estrogen receptor–negative cancers. The overall relative risk of endometrial cancer with tamoxifen was increased 2.4-fold, and the relative risk of venous
thromboembolic events was 1.9. The length of follow-up and patient numbers do not allow data regarding breast cancer mortality. The impact of 5 years of tamoxifen treatment on 1,000 high-risk women should yield an 18% reduction in mortality within 10 years of diagnosis. Experts and organizations in the breast cancer world have agreed that
tamoxifen reduces the incidence of estrogen receptor–positive cancers in high-risk women. In an assessment of the women in the American preventive trial, tamoxifen reduced the incidence of breast cancer among BRCA2 carriers, but not in BRCA1 carriers, perhaps reflecting the fact that most of the BRCA2 carriers have estrogen receptor–positive
tumors in contrast to the prevalence of estrogen receptor–negative tumors in BRCA1 carriers (another problem was small numbers, 8 with BRCA1 mutations and 11 with BRCA2 mutations).429 The evidence supports tamoxifen reduction of the risk for estrogen receptor– positive breast cancer, but at the same time, tamoxifen should be recommended
as a preventive agent only for women at very high risk. This conclusion is based upon the degree of reduction in risk compared with the incidence of side effects. An evaluation by the National Cancer Institute is very helpful.430,431 Because the risks associated with tamoxifen (endometrial cancer, stroke, pulmonary embolism, and deep vein
thromboembolism) increase with age, balancing the risks and benefit indicates that tamoxifen is best for younger women with an elevated risk of breast cancer (an increased relative risk of approximately 1.7). A similar conclusion was reached by a working group of the American Society of Clinical Oncology.432 This means that only a relatively small
number of women qualify, about 5% of American white women and 0.6% of black women.430 There is one lingering concern. There has been a slight increase in estrogen receptor–negative cancers in the follow-up period after treatment in all of the prevention trials. It is uncertain if this is related to tamoxifen exposure; however, in the trials assessing
tamoxifen treatment of breast cancers, survival and recurrence rates worsened with longer therapy, probably due to the emergence of tamoxifen-resistant tumors. In conclusion, tamoxifen exposure for 5–8 years is associated with about a 30–50% reduction in estrogen receptor–positive breast cancers for at least 15 years after the treatment ends. An
estimate of the absolute impact puts this in better perspective. The absolute reduction in cumulative overall incidence of breast cancer after 5 years is estimated to about 1.1% and after 10 years 1.7%. This small impact, combined with the serious side effects, has made tamoxifen treatment an unattractive option. Raloxifene The MORE trial, the
Multiple Outcomes of Raloxifene Evaluation trial, was a randomized, double-blind, multicenter clinical study of postmenopausal women with osteoporosis that reported a 72% reduction in estrogen receptor–positive invasive breast cancer in the treatment group after 4 years compared with placebo.433 The CORE trial, the Continuing Outcomes
Relevant to Evista trial, was designed to measure the impact of 4 additional years of raloxifene (60 mg/day), to begin during the fourth year of the MORE trial.434 Of the 7,705 participants initially randomized in the MORE trial, 3,510 women elected to continue raloxifene treatment (2,336 completed the CORE trial) and 1,703 continued on placebo
(1,106 completed the trial). During the 4-year CORE study, raloxifene treatment was associated with a 66% (HR = 0.34, CI = 0.18–0.66) reduction of estrogen receptor–positive invasive breast cancers in the treated group. There was no difference in estrogen receptor–negative tumors. Over the entire 8-year period, the reduction in estrogen receptor–
positive cancers reached 76%. In the 8-year period, there was no difference in the number of deaths in the two groups. The Study of Tamoxifen and Raloxifene (STAR) trial enrolled 19,747 women at increased risk of breast cancer who were randomized to treatment with either raloxifene, 60 mg daily, or tamoxifen, 20 mg daily, in more than 500
centers in the United States, Canada, and Puerto Rico.435 The reported results after an average treatment period of almost 4 years were as follows435 (Table 16.10). TABLE 16.10 STAR Trial Results The numbers of invasive breast cancers were identical in the two groups of women. It was estimated that these results were equivalent to about a 50%
reduction (based on the previous results in the tamoxifen prevention trial),232,233 but without a placebo arm, an accurate assessment was impossible. Thus, raloxifene appears to achieve the same reduction as tamoxifen in invasive breast cancers with a lesser increase in venous thrombosis and perhaps no increase in cataracts and uterine cancer.
“Quality of life” was said to be the same for both drugs. The fracture rates in the hip, wrist, and spine in the STAR trial were similar in the two groups. In the 7-year follow-up report of the U.S. Breast Cancer Prevention Trial with tamoxifen, osteoporotic fractures were reduced by 32%; compared with placebo, there were 11 fewer hip fractures, 13
fewer spinal fractures, and 9 fewer fractures of the radius.233 However, even after 8 years of follow-up of the raloxifene trial involving women with osteoporosis, no effect of raloxifene has been evident on nonvertebral fractures.436 A similar fracture rate in the STAR trial with the two treatments must reflect the incidence of spinal fractures. Neither
tamoxifen nor raloxifene can achieve the efficacy in preventing all fractures well-proven with both hormone therapy and bisphosphonate treatment. Raloxifene’s lack of effect on the risk of hip fractures makes it less advantageous than tamoxifen for bone protection. The rate of strokes was equivalent in the two treatment arms of the STAR trial. The
rate of stroke was increased by 42% in the tamoxifen prevention trial (but this did not achieve statistical significance).233 This is a serious risk for both drugs. Aromatase Inhibitors Exemestane has been studied as a breast cancer prevention method in postmenopausal women at risk for breast cancer.437 After 3 years of follow-up, this randomized
control study has shown a 65% relative reduction in the annual incidence of invasive breast cancer, which is statistically significant, with no increased risk of adverse event including fracture or cardiovascular event. A randomized trial has also been completed with anastrazole.235 After 5 years of follow-up, the hazard ratio is 0.47. A third study
(STELLAR) has been proposed, comparing letrozole and raloxifene.438 The MAP1 randomized trial evaluated the effect of letrozole treatment on breast density; no effect on breast density was observed after 1 year of treatment.439 The French Onco-03/LIBER trial is assessing the use of letrozole in BRCA mutation carriers. Summary These results
lead us to recommend tamoxifen prophylaxis (20 mg daily for 5 years) or raloxifene prophylaxis (60 mg daily for 5 years) for those women who are diagnosed with carcinoma in situ of the breast or who have atypical hyperplasia in a breast biopsy (especially if a positive family history of breast cancer is also present). For others who seek preventive
treatment, we advise that the final answers are not in and that clinical trial results from long-term follow-up will be necessary before fully informed decisionmaking is possible. Women at very high risk for breast cancer who choose tamoxifen or raloxifene treatment deserve support and appropriate surveillance. Bisphosphonate treatment is
recommended to prevent bone loss and gain the added benefit of a further reduction in breast cancer risk. Vasomotor Symptoms with Tamoxifen and Aromatase Inhibitors in Breast Cancer Survivors The problem of hot flushing should not be underrated. Women have vasomotor symptoms on tamoxifen, raloxifene, and aromatase inhibitors, and those
that already had flushing sometimes have worse flushing. Various treatments are available, discussed in Chapter 17. The SSRIs are the best choice after hormone therapy. It is worth trying to titer the dose down to its lowest effective level because of a low but bothersome incidence of decreased libido. In addition, clinical experience indicates that it is
best to slowly titrate upward to the recommended dose and, likewise, to wean the patient slowly when discontinuing treatment. SSRIs are effective for flushing secondary to both tamoxifen and hypoestrogenemia, and the efficacy is similar in women with and without breast cancer.440 An added advantage of the SSRIs is the fact that the clinical
studies have also reported improvements in depression, anxiety, and sleep. There is a concern that is of potential clinical importance. Tamoxifen is converted to an active metabolite by enzymes that are inhibited by SSRIs. Paroxetine coadministration decreases plasma concentrations of the active metabolite.441,442 A lesser effect is associated with
fluoxetine and sertraline. In a retrospective cohort study, only paroxetine use during tamoxifen therapy was associated with an increased risk of death due to breast cancer.443 Paroxetine, fluoxetine, and sertraline are best avoided in women being treated with tamoxifen. NEEDLE ASPIRATION Needle aspiration of breast lumps can be part of the
practice of everyone who cares for women.444 The technique is easy. A small infiltrate of lidocaine is placed in the skin (many clinicians believe that local anesthesia is unnecessary). Holding the lesion between thumb and index fingers with one hand, the other hand passes a 22-gauge needle attached to a 3-finger control syringe into the lesion.
Aspiration will reveal the presence of cystic fluid from a cyst. If the mass is solid, the needle should be passed at least 2–4 times (even more if nothing is being obtained) back and forth through the lesion with continuous suction on the syringe. Air is forcibly ejected through the needle onto a cytology slide for smearing and fixing. The usual Pap smear
fixative can be used (Figure 16.9). The procedure is very cost-effective. When aspiration yields clear or cloudy, green-gray, or yellow fluid and the mass disappears, the procedure is both diagnostic and therapeutic. Fluid of any other nature requires cytologic assessment.445 Failure to obtain material for cytologic evaluation or the persistence of a
mass requires biopsy. The mass should not have returned at the follow-up examination 1 month after the aspiration. Locally, recurrent cysts should be surgically removed for histologic diagnosis. FIGURE 16.9 SCREENING MAMMOGRAPHY Mammography is a means of detecting a nonpalpable cancer. Technical advancements have significantly
improved the mammographic image and reduced the radiation dose.446 The doubling time of breast cancer is very variable, but in general, a tumor doubles in size every 100 days. Thus, it takes a single malignant cell approximately 10 years to grow to a clinically detectable 1-cm mass, but by this time, a tumor of 1 cm has already progressed through
30 of the 40 doublings in size, which is estimated to be associated with fatal disease.447 Furthermore, the average size at which a tumor is detected has been (prior to mammography) 2.5 cm, a size that has a 50% incidence of lymph node involvement. Studies of breast self-examination have been disappointing in their failure to demonstrate an impact
on breast cancer stage of disease and mortality.448 To decrease the mortality from breast cancer, we must utilize a technique to find the tumors when they are smaller (Figure 16.10). FIGURE 16.10 Mammography is the only method that detects clustered microcalcifications. These calcifications are less than 1 mm in diameter and are frequently
associated with malignant lesions. More than five calcifications in a cluster are associated with cancer 25% of the time and require biopsy. Besides microcalcifications, the following mammographic findings usually require surgical evaluation: the appearance of a mass, calcifications associated with a mass, an area of distortion or asymmetrical density,
and a stellate lesion. A pattern of dysplasia on the mammogram carries with it an increased risk (2.0–3.5 times normal) of breast cancer. Mammography has a false-negative rate of 5–10%. This means that some masses are palpable but not visible. Mammography cannot and should not replace examination by patient and clinician. Breast examinations
by clinicians do detect cancers that are missed by mammography.449 Cancer commonly presents as a solitary, solid, painless (only 10% of cancers are painful), hard, unilateral, irregular nonmobile mass. A mass requires biopsy regardless of the mammographic picture. The Effectiveness of Mammography Mammography reduces breast cancer
mortality. The clinical trial results indicate increased survival with tumors detected by screening mammography, and in addition, early detection increases the options for treatment. About a 30% reduction in mortality can be expected with screening mammography of asymptomatic women over age 50.450,451 The U.S. Preventive Services Task Force
recommends against routine screening mammography in women aged 40–49 and for extending the screening interval for women aged 50–74 to every 2 years.452 The task force further recommends the discontinuation of breast self examinations. The recommendations of the U.S. Preventive Services Task Force represent the consensus of a panel of
clinicians, academicians, and epidemiologists after a systematic review of the literature. The various task forces are often very conservative, refusing to make clinical judgments when evidence is deemed insufficient and focusing on a collective impact that includes not only clinical outcome but cost as well. We disagree with the task force
recommendation on screening mammography for the following reasons. About 20% of breast cancers occur in women 40–49, accounting for approximately 9% of all deaths due to breast cancer.128 The American Breast Cancer Detection Demonstration Project demonstrated that screening was just as effective for women in their 40s as in women over
their 50s.453 This program that was organized by the American Cancer Society and the National Cancer Institute began operating in 1973 in 28 locations throughout the United States, enrolling more than 280,000 women. Despite the fact that this was not an organized research study with a control group, the massive database permits many valuable
conclusions. From 1977 to 1982, similar high survival rates (87%) for women in their 40s compared with women in their 50s verify that screening was just as effective in the younger women. A 5-year survival rate for patients under 50 with breast cancers detected by examination was 77% compared to 95% in those patients with breast cancers
detected by mammography.454 In a randomized trial in Gothenburg, Sweden, women ages 39–49 undergoing mammographic screening every 18 months had a 45% reduction in breast cancer mortality in an early report and a 31% reduction after 13 years of follow-up.455,456 Meta-analyses of randomized clinical trials concluded that in women aged
40–49 offered mammography screening, there was about a 20% reduction in breast cancer mortality.451,457,458 It takes longer for a significant difference in mortality to appear in 40–49-year-old women compared with women over age 50. There are two explanations. One is that tumors grow faster in younger women, and the other is the greater
difficulty in achieving accurate mammography because of the denser, more glandular breasts in younger women compared to the more fatty breasts in older women. Because the breast density changes gradually, rapid tumor growth must be the more critical factor. Once detected by mammography, the stage of disease and survival expectations are
the same in comparing women aged 40–49 with women over age 50.459 However, cancers that are detected between screenings have lower survival rates (at all ages). Therefore, another reason that it has been difficult to demonstrate an impact of screening in the age group 40–49 is that because of less than annual screening, more of the cancers
are detected late (between screenings). This in turn reflects the faster tumor growth in younger women.460 Because the randomized clinical trials have screened younger women at 2-year or longer intervals, it is not surprising that screening has been less effective for these faster growing tumors. It is logical that women aged 40–49 should have
annual screening mammography.461,462 A randomized trial in the United Kingdom of annual mammographic screening beginning at age 40 indicated a 24% reduction in breast cancer mortality in the screened women.463 There are problems to be anticipated with extensive mammography screening. Small nonpalpable lesions have less than a 5%
chance of being malignant, and overall only about 20–30% of biopsy specimens contain carcinoma. About 10% of mammograms require additional evaluation. That means there will be a large number of biopsies and mammograms performed (including the treatment of clinically irrelevant lesions), which involves costs to the health care system and
cost to the individual in terms of stress and anxiety. Nevertheless, mammography is the most potent weapon we possess in the battle against breast cancer. Mammography not only lowers mortality, but it also decreases morbidity because less radical surgery is necessary for smaller lesions. Most importantly, the number of unnecessary surgical
procedures can be minimized by combining physical examination and mammography with needle aspiration.464 With the so-called triple approach (examination, mammography and possibly ultrasonography in young women, and needle aspiration), the detection of a malignancy with at least one of the three diagnostic tests is very reliable; open biopsy
can be avoided.465,466,467 It is appropriate to be concerned over the increased cost of annual screening. However, analysis of the increased cost, taking into account the greater efficacy of capturing early tumors comparing annual to biannual screening, reveals that the overall benefit is worthwhile and compares favorably to the cost and benefits of
Pap smear screening for cervical cancer.468,469 There is a special problem with elderly women. Old women are less likely to be screened with mammography, probably due to both patient misconceptions and erroneous clinician beliefs. Mammography reduces mortality and is cost-effective over age 65.470 Decision analysis of available data predicts
a major benefit for elderly women, and a retrospective study indicated that screening mammography in women over age 74 is as beneficial as it is in younger women.471,472 Older women need to be reminded that risk continues to increase with increasing age. Digital Mammography Digital mammography replaces the screen and x-ray film with a
detection system that converts x-ray photons to electric charge that is then converted to a digital image. This method performs better in women with dense breasts, accounting for the results in a randomized trial in which digital and film screening yielded equal results in women over age 50, but digital mammography was superior in younger
women.473,474 Digital mammography has some important advantages: easier access to images, more efficient storage of images, the use of computer-aided reading, and rapid data transfer between clinical sites. Studies have also indicated lower recall rates because of better image quality and fewer artifacts. Adding Ultrasound to Mammography A

prospective, multicenter, randomized trial was designed to validate the performance of screening ultrasound in conjunction with mammography in women with dense breasts and at high risk for breast cancer.475 The study is known as ACRIN, the American College of Radiology Imaging Network, 6666 trial. Each patient underwent mammography
and ultrasound in a randomized sequence. Forty cases of cancer were diagnosed, 12 on ultrasound alone, 12 on mammography alone, 8 suspicious with both techniques, and 8 with negative exams. Adding ultrasound yielded an additional 4.2 cancers per 1,000 high-risk women. The false-positive rate for mammography alone was 4.4%, for ultrasound
alone 8.1%, and for combined mammography plus ultrasound 10.4%. Thus, adding ultrasound to mammography screening in high-risk women with dense breasts improved the sensitivity of screening but increased the rate of falsepositive examinations. Breast cancer mortality was not an endpoint in this trial, but the fact that the cancers detected by
ultrasound are usually asymptomatic, node-negative, and not detected by mammography should yield a reduction in mortality. Ultrasound screening can detect cancers not seen on mammography, and its performance is not affected by dense breast tissue. Adding ultrasound to a screening program seems straightforward, even though its impact on
mortality reduction has not been measured in a large trial. In the single-center studies of screening ultrasound that have been published, cancers were found only by ultrasound, and most were small, early-stage tumors. An Italian multicenter study reported that 29 cancers were found by ultrasound in 6,449 women with dense breasts and negative
mammograms.476 Nevertheless, a majority of facilities do not offer screening ultrasound because of a lack of qualified personnel and standardized protocols. The problem with all screening methods is a substantial rate of false positives. In the American study, 91.4% of suspicious ultrasound findings were benign.475 The positive predictive value for
ultrasound was only 8.6%, but the value for mammography was only 14.7%. Remember that ultrasound tends to find earlier tumors. The crucial question is how many false positives are worth the gain in additional cancer diagnoses. In the American study, the gain was an additional 29% (the number of cancers detected only by ultrasound). In women
with elevated risks or dense breasts, this seems worthwhile. Women at high risk probably have a greater fear of diagnosing breast cancer late than of a false positive. Adding MRI to Mammography MRI is the most sensitive technique, but it is very expensive, requires the intravenous injection of contrast, and isn’t always tolerated by patients.
Ultrasound has the advantage of being less expensive, easily tolerated, and widely available. Thus, the combination of ultrasound and mammography seems best for women of intermediate risk. Ultrasound has a disadvantage of not detecting ductal carcinoma in situ, which is detected by mammography and MRI. Combining MRI with mammography
yields a very high sensitivity, and this is now recommended for women at very high risk for breast cancer, especially younger women.477,478,479 MRI is more sensitive in diagnosing breast ductal carcinoma in situ.480 Ductal carcinoma in situ is a precursor of invasive breast cancer, with progression occurring more often and more rapidly with
higher-grade in situ lesions, and the subsequent invasive disease is of a higher grade with a poorer prognosis. Diagnosis of highergrade ductal carcinoma in situ is, therefore, highly desirable. Mammography has led to an increase in the diagnosis of ductal carcinoma in situ from 2% of breast cancers in 1980 to 20% today. Earlier studies concluded
that MRI was no better and even worse than mammography in diagnosing ductal carcinoma in situ. However, it has been learned that diagnostic criteria differ with the two techniques, incorporating not only morphology but enhancement kinetics with contrast during MRI. MRI detects lesions without microcalcifications (a different group of tumors),
whereas mammography detects cases of ductal carcinoma in situ that have microcalcifications caused by necrosis. Both film-screen mammography and digital mammography have limited sensitivity for diagnosing ductal carcinoma in situ (determined by the size of microcalcifications). An important message is that MRI is better for the detection of the
higher-grade ductal carcinoma in situ associated with worse prognosis. The reason for this is the contribution of contrast enhancement. Tissues with higher-grade lesions will have greater capillary permeability and an increase in microvasculature, accounting for more contrast enhancement. The availability of MRI in general population screening is
currently limited by an insufficient number of radiologists with the required level of expertise, but there are an increasing number of specialty centers with the expertise and technology to perform accurate MRIs. The full use of MRI to detect breast cancer at its earliest stage awaits the results of a large multicenter trial that is obviously now
indicated. The final protocol for the best screening use of the three modalities, mammography, ultrasound, and MRI, will also require consideration of cost. The total cost is a complex summary of the technology, the time consumed, the increase in patient anxiety and discomfort, and the expense of additional testing because of false positives.
Nevertheless, the evidence now seems sufficient to individualize decision-making and to recommend more than the single technique of mammography for high-risk patients (defined as a combination of factors that produces a threefold increase in risk), especially in women with dense breasts. Thus far, over 90% of cancers detected only on ultrasound
were in women with dense breasts. Every woman should be regarded as at risk. Health care professionals who interact with women have the opportunity to initiate an aggressive program of preventive health care. The major deterrent to patient use of screening is the absence of a strong clinician recommendation. We urge you to follow these
guidelines: SCREENING FOR BREAST CANCER Women ages 25–39 should be offered a clinical breast examination every 1–3 years, and women ages 40 and over should be offered clinical breast examination annually. Women with a first-degree relative with premenopausal breast cancer should begin annual mammography 5 years before the age of
the relative when diagnosed. Annual mammography should be performed in all women over age 39. Digital mammography is preferred for women with dense breasts. It is advisable to add ultrasonography to mammography for hormone users who develop dense breasts and density that persists despite a short period without hormone therapy. MRI
should be added to mammography for women at very high risk for breast cancer (defined as a combination of factors that produces a threefold increase in risk), especially younger women. For an individual identified to be at high risk, especially women with inherited mutations, clinical breast examination is recommended every 6 months and annual
mammography and MRI beginning at age 25. Clinical evaluation every 6 months is appropriate because the BRCA1-related tumors have been demonstrated to be faster growing tumors. Support should be provided for those women who choose prophylactic mastectomy. Risk-reducing salpingo-oophorectomy is recommended at age 35 or when
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physical and mental conditions have been attributed to the menopause. Although medical writers often wrote colorfully in the past, unfortunately they were also less than accurate, unencumbered by scientific information and data. A good example of the stereotypical, inaccurate thinking promulgated over the years is the following written in 18871:
The ovaries, after long years of service, have not the ability of retiring in graceful old age, but become irritated, transmit their irritation to the abdominal ganglia, which in turn transmit the irritation to the brain, producing disturbances in the cerebral tissue exhibiting themselves in extreme nervousness or in an outburst of actual insanity. The belief
that behavioral disturbances are related to manifestations of the female reproductive system is an ancient one that has persisted to contemporary times. This belief regarding the menopause is not totally illogical; there is reason to associate the middle years of life with negative experiences. The events that come to mind are impressive: onset of a
major illness or disability (and even death) in a spouse, relative, or friend; retirement from employment; financial insecurity; the need to provide care for very old parents and relatives; and separation from children. Thus, it is not surprising that a middle-aged event, the menopause, shares in this negative outlook. The scientific study of all aspects of
menstruation has been hampered by the overpowering influence of social and cultural beliefs and traditions. Problems arising from life events have often been erroneously attributed to the menopause. But data, especially more reliable community-based longitudinal data, now establish that the increase in most symptoms and problems in middle-aged
women reflects social and personal circumstances, not the endocrine events of the menopause.2,3,4,5,6,7,8,9,10,11 The variability in menopausal reactions makes the cross-sectional study design particularly unsuitable. Longitudinal studies are better for documenting what is normal and the variations around normal. The Massachusetts Women’s
Health Study, a large and comprehensive prospective, longitudinal study of middle-aged women, provides a powerful argument that the menopause is not and should not be viewed as a negative experience by the vast majority of women.3,12 The cessation of menses was perceived by these women (as have the women in other longitudinal studies) as
having almost no impact on subsequent physical and mental health. This was reflected by women expressing either positive or neutral feelings about menopause. An exception was the group of women who experienced surgical menopause, but there is good reason to believe that the reasons for the surgical procedure were more important than the
cessation of menses. Changes in menstrual function are not symbols of some ominous “change.” There are good physiologic reasons for changing menstrual function, and understanding the physiology will do much to reinforce a healthy, normal attitude. Attitude and expectations about the menopause are very important. Women who have been
frequent users of health services and who expect to have difficulty do experience greater symptoms and higher levels of depression.4,8,9 The symptoms that women report are related to many variables within their lives, and the hormonal change at menopause cannot be held responsible for the common psychosocial and lifestyle problems we all
experience. It is important to stress the normalcy of this physiologic event. Menopausal women do not suffer from a disease (specifically a hormone deficiency disease), and postmenopausal hormone therapy should be viewed as specific treatment for symptoms in the short term and preventive pharmacology in the long term. It can be further argued
that physicians have had a biased (negative) point of view, because the majority of women, being healthy and happy, do not seek contact with physicians.13,14 It is vital, therefore, that clinicians not only are familiar with the facts relative to the menopause but also have an appropriate attitude and philosophy regarding this period of life. Medical
intervention at this point of life should be regarded as an opportunity to provide and reinforce a program of preventive health care. The issues of preventive health care for women are familiar ones. They include family planning, cessation of smoking, control of body weight and alcohol consumption, prevention of cardiovascular disease and
osteoporosis, maintenance of mental wellbeing (including sexuality), cancer screening, and treatment of urologic problems. GROWTH OF THE OLDER POPULATION We are experiencing a relatively new phenomenon: we can expect to become old. We are on the verge of becoming a rectangular society. This is a society in which nearly all individuals
survive to advanced age. In 1,000 b.c., life expectancy was only 18 years. By 100 b.c., the time of Julius Caesar, it had reached 25 years. In 1900, in the United States, life expectancy still had reached only 49 years (Figure 17.1). In 2005, the average life expectancy was 80.7 years for women and 75.4 for men.15 Today, once you reach 65, if you are a
man, you can expect to reach 83 and if you are a woman, age 85.16 We can anticipate that eventually, about two-thirds of the population will survive to 85 or more, and more than 90% will live past age 65—this would be the nearly perfect rectangular society (Figure 17.2).17,18 Currently, Sweden and Switzerland are closest to this demographic
composition. After Cope E. Physical changes associated with the post-menopausal years, In: Campbell S, ed. The Management of the Menopause & Post-Menopausal Years, University Park Press, Baltimore, 1976, p. 33. After Fries JF, Crapo LM, Vitality and Aging, W.H. Freeman and Co., San Francisco, 1981.29 A good general definition of elderly is
65 and older, although it is not until age 75 that a significant proportion of older people show the characteristic decline and problems. Today, the elderly population is the largest contributor to illness and human need in the United States. There are more old people (with their greater needs) than ever before.19 In 1900, there were approximately 3
million Americans 65 and older (about 4% of the total population), and in 2000, there were 35 million (about 12% of the total population). By 2030, the elderly population in the United States will reach about 70 million, and about one in five Americans will be elderly.19 The world’s elderly population will be more than double from 1998 to 2025, rising
from 264 million in 2009 to 416 million in 2050.20 Population aging must be added to population growth as very important social problems. Two modern phenomena have influenced the rate of change. The first was the post– World War II baby boom (1946–1964) that temporarily postponed the aging of the population, but now is causing a faster aging
of the general population. The second major influence has been the decline in old-age mortality. Our success in postponing death has increased the upper segment of the demographic contour (Figure 17.3). By 2050, the current developed nations will be rectangular societies. China, by 2050, will contain more people over age 65 than the number of
people of all ages currently living in the United States (Table 17.1). FIGURE 17.3 TABLE 17.1 Current World Population Figures From McDevitt TM, Stanecki KA, Way PO , Report WP/98, World Population Profile: 1998, Washington, DC: US Census Bureau; 1999.21 This is a worldwide development, not limited to affluent societies.21 The population of
the earth will continue to grow until the year 2100 or 2150, when it is expected to stabilize at approximately 11 billion. After 2020, all of this growth will occur in developing countries.20 In 2000, the poorest countries (located in Africa and Asia) accounted for 87% of the world’s population. In 1950, only 40% of people 60 and older lived in developing
countries. By 2050, about 80% will live in those countries, as fertility in the developing regions is expected to drop from 2.73 children per woman in 2005–2010 to 2.05 by 2050.20 In aging populations, a gender differential in survival is recognized. In 1900, men over age 65 in the United States outnumbered women by 102 to 100. Now, there are only
70 men for every 100 women over age 65.22 By age 85, only 39 men are alive for every 100 women. Nearly 90% of white American women can expect to live to age 70. Vital statistics data indicate that this gender difference is similar in both the black and white populations in the United States (Figure 17.4).23 Approximately 55% of girls, but only
35% of boys, live long enough to celebrate their 85th birthday.24 One in 5,600 individuals can expect to live to be 100.22 FIGURE 17.4 The 10 leading causes of death in the United States in 2016 were as follows16: 1. Heart disease 2. Cancer 3. Unintentional injuries 4. Chronic lower respiratory diseases 5. Stroke 6. Alzheimer disease 7. Diabetes
mellitus 8. Influenza and pneumonia 9. Kidney diseases 10. Suicides Men and women reach old age with different prospects for older age, a sex differential that (it can be argued) is due in significant part to the sex hormone–induced differences in the cholesterol-lipoprotein profile and other cardiovascular factors and thus the greater incidence of
atherosclerosis and earlier death in men. From a public health point of view, the greatest impact on the sex differential in mortality would be gained by concentrating on lifestyle changes designed to diminish atherosclerosis: low-cholesterol diet, no smoking, optimal body weight, and active exercise. The death rate is higher for men at all ages, and
therefore women are overrepresented in aging populations (Table 17.2). Coronary heart disease (CHD) accounts for 40% of the mortality difference between men and women. Another one-third is from lung cancer, emphysema, cirrhosis, accidents, and suicides. It is interesting to note that in our society, the mortality difference between men and
women is largely a difference in lifestyle. Smoking, drinking, coronary-prone behavior, and accidents account for most of the higher male mortality rate over age 65. It has been estimated that perhaps two-thirds of the difference have been due to cigarettes alone. But we should emphasize that this is due to a greater prevalence of smoking in men.
Women whose smoking patterns are similar to those of men have a similar increased risk of morbidity and mortality.25 TABLE 17.2 The Older US Female Population From McDevitt TM, Stanecki KA, Way PO, Report WP/98, World Population Profile: 1998, Washington, DC: US Census Bureau; 1999.21 The mortality sex difference has been decreasing
since 1979. The U.S. Census Bureau projects that the difference in life expectancy between men and women will increase until the year 2050 and then level off. In 2050, life expectancy for women will be 82 years and for men, 76.7 years.26 There will be 33.4 million women 65 years and older, compared with 22.1 million men. In addition to the
growing numbers of elderly people, the older population itself is getting older. For example, in 1984, the 65–74 age group in the United States was over 7 times larger than in 1900, but the 75–84 group was 11 times larger, and the 85 and older group was 21 times larger. In the 1990s, the population 85 years and older increased by 38%.22 The most
rapid increase is expected between 2010 and 2030 when the post–World War II baby boom generation will be age 65 and over. In the next century, the only age groups in the United States expected to experience significant growth will be those past age 55. In this older age group, women will outnumber men by 2.6 to 1. By the year 2040, in the
United States, there will be 8 million to 13 million people 85 years of age or older; the estimate varies according to pessimistic to optimistic projections regarding disease prevention and treatment. Unmarried women will be an increasing proportion of the elderly. Elderly women are more likely to be widowed (59%) than elderly men (22%).27 Half of
men 85 and older live with their wives, but only 10% of elderly women live with their husbands.28 Because the unmarried tend to be more disadvantaged, there will be a need for more services for this segment of the elderly population. Older unmarried people are more vulnerable, demonstrating higher mortality rates and lower life satisfaction. The
Rectangularization of Life The life span is the biologic limit to life, the maximal obtainable age by a member of a species. The general impression is that the human life span is increasing. Actually, life span is fixed, and it is a biologic constant for each species.29 In fact, differences in species’ life spans argue in favor of a species-specific genetic basis
for longevity. If life span were not fixed, it would mean an unlimited increase of our elderly. But a correct analysis of survival reveals that death converges at the same maximal age; what has changed is life expectancy—the number of years of life expected from birth. Life expectancy cannot exceed the life span, but it can closely approximate it. Thus,
the number of old people will eventually hit a fixed limit, but the percentage of a typical life spent in the older years will increase (Figure 17.2). Our society has almost eliminated premature death. Diseases of the heart and the circulation, and cancers are now the leading causes of death. The reason for this is not an increase or an epidemic; it is a
result of our success in virtually eliminating infectious diseases. Now, the major determinant is chronic disease, affected by genetics, lifestyle, the environment, and aging itself. Even if cancer, diabetes, and all circulatory diseases were totally eliminated, life expectancy would not exceed 90 years.17 J.F. Fries described three eras in health and
disease.30 The first era existed until sometime in the early 1900s and was characterized by acute infectious diseases. The second era, highlighted by cardiovascular diseases and cancer, is now beginning to fade into the third era, marked by problems of advancing age (fading eyesight and hearing, impaired memory and cognitive function, decreased
strength and reserve). Much of our medical approach is still based on the first era (find the disease and cure it), and now we have conditions that require a combination of medical, psychological, and social approaches. Our focus has been on age-dependent, fatal chronic diseases. The new challenge is with the nonfatal, age-dependent conditions, such
as Alzheimer disease, osteoarthritis, osteoporosis, obesity, and incontinence. It can be argued that health programs in the future should be evaluated by their impact on years free of disability, rather than on mortality. The Concept of the Compression of Morbidity Chronic illnesses are incremental in nature. The best health strategy is to change the
slope, the rate at which illness develops, thus postponing the clinical illness and, if it is postponed long enough, effectively preventing it. There has been a profound change in public consciousness toward disease. Disease is increasingly seen as something not necessarily best treated by medication or surgery but by prevention. Preventing illness was
expressed by J.F. Fries as the compression of morbidity.29,31 We would live relatively healthy lives and compress our illnesses into a short period of time just before death. Is this change really possible? A good affirmative example is the decrease in atherosclerosis in the United States. Reasons include changes in the use of saturated fat, more
effective detection and treatment of hypertension, increased exercise, and decreased smoking (Figure 17.5). After Fries JF, Crapo LM, Vitality and Aging, W.H. Freeman and Co., San Francisco, 1981.29 Physician smokers have declined from a high of 79% to a small minority.32 It is interesting, and amusing, to note that the greatest decrease has been
among pulmonary surgeons, not surprising, while the least decrease has been among proctologists. From the mid-1970s to the early 1990s, smoking among physicians in the United States declined from 18.8% to 3.3%. Unfortunately, that still amounted to approximately 18,000 physicians who smoke. Approximately 35% of people in the United States
who have not obtained a high school diploma are smokers, but only 12% of those with higher education are smoking and only 5.7% of those with graduate degrees. Currently, approximately 17.5% of men and 13.5% of women are smokers.16 Cigarette smoking among high school students peaked in 1997 and then declined to the current level of
15.5%.16 In addition, 14% of high school students smoke cigars and 8% use chewing tobacco. The use of chewing tobacco, pipe smoking, and cigars contributes significantly to morbidity and mortality. Tobacco, therefore, continues to be the single most preventable cause of premature illness and death in the United States. It is important to note that
smoking has a greater adverse effect on women compared with men.33 Women who smoke only 1–4 cigarettes per day have a 2.5-fold increased risk of fatal CHD.34 Quitting smoking after decades of smoking is beneficial, and the beneficial effects are seen as early as 1 month after quitting.35 In the Nurses’ Health Study, 61% of the excess risk of
CHD mortality and 42% of stroke mortality were eliminated within 5 years after quitting smoking.36 The improvement in respiratory disease mortality is slower, and a small increased risk of lung cancer mortality persists even after 30 years. However, by 20 years after cessation, all the excess risk of vascular mortality and death due to respiratory
diseases other than lung cancer reached the level of a never smoker. Even older patients who already have coronary artery disease have improved survival if they quit smoking.37 No matter how old you are, if you continue to smoke, you have an increased relative risk of death. But no matter how old you are, if you quit smoking, your risk of death
decreases. Nevertheless, the risk of lung cancer remains elevated even in long-term ex-smokers.38 Since 1970, the death rate from CHD has declined approximately 50% in the United States. Between 1973 and 1987, in the United States, cardiovascular mortality declined in nearly every age group. In the combined age groups up to 54 years,
cardiovascular mortality decreased to 42% and in people 55–84 years old, 33%.33 Despite our progress, we must continue to exert preventive efforts on the risk factors associated with cardiovascular disease, especially obesity, hypertension, and lack of physical activity. The effort to improve the quality of life has an important value to society; it will
decrease the average number of years that people are disabled, which is a major health and social problem of society. Most significantly, this is a major financial challenge for health care systems and social programs. With evolution toward a rectangular society, the ratio of beneficiaries to taxpayers grows rapidly, jeopardizing the financial support for
health and social programs. Compression of morbidity is at least one attractive solution to this problem. MENOPAUSE AS AN OPPORTUNITY Menopause is a normal phase of life, much like puberty; it should not be viewed as abnormal. For many women, it is a welcome change—no further menses or premenstrual syndrome (PMS) and no need for
contraception/concern for conceiving. Clinicians who interact with women at the time of the menopause have a wonderful opportunity and, therefore, a significant obligation. Medical intervention at this point of life offers women years of benefit from preventive health care. This phase of life represents an opportunity that should be seized. While not
underrating the importance of good health habits among the young, we would argue that the impact of teaching preventive care is more observable and more tangible at middle age. The prospects of limited mortality and the morbidity of chronic diseases are viewed with belief, understanding, and appreciation during these older years. The chance of
illness is higher, but the impact of changes in lifestyle is greater. Stages of Reproductive Aging: Reproductive Years to Perimenopause (Older Terminology) or Menopausal Transition (Newer Term) to Menopause In 2001, the Stages of Reproductive Aging Workshop (STRAW) standardized the nomenclature for the stages of the menopausal
transition.39 Prior to this workshop, there was no accepted system for defining the stages of reproductive aging leading up to menopause. In 2010, at a follow-up workshop (“STRAW + 10”), the criterion was updated to reflect advances in changes in the hypothalamic-pituitary function occurring throughout reproductive aging.40 The STRAW staging
system divides female life span into three broad phases: reproductive phase, menopausal transition phase, and postmenopause phase. Each of the three phases is divided into stages based on information obtained through clinical (menstrual cycle pattern, symptoms) and investigative (serum levels of follicle-stimulating hormone [FSH] and
antimüllerian hormone [AMH] and ultrasound-based ovarian antral follicle count [AFC]) data. The menopausal transition is a finite period of physiologic changes that eventually culminates in reproductive senescence. This phase of life can be associated with unique challenges that can have significant effects on population’s well-being and on quality
of life.39 A woman is said to have reached menopause if she has remained amenorrheic for a consecutive of 12-month interval and demonstrates biochemical evidence of hypergonadotropic (elevated FSH and luteinizing hormone [LH] levels) hypogonadism (low estradiol levels). The last or final menstrual period (FMP) is identified as stage “0”
marking a watershed between reproductive and postreproductive periods of life. The reproductive phase itself is broken down into five stages (early [−5], peak [−4], and late [−3]). The menopause transition phase is broken down into two stages (early [−2] and late [−1]). The postmenopause phase is also divided into two stages (early [+1] and late
[+2]).40 The FMP thus serves as the reference point for interpretation of the rest of the stages across the three specified phases of reproductive aging (Figure 17.6). Adapted and modified from Harlow SD, Gass M, Hall JE, Lobo R, Maki P, Rebar RW, Sherman S, Sluss PM, de Villiers TJ; STRAW + 10 Collaborative Group, Executive summary of the
Stages of Reproductive Aging Workshop + 10: addressing the unfinished agenda of staging reproductive aging, Climacteric 15(2):105, 2012.40 Late Reproductive Stage (STRAW Stage −3) A decline in fecundability is apparent as the earliest hallmark of transition followed by a spectrum of clinically apparent phenomenon, such as changes in
menstrual cycle pattern. As covert endocrinologic changes set in well before noticeable and clinically apparent features (such as changes in the menstrual cycle), STRAW +10 recommended that the late reproductive stage be divided into substages −3b and −3a. In stage −3b, the menstrual cycles are relatively unchanged, the early follicular phase
serum levels of FSH are relatively low and in normal premenopausal range, whereas AMH and AFC (and likely inhibin B) are low.41 In stage −3a, menstrual cycles become shorter and early follicular FSH increases, while AMH, AFC, and inhibin B are low.41 Early Menopausal Transition (STRAW Stage −2) This stage is characterized by increasing
irregularity of the menstrual cycle length. This irregularity is defined as a recurrence of 7-day difference in cycle length over 10 cycles. This stage is also characterized by variable elevations in early follicular phase FSH levels, with persistently low AMH levels and low AFC.41 Late Menopausal Transition (STRAW Stage −1) This stage is characterized
by missed menses with periods of amenorrhea lasting greater than or equal to 60 days. Menstrual cycles are increasingly irregular in length, with variability in reproductive hormonal levels and high incidence of anovulation. FSH levels are usually elevated in the menopausal range, although at times can be in the premenopausal range with
concomitant high estradiol levels. An FSH level of greater than 25 IU/L is commonly seen in this late transition stage. This stage lasts 1–3 years and is when vasomotor symptoms such as hot flushes begin to occur.41 Early Postmenopause (STRAW Stage 1, Substages +1a, +1b, +1c) In the early postmenopause, FSH levels continue to rise, while
estradiol levels continue to decline until 2 years after the FMP, after which these hormone levels stabilize. The substages +1a and +2b in early menopause last 1 year each and culminate once fluctuations in FSH levels stabilize. Stage +1a marks the completion of the 12-month interval required to define the FMP. This substage also marks the end of
the perimenopause (i.e., the time near menopause, which starts at stage −2 and ends 12 months following the FMP).41 Stage +1b includes the continued changes in levels of FSH and estradiol; vasomotor symptoms are most common in stage +1a and +1b. In stage +1c, the elevated FSH and low estradiol levels become the new normal. This substage
lasts for up to 3–6 years. As such, the early postmenopause stage spans a total of 5–8 years.41 Late Postmenopause (Stage +2) At this stage, reproductive hormone levels are essentially plateaued and stable. While the burden of vasomotor symptoms eases off for many, physical symptoms attributable to lack of estrogen, such as vaginal dryness and
urogenital symptoms, become more prominent at this stage. Interestingly, FSH levels may decline further with age, although more research is needed to confirm this observation.41 THE MENOPAUSAL TRANSITION There is only one marker, menstrual irregularity, that can be used to objectively define and establish what is called the menopausal
transition. This irregularity will be perceived by patients as skipped menstrual periods or longer durations (about 40–60 days) between periods.42 There is no universal pattern; each woman will perceive a change that is her own individual characteristic alteration. The menopause is that point in time when permanent cessation of menstruation occurs
following the loss of ovarian activity. Menopause is derived from the Greek words men (month) and pausis (cessation). Climacteric, an older, more general, and less precise term, indicates the period of time when a woman passes from the reproductive stage of life through the menopausal transition and the menopause to the postmenopausal years.
Climacteric is from the Greek word for ladder. Perimenopause is the newer term that includes the years prior to the FMP during which menstrual cycles progress from a regular ovulatory and predictable pattern to irregular and increasingly anovulatory cycles to eventual cessation of menses.41 Menstrual cycle length is determined by the rate and
quality of follicular growth and development, and it is normal for the cycle to vary in individual women. Informative data come from two seminal longitudinal studies (with very similar results): the study of Vollman of more than 30,000 cycles recorded by 650 women and the study of Treloar of more than 25,000 woman-years in a little over 2,700
women.43,44 The earlier observations of Vollman and Treloar that documented a normal evolution in length and variation in menstrual cycles. were subsequently confirmed by Cole et al.45 (Figure 17.7). FIGURE 17.7 Following onset of menarche, there is approximately a 2- to 3-year period of relatively long menstrual cycles at first, and then, there is
increasing regularity as cycles shorten to reach the usual reproductive age pattern. In the 40s, cycle length may begin to alter again. The highest incidence of anovulatory cycles is under age 20 and over age 40.46,47 At age 25, over 40% of cycles are between 25 and 28 days in length; from 25 to 35, over 60% are between 25 and 28 days. The perfect
28-day cycle is indeed the most common mode, but it totaled only 12.4% of cycles described by Vollman whereby overall, approximately 15% of reproductive age cycles are 28 days in length. Only 0.5% of women experience a cycle less than 21 days long and only 0.9% a cycle greater than 35 days.48 Most women have cycles that last from 24 to 35
days, but at least 20% of women experience irregular cycles.49 When women are in their 40s, anovulation becomes more prevalent, and prior to anovulation, menstrual cycle length increases, beginning 2–8 years before menopause.44 Cycles greater than 40 days in length are quite prevalent in the year before menopause.50 In an Australian
longitudinal study, when cycle length exceeded 42 days, menopause predictably followed within 1 or 2 years.51 This period of longer cycles commonly precedes menopause no matter the age when menses cease, whether menopause is early or late.52 The duration of the follicular phase is the major determinant of cycle length.53,54 This menstrual
cycle change prior to menopause is marked by elevated FSH levels and decreased levels of inhibin but normal levels of LH and slightly elevated levels of estradiol.55,56,57,58,59,60,61 Importantly, even irregular cycles with long intervals (>50–60 days) can be ovulatory, as many as 25%, and although fecundity is markedly reduced, late
perimenopausal women remain at risk for unplanned pregnancy.62 In the average woman, a decline in fertility begins around age 37–38, and menopause follows approximately 13 years later (average age 51). However, in epidemiologic studies, approximately 10% of women in the general population become menopausal by the age of 45,63,64 while
the exact mechanisms underlying spontaneous early menopause (before age 45) remain unclear, and are not generalizable, it is probable that some women are born with a smaller than normal ovarian follicular pool that gets functionally depleted at an earlier age. Menopause occurs when the number of remaining ovarian follicles falls below a critical
threshold, about 1,000, regardless of age. Contrary to older belief (based on a seminal report by Sherman et al. in 197653), estradiol levels do not gradually wane in the years before the menopause, but remain in the normal range, and even be slightly elevated, until about 1 year before follicular growth and development cease. Sherman et al.
conducted a small crosssectional study wherein serum samples were collected over a single menstrual cycle from eight women, aged 46–56, for the study of reproductive hormones. More recent longitudinal studies of women as they pass through the menopausal transition reveal that estrogen levels do not begin a major decline until about a year
before menopause (Figure 17.8).59,65,66 Indeed, women experiencing the menopausal transition actually have higher overall estrogen levels, a response that is logically explained by an increased ovarian follicular reaction in response to the higher circulating FSH levels during this period.67 Variability in estrogen levels is characteristic of the
menopausal transition, with greater hormonal variability observed in menstrual cycles that display greater irregularity.68 FIGURE 17.8 As noted, most women experience a 2- to 8-year period of time prior to the FMP when the occurrence of anovulation becomes common.44 During this time, ovarian follicles continue their rate of loss until eventually
the reservoir is finally depleted.69,70 In a study of human ovaries, the loss that began when the total number of follicles reached approximately 25,000, usually at age 37–38, correlated with a subtle but real increase in FSH and decrease in inhibin levels.71 Aging-related decline in the quantity of ovarian follicles is directly related to the rise in FSH
levels that occurs with advancing age; this rise in FSH results from reduced secretion of inhibin, a granulosa cell product that exerts an important negative feedback influence over FSH secretion by the pituitary gland. It is possible that both inhibin A and inhibin B may be involved, because luteal phase levels of inhibin A and follicular phase levels of
inhibin B decrease with aging and antedate the rise in FSH.72,73,74 A careful study in Australia, however, indicated that the increase in FSH was correlated only with a decrease in inhibin B, and in response to elevated FSH, estradiol levels increased slightly.65 Decrease in inhibin production by the follicular granulosa cells could reflect either a
shrinking number of ovarian follicles, or a reduced functional capacity of the older follicles, or both.75 The observation that preovulatory follicular fluid inhibin concentrations are similar in young and older cycling women suggests that the number of remaining follicles is the most important factor.76 In the late reproductive stage, driven by higher
FSH levels, the process of follicular recruitment and development gets accelerated with resulting shortening of the follicular phase. This accelerated pace of follicular development in the late reproductive stage is reflected in higher estradiol levels being attained earlier in the follicular phase, suggesting that higher FSH levels stimulate more rapid
follicular development.77 Careful studies indicated that the earlier acute rise in estradiol levels results from advanced follicular development at the beginning of the cycle and earlier selection of the dominant follicle.78,79 Follicular phase and overall cycle length reach their nadir at approximately age 42. Over the subsequent 8–10 years preceding
the FMP, average cycle length and variability steadily increase as ovulations become less regular and less frequent.43 The aging-related changes in the endocrine characteristics of the menstrual cycle that result from progressive follicular depletion correlate with a measurable decrease in the ovarian volume and in the number of antral follicles
observed by transvaginal ultrasonography during the early follicular phase.80,81,82,83,84,85,86 The inverse and tight relationship between FSH and inhibin indicates that inhibin is a sensitive marker of ovarian follicular competence and, in turn, that FSH measurement is a reflection of inhibin.56,57 The decrease in inhibin secretion by the ovarian
follicles begins early (around age 35), but accelerates after 40 years of age, and parallels the decline in fecundity that occurs with aging (as discussed in Chapter 25). Furthermore, the ineffective ability to achieve suppression of gonadotropins with menopausal hormone therapy is a consequence of the loss of inhibin, and for this reason, FSH levels
cannot be used to titrate estrogen dosage in menopausal women on hormone therapy regimens. The Michigan Bone Health and Metabolism Study is a longitudinal assessment of the menopausal transition in a cohort of 629 women initiated in 1992–1993. The initial rise in FSH in these women was modest until 7 years prior to menopause and then
accelerated with an even greater increase in the 2 years before menopause, finally reaching a plateau about a year after menopause.87 The major decrease in estradiol levels began about 2 years before menopause.88 Declining levels of inhibin B and AMH reached a low to nondetectable point about 5 years before menopause.89 Although the inhibin
B and AMH results are in agreement with other reports, an exactness of the timing is limited by the fact that the blood samples were obtained from only 50 women in the study. Furthermore, Depmann et al. also demonstrated that while AMH can help in predicting impending menopause as it relates to aging, this predictability is far from being
robust.90 Nevertheless, the Michigan study confirms the validity of AMH as a marker for residual ovarian follicles, a concept that is referred to as ovarian reserve. Unlike inhibin B, AMH is not a participant in the feedback relationship between the ovary and the pituitary gonadotropins, rather AMH, a product of the granulosa cells, and reflects the
number of residual follicles awaiting FSH stimulation.91 The variability in these hormone measurements from individual to individual, however, precludes the practical use of these biomarkers to predict with accuracy the future date of menopause.90 The transition or perimenopausal years are a time period during which postmenopausal levels of FSH
(>20 IU/L) can be seen despite continued menstrual bleeding, while LH levels still remain in the normal range. Occasionally, corpus luteum formation and function occur, and the perimenopausal woman is not safely beyond the risk of an unplanned and unexpected pregnancy until persistently elevated levels of both FSH (25 IU/L) and LH (30 IU/L)
can be demonstrated.58 However, even under these circumstances, fluctuations can occur, with a transient period of ovarian failure (reflected in amenorrhea, elevated gonadotropins, and low estradiol levels) followed by spontaneous resumption of ovarian function for a brief period.57 Because variability is the rule, it would be wise to recommend the
use of contraception until the postmenopausal stage is definitely established. According to the Guinness Book of World Records, a woman from the United Kingdom holds the modern record for the oldest spontaneous pregnancy, conceiving when 59 years old via cesarean section. Several months of amenorrhea together with a persistently elevated
FSH level of 40 IU/L or more are reliable signals that menopause is either near or has already happened.92 In the longitudinal Massachusetts Women’s Health Study, women who reported the onset of menstrual irregularity were considered to be in the perimenopausal period of life.93 The median age for the onset of this period was 47.5 years. Only
10% of women ceased menstruating abruptly with no period of prolonged irregularity. The menopausal transition from reproductive to postreproductive status was, for most women, approximately 4 years in duration. In the study by Treloar, the average age for entry into the menopausal transition was 45.1, and the age range that included 95% of the
women was 39–51.63 The mean duration of the menopausal transition was 5.0 years, with a range of 2–8 years (Table 17.3). TABLE 17.3 The Menopause Transition (or Perimenopause) Data from Treloar AE, Boynton RE, Borghild GB, Brown BW, Variation of the human menstrual cycle through reproductive life, Int J Fertil 12:77, 196744; Treloar AE,

Menstrual cyclicity and the pre-menopause, Maturitas 3:249, 198163; McKinlay SM, Brambilla DJ, Posner JG, The normal menopause transition, Maturitas 14:103, 1992.93 Preventive Health Screening Perimenopausal Women of Healthy The most important contribution a clinician can provide to the perimenopausal woman is the awareness and the
knowledge that is required to allow aging women to make timely lifestyle and indicated therapeutic choices. This early educational process will help to build a solid relationship with patients, a relationship they will want to continue as they age. The following recommendations are derived from our own clinical experience: Provide reassurance that
reproductive aging is a normal phenomenon and menopause is not a disorder. Provide guidance and education to facilitate a patient’s decision-making. Provide time and an appropriate location for sensitive and uninterrupted discussions. Use educational materials, especially handouts, but also explain them using your own words. Involve family
members during counseling and educational visits. Be accessible. Consider designating a member of your staff as the menopause resource person. Encourage phone calls and emails. Be involved in community and hospital educational programs for the public. Use an effective, well-trained counselor for patients who need in-depth help in coping with
life’s trials and tribulations. Preventive intervention during the perimenopausal years has three major goals. The overall objective is to demystify reproductive aging and ensure that phases of menopause transition and postmenopause are approached as physiology and not pathology. The overarching goal is to optimize mental, physical, and social wellbeing. A specific goal is to detect as early as possible any of the major chronic diseases, including hypertension, heart disease, diabetes mellitus, and cancer, as well as impairments of vision, hearing, and teeth. Finally, the clinician should help symptomatic perimenopausal women to smoothly traverse the menopausal period of life. Preventive health
care and management of the later reproductive years give clinicians an excellent opportunity to function as a woman’s primary care provider. Key Points Regardless of chronological age,women should undergo annual medical evaluations that should include a thorough medical history as well as physical examination. Annual visits should include
assessment of vitals (blood pressure and pulse), body weight and BMI (body mass index), breast and pelvic examinations, and screening for sexually transmitted infections when appropriate. Thyroid function (TSH) should be assessed in the 40’s and annually beginning at age 60 (as hypothyroidism, discussed in Chapter 20, increases with aging and is
more common in women). Annual screening mammography should begin at age 40 (discussed in Chapter 16). At each visit, appropriate testing is scheduled for specific chronic conditions (including abnormal lipids), indicated immunizations are provided, and counseling covers changing nutritional needs; physical activities; injury prevention;
occupational, sexual, marital, and parental problems; urinary function; and use of tobacco, alcohol, and drugs. Stool hemoccult testing should be performed annually after age 50. For low risk individuals without a family history of colon cancer, screening colonoscopy is recommended starting at age 50, and then every 10 years through age 75. Timing
of Natural Menopause Designating the average age of menopause has been somewhat difficult. Based on crosssectional studies, the median age was estimated to be somewhere between 50 and 52.94 These studies relied on retrospective memories and the subjective vagaries of the individual being interviewed. Until recently, studies with longitudinal
follow-up to observe women and record their experiences as they pass through menopause were hampered by relatively small numbers. The Massachusetts Women’s Health Study provides us with data from 2,570 women.93 The median age for menopause in the Massachusetts Study was 51.3 years. Only current smoking could be identified as a cause
of earlier menopause, a shift of approximately 1.5 years. Those factors that did not affect the age of menopause in this study included the use of oral contraception, socioeconomic status, and marital status. Keep in mind that a median age of menopause means that only half the women have reached menopause at this age. In the classic longitudinal
study by Treloar, the average age of menopause was 50.7 years, and the range that included 95% of the women was 44–56 years.95 In a survey in the Netherlands, the average age of menopause was 50.2, and in an Italian longitudinal study, it was 50.9 years.64,96 The Study of Women’s Health Across the Nation (SWAN) is an ongoing, national study,
recording the health of American women as they pass through the perimenopausal transition ( . The study began in 1994 in seven research centers and enrolled 3,302 participants with five racial/ethnic groups and a variety of backgrounds for an initial cross-sectional survey. In 1996, these women began a longitudinal, follow-up study with extensive
data collection occurring annually. In the SWAN study, the median age of menopause was 51.4, with an earlier onset associated with current smoking, lower education, and lower socioeconomic status, whereas a later age was associated with parity and prior use of oral contraceptives.97 In contrast, a Dutch study concluded that prior use of oral
contraceptives was associated with earlier (88 cm for women in the United States) 2. Increased blood pressure (≥130 mm Hg systolic; ≥85 mm Hg diastolic) or receiving medication for hypertension 3. Increased triglycerides (≥150 mg/dL) or receiving medication for hypertriglyceridemia 4. Decreased HDL cholesterol (60 years of age).469 This is a
conclusion that is less firm now than when first proposed, because most of these trials were not designed to measure an endpoint of cardiovascular disease. However, another meta-analysis by the same authors concluded that hormone therapy reduced overall mortality in women with an average age of less than 60.470 Cardiovascular Disease:
Concluding Thoughts In the last 30 years, mortality from CHD has declined substantially in the United States. Improvements in medical and surgical care can account for some of this decline, but 60– 70% of the improvement is due to timely implementation of preventive measures. Excellent data from epidemiologic studies and clinical trials
demonstrate substantial contributions from strategies such as smoking cessation, blood pressure reduction, and lowering of cholesterol toward a documented decline in stroke and heart disease– related morbidity and mortality.471,472,473 The most effective means to lower CHD in a population is through primary prevention, especially smoking
cessation and body weight reduction. While physiologic levels of estrogen are clearly relevant for maintenance of cardiovascular health, however, the impact of exogenous estrogen on cardiovascular risk in aging postmenopausal women who are remote from the FMP is not clearly delineated.474 When attempting to understand the role of estrogens
on cardiovascular risk, it is important to distinguish between endogenous and exogenous estrogens. In addition, more recent work has begun assessing the role of additional reproductive hormones (i.e., FSH) as well as the relevance of vasomotor instability in itself as predictors of cardiovascular risk.474 While the loss of premenopausal estradiol
levels is felt to contribute to the escalation in cardiovascular disease in postmenopausal years, the bulk of existing clinical data are “associative.” Appropriately designed studies are needed to better understand the spectrum of players (hormonal and nonhormonal) that may be relevant as causative to the processes that result in risk escalation for
cardiovascular disease as women progress along the stages of reproductive aging.474 MENOPAUSAL HORMONE THERAPY There is little question that estrogen is the most effective of available remedies for women who suffer from bothersome vasomotor symptoms such as hot flushes and night sweats or from consequences of atrophy of
reproductive tract tissues that naturally follows cessation of ovarian function; these benefits of estrogens have been long recognized. In the 1990s, however, based on accruing observational studies and a rationale that was driven by biologic plausibility, the focus of postmenopausal hormone therapy changed from short-term use in the management of
symptom burden to long-term utilization as a preventative strategy against common diseases and disorders of aging including cardiovascular disease, dementia, and osteoporosis. HT was found to be very effective in treating vasomotor symptoms. Similarly, skeletal benefits in preventing osteoporosis were also clear. However, long-term use of HT for
the sole purpose of targeting cardiovascular disease and dementia was challenged by a sequence of seminal clinical trial, with WHI being at the forefront. Not only did the clinical trial data indicate that HT did not protect against cardiovascular disease, nor mitigate the risk of aging-related dementia, but, on the contrary, raised concerns regarding
the potential for harm as evident in an increased risk of thrombotic phenomenon, stroke, and breast cancer. In WHIMS (Women’s Health Initiative Memory Study), incidence of cognitive deterioration was higher in the hormone-using postmenopausal women compared to those assigned to placebo. The ensuing decades following publication of WHI
findings witnessed passionate and widespread quests attempting to unravel potential mechanisms that could explain HT-related harm; for a brief period, the field of menopause was rendered complex and decision-making by clinicians and patients very difficult. In this section of the chapter, we offer a comprehensive review of the literature, including
more recent data and analyses, to help serve as a guide for the practicing clinician caring for menopausal women. History475,476,477,478 The existence of hormones was unknown 200 years ago. In the last half of the 19th century, a scattering of chemists and physiologists began to produce hormonally active extracts from glands, bile, and urine of
animals. Adventuresome clinicians used these extracts to treat patients, for example, supplying thyroid hormone to treat severely hypothyroid individuals, and the specialty of endocrinology was born. The word “endocrine” was adopted to designate the “glands of internal secretion,” the multiple sources of hormones. Charles-Édouard Brown-Séquard,
the son of a French woman and an American sea captain, was born on the island of Mauritius. Speaking fluent English and French, he practiced medicine and lectured in London and New York before settling in Paris. Brown-Séquard reported in 1889 that he was rejuvenated by the self-administration of extracts from dog testicles, most likely a
placebo effect considering the scant amount of testosterone he could have extracted using his aqueous method, and he suggested that ovarian extracts would have the same revitalizing effect in women. Efforts to treat women around the end of the 19th century were largely unsuccessful, but in 1897, ovarian extract was reported to be effective for
menopausal hot flushing.479 The first American attempt to treat menopausal symptoms is attributed to E.L. Severinghaus and J. Evans of Madison, Wisconsin, who in 1929 administered a derivative from the amniotic fluid of cattle.476,480 In the 1930s, the ovarian hormones were isolated, and the “estrin” products and the synthetic estrogens,
stilbestrol and ethinyl estradiol, were administered to menopausal women. Edgar Allen and Edward Doisy were the first to isolate the ovarian hormone, estrogen. Allen was born in Colorado, educated at Brown University, and served in France during World War I. In 1933, he became the chairman of the Department of Anatomy at Yale University. He
died of a heart attack while on patrol off Long Island for the U.S. Coast Guard in February 1943. Doisy was born in Illinois and educated at the University of Illinois and Harvard. During World War I, he was assigned to the Rockefeller Institute in New York City and then to the Walter Reed Hospital in Washington. Doisy was the first chairman of
biochemistry at the St. Louis University School of Medicine. He received the Nobel Prize in Medicine, along with Henrik Dam, in 1943 for his isolation and synthesis of vitamin K. Doisy died in 1986 at the age of 92. In 1919, Allen and Doisy, both discharged from the army after World War I, joined the faculty at the Washington University School of
Medicine in St. Louis. They became friends playing on a faculty baseball team and planned their first experiments while driving to work together. In 1922, Allen moved to the University of Missouri to be professor of anatomy, and Doisy went to St. Louis University, but they continued their collaboration. Doisy prepared ovarian extracts and mailed
them to Allen for experiments. In 1923 and 1924, Allen and Doisy reported the isolation from pig ovaries and the administration to animals of “an ovarian hormone.” In 1926, Sir Alan S. Parkes and C.W. Bellerby coined the basic word “estrin” to designate the hormone or hormones that induce estrus in animals, the time when female mammals are
fertile and receptive to males. Doisy and his students Veler and Thayer in St. Louis isolated a few milligrams of estrogen in crystalline form in 1929 from large amounts of urine from pregnant women. The terminology was extended to include the principal estrogens in humans, estrone, estradiol, and estriol, in 1932 at the first meeting of the
International Conference on the Standardization of Sex Hormones in London, although significant amounts of pure estradiol were not isolated until 1936. At this same meeting, the pioneering chemists were bemoaning the problem of scarcity that limited supplies to milligram amounts when a relatively unknown biochemist, A. Girard from France,
offered 20 g of crystalline estrogen derived by the use of a new reagent to treat mare’s urine.481 In the 1920s, George W. Corner at the University of Rochester invited Willard Myron Allen, an organic chemist who was then a medical student, to join him in the study of the corpus luteum. Within 2 years, they had a pure extract, but it was not until
1934 that crystalline progesterone was isolated almost simultaneously in several countries. It took the corpora lutea of 50,000 pigs to yield a few milligrams. At the Second International Conference on the Standardization of Sex Hormones in London, Corner and Allen proposed the name progestin. Others proposed luteosterone, and, at a cocktail
party, the various biochemists agreed to call the chemical progesterone.481 Hormones were being administered to patients in the 1940s, but supplies were very limited. And with a scarce supply, hormones were incredibly expensive. Progesterone, for example, cost $200 per gram. “To secure barely enough androsterone to cover the head of a pin,
Adolph Butenandt had had to start with nearly four thousand gallons of urine; to obtain less than one hundredth of an ounce of pure testosterone crystals, Ernst Laqueur had had to process nearly a ton of bulls’ testicles. It took a full ton of cholesterol, from the spinal cords or brains of cattle or from the grease of sheep’s wool, to yield just twenty
pounds of the starting material from which progesterone ultimately could be obtained. Edward Doisy had had to process the ovaries of more than 80,000 sows to get just 12,000ths of a gram of estradiol.”482 In the 1930s, the Ayerst Company was extracting estrogens from the urine of pregnant women. Limited by the problems of supply, low activity,
and bad taste and odor, Gordon A. Grant, head of biochemistry for Ayerst, suggested in 1939 that they use urine from horses. The process produced sodium salts from the sulfate esters of the various estrogens, yielding a water-soluble conjugate. Premarin (conjugated estrogens) was approved in Canada in 1941 and in the United States in 1942 for the
treatment of symptoms associated with menopause.483 The tablets were and are still designated as variations of 1.25 mg, based on the equivalent amounts of Premarin and estrone (1.25 mg) that could produce the same effect in the Allen-Doisy bioassay (amount required to produce an increase in rat uterine weight). It was not until 1972 that the first
quantitative analysis of Premarin was performed, based on gas chromatography. Modern studies indicate that there is a large number of steroids in Premarin, even androgens and progestins, but only the 10 estrogens are present in sufficient quantity to have clinical effects (Table 17.7). TABLE 17.7 Postmenopausal Hormone Therapy ESTROGEN
FORMULATIONS AND ROUTES OF ADMINISTRATION Oral Administration The relative potencies of commercially available estrogens are of great importance when prescribing estrogen, and the clinician should be familiar with the following potencies (Table 17.8). TABLE 17.8 Relative Estrogen Potencies Data from Dennerstein L, Lehert P, Burger
HG, Dudley E, Mood and the menopause transition, J Nerv Ment Dis 187:685, 1999; Smith-DiJulio K, Woods NF, Mitchell ES, Well-being during the menopausal transition and early postmenopause: a within-stage analysis, Womens Health Issues 18:310, 2008; Woods NF, Mitchell ES, Percival DB, Smith-DiJulio K, Is the menopausal transition stressful?
Observations of perceived stress from the Seattle Midlife Women’s Health Study, Menopause 16:90, 2009; Avis NE, McKinlay SM, A longitudinal analysis of women’s attitudes toward the menopause: results from the Massachusetts Women’s Health Study, Maturitas 13:65, 1991; Morse CA, Smith A, Dennerstein L, Green A, Hopper J, Burger H, The
treatment-seeking woman at menopause, Maturitas 18:161, 1994; Defey D, Storch E, Cardozo S, Diaz O, Fernandez G, The menopause: women’s psychology and health care, Soc Sci Med 42:1447, 1996.9,10,11,12,13,14 The 17α-ethinyl group of ethinyl estradiol (by resisting metabolism) enhances hepatic effects, because no matter by which route it is
administered, liver function is affected.484 The same is true for CEEs. Contrary to the case with estradiol, the liver appears to preferentially extract ethinyl estradiol and CEEs regardless of the route of administration. Thus, the route of administration appears to influence the metabolic responses only in the case of specific estrogens, most notably
estradiol. A major factor in the potency differences among the various estrogens (estradiol, estrone, estriol; Figure 17.11) is the length of time that the estrogen binds to its receptor. The higher rate of dissociation with the weak estrogen (estriol) can be compensated for by continuous application to allow prolonged binding and activity. Estriol has
only 20– 30% affinity for the estrogen receptor compared with estradiol; therefore, it is rapidly cleared from a cell. However, if the effective concentration is kept equivalent to that of estradiol, it can produce a similar biologic response.485 However, at least two studies have been unable to demonstrate prevention of bone loss with the administration
of 2 mg estriol daily, suggesting that target organ response may vary.486,487 In pregnancy, where the concentration of estriol is very great, it can be an important hormone not just a metabolite. Because estriol protects the rat against breast tumors induced by various chemical carcinogens,488 it has been hypothesized that a higher estriol level
protects against the more potent effects of estrone and estradiol. But, antagonism of estradiol occurs only within a very narrow range of the ratio of estradiol to estriol, a range that is rarely encountered either physiologically or pharmacologically.489 Below this range, estradiol is unimpeded; above this range, estriol itself exerts estrogenic activity.
Commercial preparations containing estriol, estradiol, and estrone comprise sufficient amounts of estrone and estradiol to produce standard clinical effects.490 FIGURE 17.11 Esterified estrogens are synthetically prepared from plant precursors and are composed mostly of sodium estrone sulfate with a 6–15% component of sodium equilin sulfate.
Estradiol valerate is rapidly hydrolyzed to estradiol; therefore, the pharmacology and effects are comparable at similar dosages.491 Transdermal Estrogen Administration Transdermal estradiol can also be administered by a patch, gel, emulsion, or spray. The patches first used for transdermal administration of estrogen contained an alcohol reservoir;
estrogen was released through a semipermeable membrane attached to the skin with an adhesive. In the current generation of estrogen patches, the hormone is dissolved and distributed throughout the adhesive matrix. In a study of women who had previously discontinued hormone patches because of skin irritation (contact dermatitis), skin
reactions were less common with the newer matrix patches.492 In addition, the matrix patches are better tolerated in tropical environments.493 The patches are designated according to the amount of estradiol delivered per day with formulations delivering as little as 14 to as much as 100 μg daily and are available in varying doses and various trade
names (Climara and Vivelle are commonly available in the United States). The gel is similarly available under various trade names (Divigel, EstroGel, Estreva Gel) and in varying doses and can be applied once daily on an arm, anywhere from the wrist to the shoulder, or the thigh, without rubbing or massaging and alternating sides.494,495 The
emulsion, Estrasorb, is packaged in foil pouches; usually two packets are applied daily, one to each thigh, and rubbed in thoroughly. Evamist is the transdermal spray, and the usual dose is one spray daily to the forearm (if more than one dose is required daily, each spray is on a separate site).496 Elestrin is available in a metered dispenser.
Simultaneous use of sunscreen on the site of administration should be avoided. If dosage is being monitored by blood estradiol levels, blood should be drawn from a site where transdermal estradiol has not been applied for several days. The ideal dose of estrogen is that which allows for systemic symptom relief. Circulating Estradiol Levels in Users of
Oral Versus Transdermal Estrogen The concentration of estrogen in the hepatic portal system after oral administration is 4 to 5 times higher than that in the periphery.497 Because of first-pass metabolism in the liver, oral estradiol results in a circulating estrone to estradiol ratio of approximately 5; with transdermal administration, the ratio is 1. The
first-pass effect has important lipoprotein effects. For example, studies have demonstrated an increase in HDL and decrease in LDL and cholesterol with oral estrogens (discussed earlier in this chapter), an effect that is less prominent with transdermal estrogen administration.498,499 However, English data indicate that the transdermal
administration of 50 μg estradiol twice a week is as effective as 0.625 mg oral conjugated estrogens, when combined with a progestin in sequential regimens, on bone mineral density (BMD) and lipids over a duration of 3 years.500 Standard doses of estrogen administered transdermally (50 μg) protect against fractures as do standard doses of oral
formulations.501 While lower doses of estrogens can provide effective suppression of vasomotor symptoms as well as improve BMD, data on fracture risk reduction with low-dose regimens are lacking.502 Studies comparing circulating estradiol levels in women receiving oral or transdermal estrogen reveal that while estradiol levels are in therapeutic
range for bone protection, there exists substantial variation among individuals.503 Furthermore, due to the chemical components of CEEs (which are not measurable in serum samples on routine assays), it is difficult to measure a therapeutic level of estrogen in CEE users. In addition, individual women metabolize estrogen differently, depending on
the route of administration, liver function, body composition, body size, potential medication interactions, skin absorption (for transdermal preparations), and the presence of binding proteins; all these can contribute to individual variations in serum estradiol levels.504 The only way to accurately compare clinical effectiveness of oral and transdermal
estrogen delivery is to determine if the two methods of administration yield comparable blood levels; however, the first-pass hepatic effect may account for differences in clinical effectiveness and this is difficult to quantify. The first-pass effect is particularly pronounced with oral estrogen formulations and raises SHBG levels such that total serum
estradiol levels are greatly affected. A potential advantage of transdermal treatment because it has minimal to no effect on SHGB levels is the absence of a reduction in free, unbound testosterone levels (which may have implications for sexual function in a subset of users) as are observed with oral estrogen therapy.503 Systemic Effects of Hormone
Therapy Clotting Factors First-pass hepatic metabolism affects the synthesis of clotting proteins, markers of coagulation and fibrinolysis that can influence the risk of thrombosis and CHD events. Oral estrogen increases factor VII and prothrombin 1 and 2 fragment, whereas transdermal estrogen decreases factor VII.505,506,507,508 Oral estrogen
also increases circulating levels of matrix metalloproteinases, MMP-2 and MMP-9, enzymes that are associated with a tendency for clotting.509 However, what is important is to understand the different effects of oral and transdermal delivery on clotting factors and how they translate into clinical differences and cardiovascular risk. Activated Protein
C (APC) Resistance and Risk of Venous Thromboembolism (VTE) Resistance to APC is an important marker for venous thrombosis in individuals with inherited thrombogenic mutations and even in the absence of these mutations. Oral estrogen increases APC resistance, whereas transdermal estrogen has no significant effect on this marker.510,511
Based on this difference, one would predict that transdermal delivery of estrogen would be less likely than oral delivery of estrogen to be associated with VTE. A French case-control study (epidemiologic studies of the link between the transdermal route of administration and a relatively rare event are possible in France because of the popularity of
the transdermal method) reported no increased risk of VTE in users of transdermal estrogen, as compared with a fourfold increase in oral estrogen users.512,513,514 Estrogen users who carried a factor V Leiden mutation or a prothrombin mutation had a 25-fold higher risk of VTE than did women who did not use estrogen and did not have either
mutation. The women with a prothrombotic mutation who used transdermal estrogen had a VTE risk that was similar to that of women with a prothrombotic mutation who did not use estrogen. The French E3N prospective cohort study also reported an increased risk of VTE with current users of oral therapy, a hazard ratio of 1.7 (CI = 1.1–2.8), a ratio
that is similar to the usual twofold increase repeatedly documented in the literature, and no increase with transdermal estrogen.515 Analysis of the WHI trials noted that despite an increase in APC resistance, this did not explain the increase in ischemic stroke noted in oral HT users.516,517 Venous thrombosis is discussed in more detail in the
hormone therapy section of this chapter. Lipids and Hepatic Enzymes Both oral and transdermal estrogens reduce total cholesterol, LDL cholesterol, and lipoprotein(a). Compared with transdermal estrogen, oral estrogen produces significantly greater elevations in HDL cholesterol and increases triglycerides, whereas transdermal estrogen decreases
triglyceride levels.505,507,518,519,520 Indeed, triglyceride levels markedly elevated in response to oral therapy return to normal when treatment is changed to transdermal administration.521 In addition, oral estrogen therapy is associated with an increased risk of gallstones.522 This risk is present in current and former estrogen users and is
somewhat attenuated with the addition of progestin to estrogen therapy.522 Inflammatory Markers Women on oral estrogen have increased levels of CRP, whereas those taking transdermal estrogen do not.421,422,505,507,518,523,524 In fact, oral hormone therapy while increasing CRP reduces the circulating levels of other inflammatory markers
(Eselectin, intercellular adhesion molecule-1, vascular cell adhesion molecule-1, monocyte chemoattractant protein-1, and tumor necrosis factor-α) with inconsistent effects on IL-6.421,525 Transdermal estrogen does not affect levels of these inflammatory markers. It is not certain that the decrease in CRP levels with statins and the increase with oral
estrogen are instrumental in clinical outcomes or reflect other effects. A longitudinal study of 346 postmenopausal women taking oral HT reported that elevated CRP was a strong predictor of future cardiac events, but only in those with increased IL-6 levels.523 An increase in CRP alone was not associated with an excess of events. The difference in
CRP levels between users of oral versus transdermal therapy, especially in younger postmenopausal women, is of little clinical significance. In fact, in the Estrogen Replacement on Progression of Coronary Atherosclerosis trial, estrogen-induced increases in CRP had no effect on disease progression, as measured by serial angiograms.524 A study from
the WHI confirmed the correlation between baseline levels of CRP and an elevated risk of CHD, but the increase in CRP induced by oral hormone therapy did not further increase the risk.423 While CRP may cause endothelial inflammation and subsequent atherosclerosis, it may also very well be elevated secondary to first-pass hepatic metabolism
(i.e., pharmacologic effect); unlike IL-6, its elevation has an overall proinflammatory effect.517 Myocardial Infarction Risk Both oral and transdermal administration of hormone therapy are associated with a decrease in myocardial infarction risk in observational studies.526 However, the WHI trials and postintervention data offer additional insight and
will be discussed in further detail later in this chapter. Metabolic Syndrome The menopausal transition itself is associated with increased likelihood of metabolic dysfunction. However, in a review of several RCTs, it was noted that overall effects on markers of the metabolic syndrome, including insulin resistance, suggested a neutral or improved
metabolic profile.527 Despite this favorable effect, in women with the metabolic syndrome, caution is recommended given the increased risk of cardiovascular events, as noted in a nested case-control study of CHD in the WHI trials.527,528 Transdermal estradiol has minimal effects on inflammation, coagulation, and insulin sensitivity.528,529 Effects
in Smokers Limited evidence suggests that postmenopausal women who smoke may have a better response to transdermal estrogen than to oral estrogen, including greater reductions in total peripheral resistance, vascular sympathetic tone, and norepinephrine levels, and increased vascular responsivity.530 Smokers receiving transdermal estradiol
have decreased plasma viscosity and thromboxane B2 levels.530 These results raise the possibility, although the data are limited, that smokers may represent a group of women for whom transdermal estrogen would be an advantage. Carbohydrate Metabolism There is little difference between the oral and transdermal methods of delivery on
carbohydrate metabolism. Both methods have a beneficial impact on central abdominal fat content, glucose levels, and insulin resistance, associated with a reduced risk of developing adult-onset diabetes mellitus.531,532,533,534,535,536 The effect of hormone therapy on carbohydrate metabolism/diabetes risk will be discussed in further detail in the
hormone therapy section of this chapter. Skeleton Effects of menopausal hormones on bone metabolism and BMD are discussed later in this chapter in the section on osteoporosis. Estradiol Implants Estradiol pellets are available in doses of 25, 50, and 75 mg for subcutaneous administration twice yearly. The 25-mg pellet provides blood levels in the
range of 40– 60 pg/mL, levels that are comparable with those obtained with standard oral doses.537,538 However, the effect of subcutaneous regimens is cumulative, and after several years, the blood levels are 2 to 3 times higher and can persist for up to 2 years following last insertion. We believe that estradiol pellets do not confer any advantage
over the standard hormone regimens. We recommend that women receiving estradiol pellets be monitored with blood levels of estradiol. In women in whom serum estradiol levels are greater than 200 pg/mL (or even >100 pg/mL), prolonging intervals between insertions should be considered. Oral Versus Transdermal Administration It is difficult to
draw conclusions about clinical differences between oral and transdermal hormone delivery based on secondary markers. Epidemiologic studies on clinical events are needed. However, this is a challenge because of the relatively small number of women receiving transdermal estrogen. In addition, the studies must adjust for individual variability of
dosing to ensure that circulating estrogen levels in the patients being studied are similar. Given that transdermal route of delivery is suggested to lessen the risk for thrombotic events linked with exogenous estrogen use, it often is preferred by patients and, when applicable, allows monitoring of serum estradiol levels. Although comparison studies
have not been performed, it is reasonable to expect similar pharmacokinetics for all transdermal methods—more stable/constant estradiol levels, less fluctuation, and theoretical benefits over oral therapy. Furthermore, because of lack of effects of transdermal delivery on serum SHBG levels and thereby with minimal effect on free androgen levels,
transdermal method for estradiol delivery may be preferable in women with impaired sexual function. Key Points Based on the evidence to date, transdermal estrogen therapy seems a preferred option for women who are deemed eligible for HT use after taking into account individual woman’s personal and family histories and after ruling out absolute
and relative contraindications to HT use. Sufficient evidence suggests that transdermal route of estrogen administration be preferentially considered if decision for initiating HT is made after detailed counseling and weighing of risks versus benefits of HT for the following patients: Women deemed at risk for VTE Women with spontaneous or estrogeninduced hypertriglyceridemia Obese women with metabolic syndrome Diabetic and hypertensive women Smokers Transdermal route for estrogen therapy should be preferentially considered in women with complaints of hypoactive sexual desire or decreased libido. Vaginal Administration of Estrogen Very-Low-Dose Method Some patients do not gain
full relief from the symptoms of vaginal atrophy with oral or transdermal administration of estrogen. Local vaginal administration makes sense for these patients. Vaginal treatment is especially helpful when a rapid response is desired. In addition, there are many women who desire the genitourinary effects of estrogen, but either must or wish to avoid
systemic therapy. Overall, there is no evidence that one method or preparation is superior to the others in achieving clinical response. Measurement of vaginal pH from the lateral vaginal wall is a simple and inexpensive way to assess adequate treatment of the vagina. It has been impressive in our experience and others how an acidic pH (99%),
supported by the American College of Obstetricians and Gynecologists, and allows conservative management.957,958,959,960,961 It is estimated that 50–75% of patients experiencing abnormal uterine bleeding on hormone therapy and evaluated by TVUS will eventually require a biopsy.955,962 It seems logical that endometrial thickness by TVUS in
patients on a sequential regimen can be affected by day in the treatment cycle, and for that reason, ultrasonography assessment should be obtained toward the end of the progestin phase or at the beginning of the cycle.963,964 An Italian study concluded that endometrial thickness measured soon after withdrawal bleeding in women on a sequential
regimen was comparable to thickness in women on a continuous, combined program of estrogen-progestin treatment.965 When a thick endometrium is associated with atrophic endometrium on biopsy, polyps or submucous myomas should be suspected. A thorough curettage can miss such pathology, and either a SHG or hysteroscopy should be
considered as the next step as discussed earlier.181 Doppler velocimetry does not improve the accuracy of discriminating between normal and abnormal endometrium.966 A clinician should not be satisfied with “normal” findings on ultrasonography if a patient has persistent bleeding. The pursuit of abnormal bleeding despite “normal” findings should
reduce missed cases of pathology to nearly zero.967 In this circumstance, hysteroscopy is recommended. There is no effective method supported by clinical studies, or a large experience, of drug alteration or substitution to manage breakthrough bleeding. The breakthrough bleeding rate is only slightly better with a higher dose of progestin (5.0 mg
medroxyprogesterone acetate) than with a lower dose (2.5 mg).568,952 Therefore, there is not a strong reason to use the higher dose, thus minimizing side effects. The best approach is to gain time, because most patients will cease bleeding. This means good educational preparation of the patient beforehand and frequent contact to allay anxiety and
encourage persistence. Estrogen-progestin combinations that contain a 19nortestosterone progestin (e.g., norethindrone acetate) demonstrate the same pattern of bleeding, but fewer patients bleed in the first 6 months and the amenorrhea rate by 1 year is higher than with other regimens.968,969,970 There is a subgroup of patients (10–20% at the
end of 1 year) who continue to experience breakthrough bleeding. The closer a patient is to having been bleeding (either to her premenopausal state or to having been on a sequential method with withdrawal bleeding), the more likely that patient will experience breakthrough bleeding. Some clinicians, therefore, prefer to start patients near the
menopause on the sequential method and convert to the continuous method some years later. Some patients may choose to undergo a progestin IUD as a menopausal hormone therapy strategy, discussed in detail in Chapter 23. The local release of progestin is effective in suppressing endometrial response and preventing unscheduled bleeding in the
long term. The LNG-IUD in menopausal women can be left in place for up to 10 years, a decided advantage.603,971 A combined estrogen-progestin program however, will not totally prevent endometrial cancer.972 Vigilance on the part of the clinician, however, will detect endometrial cancer at an early stage, a stage that can be treated with
excellent results. For the smaller subset of hormone-using menopausal women who are bothered by persistent unscheduled bleeding that remains unresponsive to above strategies, consideration for definitive surgery (such as vaginal hysterectomy) may not be unreasonable. HEALTH IMPLICATIONS OF MENOPAUSAL HORMONE THERAPY
Cardiovascular Effects A Favorable Impact on Lipids and Lipoproteins The most important lipid effects of postmenopausal estrogen treatment are the reduction in LDL cholesterol and the increase in HDL cholesterol. Estrogen increases triglyceride levels and LDL cholesterol catabolism as well as lipoprotein receptor numbers and activity, resulting in
decreasing LDL cholesterol levels.973,974,975 Estrogen induces a change in LDL cholesterol toward a smaller more dense particle, but it is in a form with a more rapid turnover in the circulation, allowing less time for oxidation and acquisition of cholesterol.976,977 The increase in HDL cholesterol levels, particularly due to the HDL2 subfraction, is
to an important degree the consequence of the inhibition of hepatic lipase activity, which converts HDL2 to HDL3 (Figure 17.14). Postmenopausal estrogen therapy with or without added progestin also produces a reduction in the circulating levels of lipoprotein(a).424,978 FIGURE 17.14 The changes in circulating apoprotein levels mirror those of the
lipoproteins: apolipoprotein B (the principal surface protein of LDL cholesterol) levels diminish in response to estrogen, and apolipoprotein A-I (the principal apolipoprotein of HDL cholesterol) increases. The positive effects of estrogens on cholesterol may be mitigated by the concomitant use of progestins.569,571,979,980,981,982,983,984 The
concomitant administration of estrogen and an HMG-CoA reductase inhibitor (such as pravastatin) produced a more favorable change in the lipid profile in hypercholesterolemic women than either treatment alone.985 Direct Antiatherosclerotic Effects Studies in nonhuman primates (such as monkeys) have suggested that estrogen may have
antiatherosclerotic effects that are independent of the cholesterol-lipoprotein profile. Oral administration of a combination of estrogen and a high dose of progestin to monkeys fed a high-cholesterol diet decreased the extent of coronary atherosclerosis despite a reduction in HDL cholesterol levels.986,987,988 In somewhat similar experiments,
estrogen treatment markedly prevented arterial lesion development in rabbits, and this effect was not reduced by adding progestin to the treatment regimen.989,990,991,992 The monkey studies were extended to a postmenopausal model (ovariectomized monkeys). Compared with no hormone treatment, treatment with either estrogen alone or
estrogen with progesterone in a sequential manner significantly reduced atherosclerosis, once again independently of the circulating lipid and lipoprotein profile.993,994 A direct inhibition of LDL cholesterol accumulation and an increase in LDL cholesterol metabolism in arterial vessels could be demonstrated in these monkeys being fed a highly
atherogenic diet.995 The daily administration of medroxyprogesterone acetate in this monkey model did not prevent the beneficial effect of CEE on coronary artery atherosclerosis.869 Estradiol fatty acid esters are present in low concentrations in the circulation, transported in lipoproteins. These esters are potent estrogens and protect against the
oxidation of LDL cholesterol; the antioxidant efficacy of estradiol may require esterification and incorporation into LDL cholesterol.996 Estradiol fatty acid ester concentrations are increased by oral estrogen but not by transdermal administration.997 Endothelium-Dependent Vasodilation and Antiplatelet Aggregation (see Figure 17.15) FIGURE 17.15
Endothelium modulates the degree of contraction and function of the surrounding smooth muscle, primarily by the release of endothelium-derived relaxing and contracting factors. In hypertension and other cardiovascular diseases, the release of relaxing factors (such as nitric oxide) is blunted, and the release of contracting factors (the most
important being endothelin-1) is augmented. The endothelins are a family of peptides that act in a paracrine fashion on smooth muscle cells. Endothelin-1 appears to be exclusively synthesized by endothelial cells. Endothelin-induced vasoconstriction is a consequence of a direct action on vascular smooth muscle cells, an action that is reversed by
nitric oxide. Impaired release of nitric oxide, therefore, enhances endothelin action. Hypertension and atherosclerosis are believed to be influenced by the balance among these factors. Women have lower circulating levels of endothelin, which decrease in response to oral and transdermal estrogen treatment.998,999 Nitric oxide (and estrogen) also
inhibits the adhesion and aggregation of platelets in a synergistic manner with prostacyclin (also a potent vasodilator derived from the endothelium).1000,1001 Increased blood flow due to vasodilation and decreased peripheral resistance can be observed to occur rapidly following the administration of estrogen. This response can be produced by both
transdermal and oral administration.1002,1003,1004 The synthesis and secretion of nitric oxide (the potent endothelial vasodilating product) can be directly stimulated by estrogen in in vitro experimental preparations of coronary arteries.1005 In both normotensive postmenopausal women and women with hypertension, hypercholesterolemia,
diabetes mellitus, or coronary artery disease, the intra-arterial infusion of physiologic amounts of estradiol into the forearm potentiates endothelium-dependent vasodilation, and there is a dose-response effect.1006,1007 Similarly, brachial artery dilation has been reported with 0.3 and 0.625 mg conjugated estrogens.1008 Comparing brachial artery
responses in hormone therapy users versus nonusers (estrogens with/without progestin), improved endothelium-dependent vasodilation was observed with standard doses.1009 Furthermore, the addition of norethindrone acetate or medroxyprogesterone acetate did not reduce the beneficial effect of estrogen on peripheral artery blood flow.1010,1011
However, not all studies agree. A Danish assessment of brachial artery responses demonstrated no difference between postmenopausal women on long-term combined estrogen-progestin therapy compared with those receiving no treatment.1012 The synthesis of nitric oxide is involved in the regulation of vascular (and gastrointestinal) tone and in
neuronal activity. A family of isozymes (nitric oxide synthases) catalyzes the oxidation of L-arginine to nitric oxide and citrulline. The action of nitric oxide synthase in the endothelium is calcium dependent.1013 In animal experiments, the endothelial basal release of nitric oxide is greater in females, a gender difference that is mediated by
estrogen.1005,1014 In women treated with postmenopausal estrogen and either cyproterone acetate or medroxyprogesterone acetate, circulating nitric oxide (as reflected in nitrite-nitrate levels) is increased, a consequence of estrogen-induced nitric oxide production in the endothelium.1015,1016 In contrast, longterm treatment with estradiol and
norethindrone acetate was not associated with changes in nitric oxide, endothelin-1, prostacyclin, or thromboxane A2, suggesting that different progestins have differential effects.1017 Acetylcholine induces vasoconstriction in coronary arteries; however, the direct administration of estradiol in physiologic doses into the coronary arteries of
postmenopausal women with and without CHD converts acetylcholine-induced vasoconstriction into vasodilation with increased flow.1018 This favorable vasomotor response to acetylcholine can also be demonstrated in acute experiments with transdermal administration of estradiol (achieving blood levels of 67–89 pg/mL).1019 This is an
endothelium-dependent response, mediated to a significant degree by an increase in nitric oxide.1020 In the monkey, the vasodilatory response to acetylcholine required a blood level of estradiol higher than 60 pg/mL.1021 Endothelium-Independent Vasodilation Estrogen causes relaxation in coronary arteries that are denuded of endothelium.1022
This response is not prevented by the presence of inhibitors of nitric oxide synthase or prostaglandin synthase, thus suggesting that some degree of vasodilation in response to estrogen is achieved through a mechanism that is independent of the vascular endothelium, perhaps acting via calcium-mediated events.1023 The vasodilation produced by
sodium nitroprusside is endothelium-independent. In otherwise healthy postmenopausal women and in those with risk factors for atherosclerosis (hypertension, hypercholesterolemia, diabetes mellitus, coronary artery disease), administration of physiologic doses of estradiol increased forearm vasodilation induced by sodium nitroprusside.1006
However, others have reported no effect of estrogen administration on endothelium-independent vasodilation.1004 Actions on the Heart and Large Blood Vessels Estrogen treatment in some studies was associated with increased left ventricular diastolic filling and stroke volume,1004,1024,1025,1026 an effect that probably reflects a direct inotropic
action of estrogen.1027 In a 3-month study, medroxyprogesterone acetate (5 mg daily for 10 days each month) did not attenuate the increase in left ventricular output (systolic flow velocity) observed with estrogen treatment.1028 On the other hand, others have detected attenuation of estrogen’s beneficial effects on compliance (stiffness) associated
with combined estrogen-progestin treatment.1027,1029 And others have not been able to demonstrate an effect of short-term oral estrogen or long-term transdermal estrogen treatment on cardiac structure and function.1030,1031 The reasons for these observations as well as the differences remain unclear. Actions on Glucose Metabolism An agerelated decline in the basal metabolic rate is accentuated at menopause, associated with an increase in body fat, especially central (android) body fat.1032,1033 Insulin resistance and circulating insulin levels increase in women after menopause, and impaired glucose tolerance predicts an increased risk of CHD.1034,1035 Estrogen (with or without
progestin) prevents the tendency to increase central body fat with aging.1036,1037,1038,1039 The WHI randomized clinical trial documented improvements in fasting glucose and insulin levels in the estrogen-progestin–treated group.1040 Hyperinsulinemia also has a direct atherogenic effect on blood vessels, perhaps secondary to insulin
propeptides. In addition to its vasoconstrictive properties, endothelin-1 exerts a mitogenic effect and, therefore, contributes to the atherosclerotic process. Insulin directly stimulates the secretion of endothelin-1 in endothelial cells, and the circulating levels of endothelin-1 are correlated with insulin levels.1041 Postmenopausal women being treated
with oral estrogen have lower fasting insulin levels and a lesser insulin response to glucose.981,1040,1042,1043,1044,1045 In a 1-year randomized trial comparing unopposed conjugated estrogens to the usual sequential and continuous regimens of conjugated estrogens and medroxyprogesterone acetate, no differences in the treatment groups were
observed in the favorable decreases in fasting insulin levels.981 Nonoral administration of estrogen has little effect on insulin metabolism, unless a dose is administered that is equivalent to 1.25 mg conjugated estrogens.1043,1046 Because a lower oral dose produces a beneficial impact, this suggests that the hepatic first-pass effect is important in
this response, at least in normal women; reports with transdermal hormone therapy have indicated improvements in insulin resistance and hyperinsulinemia, but no effect in women with normal insulin sensitivity.1047,1048 In double-blind, crossover, placebo-controlled studies of postmenopausal women with type 2, non–insulin-dependent diabetes
mellitus, estrogen treatment improved all glucose metabolic parameters (including insulin resistance), the lipoprotein profile, and measurements of androgenicity.1049,1050 The evidence strongly indicates that postmenopausal estrogen therapy improves glucose metabolism. Epidemiologic studies impressively document that this beneficial metabolic
effect associated with estrogen lowers the incidence of adult-onset, type 2 diabetes mellitus. Three large cohort studies, the Nurses’ Health Study, the Finnish Kuopio Osteoporosis Risk Factor and Prevention Study, and the French E3N study, reported decreases in new-onset diabetes associated with estrogen therapy.1051,1052,1053 In the French
cohort, no effect of progestins was observed, and the reduction in the incidence of diabetes (32%) was greater with oral administration of estrogen compared with the transdermal method.1053 Clinical trial results are in agreement. In the HERS trial, the hormone-treated group developed diabetes at a rate that was 35% lower compared with the
placebo group.1045 Similar findings were observed in the Women’s Health Initiative Hormone Trials wherein a 21% reduction in incident diabetes was observed in the combined E and P trial, whereas a 12% reduction with the estrogen-alone trial.534,1054 Inhibition of Lipoprotein Oxidation The oxidation of LDL cholesterol particles is a step (perhaps
the initial step) in the formation of atherosclerosis, and smoking is associated with a high level of lipoprotein oxidation. In animal experiments, the administration of large amounts of antioxidants inhibits the formation of atherosclerosis and causes the regression of existing lesions. Estrogen is an antioxidant. Estradiol directly inhibits LDL cholesterol
oxidation in response to copper and decreases the overall formation of lipid oxides.1055,1056 Importantly, this antioxidant action of estradiol is associated with physiologic blood levels.1057 In addition, estrogen may regenerate circulating antioxidants (tocopherols and beta-carotene) and preserve these antioxidants within LDL cholesterol particles.
This antioxidant action of estrogen preserves endothelial-dependent vasodilator function by preventing the deleterious effect that oxidized LDL cholesterol has on endothelial production of vasoactive agents.1058 In an assessment of peroxide formation by platelets, women treated with both estrogen and medroxyprogesterone acetate in a sequential
regimen had greater antioxidant activity compared with the days on estrogen alone.1059 In a 1-year study, the presence of levonorgestrel did not attenuate the antioxidant activity of estradiol.1060 A Favorable Impact on Fibrinolysis Menopause is followed by increases in factor VII, fibrinogen, and plasminogen activator inhibitor-1 (PAI-1).1061,1062
These changes produce a relatively hypercoagulable state and are associated with an increased risk of cardiovascular events. Postmenopausal women treated with estrogen have lower fibrinogen and plasminogen levels. Reduced levels of fibrinogen, factor VII, and PAI-1 have been observed in premenopausal women compared with postmenopausal
women, and oral estrogen alone or combined with a progestin prevents the usual increase in these clotting factors associated with menopause.1063,1064,1065,1066,1067 This would be consistent with increased fibrinolytic activity, a possible cardioprotective mechanism probably mediated, at least partially, by nitric oxide and prostacyclin. Platelet
aggregation is also reduced by postmenopausal estrogen treatment, and this response is slightly attenuated by medroxyprogesterone acetate.1000 In a randomized 1-year trial, the addition of medroxyprogesterone acetate, either sequentially or continuously, produced a more favorable change in coagulation factors compared with unopposed
estrogen.1068 The transdermal and oral routes of administration of estrogen (combined with medroxyprogesterone acetate) have puzzling differences in the reported effects on most hemostatic risk factors, such as factor VII, fibrinogen, PAI-1, and antithrombin III. In at least one study, antithrombin III levels were reduced by oral estrogen but not
transdermal administration; however, the values remained within the normal range.1069 In regard to PAI-1, studies with transdermal estrogen have provided conflicting data, varying from favorable changes in PAI-1 levels to no effect.506,1070,1071 However, in a crossover study designed to compare 100 μg transdermal estradiol with 0.625 mg oral
conjugated estrogens (both combined with 2.5 mg medroxyprogesterone acetate daily), only the oral estrogen had a favorable reduction in PAI-1 levels.1071 Appropriate doses of hormone therapy have been reported to not have an adverse impact on clotting factors1064,1072,1073; however, the clotting story is difficult to unravel. While no
randomized control trials have analyzed the difference in VTE risk between oral and transdermal estrogen, observational studies have demonstrated a difference in risk based on routes of administration. A recent meta-analysis showed that oral estrogen administration resulted in an increased risk of VTE, which was not seen with transdermal estrogen
administration.1074,1075 Additionally, oral estrogen use in conjunction with progesterone has been associated with a greater risk of VTE than oral estrogen use alone.1076 Several factors, which are not controlled for in observational trials, also make it difficult to draw a conclusion from the aforementioned data. The frequency (cyclic vs. continuous)
and derivative of progesterone used were not controlled for in observational trials. Inherent differences in estrogen’s route of administration also likely affected the observed results—estrogens’ effects on hepatic first-pass metabolism (namely, oral estrogen’s ability to alter the synthesis and clearance of hemostatic proteins), oral estrogens’ ability to
activate the coagulation cascade, and estrogens’ effects on thrombin generation. Thus, a randomized control study comparing the effects of oral versus transdermal estrogen, with or without the addition of progesterone derivative, is needed before a definitive statement regarding the superiority of one form of administration or another can be made.
How can there be favorable changes indicating an increase in fibrinolysis and at the same time an increased risk of venous thrombosis, and why in elderly women, especially those with clinically apparent CHD, does estrogen seem to have a prothrombotic effect? Decreases in antithrombin III and protein S associated with estrogen treatment, a
hypercoagulable change, may have a greater impact on the venous system.1077 There also may be subtle variations of inherited susceptibilities that tilt the balance toward thrombosis; for example, concentrations of factors that favor arterial thrombosis have been reported (tissue factor pathway coagulation inhibitor and thrombin-activatable
fibrinolysis inhibitor) in women treated with estrogens.1078 Another possibility is that the fibrinolysis is a response to coagulation activity and, therefore, not necessarily a beneficial response. Estrogen has adverse effects on already established atherosclerosis. Matrix metalloproteinase enzymes are secreted by inflammatory cells and smooth muscle
cells. These enzymes digest the proteins in the fibrous cap of an atherosclerotic plaque, making the plaque unstable and predisposed to rupture. Estrogen induces matrix metalloproteinase enzymes and decreases their specific inhibitors (TIMP); this is a mechanism involved in the prothrombotic effects of estrogen in the presence of established
atherosclerosis. This effect of estrogen may be dose-related and might be avoided with transdermal administration.1079 Inhibition of Intimal Thickening Hypertension and atherosclerosis are associated with increased proliferation of vascular smooth muscle cells. This growth of smooth muscle cells is also characterized by migration into the intima.
Arterial intimal thickening is an early indicator of atherosclerosis. The proliferation and migration of human aortic smooth muscle cells in response to growth factors are inhibited by estradiol, and, importantly, this inhibition is not prevented by the presence of progestins.1080,1081 Nitric oxide, which is regulated by estrogen, also inhibits smooth
muscle proliferation and migration.1082 Imaging studies have documented a reduction in intimal thickening in postmenopausal women who are estrogen users compared with nonusers, and this beneficial effect is not compromised by the addition of a progestational agent to the treatment regimen.1029,1083,1084,1085 Thus, postmenopausal
hormonal therapy can bring about a reduction in atherosclerosis, and this effect is comparable with that produced by a lipid-lowering drug.1083,1086 Protection of Endothelial Cells Endothelial cells can respond to injury by initiating the clotting process. Animal studies indicate that estrogen accelerates healing and recovery of the endothelium in
response to injury.1087 This is correlated with inhibition of intimal thickening and recovery of important functions such as nitric oxide production. In vitro studies of human endothelial cells demonstrate that estrogen can inhibit cytokine-induced apoptosis.1088 In the rat, medroxyprogesterone acetate blocked the estrogen-induced healing response
after carotid artery injuries.1089 Inhibition of Macrophage Foam Cell Formation A feature of atherosclerotic plaque formation is monocytic infiltration into the arterial wall and the formation of macrophage foam cells. In a non–antioxidant activity, estrogen inhibits macrophage foam cell accumulation in atherosclerotic lesions.1090 Reduction of ACE
and Renin Levels Although oral estrogen, but not transdermal estrogen, increases angiotensinogen levels, ACE (angiotensin-converting enzyme) and renin levels are decreased (with or without progestin) by both routes of administration.1091,1092 The angiotensin II receptor (the AT1 receptor) is involved in vasoconstriction, aldosterone release,
sodium and water retention, and growth and proliferation of myocardial and vascular cells. Estrogen induces down-regulation of the AT1 receptor, and hypercholesterolemia is associated with AT1 up-regulation and function.1093,1094 Reduction of Adhesion Molecules Adhesion molecules recruit leukocytes to the endothelium and play a role in
attaching platelets to endothelium. Studies with multiple markers report that oral estrogen therapy increases only CRP, the only marker synthesized in the liver. Although oral hormone therapy increases CRP, it reduces the circulating levels of other markers (E-selectin, Pselectin, intercellular adhesion molecule-1, vascular cell adhesion molecule-1,
monocyte chemoattractant protein-1, and tumor necrosis factor-α) with inconsistent effects on IL-6.418,421,422,1095 An increase in CRP levels may be due to estrogen’s wellknown effect to stimulate the hepatic synthesis of proteins, especially because of the first-pass phenomenon with oral administration. For this reason, transdermal estrogen
treatment reduces adhesion markers but does not change CRP levels.419,420,1096 Reduction of Homocysteine Increased circulating levels of homocysteine are correlated with increased risks of atherosclerosis and thrombosis. Homocysteine levels increase after menopause and are associated with hypertension and a degree of atherosclerosis.1097
Homocysteine levels are significantly lowered by estrogen or estrogen-progestin treatment, administered either orally or transdermally.1098,1099 Menopausal Hormone Use and Cardiovascular Disease: Evidence from Observational Studies A review of case-control studies in the literature finds overwhelming support for about a 50% reduced risk of
CHD in estrogen 1100,1101,1102,1103,1104,1105,1106,1107,1108,1109,1110,1111,1112,1113,1114,1115,1116,1117 users. In three studies of women undergoing angiography, a comparison of coronary artery occlusion in users and nonusers of estrogen indicated a significant protective effect of postmenopausal estrogen.1109,1110,1111 Women
using hormone therapy at the time of a myocardial infarction or with congestive heart failure have been reported to have an improved rate of survival.1118,1119 Little attention has been given to peripheral artery disease, but one case-control study did report a decrease in risk in users of hormone therapy.1120 In a large number of cohort studies,
most uniformly reported a reduction in CHD in estrogen users; only three produced conflicting data.1121,1122,1123,1124,1125,1126,1127,1128,1129,1130,1131,1132,1133,1134,1135,1136 In the Nurses’ Health Study with 20 years of follow-up, the age-adjusted relative risk of coronary disease in current users of hormone therapy was 39% reduced
(RR = 0.61; CI = 0.52–0.71).1137 The benefit was observed with both the 0.625-mg and the 0.3-mg doses of conjugated estrogens. The beneficial impact was observed to diminish beginning 3 years after discontinuation. It was suggested that higher doses might be harmful because there was an apparent increase in the risk of coronary disease among
women taking more than 0.625 mg conjugated estrogens per day. Current postmenopausal hormone users in the Nurses’ Health Study have had a 37% reduced risk of mortality due largely to protection against CHD, an effect that was still present after adjusting for dietary factors, alcohol intake, vitamin or aspirin use, and exercise.1132 Electron
beam tomography (also called ultrafast computed tomography) can assess for the presence of coronary artery disease by quantifying the amount of calcium in the coronary arteries, a measure that is known to correlate with the degree of disease and the risk of coronary events. Studies using this technique have demonstrated a lower prevalence of
coronary artery calcium (CAC) in women younger than age 60, a prevalence comparable to men (of any age) in women older than 60, and less calcium (and, therefore, less coronary artery disease) in women using postmenopausal hormone therapy compared with nonusers.1138,1139 In women with an average age of 59 who had used hormone
therapy for an average of 9 years, coronary artery calcification was significantly reduced, with a greater effect observed with increasing duration of use.1140 This salutary effect of estrogen was confirmed in a substudy of the WHI estrogen-only arm.1141 These observational studies have been criticized by arguing that estrogen treatment is a marker
for variables (e.g., better diet and better health care) that place postmenopausal estrogen users in a low-risk group for cardiovascular disease (the “healthy user” effect). And indeed, women who choose to use hormone therapy have been reported to have a better cardiovascular risk profile than nonusers.1142 This question was addressed by the Lipid
Research Clinics Study, the Leisure World Study, and the Nurses’ Health Study.1125,1143,1144 These epidemiologists concluded that their evidence strongly indicated that in women receiving estrogen treatment who have the same risk factors for cardiovascular disease as those not receiving treatment, the same beneficial effect of estrogen was
present. This is especially the case in the Nurses’ Health Study, in which the participants are of a relatively homogeneous socioeconomic group. A cohort follow-up study in Southeastern New England documented similar levels of total cholesterol, HDL cholesterol, BMI, and blood pressure in estrogen users and nonusers, indicating that selection of
significantly more healthy women for estrogen use could not fully explain the beneficial effect of estrogen on the risk of cardiovascular disease.1145 In a comparison of health variables among users and nonusers in South Australia, there was no evidence to support the presence of a “healthy user” effect.1146 In Chile, users and nonusers of hormone
therapy had identical risk factors for cardiovascular disease.1147 In contrast to the uniform results from observational studies of the association between postmenopausal hormone therapy and CHD, epidemiologic data over the last 30 years regarding estrogen use and stroke have not been consistent. The many studies have indicated either a small
increase or no effect of postmenopausal hormone therapy on the risk of stroke or a reduction in risk associated with estrogen or estrogenprogestin use.1123,1125,1131,1137,1148,1149,1150,1151,1152,1153,1154,1155,1156,1157 A prospective cohort study in Denmark recorded an increase in ischemic strokes, but only among hypertensive women,
and a large cohort study from Sweden found no link between stroke and hormone therapy.1158,1159 Within this confusing mixture of results on stroke, there was one consistent observation. The cohort studies (with a sufficient number of cases) that have assessed the impact of hormone use on the risk of death from stroke have all indicated a
beneficial impact. For example, the NHANES recruited a very large cohort of women in 1971–1975 for epidemiologic analysis. The follow-up longitudinal study of this cohort yielded a U.S. national sample of 1,910 white postmenopausal women. Postmenopausal hormone use in this cohort provided a 31% reduction in stroke incidence and a strongly
significant 63% reduction in stroke mortality.1152 These relative risks were present even after adjusting for age, hypertension, diabetes, body weight, smoking, socioeconomic status, and previous cardiovascular disease. This study specifically addressed the criticism that one should expect less disease in estrogen users because they are healthier.
After adjusting for physical activity as a marker of general health status, the risk estimates remained identical. Hypertension is both a risk factor for cardiovascular mortality and a common problem in older people. Studies have either shown no effect or a small, but statistically significant, decrease in blood pressure due to estrogen
treatment.1160,1161,1162,1163,1164,1165 This has been the case in both normotensive and hypertensive women.1166,1167,1168,1169,1170,1171 The addition of a progestin did not affect this response.569,1172 Discontinuing hormone therapy in women with hypertension does not result in a decrease in blood pressure (an expected response if the
treatment were raising blood pressure), and in some patients, discontinuation is followed by an increase in blood pressure.1173 The acute administration of estrogen to women with hypertension is followed by decreases in blood pressure, pulse rate, and circulating levels of norepinephrine.1174 The very rare cases of increased blood pressure due to
oral estrogen therapy truly represent idiosyncratic reactions. Blood pressure should be assessed every 6 months in hypertensive women being treated with postmenopausal hormones, and if the blood pressure is labile, blood pressure should be measured every 3 months. Observational studies have also reported that hormone users have a decreased
risk of developing venous leg ulcers or pressure ulcers.1175,1176 Menopausal Hormone Use and Cardiovascular Disease: Evidence from Clinical Trials The Women’s Health Initiative The WHI was organized by the U.S. National Institutes of Health in 1992 to study the health of postmenopausal women and was scheduled to be completed in 2007.1177
From 1993 to 1998, the WHI enrolled 161,809 women aged 50–79 in 40 clinical centers. The major components of the WHI were (1) two randomized trials of postmenopausal hormone therapy scheduled to conclude in 2005, (2) a dietary modification trial that randomized 48,000 women to either a sustained low-fat or a self-determined diet, (3) a
calcium/vitamin D supplementation trial, and (4) an observational study. One of the randomized trials of postmenopausal hormone therapy, the combined estrogen-progestin arm (daily 0.625 mg conjugated estrogens and 2.5 mg medroxyprogesterone acetate), randomized 16,608 women to either treatment or placebo. The other hormone trial, an
estrogen-only arm (daily 0.625 mg conjugated estrogens), randomized 10,739 hysterectomized women to treatment or placebo. On May 31, 2002, the Data and Safety Monitoring Board (DSMB) made its periodic review of the data accumulated by the WHI. The DSMB made two recommendations that were announced on July 9, 2002: (1) to discontinue
the trial arm administering daily estrogen-progestin and (2) to continue the trial arm with daily unopposed estrogen in hysterectomized women. The combined estrogen-progestin arm was discontinued after about 5 years of follow-up because of a statistically significant increase in invasive breast cancer and an increase in cardiovascular events.1178
The statistical parameters for benefit or harm were established in 1997 early in the study. When the increase in breast cancer exceeded the predetermined boundary, the DSMB was obligated to recommend discontinuation of this arm of the trial. On March 2, 2004, the National Heart, Lung, and Blood Institute of the U.S. National Institutes of Health
canceled the estrogen-only arm of the WHI. This arm of the WHI included 10,739 hysterectomized, postmenopausal women who had completed an average of 6.8 years of follow-up. The WHI Data and Safety Monitoring Board made their last periodic review of the study data in December 2003. The DSMB was not unanimous in its decision; some
members wanted to stop the study, and others wanted the study to continue after sending a letter to the participants describing the findings. Even though none of the findings had crossed the predefined boundaries, the NIH made the decision to stop the study on February 2, 2004. The decision was based on the following results1179: An increased
risk of stroke similar to that reported in the canceled estrogenprogestin arm of the WHI No increase or decrease in CHD A trend toward an increased risk of probable dementia and/or mild cognitive impairment A reduction in hip fractures No increase in breast cancer With the exception of breast cancer and CHD, the results in the estrogen-only arm
were essentially identical to those in the estrogen-progestin arm of the study. But keep in mind that the populations in the two clinical, randomized trial arms of the WHI were not identical.1180 Considering risk factors for cardiovascular disease, the women in the estrogen-only arm were more obese, were less active, and had more pre-existing
cardiovascular disease. The estrogen-only arm also differed in regard to risk factors for breast cancer: more early births and bilateral oophorectomy and more and longer duration of previous hormone therapy. Therefore, these were two different trials with two different populations and treatments, making direct comparisons inappropriate. The

published results of the WHI trial agree with more than 30 years of casecontrol and cohort data with the exception (as first presented by the WHI) of the cardiovascular results. The updated results on the risk of CHD from the canceled estrogen-progestin arm of the WHI reflected central adjudication of the cardiac diagnoses in contrast to the initial
report that relied on local diagnoses.1181 The final report covered an average of 5.6 years of follow-up, compared with 5.2 years in the initial report. Based on these data, there would be an increase of six cases of CHD per 10,000 women per year in the treated group. Central adjudication disagreed with 10% of the diagnoses for myocardial infarction
and 3% for death due to CHD. This small degree of disagreement changed the strength of the conclusions comparing the initial report1178 with the updated report. Indeed, the overall results by definition did not achieve statistical significance in the follow-up report, and only the first year results were statistically significant in the year-by-year
analysis, a conclusion based on a difference of only 19 cases. In all of the WHI reports, the intent-to-treat analyses were adjusted for multiple outcomes, the Bonferroni adjustment. All adjusted results were not statistically significant. It is difficult to understand the clinical meaning of this manipulation, but most believe that this indicates a slightly
lower mathematical conclusion than presented in the nonadjusted data. This, of course, would further weaken the power of the reported results. Consider also the possibility of diagnostic bias. 40.5% of the estrogen-progestin group in the WHI (nearly 5,000 of the 8,500 in the treated group), in contrast to 6.8% of the placebo group, were unblinded
because of vaginal bleeding. What was the impact on the clinicians’ final management and diagnosis when told that the patient is in the WHI study and experiencing vaginal bleeding? This problem affects the data not only in regard to cardiovascular disease but also for breast cancer. Unblinding was not a problem in the estrogen-only arm of the WHI
and no increase in CHD was recorded— was this because of an absence of diagnostic bias in the estrogen-only arm? The characteristics of the participants in the two WHI hormone trials are noted in Table 17.12. TABLE 17.12 WHI Hormone Trials The women in the estrogen-progestin arm were an average of slightly more than 12 years distant from
menopause.1179 Most had been without hormone therapy for more than a decade. In the estrogen-only arm, the published results do not specify the number of years distant from menopause, but this duration may have been even greater, influenced by the age of subjects at the time of bilateral salpingooophorectomy. Women with significant
menopausal symptoms were excluded from the study to avoid an exceedingly high drop-out rate in the placebo group. Women who had been on hormone therapy (about 25% of the participants in the estrogen-progestin arm and 35% in the estrogen-only arm) and then underwent a 3-month “washout” period and experienced menopausal symptoms
were discouraged from participation (about 12.5% of the participants in the estrogen-progestin arm reported vasomotor symptoms on entry but were willing to be assigned to placebo, and, therefore, their symptoms were unlikely to have had a major disturbing effect). This exclusion means that only a small number of women in the WHI were close to
their age of menopause (about 16.5% of the participants in the estrogen-progestin arm were
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