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PREFACE

The field of androgen excess disorders has advanced substantially since the original
publication of this book. The Androgen Excess Society (AES) was founded to bring
together investigators in the field. A better understanding of the screening, progression,
and molecular genetics of nonclassic adrenal hyperplasia (NCAH) has improved the
clinical care and diagnostic accuracy of these patients. New criteria for the diagnosis of
the polycystic ovary syndrome (PCOS) were proposed in Rotterdam, criteria that have
resulted in controversy and, hopefully, initiation of new studies. The association of
insulin resistance with PCOS has been strengthened, and the role of metformin in treat-
ing the infertility of the PCOS has been validated. Risks for diabetes and, more contro-
versially, cardiovascular disease in women with PCOS have received substantial
investigation. Our understanding of the epidemiology and economic impact of these
disorders has expanded, emphasizing their critical importance. These are but a few
highlights of how the terrain has changed in a relatively brief period of time.

In keeping with these advances, the title of this book has been revised to reflect the
growing importance of PCOS as the most prevalent androgen excess disorder in women,
and arguably, as the one that might have the most serious adverse consequences for
general health. There are fewer chapters to provide a more focused elucidation of the
area. Several chapters were penned by new (and young) authors who are conducting
cutting-edge research in the field. The time line for publication of the book was inten-
tionally kept tight, so that the information would be fresh and current. Although the
editors have grown grayer, and not necessarily wiser, we nonetheless hope that this
second edition of Androgen Excess Disorders in Women: Polycystic Ovary Syndrome
and Other Disorders will prove to be a helpful guide and resource for all clinicians and
researchers in the field of androgen excess.

Ricardo Azziz, Mp, MPH, MBA
John E. Nestler, vp
Didier Dewailly, mp
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A Brief History of Androgen Excess

Ricardo Azziz

SUMMARY

Male-like hair growth and masculinization of women and the ambiguity of genders has fascinated mankind
for millennia, frequently appearing in mythology and the arts. The earliest reports of androgen excess, begin-
ning 400 years Bc, focused on the appearance of male-like hair growth and features in women, often accompa-
nied by menstrual cessation. The first etiologies identified as a cause of androgenization in the female were
adrenal disorders, primarily adrenocortical neoplasms, but also eventually adrenal hyperplasia. The first report
of a patient with nonclassic adrenal hyperplasia (NCAH) was made in 1957. The Achard-Thiers syndrome,
which was originally reported in 1921 and was felt to primarily affect postmenopausal women, included the
development of diabetes mellitus, hirsutism, and menstrual irregularity or amenorrhea in conjunction with
adrenocortical disease. Androgen production by the ovary was not recognized until the early 1900s, with the
first case of a patient with glucose intolerance, hirsutism, and ovarian pathology reported by Tuffier in 1914. As
early as the mid-18th century, the presence of sclerocystic or multicystic ovaries was recognized, although this
pathology was felt to be primarily associated with pelvic pain and/or menorrhagia. It was not until the seminal
report of Drs. Stein and Leventhal of 1935 that the association of polycystic ovaries and amenorrhea, and
possibly obesity and/or hirsutism, was noted. Subsequent investigations have elucidated the ovarian source of
the androgens the gonadotropic abnormalities, the insulin resistance, and the high prevalence of the disorder,
currently known as the polycystic ovary syndrome (PCOS). This syndrome was initially treated by ovarian
wedge resection, but subsequent ovulatory therapies, including clomiphene citrate, menopausal gonadotropins,
and most recently insulin sensitizers, have replaced this surgery as the treatment of choice for fertility improve-
ment in PCOS. Notwithstanding, laparoscopic ovarian drilling retains a place in our current therapeutic arma-
mentarium for these patients.

Key Words: History; hirsutism; adrenal hyperplasia; polycystic ovary syndrome; androgen-secreting neo-
plasms; Stein and Leventhal; Achard and Thiers.

1. INTRODUCTION

The earliest reports of androgen excess, beginning around 400 Bc, focused on the appearance of
male-like hair growth and features in women, often accompanied by menstrual cessation. Two other
pathologies were then recognized, beginning in the late 17th and early 18th centuries, including
adrenal pathologies and sclerocystic ovaries. These seemingly separate and disparate observations
only begin to converge in the 20th century into the disorders we recognize today. The burgeoning
research interest in androgen excess disorders can be indirectly determined from a survey of PubMed,
the database managed by the National Center for Biotechnology Information, for articles published
in scientific journals relating to the most common androgen excess disorders (Fig. 1). For example, in
1980 there were 69 articles published referencing “polycystic ovary syndrome” or “Stein—Leventhal
syndrome”; in 1990 this number had more than doubled to 169, and in the year 2000 more than 241
articles were published on the subject.

From: Contemporary Endocrinology: Androgen Excess Disorders in Women:
Polycystic Ovary Syndrome and Other Disorders, Second Edition
Edited by: R. Azziz et al. © Humana Press Inc., Totowa, NJ
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Fig. 1. Number of publications on polycystic ovaries and polycystic ovary syndrome (PCOS), Stein—
Leventhal Syndrome (SLS), and hirsutism from 1966 to 2003 in PubMed.

In this chapter we briefly review the development of the study and treatment of androgen excess
disorders with a historical perspective. This will not only illuminate how medical knowledge devel-
ops, but may assist us in placing this disorder, and in particular its definition, in perspective. In
general, I will limit myself to studies published before 1980.

2. BACKGROUND
2.1. Hyperandrogenism in Mythology and the Arts

Male-like hair growth and masculinization of women, and the ambiguity of genders, has fasci-
nated mankind for millennia. Hapi (or Hapy), god of the Nile, was described as an obese bearded man
with the breasts of a woman (/). Pharaoh Maatkare Hatshepsut of Egypt (1473-1458 Bc), one of only
two female pharaohs, was reported to be hirsute, although it would appear that she actually wore a
false beard and dressed like a man primarily to emphasize her role as pharaoh and ruler. The Venus
Barbata, the bearded cross-dressing Venus, was called on to repel unwanted husbands and suitors. A
fresco in Pompei (painted sometime before the 97 Ap eruption of Mount Vesuvius) depicts the toilet of
Hermaphrodite with what appears to be a bearded woman assisting in the event (2), although some
investigators believe that it is a man dressed in eastern style (Dr. John Clarke, Professor of Art His-
tory, University of Texas at Austin, personal communication). The early medieval legend of St.
Willegefortis (i.e., virgo forte, or strong virgin), or Uncumber, is described as growing a beard to
ward off an unwanted suitor in order to remain chaste for God (and for which her father rewarded her
by having her crucified) (3). The fable about a bearded female pope, who later bore the name of
Johanna (Joan), was first noted in the middle of the thirteenth century (4).

Artists of all times have been fascinated by the hirsute woman. The most famous of these portraits
is that of Magdalena Ventura de Los Abruzos, “La Mujer Barbuda” (1631, currently in the Hospital
de Tavera, Toledo, Spain), by the Italian painter José (Jusepe) de Ribera. This portrait depicts
Magdalena, who had arrived in Naples at 52 years of age from Acumulo in the region of Los Abruzos,
alongside her second husband and a nursing child in arms. Apparently, after three miscarriages at the
age of 37, she began to experience increasing hair. The Duke of Alcald, then Viceroy of Naples, was
so taken by her case that he commissioned Ribera to paint the woman and have her history recorded
in the painting. Other important portraits include that of Brigida del Rio “La Barbuda de Pefiaranda”
(1590, currently in the museum EI Prado), by the Spanish painter Juan Sdnchez Cotdn (ca. 1560—
1627); Eugenia Martinez Vallejo “La Monstrua’ Vestida,” by Spanish painter J. Carrefio De Miranda
(1614-1685, currently in the museum El Prado); the portrait of Rosina Margerita Mullerin or Rosine-
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Fig. 2. Portrait of Rosina Margerita Mullerin (or Rosine-Marguerite Miiller), daughter of a servant to the
court of the Saxonian elector Johann-Georg III, who died in 1732 (chalk, unknown artist, currently in the
Kupferstich-Kabinett, Dresden, reproduced with permission).

Marguerite Miiller (Fig. 2); Margret Halsebner of Basel or “The Woman with Two Beards* (or “Por-
trait of Old Woman With a Beard”), by Willem Key (~1515-1568; stolen in 1972 from the Suermondt
Museum, Aachen; copy made by Anthonis Mor van Dashorst, ~1517-1577, currently in the Alte
Pinakothek, Munich) (Fig. 3); and that of Helene Antonia of Liege (Belgium), depicted in an engrav-
ing by Johannes Loselius (~late 16th century).

Shakespeare referred to hirsute women in Macbeth (c.1607) when he wrote about three sisters:

You should be women and yet
Your beards forbid me
To interpret that you are so

In “Don Quixote” (1615) Cervantes tells the tale of the bearded Countess Trifaldi (La Dolorosa, or
the Distressed One), where the giant Malabruno, in revenge for the death of his first cousin, the
Queen Maguncia, casts a spell on the Countess Trifaldi and her friends, making their faces hairy and
bearded. In response, the lady Dolorosa laments (5): . . . where, I ask, can a duenna [female chap-
eron] with a beard go to? What father or mother will feel pity for her? Who will help her? For, if even
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Fig. 3. “Old Woman with a Beard,” by Anthonis Mor van Dashorst (c.1517-1577; currently in the Alte
Pinakothek, Munich, reproduced with permission), copy of a portrait of Margret Halsebner of Basel, or “The
Woman with Two Beards,” by Willem Key (c.1515-1568; stolen in 1972 from the Suermondt Museum,
Aachen).

when she has a smooth skin, and a face tortured by a thousand kinds of washes and cosmetics, she can
hardly get anybody to love her, what will she do when she shows a countenance turned into a thicket?”

Hyperandrogenized women have frequently been held as a curiosity for all to view. Caufield
recounts the story told by one D. George Sagari describing the case of the 22-year-old Augustina
Barbara, daughter of Balthazer Ursler (or Ulster), whose whole body and face was covered by
yellowish hair, including “a thick beard that reached her girdle”; he noted that her husband had
married her “. . . merely to make a shew of her, for which purpose he traveled into various
countries . ..” (6). The famous Julia Pastrana, the "Nondescript” or Bearded and Hairy Lady, a 23-year-
old of Mexican origin, attracted throngs of gawkers during her tour of Britain in 1857 (7). However, it
is likely that neither of these cases represented women solely with hyperandrogenism, as they appeared to
suffer far more extensive hair growth and, at least in the case of Pastrana, facial distortion (8).

Between 1840 and 1940, freak museums, circus sideshows, and carnivals were popular entertain-
ment and frequently exhibited famous bearded ladies such as Annie Jones, Lady Olga, Clementine
Delait, Madame Devere, and Princess Gracie (9,10). By the early part of the century, entertaining and
extensive descriptions of a multitude of hirsute or bearded women and their history, true or invented,
had been published (/1,12). Even now, our fascination with bearded women continues. A contempo-
rary news article presents the biography of Jennifer Miller, circus artist, performance artist, juggler
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and clown, and founder and director of Circus Amok (/3). Ms. Miller, by her mid-20s, had grown a
full beard, although she was not sure what made it grow. Once, she said, “a doctor told me I had high
progesterone.”

2.2. Hyperandrogenism in Ancient Medicine

As early as the fifth century Bc, Hippocrates (~460—~370 Bc) described two separate cases of
women who become generally hairy with beards and whose bodies assumed a masculine appearance;
both became amenorrheic and died at an early age (/4):

Phaethufa in Abdera, the wife of Pytheus, who had a child formerly when she was very young, upon
her husband’s being banfh’d, iffs’d her Menses a long time; and her joints grew afterwards painful
and red. Upon this her body became manly, and hairy all over; a beard thrust out, and her voice
became rough. Every thing was try’d by us that was likely to bring down her Menses, but to no
purpose; and not long after she dy’d.

The same thing happn’d in Thasus to Namufias the wife of Gorgippus. All physicians that I talk’d
with were of the opinion, that the only hope left was in her Menses coming down again as they
ought: But this cou’d never be brought about, tho’ we try’d every thing; and she dy’d not long after.

Maimonides (1135-1204) noted that (15):

Just as there are men whose nature resembles the nature of women, and their skin is fair and soft,
similar to the body of a woman, so too there are women whose skin is dry and hard, and whose
nature resembles the nature of a man. However, if any woman’s nature tends to be transformed to
the nature of a man, this does not arise from medications, but is causes by heavy menstrual activity.
(Fin Liber Comm. Epidemirum VI; 8)

The famous French surgeon and obstetrician Amboise Paré (1510-1590), in his “Concerning the
Generation of Man” (16), described affected women, noting:

Many women, when their flowers or tearmes be stopped, degenerate after a manner into a certaine
manly nature, whence they are called Viragines, that is to say stout, or manly women; therefore their
voice is loud and bigge, like unto a mans, and they become bearded.

Notably, these early physicians clearly noted the association of menstrual irregularity and the
development of hirsutism and masculine features. Clinical interest in the hirsutism continued in the
ensuing centuries, as evidenced by the proliferation of portraits (see Figs. 2—4) recording the appear-
ance and lives of these unfortunate women. Of note, during the late 19th century and early part of the
20th century, hirsutism in women was often ascribed to a number of conditions, including mental
disorders (12,17,18) or hermaphroditsim (/9-21).

2.3. Adrenocortical Disorders

The first case describing androgenization of a female related to an adrenal disorder, most likely an
adrenocortical carcinoma, appears to be that reported by Henry Sampson in 1697 (22):

Hannah Taylor was born in Crouched Fryars June 12 1682. She was till three Years old very sickly,
lean and not able to go alone; but about Bartholomewtide, 1685. she began to grow strong and fat,
which increased till the time of her Death: She was also a very forward Child of Understanding, had
her Pubes grown thick and long, as also Hair under her Arm-pits, and Downyness upon her Chin,
unusual with those of her Sex, except in some aged Persons. . . . She had a Face as big and broad as
any fat grown Woman of 20 Years . . . the left Kidney (where was the seat of her Misery) exceeding
large, and double the bigness of that on the right side. . . . The Testicles* were large, but smooth and
white, without protuberances or shew of eggs.

The case appears to be also the earliest illustration of the effect that adrenal androgens may have
on the ovaries. In 1905, Bulloch and Sequiera reported on an 11-year-old girl with almost identical

*Following Galen, the ovaries were termed female testis or testicles.
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findings to that described by Sampson, which they diagnosed as having suffered from a left suprare-
nal carcinoma (23). In addition to reviewing all similar prior cases, they make the then-novel obser-
vation that the “cortex of the suprarenal gland is probably connected in some way with the growth of
the body and the development of puberty and sexual maturity.”

De Crecchio in 1865 described the case of Giuseppe Marzo, who lived like a man and upon his
death was found to have female reproductive organs and massively enlarged suprarenal (adrenal)
capsules, essentially being the first report of virilizing congenital adrenal hyperplasia (24). The Dan-
ish pathologist Johannes Andreas Grib Fibiger, recipient of the 1926 Nobel Prize for Physiology or
Medicine, went on to describe a similar case (25), followed by Debre and Semelaigne (26) and von
Gierke (27), such that the adrenogenital or adrenal virilizing syndrome became known as the Fibiger—
Debré—von Gierke syndrome, a term that was in use until the early 1960s. Because previous treat-
ment with various analogs of androgens (including 17-ethyl-testosterone, 17-vinyl-testosterone,
17-methylandrostenediol, and 17-methylandrostanediol) in an effort to block the effect of excess
androgens in these patients had been unsuccessful, Lawson Wilkins and colleagues went on to de-
scribe the first successful treatment of a patient with congenital adrenal hyperplasia using intramus-
cular injections of cortisone crystals in aqueous solutions administered every 6 hours for 15 days in
1950 (28), which was confirmed the following year (29,30). Subsequent analysis of urinary steroids
suggested that the likely biosynthetic defect was 21-hydroxylase deficiency (31,32). Cloning of the
active 21-hydroxylase gene (CYP21B or CYP21) and an associated pseudogene (CYP21B or
CYP21P) confirmed the genetic etiology of the syndrome as a single gene mutation (33).

The first report of a patient with nonclassic (also called nonclassical, late-onset, adult-onset, at-
tenuated, acquired, cryptic, mild, partial, or postmenarchial) adrenal hyperplasia was made by Decourt
et al in 1957 (34); the following year these investigators reported on six cases and suggested that the
disorder was the result of defective 21-hydroxylation (35). The diagnosis of this disorder by adreno-
corticotropic hormone stimulation test was suggested in 1979 by various investigators (36—38). How-
ever, not until the Val 281Leu mutation was reported in nine patients with similar human leukocyte
antigen (HLA) haplotypes (i.e., HLA-B14, DR1), establishing the molecular genetic basis of the
disorder (39), was NCAH confirmed as its own distinct entity.

2.4. Insulin Resistance, Glucose Intolerance, and Hyperandrogenism

At a session of the Société Medicale des Hospitaux de Paris on July 19, 1921, Professor Emile
Charles Achard, with the assistance of Dr. Joseph Thiers, presented the case of a 71-year-old woman
who presented with poor health, incontinence, facial hair, and a history of glycosuria (40). Although
this is considered to be the first report documenting an association between glucose intolerance and
hyperandrogenism, we should note that a number of other investigators had previously made this
observation (see refs. 18 and 40). Second, the patient described was not glycosuric at the time of her
exam and remained so despite the ingestion of 100 g of glucose. Finally, the investigators noted on
autopsy normal ovaries, evidence of chronic pancreatic, and hyperplastic and pigmented adrenals
and ascribed the cause of the disorder, probably correctly, to the adrenal. The Achard-Thiers syn-
drome, as the disorder later became known, was felt to primarily affect postmenopausal women and
included the development of diabetes mellitus, hirsutism, menstrual irregularity or amenorrhea,
accompanied by suprarenal (adrenocortical) disease (4/—43). Hence, this syndrome does not refer
to patients with insulin resistance and ovarian hyperandrogenism, but primarily to patients with adreno-
cortical pathology, notably carcinoma, glucose intolerance, and virilization. The hypercortisolism
present may account for the high prevalence of psychiatric abnormalities observed in hirsute and
amenorrheic women diagnosed at the time (/8).

In fact, the first case of a patient with glucose intolerance (i.e., glycosuria), hirsutism, and ovarian
pathology appears to have been reported by Tuffier in 1914 (44). This physician described a woman
with virilization, glycosuria, bilateral adrenal hypertrophy, and a right ovarian mass the size of a
walnut, possibly a luteoma; the glycosuria resolved after removal of the ovarian tumor. In 1947



Chapter 1 / Brief History of Androgen Excess 9

Kierland reported on three patients with acanthosis nigricans who also presented with amenorrhea,
hirsutism, obesity, and, in the two who were explored, normal adrenals (45). Subsequent investiga-
tors continued to report on the association of metabolic abnormalities, hirsutism, and menstrual dys-
function, acanthosis nigricans, and frequently ovarian stromal hyperthecosis, in the absence of
adrenocortical pathology.

In 1976 Kahn and colleagues described six patients with acanthosis nigricans and variable degrees
of glucose intolerance, hyperinsulinemia, and marked resistance to exogenous insulin (46). After the
study, they divided these women into two unique clinical syndromes: type A, a syndrome in younger
females with signs of virilization or accelerated growth, in whom the receptor defect may be primary,
and type B, a syndrome in older females with signs of an immunological disease, in whom circulating
antibodies to the insulin receptor are found. Women with the type A insulin resistance syndrome
were later referred to as suffering from the hyperandrogenism, insulin resistance, and acanthosis
nigricans (HAIR-AN) syndrome, a term still used today (47).

2.5. The Stein—Leventhal Syndrome

As described earlier, Sampson, in his description of the autopsy findings of Hannah Taylor, ob-
served that, in addition to the suprarenal tumor, the ovaries were large, smooth, white, and without
protuberances, like eggs (22). In 1721 Antonio Vallisneri (1661-1730) described the case of a young
married infertile peasant woman, moderately obese, who had two larger than normal ovaries that
were smooth and shiny (48):

But let us move on to the ovaries of the woman. On the day of February 3, a young married
farmwoman who was infertile fell from a tree and died soon thereafter. I wanted to see the reason for
this sterility, since the husband was also young and vigorous, and she was moderately plump, of
good color, and well built.

I found the two ovaries to be larger than ordinary: the left one was larger than a dove’s egg, with a
slightly dark color and more or less round, the right one was a little smaller, more white, and consid-
erably crushed; and both of them were a tiny bit tuberculous, smooth, and shiny, almost as if from a
paint that had been spread. Once the first tunica was removed, which was very fibrous and almost
completely fleshy on the left, a blister was uncovered that was the size of a hazelnut with mem-
branes that were very swollen and dense, covered and packed full of a material the color of soot,
cloudy, nauseating, rather dense, but considerably liquid. On the left side, there were another two
similar blisters that appeared to be only half as big which were also filled with the same material, as
well as many others of various sizes although all of them were smaller, all dirty, stained, and like-
wise blackish. A healthy lymphatic blister does not appear this way, as it is usually pure and filled
with transparent lymph.

Between these, the usual fine membranes, fibers, and blood vessels could be distinguished, but they
were nearly empty, and nothing else.

In 1844 Chereau (49) and Rokitansky (50) both described sclerocystic ovaries, which subsequent
observers referred to as microcystic, cystic degeneration, polymicrocystic, cystic oophoritis, or hy-
drops folliculi, among other terms. Bulius and Kretschmar provided an early description of
hyperthecosis (57). Von Kahlden in 1902 (52) and Fogue and Massabuau in 1910 (53—55) published
excellent in-depth reviews on the pathology and known clinical implications of these ovaries.

Multicystic ovaries were initially observed to be associated with menorrhagia, pelvic pain, and
emotional disturbances. In 1872 Battey reported performing a bilateral oophorectomy in a 30-year-
old patient who had intense pain during her menstrual periods, which had resulted in morphine addic-
tion and epileptiform convulsions, among other complaints (56). Although generally uninterested in
the ovarian pathology of the hundreds of ovaries he subsequently removed as cure for similar ail-
ments, Battey noted that while most ovaries were normal in appearance, some demonstrated cystic
degeneration or sclerosis (57). Encouraging this practice, Lawson Tait in 1879 affirmed the need for
castration for the treatment of symptomatic cystic degeneration of the ovaries (58). However, more
conservative procedures, such as partial resection, were soon proposed (59). Even then, critical voices
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Fig. 4. (Left) Irving Freiler Stein (1887-1976); (right) Michael Leo Leventhal (1901-1971). (Reproduced
with permission from: Harold Speert, Obstetric and Gynecologic Milestones. Parthenon Publishing Group,
1996.)

still abounded. John A. McGlinn, reading before the Obstetrical Society of Philadelphia on Novem-
ber 14, 1915, decried the use of ovarian resection in cases of microcystic disease of the ovary, and
instead suggested simply puncturing “those cysts which are upon the surface” (60).

Despite the proposed aggressive treatment of cystic degeneration of the ovaries, the etiology
underlying this abnormality remained unclear. Fogue and Massabuau summarize the concepts of
the time noting three potential mechanisms: inflammation, congestion, and dystrophy (54). The
inflammation theory proposed that the microcystic ovary was the result of an infection of either
internal or external provenance. The congestion theory suggested that the lesion was the result of
pressure, partial torsion, or other interruption in circulatory flow to the ovary. Finally, the dystro-
phy theory proposed that the abnormalities were caused by modifications or abnormalities in the
nutrition of the ovary.

In 1935, in a seminal report, Stein and Leventhal brought together the disparate observations of
menstrual dysfunction, microcystic or sclerocystic ovaries, and virilism or hirsutism (6/). Operating
at Michael Reese Hospital in Chicago, these gynecologists (Fig. 4) reported on seven women in
whom amenorrhea was associated with the presence of bilateral polycystic and enlarged ovaries; the
heterogeneity of the syndrome was evident even at the initial description, with three of the women
being obese and five hirsute. These investigators referred to the ovarian changes as “polycystic”
rather than the terms used previously. Wedge resection was performed in all these patients, resulting
in two pregnancies (both in the same patient, Case 1) and regular cycles in the remainder.

The etiology of the Stein—Leventhal syndrome remained unclear. Stein and Leventhal in their
original report suggested that “the ovarian change in bilateral cystic ovaries is most probably a result
of some hormonal stimulation” and that this stimulation was most likely the result of anterior pitu-
itary secretions. They also proposed that “mechanical crowding of the [ovarian] cortex by cysts inter-
feres with the progress of the normal Graafian follicles to the surface of the ovary.” Although
originally described as a distinct masculinization syndrome (62), Culiner and Shippel suggested that
theca luteinization (i.e., hyperthecosis) was an important ovarian mechanism in the Stein—Leventhal
syndrome (63).

A hypothalamic—pituitary—ovarian axis abnormality was initially hypothesized by Stein and
Leventhal (61), citing the works of investigators that had reported polycystic-looking ovaries after
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the injection of anterior pituitary extracts to patients undergoing surgery for uterine fibroids (64). A
number of investigators observed excess interstitial cell-stimulating hormone (a.k.a. luteinizing hor-
mone) activity in the urine of women with the Stein—Leventhal syndrome, determined using a bioas-
say (i.e., the ovarian response of immature female rats or the prostatic response of hypophysectomized
male rats to urinary extracts) (65-68). These findings were later confirmed by plasma levels deter-
mined by radioimmunoassay (69).

Prior observations in patients suffering from adrenal hyperplasia or adrenal neoplasms had sug-
gested that the adrenal cortex was the only source of androgens in women. However, grafting experi-
ments in mice and rats demonstrated the ovaries were able to restore androgenicity in castrate animals
(70,71), and Plate went on to postulate that some androgenic substance secreted by the ovaries in
patients with the Stein—Leventhal syndrome was responsible for the symptoms observed (72). Never-
theless, an adrenal etiology for the androgens in Stein—Leventhal syndrome was still considered rel-
evant by some investigators, who used cortisone therapy in an attempt to improve ovulatory function
in these women (73,74). The basis for this recommendation lay primarily in the supposition that
women with postpubertal hirsutism, oligomenorrhea, and infertility, and in particular those with el-
evated levels of urinary 17-ketosteroids, suffered from a form of adrenal hyperplasia (75). It is no-
table that regardless of source, significant confusion still reigned regarding the role of androgens in
this hyperandrogenic syndrome, highlighted by the proposal by Netter and Lambert in 1953 to treat
sclerocystic ovaries with exogenous testosterone (76).

In an effort to more fully understand the pathophysiology of this elusive disorder, Goldzieher and
collaborators produced a thorough and in-depth series of studies of the clinical, histological, and
biochemical features of the disorder in patients whose pathology was confirmed by surgical resection
(77—-81). Concerning an adrenal component for PCOS, biochemical studies were inconclusive, lead-
ing Goldzieher to note that “[o]n the basis of so much work and so little yield in the attempt to
distinguish ovarian from adrenal factors, one might well begin to wonder if there is not indeed an
adrenocortical components in some cases of polycystic ovarian disease” (82). These investigators
also built on the work of others to identify the complete series of steps from pregnenolone to estrogen
in normal and polycystic ovary tissue, confirming the production of androgens by normal ovarian
tissue and the excessive production of the same in patients with polycystic ovaries (79). Abnormally
high production of urinary 17-ketosteroids had been used as the primary sign of excess androgen
production in affected women. However, following the description of a method for measuring test-
osterone in plasma in 1961 (83), increased circulating levels of this androgen in patients with poly-
cystic ovaries and/or hirsutism was demonstrated shortly thereafter (84,85).

Recommended treatment of women with polycystic ovaries consisted primarily of bilateral ova-
rian wedge resection (86), with Stein claiming high rates of success in the treatment of infertility
(87). The Stein—Leventhal syndrome was subsequently defined as patients with secondary amenor-
rhea, hirsutism, sterility, hypoplasia of the uterus, and bilaterally enlarged polycystic or sclerocystic
ovaries (88), a definition primarily used to identify women who would appear to benefit from ovarian
wedge resection. The syndrome was deemed rare, however, with Stein himself collecting only 90
cases in almost 30 years of practice (89). The advent of clomiphene citrate (90) and the observation
that ovarian wedge resection was associated with significant periovarian and peritubal adhesion for-
mation (91) began to relegate this procedure to women who were resistant to clomiphene ovulation
induction. And with the introduction of ovulation induction with menopausal gonadotropins (92-94)
and laparoscopic ovarian cautery (95) for the treatment of clomiphene-resistant patients in the early
to mid-1960s, the use of bilateral ovarian wedge resection for the treatment of the Stein—Leventhal
syndrome was extinguished.

The heritable nature of PCOS was recognized in the late 1960s (96,97), leading to our current
search for the responsible gene variants. More recently, Burghen and colleagues demonstrated that
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patients with PCOS were more hyperinsulinemic than weight-matched controls, suggesting that these
women were insulin resistant (98), a finding rapidly confirmed by others (99,100). It is noteworthy
that Burghen and colleagues postulated finding hyperinsulinemia in patients with polycystic ovaries
not because of the previous observations of the bearded diabetic woman or the observations made in
women with acanthosis nigricans, but because of prior evidence suggesting that androgen adminis-
tration altered carbohydrate metabolism. Shortly thereafter, the stimulatory effect of insulin in nor-
mal and polycystic ovary theca cells was demonstrated (/07—103), although it was not until the advent
of insulin-sensitizing agents that reliable proof was obtained that insulin played an active role in the
hyperandrogenism of patients with PCOS.

The utility of a polycystic ovarian morphology in the diagnosis of PCOS decreased considerably
following the decline in the use of bilateral ovarian wedge resection for its treatment. However, the
advent of ultrasonography once again revived the use of ovarian morphology as a sign of PCOS
(104,105). Additional details of the history of the discovery of PCOS have been published
(82,106,107).

3. CONCLUSIONS

Androgenization of women has captivated humankind for millennia, with early recognition of the
relationship between menstrual dysfunction and the development of hirsutism and other virilizing
features. Most early patients described appeared to suffer from ovarian or adrenal neoplasms, such
that the hyperandrogenic symptoms were generally marked. Not until the early 20th century were
lesser degrees of hyperandrogenism recognized as meriting medical evaluation, and only in the past
century have significant strides been made in elucidating the etiology and pathophysiology underly-
ing these disorders. Initially the adrenal cortex was recognized as a potential cause of androgen ex-
cess, with androgen-secreting neoplasms and frequently concomitant cushingoid features and later
adrenal hyperplasia identified as a cause. Many of these women were also found to develop glucose
intolerance or diabetes, a disorder known as “diabetes of the bearded woman’ or the Achard—Thiers
syndrome. NCAH was initially recognized in 1957, but it was not until three decades later that the
molecular etiology could be established.

The presence of microcystic, sclerocystic, or cystic degeneration of the ovaries was recognized as
early as the mid-19th century, although this pathology was primarily associated with pelvic pain,
dysmenorrhea, and menorrhagia. Initially, treatment consisted of castration, although this was soon
followed by the more conservative bilateral cuneiform or wedge resection. Recognition that this
ovarian pathology could also be associated with amenorrhea, infertility, and hirsutism was not made
until the report by Stein and Leventhal in 1935. The ovarian wedge procedure was used extensively
to treat these women, although recognition that it could result in significant adhesion formation fol-
lowed by the introduction of clomiphene citrate and then menotropins and laparoscopic electrocau-
tery led to the demise of this surgical procedure for the treatment of polycystic ovary-associated
amenorrhea and infertility. Our understanding of the steroidogenic, gonadotropic, heritable, and meta-
bolic features of PCOS has increased in the past 50 years. It is hoped that progress in understanding
the pathophysiology, and genetic and molecular basis, of this common and pervasive disorder will
continue to increase exponentially.

KEY POINTS

e Multiple instances of hyperandrogenism, often significant and in association with amenorrhea, have been
recorded, with the first cases attributed to Hippocrates in approx 500 Bc.

e The first case of what appears to have been an adrenocortical carcinoma with cushingoid and virilizing
features was reported by Sampson in 1697.

e Achard and Thiers first described the syndrome that eventually would bear their name in 1921; affected
patients were generally postmenopausal and developed diabetes mellitus, hirsutism and/or virilization,
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menstrual irregularity or amenorrhea, and suprarenal (adrenocortical) pathology.

De Crecchio described the first patient with virilizing adrenal hyperplasia in 1865.

Decourt and colleagues described the first patient with what would be later known as 21-hydroxylase-
deficient NCAH in 1957.

Large, smooth, and possibly polycystic-appearing ovaries were described initially by Vallisneri in 1752;
the pathology of the sclerocystic or microcystic ovaries was then detailed separately in 1844 by Chereau
and Rokitansky.

In 1935, Stein and Leventhal described seven patients with bilateral polycystic ovaries and amenorrhea,
reporting for the first time the disparate observations of menstrual dysfunction, microcystic or sclerocystic
ovaries, and virilism or hirsutism.
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Ovarian and Adrenal Androgen Biosynthesis and Metabolism

Walter L. Miller, David H. Geller, and Mitchell Rosen

SUMMARY

The pathways of adrenal and ovarian steroid biosynthesis use the same enzymes for the initial steps of
steroidogenesis but express different enzymes that convert steroid precursors to the final active products. Both
the adrenal and ovary produce dehydroepiandrosterone (DHEA), the principal precursor of androgens and es-
trogens. The key enzyme in DHEA production is P450c17, which catalyzes both 170-hydroxylation and 17,20-
lyase activities. The 17,20-lyase activity of human P450c17 strongly favors 17-hydroxypregnenolone rather
than 17-hydroxyprogesterone (17-OHP) as a substrate, producing abundant DHEA, so that most human andro-
gens and estrogens derive from DHEA. Understanding the biochemistry of P450c17 is central to understanding
the hyperandrogenism of polycystic ovary syndrome (PCOS). Rare genetic disorders of steroidogenesis pro-
vide human genetic knockout experiments of nature, yielding important information about the biosynthesis and
physiological roles of steroids.

Key Words: Androgens; steroidogenesis; ovary; adrenal; 17,20-lyase; 17-hydroxylase; CYP21; P450c17;
StAR; 33-hydroxysteroid dehydrogenase; 17B-hydroxysteroid dehydrogenase; S0-reductase; 11pB-hydroxylase.

1. INTRODUCTION

The pathways of steroidogenesis employ a relatively small number of steroidogenic enzymes, but
variations in their tissue specificity of expression and in the availability of substrates and cofactors
result in the widely varying patterns of steroid production in each steroidogenic tissue (/). Although
no cell type expresses all the steroidogenic enzymes, their interrelationships can be seen in the ideal-
ized integrated pathway shown in Fig. 1. Cholesterol is the precursor for all steroid hormones. The
human adrenal and ovary can synthesize cholesterol de novo from acetate, but most cholesterol is
provided by plasma low-density lipoproteins (LDLs) derived from dietary cholesterol. The presence
of adequate LDL suppresses 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, the
rate-limiting step in cholesterol synthesis. HMG-CoA reductase, as well as LDL receptor number and
uptake of LDL cholesterol, are stimulated by adrenocorticotropic hormone (ACTH) in the adrenal
and by follicle-stimulating hormone (FSH) and luteinizing hormone (LH) in the ovary. Steroidogenic
cells take up LDL cholesterol esters by receptor-mediated endoctytosis to be either stored or immedi-
ately converted to free cholesterol for use as substrate in steroidogenesis. Storage of cholesterol
esters in lipid droplets is under the control of two opposing enzymes, cholesterol esterase (cholesterol
ester hydrolase) and cholesterol synthetase. LH and ACTH stimulate esterase to increase the avail-
ability of free cholesterol for steroidogenesis while inhibiting synthetase.

From: Contemporary Endocrinology: Androgen Excess Disorders in Women:
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Fig. 1. Integrated view of human steroidogenesis showing adrenal and gonada | pathways. Reaction 1: P450scc
converts cholesterol to pregnenolone. Reaction 2: 33-Hydroxysteroid dehydrogenase (33-HSD) converts A3 ste-
roids (pregnenolone, 170-hydroxypregnenolone, dehydroepiandrosterone [DHEA], androstenediol) to the corre-
sponding A* steroids (progesterone, 170-hydroxyprogesterone, androstenedione, testosterone). Reaction 3:
P450c17 catalyzes the 170-hydroxylation of pregnenolone and progesterone. Reaction 4: The 17,20-lyase activ-
ity of P450c17 converts 170-hydroxypregnenolone to DHEA; the conversion of 17a-hydroxyprogesterone to
androstenedione occurs in cattle and rodents, but human P450c17 cannot catalyze this reaction efficiently. Reac-
tion 5: P450c21 catalyzes the 21-hydroxylation of progesterone and 17 o-hydroxyprogesterone. Reaction 6: Deoxy-
corticosterone (DOC) can be converted to corticosterone by either P450c11AS (in the adrenal zona glomerulosa)
or P450c11f (in the adrenal zona fasciculata). Reaction 7: P450c11f converts 11-deoxycortisol to cortisol. Reac-
tions 8 and 9: P450c11AS catalyzes 18 hydroxylase (reaction 8) and 18 methyl oxidase activities (reaction 9) to
produce aldosterone in the adrenal zona glomerulosa. Reaction 10: Two isozymes of 17-hydroxysteroid dehy-
drogenase (173-HSD) activate sex steroids: 173-HSD1 produces estradiol and 173-HSD3 produces androgens. In
peripheral tissues 173-HSD3 has similar activity to 173-HSD3, and 173-HSD?2 and 4 catalyze the “reverse” reac-
tions to inactivate sex steroids. Reaction 11: P450aro aromatizes C19 androgenic steroids to C18 estrogens.

2. BACKGROUND

2.1. The Steroidogenic Enzymes

2.1.1. Early Steps: From Cholesterol to DHEA

2.1.1.1. THE STEROIDOGENIC ACUTE REGULATORY PROTEIN

Chronic regulation of steroidogenesis by LH or ACTH occurs at the level of gene transcription
(1), whereas more acute regulation leading to steroid secretion following an LH surge is controlled
by cholesterol access to the rate-limiting enzyme P450scc (2). This acute regulation is mediated by
the steroidogenic acute regulatory protein (StAR), which facilitates the movement of cholesterol into
the mitochondrion, where it becomes the substrate for the cholesterol side-chain cleavage enzyme,
P450scc, the first steroid biosynthetic enzyme. StAR was first identified as short-lived 30- and 37-
kDa phosphoproteins rapidly synthesized by steroidogenic cells in response to trophic hormone stimu-
lation (2).
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The central role of StAR was proven by two observations. First, robust steroid hormone synthesis
follows co-transfection of StAR and the cholesterol side-chain cleavage system into nonsteroidogenic
COS-1 cells (3,4). Second, patients with mutations of StAR have congenital lipoid adrenal hyperpla-
sia, in which all adrenal and gonadal steroidogenesis is disrupted (4,5). Thus, StAR is needed for the
rapid flux of cholesterol from the outer to inner mitochondrial membrane to facilitate acute synthesis
of aldosterone following angiotensin II stimulation, of cortisol following ACTH stimulation, and of
gonadal sex steroids following LH stimulation.

StAR acts exclusively at the outer mitochondrial membrane, but its mechanism of action is not
fully understood. Deletion of up to 62 of its N-terminal residues prevents StAR from entering the
mitochondrion, yet it remains fully active (6). When attached to the outer mitochondrial membrane,
StAR becomes constitutively active, but it is inactive when localized to the mitochondrial intramem-
branous space, and protein import studies show that its level of activity is directly related to the time
it spends on the outer membrane (7). Conformational changes, apparently induced by the acidified
outer mitochondrial membrane, are essential for StAR’s activity (8—70). StAR is ultimately targeted
to the mitochondrial matrix, where it is degraded more rapidly than other mitochondrial proteins.
Thus, StAR is an unusual, perhaps unique protein that exerts its action in a cellular compartment
other than that to which it is ultimately targeted.

However, some steroidogenesis, notably that in the placenta, is independent of StAR. Non-ste-
roidogenic COS-1 cells transfected with the cholesterol side chain cleavage system convert choles-
terol to pregnenolone at 14% of the rate achieved by co-transfection with the cholesterol side-chain
cleavage system plus StAR, establishing the presence of StAR-independent steroidogenesis (4,5).
The carboxyl half of a protein termed MLNG64 is structurally related to StAR, exhibits StAR activity
in vitro, and is cleaved from full-length MLN64 in the placenta, suggesting that it may play a role in
placental steroidogenesis (11,12). The mitochondrial peripheral benzodiazepine receptor also plays a
role in movement of cholesterol into mitochondria, but its precise role is less well understood (13).

2.1.1.2. CyrocHROME P450

Steroidogenic enzymes fall into two broad categories: the cytochrome P450 enzymes and the
hydroxysteroid dehydrogenases (/). Cytochrome P450 includes a large group of enzymes containing
about 500 amino acids and a single heme group; their name derives from the characteristic absorption
peak at 450 nm. There are two classes of P450 enzymes. Type I enzymes are found in mitochondria
and include P450scc and the two isozymes of P450c11. Type II enzymes are found in the endoplas-
mic reticulum and include the steroidogenic enzymes P450c17, P450c21, and P450aro. The human
genome project has identified 57 P450 genes: 7 encode type I enzymes, all of which play key roles in
sterol biosynthesis, and 50 encode type II enzymes. Of these 50 type II enzymes, about 20 participate
in the biosynthesis of steroids, sterols, fatty acids, and eicosanoids, about 15 principally metabolize
xenobiotic agents and drugs, and about 15 are “orphan” enzymes whose functions and activities
remain unclear.

2.1.1.3. P450scc

Conversion of cholesterol to pregnenolone by mitochondrial P450scc is the initial, rate-limiting,
and hormonally regulated step in steroid hormone biosynthesis (/). P450scc catalyzes three sequen-
tial chemical reactions: 20a-hydroxylation, 22-hydroxylation, and scission of the cholesterol side
chain to yield pregnenolone and isocaproic acid. P450scc, encoded by a single gene on chromosome
15 (14), possesses a single active site in contact with the hydrophobic lipid bilayer of the inner mito-
chondrial membrane. Deletion of the gene for P450scc in rabbits eliminates all steroidogenesis (15),
indicating that all steroid hormone biosynthesis is initiated through the action of this one enzyme.
Haploinsufficiency of P450scc as a result of de novo heterozygous mutation causes a late-onset form
of congenital lipoid adrenal hyperplasia (16,17).
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Fig. 2. Electron transfer by mitochondrial (type I) P450 enzymes. Nicotinamide adenine dinucleotide phos-
phate (NADPH) donates a pair of electrons to ferredoxin reductase, which is bound to the inner mitochondrial
membrane. The flavin adenine dinucleotide (FAD) moiety of ferredoxin reductase passes the electrons to the
iron/sulfur center of ferredoxin, depicted by a ball-and-stick diagram. Ferredoxin then dissociates from ferre-
doxin reductase, diffuses through the mitochondrial matrix, and interacts with the redox-partner binding-site of
a type I P450. The electrons from the Fe,S, center of ferredoxin then travel through an ill-described protein
conduit in the P450 to reach the heme ring of the P450, which mediates catalysis.

Electrons are transported to P450scc by ferredoxin reductase and ferredoxin. All mitochondrial
P450 enzymes function as the terminal oxidase in an electron transport chain (/,7/8) (Fig. 2). Elec-
trons from reduced nicotinamide adenine-dinucleotide phosphate (NADPH) are accepted by a fla-
voprotein (ferredoxin reductase), loosely associated with the inner mitochondrial membrane (79).
Ferredoxin reductase then transfers these electrons to an iron/sulfur protein (ferredoxin) located ei-
ther in the mitochondrial matrix or in the inner mitochondrial membrane (20). In the final transfer,
electrons are donated by ferredoxin to P450scc. No genetic disorders of these electron-transfer pro-
teins have been described.

2.1.1.4. 3B-HyYDROXYSTEROID DEHYDROGENASE/ A%->A* [SOMERASE

Once cholesterol has been converted to pregnenolone, it may undergo 17o-hydroxylation by
P450c17 to yield 17-hydroxypregnenolone, or it may be converted to progesterone, the first biologi-
cally important steroid hormone in the pathway (Fig. 1). A single 42-kDa microsomal enzyme, 3[3-
hydroxysteroid dehydrogenase (33-HSD), performs both the conversion of a hydroxyl to a ketone
group and the subsequent isomerization of the double bond from the B ring (A steroids) to the A ring
(A* steroids) (21-23). A single enzyme therefore converts pregnenolone to progesterone, 170
hydroxypregnenolone to 17c-hydroxyprogesterone (17-OHP), dehydroepiandrosterone (DHEA) to
androstenedione, as well as androstenediol to testosterone, all with the same catalytic efficiency.
Therefore, this enzyme is essential for the synthesis of both sex steroids and corticoids. Characteris-
tic of members of the hydroxysteroid dehydrogenase family, there are two isozymes for 33-HSD,
encoded by separate genes with nearly identical nucleotide sequence, but different tissue expression.
The type II enzyme is found in the adrenals and gonads, and the type I enzyme, encoded by a closely
linked gene with identical intron/exon organization, is found in placenta, breast, and other
extraglandular tissues, such as skin. Mutations have been identified only in the 33-HSD-II gene;
mutations in the 33-HSD-I gene would presumably prevent adequate placental production of proges-
terone, thereby precipitating spontaneous abortion.
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2.1.1.5. P450c17

Both pregnenolone and progesterone may undergo 17o-hydroxylation to 17c-hydroxypreg-
nenolone and 17-OHP, respectively. The 17a-hydroxypregnenolone may also undergo scission of its
C17,20 carbon bond to yield DHEA (Fig. 1). However, a small fraction of the 17-OHP is converted to
androstenedione, although the human P450c17 enzyme catalyzes the A* substrate reaction at only 3%
of the A’ substrate rate (i.e.,170-hydroxypregnenolone to DHEA) (24). A single enzyme, P450c17,
mediates all four reactions and also acts as a 16a-hydroxylase. Whereas P450scc functions as the
quantitative regulator in determining the amount of steroid hormone production, P450c17 serves as
the qualitative regulator of steroidogenesis, apportioning cholesterol metabolites to the three princi-
pal classes of steroid hormone. If neither activity of P450c17 is present (e.g., in the adrenal zona
glomerulosa), pregnenolone is converted to mineralocorticoids; if 17c-hydroxylase activity is present
in the absence of 17,20-lyase activity (e.g., in the adrenal zona fasciculata), pregnenolone is con-
verted to the glucocorticoid cortisol. If both activities are present (e.g., in the gonads and the zona
reticularis), pregnenolone is converted to precursors of sex steroids.

17a-Hydroxylase and 17,20-lyase were once thought to be separate enzymes. The adrenals of
prepubertal, preandrenarchal children synthesize ample cortisol but negligible DHEA, indicating the
presence of 170-hydroxylase activity but not 17,20-lyase activity. During adrenarche the adrenal
begins to produce DHEA and other C-19 steroids, suggesting that 17,20-lyase activity is turned on.
Furthermore, some patients with apparently normal 170-hydroxylase activity yet nearly absent 17,20-
lyase activity have been described. However, both 17a-hydroxylase and 17,20-lyase activities reside
in a single protein (25). P450c17 is encoded by a single gene residing on chromosome 10q24.3 that
bears structural relation to the gene for P450c21 (26,27).

Thus, the distinction between 17a-hydroxylase and 17,20-lyase is functional, not genetic or struc-
tural. Human P450c17 catalyzes the 17a-hydroxylation of A’ pregnenolone and A*progesterone with
equal efficiency, but catalyzes the 17,20-lyase conversion of 17-OHP to A* androstenedione very
poorly (24). Thus, most sex steroid synthesis proceeds through DHEA, and little proceeds through
17-OHP. This is evidenced by the large amounts of DHEA produced by both fetal and adult adrenal
glands. Moreover, the 170-hydroxylase reaction is 20- to 25-fold more efficient (higher V,,,,/Km)
than the 17,20-lyase reaction (24). The major factor regulating the 17,20-lyase reaction, and thus the
production of all androgens and estrogens, is electron transfer.

All microsomal P450 enzymes (including P450c17, P450c21, and aromatase) receive electrons
from a membrane-bound flavoprotein, P450 oxidoreductase (POR) (/8). POR is an 82-kDa mem-
brane-associated flavoprotein that has a bilobed structure (28). A pair of electrons from NADPH is
accepted by the flavin adenine dinucleotide (FAD) moiety in one lobe; this elicits flexion of a hinge
region permitting the FAD moiety to move close to the flavin mononucleotide (FMN) moiety in the
second lobe. The electrons jump from the FAD to the FMN, and then the protein “unflexes” on its
hinge, permitting the FMN moiety to interact with the redox-partner binding site of the P450. The
FMN of POR then gives up the electrons, which migrate through multiple paths to the heme group of
the P450, where they mediate catalysis (Fig. 3). The 17,20-lyase activity of P450c17 can be increased
by increasing the molar ratio of POR to P450c17 or by factors that increase the affinity of POR for
P450c17.

Two posttranslational mechanisms, the presence of cytochrome b5 (24) and the serine phosphory-
lation of P450c17 (29), facilitate the interaction of P450c17 with POR to optimize electron transfer
(30). The adrenal zona reticularis, the site of production of adrenal androgen precursors, contains
abundant cytochrome b5, whereas the other adrenal zones have virtually none (37). Thus, cytochrome
bs appears to play a major role in human adrenal androgen synthesis, but its potential role in the ovary
has not been explored. Increasing the ratio of either P450 oxidoreductase or cytochrome b5 to P450c17
in vitro or in vivo favors the 17,20-lyase activity and P450c17 mutations that interfere with electron
receipt from POR cause isolated 17,20-lyase deficiency (32,33).
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Fig. 3. Electron transfer by microsomal (type II) P450 enzymes. Nicotinamide adenine dinucleotide phos-
phate ( NADPH) donates two electrons to the flavin adenine dinucleotide (FAD) moiety of P450 oxidoreduc-
tase (POR), bound to the endoplasmic reticulum. Electron receipt elicits a conformational change, permitting
the FAD and flavin mononucleotide (FMN) moieties to come close together, so that the electrons pass from the
FAD to the FMN. The protein then returns to its original orientation, and the FMN domain interacts with the
redox-partner binding site of the P450, donating electrons to the heme group to achieve catalysis. The interac-
tion of POR and the P450 is coordinated by negatively charged acidic residues on the surface of the FMN
domain of POR and positively charged basic residues in the redox-partner binding site of the P450. In the case
of human P450c17, this interaction is facilitated by the allosteric action of cytochrome b5 and by the serine
phosphorylation of P450c17.

There are three forms of cytochrome b5 encoded by two genes. The gene on chromosome 18q23
undergoes alternative splicing to yield two proteins: the widely expressed 134AA form bound to the
endoplasmic reticulum (which interacts with P450c17) and a soluble 98 AA form found in erythro-
poietic tissues. A second gene on chromosome 16g22.1 encodes a form of cytochrome b5 termed
OMb; associated with the outer mitochondrial membrane. OMbs; can support the 17,20-lyase activity
of P450c17 in vitro, but it is not clear whether it serves this function in vivo (18,30).

Although the kinase responsible for the serine/threonine phosphorylation of P450c17 has not yet
been identified, it is clear that the balance achieved between this kinase and a counteracting phos-
phatase must regulate the level of P450c17 phosphorylation. Protein phosphatase 2A (PP2A), but not
the closely related PP4 or PP6, will specifically dephosphorylate P450c17, and the level of PP2A
activity in adrenal cells is regulated by a phosphoprotein termed SET (34). SET is of interest because
it acts as a transcriptional regulator of P450c17 gene transcription in mouse Leydig MA-10 cells,
although a similar action with the human gene has not yet been demonstrated. The acquisition of
17,20-lyase activity through serine phosphorylation may provide a direct link to the insulin resis-
tance of PCOS (35), as girls who have increased 17,20-lyase activity and premature exaggerated
adrenarche tend to develop PCOS as adults.

Although ablation of POR in mice results in embryonic lethality, numerous patients have been
described as having POR mutations (36—40). Most of these patients came to medical attention because
they had a severe skeletal malformation disorder termed Antley—Bixler syndrome in addition to hav-
ing disordered adrenal and gonadal steroidogenesis with a pattern suggesting combined deficiencies
of P450c17, P450c21, and P450aro. Careful analysis of the enzymology of all known mutants shows
that all affect P450c17, with some affecting the 17,20-lyase activity to a greater degree than 17c-
hydroxylase activity (40). The altered steroidogenesis in these patients leads to undervirilization of
males and partial virilization of females. One of the initial patients reported was an adult woman who
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presented with PCOS (36); whether this is a rare event or indicates that POR may be more commonly
associated with some forms of PCOS is not yet known.

2.1.2. Adrenal-Specific Enzymes
2.1.2.1. P450c21

Progesterone and 17-OHP may be hydroxylated at their C21 position to produce deoxycorticoster-
one (DOC) and 11-deoxycortisol, respectively (Fig. 1). The nature of the 21a-hydroxylating step has
been of intense interest because more than 90% of cases of congenital adrenal hyperplasia (CAH) are
caused by defects in P450c21. The severe form of this common genetic disease can be fatal. Compro-
mised cortisol and aldosterone synthesis can lead to hyponatremia, hyperkalemia, hypotension, and
circulatory collapse, leading to death within the first month of life if not treated appropriately. De-
creased cortisol production in utero results in a compensatory increase in ACTH, with consequent
overstimulation of the adrenal steroid biosynthesis. 17-OHP levels rise in the face of impaired 21-
hydroxylation and the limited ability of P450c17 to convert 17-OHP to androstenedione. However,
continued ACTH-stimulated flux of cholesterol results in accumulation of 17-hydroxypregnenolone,
which is then converted to DHEA, androstenedione, and ultimately testosterone, resulting in severe
prenatal virilization of female fetuses (4/). Mild, “nonclassical” variants of CAH are a common
cause of adrenal (but not gonadal) hyperandrogenism.

The gene for P450c21 lies within the major histocompatibility locus on chromosome 6p21, and
mutations in P450c21 are linked to specific human leukocyte antigen types. The genetics of this locus
are complicated by its very high rate of genetic recombination. As a result, there can be one, two,
three, or four copies of the P450c21 gene, but only one is functional, and its mutations arise from
recombination with the nearby inactive pseudogene (417). Extra-adrenal 21o-hydroxylase activity,
observed in a variety of fetal and adult tissues remains poorly characterized, but is not mediated by
the same P450c21 enzyme that is found in the adrenal glands (42).

2.1.2.2. P450c11p anp P450c11AS

The final steps in the mineralocorticoid and glucocorticoid pathways are catalyzed by P450c11f3
and P450c11AS (43,44) (Fig. 1). These two isozymes share 93% amino acid sequence identity and
are encoded by tandemly duplicated genes located on chromosome 8q21-22. Both forms of P450c11
reside on the inner mitochondrial membrane and, like P450scc, utilize ferredoxin reductase and ferre-
doxin to receive electrons from NADPH. P450c11f is abundantly expressed in the zona fasciculata,
where it catalyzes the classic 11B-hydroxylase reactions that convert 11-deoxycortisol to cortisol and
DOC to corticosterone. The less abundant P450c11AS (aldosterone synthase) is uniquely expressed
in the zona glomerulosa, where it catalyzes the sequential steps 118-hydroxylase, 18-hydroxylase,
and 18-methyloxidase necessary to produce aldosterone.

2.1.2.3. STEROID SULFOTRANSFERASE AND SULFATASE

Steroid sulfates may be synthesized directly from cholesterol sulfate or by sulfating A3 steroids by
the main sulfotransferases, SULT2A1 and SULT2B1, and the phenolic sulfotransferase SULT1E].
The addition of a sulfate group prevents the activation of A3 steroids to A* steroids by 3B-HSD.
SULT2AI1, which is expressed primarily the adrenals and to a lesser degree the liver and kidney,
sulfates DHEA (45). SULT2AI is not expressed in the ovary (45), whereas SULT2B1 and SULTI1EI
are widely expressed (46). SULT2B1 and SULTIE] sulfate the other 3-hydroxysteroids and estro-
gens, respectively. Steroid sulfates may be hydrolyzed to their native state by steroid sulfatase. Ste-
roid sulfatase, encoded on chromosome Xp22.3, desulfates most 3B-hydroxysteroids and is expressed
in most tissues, including the ovary. The principal role of steroid sulfatase is in disposing of excess
steroid sulfates. When steroid sulfatase activity is absent in X-linked icthyosis, steroid sulfates accu-
mulate in the stratum corneum of the skin. However, this condition has little impact on adrenal or
gonadal steroidogenesis.
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2.1.3. Enzymes Involved in Sex Steroid Synthesis
2.1.3.1. 17B-HYDROXYSTEROID DEHYDROGENASES

The 17B-hydroxysteroid dehydrogenases (173-HSDs) interconvert 17-ketosteroids with the cor-
responding 17-hydroxysteroids, thereby controlling the synthesis and metabolism of sex steroids.
Although these enzymes can catalyze both oxidative and reductive reactions in vitro, the presence of
substantial excess of a suitable cofactor in vivo (or in the absence of a preferred cofactor) will typi-
cally direct each enzyme in the oxidative or reductive direction (47—49). The reductive enzymes
utilize NAD(P)H as the cofactor and the oxidative enzymes utilize NAD(P)*. Five principal human
isoforms have been identified, some of which are preferential oxidases, whereas others are princi-
pally reductases. These isoforms share only 20-30% sequence identity, and yet their secondary and
tertiary structures are remarkably similar.

Type I 178-HSD (17B-HSD-I) is the estrogenic form expressed in the placenta, where it produces
estriol, and in the ovary, where it catalyzes the last step in estradiol synthesis (50,51). 178-HSD-I,
encoded by a gene on chromosome 17g21 near the BRCA locus, is also expressed in endometrium,
breast, testis, adipose tissue, skin, liver, and prostate. 178-HSD-I is a homodimer that uses NADPH
as its cofactor and converts estrone to estradiol. The crystallographic structure of 173-HSD-I shows
that the active site binds steroids that have a planar A-ring and are missing the C-19 methyl group,
whereas steroids with a C-19 methyl group or a nonplanar A-ring cannot be bound (52). Human
ovarian granulosa cells, but not theca cells, express 173-HSD-I (51).

17B-HSD-II oxidizes estradiol to estrone and testosterone to A*-androstenedione with equal effi-
ciency using NAD* as a cofactor (53,54). This enzyme can also oxidize C-20 substrates (20a-HSD
activity), converting 20o-hydroxyprogesterone to progesterone (54). 173-HSD-II, encoded on chro-
mosome 16q24, shares only 20% amino acid sequence identity with 173-HSD-I. 173-HSD-II is found
in the placenta, breast, liver, small intestine, prostate, secretory endometrium, kidney, and ovary.
17B-HSD-II is expressed in the endothelial cells of the placental intravillous vessels, consistent with
its role in defending the fetal circulation from transplacental passage of maternal estradiol or test-
osterone (55). In the endometrium, 173-HSD-II is expressed in the secretory phase and maintains
predominance of progestational activity by oxidizing estradiol and converting 200-
hydroxyprogesterone back to progesterone.

17B-HSD-III is an androgenic enzyme that uses NADPH as a cofactor and reduces androstenedi-
one to testosterone and DHEA to androstenediol. The 17B-HSD-III gene on chromosome 9q22 is
expressed primarily in the testis and adipose tissue, but is not expressed in the ovary. This is the only
form of 17B-HSD for which a deficiency state is known, causing the classic syndrome of male
pseudohermaphroditism, often termed 17-ketosteroid reductase deficiency (56).

17B-HSD-IV, originally identified as a NAD*-dependent oxidase with activities similar to 17f3-
HSD-II, is a widely distributed peroxisomal protein that acts primarily as a 2-enoyl-CoA hydratase
and 3-hydroxyacyl-CoA dehyrogenase (47,48). The gene for 173-HSD-IV on chromosome 5q2 is
ubiquitously expressed. Its role in sex-steroid metabolism is not established, but in vitro it oxidizes
the C-18 and C-19 substrates using NAD* as a cofactor.

17B-HSD-V, initially cloned as a 3B-hydroxysteroid dehydrogenase, primarily catalyzes the con-
version of A* androstenedione to testosterone (57) but also has 203-HSD activity. 178-HSD-V is
expressed in most tissues, including liver, kidney, blood vessels, and testis, prostate, adrenal, bone,
and ovary (57). Whereas the other 173-HSDs are members of the short-chain dehydrogenase family,
17B-HSD-V is a member of the aldoketoreductase family. The peripheral conversion of A* andros-
tenedione to testosterone by 17B-HSD-V in target tissues is apparently responsible for the “weak
androgen” action of androstenedione. It is also the only form of 173-HSD expressed in the ovarian
theca and corpus luteum, suggesting that 178-HSD-V is the enzyme responsible for the last step in
testosterone production in the ovary.
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2.1.3.2. 50-REDUCTASE

Testosterone can be converted to the more potent androgen dihydrotestosterone (DHT) by 5a-
reductase in target tissues, especially the skin. There are two isoforms of 5o-reductase, which share
about 50% homology. Each is a membrane-associated enzyme that utilizes NADPH as a cofactor to
reduce the 4-to-5 double bond in ring A. Both enzymes are expressed in several tissues, including the
urogenital tract, skin, gastrointestinal and respiratory tracts, liver, brain, and ovary. The type II en-
zyme is critical for the development of normal male external genitalia, but an essential role is not
established in women. By contrast, type [ may have a role in fecundity and parturition (58).

2.1.3.3. P450AR0: AROMATASE

Estrogens are produced from androgens by a complex series of reactions catalyzed by a single
aromatase enzyme P450aro (59). This microsomal enzyme is encoded by a single gene on chromo-
some 15g21.1; this gene is unusual in that it uses several different alternative transcriptional start
sites and first exons driven by different upstream promoter sequences, permitting the same protein to
be expressed under different control in different cell types (59). P450aro in peripheral tissues, espe-
cially fat, can convert substantial portions of circulating androstenedione and testosterone in women
to estrone and estradiol. The placenta expresses large amounts of aromatase, protecting the fetus
from maternal androgens and permitting disposal of fetal C-19 steroids (60). Although the placenta
produces huge amounts of estriol from fetally produced DHEA, estriol is not needed for normal
pregnancy, as shown by the normal development, labor, and parturition of fetuses that have genetic
lesions that prevent estriol production (61).

2.2. Circulating Sex Steroids

Dehydroepiandrosterone sulfate (DHEAS) is the most abundant steroid in the circulation of adults
of reproductive age (62). DHEA, DHEAS, and androstenedione are produced almost exclusively by
the adrenal zona reticularis. The adrenal does not express 17-HSD-III; the minimal adrenal produc-
tion of testosterone is probably a result of 173-HSD-V (57). Adrenal C-19 steroids do not bind sig-
nificantly to the androgen receptor; hence these steroids are primarily precursors that are converted to
active androgens or estrogens by isozymes of 173-HSD in target tissues. The normal adrenal does not
express aromatase and therefore does not synthesize estrogens, but adrenocorticol carcinomas may
produce estrogens.

Metabolism of steroidal precursors by skin and fat, which express aromatase and 173-HSD-I, -III
and -V (63), produces most of the circulating testosterone. The relative expression of these enzymes
determines how androstenedione will be metabolized. These tissues also express 3B-HSD-I and ste-
roid sulfatase, converting DHEAS to androstenedione. Most of the DHT produced in target tissues
acts in an autocrine or paracrine fashion. Sebaceous glands and hair follicles express Sa-reductase-I
and -II respectively, converting testosterone to DHT at this important site of action (37).

2.3. Cell Biology of Sex Steroid Synthesis
2.3.1. In the Ovary

Ovarian theca and granulosa cells in individual follicular units synthesize both androgens and
estrogens. The steroidogenic enzymes expressed in the theca or granulosa cells vary with the men-
strual cycle (64). In the follicular phase, theca cells express StAR, P450scc, 33-HSD-II, and P450c17
to produce androstenedione, some of which is converted to testosterone by 178-HSD-V. Most thecal
steroids diffuse to the granulosa cell, but some are secreted into the circulation. Rising thecal andros-
tenedione production during the follicular phase plus increased expression of 173-HSD-I and P450aro
in the granulosa cells results in abundant estradiol production by the preovulatory follicle. Theca
cells continue to provide androstenedione to the granulosa cell during the luteal phase, while the granu-
losa cell undergoes granulosa-lutein transformation and expresses StAR, P450scc, and 33-HSD-II,
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but not P450c17 (65). This permits the granulosa-lutein cell to produce progesterone while convert-
ing C-19 steroids from the theca to estrogens.

Numerous follicles grow simultaneously in the reproductive ovary. During the recruitment and
growth phase, the granulosa cells proliferate, differentiate, and become steroidogenic. During the
growth phase, most follicles undergo atresia, while some remain viable. The “antral” follicular stage
is characterized by antrum formation and acquisition of differentiated steroidogenic cells (66). LH
induces theca cells to synthesize androgens before FSH induces the granulosa cells to aromatize
them. Only the granulosa cells surrounding the follicle express aromatase and produce estradiol.
During the 2 weeks before ovulation (the follicular phase), LH increases the theca cell expression of
the LH receptor, StAR, P450scc, 3B-HSD-II, and P450c17, whereas FSH increases granulosa cell
expression of aromatase and 178-HSD-I. The majority of ovarian C-19 steroids are produced from
DHEA. While rodents and other species produce androstenedione directly from 17-OHP, the 17,20-
lyase activity of human P450c17 strongly favors 170-hydroxypregnenolone as a substrate and uti-
lizes 17-OHP inefficiently (24).

Intraovarian peptides, including members of the insulin-like growth factor, transforming growth
factor, and epidermal growth factor families, modulate both folliculogenesis and steroidogenesis.
Germ cell differentiating factor-9, expressed by the oocyte throughout folliculogenesis, appears to
promote granulosa cell differentiation, stimulate theca cells, and inhibit luteal cell formation (67).
Insulin-like growth factors appear to enhance responses to FSH. Both insulin-like growth factor
(IGF)-1 and IGF-2 can increase granulosa cell proliferation and estradiol secretion, but only IGF-2
mRNA is expressed in the ovary, particularly in the granulosa cells (68). Women with IGF-1 defi-
ciency can be induced to ovulate by stimulation with gonadotropins (69), consistent with the view
that IGF-1 is not required for folliculogenesis.

Granulosa cells also produce inhibin, an o/p heterodimer that exists in two forms differing in the
B-subunit. Serum concentrations of inhibin A and B vary with the menstrual cycle: inhibin A rises in
follicular fluid with increasing follicular size, beginning just before ovulation and peaking during the
luteal phase, and inhibin B increases in granulosa cells following stimulation with FSH (70). Serum
concentrations of inhibin B correlate with the volume of granulosa cells, serving as an index for the
size of the growing cohort of follicles (ovarian “reserve”). Inhibin B peaks in the early follicular
phase and inhibits pituitary production of FSH during the later follicular phase. The antral follicle
grows 1-2 mm in diameter daily during the antral phase of follicular development in response to
gonadotropins (66), reaching a diameter of about 20 mm, primarily representing accumulated follicu-
lar fluid. The theca interna continues to differentiate into interstitial cells, generating more andros-
tenedione. The granulosa cell layers differentiate into discrete zones: the membrana layer
subsequently acquires LH receptors in response to FSH, whereas the cumulus layer constituitively
expresses LH receptors. One dominant follicle destined for ovulation develops into a mature graafian
follicle.

Following ovulation, LH induces granulosa membrana cells to differentiate into granulosa lutein
cells and the remaining thecal interstitial cells to differentiate into theca lutein cells, thus forming the
corpus luteum. LH also induces the granulosa lutein cells to produce vascular endothelial growth
factor, which is required for neovascularization of the corpus luteum that penetrates the basement
membrane to provide the LDLs necessary for steroidogenesis. After ovulation, the luteal cells accu-
mulate more LH receptors, allowing basal LH levels to maintain the corpus luteum. Early in preg-
nancy, human chorionic gonadotropin stimulates these LH receptors, inducing progesterone synthesis
by the corpus luteum during the first trimester. In contrast to the preovulatory follicle, the granulosa-
lutein cells and the corpus luteum of pregnancy express large amounts of P450scc and 33-HSD,
permitting the synthesis of progesterone.

2.3.2. In the Adrenal

The regulation of adrenal androgen production is poorly understood (35). The fetal adrenal pro-
duces large amounts of DHEAS, but these serve no essential role, because fetuses that cannot pro-
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Fig. 4. Concentrations of dehydroepiandrosterone sulfate (DHEAS) as a function of age. Note that the x-axis
is on a logarithmic scale.

duce these steroids (e.g., those having no P450c17) develop normally. Following birth, the fetal zone
of the adrenal involutes and the production of DHEAS falls to very low levels. The adrenal zona
reticularis becomes morphologically identifiable after about 3 years of age, but production of DHEAS
does not begin until the onset of adrenarche at about 7-8 years of age.

Adrenarche is defined by this rise in serum DHEAS and is the basis of so-called pubarche—the
onset of small amounts of pubic hair before the onset of puberty. Adrenarche typically precedes true
puberty (i.e., the activation of the hypothalamic/pituitary/gonadal axis) by about 2 years and is com-
pletely independent of puberty, gonadotropins, and the gonads themselves. The stimulus to adrenarche
is unknown. Adrenarche occurs only in human beings, chimpanzees, gorillas, and possibly orangu-
tans, and hence is rather difficult to study (7). Some have hypothesized a peptide stimulator of the
zona reticularis (analogous to ACTH), but no solid evidence for an adrenal androgen-stimulating
hormone has appeared.

Serum concentrations of DHEAS continue to rise after puberty, reaching maximal levels at 25-30
years, and then begin to decline (“adrenopause”) (Fig. 4) (62). Despite the 100-fold change in DHEAS
concentrations during adrenarche, concentrations of ACTH and cortisol do not change. Thus most
contemporary studies of adrenarche focus on intra-adrenal events (35). The onset of adrenarche is
accompanied by a decrease in 3B-HSD and an increase in P450c17 and cytochrome b in the zona
reticularis (72), favoring the production of DHEA. Serine phosphorylation of P450c17 also favors
DHEA production, but it is not known whether the phosphorylation of P450c17 changes during
adrenarche.

A developmentally programmed trigger, possibly IGF-1, may induce cellular proliferation in the
zona reticularis while promoting synthesis of the steroidogenic machinery (35,73). At the same time,
increased synthesis of cytochrome b5 promotes the 17,20-lyase activity of P450c17, which, together
with decreased 33-HSD expression, favors DHEA production. Serine phosphorylation of P450c17
may also be developmentally programmed, and also facilitates 17,20-lyase activity (73). Unlike the
neighboring fasciculata, the reticularis expresses sulfotransferase preferentially over steroid sulfa-
tase, ensuring augmented DHEAS production.

Premature exaggerated adrenarche has been linked to insulin resistance, and girls with premature
exaggerated adrenarche appear to be at greater risk of developing PCOS as adults (73-76). PCOS is
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characterized by hirsutism, virilism, hyperandrogenism, menstrual irregularities, chronic anovula-
tion, obesity, insulin resistance, acanthosis nigricans, high concentrations of LH, and ovarian cysts
(77,78). Hyperandrogenism and insulin resistance appear to be primary lesions, and the other find-
ings are secondary events. The hyperandrogenism in women with PCOS is of both ovarian and adre-
nal origin (77,78). The adrenal hyperandrogenism of PCOS resembles an exaggerated form of
adrenarche, and girls with premature adrenarche are more likely to develop PCOS (74,75). A gain-of-
function disorder in the pathway leading to the serine/threonine phosphorylation of P450c17 could
account for such increases in both adrenal and ovarian androgen secretion and an earlier age of
adrenarche (29,34), but such mutations have not yet been reported.

The hyperinsulinism and insulin resistance of PCOS is at the level of insulin receptor signal trans-
duction (78). Serine phosphorylation of the 3 chain of the insulin receptor interferes with the tyrosine
phosphorylation of the receptor that normally follows binding of insulin (79-81). Furthermore, some
PCOS women appear to have insulin receptors in their fibroblasts that are hyperphosphorylated (78).
Thus, a gain-of-function mutation in a serine-threonine kinase or its signal transduction pathway
might increase the serine hyperphosphorylation of both P450c17 and the 3 chain of the insulin recep-
tor, thus accounting for both the hyperandrogenism and insulin resistance of PCOS with a single
molecular lesion (29,34,35,73).

3. CONCLUSION

The pathways of adrenal and ovarian steroid biosynthesis use the same enzymes for the initial
steps of steroidogenesis, but express different enzymes that convert steroid precursors to the final
active products. Both the adrenal and ovary produce DHEA as the key precursor of androgens and
estrogens. The key enzyme in DHEA production is P450c17, which catalyzes both 17a-hydroxyla-
tion and 17,20-lyase activities. The 17,20-lyase activity of human P450c17 strongly favors the A’
pathway, so that most human androgens and estrogens derive from DHEA. Consequently, under-
standing the biochemistry and regulation of P450c17, and in particular its 17,20-lyase activity, is
central to understanding the hyperandrogenism of PCOS.

4. FUTURE AVENUES OF INVESTIGATION

While the pathways of steroidogenesis have been described in textbooks for more than 40 years,
much remains to be learned. First, the transcriptional mechanisms leading to cell-type-specific,
developmentally programmed, and hormonally regulated expression of each steroidogenic enzyme
and cofactor will need to be delineated in detail before the underlying genetic control of steroidogen-
esis can be understood. Second, the enzymology of each biosynthetic reaction, and especially the
posttranslational mechanisms regulating these, require further investigation. Third, the identity, na-
ture, and activities of steroid modifying enzymes in target tissues such as skin, uterus, breast, fat, and
muscle require further investigation. Fourth, steroid synthesis in the brain and its potential role in
reproductive and other behaviors are only beginning to be explored. Finally, the factors governing
the hyperandrogenic states commonly grouped under the diagnosis of PCOS remain to be elucidated.

KEY POINTS

¢ Steroidogenic enzymes fall into two broad categories: cytochromes P450 and hydroxysteroid dehydrogenases.

e Each P450 enzyme is encoded by a single gene but has multiple activities.

¢ Each hydroxysteroid dehydrogenase is encoded by multiple genes, but all have similar activities.

e The adrenal and ovary share the same enzymes catalyzing early steps in steroidogenesis, but possess
different enzymes leading to the different final products.

e P450c17, which catalyzes 170-hydroxylase and 17,20-lyase activities, is a key factor in androgen and
estrogen synthesis.

e The 17,20-lyase activity of human P450c17 strongly favors the A> pathway, so that most androgen and
estrogen synthesis proceeds through DHEA.
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The 17,20-lyase activity of human P450c17 is regulated posttranslationally by serine phosphorylation of
P450c17 and by the allosteric action of cytochrome bs.

Serine phosphorylation may provide an important mechanistic link between the hyperandrogenism and
insulin resistance of PCOS.
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Androgens Throughout the Life of Women

C. Richard Parker, Jr.

SUMMARY

Androgens consist of 19 carbon steroids that are synthesized in endocrine tissues from cholesterol as sub-
strate or via conversion from other androgens or precursor steroids in the periphery, including liver, gonads,
and adrenals. The commonly studied androgens and androgen metabolites in the human include
dehydroepiandrosterone (DHEA) and its metabolite dehydroepiandrosterone sulfate (DHEAS), androstenedi-
one (A4), and testosterone and its So-reduced metabolite, the potent androgen 5a-dihydrotestosterone (DHT).
Circulating levels of androgens are equally low in male and female children prior to adrenarche. During
adrenarche, plasma levels of DHEA and DHEAS achieve adult levels at an earlier stage of development than do
those of testosterone. Production of androgens in the human female occurs to varying extents as a function of
age and physiological status. DHEA and DHEAS are primarily products of the adrenal zona reticularis, whereas
A4 and testosterone are synthesized in both the ovary and adrenal; substantial quantities of testosterone arise
from peripheral conversion from A4. Modest changes in circulating levels of testosterone occur during the
ovarian cycle of women during the reproductive years, with the highest levels seen at mid-cycle; plasma levels
of DHEA, DHEAS, and A4 show little change during the ovarian cycle. The suppression that occurs with oral
contraceptive use is associated with reductions in plasma levels of androgens, including those produced by the
adrenal. Circulating levels of testosterone and A4 increase during pregnancy, probably as a result of human
chorionic gonadotropin stimulation of the ovary and increased protein binding. There is also increased produc-
tion of adrenal androgens in pregnancy through unknown mechanisms, but because of the increased conversion
of DHEAS to estrogen in the placenta, plasma levels of this steroid decline during pregnancy. Although the
ovary is an important source of androgens in women, there seems to be little impact of menopause on circulat-
ing levels of A4 and testosterone. Striking reductions in plasma DHEA and DHEAS occur during aging in
women, and these changes appear independent of ovarian status. The best evidence to date is suggestive of a
selective deficiency in the A’ steroid pathway in the zona reticularis during aging, and this may be because of a
loss of cells in this zone. Finally, estrogen treatment of postmenopausal women has not been shown to have
consistent effects on the androgenic milieu of women.

Key Words: Androgens; adrenarche; menopause; adrenopause; adrenal.

1. INTRODUCTION

Androgens consist of 19 carbon steroids that are synthesized in endocrine tissues from cholesterol as
the substrate. The cholesterol employed for steroid synthesis can be derived from that produced locally
within the steroidogenic cell or may be derived from lipoprotein-associated cholesterol that is imported
into the cell from the plasma. The commonly studied androgens and androgen metabolites in the human,
shown in Fig. 1 as they are related via the synthetic pathway, are dehydroepiandrosterone (DHEA),
dehydroepiandrosterone sulfate (DHEAS), androstenedione (A4), testosterone, and 5o.-dihydrotestosterone
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DHEA sulfate

3B-HSD

17 oxidoreductase
—
-

So-reductase

—>

Androstenedione Testosterone Su-dihydrotestosterone

Fig. 1. Structures of commonly studied androgens. The structures and steroidogenic enzymes that are in-
volved in the conversion of the indicated steroids from dehydroepiandrosterone (DHEA) are shown. HSD,
hydroxysteroid dehydrogenase.

(DHT), a peripheral metabolite of testosterone. Several other C19 steroids also circulate in the human,
such as androsterone and androstenediol and their conjugates, as well as 11-hydroxyandrostenedione,
among others. These are less often studied and will not be discussed further, since a consideration of
their mechanisms of production and metabolism does not appear to offer any additional insights to the
general regulation of androgen levels in the human above those mentioned earlier.

We have found that one feature of androgen-producing cells that distinguishes them from steroidogenic
cells that are not usually associated with the capacity for androgen formation is the co-localization of
cytochrome P450c17 (CYP17) and cytochrome bs (1). The steroidogenic cells in the human that
co-express these two factors are the testicular Leydig cell, the ovarian theca cell, the theca-luteal
cell of the corpus luteum, the zona reticularis cell of the adrenal, and the fetal zone cell of the fetal
adrenal cortex (/). The formation of C19 steroids from their immediate precursors, such as preg-
nenolone and progesterone (21-carbon-containing steroids), requires 170-hydroxylation followed by
cleavage of the bond between carbons 17 and 20 of the steroid side chain. CYP17 accomplishes both
of these steroidogenic steps, with the 17,20-lyase activity of CYP17 promoted by cytochrome bs. In
addition, cytochrome P450 oxido-reductase augments both 170-hydroxylation and 17,20-lyase activi-
ties of CYP17 (2).

DHEA and DHEAS are mainly derived from the zona reticularis, which also expresses a
hydroxysteroid sulfotransferase that can sulfurylate pregnenolone and DHEA (3,4). Because of the
preference of 17-hydroxypregnenolone over 170-hydroxyprogesterone (17-OHP) in the human as
substrate for the 17,20-lyase reaction, little A4 or testosterone is actually derived from 17-OHP.
Rather, they are mainly formed from DHEA via the action of 3p-hydroxysteroid dehydrogenase
(3B-HSD) (Fig. 1). The predominant steroidogenic pathway in the adrenal zona fasciculata, which
expresses CYP17 and 3p3-HSD but lacks appreciable quantities of cytochrome bs, proceeds mainly
toward the synthesis of cortisol rather than C19 steroids. The adrenal contribution to circulating
levels of A4 and testosterone, however, likely also involves their synthesis in the zona fasciculata,
because of the virtual absence of 38-HSD in the zona reticularis (5). In this chapter we discuss andro-
gen production throughout the life span of women.
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Fig. 2. Androgens throughout puberty. The concentrations of testosterone, androstenedione, and
dehydroepiandrosterone (DHEA) are shown as a percentage of adult levels in adolescent girls as the transition
through the various Tanner stages for pubic hair. (Data from ref. 6.)

2. BACKGROUND
2.1. Adrenal and Gonadal Maturation in Adolescence

Circulating levels of androgens are similar in male and female children prior to adrenarche. The
pubertal changes in androgens in females plotted as a function of Tanner pubic hair stage are demon-
strated in Fig. 2 (6). As can be seen, plasma levels of DHEA achieve adult levels at an earlier stage of
development than do those of testosterone. The changes in circulating levels of A4 are intermediate.
The pattern of increase in DHEAS levels (not shown) is similar to those of DHEA. A similar discor-
dance in the chronological evolution of DHEA/DHEAS compared to that of testosterone also occurs
during adolescence in both girls and boys. The striking increases in plasma levels of DHEA and
DHEAS in children coincide with the appearance of the zona reticularis in the adrenal and its pro-
gressive broadening during adolescence (7).

The absence of 3B-HSD in the zona reticularis, coupled with the presence of CYP17, cytochrome
bs, and DHEA sulfotransferase in this zone (1,4,5,8,9), is permissive to the increasing production of
DHEA and DHEAS during adrenarche. The immunohistochemical evidence for functional changes
in the capacity for adrenal androgen production during development is consistent with enzymatic
changes, as noted by Schiebinger et al. (10), who observed a fourfold increase in 17,20-lyase and
170-hydroxylase activities but no alteration in 33-HSD in the postpubertal adrenal compared to that
of adolescents.

The mechanism for the growth and development of the zona reticularis during the transition from
childhood to adulthood has yet to be determined. The increased production of adrenal androgens is
not attributable to any increases in circulating levels of adrenocorticotropic hormone (ACTH) and is
not accompanied by alterations in cortisol levels. Although the existence of an adrenal androgen-
stimulating hormone has been postulated, no factor has yet been identified that satisfies the expecta-
tions for such a substance. It is likely that acute and chronic regulation of steroid secretion in the zona
reticularis is dependent on pituitary ACTH, and the functional phenotype (downregulation of 3§3-
HSD, but enhanced expression of CYP17, cytochrome bs, and hydroxysteroid sulfotransferase) of
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these cells probably is influenced by other, as yet unidentified, factors. Alternatively, there is evi-
dence for central nervous system and pituitary regulation of gonadal maturation during puberty, which
is initially mediated by the occurrence of pulsatile luteinizing hormone (LH) secretion during sleep in
late adolescence.

Although they are usually temporally linked, the onsets of adrenal and gonadal maturation are not
functionally interdependent. For example, adrenarche occurs normally in girls with ovarian dysgen-
esis (e.g., Turner’s syndrome), precocious adrenarche can occur without premature gonadarche, and
gonadal development at puberty occurs normally in the presence of adrenal insufficiency (e.g.,
Addison’s disease). It seems clear that nutritional status and hormones involved in growth regulation
during childhood play important roles in modulating both ovarian and adrenal maturation. Factors
involved in bone maturation may also be linked to adrenal androgens in the peripubertal period.
Among similar-aged premenarcheal girls chosen for low or high dietary calcium intake, those with
low dietary calcium had significantly reduced levels of DHEA and DHEAS compared to the high-
calcium-intake group; however, no differences in testosterone or estradiol levels were noted between
the two groups of girls (11).

Recently, the concept of intrauterine programming has been extended to include possible fetal
influences on androgen production in the peripubertal period. For example, Ibanez et al. (/2) found
evidence for precocity, ovarian androgen excess, and hyperinsulinism among some girls who had
experienced restricted fetal growth. Other investigators have also found evidence for differences in
the androgenic milieu of low-birthweight infants during childhood and beyond. For example,
Korhonen et al. (13) reported significantly increased levels of DHEAS and androstenedione at age 7
among previously growth-restricted infants compared to normal infants. Szathmari et al. (/4) reported
increased levels of DHEA, DHEAS, and A4 during young adulthood in formerly low-birthweight
girls; no such effects were seen among formerly low-birthweight males, however. Future studies of
these relationships are obviously required.

2.2. Androgen Regulation in Adult Women

The adrenals and ovaries contribute variably to the circulating levels of androgens in adult women
(15). Generally, it is thought that A4 is derived in roughly equal amounts from the ovary and the
adrenal, while testosterone is derived approximately 25% from the adrenal, 25% from the ovary, and
50% from the peripheral conversion of A4. DHT is produced in peripheral tissues from testosterone
and circulates at levels about one-third to one-half that of testosterone. DHEA and DHEAS are almost
exclusively of adrenal origin. DHEA is secreted in a pulsatile manner and demonstrates a diurnal
rhythm similar to that of cortisol in young women (/6). Because of the low metabolic clearance rate
(MCR) of DHEAS, however, there are only minor changes in its concentration throughout the day.
Androstenedione and testosterone levels also exhibit a diurnal rthythm (75), although less variable
than that of DHEA and cortisol.

In the ovary, androgens are synthesized in the theca cells, which have this synthetic capacity by
virtue of their expression of CYP17 and cytochrome bs; follicular granulosa cells do not have such
factors (1) and therefore are dependant on the theca cell as a source of substrate for estrogen forma-
tion. There are no substantial changes in the circulating levels of DHEA, DHEAS, or A4 throughout
the ovarian cycle. On the other hand, Abraham (77) described the occurrence of a slight mid-cycle
peak of testosterone and also noted higher levels of this androgen in the luteal phase than during the
early to midfollicular phase of the menstrual cycle. Such findings have generally been observed in
other subsequent studies of ovulatory women. The concentrations of A4 and testosterone are higher
in ovarian vein blood than in the periphery and are usually highest in blood draining a mature ovarian
follicle or functional corpus luteum (Fig. 3) (18). The slight increase in the circulating levels of
testosterone and A4 during the luteal phase are probably a result of the fact that CYP17 and cyto-
chrome b5 also are expressed in the theca-luteal cells of the ovary (7).
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Fig. 3. Steroid concentrations in peripheral and ovarian venous plasma of premenopausal women. The con-
centrations of androstenedione (A4), testosterone, estrone, and estradiol in peripheral blood, blood draining the
ovary having either a dominant follicle and/or an active corpus luteum, and in blood draining the contralateral
ovary are shown for women having gynecological surgery. CL, corpus luteum. (Data from ref. /8.)

Ovarian suppression in adult women because of the ingestion of oral contraceptive steroids is
often accompanied by reductions in circulating levels of androgens, including those who are treated
with low-estrogen preparations (1/9,20) . Such observations have also been made among women who
were treated with high levels of estrogens (27,22). While the mechanism for oral-contraceptive-in-
duced reductions in ovarian androgens seems clear, the mechanisms for the reductions in DHEAS
levels noted in each of the above studies are not readily apparent. Androgen levels are strikingly
decreased among women with hypopituitarism, particularly among those displaying combined hy-
poadrenalism and hypogonadism (23). Among both reproductive and postmenopausal aged women
with hypopituitarism, those treated with estrogen replacement therapy had androgen levels that were
similar to those not treated.

2.3. Pregnancy/Fetal Development

In pregnancy, circulating levels of testosterone, A4, and DHT are all increased relative to the
levels found in nonpregnant women (24-26). The mechanisms for increased levels of testosterone,
A4, and DHT are varied. Increased circulating levels of testosterone and A4 are evident as early as a
few days after ovulation in a conception cycle, whereas there are no early changes in DHEAS, sug-
gesting that only ovarian androgen production is augmented in early pregnancy (27). Late in gesta-
tion, the increase in testosterone and DHT levels is the result of substantial increases in
sex-hormone-binding globulin (SHBG) and a resultant decrease in the MCRs of these androgens. On
the other hand, the production rates for DHEA and DHEAS are increased in late pregnancy. Never-
theless, circulating levels of DHEAS at term are 50% or less than those in nonpregnant women. The
reduction in circulating levels of DHEAS is progressive during gestation and is considered to result
largely from ever-increasing rates of uptake and utilization in the placenta for estrogen formation
(28). Shortly after delivery, circulating androgen levels in women return to levels seen in the non-
pregnant state. Among infants delivered at or near term, umbilical cord concentrations of A4 and
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testosterone are significantly lower than maternal levels, and there are no differences in maternal or
umbilical cord blood concentrations related to the gender of the infant. Between 10 and 20 weeks
gestation, however, testosterone levels in the fetal compartment are strikingly higher in pregnancies
carrying a male fetus than are those with a female fetus; this difference arises from fetal testicular
responses to the high levels of gonadotropins produced at this time (29).

Interestingly, the maternal concentrations of DHEAS, A4, and testosterone have recently been
shown to decrease with increasing maternal age in women in late gestation (30). The cause and
physiological significance of this observation is unclear at present. Racial differences have also been
recently reported with respect to the endocrine milieu of pregnancy: African American women had
significantly increased levels of total, free, and bioavailable testosterone compared to Caucasian
women in both the first and third trimesters of pregnancy (37). These increases could be related to
greater levels of SHBG among African American women, particularly at term. Further studies of the
effects of race and ethnicity on the endocrine milieu of pregnancy seem warranted, particularly in
view of the widely recognized disparities in pregnancy outcomes among the races.

2.4. Perimenopause

Johnston and colleagues (32) evaluated cross-sectional differences in the endocrine milieu of
women transitioning into the menopause. Significant correlations between bone mass and concentra-
tions of estrogens and testosterone were seen, and the investigators concluded that vertebral bone
loss might begin before menses cease. Other investigators (33) have also noted in cross-sectional
studies a significant positive correlation between circulating levels of free testosterone, DHEAS, and
bone mass in postmenopausal women. In this instance, there were differences noted in the relation-
ship according to bone type (cortical vs trabecular).

Endocrine differences as a function of menopausal transitional status are also of interest. Serum
estradiol levels are strikingly reduced among women in late perimenopause (with menstrual irregu-
larity and a follicle-stimulating hormone [FSH] > 40 mIU/mL), compared to women in the early
perimenopause (FSH < 40 mIU/mL with minimal menstrual irregularity) (32) (Fig. 4). Alternatively,
serum levels of testosterone were indistinguishable between women in these groups. A further clear
decline in serum estradiol levels was noted in menopausal women having no menses during the prior
year compared to perimenopausal women; testosterone levels were only slightly lower compared to
those in women in early perimenopause. Among women 12-55 months postmenopause, serum test-
osterone levels were similar to those of women just entering menopause. The reductions in circulat-
ing estradiol levels were attributable to striking reductions in rates of production; the stability of
testosterone levels was associated with a fairly consistent production rate among all the groups of
women studied. In no instance was there evidence for alterations in MCR of steroids among these
women; therefore, circulating levels of androgens and estrogens in the perimenopause and perhaps
for long periods thereafter reflect glandular secretion and peripheral conversion from precursors.

As part of a 7-year longitudinal surveillance of women undergoing menopause, Rannevik and
colleagues (34) reported detailed analyses of hormonal parameters during the 6 months prior to ces-
sation of menses and the first 6 months of postmenopause. None of these subjects were using hor-
mone replacement therapy. Whereas FSH and LH levels increased 78% and 57% during this time
period, respectively, estradiol levels declined 67%. They also noted slight reductions in the serum
levels of A4 (16%) and testosterone (18%) that were, nevertheless, statistically significant during this
interval of striking change in the functions of the hypothalamic—pituitary—ovarian axis. The serum
levels of testosterone and A4 were fairly stable for the 3 years prior to menopause, with a tendency to
decline progressively thereafter. Alternatively, serum levels of DHEA and DHEAS generally tended
to decline progressively over the entire 7-year period of study. These results are compatible with the
view that DHEA and DHEAS are primarily of adrenal origin and that age-associated declines are
more related to age per se than abrupt changes in ovarian function during the perimenopausal period.
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Burger and associates (35) also conducted longitudinal studies of women through the menopausal
transition. As found by others, they noted little, if any, change in total testosterone levels leading
up to, during, and for several years after menopause. However, reductions in SHBG levels were
observed in concert with the reduction in estradiol observed leading up to the menopause and there-
after. The net effect of declining SHBG levels in the face of unwavering levels of testosterone is to
increase the free testosterone fraction by 80% over the interval beginning 4 years prior to menopause
and ending 2 years after the menopause. If free testosterone levels are actually increased during the
perimenopausal period, this could have physiological impacts on androgen-dependent systems, such
as libido, in these women.

Although the utilization of hormone replacement therapy (estrogen with or without a progestin) in
postmenopausal women is in a period of flux because of concerns relating to potential adverse side
effects, the impact of such agents is still of academic if not practical importance to our understanding
of the regulation of androgen production and metabolism in women. Several investigators have com-
pared women treated with various hormone replacement regimens to those who were not treated.
Abraham and Maroulis (36) observed increased levels of DHEA and DHEAS among postmeno-
pausal women treated with estrogen compared to untreated women; no impact on testosterone, DHT,
or A4 was noted in this study. In contrast, Casson and associates (37) found that DHEAS and test-
osterone levels declined significantly in women during 12 weeks of treatment with an oral micron-
ized estradiol. Just as SHBG levels have been found to increase in premenopausal women being
treated with estrogen (e.g., oral contraceptives) or experiencing natural significant increases in estro-
genicity (e.g., pregnancy), treatment of postmenopausal women with estrogens (fprogestogen) also
leads to significantly increased levels of SHBG. Among such women, Gower and Nyman (38) found
no changes in total testosterone, albeit a 50% reduction in calculated free testosterone. When the
group of subjects was considered as a whole, there was a positive correlation between free testoster-
one levels and total lean and leg lean mass; such findings could indicate that there is a risk that oral
estrogen use could accelerate muscle loss already occurring during aging in women.

2.5. Androgens in Aging Women

The role of the ovary in androgen production in postmenopausal women has been the topic of
many studies, often with conflicting results. Sluijhmer et al. (39) found that treatment of postmeno-
pausal women with a gonadotropin-releasing hormone (GnRH) agonist reduced peripheral levels of
testosterone, which declined further after ovariectomy, whereas neither A4 nor DHEAS levels were
affected by either maneuver. Nevertheless, significant ovarian/peripheral venous gradients for A4
and testosterone were noted in GnRH agonist-treated and control subjects in this study. Others have
also noted ovarian/peripheral gradients for A4 and testosterone. Vermeulen (/5) reported that test-
osterone levels were lower in perimenopausal ovariectomized women compared to similarly aged
women with intact ovaries; there were no differences in circulating levels of A4, DHEA, or DHEAS.
In a more comprehensive study, Laughlin and associates (40) reported that among postmenopausal
women 50-89 years of age, total testosterone and bioavailable testosterone levels were significantly
lower among those with bilateral oophorectomy compared to intact women; A4 levels were unaf-
fected by oophorectomy. These relationships were consistent, regardless of age or years
postmenopause or postoophorectomy.

Davidson and colleagues (41) also observed a reduction in testosterone but not A4 levels in ova-
riectomized women. They reported in their cross-sectional study of women ages 18—75 years that
testosterone, DHEAS, and A4 decline with age and that the decline is greatest among younger women.
Couzinet and colleagues (42), however, concluded that the postmenopausal ovary played a very
minor role in contributing to the circulating androgenic milieu. They based their conclusions on
the findings that testosterone, bioavailable testosterone, and A4 were similar among intact and ova-
riectomized women, whereas the levels of all of these were extremely low or undetectable among
postmenopausal women with adrenal insufficiency (with or without their ovaries). They also noted
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Fig. 5. Effect of aging on androgen levels in women. The concentrations in peripheral plasma of
dehydroepiandrosterone (DHEA), androstenedione, and DHEA sulfate (DHEAS) in healthy postmenopausal
women, none of whom were being treated with hormone replacement therapy, are compared to those in healthy,
normally ovulating young women. (Data from ref. 43.)

that the levels of testosterone, A4, and DHEAS all declined 80% or more after thorough adrenal
suppression (I mg dexamethasone twice daily for 4 days) among normal postmenopausal women,
but did not respond to human chorionic gonadotropin (hCG) stimulation. Finally, they found immu-
noreactivity for steroidogenic enzymes in only 1 of 7 frozen ovarian specimens and only 3 of 10
paraffin-embedded ovarian samples tested from postmenopausal women. We recently studied the
responses of androgens to overnight adrenal suppression in premenopausal and postmenopausal
women and found that the extent of the reduction in A4 levels was greatest in postmenopausal women;
no differences in suppression of DHEA or cortisol were noted as a function of age or menopausal
status (43). These findings suggest that the adrenal may contribute more to the circulating pool of A4
in postmenopausal women than in young ovulatory women.

Age-associated reductions in circulating levels of androgens primarily considered to be of adrenal
origin, such as DHEA and DHEAS, as well as A4 have been noted in several cross-sectional studies.
As shown in Fig. 5, plasma levels of DHEA, DHEAS, and A4 in young ovulatory women are higher
than those in postmenopausal women not exposed to any hormone replacement regimens. In general,
cross-sectional studies have concluded that the highest levels of these steroids are found in women
(and men) during their 20s and that a decrease in circulating levels occurs fairly steadily thereafter
through the sixth or seventh decade of life, at which time the decline begins to plateau. Some evidence
for racial differences in the endocrine milieu of women during aging has been noted, although this
topic of inquiry has not been thoroughly addressed as yet. Manson et al. (44) found significantly lower
levels of DHEAS, but not testosterone, among African American women approaching menopause
compared to Caucasian women, and this relationship persisted over several months of observation.

Based on studies that employed dynamic adrenal testing strategies, it appears that the A* steroid
pathway in the adrenal is not altered substantially with aging, whereas the A3 pathway and 17,20-
lyase activity in the adrenal are impaired to varying degrees (16,43,45). For example, Liu and col-
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leagues (16) found that there was a striking decrease in the pulse amplitude of DHEA secretion in
postmenopausal women compared to that of young women; no alteration was noted for cortisol secre-
tory patterns. They also found evidence for reduced adrenal secretion of DHEA and DHEAS, but not
cortisol, in response to corticotropin-releasing hormone infusions. Vermeulen and associates (45)
tested the adrenal responses to an acute bolus injection of ACTH and found that the responses of A’
steroids, such as DHEA and 17-hydroxypregnenolone, were reduced in postmenopausal women com-
pared to those in young women; A* steroids, such as A4 and cortisol, were not impaired with aging.
Similar findings were observed when comparing young and old men, suggesting that the age-associ-
ated defect in adrenal androgen production in women is not a gender-specific phenomenon (45).

We sought to determine if the impairment in adrenal DHEA/DHEAS production during aging in
women was a consequence of reduced sensitivity of the adrenal to ACTH and/or because of a reduc-
tion in total secretory capacity in response to ACTH (43). We found, using graded infusions of vary-
ing doses of ACTH followed by a standard 250 ug bolus in women who had undergone an overnight
dexamethasone suppression prior to the infusion, that the minimal required ACTH dose to elicit a
statistically significant rise in DHEA levels was similar in young and postmenopausal women, as
were the minimal doses of ACTH required to activate A4 and cortisol in both age groups. On the
other hand, we found that the maximal increment in DHEA levels over baseline in the postmeno-
pausal women was significantly reduced compared to that of young women; however, no impair-
ments in the maximal output of A4 or cortisol were noted.

Based on the above-mentioned studies, and in view of the functional zonation of the adrenal cor-
tex, the steroidogenic defect that occurs in aging appears to be localized primarily to the zona
reticularis. The potential changes in the zona reticularis that could lead to reduced C19 steroid pro-
duction in aging are numerous. For example, the reductions noted during in vivo studies could result
from a selective decrease in zona reticularis cells (but not cells of other cortical zones) in the expres-
sion of one or many of the genes that encode steroidogenic enzymes, factors involved with choles-
terol production and import/transport, the ACTH receptor, or various elements of signal transduction.
To date, there is no evidence to support any of the above-mentioned possibilities.

Another possibility is that there could be a selective loss of zona reticularis cells with age through
a variety of mechanisms. We have obtained some evidence for such a phenomenon in aging humans.
Based on image analysis studies of adrenals obtained from adults who died suddenly after traumatic
injury, we found that the width of the zona reticularis was significantly reduced in elderly adults than
in young adult men and women (46,47); the thickness of the zona fasciculata/zona glomerulosa was
not subnormal in aging adults. We also have recently reported that the width of the cell population
that contains cytochrome b5 (presumably synonymous with the zona reticularis) is also significantly
reduced in the adrenal cortex of aging humans (47). Our additional evaluations have suggested that a
decrease in the thickness of the zona reticularis during aging is not because of cell shrinkage, but
rather to a reduction in the number of zona reticularis cells (48). The potential mechanisms for such
cell loss are numerous, including increased rates of apoptosis, among others. Confirmation of these
morphological findings should provide important directions to future studies of adrenal androgen
deficiency in aging.

3. CONCLUSIONS

Androgens consist of 19 carbon steroids that are synthesized in endocrine tissues from cholesterol
as substrate or via conversion from other androgens or precursor steroids in the periphery, including
liver, gonads, and adrenal. The commonly studied androgens and androgen metabolites in the human
include DHEA and its metabolite DHEAS, A4, and testosterone and its Sa-reduced metabolite, the
potent androgen DHT. Circulating levels of androgens are similar in male and female children prior
to adrenarche.

During adrenarche, plasma levels of DHEA and DHEAS achieve adult levels at an earlier stage of
development than do those of testosterone. Although they are usually temporally linked, the onsets of
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adrenal and gonadal maturation are not functionally interdependent. In adult women, the adrenals
and ovaries contribute variably to the circulating levels of androgens, although in general A4 is
derived in roughly equal amounts from the ovary and the adrenal, whereas testosterone is derived
approximately 25% from the adrenal, 25% from the ovary, and 50% from the peripheral conversion
of A4. DHT is produced in peripheral tissues from testosterone and circulates at levels of about one-
third to one-half that of testosterone. DHEA and DHEAS are almost exclusively of adrenal origin.
DHEA is secreted in a pulsatile manner and demonstrates a diurnal rhythm that is similar to that of
cortisol in young women.

In pregnancy, circulating levels of testosterone, A4, and DHT are all increased relative to those in
nonpregnant women, although circulating levels of DHEAS at term are 50% or less than those in
nonpregnant women. Interestingly, the maternal concentrations of DHEAS, A4, and testosterone
have recently been shown to decrease with increasing maternal age in women in late gestation. The
serum levels of testosterone and A4 are fairly stable for about 3 years prior to menopause, with a
tendency to decline progressively thereafter. Alternatively, the age-associated declines in DHEA and
DHEAS, consistent with the fact that these steroids are primarily of adrenal origin, are more related
to age per se than to abrupt changes in ovarian function during the perimenopausal period. The ste-
roidogenic defect that occurs in aging appears to be localized primarily to the zona reticularis of the
adrenal. Although the role of the ovary in androgen production in postmenopausal women has been
the topic of many studies, it still remains ill-defined. Finally, estrogen treatment of postmenopausal
women has not been shown to have consistent effects on the androgenic milieu of women.

4. FUTURE AVENUES OF INVESTIGATION

A number of issues remain to be addressed and better understood, including (1) the role of andro-
gens in the quality of life of adult pre- and postmenopausal women, including its role in determining
well-being, mood, and libido; (2) the mechanism(s) underlying adrenarche and the adrenopause; and
(3) the role and regulation of ovarian androgen production in the postmenopause.

KEY POINTS

¢ Production of androgens in the human female occurs to varying extents as a function of age and physi-
ological status.

e DHEA and DHEAS are primarily products of the adrenal zona reticularis, whereas A4 and testosterone
are synthesized in both the ovary and adrenal; substantial quantities of testosterone arise from peripheral
conversion from A4.

e Circulating levels of androgens are quite low in early childhood, and an increase in plasma concentrations
of DHEA and DHEAS heralds the onset of adrenarche, which appears to be linked to a thickening of the
zona reticularis. Increases of A4 and testosterone occur slightly later and are probably reflective of matu-
ration of steroid production in the ovary and adrenal.

e Adrenal and ovarian maturation are not functionally linked.

*  Modest changes in circulating levels of testosterone occur during the ovarian cycle of women during the
reproductive years, with the highest levels seen at mid-cycle; plasma levels of DHEA, DHEAS, and A4
show little change during the ovarian cycle.

e Ovarian suppression that occurs with oral contraceptive use is associated with reductions in plasma levels
of androgens, including those produced primarily in the adrenal; the mechanism for reduced adrenal
androgen levels in such circumstances is unclear.

¢ Circulating levels of testosterone and A4 increase during pregnancy, probably as a result of hCG stimula-
tion of the ovary and increased protein binding. There is also an increased production of adrenal andro-
gens in pregnancy through unknown mechanisms, but because of the ever-increasing conversion of
DHEAS to estrogen in the placenta, plasma levels of this steroid decline during pregnancy.

e Although the ovary is an important source of androgens in women, there seems to be little impact of
menopause on circulating levels of A4 and testosterone.

e Striking reductions in plasma DHEA and DHEAS occur during aging in women, and these changes appear
independent of ovarian status.
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» The best evidence to date is suggestive of a selective deficiency in the A3 steroid pathway in the zona
reticularis during aging, and this may be because of a loss of cells in this zone.
* Estrogen treatment of postmenopausal women has not been shown to have consistent effects on the andro-
genic milieu of women.
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4
Physiological Effects of Androgens in Women

T. Keta Hodgson and Glenn D. Braunstein

SUMMARY

Androgens are important sex steroid hormones for women as well as men. Previously, the focus of androgen
research in women was almost exclusively on issues of excess. Only recently have we become aware that
androgens play an important role in many aspects of the health and well-being of women. From sexual orienta-
tion to brain development to bone health, androgens are closely intertwined with estrogens, and only by under-
standing the former can we have a full understanding of women’s health and their medical care issues. This
chapter focuses on the normal physiology of androgens in women—what we know and what we have yet to
learn.

Key Words: Androgens; DHEA; intracrinology; pilosebaceous unit; sex steroid hormones; sexual differen-
tiation; SHBG; testosterone.

1. INTRODUCTION

Androgens are the most abundant of the sex hormones in women; while their concentrations are
measured in nanomoles, estrogens are measured in mere picomoles (/). Many of the major biological
events of a woman’s life—adrenarche, menarche, sexuality, fertility, parturition, lactation, and meno-
pause—are mediated in part by sex hormones. Yet we know relatively little about the effects of
androgens in women. Much of what we do know is deduced from our understanding of conditions of
androgen excess or insufficiency in men and women, from mutations involving the genes for the
androgen receptor and for key enzymes in the steroid sex hormone pathways, and from extrapolation
of the results of in vitro studies and experiments in other animal species (2). Although sex hormones
are gender-typical, they are not gender-limited (3) —males and females use the same pathways, hor-
mones, and enzymes for synthesis and metabolism. Where there is sexual dimorphism, the different
response may result from differences in (a) concentration, (b) duration of exposure, (c) tissue-spe-
cific receptivity or sensitivity, and (d) the presence or absence of other modulating hormones, growth
or inhibiting factors, or enzymes.

2. BACKGROUND
2.1. Androgen Physiology

The sex hormones dehydroepiandrostenedione (DHEA) and its sulfated form, DHEAS, andros-
tenedione (A4), testosterone (T), dihydrotestosterone (DHT), estrone (E1), and estradiol (E2) are
produced in the adrenal glands, the gonads, and in numerous peripheral sites. Although adrenal
androgen secretion increases in response to adrenocorticotropic hormone (ACTH), androgens do
not influence ACTH secretion, and ACTH plays a primarily permissive role in adrenal androgen
physiology. In fact, a specific regulator of adrenal androgen secretion has been proposed, but, so far,

From: Contemporary Endocrinology: Androgen Excess Disorders in Women:
Polycystic Ovary Syndrome and Other Disorders, Second Edition
Edited by: R. Azziz et al. © Humana Press Inc., Totowa, NJ

49



50 Hodgson and Braunstein

has eluded isolation (4). Ovarian androgen secretion increases following stimulation of the theca
cells by luteinizing hormone (LH). However, unlike the situation in men in which testosterone inhib-
its the secretion of LH, either directly or through aromatization to estradiol, there is no known feed-
back regulatory loop controlling androgen secretion in women, at least not at the levels normally
observed.

Most of the circulating androgens are bound to sex hormone-binding globulin (SHBG) or albu-
min. SHBG has a high affinity for the biologically active sex hormones DHT, T, A4, E2, and E1
whereas DHEA and DHEAS exhibit little or no binding (5). The role of SHBG in the regulation of
sex hormone action has yet to be fully elucidated. It is thought to regulate the concentration of circu-
lating steroid hormones, act as a reservoir for ready-made hormones, and serve as a partner for
nongenomic steroid action. Between 0.5 and 7.5% of the androgens in women exist in the free or
unbound state and are available to freely act upon cells (6). Unlike SHBG, albumin has a low affinity
for sex hormones; therefore, the albumin-bound steroids may be readily available to the tissues. The
free and albumin-bound fractions of sex steroid hormones together are termed bioavailable.

Although serum measurements of the sex steroid hormones are generally relied upon to diagnose
androgen excess or deficiency, most of the androgens produced in women are made in peripheral tis-
sues, which contain the enzymes to convert DHEAS to DHEA (which can then be transformed into A4
and then T) or Sa-reductase (where T may be further converted to the potent androgen DHT). Alterna-
tively, in selected tissues such as liver, skin, fat, muscle, kidney and bone, T can undergo aromatization
to E2, which in turn may be converted to E1 in those tissues that contain 17B-hydroxysteroid dehydro-
genase. These locally produced hormones can act on neighboring cells in a paracrine fashion or on the
cell of origin in an intracrine manner. The extent of the intracrine process can be appreciated by mea-
surements of androgen metabolites, such as androsterone glucuronide, androstane-3o,17[-
diolglucuronide, androstane-3[3,17p-diolglucuronide, and androsterone sulfate (7).

2.2. Mechanisms of Action

The classic model of sex steroid hormone action is a nucleus-based, ligand/receptor-mediated
event that acts on DNA to bring about transcription and translation (i.e., a genomic effect). This
complex pathway is well suited for routine maintenance of sex hormone action, such as protein syn-
thesis. However, its relative slowness (minutes to hours) means that it is unable to respond to rapid
shifts in physiological demands. Although not the first to describe the effect, Tchernitchin was the
first to use the term nongenomic to describe a hormonal action sequence that could not otherwise
happen if it were regulated by classic genomic processes (8). Nongenomic effects differ from genomic
effects in at least three ways: (a) they are more rapid (from seconds to minutes), (b) they do not rely on
an operational nucleus and can be shown to take place in nonnucleated cells, and (c) they are not
sensitive to the effects of inhibitors of transcription or translation (9). It has taken the better part of
three decades to begin to understand the nongenomic actions of sex steroids, yet many controversies
(well reviewed by Losel and colleagues [/0]) remain to be settled.

It is possible that some of the nongenomic actions of androgens are the result of direct action by
the hormone on cell membrane fluidity through their interaction with the membrane phospholipids.
Other evidence suggests that nongenomic actions are possibly mediated by receptors— either cell
surface receptors that generate signals across the plasma membrane or androgen receptors without
associated transcription action (9,11). Triggers for nongenomic reactions include calcium ions, which
act as a second messenger to stimulate transmembrane cascades or stimulation of the mitogen-acti-
vated protein kinase or cyclic adenosine monophosphate (cAMP) pathways (11).

SHBG has been shown to have a role in the nongenomic action of sex hormones. SHBG receptors
have been found on the cell surface of the testes, prostate, breast, and liver, and represent either a G
protein-coupled receptor or a closely related one. SHBG devoid of steroids binds to this receptor, and
sex steroids then interact with the SHBG-receptor complex, resulting in the generation of cAMP,
either directly or by stimulating an influx of calcium into the cell (/7).
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Megalin is a member of the family of low-density lipoprotein receptors, and there is evidence that
it may serve as a helper molecule in nongenomic steroid hormone action (/2). It is known that certain
tissues require more steroid hormones than can be supplied by the classic pathway. Not only is the
stimulatory process too slow, but the classic paradigm does not allow for the local storage of steroid
hormones. Tissues needing large quantities of steroid hormone—and in which abundant megalin
receptors have been found—are the breast, uterus, prostate, and epididymis. Lipophilic molecules
such as megalin may help these cells store large amounts of sex hormones (73).

Although the mechanisms for the nongenomic effects of androgens remain controversial, their
cellular effects have been clearly demonstrated. The principal androgen within follicular cells of the
ovary, A4, can cause a rapid, dose-related increase in calcium ion concentrations in granulosa-lutein
cells of humans and in ovarian granulosa cells of pigs. No such effect has been noted for T. Likewise,
osteoblasts of male, but not female, rats experience a rapid increase in calcium ion concentration in
the presence of T. The nongenomic effects of progesterone, E2, T, and A4 have been studied in vitro
and in vivo in granulosa, endometrial, and Sertoli cells as well as in the oocytes and spermatozoa of
various animal models, including humans (9). However, it is yet to be determined whether the
nongenomic pathways for androgens have any physiologically important effect in humans.

2.3. Overview of Androgen Action Throughout the Female Life Span
2.3.1. Prenatal
2.3.1.1. DIFFERENTIATION OF INTERNAL GENITAL DucTs AND EXTERNAL GENITALIA

Primordial germ cells formed in the dorsal endoderm of the yolk sac migrate into the undiffer-
entiated, bipotential, embryonic gonads at the urogenital ridge—a process that is well underway by
6 weeks of gestation. In a male fetus with a normal Y chromosome, the sex-determining region Y
gene (SRY), SOXO9, and other genes initiate the differentiation of the gonad into testes at 6—7 weeks.
The Leydig cells, which appear by 8-9 weeks, contain functional LH/human chorionic gonadotropin
(hCG) receptors. They are stimulated initially by hCG secreted by placental trophoblasts, then later
by fetal pituitary LH. The result is T production. Between 9 and 14 weeks of gestation, T stimulates
the wolffian duct structures to differentiate into the epididymis, vas deferens, and seminal vesicles.
The normal fetal testes also secretes anti-miillerian hormone (AMH), which results in the local
regression of the miillerian duct between 8 and 12 weeks of gestation. The external genitalia remain
undifferentiated until about 8 weeks. The urogenital tubercle, urogenital sinus, and labioscrotal tissue
contain type 2 Sa-reductase, which converts T into DHT. The DHT effects the fusion of the
labioscrotal folds to form a scrotum and penile urethra, stimulates the growth of the genital
tubercle to form a glans penis, and enhances prostate differentiation and growth (74). That DHT is
required for the normal formation of the male external genitalia is most clearly demonstrated by
patients with the autosomal recessive 50-reductase, type 2 deficiency (pseudovaginal perineal-scro-
tal hypospadias). These genetic males, whose testes secrete ample quantities of T, are unable to form
normal amounts of DHT. At birth, affected individuals have ambiguous genitalia, with a phallus that
resembles a clitoris, bifid, empty scrotum, and a urogenital sinus that contains the urethra and a blind
vaginal pouch opening into the perineum. Wolffian duct structures are present, having developed
under the influence of T, while the prostate is underdeveloped, and the miillerian duct-derived struc-
tures are absent (15).

The female fetus begins her process of sexual differentiation when the bipotential embryonic gonad
begins to develop oocytes—between 11 and 12 weeks of gestation. In the absence of gonadal T
production, the wolffian duct structures regress, and, lacking AMH, the miillerian ducts differentiate
into the fallopian tubes, the uterus, and the upper third of the vagina. Because T levels are low, the
So-reductase, type 2 at the genital ridge lacks the substrate to form DHT. Therefore, there is no
“zipping up” of the labioscrotal folds, resulting in formation of open labia, a perineal vaginal orifice,
and a perineal urethra. The regression of the wolffian duct structures, the differentiation of the
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miillerian duct structures, and the maintenance of open labioscrotal folds along normal female lines
does not require a gonad, nor does it require the fetus to be a genetic female. XX or XY fetuses with
dysgenetic or streak gonads also exhibit development of the internal and external genitalia along
female lines (14). XY fetuses with complete androgen insensitivity resulting from mutations in the
androgen receptor gene (complete testicular feminization) have functional testes that produce T and
AMH. However, as a result of the inability of T or DHT to act and the presence of AMH, the fetus
does not develop wolffian or miillerian duct structures, respectively, and the external genitalia
develop along female lines (75,16).

Although the prenatal female internal and external genital development appears to be a passive
process, the tissues of the female fetus are capable of responding to T. This is well demonstrated by
patients with congenital adrenal hyperplasia (CAH) who have mutations in the CYP2] gene that
cause a deficiency of 21-hydroxylase. This enzyme deficiency results in reduced cortisol production,
which leads to an elevation of ACTH and, in turn, increases the conversion of cholesterol to
pregnenolone in the adrenals. The buildup of cortisol precursors results in increased quantities
of 17-hydroxyprogesterone, A4, and T. The high T levels result in fusion of the labioscrotal folds and
clitoral enlargement. The responsiveness of the external genitalia to T is time dependent; labioscrotal
fusion only takes place when the fetus is exposed to high T and DHT before 12 weeks gestation. After
12 weeks, high T levels only result in clitoral enlargement. Of interest, the wolffian ducts in affected
females regress normally, suggesting that the T levels achieved are not sufficient to stimulate their
growth and differentiation (17).

2.3.1.2. BRAIN IMPRINTING

The concept that the sex steroid milieu of the brain during gestation and shortly after birth can
permanently influence the reproductive cycles and sexual behavior emanates from studies in nonhu-
man mammals, especially rats (2,18). During species-specific critical periods, androgen administra-
tion to females masculinizes the brain, leading to anovulatory infertility and loss of sexual
responsivity to males. Administration of androgens to female rhesus monkeys during gestation also
leads to masculinized sexual behavior, play, and grooming. It is much more difficult to determine
what role, if any, prenatal androgen exposure has on human behavior. Sex differences in childhood
play behaviors, including playmate preferences and types of activities and objects chosen for play,
can be detected by 12 months of age in normal children. Girls born to women who were given andro-
genic progestins during pregnancy demonstrated increased male-typical play behavior. In addition, a
longitudinal study of the relationship between endogenous maternal serum T levels and the sex-type
behavior of the offspring at 3.5 years of age failed to show a correlation in males, but did in female
children; the higher the maternal T during pregnancy, the more likely the girls were to exhibit male-
type play behavior. Females with the 21-hydroxylase deficiency form of CAH exhibit more male-
typical activities during childhood, adolescence, and adulthood than do control females. Spatial
orientation, visualization, and targeting are higher in women with CAH than controls, more closely
resembling the male pattern. Finally, and in contrast to their unaffected sisters, females with CAH
have a greater likelihood of being sexually attracted to women (/9,20). Other evidence that prenatal
androgen exposure is important for subsequent masculine behavior comes from studies of males with
complete androgen insensitivity, who exhibit female-type behavior in regards to interests, gender
identity, and sexual orientation (27,22).

2.3.2. Postnatal, Prepubertal Period

In the first 4 months of life, the neonate experiences brief increases in the levels of sex hormones.
The male neonate experiences surges in LH and T, in part because the maternal-placental estrogens
are no longer suppressing the hypothalamic—pituitary—testicular axis. The hormone levels peak at 1—
2 months and then decline, and by age 6 months they are at a nadir, remaining low until adrenarche.
In females, the postnatal hormone activity is less dramatic than in the males, but more complex.
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There is a modest increase in LH, which stimulates ovarian E2 secretion for 2—4 months, whereas the
follicle-stimulating hormone (FSH) rise, which peaks at 3—6 months, brings about maturation of the
ovarian follicles. FSH then steadily decreases but is measurable up to 2 years of age. All neonates
experience a precipitous decrease in circulating DHEA secondary to the disappearance of the adrenal
fetal zone. By age 1, the two-zone fetal adrenal gland has been replaced by an adrenal with three
zones (granulosa, fasciculate, and reticularis), which initially produce little DHEA (23).

The physiological roles, if any, of androgens in the neonatal or preadrenarchal female are unknown.
Unlike female rats administered androgens in the postnatal period, high androgen exposure during this
time in females with CAH does not suppress subsequent menstrual cyclicity in gonadotropins or sex
steroids (24). As noted above, females with CAH may exhibit an increased rate of attraction to
females, and this may be secondary to the prenatal or postnatal exposure to high androgen levels,
as well as other factors such as psychological issues arising from their ambiguous genitalia and their
social milieu.

It is also unknown whether physiological levels of androgens are important for bone health in
childhood (25,26). Girls with untreated CAH show rapid growth of the long bones with early epiphy-
seal maturation, resulting in the individual being tall for her age during childhood and shorter as an
adult than would have been predicted based on parental height. In this instance, it is possible that the
elevated androgens were serving as substrate for estrogen production in the bone and that it is this
estrogen, and not the androgens, that stimulates bone growth. Evidence for this comes from a female
with aromatase deficiency, a defect that prevents the conversion of T to E2. This patient was virilized
but was shorter than expected and had a delay in bone age despite marked elevations in androgens
(27).

2.3.3. Adrenarche

The adrenal sex hormones remain suppressed following the regression of the fetal adrenal zone.
The zona reticularis forms at about 3 years, but DHEA and DHEAS secretion from this region does
not begin to rise until about age 6 years, which marks the biochemical onset of adrenarche. By about
age 8 years, there is sufficient peripheral conversion of the adrenal androgens into T and DHT to
stimulate axillary and pubic (ambisexual) hair growth. Androgen stimulation of the apocrine glands
in these areas may result in a change in body odor. The child also may experience a transient growth
spurt at this time (28).

2.3.4. Puberty

The onset of puberty is heralded by an increase in gonadotropin-releasing hormone secretion, which
initially induces a nocturnal rise in LH and then pulsatile increases in both LH and FSH throughout the
day and night. The gonadotropins stimulate gonadal growth and development, and sex steroid hor-
mone production in both sexes. The effects of increased pubertal androgen secretion in males is dra-
matic and easily observed: growth of the penis, increased pubic and axillary hair, development of
body and facial hair, growth of the larynx with deepening of the voice, skeletal muscle enlargement
and increase in muscle strength, growth spurt, increase in bone mass, increased erythrocytosis, increased
malodorous perspiration, acne, and an increase in libido and aggressive behavior (29).

Pubertal girls also experience a rise in T, which follows a diurnal variation with higher levels in
the morning than evening. When menstrual cycles are established, there is a midcycle rise of T and
A4 that is concordant with the rise in E2 and follows the peak in LH secretion. One of the physiologi-
cal roles of T in females is to serve as the major prohormone for the production of E2, a hormone
essential for secondary sexual development and the pubertal growth spurt. Other physiological actions
of androgens during normal female puberty are more difficult to discern, although they likely have a
role in the increased activity of sudoriferous glands, a further increase in the amount and thickness of
ambisexual hair (axilla, pubis), and enhanced sebum production with the likelihood of concurrent
acne.
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2.3.5. Adulthood

Peak levels of androgens and androgen precursors in women are achieved between ages 20 and 30
years, followed by a steady decline. Between the ages of 21 and 40 years, there is approximately a
50% drop in T, DHEA, and DHEAS levels (30,31). There is a further decline of close to 25%
between the ages of 42 and 50 years (32). Several longitudinal studies have demonstrated that there is
no significant change in T levels during the menopausal transition, and, in fact, free T may actually
increase owing to the reduction in SHBG levels that occurs following the profound decline in estro-
gen production by the ovaries (32,33). That the theca cells in the postmenopausal ovary are
steroidogenically active in androgen production has been demonstrated by studies carried out in post-
menopausal women undergoing bilateral oophorectomy, in which serum T and A4 levels were
reduced by 50% (34). DHEA, DHEAS, T, A4, and DHT continue to decrease between ages 60 years
and 70 years, but at a slower rate than prior to age 50. Thus, adrenal and ovarian secretion of andro-
gens decrease over time with age.

The physiological role of androgens in women during adulthood is unclear. Women with
hyperandrogenic disorders may develop hirsutism, acne, deepening of the voice, androgenic alopecia,
clitoromegaly, malodorous perspiration, increased muscle mass, and aggressive behavior—essentially
confirming the fact that female androgen target tissues can respond in a manner similar to those in
men when exposed to a high enough concentration of androgens for a sufficient duration. Low free T
levels have been found in women with hypopituitarism, adrenal insufficiency, oophorectomy, or
premature ovarian failure and after institution of oral estrogen therapy in menopausal women (6).
Based upon observations in such women, a consensus panel developed the clinical construct of the
female androgen insufficiency syndrome: low libido with a global decrease in sexual desire, fantasy,
or arousability; persistent, unexplained fatigue; decreased sense of well-being; blunted motiva-
tion; flattened mood; thinning or loss of pubic hair; decreased lean body mass; and osteopenia or
osteoporosis (35). Thus, it is likely that androgens play at least a permissive role in female sexuality,
mood, and body composition in adulthood, although unassailable direct support for this concept is
currently lacking.

2.4. Androgen Effects on Specific Target Tissues in Women

The sites of sex hormone production are also, in most cases, the sites of tissue-specific action.
Following is a brief review of these sites and their functional aspects.

2.4.1. Brain

Functional differences in some aspects of brain function exist between males and females, and
studies in rodents and nonhuman primates indicate that sex steroid hormones are important contribu-
tors to these differences. Hormonal effects are categorized as organizational or activational (2). Organi-
zational refers to the hard wiring by which a male or female phenotype is actualized. Activational refers
to those effects that are malleable and respond to current conditions. Each of these effects may be
structural, or functional, or both (2,36). Androgen receptors are distributed throughout the brain and
are generally within close proximity to estrogen receptors (37). High concentrations of the receptors
are present in the preoptic area of the hypothalamus, with smaller numbers located in the amygdala,
hippocampus, and cerebral cortex. Areas of the brain also contain So-reductase and aromatase and
are thus able to convert T to DHT or E2, which may mediate some of the effects of T. In addition, as
well demonstrated in rat studies, myelinating glial cells in the central and peripheral nervous system
can synthesize DHEA directly from cholesterol as well as from precursors of extraneural origin (38).
At present it is unknown whether local androgen synthesis in the human brain is physiologically rel-
evant. Small trials of DHEA given orally to patients have not shown a clear effect on cognitive func-
tion, mood, sense of well-being, perimenopausal symptoms, or memory (/0,39). These negative
studies may indicate a lack of physiological importance of DHEA in brain function, an inadequate
achievement of brain DHEA concentrations following oral administration, or that the locally pro-
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duced neurosteroids have exerted their maximal physiological effects and that the exogenous DHEA
can exert no additional effect.

As previously noted, the prenatal exposure of female rats and monkeys to androgens during the
critical prenatal and early postnatal periods results in masculinized behavior and, in the rats, inhibits
the cyclicity of the hypothalamic—pituitary—ovarian axis. CAH represents the clinical correlate in
humans, and affected females do demonstrate more male-typical activities than controls (2). In con-
trast, males with complete androgen insensitivity have female-typical behavior, suggesting that in the
absence of androgen action, the default behavior is female. It is clear that androgens can have an
activational effect on behavior in women. In some studies, women who fulfill the criteria for the
female androgen insufficiency syndrome note an improvement in their overall sense of well-being
when given exogenous T, increasing their serum T concentrations into the physiological or slightly
supraphysiological range for women in their reproductive age group (40—43). In addition, an increase
in the scores for aggression has been noted in women receiving T injections that result in
supraphysiological levels (41,44). These studies suggest that androgens may be a modulator of mood
and behavior in women.

The relationship between androgens and libido and sexual function in women has been an active
area of investigation. In reproductive-age women, there is a correlation between the midcycle increase
in T and libido, the ability to become sexually aroused, and frequency of sexual activity (45-49). Within
the normal range for women, those that have the highest T levels across the menstrual cycle have less
depression and more sexual gratification than do the women with the lowest levels of T (46). Some,
but not all, cross-sectional populations studies have also shown correlations between serum T con-
centrations and desire, arousal, responsiveness, and frequency of sexual activity (6). Although a recent
cross-sectional study failed to show a relationship between T levels and self-reported sexual function in
women, it did note that there was a significant association between reduced sexual desire, arousal,
and responsiveness, and low DHEAS levels (50). Since DHEAS serves as a prohormone for tissue
production of A4, T, and DHT, it is likely that the tissue concentrations of these more potent andro-
gens were also low in these women. Decreased sexual function has been noted in women with
hyperandrogenic disorders given antiandrogens, such as cyproterone acetate (57). Finally, the admin-
istration of T to women with hypoactive sexual desire disorder results in an improvement in libido
and sexual function. The levels of free T achieved in these studies were within the high physiological
range to slightly supraphysiological range for premenopausal women. Of interest, there is a positive,
though not robust, correlation between the change in T levels and improvement in sexual desire and
other parameters of sexual function in women (6,52-55). Thus, the relationship between physiologi-
cal levels of androgens and female sexual desire is well established and most likely reflects an action
of T on the brain (56).

2.4.2. Bone

Androgen receptors are present on osteoblasts and, to a lesser extent, on osteoclasts and osteo-
cytes. Osteoblasts from young bone have greater expression of androgen receptors than in older
bone, and the receptors are more expressed in osteoblasts from cortical bone than from cancellous
bone (57). In vitro, androgens stimulate osteoblast proliferation, enhance their differentiation, and
prevent osteoblast apoptosis, while stimulating osteoclast apoptosis (25,57). Estrogen receptors and
aromatase are also present in bone. Thus, it is difficult to dissect out the physiological role that
androgens play directly vs indirectly through conversion to estrogen in bone development, growth,
and health.

Endogenous serum T levels are correlated with bone mineral density in adolescent females and
premenopausal women; in pre- and perimenopausal women, there is also an inverse correlation be-
tween bone density and SHBG levels. Conflicting data exist regarding the relationship between endo-
genous T levels and bone density in postmenopausal women (57). Women with hyperandrogenism
resulting from polycystic ovary syndrome (PCOS) have increased bone mass, and the bone mineral
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density correlates with the T and A4 levels (25,57). Patients with complete androgen insufficiency
syndrome exhibit a reduction in bone mineral density of the spine, but not of the hips, compared to
normal females (58). Administration of androgens along with estrogens to women with postmeno-
pausal osteoporosis increases bone mass in the spine and hips to a greater extent than with estrogen
alone (25,56,59). That this is not merely a result of aromatization of the T to E2 in the bone arises
from two observations in women. First, women who receive norethindrone acetate or nandrolone
decanoate, compounds related to T, but which are not aromatized to estrogen, exhibit significant
increases in bone mineral density (60,61). Second, in a study that compared the effects of esterified
estrogens alone or with methyltestosterone on serum and urine markers of bone formation and
resorption, estrogen or estrogen plus methyltestosterone both decreased the markers of osteoclas-
tic bone resorption, while only the estrogen plus methyltestosterone combination increased the levels
of markers of osteoblastic bone formation (62).

Androgens stimulate growth plate closure during puberty, but this action is mediated through
aromatization to estrogens and binding to the estrogen receptor. Men and women with aromatase
deficiency have an absent pubertal growth spurt and delayed epiphyseal closure, as do men with a
mutation in the estrogen receptor-o gene (25,27).

2.4.3. Breast

Normal mammary epithelial cells contain androgen receptors in addition to estrogen and progest-
erone receptors. To date there is a paucity of in vitro studies of the effect of androgens on normal
human breast cells. In breast cancer cell lines, androgens antagonize the proliferation induced by
estrogens and increase cellular apoptosis. Studies in animals also have generally shown that T and
DHEA inhibit mammary carcinoma development. Dimitrakakis and coworkers examined the effects
of estrogen alone, estrogen plus progesterone, estrogen plus T, and vehicle control in oophorecto-
mized rhesus monkeys. These investigators observed that the addition of T significantly decreased
mammary epithelial proliferation, altered the ratio of type of estrogen receptor (o or ) expressed,
and reduced mammary epithelial estrogen receptor signaling (63). The administration of the andro-
gen receptor antagonist flutamide to intact, cycling female monkeys led to an increase in mammary
epithelial cell proliferation, indicating that physiological levels of T in female monkeys protect the
breast from the proliferative effects of estrogen (63).

Few well-controlled clinical studies in women have examined the relationship between endo-
genous androgen levels and breast health. Some, but not all, studies have found that women with
higher total T levels have an increased risk of breast cancer. In contrast, women with
hyperandrogenemia resulting from PCOS do not appear to have an increased risk of breast cancer
(64). A recent retrospective, observational study in women receiving hormone therapy found that
women who were given a combination of estrogen, progestin, and T had a lower rate of breast cancer
development than historical control women who received only estrogen and progestin and was actu-
ally similar to that found in women who had never used hormones (65). The limited data available at
this time support the notion that endogenous T has a protective role in the breast, counterbalancing
the effects of estrogens and progesterone.

2.4.4.Pilosebaceous Unit

Skin is an important site for peripheral conversion of androgens; at least 50% of a woman’s andro-
gen production occurs here as DHEAS is converted to DHEA to A4, A4 to T, and T to DHT. Hair is
produced by the pilosebaceous unit (PSU), which extends outward from the hypodermis. The PSU is
composed of a hair and a sebaceous gland component, which can differentiate into a terminal hair
follicle or to a sebaceous follicle with a fine, vellus hair and an active sebaceous gland. Prior to
puberty, the hair in the androgen-sensitive areas of the body is primarily vellus with small sebaceous
glands. During puberty, the increased androgens stimulate vellus hairs to develop into terminal hairs.
The growth of hair in sexual areas (i.e., hair that is terminal primarily in males, such as that of the
upper lip, chin, chest, abdomen, back, thighs, or upper arms) depends upon the sensitivity of the PSU
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Fig. 1. Relationship of stages of sexual hair development to T circulating levels (log scale): (A) prepubertal;
(B) stage 3 pubic hair; (C) stage 5 pubic hair (adult female); (D) moderate hirsutism; (E) adult male. (From ref. 72.)

to androgens, the level of androgens they are exposed to, and the duration of exposure. p
illustrates the relationship between plasma T levels and the degree of sexual hair development, dem-
onstrating that the sensitivity of hair follicles to T is greatest in the pubic region and less in the beard
area (66). Androgen receptors present in the dermal papilla, sebaceous, and eccrine sweat epithelium
have the highest concentration in the genital skin, followed by the pubic area, and then the nonsexual
areas (e.g., lateral aspects of the scalp, eyebrows, etc.). The concentration of So-reductase in the skin
follows the same pattern, and the fact that men with the 5a-reductase deficiency syndrome have
sparse body and facial hair growth suggests that local production of DHT from T is important for hair
growth in some areas of the body. Hirsutism—growth of excessive hair in the androgen responsive
hair follicles in sexual areas of the body—can occur in women whose PSUs are exquisitely sensitive
to normal serum androgen levels or may occur when androgen production increases above normal.
The sebaceous glands also are sensitive to androgen action. Sebum production increases with
increasing concentrations of T, as shown in Fig. 2 (66). Androgens stimulate the prepubertal vellus
follicles to form large sebaceous glands in the acne-prone areas of the body (67). The presence of
acne in women correlates best with free T concentration. Again, there appears to be a large degree of
variability in the sensitivity of the sebaceous glands to the effect of androgens. The sebocytes contain
both 3B-hydroxysteroid dehydrogenase and So-reductase, allowing DHEA to serve as a prohormone
for the local production of DHT (67). Acne initially arises when there is overproduction of sebum by
the sebaceous glands. The result is a noninflammatory process that produces simple blackheads and
whiteheads. Acne becomes pathological when the lining of the sebaceous follicle is overstimulated
by androgens. The cells slough off faster than the follicle can expel them, and they begin to adhere to
one another. This accumulation blocks egress from the follicle, and a comodone (pimple) develops. If
the condition continues, the follicle may become infected with Propionibacterium acnes (P. acnes).
If the lesions (papules, pustules, nodules, and cysts) become rampant, the condition is termed acne
vulgaris, a potentially devastating condition that can leave lifelong physical and psychological scars.
Pattern alopecia is thinning or loss of hair that accelerates with age in genetically susceptible men
and women and is the result of miniaturization of scalp hairs (i.e., conversion of terminal hairs to
vellus hairs) (67). Although the two patterns of balding are labeled male pattern (temporo-occipital)
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Fig. 2. Relationship of stages of sebum output and T (log scale): (A) 4-year-old children; (B) 7- to 11-year-
old prepubertal children; (C) castrated men; (D) normal adult women, 20—40 years as well as average sebum
level of normal 15- to 19-year-old males and females; (E) normal adult men, aged 20-40. (From ref. 72.)

and female pattern (crown of scalp or diffuse), women can have male-pattern alopecia and men the
female type. DHT appears to be the most important androgen involved in the process in males,
because the Sa-reductase, type 2 isoenzyme is located in the hair follicles in the scalp. Patients
with the So-reductase deficiency syndrome lack this isoenzyme and do not develop male pattern
baldness. Also, men with male pattern baldness may respond to inhibitors of the So-reductase type 2
enzyme activity, such as finasteride. However, women with female pattern alopecia usually have
normal androgen levels, and they do not generally respond to finasteride, suggesting that this pattern
is not androgen sensitive (68). Women with severe hyperandrogenism more often display a male
pattern of hair thinning, which may respond to antiandrogens.

2.4.5. Cardiovascular System

There is a high degree of interest in the role of sex hormones in cardiovascular disease (CVD), the
leading cause of death in both men and women. A few studies have examined the relationship between
endogenous T and A4 levels and the presence of CVD in women, with conflicting results (69). The
largest prospective cohort study to date did not observe a correlation (70). Conflicting data also exist
concerning the risk of heart disease in patients with hyperandrogenism. These studies have examined
women with PCOS and have amply demonstrated an adverse risk profile (metabolic syndrome) for
CVD. However, it is likely that the insulin resistance associated with the syndrome is more relevant
to the pathogenesis of CVD than are the elevated androgen levels. For example, exogenous adminis-
tration of T to women or to female-to-male transsexuals has not been associated with an increased
risk of CVD (69). Thus, at present, there is no evidence for either a physiological or a pathological
effect of androgens on the cardiovascular system.

3. CONCLUSIONS

Table 1 summarizes the areas where physiological functions of androgens in women have been
demonstrated through a collection of observational and investigational studies, as well as the areas
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Table 1
Physiological Actions of Androgens in Females

Demonstrated

e Prohormone for E2 production

e Axillary and pubic hair growth in adrenarche and puberty

* Stimulation of sebum production in adrenarche and puberty
* Bone health

e Sexuality

Probable but not conclusively demonstrated

e Imprinting of behavior in prenatal or early postnatal period

e Influence on mood and behavior

* Influence on some aspects of cognition

e Antagonize physiological concentrations of E2 in some tissues

where data supporting a role exist, but are not yet proven. It is clear that DHEA, DHEAS, A4, and T
serve as prohormones for the production of estrogens in the adrenals, ovaries, and a variety of periph-
eral tissues. Therefore, the physiological effects of estrogens in women indirectly reflect a role for
androgens, for if there were no androgens, there would be no estrogens. The rise in androgens during
adrenarche and puberty directly stimulates axillary and pubic hair growth, as well as increased sebum
production. In addition to serving as an important prohormone for estrogen synthesis in the bone,
androgens directly influence osteoblastic and osteoclastic function. The importance for androgens in
female sexual desire has been well demonstrated; studies of postmenopausal women with low sexual
desire and low T levels demonstrate an increase in desire and sexual activity when their T levels are
increased to within the reference range for premenopausal women. Areas in which there are sugges-
tive but inconclusive data concern the physiological roles on the organizational and activational as-
pects of brain function, including the issues surrounding prenatal imprinting of behavior and postnatal
influence on mood and behavior. The roles of androgens in the breast and the cardiovascular system
remain to be better determined.

4. FUTURE AVENUES OF INVESTIGATION

Several areas concerning the normal physiological effects of androgens in women warrant addi-
tional study. These include:

1. Determining the role of androgens and estrogens in the sexual dimorphism of brain structure and function.
Understanding the steroid-specific effects in relation to the enzymatic conversion of the sex steroids in
tissues, i.e., discerning which hormone is responsible for which effect.

3. Developing sensitive and specific assays for measurement of androgens and their metabolites in women,
as well as methods to accurately access the tissue production and intracrine action of androgens.

4. Determining the physiological contribution of androgens to body composition, muscle mass, and strength.

5. Ascertaining if androgens contribute to the development of the metabolic syndrome in hyperandrogenic
women or if the increased cardiovascular risk is a result of other factors such as hyperinsulinism.

6. Understanding the relationship of the immune system and autoimmune diseases to androgens. Although
not discussed in the text, an important aspect of sexual dimorphism is that females are much more likely to
develop autoimmune diseases than men. Further investigation is required to understand the role of physi-
ological concentrations of androgens in the normal function of the immune system and possible protection
against the development of autoimmune disorders (see ref. 71).

KEY POINTS

 DHEA, DHEAS, A4, and T are prohormones for the production of estrogens in the adrenals, ovaries, and
peripheral tissues.

e Androgens directly stimulate the pilosebaceous unit, stimulating axillary and pubic hair growth and
increasing sebum production at puberty.
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¢ Androgens influence osteoblastic and osteoclastic function in the bone.
* Androgens influence female sexual desire.
e Androgens may have a physiological role in the organizational and activational aspects of brain function.
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Androgen Measurements

Methods, Interpretation, and Limitations

Frank Z. Stanczyk

SUMMARY

Androgens are measured primarily in serum by direct and indirect (with one or two purification steps) im-
munoassay methods. Direct immunoassays are seldom thoroughly validated and often lack sensitivity and speci-
ficity. Free testosterone measurements also have their limitations, but the equilibrium dialysis assay or calculated
method using an algorithm is considered reliable. There is growing use of assays that combine mass spectrom-
etry with either gas or liquid chromatography for quantifying androgens. Liquid chromatography—tandem mass
spectrometry is touted to become the “gold standard” for all steroid hormone measurements.

Key Words: Androgens; radioimmunoassays; immunoassays; free testosterone; mass spectrometry.

1. INTRODUCTION

The initial methods used to measure steroid hormones included bioassays and different chemical
methods. These assays were restricted to quantifying conjugated steroids in urine and lacked sensi-
tivity. Subsequently, development of the radioimmunoassay (RIA) method made it possible to mea-
sure steroid hormones routinely in serum or plasma with high sensitivity (i.e., in the picogram and
low nanogram range instead of the microgram and milligram range). The first RIA method, devel-
oped in 1959 by Yallow and Berson (/,2), was for insulin. Ten years later, Abraham (3) reported the
development of the first steroid RIA, which was for estradiol (E,). The immediate impact of the RIA
method allowed measurement of an immensely wide range of compounds of clinical and biological
importance and opened new horizons in endocrinology.

The purpose of the present chapter is to discuss the RIA method developed by Abraham (3) and its
application to the measurement of other steroid hormones, including androgens, as well as its modi-
fication to less time-consuming direct immunoassays. The advantages and disadvantages of both the
conventional and direct immunoassays will be pointed out. Thereafter, assay methods used to mea-
sure free testosterone will be evaluated. In addition to immunoassay methods, use of mass spectrom-
etry assay methods for quantifying androgens will be discussed, as well as the potential for these
assays to become the gold standard for steroid hormone measurements. Finally, advantages and dis-
advantages of biological fluids, specifically serum, plasma, urine, and saliva, will be compared.

2. BACKGROUND

2.1. Radioimmunoassay Method

The general principle of the RIA method, using E, as an example, involves competition between
E, and radioactive E,—both in excess—for a limited amount of antibody against E, (Fig. 1). The
antibody-bound radioactive fraction is separated from the unbound radioactive fraction and used to
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Fig. 1. General principle of the radioimmunoassay (RIA) method, using estradiol (E,) as an example. The
method involves competition between E, and radioactive E, (*H-E,), both in excess, for a limited amount of
antibody against E, (E,Ab) Antibody-bound and unbound fractions are separated, and the bound fraction is
used for quantification.
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Fig. 2. The radioactivity in the antibody-bound fraction is quantified for different estradiol (E,) concentra-
tions in preparing the E, standard curve. The E, concentration in a sample is determined from the corresponding
radioactive antibody-bound E, fraction extrapolated off the standard curve.

prepare an E, standard curve and quantify E, in a sample. The E, concentration in a sample is deter-
mined from the corresponding radioactive antibody-bound E,, extrapolated off the E, standard curve
(Fig. 2).

From a practical standpoint, the procedure for the E, RIA described by Abraham (3,4) involved
purification of E, in serum samples by organic solvent extraction and chromatography prior to its
quantification by RIA. The purification step was necessary because E, is converted to many different
unconjugated and conjugated (sulfates and glucuronides) metabolites that may potentially interfere
with the specificity of the assay.

Quantification of E, involved preparation of different concentrations of the E, standard for the
standard curve and was followed by addition of tritiated E, and E, antibody to the standards and
purified E, from the samples. After an incubation period, antibody-bound E, was separated from
unbound E,. The bound radioactive fraction was counted and was used to extrapolate the E, concen-
tration off the standard curve. The E, RIA developed by Abraham was shown to be sensitive, spe-
cific, accurate, and precise.
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Subsequently, the extraction/chromatographic RIA method described for E, was applied success-
fully to many other steroid hormones. This methodology has remained essentially the same to the
present time, except for use of an iodinated instead of tritiated marker, which has increased assay
sensitivity.

Advantages of RIA methods with purification steps, which will be referred to as conventional
RIAs, include the following: (a) steroid binding proteins, such as sex hormone-binding globulin
(SHBQ), are denatured by the organic solvent in the extraction step, thereby releasing steroids such
as testosterone and E,; (b) metabolites are removed prior to quantification of the steroid by RIA; (c)
relatively large serum aliquots can be used for the assay, allowing the analyte to be “read” on a
more accurate part of the standard curve; (d) multiple steroid hormones can be measured in the
same sample aliquot after separation of the steroids by column chromatography; and (e) the assay is
highly reliable when properly validated.

Steroid RIA methods with purification steps have been used in numerous studies that have enriched
the field of endocrinology with new knowledge, and their use in diagnostic testing has provided physi-
cians with valuable information for diagnosing and treating countless number of patients. However,
the conventional steroid RIA also has disadvantages. It is cumbersome, time-consuming, and rela-
tively costly. It usually takes 2 days to measure a single steroid hormone in about 40 samples.

2.2. Direct Immunoassays

In the late 1970s, direct RIA methods were developed to quantify steroid hormones (5). They
differed from the conventional RIA methods, primarily by not including any purification steps. Sub-
sequently, the radioactive label used for RIAs was replaced with a chemiluminescent, fluorescent, or
enzymatic label to allow immunoassay to be carried out in an automated analyzer. This allowed for a
tremendously increased throughput of samples to be analyzed in clinical laboratories. Direct steroid
immunoassays are convenient, simple, rapid, and relatively inexpensive. In contrast to conventional
immunoassays, it takes only several hours to quantify a steroid hormone in about 40 samples. Direct
steroid immunoassays also have the following major disadvantages: (a) steroid measurements are
often overestimated due to lack of specificity of the antibody; (b) matrix differences between the
serum sample and solutions of the standard (for standard curve) may exist; (c) testosterone and E,
may not be released efficiently from SHBG; and (d) they generally lack the sensitivity to measure
low levels of steroids efficiently.

The disadvantages just described for direct steroid hormone immunoassays are evident in one of
our studies evaluating direct E, and testosterone immunoassay kits (6). In the study, we evaluated
eight commercial direct E, immunoassay kits, which were used to perform assays either on an ana-
lyzer or manually. Three of the kits were for RIAs, three were for enzyme immunoassays, and two
were for chemiluminescent immunoassays. A ninth kit, which required a purification (organic sol-
vent extraction) step prior to RIA, was also evaluated. The resulting E, values obtained with all of the
kits were compared to those obtained with our conventional E, RIA. Forty female samples containing
low, medium, and high levels of E, were analyzed. We determined intraclass correlation coefficients
and validity, which reflects assay accuracy, for low, high, and all E, measurements obtained with the
different kits. Overall, the RIA with the preceding purification step performed the best. All of the
direct assays had either poor correlations and/or failed validity (Table 1).

In the study just described, we also evaluated four different direct testosterone immunoassays kits
and used our conventional testosterone RIA as the standard for comparison. Three of the kits were for
RIAs, and one was for chemiluminescent immunoassay. Testosterone was analyzed in 10 premeno-
pausal, 10 postmenopausal, and 10 male samples. The results showed that the assays performed
generally well for the male samples, but gave either poor intraclass correlations and/or failed validity
for the female samples (Table 2).

On the basis of the results from our study, we concluded the following: (a) wide differences were
observed in the levels of each hormone measured with kits from different manufacturers; (b) the E,
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Table 1
Intraclass Correlation Coefficients and Validity for Low, High,
and All Estradiol (E,) Measurements in Female Serum

Assay method? E, <183 pmol/L E, >183 pmol/L All data
EX-RIA 0.61 0.98 0.99
RIA 1 0.54 0.63* 0.81%
RIA 2 0.41 0.09 0.38
RIA 3 0.74 0.16 0.38
EIA 1 0.73 0.22%* 0.53%*
EIA 2 -0.15% 0.86%* 0.94*
EIA 3 0.27 0.59 0.82
CIA 1 0.54 0.46* 0.74*
CIA2 0.27%* 0.83%* 0.92%*

“The measurements were carried out with an E, radioimmunoassay kit requiring a prior purification
step (EX-RIA) and eight different direct E, immunoassay kits that included radioactive (RIA), chemilu-
minescent (CIA), or enzyme (EIA) markers. Comparisons were made to E, values determined by con-
ventional RIA.

*p < 0.05 (failed test for validity).

Table 2
Intraclass Correlation Coefficients and Validity for Testosterone Measurements
in Premenopausal, Postmenopausal, and Male Serum Samples

Assay method” Premenopausal Postmenopausal Male
RIA 1 0.71* 0.88* 0.87
RIA 2 0.52* 0.64* 0.84
RIA 3 0.20 0.62 0.93*
CIA 1 0.70* 0.95* 0.98

“The measurements were carried out with four different direct testosterone immunoassay Kits that
included radioactive (RIA) or chemiluminescent (CIA) markers. Comparisons were made to testoster-
one values determined by conventional RIA.

*p < 0.05 (failed test for validity).

RIA kit that required a prior purification step gave values that were similar to our conventional E,
RIA; and (c) testosterone levels in both premenopausal and postmenopausal samples were not mea-
sured reliably.

The findings pertaining to testosterone in our study are consistent with those recently reported by
Taieb and coworkers (7), who measured serum testosterone levels in women, men, and children
using 10 different direct testosterone immunoassay kits and by isotope dilution gas chromatography—
mass spectrometry (GC-MS). Taieb and coworkers (7) concluded that the direct assays were gener-
ally acceptable for quantifying testosterone in male samples but not in samples from women or
children. In an accompanying editorial on the study by Taieb et al. (7), the editors concluded that
“guessing appears to be nearly as good as most commercially available immunoassays and clearly
superior to some” (8).

Androgen levels in premenopausal women, and to a lesser extent in postmenopausal women, are
well documented. Most of our knowledge about the androgen levels is derived from studies in which
reliable conventional RIAs have been used to quantify the androgens. However, it is important to
realize that even though direct immunoassays are generally not reliable for quantifying female test-
osterone levels, these assays can be used to measure serum levels of androgens that have relatively
higher concentrations than testosterone, e.g., dehydroepiandrosterone (DHEA), DHEA sulfate
(DHEAS), and androstenedione. The important point is that such assays should be thoroughly vali-
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dated with respect to sensitivity, precision, specificity, and accuracy in the laboratory where the assays
are being performed.

2.3. Measuring Free and Bioavailable Testosterone

In blood, testosterone is present predominantly in a protein-bound form and only a very small
portion is free. In premenopausal women, approximately 66 and 30% of total testosterone is bound to
SHBG and albumin, respectively, and the free fraction generally comprises less than 2% of the total
(9). Testosterone is bound with high affinity (K, = 1.7 x 10° M) and low capacity to SHBG, and it is
bound with low affinity (K, =1 x 10*M~" to 1 x 103 M™!) but high capacity to albumin (9,10).

For many years it was accepted that only the free fraction of testosterone in the circulation can
be taken up by tissues and that the protein-bound testosterone complex is inactive. However, some
investigators observed that the fraction of testosterone bound to albumin dissociates rapidly and is
taken up by tissues in a manner similar to that of the free steroid (//—13). Testosterone bound to the
large pool of albumin, together with the small amount of the free steroid, likely forms the circulating
pool of bioavailable (non-SHBG-bound) testosterone. This fraction of testosterone enters cells, where
it may undergo metabolism or bind to the androgen receptor and exert biological activity.

Commonly used methods for measuring free testosterone involve the addition of a small amount of
3H-testosterone to serum or plasma and, after a suitable incubation period, separation of the protein
(SHBG and albumin)-bound fractions from the free fraction of testosterone by means of a membrane
(e.g., equilibrium dialysis) or filter (e.g., centrifugal ultrafiltration). These barriers retain the protein-
bound fractions but allow free testosterone to pass through. The percentage of tritiated free testoster-
one is then calculated on the basis of the total *H-testosterone added. Recovery of free components
through a barrier is sometimes monitored using a small-labeled molecule such as '“C-glucose.

Several technical limitations exist in the assay methods used to measure free testosterone. The
equilibrium dialysis method is influenced by dilution of the serum sample. The centrifugal ultrafiltra-
tion method is subject to adsorption of testosterone to the filter. Both the dialysis and ultrafiltration
methods can be affected by impurities of tritiated testosterone not bound by SHBG or albumin; these
impurities may increase the percentage of free testosterone. Also, the use of too large an amount of
3H-testosterone in the assays may increase the concentration of total testosterone and possibly disturb
the equilibrium of endogenous testosterone. Despite its limitations, the equilibrium dialysis assay is
considered the gold standard method for quantifying free testosterone.

Two methods used to determine the percentage of bioavailable testosterone in serum include cen-
trifugal ultrafiltration with heat-treated serum and ammonium sulfate precipitation. In the centrifugal
ultrafiltration method the percentage of albumin-bound testosterone is determined after SHBG is
inactivated by heating the serum sample to 60°C for 1 hour. After the temperature of the sample
returns to 37°C, the testosterone dissociated from SHBG is reequilibrated in the serum, and the test-
osterone fraction bound to albumin can be determined by ultrafiltration. The fraction of testosterone
bound to albumin along with the free testosterone fraction determined before heating the sample
comprises the total bioavailable testosterone fraction. A much simpler method to determine
bioavailable testosterone involves addition of a small amount of 3H-testosterone to serum and, after a
suitable incubation period, precipitation of the globulins (including the SHBG-testosterone complex)
with saturated ammonium sulfate, centrifugation, counting the tritium in the supernatant, and calcu-
lating the percentage of the total 3H-testosterone that is not SHBG bound.

Technical difficulties are also encountered in the measurement of bioavailable testosterone. When
this fraction is measured by use of a barrier method after inactivation of SHBG, the same technical
problems exist as described for the measurement of free testosterone. The most frequently encoun-
tered sources of error in the ammonium sulfate precipitation assay are a result of the use of impure
tritiated testosterone, insufficient counting time of the small amount of radiolabeled testosterone, and
incomplete precipitation of globulins. The deficiencies in both assays are often the cause of poor
intraassay and interassay reproducibility.
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Using the methods just described, the concentration of free or bioavailable testosterone is usually
calculated from the percentage of free or bioavailable testosterone multiplied by the total testosterone
concentration, which is quantified separately by an immunoassay method. Free testosterone concen-
trations are sometimes measured directly in the dialysate following equilibrium dialysis. However, a
highly sensitive conventional RIA is essential to measure the very low testosterone levels.

Because the assays described above for quantifying free or bioavailable testosterone are time-
consuming and expensive, they are available in a limited number of reference laboratories. The most
widely used method for measurement of free testosterone in clinical laboratories is direct RIA. In
general, this assay uses a '>I-labeled testosterone analog that has very low affinity for SHBG and
albumin and competes with free testosterone for binding sites on an immobilized specific testoster-
one antibody. Although this approach provides a simple and rapid test for quantifying free testoster-
one, it has been pointed out that the assay method has several deficiencies; these include low antibody
affinity, major biasing effects resulting from dilution of serum samples, significant binding of the
analog to serum proteins, and lack of parallelism between measurements of serially diluted serum
samples and free testosterone (/4). For these reasons the reliability of the assay that utilizes the
analog-based free testosterone RIA kit has been questioned (75,16).

One study (/7) showed that plasma free testosterone levels in samples from normal women and
patients with polycystic ovarian syndrome were approximately three to four times higher when mea-
sured by use of a commercial analog-based RIA kit compared with measurements using the equilib-
rium dialysis method. The results obtained with the latter method were comparable to published data.
Nevertheless, good correlations between the results of the two methods were obtained. The investiga-
tors concluded that the free testosterone values measured by use of the kit had a mean bias of -76%,
thereby making comparison with published data difficult. The higher levels of free testosterone mea-
sured by direct RIA may result from the fact that the antibody in the RIA system has a greater affinity
for testosterone weakly bound to albumin than albumin does. This may allow the antibody to strip
some of the testosterone that is bound to albumin. In a subsequent study (/8) it was shown that the
direct testosterone RIA had unacceptably high systematic bias and random variability and did not
correlate well with equilibrium dialysis. In a letter to the editor by Rosner (79) about the direct free
testosterone analog RIA, he concluded: “the literature of science ought not to use a method so grossly
inaccurate when better ones exist.” In addition, Rosner (7/9) suggested that the “journal might choose
to return manuscripts that use it without further evaluation to discourage its use.”

Some laboratories and investigators have measured total testosterone and SHBG and have used the
testosterone:SHBG ratio, referred to as the free androgen index (FAI), as an estimate of free testoster-
one. The validity of the FAI as an accurate reflection of free testosterone has been questioned. In one
small study in men (15), the FAI was shown to be unreliable, based on its comparison to free testoster-
one quantified by equilibrium dialysis; the ratio of FAI to free testosterone determined by dialysis was
0.12-0.26. In another small study (20), a high correlation coefficient (0.858) was found between the
FAI and free testosterone levels determined by centrifugal ultrafiltration in serum samples from
women, whereas in male samples the correlation was only 0.435. In a more recent study (/8) in women,
a good correlation was found between FAI and equilibrium dialysis. However, the authors of that
study pointed out that the FAI can be altered by changes in either testosterone or SHBG and that using
this quotient alone can be misleading. Therefore, use of the FAI is limited.

Both free and bioavailable testosterone can also be calculated by use of an algorithm that requires
the concentrations of total testosterone, SHBG, and albumin, as well as the binding constants of
testosterone to SHBG and albumin obtained from published equations (15). Calculated free testoster-
one levels in men and women were found to be nearly identical with corresponding values measured
by equilibrium dialysis (18,21,22).

It is important to realize that when indirect methods, such as equilibrium dialysis or centrifugal
ultrafiltration, are used to determine the percentage of free testosterone, the accuracy of the total
testosterone concentration is very important. This percentage is multiplied by the total testosterone
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concentration to obtain the free testosterone concentration. Thus, direct immunoassay methods should
not be used to quantify total testosterone levels in female samples. RIAs with preceding organic
solvent extraction, and chromatography steps will provide reliable values. Similarly, if the FAI or
algorithm is used to calculate free testosterone, the accuracy of both total testosterone and SHBG
values is essential. Although the concentration of albumin is also required in the algorithm method,
an average normal albumin value can be used without any significant change in the calculated free
testosterone concentration.

Differences in SHBG concentrations obtained with different commercially available SHBG Kkits
have been reported (23). In one study (/8), an approximate twofold greater absolute value was found
using an immunoradiometric assay (IRMA) compared to RIA, and better accuracy was found with
IRMA. The IRMA method was calibrated against a dihydrotestosterone (DHT)-binding capacity
IRMA, which is considered to provide SHBG values that reflect more physiologically relevant SHBG
concentrations in blood. Thus, it seems reasonable to use SHBG assay methods that correlate well
with assay methods based on testosterone- or DHT-binding capacity.

2.4. Monitoring of DHEA and Androstenedione Supplementation

During the past several years there has been increasing use of the androgens DHEA and andros-
tenedione by men and women as supplements to enhance athletic performance, cognitive function,
mood, and/or libido. A primary reason for the increased use of these androgens is their classification
as a food instead of a drug. Before 1994, DHEA and androstenedione were available by prescription
only. However, in 1994 the Dietary Supplement Health and Education Act classified these androgens
as foods instead of drugs.

Although DHEA and androstenedione are usually sold over the counter in tablets containing 25 mg
of the steroid, their use in doses of 200 mg or higher has been advertised for enhancing athletic perfor-
mance and building muscle mass. Because DHEA and androstenedione are readily converted to
potent androgens such as testosterone and DHT, as well as to the active estrogens E, and estrone,
their long-term use at high doses may lead to adverse effects. In women, increased androgens may
lead to a hyperandrogenic state with clinical manifestations of hirsutism, acne, and/or alopecia,
whereas elevated estrogens may stimulate hormonally sensitive tissues, such as the endometrium and
breast, leading to hyperplasia and possibly cancer. Elevated androgens and/or estrogens may adversely
affect reproductive function and normal physiological body processes. Because potentially harmful
circulating levels of potent androgens and estrogens are formed when DHEA and androstenedione
are administered in high doses, it is very important that serum levels of these steroids be monitored to
ensure that they are not abnormally elevated.

2.5. Mass Spectrometry Assays

In addition to immunoassays, another major advance in assay methodology for quantifying steroid
hormones also occurred in the 1970s—GC-MS. This method combines the resolving power of GC with
the high sensitivity and specificity of the mass spectrometer. Separation of steroids by GC requires that
they be first derivatized to increase their volatility, selectivity, and detectability. The mass spectrom-
eter functions as a unique detector that provides structural information on individual solutes as they
elute from the GC column.

MS can also be combined with liquid chromatography (LC-MS), which has high resolving power
(Fig. 3). LC has the advantage of not requiring derivatization of compounds for their separation. In
recent years there has been increasing use of LC—tandem spectrometry, usually referred to as LC-
tandem MS (LC-MS/MS), for measuring steroid hormones. Tandem MS consists of two mass spec-
trometers in series connected by a chamber (collision cell). After chromatography, the sample is
processed in the first mass spectrometer to obtain the precursor ion, which is then fragmented in the
collision cell into product ions. The mass of the product ions is then determined in the detector of the
second mass spectrometer. This method has high specificity, sensitivity, and throughput.
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Fig. 3. Depiction of liquid chromatography—mass spectrometry (LC-MS). This method combines the re-
solving power of LC with the high sensitivity and specificity of the mass spectrometer (Courtesy of Nigel
Clarke, PhD).

As with immunoassay methods, MS assays also have their advantages and disadvantages. Advan-
tages of MS assays are they produce highly accurate results when properly validated, and they have
the capability of high throughput of samples. The disadvantages include costly instrumentation; need
for a highly trained technician, and the underestimation of results caused by incomplete derivatization
of compounds.

There has been considerable discussion about the standardization of steroid hormone assays, and
LC-MS/MS assays have been proposed as the new gold standard for these measurements. However,
it is a misconception that any steroid hormone quantified by a MS method gives a gold standard
result. It is important to realize that interlaboratory differences exist in MS assays because of the lack
of standardization of assay reagents and procedures as well as instrumentation. Assay conditions
must first be standardized between laboratories to achieve gold standard results.

2.6. Use of Serum/Plasma, Urine, or Saliva for Quantifying Androgens:
Advantages and Disadvantages

2.6.1. Serum or Plasma

Use of serum or plasma is, overall, convenient for the patient, clinician, and laboratory. It is also
appropriate for rapid and repeated sample analysis (e.g., dynamic testing). However, serum or plasma
collection is invasive and subject to episodic, diurnal, and cyclic variability of the hormone. In addi-
tion, it is representative only of the concentration that existed at the time of blood sampling.

2.6.2. Urine

In contrast to serum or plasma, collection of urine is noninvasive and usually represents an ap-
proximate proportion of the steroid secreted during the period of collection. Also, urine contains
metabolites in high concentrations, which does not require sensitive assays for measurement of me-
tabolites. However, urine collection has several disadvantages. It is inconvenient because a 24-hour
collection is usually recommended, requires creatinine determination to monitor completeness of
collection, may require special interpretation if renal function is altered, and contains steroids that are
predominantly in a conjugated (inactive) form.
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Prior to the development of RIA methods, androgens were measured in urine primarily by colori-
metric determination of 17-ketosteroids, which are present in conjugated form. However, urinary 17-
ketosteroids are primarily metabolites of adrenal androgen precursors, and they therefore mainly test
adrenal, not ovarian, androgen biosynthesis. Subsequently, an RIA was developed to measure uri-
nary testosterone in its glucuronidated form. However, this assay is cumbersome, time-consuming,
and not practical for routine diagnostic testing.

2.6.3. Saliva

Collection of saliva is noninvasive, simple, nonstressful, and allows collection at frequent inter-
vals. However, use of saliva for measurement of steroid hormones has some major disadvantages.
Interpretation of results may be complicated by contamination with blood and/or steroid metabolism
by salivary glands. Also, steroid levels are generally only 2-3% of corresponding levels in serum/
plasma, often requiring highly sensitive assays. In addition, assays are usually performed only by
highly specialized laboratories.

3. CONCLUSION

Conventional RIAs are highly reliable for measuring androgens. Direct immunoassays should not
be used to measure testosterone levels in women. The equilibrium dialysis assay and calculation
using an algorithm are reliable methods for determining free testosterone concentrations. LC-MS/
MS assays are considered to be the gold standard, but interlaboratory comparisons using standard-
ized reagents, instrumentation, and procedures are essential. Overall, serum or plasma samples are
more convenient for the patient, clinician, and laboratory, than are urine or saliva samples.

4. FUTURE AVENUES OF INVESTIGATION

As stated earlier, the LC-MS/MS assay method for quantifying steroid hormones in serum has the
capability of achieving not only high assay sensitivity and specificity, but also high throughput of
samples. It is thought that it will become the gold standard for steroid hormone measurements. How-
ever, before any assay can be considered a gold standard, it is first essential to standardize among
laboratories the reagents, supplies, instrumentation, and conditions used for the assay. This will re-
quire considerable effort by participating laboratories, but it is essential to avoid interlaboratory dif-
ferences in quantifying a particular analyte by LC-MS/MS.

Presently, the overall cost of instrumentation, a highly trained technician, supplies, and reagents
for measuring steroid hormones by LC-MS/MS is generally still prohibitive for small clinical labora-
tories. However, major advances in mass spectrometry instrumentation have been made in a rela-
tively short period of time in recent years. Therefore, it is not unreasonable to expect less expensive
MS instruments with lower accompanying costs that can achieve high assay sensitivity and specific-
ity to become available in the near future. This would allow smaller clinical laboratories to obtain
highly accurate measurements of steroid hormones with a high throughput of samples. In addition,
those laboratories would be able to participate in the standardization of steroid hormones assays.

KEY POINTS

¢ Well-validated RIAs that include preceding organic solvent extraction and chromatography steps are
highly reliable for measuring androgens.

¢ Direct immunoassays should not be used to quantify testosterone levels in women.

¢ Well-validated LC-MS/MS assays can give highly accurate results with high sample throughput.

e The LC-MS/MS assay method is touted as the future gold standard for steroid hormone measurements,
although this remains to be determined.

* Interlaboratory comparisons of steroid hormone measurements using LC-MS/MS are essential before this
assay method becomes the gold standard.

e The equilibrium dialysis assay and calculation method using mass action equations are both reliable for
determining free testosterone concentrations.
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Serum or plasma samples for quantifying androgens are overall more convenient for the patient, clinician,
and laboratory than urine or saliva samples.
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Androgen-Secreting Adrenal and Ovarian Neoplasms
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SUMMARY

Androgen-secreting neoplasms (ASNs) are generally associated with rapidly progressive symptoms of
hyperandrogenism, which result in various degrees of virilization. A plasma concentration of testosterone of
more than 200 ng/dL (8.7 nmol/L) (or two to three times the upper normal range) with a normal
dehydroepiandrosterone sulfate (DHEAS) level is highly suggestive of an ovarian ASN. The value of low
dexamethasone suppression test is associated with high sensitivity but limited specificity in differential diagno-
sis of hyperandrogenism. Suppression of testosterone levels by administration of a progestogen or gonadotro-
pin-releasing hormone agonist will not discriminate an ovarian ASN from hyperthecosis, but will strongly
orientate the diagnosis to the ovarian origin of androgen excess. Ovarian and adrenal venous catheterization and
sampling should be reserved for patients in whom the presence of a small ovarian tumor cannot be excluded on
imaging studies and restrictive to expert unit.

The prognosis for ovarian ASNs is generally good, although some Sertoli and granulosa cell tumors can be
aggressive and malignant, requiring surgery and chemotherapy. In postmenopausal women hysterectomy and
bilateral salpingo-oophorectomy is the preferred treatment because of the high incidence of associated endome-
trial lesions. In young women in whom fertility is an issue, a unilateral salpingo-oophorectomy must be per-
formed. In contrast, the prognosis of adrenocortical carcinoma is poor, but early surgical treatment can be
life-saving. Mitotane (o,p'-DDD) is the recommended treatment for adrenal carcinoma in patients who cannot
be cured by surgery.

Key Words: Androgen-secreting neoplasms; adrenocortical carcinoma; Sertoli-Leydig cell tumors; viril-
ization; hirsutism.

1. INTRODUCTION

In women, acne and excess hair growth are generally associated with excessive androgen produc-
tion (7). Their prevalence is estimated to be 5—15% within the female population, with a likely genetic
variability (2). Although hirsutism and acne are not considered diseases (3), the social prejudice of
pilosebaceous male pattern is a frequent reason for a medical consultation. In practical medicine,
consultation provides the opportunity to identify androgen disorders that require treatment and pre-
vention, such as the polycystic ovary syndrome (PCOS) or 21-hydroxylase-deficient nonclassic adre-
nal hyperplasia (NCAH). The clinician should not misdiagnose the rare androgen-secreting neoplasm
(ASN), which is potentially malignant and requires specific treatment. This chapter will review our
current knowledge and propose a paradigm for laboratory investigation to identify adrenal and ova-
rian ASNs.

From: Contemporary Endocrinology: Androgen Excess Disorders in Women:
Polycystic Ovary Syndrome and Other Disorders, Second Edition
Edited by: R. Azziz et al. © Humana Press Inc., Totowa, NJ
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2. BACKGROUND
2.1. Pathogenesis
2.1.1. Adrenal ASNs

The prevalence of adrenocortical carcinomas approximates two new cases per million of popula-
tion per year (see ref. 4). In about 60% of cases (5—7) adrenocortical carcinoma produces hormones
independently or in combination. The incidence of Cushing’s syndrome or symptoms of excessive
androgens is estimated to be approximately 30% and approximately 10%, respectively, and the inci-
dence of combined excessive androgen and cortisol secretion is approximately 20%.

Hormone-secreting benign adrenal adenomas are rare; equally rare are hormonally silent or hor-
mone-secreting adrenocortical carcinomas. Diffuse or nodular adrenocortical hyperplasia can be asso-
ciated with genetic deficiency of cortisol synthesis or a part of the Carney’s complex. The differentiation
from benign to malignant adrenocortical neoplasms seems to occur via a multistep process that has
been described within a tumor from one patient (8). Local recurrence or distant metastasis cannot be
predicted solely on the microscopic appearance of the tumor. However, histological classification
and tumor—node—metastasis staging (9) and Weiss criteria (/0) are currently used to suspect the
malignancy of steroid-secreting adrenal tumor. A few cases of adrenocortical tumor have been
described in patients with 21-hydroxylase deficiency (/17,12), but causality is unlikely. Indeed,
adrenocorticotropic hormone (ACTH)-induced diffuse or nodular hyperplasia is polyclonal, in con-
trast to the monoclonal identity of most adrenal adenomas and carcinomas (13,14).

2.1.2. Ovarian ASNs

Ovarian cancer is the sixth most common cancer among women. The annual incidence rates differ
according to geographic area, with a high rate in Scandinavia (15/100,000) and a low rate in Japan (3/
100,000). Ovarian cancer may derive from coelomic epithelium, stromal (e.g., granulosa) cells, and
germ cells, the latter almost always arising in children and young adults during the first decades of
life. The 2003 World Health Organization (WHO) histological classification of sex cord-stromal,
Sertoli-stromal, and steroid cell tumors is depicted in Table 1. This classification encompasses most
ASNSs that are well differentiated and benign, although some intermediate or poorly differentiated
tumors can be malignant and aggressive.

The vast majority of epithelial ovarian cancers are sporadic, whereas 5—10% are estimated to be
inherited. The breast—ovarian cancer syndrome is the most common inherited type and has been
linked to germline mutations in the BRCAI tumor-suppressor gene (/5). No heritability has been
reported for ovarian ASN. Interestingly, one study reported that a heterozygous inactivating mutation
(F591S) located in the sixth transmembrane domain of the gene encoding follicle-stimulating hor-
mone (FSH) receptor was found in 9 of 13 patients with sex cord tumors (69%) and 2 of 3 ovarian
small cell carcinomas, but not in a control population (/6). In contrast, no evidence for a role for
activating mutations or polymorphisms of FSH receptors was subsequently reported in 15 granulosa
cell tumors (17). This discrepancy suggested that the F591S mutation, which was observed in young
patients, might be a distinct subgroup of granulosa cell tumors (/7).

Significant concern has been focused on the risk of epithelial ovarian cancer after treatment of
infertility (18,19). Several cases of ovarian cancer were reported in infertile women receiving infer-
tility drugs. In one study, granulosa cell tumors were the most common ovarian tumor in infertile
women receiving clomiphene citrate and gonadotropin (20). It has been proposed that gonadotropins
might be associated with the development of ovarian tumors. One hypothesis is that after ovulation,
the mitotic activity required to repair the ovarian epithelium increases the likelihood of genetic
abnormalities, such as mutations of the p53 gene, which leads to malignant transformation (27).
However, women with increasing parity have been found to have a strong protection against epithe-
lial ovarian cancer (see ref. 22). Therefore, this “repetitious ovulatory activity” or “gonadotropins”
hypothesis in relation to ovarian carcinogenesis remains to be elucidated.
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Table 1
World Health Organization 2003 Histological Classification
Including Most Ovarian Androgen-Secreting Tumors

Sex cord stromal tumors Sertoli stromal cell tumor
Granulosa stromal cell tumors Sertoli-Leydig cell tumor group
Granulosa cell tumor group (androblastomas)
Adult granulosa cell tumor Well differentiated
Juvenile granulosa cell tumor Of intermediate differentiation
Variant with heterologous element
Thecoma-fibroma group Poorly differentiated (sarcomoid)
Thecoma, not otherwise specified Variant with heterologous element
Typical Stromal Leydig cell tumor
Luteinized Retiform
Fibroma Variant with heterologous element
Cellular fibroma Sex cord stromal tumors of mixed or
Fibrosarcoma unclassified type
Stromal tumor with minor Sex cord tumor with annular tubules
sex cord elements Gynandroblastoma (specific components)
Sclerosing stromal tumor Sex cord stromal tumor, unclassified
Signet-ring stromal tumor Steroid cell tumors
Unclassified (fibrothecoma) Stromal luteoma
Leydig cell tumor group

Hilus cell tumor

Leydig cell tumor, nonhilar type

Leydig cell tumor, not otherwise specified
Steroid cell tumor, not otherwise specified

Well differentiated

Malignant

Adapted from ref. /4a.

2.2. Diagnosis
2.2.1. History and Symptoms

Virilization is defined as the development of male secondary sex characteristics, including enlarge-
ment of the clitoris (transverse diameter >10 mm), deepening of the voice, marked growth of facial and
body hair, acne and seborrhea, and male-pattern balding. However, although hirsutism with men-
strual irregularity is generally associated with PCOS or less frequently with NCAH (23), in less than
1% isolated hirsutism may be the presenting symptom of an ASN. Therefore, this diagnosis must be
ruled out in any patient with apparently simple hirsutism (3).

There are some specific clinical expressions of ASNs, such as age of presentation, progression of
symptoms, and size of the tumor. In prepubertal females, because of their relatively large volume,
ovarian tumors are often easily palpable and can be identified by computed tomography (CT) scan-
ning and pelvic ultrasonography. Isosexual precocious puberty in girls, defined by early development
of the secondary sexual characteristics before the age of § years, with breast development and pubic
and axillary hair growth followed by menarche, has been described in both ovarian and adrenal ASNGs.
However, heterosexual precocious puberty with appearance of sexual hair not accompanied by breast
development as a result of predominant androgen effects is highly suggestive of an ASN. In adult
premenopausal women, rapidly progressive symptoms of virilization are highly suggestive of tumoral
hyperandrogenism.

Secondary amenorrhea or extreme oligomenorrhea is reported in most but not all premenopausal
patients with an ASN. These symptoms may be masked by the use of oral contraceptives, which may
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also decrease androgen secretion by the ovarian tumor. After the discontinuation of oral contraceptives,
secondary amenorrhea accompanied by a rapid virilization is therefore one possible clinical finding.

In postmenopausal women, a long history of clinical hyperandrogenism cannot exclude the pres-
ence of an ovarian ASN. In most cases facial hirsutism with frequent shaving, male-pattern baldness,
increased muscular development, and some deepening of the voice can be associated with a slowly
growing Leydig (or hilus) cell tumor. Clitoromegaly, with an enlarged phallus diameter (>10 mm), is
usual but sometimes difficult to identify. In contrast, a history of non-insulin-dependent diabetes and
of infertility, with or without irregular menstrual cycles, late menopause, abdominal obesity, and
acanthosis nigricans, is more suggestive of hyperthecosis and either PCOS or the Hyperandrogenic-
insulin resistant-acanthosis nigricans (HAIR-AN) syndrome.

Adrenal androgen-secreting adenomas have been reported in both pre and postmenopausal women
(24). Some are human chorionic gonadotropin (hCG) or gonadotropin dependent. In contrast, andro-
gen-secreting adrenocarcinomas are gonadotropin independent. They can secrete androgens exclu-
sively (25) or in association to cortisol.

Symptoms of hypercortisolism (Cushing’s syndrome) indicate an adrenal ASN in a patient with
virilization, but can be observed in rare steroid cell tumors of adrenocortical type (26). Combined
symptoms of Cushing’s syndrome and virilization are highly indicative for the diagnosis of secreting
adrenal carcinoma. Cushing’s syndrome is usually recognizable, with proximal muscle wasting, striae,
and thin skin, although the presence of central obesity, glucose intolerance, and hypertension causes
some confusion with PCOS.

2.2.2. Laboratory Investigation
2.2.2.1. BASAL MEASUREMENT OF ANDROGENS

Screening for ASNs is generally achieved by the measurement of basal testosterone and
dehydroepiandrosterone sulfate (DHEAS) plasma concentrations. In most ovarian ASNs, testoster-
one level is more than 200 ng/dL. and DHEAS is within the normal range for age. Unfortunately,
these cutoff values cannot guarantee the diagnosis in all cases (27,28). Indeed, 20% of ovarian ASNs
have total testosterone levels of below 150 ng/dL (15), although conversely testosterone levels greater
than 150 ng/dL are extremely uncommon in patients with PCOS, the most common cause of
hyperandrogenism in premenopausal women (23). Moreover, while a normal DHEAS level is unlikely
to be associated with an adrenal ASN (29), a high DHEAS level can be observed in premenopausal
patients with functional hyperandrogenism (30) and in a few ovarian steroid cell (lipid cell) or Ser-
toli-Leydig cell tumors (31,32).

The basal androgen levels in one premenopausal and five postmenopausal patients presenting
with virilization are depicted in Table 2 (37). This limited experience and review of the literature
suggests the following:

1. Small ovarian tumors can demonstrate episodic secretion of androgens; therefore, repeated androgen mea-
surements for diagnosis may be required, notably in postmenopausal women presenting symptoms of
virilization.

2. Postmenopausal women have the highest incidence of ovarian ASNs. In normal postmenopausal women,
the plasma concentrations of androgens are considerably lower than in normal premenopausal women,
and therefore androgen concentrations must be interpreted accordingly (31).

3. Circulating levels of precursors of testosterone, A*-androstenedione, and 170-hydroxyprogesterone (17-
OHP), as well as estradiol should be measured, because some ovarian secreting tumors may predomi-
nantly secrete testosterone precursors or estradiol, being either androgenic, estrogenic, or even both.

4. The 17-OHP concentrations were increased in all patients in our study, with the exception of one woman,
who presented with a Leydig (hilar) cell tumor (patient 2, Table 2). An increased 17-OHP plasma concen-
tration may also be suggestive of 21-hydroxylase deficiency, and therefore an ACTH test should be per-
formed. On rare occasions, 21-hydroxylase deficiency has been reported in patients with Leydig cell or
lipid ovarian tumor (/1,12,33). We found one patient with virilization and hyperthecosis (patient 5, Table 2)
who had a 17-OHP concentration as high as 6289 ng/dL 60 minutes after intravenous ACTH. The diagnosis of
homozygous 21-hydroxylase-deficient NCAH was confirmed subsequently by genetic molecular analysis.
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Table 2

Basal Plasma Concentrations of Testosterone (T), A4d-Androstenedione (A4),
170-Hydroxyprogesterone (17-OHP), and Dehydroepiandrosterone Sulfate
(DHEAS) in Six Women Presenting Symptoms of Virilization

Age T A4 17-OHP DHEAS
Case (yr) (ng/dL) (ng/dL) (ng/dL) (ug/dL) Final diagnosis
1 77 7064 3407 3504 88 Granulosa cell tumor
2 66 3104 4204 53 202 Leydig (hilar) cell tumor
3 68 3004 2154 1574 202 Bilateral hyperthecosis
4 62 2344 2334 3504 90 Bilateral hyperthecosis
5 62 2354 1324 5344 39 Bilateral hyperthecosis

+ 21-hydroxylase

deficiency (nonclassic)

Range for normal,

Postmenopausal 16-32 31-75 12-103 35-210

6

24 6554 5124 6637 273 Sertoli-Leydig cell tumor

Range for normal,
premenopausal 12-43 45-230 16-85 60-295

“Higher than normal range for age.

2.2.2.2. GONADOTROPIN LEVELS

Gonadotropin measurements are not required for the screening of patients with virilization. They

are usually within the normal range, whether pre- or postmenopausal (37). To date, no evidence of
gonadotropin suppression by the excess androgens of functioning ASNs has been reported.

2.2.2.3. SUPPRESSION TESTS OF ANDROGEN SECRETION

Several suppression tests have been proposed for the evaluation of patients with suspected ASNs:

1.

Dexamethasone-suppression test: This is the classic method for diagnosing adrenal ASNs. It has been
claimed that an adrenal ASN is unlikely if the DHEAS level is within the normal range after dexametha-
sone administration (29). The value of a 48-hour low-dose (2 mg) dexamethasone-suppression test has
been evaluated in the differential diagnosis of hyperandrogenism in 211 hyperandrogenic women (34).
Testosterone suppression (>40% reduction or normalization) was associated with 100% sensitivity and
88% specificity in distinguishing patients with ovarian and adrenal ASNs from patients with nontumorous
hyperandrogenism.

Gonadotropin-suppression test: This test can be achieved by the administration of a progestogen or long-
acting gonadotropin-releasing hormone agonist (GnRHa). Progestogens can suppress androgens in pa-
tients with virilizing ovarian tumors, an effect probably mediated through gonadotropin suppression.
GnRHa administration has also been reported to decrease plasma gonadotropin and androgen levels in
patients with hyperthecosis or Leydig cell ovarian tumors. However, androgen suppression by a GnRHa will
not discriminate hyperthecosis from ovarian secreting tumors, as shown in Table 3, although it will serve
to indicate that the ovaries are the source of the excessive androgen secretion in a virilized patient (31).
These findings would need further investigation. Indeed, ovarian ASNs which are poorly differentiated or
have luteinizing hormone receptor mutations may have androgen secretion independent of gonadotropins.

2.2.2.4. NONSTEROID MARKERS OF OVARIAN SECRETING TUMORS

hCG-producing ovarian tumors are of the germ cell type and do not secrete androgens, although

some may be associated with minor symptoms of hyperandrogenism and slightly increased androgen
levels.
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Table 3

Total Testosterone (T), Androstenedione (A4,) and 170-Hydroxyprogesterone (17-OHP)
Levels in Five Women With Ovarian Androgen-Secreting Tumors, at Baseline,

After Administration of a Long-Acting Gonadotropin-Releasing Hormone

Agonist (GnRHa),” and Following Surgery

T (ng/dL) A4 (ng/dL) 17-OHP (ng/dL)

Basal GnRHa  Postsurg Basal GnRHa  Postsurg Basal GnRHa  Postsurg

1 706 3 3 340 16 5 350 18 10
2 310 5 7 420 23 31 53 19 77
3 300 24 19 215 94 77 157 ND ND
4 234 26 36 233 98 189 103 92 49
5 655 13 15 512 86 50 430 112 16

“D-Trp-6-GnRH, 3.75 mg im, monthly.
ND, not determined.

a-Fetoprotein (AFP) is generally expressed by germ cell ovarian tumors containing yolk sac ele-
ments. It has been reported that some Sertoli-Leydig cell tumors also express AFP, with
immunostaining within Leydig and/or Sertoli cells or within heterologous elements (hepatoid cells)
(35). Of well-documented AFP-secreting Sertoli-Leydig cell tumors, 20-30% have a malignant prog-
nosis. Thus, the measurement of AFP may be useful in detecting recurrence and/or metastasis in
these cases.

Inhibin serum concentration was found to be high in three postmenopausal women with granulosa
cell tumors. Furthermore, among 209 patients, inhibin was high in 92% of the mucinous, 17% of
clear-cell, 15% of undifferentiated, and 19% of all the other ovarian carcinomas (36). The measure-
ment of serum inhibin levels is a useful diagnostic aid when monitoring for recurrence following
surgery. The assays are applicable for postmenopausal women, when inhibin is physiologically low,
and when studies are underway to assess its use in premenopausal women (37).

The anti-Miillerian hormone (AMH) serum concentration, also known as miillerian-inhibiting sub-
stance was found to be very high in one patient with an ovarian sex cord tumor with annular tubules.
The serum concentration of AMH correlated with the recurrence and/or the metastasis of the tumor
throughout the patient’s evolution (38). AMH has been shown to be a specific marker of Sertoli and
granulosa cell origin in ovarian tumors (39). A highly sensitive AMH assay has been proposed for the
monitoring of patients with granulosa cell tumor (40).

2.2.3. Imaging Techniques

Adrenocortical tumors can be visualized by various radiological techniques, although ultrasound
can only delineate an adrenal mass larger than 2 cm in diameter. Because of the adipose tissue that
surrounds them, the adrenal glands are easily visible by CT scan, which can detect adrenal nodules
smaller than 5 mm (4). Magnetic resonance imaging (MRI) can provide additional information
regarding the invasion of an adrenocortical carcinoma into blood vessels. However, it remains to
be further documented whether MRI can distinguish between malignant tumors and nonfunctioning
adenomas by comparing the ratio of the signal intensity of each type of adrenal mass to that of liver.

Androgen-secreting ovarian neoplasms can be visualized by transabdominal pelvic ultrasonogra-
phy when tumor size is larger than 6—8 cm in diameter, although differentiation from normal ovarian
structure is inaccurate. Transvaginal ultrasonography is able to detect neoplasms 1-3 cm in size and
allows reproducible measurement of the ovaries, and thus it is more useful than pelvic ultrasonogra-
phy in locating ovarian tumors. However, because stromal hyperthecosis mimics an ASN
sonographically, caution is advisable. CT scanning has limited value in the diagnosis of ovarian
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ASNs. In contrast, iodomethyl-norcholesterol scanning has been found to be useful in identifying
ovarian tumors larger than 2 cm in size (26).

2.2.4. Selective Venous Catheterization

Selective venous catheterization is an invasive technique that is not easy to perform and that carries
a risk of intracorporeal hemorrhage and thrombosis. Its accuracy is operator-dependent and varies
greatly according to the anatomical variability of the venous system (41). However, in skillful hands,
ovarian and adrenal vein catheterization is helpful in the preoperative assessment of virilized women to
locate the source of excessive androgen production in patients suspected of having an ASN (27,32,41).

2.2.5. Exploratory Laparotomy

Exploratory laparotomy is an invasive method of diagnosing ovarian ASNs, during which tumors
can be located by elementary palpation. However, because ASNs can be associated with the develop-
ment of typical polycystic-like ovaries (42), direct ultrasonography of both ovaries during laparo-
tomy will help identify the tumor (37). Alternatively intraoperative measurement of testosterone in
serum samples taken from each ovarian vein has also been useful in identifying small Leydig cell
tumors (43).

An ovarian ASN should be treated by ovariectomy. In addition, hysterectomy in postmenopausal
women may be indicated when an endometrial lesion (e.g., endometrial hyperplasia/carcinoma) is
suspected (44). In our experience, three of four postmenopausal patients with an ASN or hyperthecosis
had associated endometrial pathology, with subclinical adrenocarcinoma in one case (37).

3. CONCLUSIONS/SYNOPSIS

Androgen-secreting neoplasms are generally associated with distinct clinical features and presen-
tations, and are associated with rapidly progressive symptoms of hyperandrogenism that generally
result in various degrees of virilization. The patient’s history and clinical presentation are strong
predictors for ASNs. A plasma concentration of testosterone greater than 200 ng/dL (8.7 nmol/L) (or
two to three times the upper normal range) with a normal DHEAS level is highly suggestive of an
ovarian ASN. A combined increased testosterone of greater than 200 ng/dL (8.7 nmol/L) with an
elevated DHEAS level of more than 600 pug/dL (16.3 umol/L) is highly suggestive of an adrenal
ASN. Suppression and stimulation testing has a high degree of sensitivity, albeit low specificity, for
the diagnosis of ASNs and is generally of limited value in the diagnosis of these neoplasms. Ovarian
and adrenal venous catheterization and sampling should be reserved for patients in whom the pres-
ence of a small ovarian tumor cannot be excluded on imaging studies and restrictive to expert unit.
The prognosis of ovarian ASNs is generally good, although some Sertoli and granulosa cell tumors
can be aggressive and malignant, requiring surgery and chemotherapy. Alternatively, the prognosis
of adrenocortical ASNs, namely carcinomas, is poor, although early surgical treatment can be life-
saving.

4. FUTURE AVENUES OF INVESTIGATION

Our understanding of the pathogenesis of ASNs has undergone major advances during the past
decade. The identification of molecular defects in the hereditary syndrome responsible for adreno-
cortical tumors has guided the search for a candidate gene mutation in sporadic tumors (46,47). Much
remains to be done to identify relevant molecular alteration that will open new avenues for treatment.

Human ovarian ASNSs are a potential model for studying theca cell steroidogenesis. From an autono-
mous Sertoli-Leydig cell tumor, a human ovarian theca-like cell culture model has been developed,
found to be appropriate for the study of the molecular mechanisms regulating steroidogenesis (48). A
pluripotential model for human adrenocortical studies has been developed, the NCI-H295R cell line
(49), which is widely used for understanding the mechanism(s) of multidrug resistance of steroid-
secreting adrenocortical carcinoma and adrenocortical physiology in general (50).
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[ Testosterone |
|
T <200 ng/dl T >200 ng/d|
DHEAS ACTH test

—{ DHEAS > 600 ug/dl 4[ 170HP > 1000 ng/d ]

| |

Adrenal androgen Non classic adrenal

secreting tumor hyperplasia

—{ DHEAS>600ug/dl | —{ 170HP <1000 ng/di |

Ovarian androgen PCOS
secreting tumor

or hyperthecosis

Fig. 1. Scheme of the laboratory investigation for identifying adrenal or ovarian androgen-secreting neoplasms

in hirsute patients. T, testosterone;17-OHP, 17a-hydroxyprogesterone; DHEAS, dehydroepiandrosterone sulfate;
ACTH, adrenocorticotropic hormone.

KEY POINTS

Regardless of age of presentation, ASNs are generally associated with rapidly progressive symptoms of
hyperandrogenism, which result in various degrees of virilization; secondary amenorrhea is common in
premenopausal women.

A plasma testosterone concentration of more than 200 ng/dL (or two to three times the upper normal
range) with a normal DHEAS level is highly suggestive of an ovarian ASN. Combined increased testoster-
one greater than 200 ng/dL (8.7 nmol/L) with DHEAS greater than 600 pg/dL (16.3 umol/L) is highly
suggestive of an adrenal ASN (see Fig. 1).

The value of the low dexamethasone suppression test in differential diagnosis of hyperandrogenism is
associated with high sensitivity but limited specificity. Suppression of testosterone levels by administra-
tion of a progestagen or GnRHa will not distinguish an ovarian ASN from hyperthecosis, but will strongly
orientate the diagnosis to the ovarian origin of tumoral testosterone level. Ovarian and adrenal venous
catheterization and sampling should be reserved for patients in whom the presence of a small ovarian
tumor cannot be excluded on imaging studies and restrictive to expert unit.

The prognosis of adrenocortical carcinoma is poor, although surgical treatment can be life-saving. Mitotane
(o,p'-DDD) is the only adrenal-specific agent available for treatment of adrenal carcinoma in patients who
cannot be cured by surgery (45).

In postmenopausal women suspected of having an ovarian ASN, an abdominal hysterectomy and bilateral
salpingo-oophorectomy is the preferred treatment because of the high incidence of associated endometrial
lesions. In young women in whom fertility is an issue, only a unilateral salpingo-oophorectomy need be
performed.

Ovarian ASNs generally have a good prognosis, although some Sertoli and granulosa cell tumors can be
aggressive, with malignant tumors requiring appropriate surgery and chemotherapy.
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Cushing’s Syndrome, Acromegaly, and Androgen Excess

Anne-Céline Reyss and Didier Dewailly

SUMMARY

In textbooks, hirsutism is often mentioned as a classical cutaneous manifestation of Cushing’s syndrome and
acromegaly. However, in our experience, hirsutism is seldom the presenting symptom that leads to the diagnosis
of these two diseases. In fact, the prevalence of Cushing’s syndrome and acromegaly in large series of patient
presenting with hirsutism is very low, ranging from 0.2 to 3% and 0 to 0.003%, respectively. However, these life-
threatening diseases should not go undiagnosed. Therefore, they need to be excluded in any hyperandrogenic
woman by clinical evaluation and, when necessary, by appropriate work-up.

Key Words: Hirsutism; androgen; Cushing’s syndrome; acromegaly.

1. INTRODUCTION

In many textbooks of endocrinology, hirsutism is often mentioned as a classical cutaneous mani-
festation of Cushing’s syndrome (CS) and acromegaly. However, in our experience, hirsutism is
seldom the symptom leading to the diagnosis of these two diseases.

2. BACKGROUND
2.1. Cushing’s Syndrome and Androgen Excess

Cushing’s syndrome is a generic term that refers to the clinical state resulting from prolonged and
inappropriate exposure to cortisol excess. Symptoms associated with hypercortisolism include cen-
tral obesity, facial plethora, hypertension, thin skin, bruising, purplish skin striae, lethargy, and proxi-
mal muscle wasting. In women, hirsutism, acne, and menstrual irregularities can be associated with these
symptoms.

2.1.1. Etiology and Epidemiology

To begin with, it must be remembered that the most common cause of the Cushing phenotype is
the use of exogenous glucocorticoids. This being excluded, the etiology of endogenous CS can be
divided into two groups: (1) adrenocorticotropic hormone (ACTH)-dependent, resulting from an
increased pituitary or ectopic secretion of ACTH, and (2) ACTH-independent, resulting from an
autonomous cortisol hypersecretion by the adrenals. ACTH-dependent CS accounts for 85% of
noniatrogenic cases; in 80% of these cases, the cause is autonomous pituitary ACTH secretion by a
corticotroph adenoma, and the disorder is referred to as Cushing’s disease (/).

The incidence of endogenous CS is about two to four new cases per million persons annually, with a
female-to-male ratio of 9:1 (2). The estimated incidence of Cushing’s disease is 2.4 per million persons
per year (3). In different large series of patients presenting with hirsutism, the prevalence of Cushing’s
syndrome and Cushing’s disease ranged from 0.2 to 3% and 0 to 1%, respectively (Table 1) (4-8).

From: Contemporary Endocrinology: Androgen Excess Disorders in Women:
Polycystic Ovary Syndrome and Other Disorders, Second Edition
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Table 1
Prevalence of Cushing’s Syndrome in Five Studies of Hyperandrogenic Women

Cushing’s syndrome

No. of patients (%) Ref.
1000 0.2 4
350 0.3 5
100 1 6
120 0.4 7
150 2.1 8
Table 2

Frequency of Hirsutism and Menstrual Disorders in Five Series of Adults
and Two of Children with Cushing’s Syndrome

Hirsutism Menstrual disorders

No. of patients (%) (%) Ref.
33 73 86 9
100 74 35 10
50 84 72 11
31 64 69 12
70 81 84 13
59 78 78 14
12 58 20 15

2.1.2. Frequency of Hirsutism in Patients With Cushing’s Syndrome

Hirsutism is commonly present in CS, ranging from 58 to 84% of patients. The frequency of
menstrual irregularity is similar (Table 2) (9—15). Therefore, when the two symptoms exist, the
patient’s presentation can mimic polycystic ovary syndrome (PCOS) with obesity. In fact, CS seldom
presents with hirsutism alone, but sometimes hirsutism may be the complaint that takes the patient to
the doctor.

2.1.3. Differentiating Cushing’s Syndrome From Other Hyperandrogenic States

In most cases, hirsutism associated with CS is mild. It must be differentiated from the excessive
hair growth induced by glucocorticoid excess, which differs from hirsutism by involving different
parts of the body, such as the forehead, forearms, or lower legs. This is termed hypertrichosis, and
such hair is typically relatively fine (vellus) (16).

Hyperandrogenism is present in most ACTH-dependent CS (Cushing’s disease or ectopic ACTH
secretion) because ACTH stimulates adrenal androgen (/7). In some cases these patients may errone-
ously be considered as having a “standard” PCOS with metabolic syndrome. Indeed, menstrual ir-
regularities (e.g., oligomenorrhea) and oligo-ovulation or anovulation are often associated with
hyperandrogenism in CS, presumably because of coexisting PCOS, as suggested by Kaltsas et al.,
who found that 6 of their 13 patients with CS had an ovarian morphology suggestive of polycystic
ovaries on pelvic ultrasound (/8). As in congenital adrenal hyperplasia (see Chapter 8), this is prob-
ably a morphological reaction to high-circulating adrenal androgen levels.

Even though they are very rare, adrenal carcinomas should be excluded in any woman who devel-
ops hirsutism or virilization (male-pattern baldness, clitoromegaly and deepening of voice) in a short
time period, particularly if they are accompanied by features of CS (see Chapter 6). In this situation,
amenorrhea is frequent, secondary to functional hypogonadism hypogonadotropic because of the
very high androgen levels (79).

Finally, prepubertal girls with CS may present with heterosexual precocious puberty (20).
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2.1.4. Diagnosis

When CS is suspected on clinical grounds, 24-hour urine-free cortisol (UFC) measure or an over-
night low-dose (1 mg) dexamethasone suppression test should be performed. Collection of urine for
estimation of cortisol is a noninvasive procedure and is widely used as a screening test for the diag-
nosis of Cushing’s disease (2). The 24-hour UFC measurement provides a good estimate of the inte-
grated 24-hour cortisol secretion. The upper normal range in most assays is between 220 and 330
nmol/24 hours (80-120 pg/24 hours). The 24-hour UFC measurement was shown to have a diagnos-
tic sensitivity of about 100%, and assuming complete collection has been performed, there are virtu-
ally no false-negative results. On the other hand, false-positive results are more common because a
raised 24-hour UFC level has been documented in some circumstances such as depression, chronic
active alcoholism, and glucocorticoid resistance (2).

The overnight 1-mg dexamethasone suppression test is also a simple screening procedure for
hypercorticism. It consists of oral administration of 1 mg of dexamethasone at 2400 hours and mea-
surement of plasma cortisol at 0800 hours in the next morning sample. The 0800-hour value must be
less than 5 ug/100 mL to exclude a CS (2). The false-negative rate is less than 3%, but the incidence
of false-positives is high—about 20-30%, similar to that of the 24-hour UFC.

2.2. Acromegaly and Androgen Excess

Acromegaly is a chronic multisystemic disease with a prevalence of about 30-40 cases per million
persons (21). It is most often associated with anterior pituitary tumor. Hirsutism and menstrual ir-
regularity are commonly associated with symptoms of acromegaly in women.

2.2.1. Epidemiology

In a prospective study including 350 patients presenting with hirsutism or androgenic alopecia,
only one case of acromegaly was found (5). In other studies describing patients with clinical hirsut-
ism, no case of acromegaly was reported (4,6-8).

The frequency of hisutism in acromegaly varies from 0% (22) to 50% (23). In a recent study (24),
hirsutism was noted in 26 of 47 acromegalic women (55.5%). Other symptoms suggestive of andro-
gen excess were less frequent, such as acne (17%) and male pattern alopecia (6.4%). Of 47 women
with acromegaly, only 19% presented with normal menstrual patterns.

Amenorrhea or oligomenorrhea has been reported as the principal symptom at presentation of
some patients with acromegaly (25,26). However, it should not be viewed as a sign of
hyperandrogenism. In the majority of cases, it is owing to a complete or partial gonadotropin defi-
ciency with hypoestrogenism, accompanying large tumors with or without hyperprolactinemia.

However, other patients may present with a PCOS-like picture, including hyperandrogenism, men-
strual irregularity, increased free androgen levels, luteinizing hormone (LH) hyperesponsiveness to
gonadotropin-releasing hormone (GnRH) stimulation, and insulin resistance (24). Whether these patients
truly have PCOS is unclear.

2.2.2. Association of Acromegaly and PCOS: Pathophysiological Hypothesis

Kaltsas et al. observed that many acromegalic women had a low sex hormone-binding globulin
(SHBGQG) level, in inverse relationship to growth hormone (GH) levels (24). This may be explained by
a negative effect on SHBG synthesis by the hepatocytes, either directly by GH or indirectly by insu-
lin-like growth factor (IGF)-1, or through the hyperinsulinism induced by the GH excess (24). Indeed,
acromegaly is well-known to be associated with insulin resistance, glucose intolerance (29— 45% cases),
and diabetes (10-20%) because of GH oversecretion (27). As in other such situations (see Chapter
24), hyperinsulinism may stimulate ovarian testosterone secretion through insulin and/or IGF-1
receptors in the presence of LH (28), thus inducing ovarian functional hyperandrogenism.

GH on its own might also be involved in the pathophysiology of PCOS, as suggested by many
studies. GH receptors have been characterized in human ovaries, especially on granulosa cells, and
are physiologically operant (29,30). In 10 women with PCOS, the somatostatin analog octreotide



88 Reyss and Dewailly

(100 ng twice daily) given subcutaneously for 7 days induced a significant decrease of serum test-
osterone, androgen, and estradiol levels (/). However, mechanisms other than the inhibition in GH
secretion by octreotide might be argued. The authors have observed a significant decrease in the
basal level, peak amplitude, and LH response to GnRH. Furthermore, by lowering insulin secretion,
octreotide may have an additional suppressive effect on androgen secretion.

Lastly, the presence of IGF-1 receptors has been documented in human ovaries, especially in
theca-interstitial cells. In cultured rat theca cells, IGF-1 potentiates the LH-induced androgen synthe-
sis in a dose-dependent manner (32). Such an effect can be hypothesized to be present in acromegaly,
where IGF-1 serum levels are frankly elevated.

2.2.3. Diagnosis

The biochemical evaluation of patients with suspected acromegaly includes the measurement of
both basal serum GH and IGF-1 levels as well as the measurement of GH during an oral glucose test
tolerance test (OGTT). A single GH sample has low specificity and sensitivity. For the evaluation of
GH secretion, multiple samples during both day and nighttime must be measured. There is some con-
sensus that a mean integrated 24-hour GH level below 2.5 ug/L excludes active acromegaly (33). For
OGTT testing, after an overnight fast, blood samples are taken at baseline and at 30, 60, 90, and 120
minutes after 75 g of glucose orally administered. The nadir GH level should be less thanl ug/L (34).

The IGF-1 level is invariably high in acromegaly, although the cut-off value depends on the age
and gender of the patient (35).

3. CONCLUSIONS AND FUTURE AVENUES OF INVESTIGATION

PCOS associated with CS or acromegaly is rare, but represents a unique occasion to study the
relationship between PCOS and adrenal androgens or the GH-IGF system, respectively. More atten-
tion should be paid in the future to the investigation of such patients, as well as to their follow-up, in
order to verify that PCOS subsides with the treatment of the disease with which it is associated.

KEY POINTS

e Hirsutism is seldom the presenting symptom that leads to the diagnosis of CS and acromegaly. However,
these life-threatening diseases should not be missed.

e Symptoms associated with hypercortisolism include central obesity, facial plethora, hypertension, thin
skin, bruising, purplish skin striae, lethargy, and proximal muscle wasting.

* Inmild cases of CS, the patient’s presentation can mimic PCOS. Ovarian morphology suggestive of poly-
cystic ovaries can be found on pelvic ultrasound.

*  When CS is suspected on clinical grounds, a 24-hour urine free cortisol measurement or an overnight low-
dose (1 mg) dexamethasone suppression test should be performed.

e Patients with acromegaly may present with a PCOS-like picture, with hyperandrogenism, menstrual ir-
regularity, increased free androgen levels, LH hyperresponsiveness to GnRH stimulation, and insulin re-
sistance.

* For optimal evaluation of GH secretion, multiple samples during the day and nightime must be measured.
There is some consensus that a mean integrated 24-hour GH level below 2.5 ug/L excludes active acrome-

galy.
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The Nonclassic Adrenal Hyperplasias

Didier Dewailly and Ricardo Azziz

SUMMARY

Nonclassic adrenal hyperplasia (NCAH) resulting from 11p-hydroxylase or 33-hydroxysteroid dehydroge-
nase is very rare and may not even exist in women presenting with hyperandrogenism in adulthood. Conse-
quently, screening for these disorders in hyperandrogenic patients is not generally necessary. Alternatively,
21-hydroxylase (21-OH)-deficient NCAH has been increasingly recognized in adolescent or adult
hyperandrogenic patients. It is now widely accepted that neither clinical presentation nor androgen plasma
levels can be used for the screening or diagnosis of 21-OH-deficient NCAH in hyperandrogenic women, espe-
cially those presenting with a polycystic ovary syndrome (PCOS)-like phenotype. Therefore, the measurement
of a follicular morning level of serum 17a-hydroxyprogesterone (17-OHP) should be included in the initial
investigation of all hyperandrogenic women, including those with premature pubarche. A basal screening level
of 17-OHP of more than 2—4 ng/mL mandates an acute adrenocorticotropic hormone (ACTH) stimulation test
to confirm the diagnosis. A post-ACTH stimulation 17-OHP level of 10-12 ng/mL is consistent with the diag-
nosis of NCAH. The diagnosis of 21-OH-deficient NCAH has important implications for preconception coun-
seling and potentially for the prevention of adrenal insufficiency during illness or surgery.

Key Words: Adrenal; adrenal hyperplasia; hyperandrogenism;17-hydroxyprogesterone; ACTH test; andro-
gens; androgen excess; polycystic ovary syndrome; 21-hydroxylase; 33-hydroxysteroid dehydrogenase; 11[3-
hydroxylase.

1. INTRODUCTION

Since its initial description by Jayle et al. (), adrenal enzymatic deficiencies causing
hyperandrogenic symptoms some time after birth have been called postpubertal, attenuated, mild,
acquired, or late-onset adrenal hyperplasia. However, the term nonclassic adrenal hyperplasia
(NCAH) is currently preferred, in contrast to the classic forms of congenital adrenal hyperplasia
(CAH), in which clinical features are apparent at or immediately after birth. Presumably, the variabil-
ity of the clinical and biological phenotypes is less linked to genetic polymorphism than to yet poorly
documented extra-adrenal factors that may alter the clinical expression of the disease. Although
deficiencies in 11fB-hydroxylase (11-OH) and 33-hydroxysteroid dehydrogenase (33-HSD) may result
in the disorder, defects in 21-hydroxylase (21-OH) account for more than 95% of patients with NCAH
and probably all NCAH observed in adult women. In fact, 21-OH-deficient NCAH is one of the most
common homozygous recessive disorders, affecting one of every 1000-2000 individuals (2). In view
of this, we will primarily review 21-OH-deficient NCAH, although we will also briefly summarize
our scant knowledge regarding 11-OH- and 33-HSD-deficient NCAH.

From: Contemporary Endocrinology: Androgen Excess Disorders in Women:
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2. BACKGROUND
2.1. 3B-HSD-Deficient NCAH

NCAH resulting from 3f3-HSD deficiency has been purportedly diagnosed in 1-15% of children
with premature pubarche (3,4) and a variable frequency of females with hirsutism and menstrual
disorders with pubertal or postpubertal onset (5-7). In these early studies, patients were presumed to
suffer from 3B-HSD-deficient NCAH if they demonstrated a pregnenolone (PREG), 17-hydroxy-
pregnenolone (17-HPREG), dehydroepiandrosterone (DHEA), and/or androstenediol (ADIOL) peak
value, or a PREG:P4, 17-HPREG:17-HP, DHEA:A4, or ADIOL.:testosterone ratio above the 90th or
95th percentile of normal during acute adrenocorticotropic hormone (ACTH)-(1-24) stimulation test-
ing (5,7-9). However, when compared to those used for diagnosing 21-OH-deficient NCAH (see
Subsection 2.3.4.3.), these criteria appear to be exceedingly lax, particularly since it is well docu-
mented that the adrenal cortex is overactive in a significant proportion of individuals with polycystic
ovary syndrome (PCOS) (10).

Only the study of individuals with a confirmed mutation of the 33-HSD gene can yield an accurate
assessment of the endocrinological features and diagnostic criteria of the disorder. Two types of 3p3-
HSD genes, type I and II, have been reported (HSD3B1 and HSD3B2, respectively). Although both
encode for gonadal enzymes, the HSD3B1 primarily determines extra-adrenal enzymatic activity and
the HSD3B?2 encodes for the intra-adrenal 38-HSD protein. Consequently, 33-HSD-deficiency CAH
(and presumably NCAH) results from mutations of HSD3B2. However, several studies of hirsute
females and children with premature pubarche presumed to have 33-HSD-deficient NCAH by the
previously published hormonal criteria have been unable to confirm the diagnosis upon molecular
analysis of HSD3B2 (11-14). In fact, Pang and colleagues have nicely demonstrated that the majority
of patients with an exaggerated 17-HPREG response to ACTH stimulation primarily suffer from
PCOS (15).

To date, patients with molecularly proven defects of HSD3B2 (and no mutation of HSD3B1) have
had stimulated 17-HPREG values that were at least 20-50 standard deviations greater than age-
matched controls (i.e., in adult women >90 ng/mL), and all have presented in childhood (/4). Exclud-
ing children diagnosed at birth or those with ambiguous genitalia, these studies suggested that
3B-HSD-deficient NCAH could be present in children with premature pubarche when the 17-HPREG
level was 95.8 ng/mL or more (294 nmol/L), 54 standard deviations (SD) or more above Tanner II
pubic hair stage-matched control mean level; and in adults when the 17-HPREG levels were greater
than 94.2 ng/mL (289 nmol/L), equivalent to or greater than21 SD above the normal mean level (/4).

Consequently, the number of patients with true, genetically verifiable, 3B-HSD-deficient
NCAH appears to be extremely small, if at all. In a prospective study of 86 consecutive patients
with either hirsutism and/or hyperandrogenic oligomenorrhea, none demonstrated an ACTH-stimu-
lated 17-HPREG value greater than threefold the upper normal limit (~15 ng/mL), nowhere close to
the values found in patients with genetically confirmed type II 33-HSD gene defects (8). In fact, as
yet no patient with genetically proven 33-HSD-deficient NCAH presenting in adulthood has been
observed. In view of the limited number of patients with genetically confirmed 33-HSD-deficient
NCAH diagnosed to date, it is difficult, if not impossible, to make any kind of accurate statement
regarding their clinical features, pathophysiology, or diagnostic scheme at this time.

2.2. 11B-Hydroxylase-Deficient NCAH

Investigators have suggested that some hyperandrogenic women suffer from 11-OH-deficient
NCAH (16-19). However, it should be stressed that the same diagnostic uncertainties noted for 3f-
HSD-deficient NCAH are found in the study of 11-OH (i.e., P450c11)-deficient NCAH. P450c11 is
encoded by CYPI1BI, a gene located on chromosome 8q21-22 in tandem with the CYPI1B2 gene,
which encodes for aldosterone synthase (20). Deficiency of 11-OH results from mutations in
CYP11Bl1, and patients with both alleles encoding inactive enzymes have 11-OH-deficient CAH.
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To confirm the diagnosis of 11-OH-deficient NCAH and potentially develop diagnostic criteria,
we genotyped five patients with presumed 11-OH-deficient NCAH (217). Three were children (two
females and one male) who presented with advanced bone age, accelerated growth, acne, and preco-
cious adrenarche. Two of these were found to have mutations of both CYP11B]1 alleles, defects that
affected enzymatic expression in vitro. One of these two individuals had an 11-deoxycortisol level
after ACTH stimulation of 41 ng/mL (upper normal limit of controls was <8 ng/mL), the other had a
urinary tetrahydro-11-deoxycortisol level of 1690 pug/24 hours (upper normal limit of controls was
less than 50 pg/24 hours). No mutations of the coding regions or intron/exon boundaries of the
CYP11BI genes in the third child could be detected. In addition, we studied two adult hyperandrogenic
women with presumed 11-OH-deficient NCAH, neither of which had mutations of their CYPIIBI
genes (21). These last two patients had ACTH-stimulated 11-deoxycortisol levels of 22 and 24 ng/
mL and were the only women with 11-deoxycortisol values threefold greater than the normal limit
discovered during a study of 260 consecutive hyperandrogenic patients (19).

In conclusion, 11-OH-deficient NCAH is an extremely rare cause of adult hyperandrogenism, if it
exists at all. Patients with 11-OH-deficient NCAH appear to have 11-deoxycortisol values (either
after ACTH stimulation or as urinary metabolite) that are at least fivefold the upper normal limit,
although the number of patients studied is insufficient to arrive at any firm conclusion.

2.3. 21-Hydroxylase-Deficient NCAH
2.3.1. Pathophysiology of 21-OH-Deficient NCAH

The pathophysiology of 21-OH-deficient NCAH must be considered from both a genetic and an
endocrinological perspective.

2.3.1.1. GENETIC PATHOPHYSIOLOGY OF 21-OH-DEFICIENT NCAH

Cytochrome P450c21 is responsible for adrenal 21-OH activity, catalyzing the conversion of 17-
hydroxyprogesterone (17-OHP) to 11-deoxycortisol, and progesterone (P4) to deoxycorticosterone
(20). The gene encoding for P450c21 (CYP21) exists in tandem with a pseudogene (CYP21P). Each
gene has 10 exons and 9 introns, although CYP21P has 88 mutations that render it nontranscribable.
These genes are located in tandem with the human leukocyte antigen (HLA) locus on chromosome 6
next to the gene for the fourth component of complement (C4) and a gene for the extracellular matrix
protein called tenascin-x (X) (22). The genes for CYP21, C4, and X are all duplicated, such that there
are C4A and C4B, CYP21 and CYP21P, and XA and XB pairs. Both C4 genes are actively tran-
scribed, whereas CYP21P and XA are inactive.

To date, approx 100 different CYP2I mutations have been reported (23-317), mostly point muta-
tions, alhough small deletions and complete gene deletions and small insertions have also been de-
scribed. Approximately 17 mutations account for about 95% of all of affected alleles (Table 1). The
majority are primarily derived from the intergenic recombination of DNA sequences between the
CYP21 gene and the highly homologous CYP2IP (a process termed gene conversion), while the
remaining are spontaneous mutations. Occasionally, patients may demonstrate multiple mutations of
their CYP21 alleles.

Initially CAH and NCAH were not thought to share genetic defects because the severity of the
disorders is so different. However, with the genotyping of increasing numbers of affected patients it
has become clear that most individuals with NCAH and CAH are “compound heterozygotes” carry-
ing different genetic mutations on each CYP2] allele (Fig. 1). In fact, approximately two-thirds of
NCAH patients are compound heterozygotes (/0), carrying a gene defect encoding for a mutation
resulting in severe defects in P450c21 function (<2% wild-type activity) on one allele, whereas the
other carries a mutation that determines a mild defect in the enzyme (i.e., 20-50% of wild-type
activity) (Table 1).



Table 1

Common Mutations of CYP21 Resulting in 21-Hydroxylase (21-OH)-Deficient
Nonclassic Adrenal Hyperplasia (NCAH) and Salt-Wasting (SW-CAH)

and Simple Virilizing (SV-CAH) Classic Adrenal Hyperplasia

Location on % of wild-type Clinical presentation
Mutation CYP21 21-OH activity if homozygous
Mild“
Pro30Leu Exon 1 30-60 NCAH
Val281Leu Exon 7 50 NCAH
Arg339His Exon 8 20-50 NCAH
Argd441Trp Exon 10 ? NCAH
Pro453-Ser Exon 10 20-50 NCAH
Severe
30 kb deletion Entire gene 0 SW-CAH
8 b deletion (nt 7-7-714) Exon 3 0 SW-CAH
Ile172Asn Exon 4 3-7 SV-CAH
1236N, V237G, M239L
(mutation cluster) Exon 6 0 SW-CAH
Gly291Ser Exon 7 0 SW-CAH
T insertion, codon 306
(nt 1757) Exon 7 0 SW-CAH
Gly318Stop Exon 8 0 SW-CAH
Arg356Trp Exon 8 2 SV-CAH, SW-CAH
Trp405Stop Exon 9 0 SW-CAH
GG483C Exon 10 0 SW-CAH
Arg484Pro Exon 10 0 SW-CAH
Variable®”
nt 656A > G Intron 2 0-5 NCAH, SW-CAH, SV-
CAH

“Refers to the severity of the defective enzymatic activity of P45021 determined by the mutation.

bThe variations in phenotype with Intron 2 mutations are thought to be caused by the variable region around
nucleotide 656, which affects the splicing of the intron, although the exact mechanism has yet to be elucidated.
(Adapted from refs. 22-31.)

NCAH NCAH
Homozygous Compound Heterozygote
|
d/b d/b

| Carrier for 'mild' defect | lj [ Carrier for 'severe’ defect |

Fig. 1. Allelic variants in 21-hydroxylase-deficient nonclassic adrenal hyperplasia (NCAH). ‘Mild’ and
‘severe’ refer to the severity of the defect in the enzymatic activity P45021 determined by defects of CYP21
that, when present in homozygous form, result in NCAH and CAH, respectively.
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2.3.1.2. ENDOCRINE PAaTHOPHYSIOLOGY OF 21-OH-DEriciENT NCAH

Patients with NCAH are both hyperandrogenic (primarily with an excessive production of andro-
stenedione [A4]) and hyperprogestogenic (i.e., elevated 17-OHP and P4), although the mechanisms
underlying the excess hormonal secretion in these patients are complex and varied (32). Most fre-
quently, the signs and symptoms of NCAH generally begin peripubertally. The physiological alter-
ations of adrenocortical steroidogenesis occurring at this time (increased 17,20-lyase and decreased
3B-HSD activities), which result in the increased output of adrenal androgens known as adrenarche,
serve to exaggerate the tendency of patients with NCAH to develop adrenal hyperandrogenism.

Mechanisms underlying the excess androgen and progestogen production in NCAH include alter-
ations in adrenal enzymatic dynamics as well as ovarian hyperandrogenism. Alternatively, although
extra-adrenal 21-OH activity, mediated by non-P450c21 enzymes (33), is observed in humans, its role
in the phenotypic presentation of women with defects of P450c21 function remains unclear (34).

2.3.1.3. AbprReNAL DysrunctioN IN NCAH

Classically, adrenal hyperplasia and the associated androgen and progesterone excess have been
proposed to arise as the result of chronic ACTH oversecretion resulting from an incipient defect in
the secretion of cortisol. However, and in contrast to CAH (35-38), the mutations producing 21-OH-
deficient NCAH do not generally impair cortisol production. Thus, the majority of NCAH patients do
not demonstrate either overt cortisol insufficiency or ACTH hypersecretion, whether basally or after
acute corticotropin-releasing hormone (CRH) stimulation (38—41). Essentially, NCAH is essentially
a hyperandrogenic disorder, without overt abnormality in the glucocorticoid and mineralocorticoid
pathways. Although an overt abnormality of the hypothalamic—pituitary—adrenal axis is not obvious
in NCAH, some patients may have a subtle degree of cortisol deficiency and/or ACTH hypersecre-
tion. For example, adrenocortical adenomas or hyperplasia can be detected radiographically in up to
40% of patients with NCAH (42,43), suggesting that in these patients a state of chronic ACTH hyper-
secretion may be present. Furthermore, a sluggish cortisol response to prolonged ACTH stimulation
has been found in some patients (44). Thus, subtle oversecretion of ACTH may be a factor in the
androgen excess and hyperprogesteronemia of some patients with NCAH.

Another mechanism underlying the excess 17-OHP and P4 secretion of NCAH is the intrinsic
change in P450c21 kinetics. As we previously demonstrated mathematically (32), the diminished
kinetic efficiency of P450c21 is sufficient to cause an increase in the amount of precursor hormone
present within the adrenal cortex without requiring an increase in its production rate (i.e., without
requiring increased ACTH-stimulated production of 17-HPREG). The increased concentration of
17-OHP enables P450c21 to produce a relatively normal amount of product (i.e., 11-deoxycortsol
and cortisol), effectively compensating for its diminished function. This effect, together with the fact
that the A* 17,20-lyase pathway activity in humans is minimally active (45,46), serves to explain the
extremely high 17-OHP and P4 levels found in NCAH patients in the absence of obvious ACTH
oversecretion. In fact, this may explain why some patients continue to demonstrate a chronic exag-
geration in P4 and 17-HP levels despite adequate glucocorticoid replacement doses (47).

Nonetheless, how the highly exaggerated 17-OHP production results in an exaggerated produc-
tion of A4 despite the limited A* 17,20-lyase activity observed in humans remains unclear. Possible
mechanisms include (a) intra-adrenal levels of 17-OHP that are sufficient to produce increased
amounts of A4 despite the decreased A* 17,20-lyase activity, (b) increased conversion of 17-OHP to
A4 by extra-adrenal enzymes, and (c) a concomitant accumulation of 17-HPREG, resulting in in-
creased DHEA and subsequently A4 production. In fact, the viability of this latter mechanism is
supported by our findings that the adrenal response to ACTH was generally exaggerated in patients
with 21-OH-deficient NCAH, including elevated levels of 17-HPREG (48).
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2.3.1.4. OvariaN DysrunctioN IN NCAH

Androgen excess in NCAH may also result from associated ovarian hyperandrogenism. Many
NCAH patients have polycystic-appearing ovaries (49) and mild luteinizing hormone (LH) hyperse-
cretion (50). Furthermore, gonadotropin-releasing hormone analog suppression results in a reduction
in the circulating hyperandrogenemia in these patients (57). Thus, women with NCAH may present
with PCOS-like features, which may aggravate their hyperandrogenism, and needs to be considered
in formulating their treatment plans.

2.3.2. Phenotypic Aspects of NCAH: Clinical and Biological Features
2.3.2.1. IN CHILDREN

Before the age of 7-8 years, NCAH may mimic idiopathic premature pubarche or, more rarely,
a virilizing ovarian or adrenal tumor, especially when there are symptoms of precocious pseudo-
puberty, such as accelerated height velocity and clitoromegaly. Initially, the prevalence of NCAH as
a cause of premature pubarche was debated, suggested to involve 0% to more than 20% of these
patients, mainly because of differences in diagnostic criteria. More recently it has been estimated that
6—8% of children with premature pubarche suffer from NCAH (52), such that screening for this
disorder is justified in these children. Recently, NCAH has been detected in newborns undergoing
routine screening for 21-OH deficiency. Mild-to-moderate elevations in 17-OHP serum levels were
observed in infants who had no symptoms other than mild clitoromegaly in some affected girls (53).

2.3.2.2. IN ADOLESCENT AND ADULT WOMEN

NCAH is encountered with relatively high frequency (1-10%) among adolescent and adult pa-
tients with hyperandrogenism. This incidence may vary from one geographic area to another, as
reported for classical 21-OH deficiency, because of ethnic and racial clusters (54-56). It appears
lowest among Anglo-Saxon individuals, intermediate among Mediterranean or Latin populations
(arising in Portugal, Spain, Italy, France, and Greece), and highest among Ashkenazi Jews and some
Middle Eastern populations. Additional populational studies are needed to clearly establish the eth-
nic and racial variations in prevalence.

Numerous studies have demonstrated that adolescent or adult women with NCAH are seldom
more virilized than women with ovarian causes of hyperandrogenism and that no symptom of
hyperandrogenism is specific to NCAH. Furthermore, NCAH may also be detected in individuals
presenting with only mild symptoms, such as women with eumenorrhea and acne (57). Therefore, the
clinical presentation cannot be used for the diagnosis of NCAH. Clitoromegaly, male habitus, and
temporal baldness are infrequent findings, unless the patient suffers from undiagnosed simple viriliz-
ing CAH. Recent data from a multicenter study including 220 patients suggested that NCAH is a
progressive disorder, with the prevalence of hirsutism increased with the patient’s age (58).

In addition, it has been reported that NCAH is sometimes detected in women having no symptom
of hyperandrogenism, generally either by chance or through family studies, and that they have the
same biochemical profile as symptomatic patients with NCAH. This asymptomatic form of the disor-
der was termed cryptic NCAH (59). However, not all of these patients are actually asymptomatic
when investigated more closely (e.g., not complaining of hirsutism when present does not constitute
an absence of symptoms) (59), and further longitudinal studies of these individuals are needed.

2.3.3. Relationship Between Genotype and Phenotype

In CAH, relatively good correlation exists between the genotype (i.e., the defects in CYP21I) and
the phenotype, although this holds true mainly for homozygotes. As noted previously, approximately
75% of NCAH patients are compound heterozygotes, carrying a mild and a severe mutation (30).
When compared to individuals with the mild/severe genotype, patients with the mild/mild genotype
had lower rates of hirsutism, oligomenorrhea, and acne (Fig. 2). Also, they tended to have lower
serum 17-OHP levels, basally and in response to ACTH(1-24) stimulation, although the differences
did not achieve statistical significance (30). These results generally agree with those of a prior study
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Fig. 2. Serum 17-hydroxyprogesterone (17-OHP in ng/dL) is shown for basal (0 min) and adrenocorticotro-
pic hormone (ACTH)-stimulated (60 min) values in groups 1 and 2. The y-axis is log scale. The shaded boxes
represent 25-75%. Crossbars within the boxes indicate the median; the open circles are data points that lie
outside the 5-95%. Group 1 carries a mild/severe CYP21 genotype, and group 2 a mild/mild genotype. (From
ref. 30.)

in which the distinction between homozygotes and compound heterozygotes was based on HLA
linkage associations (60). Alternatively, other investigators reported that the phenotype in NCAH
could not be accurately predicted from the genotype alone (61).

The weak relationship between genotype and phenotype of NCAH indicates that the genetic defects
of CYP21 alone do not fully explain the variability in the clinical and biological expression of NCAH
and that other genetic and/or acquired abnormalities may play a role. For example, the frequency of
metabolic derangement in NCAH, potentially playing a role in the phenotypic expression of the
disorder, is still poorly understood. However, one study noted a reduction in insulin sensitivity in
these patients, possibly attributed to their hyperandrogenemia (62). More recently, the homeostasis
model assessment was used to assess insulin sensitivity in 18 patients with NCAH and 26 healthy
weight-matched control women (63). The results suggested diminished insulin sensitivity in the
former, in whom, interestingly, the fasting insulin serum level correlated significantly and positively
with the circulating levels of 17-OHP. It is therefore possible that the clinical expression of
hyperandrogenism in some NCAH women might be amplified or triggered by the presence of concur-
rent hyperinsulinism, possibly secondary to insulin resistance, as noted in PCOS.

2.3.4. Diagnosis
2.3.4.1. SCREENING WITH A BasaL 17-OHP LEVEL

It is possible to effectively screen for NCAH using a basal 17-OHP measurement. However, in
NCAH the elevation in basal plasma 17-OHP levels is much less than in CAH. Therefore, several
diagnostic pitfalls must be avoided. First, blood sampling preferably should be performed early in
the morning, as this will minimize the false-negative results that may occur following the circadian
decrease in 17-OHP levels paralleling those of cortisol and ACTH (Fig. 3). Second, patients must be
investigated in the early follicular phase, which will avoid the false-positive results as a result of 17-OHP



98 Dewailly and Azziz

2501
2004
150-
100 =
= 504 -
£ 24
2 224 o
3 201 °
2 184 §
2 16 N
144 8
o
T 124 :
(1]
@ 104 o
m 8 8 8
61 : ’
4 ° 8
gy [J— Pu— .
G o
0700-1000 1600-1800
Time of day (h)

Fig. 3. The basal 17-hydroxyprogesterone (17-HP) level was determined in 20 patients with 21-hydroxy-
lase-deficient nonclassic adrenal hyperplasia (NCAH) in the morning (7-10 am) and in the afternoon (4-5:30
pM). All 20 samples obtained in the morning had 17-HP levels of more than 2 ng/mL, and 18 of 20 had levels of
greater than 3 or greater than 4 ng/mL. Of samples obtained in the afternoon, 19, 18, and 17 had levels of more
than 2, more than 3, and more than 4 ng/mL, respectively (dashed horizontal lines). (From ref. 64.)
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Fig. 4. The variability of the basal 17-hydroxyprogesterone (17-HP) level with the menstrual cycle was deter-
mined in eight healthy control women. Blood was sampled every other day throughout the cycle, with an average
of 13.4 samples per subject. Considering the first day of menstrual flow as day 1 of the menstrual cycle, 56
samples were obtained in the follicular phase of the menstrual cycle (i.e., cycle days 1-14) and 51 in the luteal
phase (i.e., cycle days 16-30). Of the samples obtained on or before cycle day 14, none demonstrated a 17-HP
level of at least 2 ng/mL. Of those obtained on or after cycle day 16, 24, 9, and 2 samples had 17-HP levels of
more than 2, more than 3, and more than 4 ng/mL, respectively (dashed horizontal lines). (From ref. 64.)
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production by the corpus luteum (Fig. 4). Third, patients with NCAH should obviously not be pre-
treated with corticosteroids before screening. Fourth, one should keep in mind that ovarian
hyperandrogenism, such as in PCOS, is also associated with mild elevation in 17-OHP (65).

In a study including 284 consecutive patients with hyperandrogenism (64), a follicular unsuppressed
morning 17-OHP level >4 ng/mL (12.0 nmol/L) had maximum specificity (100%) and good sensitiv-
ity (90%) and a positive predictive value (PPV) of 40% for the diagnosis of NCAH. However, if not all
subjects can be studied in the early morning, we prefer to use a cutoff value of 2 ng/mL, which has a
lower PPV (18.8%) but a virtually a 100% sensitivity regardless of the time of the day obtained (64).
A basal 17-OHP level of less than 2 ng/mL (6.0 nmol/L) effectively rules out NCAH (66).

In our experience, and that of others, false-positive results (i.e., elevated levels) may be observed
in patients with androgen-secreting tumors (67; R. Azziz, unpublished observation; D. Dewailly,
unpublished observation). The risk of a false-negative is more worrisome. Up to 10% of NCAH
patients may demonstrate basal 17-OHP levels that overlap with those of controls (64). Striving to
sample patients in the early morning hours, benefiting from the peak in adrenocortical secretion can
minimize this rate of false-negatives. The use of plasma 21-deoxycortisol (21-DOF) has been pro-
posed as a more specific marker for NCAH (68). This steroid is secreted exclusively by the adrenals
because it arises from the 11-hydroxylation of 17-OHP. However, the limited availability of the 21-
DOF assay has restricted its use to the detection of heterozygotes, whose post-ACTH 17-OHP level
often overlaps control values. Overall, a follicular phase morning level of basal 17-OHP should be
included in the first screening investigation of all hyperandrogenic women, including those with
premature pubarche (69).

2.3.4.2. CIRCULATING ANDROGEN PLASMA LEVELS

Circulating androgen levels are not generally helpful for the diagnosis of NCAH. Individual val-
ues of plasma testosterone, A4, or dehydroepiandrosterone sulfate completely overlap with those of
non-NCAH hyperandrogenic patients (70). Recently, the diagnostic value of serum 11p-
hydroxyandrostenedione and A’-androstenediol was found to be no better for detecting NCAH (71).
Consequently, androgen levels are not of value in screening for NCAH patients.

2.3.4.3. ACTH StiMULATION TEST FOR THE DiagNosis oF NCAH

For many investigators the ACTH test is mandatory to ascertain the diagnosis of NCAH. How-
ever, there is no evidence that its sensitivity in detecting 21-OH deficiency is higher than the use of a
basal 17-OHP determination, providing the above-mentioned caveats are understood. Alternatively,
the acute response to ACTH stimulation remains the standard for clinically diagnosing patients with
NCAH. Therefore, the ACTH test should not be used routinely to screen patients, but should be used
primarily when the morning follicular unsuppressed 17-OHP levels exceed at least 2 ng/mL (6 nmol/
L) to confirm the diagnosis (64).

From the study of NCAH patients whose disorder has been genetically confirmed, either through
family studies or via molecular analysis, it is clear that the diagnosis of NCAH should be considered
in those patients in whom the poststimulation 17-OHP level exceeds 10-12 ng/mL (30-36 nmol/L).
Individuals whose stimulated 17-OHP exceeds the upper normal limit (usually 3—4 ng/mL) but do
reach this threshold often include heterozygotes for CYP21 mutations (72) or patients with functional
ovarian and/or adrenal hyperandrogenism (65). Sometimes a heterozygote will demonstrate a post-
stimulation 17-OHP level as high as 15 ng/mL (72), but only rarely do their basal 17-OHP levels
exceed 2 ng/mL, at least in our experience (73).

2.3.5. Potential Complications of NCAH

2.3.5.1. ADRENAL INSUFFICIENCY

In contrast to CAH patients, the majority of NCAH patients do not generally demonstrate cortisol
insufficiency; normal cortisol and ACTH levels at baseline and following CRH stimulation are usu-
ally observed (38—41). However, a deficient cortisol response following prolonged ACTH stimula-
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tion (72 hours) has been reported in one study (44), suggesting that some patients with NCAH may
demonstrate relative hypoadrenalism in the face of prolonged stress (e.g., illness, surgery, trauma).
Therefore, it is advisable that patients with NCAH carry medical alert bracelets denoting the fact that
they may require supplemental glucocorticoids in the event of an accident or severe illness.

2.3.5.2. ADRENAL HYPERPLASIA AND ADENOMAS

The incidence of adrenal hyperplasia and adrenal adenomas in NCAH is unclear. In small series,
estimated retrospectively, it appears that 40-50% of these women will demonstrate radiological evi-
dence of adrenal abnormalities 45% (42,43). If it is assumed that adrenal size is a good cumulative
index of ACTH secretion, the mildness and low frequency of hyperplasia emphasizes the relative
normalcy of the hypothalamic—pituitary—adrenal axis in NCAH. Because adrenal adenomas are a
frequent finding in NCAH, the finding of an adrenal incidentaloma should prompt the search for this
disorder. Alternatively, the finding of an adenoma in a patient with NCAH mandates caution before
proceeding to surgical intervention, and expectant management with regular radiological follow-up is
recommended.

2.3.5.3. DEVELOPMENT OF PCOS-LIKE FEATURES

The occurrence of PCOS-like features in NCAH has been mentioned in several studies, but its
exact prevalence is disputed, mainly because there is no consensual definition of PCOS. As an
example, our previously reported rate was 36% using hormonal data (49), whereas it is now 53%
using sonographic criteria for PCOS (i.e., increased ovarian area >5.5 cm?) and 47% by combining
this criterion with either abnormal menstrual cycles or elevated LH levels (74). Conversely, the preva-
lence of a pattern of inappropriate secretion of gonadotropins (i.e., exaggerated ratio of LH to fol-
licle-stimulating hormone) was less frequent among our patients (49) than in other reports (50).

Such an association between NCAH and PCOS-like features is in keeping with clinical data con-
cerning the more severe forms of 21-OH deficiency (75). Likewise, experimental data indicate that
the chronic impact of excessive extra-ovarian androgens may alter ovarian follicular maturation and
induce morphological features of PCOS, for example, in female-to-male transsexuals (76). Alterna-
tively, the excess androgens or progesterone produced by the adrenal in NCAH may act on the
hypothalamic—pituitary—ovarian axis. For example, despite good adrenal control of hyperandrogenism
by glucocorticoids in CAH women, gonadotropin abnormalities persisted, suggesting the effect of
prenatal masculinization on neuroendocrine function (77). However, this mechanism may not be
pertinent to NCAH, because hyperandrogenism appears later and is milder.

2.3.5.4. INFERTILITY

Although anovulation is the main cause of infertility in NCAH patients, hyperprogesteronemia
can also result in unfavorable cervical mucus and, more importantly, a persistently atrophic or
decidualized endometrium. In addition, it is possible that NCAH women suffer from an increased
miscarriage rate (~30%) if untreated (78), presumably because of the deleterious effect of chronically
elevated androgens on the oocytes and/or the presence of PCOS. Nevertheless, it should be remem-
bered that approximately one-half of women with NCAH do not have menstrual disturbances, and
many conceive spontaneously (79).

2.3.5.5. THE Risk oF VIRILIZED FEMALE NEWBORNS AND PRECONCEPTION TREATMENT
v WoMmeN WitH NCAH

There are two theoretical possibilities for such a risk. First, the mother’s hyperandrogenism could
virilize a female fetus. So far, such an event has not been reported in NCAH mothers, consistent with
the fact that the fetus is protected against mild to moderate endogenous maternal hyperandrogenemia
by extensive placental aromatase activity. Therefore, glucocorticoid suppression solely for this rea-
son is not required during pregnancy.
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Second, there is the possibility that a female fetus will be born with CAH. This possibility depends
on the parents’ genotype. If the NCAH-affected mother is a homozygote with two mild alleles (see
Table 1), there is no risk that her daughter will have CAH, although she may have NCAH. Alterna-
tively, if the mother is a compound heterozygote carrying one mild and one severe CYP21 allele, the
risk to the child will depend on whether the father is a heterozygote or not and, if this is the case,
whether he bears a mild or severe allele. Genetic counseling should take into account the lower
frequency of severe CYP21 mutations among Ashkenazi Jewish NCAH patients (~25%) compared to
other ethnic groups (~40%) (80). This suggests that for NCAH patients of Ashkenazi Jewish origin,
there is approximately a 12% likelihood—compared with about a 20% for non-Jews—of transmitting
a classic mutation to the offspring. About 1.7% (1 in 60) of the general population carries a classic
CYP2] mutation (2); again there is a 50% chance of transmitting this mutation. Multiplying these
probabilities, there is about a 0.1% (~1 in 1000) chance of an Ashkenazi Jewish NCAH patient hav-
ing a child affected with severe CAH and about a 0.17% (~1 in 600) chance for the non-Jewish
NCAH patient.

Theoretically, before conceiving, a patient with NCAH and her partner should be genotyped to
determine their risk for having a child with CAH, with the caveat that not all the defects resulting in
21-OH deficiency are detected in by current screening. Only in cases of paternal heterozygozity for
CAH should antepartum maternal glucocorticoid suppression be recommended, according to the
schedule that has been proposed when both parents are heterozygotes and have given birth to a first
child with CAH (81).

In a multinational multicenter database (78) we reported on the outcome of 206 pregnancies among
107 women with 21-OH-deficient NCAH. Of the 206 pregnancies, 145 occurred prior to the mother’s
diagnosis of NCAH and 61 following the diagnosis of NCAH. Among pregnancies occurring prior to
the maternal diagnosis of NCAH, 21.4% ended in a spontaneous miscarriage; alternatively, only
4.9% of pregnancies occurring after the diagnosis of NCAH was established were lost (p < 0.007). Of
the 156 live births, 2.6% of were diagnosed with classic CAH; 15.4% of children (13 females and 11
males) have been diagnosed with NCAH so far. We concluded that the risk of NCAH women giving
birth a child affected with CAH is around 2.6% (95% CI 0.7-6.4%), and for NCAH it is at least
15.4% (95% CI19.4-21.3%). These data also suggest that preconception diagnosis of women with 21-
OH-deficient NCAH appears to improve their reproductive outcome

2.3.6. Therapeutic Implications
2.3.6.1. TREATMENT OF HYPERANDROGENISM

As in CAH, the standard treatment of NCAH is glucocorticoid therapy. It aims mainly to reduce
adrenal hyperandrogenism, while the necessity for cortisol replacement is less evident. We generally
use dexamethasone (DXM), rather than less potent ACTH-inhibiting compounds such as hydrocorti-
sone or prednisone, because it can to be used once daily and maximizes compliance. Generally, very
low doses of DXM are needed (0.25 daily to every other day), and practitioners should seek to nor-
malize the morning A4 plasma levels. The fact that much of the intra-adrenal abnormalities in NCAH
may be ACTH-independent may explain why 17-OHP serum levels are frequently not completely
normalized by glucocorticoid treatment despite adequate ACTH suppression (47). Chronic glucocor-
ticoid suppression may also be recommended in those NCAH patients whose adrenals are hyperplas-
tic adenomatous on computed tomography to prevent any further growth (43).

Despite this standard, many patients with NCAH do not tolerate glucocorticoids well, as they do
not require cortisol replacement, complaining of weight gain, mood changes, and insomnia. Further-
more, glucocorticoids alone may not be sufficient to improve their hyperandrogenism, particularly if
they have developed PCOS-like features and ovarian hyperandrogenism. This appears to be more
important in NCAH women who are first diagnosed when older than 20 years (82). These patients
will benefit from the use of an oral contraceptive with or even without glucocorticoids. In NCAH
patients with hirsutism, the addition of an antiandrogen should be considered (83).
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2.3.6.2. TREATMENT OF ADRENAL INSUFFICIENCY AND ITs CONSEQUENCES

Although we have never observed a case of acute adrenal insufficiency, or symptoms of chronic
hypocortisolism, in patients with NCAH, we cannot exclude this possibility. Therefore, we caution
all patients with NCAH about the theoretical risk of adrenal insufficiency, describe the presenting
symptoms, and ask them to carry a medical alert bracelet and hydrocortisone tablets for emergency
use. So far, very few, if any, of our patients had to resort to transient hydrocortisone treatment.
Prophylactic glucocorticoid supplementation should be given to NCAH patients undergoing surgery
or during significant illnesses or trauma.

2.3.6.3. TREATMENT OF SUBFERTILITY

Glucocorticoid suppression, as described above, normalizes ovulatory function and improves fertil-
ity and pregnancy outcome in many patients with NCAH. Alternatively, particularly the older patient
with NCAH may require additional ovulation-induction agents (e.g., clomiphene citrate, menotropins)
to achieve successful ovulation (79). Because many patients with NCAH also demonstrate polycystic
ovarian morphology, the same precautions against overstimulation as is taken for the treatment of
patients with PCOS should be followed in these women. Therefore, in all women with NCAH desir-
ing pregnancy, we recommend that the ovaries be evaluated ultrasonographically. In addition, persis-
tent hyperprogesteronemia may result in persistently poor cervical mucus, overcome by the use of
intrauterine inseminations. Alternatively, a persistently atrophic or decidualized endometrium may
require a significant increase in the dose of glucocorticoids being used or even the use of a surrogate
gestational carrier.

3. CONCLUSIONS

Although NCAH is now a well-characterized genetic disorder, it is clear that it remains undiag-
nosed in many adolescent and adult women suffering from hyperandrogenism. The diagnostic accu-
racy would be improved by the greater use of a screening basal 17-OHP measurement in the initial
investigation of all hyperandrogenic women, including those with premature pubarche. The diagno-
sis of NCAH has important implications for preconception counseling and potentially for the preven-
tion of adrenal insufficiency during illness or surgery.

4. FUTURE AVENUES OF INVESTIGATION
A number of areas remain to be better understood, including:

1. How the highly exaggerated 17-OHP production results in results in an exaggerated production of A4,
despite the limited A* 17,20-lyase activity observed in humans.

2. What the prevalence of insulin resistance/hyperinsulinism in NCAH is and whether it influences the phe-
notypic variability of the disorder.

3. What the long-term outcome of NCAH patients is into the menopause and older age.

4. What the optimum therapeutic plan is and whether the age of diagnosis alters this, through the use of
prospective, randomized protocols.

5. What the actual prevalence of the disorder is, including its ethnic and racial variation, possibly through the
use of large-scale neonatal screening studies.

KEY POINTS

e NCAH resulting from 11B-hydroxylase or 3p-hydroxysteroid dehydrogenase is very rare and may not
exist in women presenting with hyperandrogenism in adulthood. Consequently, screening for these disor-
ders in hyperandrogenic patients is not necessary.

e Neither clinical presentation nor androgen plasma levels can be used for the screening or diagnosis of
NCAH in hyperandrogenic women.

e The measurement of a follicular phase morning level of serum 17-OHP should be included in the initial
investigation of all hyperandrogenic women.
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A basal screening level of 17-OHP of more than 2-4 ng/mL mandates an acute ACTH stimulation test to
confirm the diagnosis.

A post-ACTH stimulation 17-OHP level of 10-12 ng/mL is consistent with the diagnosis of NCAH.

Up to 50% of women with NCAH will develop radiologically evident adrenal hyperplasia or adenomas,
and these should be followed expectantly.

Many patients with NCAH develop PCOS-like features, including ovulatory dysfunction; in contrast, few
patients develop adrenal insufficiency.

Althoughlucocorticoids may improve clinical features in many women with NCAH, particularly if
younger, many patients also benefit from the use of ovulation induction agents, oral contraceptives or
antiandrogens as needed.

Preconception treatment with glucocorticoids in NCAH may improve reproductive outcome; and all
couples should undergo genotyping, if possible, to establish the exact risk of giving birth to a child af-
fected with classic adrenal hyperplasia.
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Pregnancy-Related Androgen Excess

Howard D. McClamrock

SUMMARY

Pregnancy-related androgen excess and virilization almost always arise from conditions occurring during
pregnancy. It is often stressful and challenging for the clinician because of the need for a timely diagnosis in
order to estimate the likelihood of virilization of an unborn female fetus. Androgen excess in pregnancy is
relatively rare; the two most common causes are gestational luteoma and hyperreactio luteinalis (theca-lutein
cysts of the ovaries). Increases in androgen production in pregnant women may cause hirsutism and virilization
of the mother and at times virilization of a female fetus. The risk to the fetus depends on a number of factors,
including the onset of increased maternal androgen production, the severity of the increase, and the condition
causing the increase. Luteoma should be suspected in women with unilateral or bilateral (47%) solid ovarian
masses, whereas Krukenberg tumor remains a possibility, especially in those with bilateral lesions. The natural
course of the luteoma is regression and disappearance of the lesion after delivery, and it appears that elevated
cord levels of testosterone and/or androstenedione are necessary for virilization of a female fetus based on a few
reported cases. Hyperreactio luteinalis should be suspected in pregnancies complicated by androgen excess
with bilateral cystic ovaries noted on exam or ultrasound. This condition does not appear to put the female fetus
at risk for virilization even in situations in which circulating maternal androgens are high. As with luteoma,
these cysts normally regress after delivery and should not require surgical therapy. Consideration should al-
ways be given to exogenous hormone therapy in pregnancies complicated by androgen excess. Unilateral solid
ovarian lesions in pregnancies complicated by androgen excess increase the risk of malignancy. Current man-
agement is mostly limited to evaluating the risk to the fetus rather than implementing intervention that may alter
the course of the pregnancy.

Key Words: Gestational hyperandrogenism; androgen excess in pregnancy; maternal/fetal masculinization
and virilization; hyperreactio luteinalis (theca-lutein cysts); luteoma pregnancy complication.

1. INTRODUCTION

Pregnancy-related androgen excess and virilization are almost always the result of conditions aris-
ing during pregnancy. Hyperandrogenism usually results in infertility through anovulation, even when
hirsutism or virilization is not clinically evident. Not surprisingly, clinically evident cases of preg-
nancy-related androgen excess are rare, making the condition interesting from a theoretical point but
also challenging and urgent from a clinical point. The clinician may be called on to estimate the
likelihood of virilization of an unborn female fetus while being faced with a lack of available knowl-
edge to aid in this estimate. Immediate biochemical corroboration is desirable to assist the clinician
in this diagnostic dilemma.

From: Contemporary Endocrinology: Androgen Excess Disorders in Women:
Polycystic Ovary Syndrome and Other Disorders, Second Edition
Edited by: R. Azziz et al. © Humana Press Inc., Totowa, NJ
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Pregnancy-related androgen excess is a rare condition. The two most common causes are gesta-
tional luteomas and hyperreactio luteinalis (theca-lutein cysts of the ovary). Increases in androgen
production in pregnant women may cause hirsutism and virilization of the mother and virilization of
a female fetus. The risk of virilization to the female fetus depends on the time of onset of the increased
maternal androgen production, the severity of the increase, and unknown factors.

This chapter will summarize the current available information regarding pregnancy-related andro-
gen disorders and provide guidelines for diagnosis and therapeutic options.

2. BACKGROUND

2.1. Androgen Environment in Normal Pregnancy

Before discussing the physiology of pregnancy-related androgen excess, it is best to first review
androgen production, transport, and metabolism in normal pregnant women. Pregnancy is associated
with an increase in the circulating serum concentrations of some but not all androgens (/-6). Total
testosterone elevations are noticeable in the first trimester of pregnancy, and further increases are
observed through term (7,2,6). Increases in testosterone can be measured in normal pregnancies as
early as 15 days after the luteinizing hormone surge, implying luteal phase ovarian production (7).
The percentage of free testosterone remains fairly constant throughout pregnancy, ranging from 0.2
to 0.8%—slightly less than the fraction that is unbound in the nonpregnant state (/,8). Normal preg-
nancy testosterone levels vary somewhat in published reports, presumably because of assay varia-
tion. However, most studies report normal levels of total testosterone ranging from 100 to 150 ng/dL
(3-6,8).

Much of the testosterone increases are thought to be a result of enhanced hepatic synthesis of sex
hormone-binding globulin (SHBG) following estrogenic stimulation in pregnancy (5,6,9—-11). In con-
trast to the total levels, the circulating levels of free testosterone are only slightly increased in the first
and second trimesters, but increase approximately twofold in the third trimester (/). Elevations in
serum SHBG concentrations do not explain the late increase in serum free testosterone concentra-
tions seen in third trimester pregnancies. Although the cause of the increased testosterone is un-
known, this rise can only be explained by an increase in testosterone production

One possibility is human chorionic gonadotropin (hCG) stimulation of the theca-interstitial cells
of the ovary leading to testosterone synthesis. However, serum hCG concentrations reach a peak at
the end of the first trimester and decline as serum free testosterone concentrations increase toward the
end of pregnancy. The corpus luteum may also be a source of testosterone production, and this has
been documented in subhuman primates (/2). A third possibility is that testosterone may come from
the maternal adrenal cortex, which would be in parallel with the increase in maternal cortisol secre-
tion seen in late pregnancy.

Circulating levels of androstenedione have also been shown to be higher in the latter part of preg-
nancy (4). Dehydroepiandrosterone sulfate (DHEAS) concentrations decrease steadily in maternal
circulation as pregnancy advances, falling to 50-30% of the levels found in nonpregnant women
despite n increase in DHEAS production, which may be of fetal origin (/17,13). The metabolic clear-
ance rate of DHEAS increases sharply in the early second trimester and is associated with the greatest
decrease in circulating levels (11,13). It has also been shown that the levels of 3a-173-androstanediol
glucuronide (3a-dio-G) are elevated in maternal serum. 30i-dio-G is a product of dihydrotestosterone
(DHT) in hair follicles of the skin, and it is unclear whether the increase in level is a result of in-
creased activity of 5a-reductase and other androgen-metabolizing enzymes or increased substrate
availability.

2.2. Gestational Protection Against Maternal and Fetal Virilization

Pregnancy is associated with clear-cut increases in total and free androgens, yet most women and
their infants are not virilized. Several mechanisms have been postulated to account for this phenom-
enon (14).
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2.2.1. Increases in Serum SHBG Concentration

As noted earlier, serum-free androgens increase relatively little and only late in pregnancy. Earlier
elevations in circulating androgen concentrations are for the most part increases in SHBG-bound
androgens, with relatively little free androgen available for action at the target tissues, especially
during the time of fetal development.

2.2.2. Competition for Androgen—Receptor Binding by Placental Progesterone

Progesterone production increases dramatically during pregnancy (approximately 10-fold) and
may approach 250 mg per day at term. Androgen receptors are thought to have a low affinity for
progesterone; nevertheless, such a massive increase in progesterone production may lead to inhibi-
tion of testosterone binding to the androgen receptor.

2.2.3. Competition for Androgen Activation in Target Tissues by Placental Progesterone

So-Reductase acts to convert testosterone to the more biologically potent DHT in target tissues.
There is a weak affinity of progesterone for the So-reductase enzyme, but excessive amounts of
progesterone may be sufficient to inhibit the conversion of testosterone to DHT.

2.2.4. Aromatization of Androgens by the Placenta

It has been demonstrated that the placenta has a massive ability to convert androgens to estrogens
(15). It is therefore likely that the placenta affords a protective mechanism to both the mother and the
female fetus from virilization by metabolizing androgens to estrogens. In one report (/6), the mater-
nal concentration of testosterone was 15,000 ng/dL, while the cord level was 252 ng/dL, or 1.7% of
the maternal level. The estradiol level in the cord serum was elevated compared to that of the mother,
suggesting that testosterone was converted to estradiol as part of a protective mechanism against the
passage of testosterone from mother to fetus. Other evidence consistent with the placental protective
mechanism hypothesis includes the observation that female infants in pregnancies where there is a
deficiency of placental aromatase are virilized (/7,18). In one such infant, cord serum levels of test-
osterone, DHT, and androstenedione were markedly elevated compared with normal infants, whereas
estrone, estradiol, and estriol concentrations were somewhat lower than expected.

The findings just discussed suggest that aromatization diminishes the exposure of the fetus to
androgens but does not fully explain the lack of fetal virilization. In the case mentioned earlier with
a cord serum testosterone concentration of 252 ng/dL, the female infant was not virilized despite
androgen levels that would normally be sufficient for virilization. There have also been reports of
pregnancies complicated by luteomas of the ovaries in which high serum DHT concentrations were
associated with normal female infants (/9-217). DHT cannot be aromatized to estrogens, which sug-
gests that female fetuses are also likely protected against virilization in normal pregnancies by some
form of decreased androgen action.

2.3. Gestational Hyperandrogenism

Most reported cases of virilization in pregnancy have been the result of ovarian pathology arising
during pregnancy, such as luteomas or hyperreactio luteinalis (gestational ovarian theca-lutein cysts),
or rarely from iatrogenic insult. The incidence of hyperandrogenism during pregnancy is even lower
than the incidence of ovarian tumors, which may be associated with this condition. The true inci-
dence is unclear because many of these tumors go unnoticed. In the case of luteoma, most reported
cases were discovered incidentally at the time of laparotomy in asymptomatic pregnant patients. A
significant number may go entirely unrecognized because most luteomas regress in the postpartum
period. Such circumstances are thought to decrease the reported incidence of luteomas.

Hyperreactio luteinalis is another condition that may be associated with pregnancy-related andro-
gen excess. Multiple pregnancies and pregnancies associated with hydatidiform mole, choriocarci-
noma, diabetes, and isoimmunization have an increased frequency of hyperreactio luteinalis. Mothers
with preexisting hirsutism such as those with polycystic ovary syndrome (PCOS) are more likely to
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have hyperreactio luteinalis as the source of their androgen excess. Trophoblastic disease is associ-
ated with 10-20% risk of gross theca-lutein cysts. As with luteoma, this estimate may be inaccurate
because it is based on cases in which tumors were demonstrated radiologically, at laparotomy, or on
examination. Hyperreactio luteinalis may also at times occur in ovaries of normal size or in ovaries
that are only slightly enlarged, and careful histological examination of ovarian tissue is necessary for
the unequivocal diagnosis.

Other neoplasms associated with hyperandrogenism in pregnancy are even less common. Sertoli—
Leydig cell tumors (arrhenoblastomas) have been reported in 18 pregnant women (22—24). The rarity
of these slow-growing tumors likely reflects the effects of hyperandrogenism and its association with
anovulation, although there have been a few cases reported in which the tumor was thought to have
been present at the time of conception. Virilization is common (69-87%) in both pregnant and non-
pregnant women (22), but the risk of malignancy in Sertoli-Leydig cell tumor cells is higher in
pregnancy than in a nonpregnant state (40-50% vs 12-22%) (22). The tumors have also been associ-
ated with substantial maternal (31%) and perinatal (50%) mortality.

Krukenberg tumors are primary tumors of the gastrointestinal tract metastatic to the ovary that in
some way activate the surrounding stroma. They are solid tumors, generally occur bilaterally (80%),
and have occurred in only a few cases in pregnancy. Most of the women had hirsutism or virilization,
and half had virilized infants.

There have been sporadic reports of other ovarian tumors associated with hyperandrogenism in
pregnancy, including Brenner, Leydig cell, granulosa cell, and Y-cell tumors; mucinous and serous
cystadenocarcinomas; and dermoid cysts. The true incidence of these tumors in pregnancy is difficult
to validate because of the small numbers. Maternal adrenal tumors (three adenomas and one adreno-
cortical carcinoma) have also been associated with virilization of female infants (25). There have
been numerous reports of Cushing’s syndrome in pregnancy, but there has been no mention of fetal mas-
culinization or virilization (26). Most of the mothers were not masculinized, and most of the pregnan-
cies did not progress to term. PCOS has been associated with maternal virilization in pregnancy,
although very few cases have been described despite the relatively common occurrence of PCOS
(27). One case reported associated fetal virilization, but the PCOS was not confirmed histologically.

Circulating androgen levels in pregnant patients with PCOS have been compared to normally
pregnant women (28). At 10-16 weeks of gestation, levels of androstenedione, testosterone, DHEAS,
and the free androgen index tended to be higher in the PCOS group. These differences became sig-
nificant when the studies were repeated at 22-28 weeks. Insulin levels 2 hours after an oral glucose
tolerance test were also significantly higher in PCOS than in normally pregnant women at 10-16 and
22-28 weeks gestation. The same group had previously demonstrated that the ovarian volumes of
PCOS patients were increased after delivery, suggesting that the ovaries were persistently stimulated
during pregnancy (29). It has been suggested that increases in insulin levels may stimulate androgen
production, but that the fetal-placental unit is functioning normally with its protection mechanism in
place. The gestational administration of progestins, androgens, and even estrogens has been associ-
ated with several cases of masculinization of female fetus (74,30,31). A virilized female fetus has
also been associated with placental aromatase deficiency (/7). A recent report describes a pregnancy
associated with severe virilization in the second trimester that ended in an uneventful delivery of a
normal male child. Maternal androgens were elevated, but fetal levels were normal and there was
normal placental aromatase activity. Ultrasound revealed no evidence of ovarian lesions. There was
dramatic resolution of both the androgen levels and the virilization postnatally. This case was thought
to be associated with ovarian androgen elevations not associated with an ovarian mass (32).

2.4. Etiologies of Gestational Hyperandrogenism
2.4.1. Luteoma

Luteoma was first described as a pathological entity by Sternberg in 1963 (33). Luteomas are
benign solid ovarian lesions (not true tumors) made up of hyperplastic masses of large lutein cells.
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They range in size from 1 to 25 cm in diameter, with most being from 6 to 10 cm. Garcia-Bunuel
reviewed 20 cases, finding 9 (45%) to be bilateral (34,35). This incidence of bilaterality is confirmed
(47%) when reviewing all the cases reported in the literature. Luteomas regress and disappear after
delivery, and many may be unnoticed because they secrete little androgen or have minimal hormonal
effects. Some subclinical luteomas are discovered incidentally at the time of cesarean section or other
surgery for unrelated reasons. There is some evidence that the incidence is increased in the African
American population (36). Increased androgen secretion (e.g., urinary 17-keto steroids) was sug-
gested by earlier reports of virilization associated with luteomas. Elevated levels of testosterone,
androstenedione, and DHT have been demonstrated in pregnant women with luteomas regardless of
the virilizing effect of the tumor (19,20,35,37,38). Maternal hirsutism or virilization has been seen in
approximately 30-35% of reported cases of pregnancy luteoma (36,37), suggesting that either serum
androgen concentrations are often not very elevated or that androgen action is blunted. Increases in
SHBG concentrations that occur normally during pregnancy may be important to decrease the amount
of free testosterone available at the tissue level. High levels of circulating androgens may not neces-
sarily imply maternal virilization. This was convincingly demonstrated in a study in which two
hyperandrogenic but nonvirilizing patients were found to have luteomas at the time of laparotomy.
Circulating testosterone levels were 2830 ng/dL in one patient and 2650 ng/dL in the other, with
normal pregnancy levels ranging from 50 to 120 ng/dL (19). Approximately 75% of female infants
born to virilized mothers with luteomas are virilized, whereas in the absence of maternal virilization,
fetuses are not virilized. Exposure of male infants to excess androgens from luteomas has not been
associated with physical signs of hyperandrogenism.

In estimating the risk of virilization to a fetus in utero, several factors merit consideration, includ-
ing the sex of the fetus, the duration of exposure to the androgens, and most importantly the state of
pregnancy in which the exposure took place (20,39). Cord serum androgen concentrations have been
measured in only a few cases of infants whose mothers had marked hyperandrogenism as a result of
luteomas in pregnancy (Table 1). Normal cord serum androgen concentrations were found in three
infants—a male and two nonvirilized females (79,40) —whereas elevated cord serum testosterone
levels were found in a virilized female infant (20) and a premature nonvirilized male (4/). Based on
these limited data, it appears that the risk of virilization of a female infant is correlated with serum
testosterone concentrations in the fetus, but not the mother. Therefore, maternal hyperandrogenemia
is anecessary but not sufficient cause of virilization of the female infant, suggesting that other factors
such as placental androgen degradation may play a role.

2.4.2. Hyperreactio Luteinalis

The ovaries in hyperreactio luteinalis (i.e., gestational ovarian theca-lutein cysts) generally con-
tain multiple follicular cysts beneath a focal, hyalinized, thickened cortex. Pregnancies associated
with multiple or isoimmunized gestations, trophoblastic disease or molar pregnancies, and diabetes
mellitus are thought to have an increased risk of gestational theca-lutein cysts. The highest incidence
is thought to be associated with trophoblastic disease, where the risk ranges from 10 to 22%; how-
ever, as with luteoma, the incidence is likely higher than reported. The risk of maternal hirsutism or
virilization in pregnancies complicated by hyperreactio luteinalis is thought to be approximately 30%,
arate that is similar to that for luteomas (74,42—44). Many if not all virilized women have shown high
serum testosterone and androstenedione concentrations, whereas cord serum testosterone concentra-
tions from newborns of virilized mothers are either normal or increased (3,14,16,42,43). Despite
elevations in cord testosterone levels in some infants associated with maternal virilization, none of
the female infants reported have been virilized (37). One possible exception was not biopsy con-
firmed (45).

The reasons why female infants in pregnancies complicated by theca-lutein cysts remain protected
from virilization are not clear. Given that elevated cord blood androgens have been observed, it
would seem that placental aromatization of androgens did not entirely protect the fetus from expo-
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sure to elevated androgens. In one case elevated cord blood androgens were associated with a 173-
estradiol level of 33, 000 pg/mL (about —five to seven times the normal value). The high estrogen
effect may maintain elevated SHBG levels, thereby lowering free androgen concentrations. There-
fore, current data would suggest that neither maternal virilization nor fetal hyperandrogenemia is
related to fetal virilization in this disorder.

2.4.3. Other Ovarian Lesions

Hyperandrogenism in pregnancy has been associated with numerous ovarian tumors, including
Sertoli-Leydig cell tumors, Krukenberg tumors, Brenner cell tumors, lipoid cell tumors, and scleros-
ing stromal cell tumors. Sertoli-Leydig cell tumors are rare in pregnancy, reflecting the effects of
hyperandrogenism on ovulation, but there have been a few cases of the tumor thought to be present at
the time of conception. The risk of malignancy in Sertoli-Leydig cell tumors is thought to be higher
in pregnancy (40-50% vs 12-22%) than in the nonpregnant state. Maternal virilization has been seen
in approximately 69—-87% of the tumors, a rate that is similar to that found in nonpregnant women. In
the few cases with surviving female infants, one virilized infant was born to a virilized mother and
two other infants were born to mothers with nonvirilizing tumors. Therefore, the risk of fetal viriliza-
tion is thought to be high in virilized mothers with Sertoli-Leydig cell tumors.

Krukenberg tumors are not primary ovarian tumors but are metastatic lesions within the ovary
from primary tumors of the gastrointestinal tract. These are solid tumors that are bilateral approxi-
mately 80% of the time. In the few cases reported in the literature, the risk of maternal and female
fetal virilization was thought to be approximately 80—-100% (37,46). There have been a few isolated
reports of other virilizing ovarian tumors and also a few reports of virilizing adrenal tumors in preg-
nancy (25). The small number of these cases makes it difficult to comment on their incidence and risk
of virilization.

PCOS with no associated ovarian tumor has been associated with virilization in pregnancy, al-
though the number of cases is small given the relatively common occurrence of the condition (27).

2.4.4. Placental Aromatase Deficiency

Placental aromatase deficiency may be associated with irreversible virilization in female infants,
but maternal masculinization would be expected to regress in the postpartum period.

2.4.5. latrogenic Causes

Masculinization of female infants has been reported secondary to the gestational administration of
synthetic androgens, progestins, and diethylstilbestrol (30,31,47,48). Similar outcomes may be seen
with placental aromatase deficiency in which the conversion of androgen to estrogen is decreased,
leading to androgen accumulation (17,18). In the cases reporting masculinized female infants, the
medications were generally begun in the first trimester. Not all of these mothers demonstrated overt
signs of virilization, and these cases may be exceptions where masculinization of the fetus is unac-
companied by maternal virilization. The exact dose of the virilizing drug needed to cause masculin-
ization of the female fetus remains unknown. There have been no reports of virilization of female
infants born to women who have continued oral contraceptive pills after conception (49). External
female genital development occurs between 7 and 12 weeks of gestation, and it is at this time that
androgen exposure may lead to partial or complete labial fusion and clitoral hypertrophy. After 12
weeks of gestation, clitoral hypertrophy remains a risk, but labial fusion is not thought to occur. Male
fetuses do not appear to be affected.

Interestingly, exposure to exogenous androgens during pregnancy does not invariably result in
masculinization of the female fetus. Large doses of methylandrostenediol were given to a pregnant
patient beginning in the first trimester for treatment of breast cancer with no evidence of virilization
of the patient or the female infant (50). It is difficult at this time to advise pregnant patients exposed
to androgens because of the lack of data in this area.
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2.5. Diagnostic Evaluation

Virilization in pregnancy deserves investigation because of the possibility that a masculinizing
lesion may be malignant and the condition may cause hirsutism and virilization in women and viril-
ization of the female fetus (Table 2). Sertoli-Leydig cell tumors, granulosa theca cell tumors,
Krukenberg tumors, ovarian mucinous cystadenocarcinomas, and adrenocortical carcinomas are ex-
amples of malignant tumors that may be associated with gestational hyperandrogenism. Cushing’s
syndrome and placental aromatase deficiency, although rare in pregnancy, may need to be considered.

2.5.1. History and Physical Examination

Androgen excess in pregnancy is considered when a pregnant women presents with a rapid onset
of masculinization. The signs and symptoms may include hirsutism, temporal balding, acne,
clitoromegaly, and deepening of the voice. Some conditions such as luteomas, hyperreactio luteinalis,
and other ovarian and adrenal tumors may be associated with palpable pelvic or abdominal masses.
Special attention should be paid to the timing of the onset of virilization and to any history of drug
exposure. The potential risk of fetal virilization and the likely causes of hyperandrogenism may be
estimated by considering the time of onset of maternal symptoms. The fetal risk is related to the
duration of exposure to the androgens, the sex of the fetus, and, most important, the stage of preg-
nancy during which the exposure takes place (20,39). Exposure to androgens early in pregnancy (7—
12 weeks) may cause labioscrotal fusion and clitoromegaly, which may irreversible and require
surgical correction if the child is to be raised as a female. Androgen exposure after 12 weeks of
gestation generally does not cause labial fusion, but clitoral hypertrophy may be apparent. Chronic
hirsutism (as seen with PCOS) is more likely to be associated with the clinical findings of theca-
lutein cysts, although the gestational recurrence of virilizing tumors has been reported. Theca-lutein
cysts are also associated with multiple gestation, fetal hydrops, and trophoblastic disease, all of which
should be excluded.

2.5.2. Sonography

Ultrasound may help differentiate cystic from solid tumors, unilateral from bilateral lesions, and
ovarian from adrenal pathology. This information may be helpful in that theca-lutein cysts are almost
always bilateral, whereas luteomas are bilateral in approximately half of cases. Other ovarian tumors
are usually unilateral, with the exception of the Krukenberg tumor, which is more often bilateral.
Therefore, a unilateral mass, particularly if solid, increases the likelihood of malignancy. Currently,
the ability of ultrasonography to predict the fetal sex is not reliable until after the most crucial time
for androgen exposure in the developing fetus, which is at the time of genital differentiation.

2.5.3. Diagnostic Laparoscopy

There is little information on the use of laparoscopy in the diagnosis of gestational
hyperandrogenism, but it stands to reason that laparoscopy with ovarian biopsy may potentially be
useful if virilization is observed in the first trimester. Laparoscopic decompression of large theca-
lutein cysts has been reported (57).

2.5.4. Maternal Hormonal Determinations and Umbilical Cord Blood Sampling

Maternal serum androgen determinations are of questionable benefit because there are elevations
in androgens in normal pregnancy and even extremely elevated levels are not always associated with
fetal virilization. Furthermore, if maternal virilization is caused by exogenous hormone administra-
tion, circulating levels may be low because the offending hormone is often a synthetic steroid that may
not be measured in assays for testosterone or other androgens. High circulating maternal androgen
levels appear necessary for fetal virilization, but virilization may be absent even in the face of high
circulating maternal or cord blood androgen levels. Percutaneous umbilical blood sampling for test-
osterone, androstenedione, and karyotype could theoretically provide prognostic information in women
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who have conditions that would be associated with fetal virilization if the procedure could be done
early enough in gestation. Currently, however, this procedure can not be reliably and safely performed
prior to the period of differentiation of the fetal genitalia, the time at which the damage is done.

2.6. Prognosis and Treatment

The prognosis and therapeutic approach to women with gestational hyperandrogenism is deter-
mined in large part by the natural history of the underlying cause.

2.6.1. Luteomas

Luteomas should be suspected in women with bilateral solid ovarian masses, but a Krukenberg
tumor is still a possibility. With luteoma the mother can expect regression and disappearance of the
lesion after delivery. It appears that elevated cord levels of testosterone and or androstenedione are
necessary for virilization of a female fetus in luteoma-complicated pregnancies, based on the few
reported cases. Therefore, in the face of normal cord androgens, the risk of virilization of the female
infant would appear to be much lower, and there may perhaps be no risk at all. If percutaneous
umbilical blood sampling revealed a normal female XX karyotype and elevated cord androgens, the
mother could be informed of the potential high risk for fetal virilization (see Table 2). However,
because this information currently cannot be obtained early enough in gestation for antepartum thera-
peutic interventions, later percutaneous umbilical blood sampling is not recommended.

2.6.2. Hyperreactio Luteinalis

In pregnancies complicated by theca-lutein cysts, the fetus does not appear to be at risk for viril-
ization even if maternal serum androgen concentrations are high. As with luteomas, these cysts re-
gress after delivery and should not require surgical therapy.

2.6.3. Other Tumors

Unilateral solid tumors in pregnancy associated with virilization have an increased risk (approach-
ing 50%) of malignancy compared to nonvirilizing tumors.

2.6.4. Exogenous Hormone Therapy

The risk of maternal and fetal virilization from exogenous hormone therapy remains unknown.
The fetal risk would likely depend on the time of exposure, as described earlier, with early exposure
being associated with the risk of labioscrotal fusion. There is no evidence that measurements of
androgens and progestins in the cord blood are helpful in determining the risk to the fetus, and mater-
nal hirsutism or virilization should regress after cessation of the hormone administration.

3. CONCLUSIONS

Luteomas or hyperreactio luteinalis (theca-lutein cysts) represent the most frequent causes of ges-
tational hyperandrogenism. Luteomas are solid tumors occurring bilaterally in approximately 47% of
the cases. Mothers with luteomas can expect regression and disappearance of the lesion as well as
improvement of the symptoms in the postpartum period. Luteomas are associated with maternal mas-
culinization in approximately 36% of cases, and the risk of virilization of the female fetus in cases
associated with maternal masculinization is approximately 75%. The risk of virilization of the female
fetus appears to be based on the onset of the maternal affliction.

Hyperreactio luteinalis (theca-lutein cysts) are cystic, almost always bilateral, and regress during
the postpartum period. There is an approximately 30% risk of maternal hirsutism or virilization asso-
ciated with theca-lutein cysts, but there is no association with fetal masculinization or virilization,
even in the face of elevated maternal and cord androgens. This condition is relatively increased com-
pared to other androgenizing lesions in mothers with long-term hirsutism such as PCOS.



Chapter 9 / Pregnancy and Androgen Excess 117

Malignancy should be suspected in unilateral solid ovarian lesions in pregnancy, but bilateral
tumors do not exclude malignancy. Krukenberg tumors are malignant tumors that are bilateral in
approximately 80% of cases. In general, ovarian tumors occurring during pregnancy have a 6.7% risk
of malignancy. If virilization accompanies a unilateral ovarian gestational lesion, however, the ma-
lignancy rate increases to approximately 50%.

Little is known about hormonal exposure/iatrogenic etiology and the risk of maternal
androgenization and fetal virilization. As with other conditions, the risk to the fetus is thought to be
related to the time of exposure, and maternal masculinization would be expected to regress after
cessation of hormone administration.

Antepartum preventative therapy is not yet available despite our ability to recognize the clinical
manifestations of pregnancy-related androgen excess and the technology available to evaluate fetal
androgen exposure. Therefore, we are limited to evaluating the risk to the fetus rather than practicing
intervention that may alter the course of the pregnancy.

4. FUTURE AVENUES OF INVESTIGATION

Future efforts should be aimed at developing appropriate screening tests that would allow physi-
cians to assess the risk for developing gestational hyperandrogenism early in pregnancy. Along with
earlier diagnosis modalities, it may be possible to develop therapies that would decrease androgen
exposure, thereby limiting fetal exposure to androgens during the critical period of sex determination.

KEY POINTS

e Several protective mechanisms exist to protect the fetus from maternal androgen excess.
e Luteomas and theca-lutein cysts represent the most frequent causes of gestational hyperandrogenism:

o Luteomas are solid unilateral or bilateral lesions. They regress after pregnancy but are associated with
virilization of the female infant.

o Hyperreactio luteinalis (theca-lutein cysts) are usually bilateral and are relatively increased in mothers
with preexisting hirsutism, multiple pregnancy, gestational trophoblastic disease, diabetes, and isoim-
munization. Regression of the lesions is seen in the postpartum state, and fetal virilization is not seen.

¢ Gestational hyperandrogenism associated with a unilateral solid lesion is associated with an increased risk
for malignancy.

* While diagnostic studies may give information about the risk of fetal virilization, these studies are gener-
ally unavailable until after the time of sexual differentiation.

¢ Future therapeutic modalities should be aimed at earlier diagnosis and treatment to limit androgen exposure.
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Drug-Induced Hyperandrogenism

Barbara Neraud and Didier Dewailly

SUMMARY

Many drugs can induce hyperandrogenic symptoms, such as hirsutism, acne, seborrheic dermatitis, male-
pattern baldness, menstrual irregularities, clitoral hypertrophy, or deepening of voice. Anabolic-androgenic
steroids, synthetic progestins, and antiepileptics are the most frequently implicated drugs in hyperandrogenism.
The mechanisms of androgen excess are various: (1) intrinsic androgenic activity of the drug, (2) interaction
with sex hormone-binding globulin, or (3) functional alterations of the hypothalamic—pituitary—ovary axis.
Nevertheless, the physiology of these drugs remains generally unclear. Such is the case for valproate, which
seems to induce a form of polycystic ovary syndrome (PCOS) by increasing ovarian androgen synthesis. It
should be remembered that it is always necessary to rule out other causes of androgen excess, especially an
ovarian or adrenal tumor or PCOS, before attributing the symptom(s) to a drug.

Key Words: Hyperandrogenism; hypertrichosis; alopecia; anabolic-androgenic steroids; doping; synthetic
progestins; valproic acid.

1. INTRODUCTION

Administration of drugs can induce hyperandrogenic symptoms, including hirsutism, acne, sebor-
rheic dermatitis, male-pattern baldness, menstrual irregularities, clitoral hypertrophy, or deepening
of voice. The principal mechanisms resulting in hyperandrogenism are either an increase in circulat-
ing androgen levels or an intrinsic androgenic activity of the drug. The drugs most commonly respon-
sible for the development of virilizing effects include anabolic steroids, progestins, and antiepileptics.
In addition, the use or abuse of androgens such as testosterone, androstenodione, or
dehydroepiandrosterone (DHEA) for improving athletic performance or treating menopausal- or
androgen deficiency- (e.g., hyposexuality) related symptoms may result in the development of frank
hyperandrogenism.

2. BACKGROUND
2.1. Mechanisms of Drug-Induced Androgen Excess

In addition to the direct contribution of androgens (testosterone, androstenodione, DHEA) use/
abuse to increased circulating androgen levels, several mechanisms, which may be associated and
operate simultaneously, can explain clinical and biological drug-induced androgen excess. Neverthe-
less, the physiological mechanisms of this effect sometimes remain unclear.

From: Contemporary Endocrinology: Androgen Excess Disorders in Women:
Polycystic Ovary Syndrome and Other Disorders, Second Edition
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Table 1

Selected Androgenic Anabolic Steroids

Androisoxazole Methyltestosterone
Androstanolone Metribolone
Bolandiol Mibolerone
Bolasterone Nandrolone
Boldenone Norboletone
Bolenol Norclostebol
Bolmantalate Norethandrolone
Chlordrolone Oxabolone
Cloxostestosterone Oxandrolone
Dehydrochlormethyltestosterone Oxymesterone
Drostanolone Oxymetholone
Ethylestrenol Penmesterol
Fluoxymesterone Propetandrol
Formebolone Quinbolone
Furazabol Silandrone
Mebolazine Stanozolol
Mesabolone Clostebol
Mestanolone Stenbolone
Mesterolone Testoslactone
Metandienone Testosterone
Metenolone Tibolone
Methandriol Tiomesterone
Methylandrostandiol Trenbolone
Testolactone Zeranol

2.1.1. Intrinsic Androgenic Activity of the Drug

Anabolic-androgenic steroids (AASs) (Table 1) and progestins are often synthetic derivatives of
testosterone. As such, they may bind to the androgen receptor and exert direct androgenic action.
Because the androgen receptor mediates both the anabolic and androgenic actions, no anabolic ste-
roid is devoid of androgenic properties.

2.1.2. Interactions with Sex Hormone-Binding Globulin

Progestins and AASs decrease sex hormone-binding globulin (SHBG) plasma concentration, and
thereby increase free testosterone level, by suppressing the hepatic synthesis of SHBG in a dose-
dependent manner (/). They may also bind to SHBG, thereby displacing testosterone and increasing
the plasma level of free active testosterone. In addition, drugs that induce obesity and hyperinsulin-
ism, such as valproate, indirectly decrease the plasma concentration of SHBG through the negative
effect of insulin on SHBG hepatic synthesis. Therefore, an increased concentration of free testoster-
one explains, at least in part, the high prevalence of hirsutism in women taking these drugs.

2.1.3. Functional Alterations of the Hypothalamic—Pituitary—Ovarian Axis

Some investigators have suggested that valproate and other antiepileptic drugs may interfere with
the hypothalamic control of the hypothalamic—pituitary—ovarian (HPO) axis by altering luteinizing
hormone secretion through mechanisms involving y-aminobutyric acid-ergic neurotransmission. Nev-
ertheless, others have suggested that epileptic or psychotic problems themselves may induce these
abnormalities.

2.1.4. Increased Endogenous Androgens

By inducing excessive adrenal androgen secretion, chronic treatment with adrenocorticotropic
hormone (Cortrosyn® or Synacten®) or metyrapone may cause mild hyperandrogenism in women
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through peripheral transformation of adrenal androgens to testosterone and dihydrotestosterone. The
increase in serum prolactin concentration may in part explain the hirsutism induced by phenothiaz-
ines. Indeed, prolactin is thought to increase the concentration of adrenal androgens, notably the
metabolite dehydroepiandrosterone sulfate, and to decrease the concentration of SHBG, thereby rais-
ing the concentration of free testosterone.

2.2. Anabolic-Androgenic Steroids

AASs are obtained after several chemical modifications of testosterone, which increase the thera-
peutic index (i.e., the anabolic:androgenic activity ratio): (1) alkylation at the 170 position (which
decreases strongly the hepatic metabolism of the hormone), (2) reduction of C-1,2 binding (which
decreases the androgenic activity), halogenation at the C-4 and C-9 positions, (3) esterification of the
17B-hydroxyl group (which prolongs their duration of action and increases their solubility in the fatty
vehicles used for injection), and (4) modifications in the ring structure of the steroid, demethylation at
C-19 position (which increases the anabolic action). Most agents contain a combination of these struc-
tural changes (Table 1). Oral, parenteral, transdermal, or nasal administration of AASs is possible.

2.2.1. AASs in Sport and Fitness

For the past 50 years, AASs have been used by a wide variety of competitive athletes (bodybuild-
ers, weightlifters, field athletes, swimmers, runners, etc.) with the hope of improving their training,
endurance, and performance. A significant number of recreational athletes also seem to be using
these drugs. And more and more nonathletes are also abusing AASs with the hope of improving their
physical appearance.

The frequency and severity of androgenic effects of AASs depend on the dose, the method of use,
the duration of administration, individual differences in susceptibility, and the properties of the mol-
ecule (the anabolic:androgenic activity ratio varies between 30:1 and 100:1). Athletes often take more
than one steroid at the same time and use dosages that sometimes exceed physiological replacement
levels by 10-100 times or even more. The early side effects in women are acne, oily hair and skin,
seborrheic dermatitis, hirsutism, and menstrual irregularities. These clinical abnormalities can subside
if AAS use is discontinued. With prolonged treatment deepening of the voice, shrinkage of the breasts,
male-pattern baldness, and hypertrophy of the clitoris develop and are generally irreversible after
discontinuation of AAS use. In adolescents, premature halting of growth has been described (2). The
detection of AAS abuse requires specific procedures, which allow for the measurement of the deriva-
tive itself.

2.2.2. Other Uses of AASs

With the exception of their use in male hypogonadism treatment, anabolic steroids have been used
in a variety of clinical situations with the hope that the beneficial actions would outweigh the risk of
androgenic side effects (3). Although androgens increase the production of erythropoietin in the
kidney, their efficiency in the treatment of bone marrow failure resulting from aplastic anemia or
myelofibrosis or anemia as a result of renal failure is still uncertain.

Danazol is a steroid molecule designed for the treatment of endometriosis. It is more infrequently
used because of its androgenic side effects (facial acne and acne of the back, hirsutism, hypertrophy
of the clitoris, hair loss, deepening of the voice, weight gain, alterations in lipid metabolism) (4).
These manifestations appear early, are dose-dependent, and decrease with discontinuation of treat-
ment. Gonadotropin-releasing hormone analogs, which are equally effective in treating endometriosis,
are now more widely used (5,6).

The use of AAS, such as stanozolol and danazol, has been proven successful for the treatment of
lipodermatosclerosis, cryofibrogenemia, and secondary Raynaud’s phenomenon, probably via fibrin-
olytic properties. Oral AAS alkylated in the C-17 position increase the level of the serum inhibitor of
the activated first component of complement, which is deficient in hereditary angioneurotic edema.
Low doses are required, and thus, no serious adverse effects are generally seen (7).
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Defective secretion of androgens has been suggested as a component of growth failure in patients
with Turner’s syndrome. Oxandrolone in combination with growth hormone has been shown to result in
growth acceleration and to improve final adult height in these patients without serious side effects (8).

2.3. Synthetic Progestins

Progestins contained in oral second-generation contraceptive agents are 19-nortestosterone deriva-
tives with attenuated androgenic properties. Norsteroids are classified in two main groups: the estranes
group, which includes norethisterone (the main active molecule), norethisterone acetate,
norgestrienone, lynestrenone, and ethynodiol diacetate, and the gonanes group, which includes
norgestrel, levonorgestrel, and 3-cetodesogestrel.

The androgenic activity of progestins is based on two mechanisms. First, the strong similarities in
structure between norsteroids and testosterone explain their ability to bind the androgen receptor,
inducing directly androgenic effects. Second, progestins lower SHBG and bind to it, thus displacing
testosterone and increasing levels of free active testosterone. The androgenic effects are dose-depen-
dent and are variable according to the characteristics of each synthetic progestin.

Few women are affected by hyperandrogenism when using current oral contraceptive pills (OCPs)
because of their ethynilestradiol content, which attenuates the androgenic effects of the progestins. In
fact, most OCPs are able to reduce circulating free testosterone levels and ameliorate acne and hirsut-
ism. The most frequent symptoms are acne and weight gain, whereas hirsutism is quite uncommon.
The exception is progestin-only contraceptives, which tend to cause a higher prevalence of andro-
genic side effects. Thus, it is essential to exclude an endogenous source of androgens in case of
hyperandrogenic manifestations occurring when taking an OCP. New third-generation OCPs con-
taining 19-norpregnane progestins (e.g., gestodene, desogestrel, and norgestimate) have fewer andro-
genic side effects and are increasingly being used.

2.4. Antiepileptic Drugs

Epidemiological studies have reported that reproductive endocrine disorders, in particular poly-
cystic ovary syndrome (PCOS) and hyperandrogenemia, are more common in women with epilepsy
than in normal women. These disorders have been attributed to epilepsy for a long time. More recently
it has been suggested that antiepileptic drugs themselves, particularly valproic acid or valproate
(VPA), may be directly involved. Valproic acid is a short-chained fatty acid that is commonly used to
treat epilepsy (both partial and generalized seizures), bipolar disorders, and migraines. Long-term
treatment of women with VPA has been reported to be associated with reproductive disturbances.
Moreover, an increased prevalence of clinical and biological hyperandrogenism, hyperinsulinism,
and ultrasound criteria of PCOS has been observed in women taking prolonged VPA treatment, but
the direct responsibility of VPA is still debated (9,10).

Animal studies examining the effect of long-term VPA treatment have yielded variable results. In
the rat, prolonged VPA treatment results in the formation of ovarian follicular cysts and a reduced
number of corporea lutea; however, it decreases androgen and progesterone biosynthesis. In isolated
porcine follicles, studies showed that overall androgen production is decreased in response to VPA.
However, an increase in the testosterone:estrogen ratio resulting from a decrease in granulosa cell
aromatase activity was observed. Finally, therapeutic exposure to VPA for a long period (12—15
months) does not reproduce the hormonal or morphological abnormalities of PCOS in nonepileptic,
normally cycling rhesus monkeys (/7). The discrepancy between these animal and in vitro studies
and human data remains so far unexplained.

A number of physiopathological mechanisms have been proposed to account for the reproductive
effects of antiepileptic drugs.

2.4.1. Effect on Weight and/or Insulin Resistance

First, significant weight gain is commonly observed with VPA treatment, and it can be associated
with the development of metabolic abnormalities, especially insulin resistance. So far the mechanism
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Table 2
Drugs or Drug Classes Inducing Generalized Hypertrichosis

Acetazolamide
Calcium channel blockers
Cyclosporin
Diazoxide
Erythropoietin
Hydantoin
Glucocorticoids
Minoxidil
Penicillamine
Psoralens
Retinoic acid
Streptomycin

by which VPA induces such metabolic abnormalities is unknown. However, in a number of cases,
reproductive disorders have been observed in patients using VPA in the absence of excessive body
weight gain (/2). Thus, it seems that the weight gain caused by therapeutic exposure to VPA by itself
cannot always explain the reproductive abnormalities observed.

2.4.2. Direct Effect on Ovarian Androgen Production

In vitro experiments have noted a direct effect of VPA on androgen biosynthesis. Indeed, human
ovarian theca cells isolated from follicles of both normally cycling and PCOS women have the capac-
ity to respond to a therapeutically relevant concentration of VPA with an increase in androgen bio-
synthesis. This finding suggests that VPA treatment could independently induce PCOS symptoms in
the absence of genetic predisposition. The observation that PCOS theca cells respond more strongly
to VPA than normal cells suggests that VPA treatment can further increase androgen synthesis in
patients with PCOS. The intracellular mechanisms by which VPA induces a PCOS-like phenotype in
these normal ovarian cells have been examined, and an increase in CYP17 and CYP11A, responsible
for the expression of production of DHEA sulfate and androstenedione, has been observed. VPA-
dependent changes in steroid biosynthesis may result from a modification of chromatin structure,
enhancing transcription of genes encoding steroidogenic enzymes (/3).

According to these data, it appears that VPA could increase ovarian androgen biosynthesis di-
rectly, rather than through an alteration in hypothalamic pituitary function. Nevertheless, the occur-
rence of PCOS in women treated by VPA probably also depends on additional factors such as
frequency and type of seizures, duration of epilepsy, age at onset of seizures, ethnic and genetic
predispositions to PCOS, or environmental characteristics.

2.5. Androgen-Independent Drug-Induced Hair Growth or Loss

Drug-induced hypertrichosis must be differentiated from hirsutism because it is independent of
androgen stimulation. It describes the growth of terminal and/or vellus hair on areas of the body
where the hair is usually short. It depends on the drug dosage and is reversible after drug withdrawal.
A large number of drugs may induce this phenomenon, through several mechanisms (Table 2) (/4).

The hair growth-promoting action of cyclosporine is partially attributable to its growth-promoting
influence on hair epithelial cells caused by a decrease in protein kinase C. It stimulates telogen fol-
licles to reenter anagen. Hirsutism and hypertrichosis could occur simultaneously with cyclosporine
treatment. Benoxaprofen induces an abnormal prolongation of anagen growth. Antihypertensive
agents that affect potassium channels also affect hair growth. Erythropoietin decreases the inhibiting
effect of cortisol on hair follicular activity by lowering its level. Minoxidil is a treatment for male-
pattern baldness: when directly applied to the balding scalp, it induces androgen-independent hair
growth. Diazoxide and psoralens also often induce hypertrichosis (/4). Phenytoin therapy is known
to induce a generalized increase in hair growth.
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Table 3
Drugs or Drug Classes Inducing Hair Loss

Pro-androgen action
Oral contraceptive pill, danazol, testosterone, anabolic steroids

Antithyroid action
Propylthiouracils, carbimazole, amiodarone, lithium

Prothyroid action
Thyroxine

Lichenoid cicatricial alopecia
Chloroquine, mepacrine, proguanil

Telogen effluvium

Albendazol, allopurinol, amphetamine, boric acid,
bromocriptine, captopril, cimetidine, colchicine, coumarins,
enalapril, glibenclamide, gold, heparin, heparinoids,
hypolipidemic agents (clofibrate, triparanol), indandiones,
interferons, levodopa, methyldopa, methysergide,
metoprolol,penicillamine, phenytoin, propranolol, retinol,
sulphasalazine

Anagen effluvium

Radiation, cyclophosphamide, doxorubicin, colchicine (high
dose), thallium, mercury, arsenic, cantharadin, azathioprine,
methotrexate

Alternatively, drugs can induce alopecia through loss of either anagen or telogen hairs (Table 3).
Anagen hair loss is usually dramatic, inducing an abrupt cessation of mitotic activity in rapidly dividing
hair matrix cells. Telogen effluvium (shedding of telogen or dead hairs) induces premature rest of the
follicle.

3. CONCLUSION AND FUTURE AVENUES OF INVESTIGATION

The diagnosis of drug-induced androgen excess is often evident except in the case of illegal
administration of anabolic androgenic steroids. However, other etiologies of hyperandrogenism
should not be ignored, particularly an androgen-secreting tumor or PCOS (which may also be in-
duced or worsened by certain drugs). Our knowledge of the physiological mechanisms underlying
drug-induced hyperandrogenism continues to develop, particularly concerning VPA. Indeed, this
common antiepileptic drug has been suggested to induce a PCOS-like phenotype. The role of the
weight gain often associated with VPA treatment in the development of reproductive disturbances is
still unclear. Further investigations are required to elucidate the mechanism underlying the interac-
tion between VPA and ovarian theca cells. These studies have the potential for improving our under-
standing of the mechanisms underlying ovarian hyperandrogenism in PCOS, because this molecule
induces alteration of ovarian steroidogenic enzyme activity that mimic those observed in spontane-
ously ocurring PCOS (see Chapter 18). Investigative efforts should also be turned to designing newer
antiepileptic drugs devoid of hyperandrogenic and reproductive side effects.

KEY POINTS

» Intrinsic androgenic activity of the drug, interactions with SHBG, or alterations of the HPO axis are the
main mechanisms of drug-induced hyperandrogenism. Nevertheless, for some drugs, the mechanism(s) of
hyperandrogenism remain unclear.



Chapter 10 / Drug-Induced Hyperandrogenism 127

The androgenic side effects of AASs depend on the dose, duration of administration, properties of the
molecule (i.e., the anabolic:androgenic activity ratio), and individual differences in susceptibility; with
intensive and prolonged use, side effects may become irreversible, even with discontinuation.

Unlike oral second-generation contraceptive agents, new third-generation OCPs contain progestins with
few androgenic effects.

Valproic acid appears to stimulate increased ovarian androgen biosynthesis, which appears to be indepen-
dent of the metabolic changes induced by this antiepileptic drug.

In the case of severe symptoms in a woman taking a drug known to induce hyperandrogenism, others
etiologies should be considered, particularly an androgen-secreting ovarian or adrenal neoplasm or PCOS.
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Severe Insulin-Resistance Hyperandrogenic Syndromes

David E. Moller, Antonio Vidal-Puig, and Ricardo Azziz

SUMMARY

Insulin resistance is associated with a wide variety of markedly heterogeneous clinical disorders, either
inherited or acquired, that may result in acanthosis nigricans, ovarian hyperandrogenism, and ovulatory dys-
function. These include the type A (primarily affecting lean women and resulting from defects of the insulin
receptor), type B (resulting from an autoimmune process affecting the insulin receptor), and type C (a variant of
type A, the hyperandrogenic, insulin-resistant, and acanthosis nigricans [HAIR-AN] syndrome) insulin resis-
tance syndromes. More rare syndromes include leprechaunism, the Rabson—-Mendenhall syndrome, and a het-
erogeneous group of lipodystrophic syndromes. HAIR-AN is generally present in obese women who do not
demonstrate defects of the insulin receptor, although they may exhibit postreceptor defects. Although the type
A and B insulin resistance syndromes are rare causes of ovarian hyperandrogenism, type C may affect up to 3%
of women with androgen excess. These patients may be treated as other women with ovarian hyperandrogenism,
namely using lifestyle modification, oral contraceptives, insulin sensitizers, and antiandrogens, although a few
patients may require further suppression of their hypothalamic—pituitary—ovarian axis with a long-acting gona-
dotropin-releasing hormone analog. It is likely that HAIR-AN patients are at greater risk for metabolic dysfunc-
tion and diabetes mellitus, although long-term studies are lacking. Finally, the distinction between HAIR-AN
and the polycystic ovary syndrome (PCOS) is becoming less clear as more patients with PCOS are being recog-
nized as potentially having postreceptor abnormalities in insulin signaling. Better characterization awaits more
detailed phenotyping and genotyping studies.

Key Words: Insulin resistance; insulin; androgen excess; type A insulin resistance; type B insulin resis-
tance; type C insulin resistance; HAIR-AN syndrome; acanthosis nigricans; Rabson—Mendenhall syndrome;
lipodystrophy.

1. INTRODUCTION

Insulin resistance is defined as a subnormal biological response to insulin and, in the presence of
normal pancreatic function, is associated with hyperinsulinemia and an exaggerated insulin secretion
(i.e., hyperinsulinism). Insulin resistance is associated with a wide variety of markedly heteroge-
neous clinical disorders, either inherited or acquired. These may range from mild to moderate forms
observed in women with uncomplicated polycystic ovary syndrome (PCOS) and simple obesity to
more severe disorders including various forms of lipodystrophy, leprechaunism, and the
hyperandrogenic, insulin-resistant, and acanthosis nigricans (HAIR-AN), or type C insulin resis-
tance, syndrome (Table 1). In many of these individuals, ovarian hyperandrogenism secondary to the
prevalent hyperinsulinism is present. In general, the duration or degree of insulin resistance is often
correlated with the severity of ovarian dysfunction.

From: Contemporary Endocrinology: Androgen Excess Disorders in Women:
Polycystic Ovary Syndrome and Other Disorders, Second Edition
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Table 1
Classification of Insulin Resistance Syndromes Associated
With Ovarian Hyperandrogenism Dysfunction

Syndromes of severe insulin resistance:
Congenital-Hereditary
Type A syndrome“
Type C (HAIR-AN) syndrome ?
Leprechaunism?
Rabson—Mendenhall syndrome?
Congenital lipodystrophies
Acquired
Type C (HAIR-AN) syndrome?
Type B syndrome”
Acquired lipodystrophies
States of mild-moderate insulin resistance:
“Typical” PCOS
Obesity

“May be associated with insulin receptor mutations.

bCaused by autoantibodies directed against the insulin receptor.

HAIR-AN, hyperandrogenic, insulin-resistant, and acanthosis nigricans
syndrome; PCOS, polycystic ovary syndrome.

These women usually demonstrate acanthosis nigricans, which consists of thickened hyperpig-
mented areas of skin, occurring most commonly in the crural areas of the skin, such as the axilla, nape
of the neck, and other skinfold locations (Fig. 1) (7). Histopathologically, the epidermis demonstrates
irregular hyperplasia with prominent rete ridges, epidermal hyperpigmentation, moderate ortho/parak-
eratotic hyperkeratosis, and no significant inflammatory infiltrate (Fig. 2). This cutaneous disorder is
frequently associated with moderate to severe degrees of insulin resistance (2).

Here we will describe the clinical spectrum, putative molecular mechanisms, prevalence, and
diagnosis of the severe insulin-resistance syndromes associated with ovarian hyperandrogenism. It
is important to note that although some syndromes (e.g., leprechaunism) represent discrete clinical
disorders, others (e.g., type A and HAIR-AN) cannot be easily distinguished from one each other.
These terms may therefore refer to patients within a spectrum of overlapping clinical features and
molecular defects. However, these disorders are considered to result from primary abnormalities of
insulin action and not from defects in ovarian steroidogenesis.

2. BACKGROUND
2.1. Clinical Spectrum of Insulin Resistance Hyperandrogenic Syndromes
2.1.1. Type A Insulin Resistance Syndrome

This syndrome was first described in 1976 in three lean adolescent females with severe insulin
resistance and acanthosis nigricans (3). The phenotype of the type A insulin resistance syndrome
(Online Mendelian Inheritance in Man catalog number 147670; see http://www.ncbi.nlm.nih.gov/
omim/) includes extreme insulin resistance, acanthosis nigricans, polycystic ovaries, and severe lev-
els of hyperandrogenism in patients who are usually not obese. In general, this syndrome is the result
of mutations in the insulin receptor, although this is not a consistent finding (4). One recent study
reported a patient who appeared to have the type A syndrome and who carried a novel heterozygous
missense mutation in the lamin A/C (LMNA) gene, predicting a G602S amino acid substitution in
lamin A (5). Lamins are the main components of the nuclear lamina, a filamentous network located
between the inner nuclear membrane and chromatin that plays a fundamental role in nuclear organi-
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Fig. 1. Acanthosis nigrican. Nape of the neck in a black (A) and white (B) woman and (C) in the axilla of the
white woman. The patches of cutaneous hyperpigmentation in these locations are indicative of acanthosis
nigricans.

zation in all differentiated cells. Mutations in lamins A and C, which are alternatively spliced prod-
ucts of the lamin A/C (LMNA) gene, are responsible for several genetic diseases, including familial
partial lipodystrophy of the Dunnigan type (FPLD). Women with FPLD often have irregular menses
and hyperandrogenemia as well as severe insulin resistance, dyslipidemia, and atherosclerotic vascu-
lar disease, similar to patients with the type A syndrome.
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Fig. 2. Acanthosis nigricans—microscopic. The photomicrograph demonstrates the typical histological fea-
tures in the affected epidermis, which demonstrates irregular hyperplasia with prominent rete ridges, epidermal
hyperpigmentation, and moderate ortho/parakeratotic hyperkeratosis, with no significant inflammatory infiltrate.

Fig. 3. Stromal hyperthecosis of the ovary of a patient with the hyperandrogenic, insulin-resistant, and acan-
thosis nigricans (HAIR-AN) syndrome. Note the isolated island of luteinized theca cells independent of a follicle.
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Patients with the type A syndrome reportedly have substantial degrees of ovarian
hyperandrogenism, including ovarian hyperthecosis (Fig. 3). Fasting insulin levels in these patients
may be modestly elevated (20-50 wU/mL) but are more typically higher (over 500 uU/mL), with
postprandial levels ranging from 500 to 3000 wU/mL. A number of atypical clinical findings have
also been reported in patients who appear to share other features of the type A syndrome. These
include hypertrichosis, muscle cramps (7), and short stature (8). In addition, a rare variant syndrome
referred to as “pseudoacromegaly” has been reported, characterized by accelerated growth, acral
hypertrophy, and other clinical features of acromegaly that occur in the context of extreme insulin
resistance and the features of the type A syndrome (9,10). Importantly, there is no biochemical evi-
dence to suggest that excessive growth hormone or insulin-like growth factor-1 secretion is present,
unlike “typical” cases of acromegaly.

In contrast to the type B syndrome (see next section), which is acquired but may present with a
similar phenotype, the type A syndrome seems to be primarily inherited. Both dominant and reces-
sive modes of transmission have been observed, and male family members with acanthosis nigricans
and evidence of severe insulin resistance have also been described (17,12). In general, type A insulin
resistance probably accounts for less than 1% of women presenting with hyperandrogenism and insu-
lin resistance.

2.1.2. Type B Insulin Resistance Syndrome

Type B insulin resistance syndrome is used to describe patients with a clinical phenotype that
(in some cases) is similar to that of type A syndrome, but where the underlying cause is a distinct
acquired autoimmune disorder (4,73). The molecular defect resulting in type B insulin resistance is
generally the development of autoantibodies directed against the insulin receptor (4,13). As in many
other autoimmune disorders, patients are predominantly young to middle-aged women (mean age 44
years, with a reported range of 15-69 years). The majority of patients are females of African or
Caribbean origin.

Most patients have features of other autoimmune diseases, and approximately 30-50% meet estab-
lished criteria for the diagnosis of systemic lupus erythematosus (/4,15). It should be noted that the
majority of patients do not meet the criteria for a distinct autoimmune disease but may have one or
more features of autoimmunity including alopecia, nephritis, anemia, leukopenia, elevated sedimen-
tation rate, and positive antinuclear antibodies (/4).

Patients with the type B syndrome typically have marked insulin resistance that is often directly
proportional to the titer of anti-insulin receptor antibodies. In some cases overt hyperglycemia, which
is nearly impossible to control with insulin, has been observed (4,/4). These patients may require
treatment with immunosuppressive agents (/6—19). Alternatively, insulin receptor autoantibodies
may also exert a partial agonist (insulin-mimetic) activity. This accounts for the fact that certain
patients present with fasting hypoglycemia and explains the clinical paradox of alternating hypergly-
cemia and hypoglycemia observed in others with this syndrome (74).

This syndrome is also associated with ovarian hyperandrogenism when premenopausal females
are affected, and, in addition to amenorrhea and hirsutism, some may develop virilization
(4,14,22,23). The extent to which these overt features of ovarian hyperandrogenism occur may de-
pend on the degree and duration of insulin resistance.

Overall, the type B insulin resistance syndrome is an extremely rare cause of ovarian
hyperandrogenism. Definitive diagnosis depends upon the demonstration of circulating antibodies that
either block insulin binding or interact with the insulin receptor (immunoprecipitation) via specialized
in vitro tests (14).

2.1.3. Type C Insulin Resistance Syndrome

Unlike type A (primarily lean with insulin receptor defects) and type B (an autoimmune process)
insulin resistance syndromes, the type C (or HAIR-AN) syndrome is characterized by the presence of
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marked acanthosis, hyperandrogenism, insulin resistance, obesity, and the absence of insulin recep-
tor defects (22). In general, the type C syndrome is considered a variant of the type A disorder with
less severe insulin resistance. The first description of this disorder appears to be that of Brown and
Winkelmann, who in 1968 described 90 cases of acanthosis nigricans, 2 of which were women with
clinical and histopathological signs of the Stein—Leventhal syndrome, both having marked amenor-
rhea and hirsutism, with one being very obese, whereas the other was not obese (and this latter patient
had already developed diabetes) (23). Consequently, it appears that these investigators may be
describing one patient with type C and the other with type A insulin resistance. Barbieri and Ryan
went on to codify the features of the HAIR-AN syndrome as it was understood in the early 1980s
(24). These investigators suggested that the syndrome was more common than previously reported,
potentially affecting 1-3% of hyperandrogenemic women.

In addition to generally extreme degrees of hyperandrogenism, often accompanied by normal to
low luteinizing hormone levels, these patients generally have post-glucose-challenge insulin levels
greater than 300-500 wU/mL. We should note that although some of these patients may have mark-
edly elevated levels of fasting insulin (> 80 wU/mL), the fasting insulin level might not be the most
sensitive marker of hyperinsulinemia. As is observed in patients with PCOS, determination of the
insulin response to an oral glucose tolerance test may be the most sensitive method of detecting
severe hyperinsulinemia (25). Accurate measurement of insulin is critical to the assessment of insulin
resistance and hyperinsulinism. However, the plasma insulin values obtained with current assay meth-
odology may vary greatly from one laboratory to the next (26), limiting the sensitivity of the basal
insulin values for the detection of the HAIR-AN (or for that matter type A or B) syndrome.

The ovaries of these patients often demonstrate stromal hyperthecosis (27,28). The degree of
hyperandrogenemia is such that it may raise concerns that the patient actually suffers from an andro-
gen-secreting ovarian neoplasm, which can be alleviated by the finding of very high insulin levels
following a glucose challenge and symmetrical ovarian enlargement on ultrasound.

In patients with type C syndrome, the degree of obesity appears to play a significant role in deter-
mining the degree of insulin resistance (22,29). These patients also appear to have increased basal
rates of hepatic glucose production and peripheral insulin resistance, with a right shift in the insulin
dose—response curve determined by the euglycemic insulin clamp (30). These women generally dem-
onstrate normal insulin receptor (32) and peroxisome proliferator-activated receptor-y (33) genes,
although a few patients have been suggested to have insulin receptor defects (8). However, insulin
binding to monocytes and fibroblasts appears to be normal (27,34), suggesting the presence of
postreceptor defects of insulin signaling.

The presence of ill-defined circulating “factors” or cellular components that serve as inhibitors of
insulin receptor function have been suggested as an etiological factor (35). Maddux et al. described
an endogenous cellular inhibitor of the insulin receptor tyrosine kinase, which appeared to be respon-
sible for insulin resistance in several hyperandrogenic subjects (36). This inhibitory factor was iden-
tified as a membrane glycoprotein known as PC-1, which confers insulin resistance on cells that are
engineered to express it (37). Further studies will be required to establish whether increased PC-1
expression in vivo, or that of other potential inhibitors of insulin action, are sufficient to account for
substantial insulin resistance in HAIR-AN.

Patients with HAIR-AN syndrome are often treated, as are other patients with ovarian androgen
excess (e.g., PCOS), with lifestyle modification and a combination of oral contraceptives,
antiandrogens, and insulin sensitizers (38—40). Nevertheless, estrogen—progestin preparations may
aggravate the degree of metabolic dysfunction (30). In some patients, their elevated insulin levels are
sufficient to continue to stimulate excess theca cell androgen production, despite the relatively low
gonadotropin levels achieved by oral contraceptive administration, and these women may benefit
from treatment with a long-acting gonadotropin-releasing hormone (GnRH) analog (38,41) (Fig. 4).
However, it may take 3—6 months before full suppression is achieved. It is also likely that HAIR-AN
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Fig. 4. Free testosterone levels before and 6 months after treatment with an oral contraceptive pill (OCP) and
spironolactone (SPA) 200 mg per day. Patient marked with an asterisk received only an OCP and after inad-
equate suppression of free testosterone was then treated with a long-acting gonadotropin-releasing hormone
(GnRH) analog (leuprolide), in combination with estrogen—progestin replacement and SPA. The free testoster-
one levels normalized within 6 months of this therapy. (Adapted from ref. 38.)

patients are at greater risk for metabolic dysfunction and diabetes mellitus, although long-term stud-
ies are lacking.

The HAIR-AN syndrome appears to affect 2-3% of androgen excess patients (42,43). However,
the single greatest difficulty in understanding the HAIR-AN syndrome lies in its differentiation from
PCOS, which is often also accompanied by insulin resistance. The distinction between HAIR-AN
and PCOS is becoming even less clear as more patients with PCOS are being recognized as poten-
tially having postreceptor abnormalities in insulin signaling. Consequently, until more detailed
phenotyping and genotyping studies for the HAIR-AN syndrome become available, these patients
will need to be defined by the presence of severe insulin resistance and hyperinsulinemia, determined
by an arbitrary cutoff value, which currently is represented by a post-glucose-challenge insulin level
of more than 300-500 uU/mL.

2.2. Other Syndromes of Severe Insulin Resistance
That May Be Associated With Ovarian Dysfunction

Leprechaunism is a very rare autosomal recessive congenital syndrome of extreme insulin resis-
tance characterized clinically by intrauterine and postnatal growth restriction with a large number of
other dysmorphic features (see ref. 44). Other important clinical findings include lipoatrophy, acan-
thosis nigricans, and glucose intolerance or overt diabetes in the presence of massive hyperinsulinemia
and B-cell hypertrophy. Interestingly, affected female infants may also have hypertrichosis—hirsut-
ism, with clitoromegaly and enlarged, cystic ovaries (/7,44). In affected male patients, penile en-
largement has also been observed. Insulin receptor mutations represent an apparently universal cause
of this rare disorder.

The Rabson—Mendenhall syndrome is a rare recessive genetic disorder that is related to
leprechaunism. This syndrome is characterized by extreme insulin resistance, acanthosis nigricans,
and hyperplasia of the pineal gland and may include a variety of other characteristics, such as
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dysmorphic features, accelerated growth, phallic enlargement, and precocious pseudopuberty (/7).
Clinical manifestations of hyperandrogenism or ovarian dysfunction have been reported in affected
female subjects with this syndrome (45). Like leprechaunism, the Rabson—-Mendenhall syndrome
appears to be exclusively associated with severe defects affecting the insulin receptor gene. These
patients are at significant risk for developing metabolic complications (6).

A heterogeneous group of lipodystrophic syndromes can also be associated with both insulin resis-
tance and ovarian hyperandrogenism or dysfunction. These lipodystrophies can be classified according
to whether there is complete (generalized) or partial absence of adipose tissue and whether the disor-
der is congenital (inherited) or acquired. The best known of these rare syndromes is congenital gen-
eralized lipodystrophy (also known as the Berardinelli-Seip syndrome or congenital total
lipoatrophy), an autosomal-recessive condition (/7). In addition to lipoatrophy and severe insulin
resistance with marked hyperlipidemia, affected female patients may reportedly develop
clitoromegaly and the early development of secondary sexual characteristics (/7). Other women with
severe insulin resistance in the context of partial lipodystrophy have been reported to develop clinical
signs of ovarian hyperandrogenism (71,46).

3. CONCLUSION

Insulin resistance syndromes include the type A (primarily affecting lean women and resulting
from defects of the insulin receptor), type B (resulting from an autoimmune process affecting the
insulin receptor), and type C (a variant of type A, the so-called HAIR-AN syndrome). More rare
syndromes include leprechaunism, the Rabson—Mendenhall syndrome, and a heterogeneous group of
lipodystrophic syndromes. The HAIR-AN syndrome generally is present in obese women who do not
demonstrate defects of the insulin receptor, although they may exhibit postreceptor defects. Although
type A and B insulin resistance syndrome are rare causes of ovarian hyperandrogenism, the HAIR-
AN syndrome may affect up to 3% of women with androgen excess. These patients may be treated
like other women with ovarian hyperandrogenism, although a few patients may require further sup-
pression of their hypothalamic—pituitary—ovarian axis with a long-acting GnRH analog. Although it
is likely that HAIR-AN patients are at greater risk for metabolic dysfunction and diabetes mellitus,
long-term studies are lacking. Finally, the distinction between HAIR-AN and PCOS is becoming less
clear, as more patients with PCOS are being recognized as potentially having postreceptor abnor-
malities in insulin signaling. Better classification awaits more detailed phenotyping and genotyping
studies.

4. FUTURE AVENUES OF INVESTIGATION

Better characterization of the HAIR-AN syndrome is required to establish phenotypic and geno-
typic differences and to improve the distinction between this syndrome and PCOS, although it is
possible that both syndromes form part of the same continuum. Likewise, long-term studies deter-
mining optimum therapy and prognosis for these patients is required. Finally, more detailed and
specific molecular studies are required to better understand the pathophysiology of these disorders.

KEY POINTS

e The type A insulin resistance syndrome primarily affects lean women and results from defects of the
insulin receptor.

e The type B insulin resistance syndrome is the consequence of an autoimmune process affecting the insulin
receptor.

e The type C insulin resistance syndrome is considered a variant of the type A syndrome and is frequently
termed the HAIR-AN syndrome.

e More rare syndromes include leprechaunism, Rabson—-Mendenhall syndrome, and a heterogeneous group
of lipodystrophic syndromes.

e HAIR-AN generally is present in obese women who do not demonstrate defects of the insulin receptor,
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although they may exhibit postreceptor defects, and may affect up to 3% of women with androgen excess.
HAIR-AN patients may be treated as are other women with ovarian hyperandrogenism, namely using
lifestyle modification, oral contraceptives, insulin sensitizers, and antiandrogens, although a few patients
may require further suppression of their hypothalamic—pituitary—ovarian axis with a long-acting GnRH
analog.

It is likely that HAIR-AN patients are at greater risk for metabolic dysfunction and diabetes mellitus,
although long-term studies are lacking.

The distinction between HAIR-AN and the PCOS is becoming less clear and awaits more detailed
phenotyping and genotyping studies.
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Idiopathic Hirsutism

Enrico Carmina

SUMMARY

During the past two decades, the definition of idiopathic hirsutism (IH) has changed many times along with
our improved understanding of the different androgen excess disorders. Currently, the diagnosis of IH requires
evidence of hirsutism, normal androgens, normal ovulatory cycles, and normal ovarian morphology. Using
these criteria, the prevalence of IH is generally less than 10% of hirsute women. Differentiation from other
causes of hirsutism is important because in patients with IH there is no need for further endocrine and metabolic
evaluation.

Key Words: Hirsutism; androgen excess; hyperandrogenism; polycystic ovary syndrome; idiopathic hirsut-
ism; So-reductase, androgens.

1. INTRODUCTION

In most hirsute women, excessive body hair is a sign of a complex disorder that may determine
multiple endocrine and metabolic alterations. However, in a minority of patients, hirsutism is the
only abnormality and no other alterations are found. Idiopathic hirsutism (IH) is the term generally
used to describe this form of hirsutism (/). During the past two decades, a better understanding of the
phenotypic heterogeneity of androgen excess disorders has modified the criteria to define IH. In
particular, changes in the criteria for polycystic ovary syndrome (PCOS) has strongly influenced the
calculated prevalence, diagnosis, and treatment of TH.

2. BACKGROUND
2.1. The Changing Definition of IH

Initially, the diagnosis of IH was reserved for all conditions in which the pathogenesis of hirsutism
was unknown, independent of the finding of normal or elevated androgen levels (2,3). Most studies
did not exclude patients with nonclassic adrenal hyperplasia or with severe insulin resistance. Subse-
quently, the term idiopathic hirsutism was reserved for those forms of hirsutism associated with
regular menstrual cycles (4). However, this definition also was inaccurate because eumenorrhea may
be present in many patients with nonclassic adrenal enzymatic deficiency (5), and regular vaginal
bleeding does not exclude the presence of anovulation in the hirsute patient (6). In our experience,
20% of patients with classic PCOS (National Institutes of Health [NIH] 1990 definition) present with
apparently regular, but anovulatory cycles (6).

Because patients with ovulatory dysfunction and hyperandrogenemia are now generally consid-
ered part of PCOS (7), we and others suggested that the diagnosis of IH be restricted to those hirsute
patients who have normal circulating androgens and normal ovulatory function (7,8,9). While this
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definition has been largely used, it is clear that current commercial methods do not generally allow
for accurate measurement of circulating androgens, and the distinction between patients with high
and normal androgens is often difficult. Because of this limitation, some investigators and clinicians
have continued to diagnose IH in all women with clinical or biological evidence of hyperandrogenism
in which PCOS and other uncommon, well-defined, hyperandrogenic disorders are not found. How-
ever, we prefer to maintain the diagnostic separation between patients with normal and those with
increased androgen levels and reserve the diagnosis of IH only for patients with hirsutism, normal
ovulatory cycles, normal androgen levels, and probably, normal ovarian morphology (see next sec-
tion). It is clear that this requires a careful and accurate evaluation of serum androgens.

2.2. Prevalence of IH

In the past, IH was considered the most common form of hirsutism, and in some studies up to 55%
of hirsute patients were considered affected (/0). However, as we understand IH currently, the preva-
lence of this abnormality is much lower. Studying 588 consecutive Italian patients referred because
of hirsutism, we found that only 6% had normal ovulatory cycles and normal circulating androgens
and could be diagnosed as affected by IH (6). In an initial study evaluating 132 consecutive hirsute
women from Alabama and using the same criteria, Azziz et al. found that 17% had IH (7). The same
authors have recently published a much larger study including 883 patients referred because of pos-
sible hyperandrogenism, noting that only 4.7% of patients were diagnosed as having IH (/7). In a
recent study of 168 hirsute women from Turkey, IH was observed in 16% of the patients (12).
Although it is probable that the ethnic composition of the population may influence the prevalence of
IH, in most populations the prevalence of IH appears to be relatively low (<10%). We should note
that these prevalences reflected the use of the NIH 1990 criteria for PCOS, which is relatively strict.

Newer criteria for the diagnosis of PCOS were proposed at an expert conference held in Rotterdam
in 2003 (13,14), including the ovarian finding of polycystic ovaries. As such, the use of the Rotterdam
2003 criteria has required a reassessment of the definition of IH. In fact, in the past, patients with
hirsutism who had normal androgens and regular ovulatory cycles were considered affected by IH
independent of their ovarian morphology. According to the 2003 Rotterdam criteria, patients present-
ing with hirsutism, normal androgens, and regular ovulatory cycles, but who have polycystic ovarian
morphology on ultrasonography, could be considered affected by PCOS (15). Consequently, it is
possible that the diagnosis of IH today requires a normal ovarian morphology. Our current definition
of IH (see Table 1) is as follows:

e Hirsutism: Criteria for definition of hirsutism may vary depending on studied populations. We consider
women who have a modified Ferriman—Gallwey index of 6 or more as hirsute (/).

e Normal ovulatory cycles: We generally assess ovulation by measuring serum progesterone on days 20-24
of the cycle. Levels of serum progesterone 3 ng/mL or more are consistent with ovulation in most labora-
tories, although in women with normal ovulatory function they generally are no less than 7 ng/mL.

e Normal serum androgens: We generally measure total and free testosterone and dehydroepiandrosterone
sulfate (DHEAS) (see Chapter 5 for more on androgen measures).

e Normal ovaries at the ultrasound: The criteria for the diagnosis of polycystic ovaries are relatively strict
and have been recently reviewed (/6).

According to these criteria, in our population the prevalence of IH is 7.6% of patients referred
because of clinical evidence of hyperandrogenism (/7). Interestingly, about 2% of patients previ-
ously diagnosed as having IH had polycystic ovaries and, according to current definition of PCOS,
can now be considered to have ovulatory PCOS. Therefore, only a small quantity of patients previ-
ously diagnosable as having IH were excluded when their ovarian morphology was considered, and
the prevalence of this disorder remains similar to that previously reported by Azziz et al. (//) and
ourselves (8). In Table 2 the prevalence of IH in different studies is compared.
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Table 1
Criteria of Diagnostic of Idiopathic Hirsutism

e Hirsutism

¢ Normal androgen levels®

¢ Normal ovulatory cycles

¢ Normal ovarian morphology

“At a minimum a normal free androgen index and
dehydroepiandrosterone sulfate level.

Table 2
Prevalence of Idiopathic Hirsutism in Selected Large Series

No. of total

subjects Prevalence of idiopathic

References studied hirsutism (%) Ovarian sonography
Azziz et al., 2004 (11) 883 4.7 No
Unluhirzarci et al., 2004 (12) 168 16.0 No
Carmina et al., 2006 (17) 950 7.6 Yes

2.3. Insulin Resistance in Patients With IH

Recently, some studies have shown that insulin resistance, a well-known hallmark of PCOS (178),
may be present in women with TH (79,20). However, at least in most patients, this association seems
to be primarily linked to the presence of polycystic ovaries (increased ovarian size) (20), and there-
fore these reports may be considered confirmatory of the finding that mild insulin resistance is also
present in women with ovulatory PCOS (15,21). However, it is possible that some patients with IH
do exhibit very mild degrees of insulin resistance. In fact, the distinction between women with IH and
those with idiopathic hyperandrogenism (i.e., increased androgen levels, hirsutism, but normal ovu-
latory function and ovarian morphology) is unclear, and we have demonstrated that patients with
idiopathic hyperandrogenism also have mild degrees of insulin resistance (15).

2.4. Pathogenesis of IH

The pathogenesis of IH remains unclear. Three principal hypotheses have been suggested to account
for the development of this abnormality: (1) exaggerated activity of skin Sc-reductase (50-RA), (2)
androgen receptor modifications, and (3) altered skin androgen metabolism and/or altered regulation
of hair growth. These are briefly reviewed here.

2.4.1. Exaggerated Activity of Skin 50-RA

This hypothesis suggests that the activity of 50-RA is increased in the affected skin and is based on
the studies of Serafini and Lobo (27). In fact, in this study skin 50-RA activity was as high in [H
patients as it was in frankly hyperandrogenic patients. It is also known that there at least two 5a-RA
isoenzymes, type 1 and type 2, which have differing tissue distribution and regulation (23). We have
observed that in skin the most common isoenzyme is type 1 50-RA (24), which may in part explain the
modest activity of drugs like finasteride on hirsutism, which principally block the type 2 isoenzyme.

Whereas in hyperandrogenic patients 5a-RA activity may be increased secondary to induction by
the androgens themselves (22), in IH it has been suggested that this enzyme is increased by a mecha-
nism independent of androgens. 50-RA activity is regulated not only by androgens, but also by a
number of other hormones and mediators also present in skin, including insulin-like growth factor
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(IGF)-1, insulin, and transforming growth factor (TGF)-$ (/). The possibility that an alteration in the
local mechanism(s) regulating Soi-RA activity is the cause of IH is currently under investigation.

2.4.2. Androgen Receptor Modifications

Although no increase in androgen receptor content has been found in patients with IH, changes in
androgen receptor activity have been suggested to be operant in hirsutism (25), and genetic modifica-
tions affecting the activity of androgen receptors have been found in some patients with prostate
cancer (26). It is possible that the same polymorphisms of the androgen receptor may play a role in
IH. In some studies an inverse correlation between the number of CAG repeat trinucleotides in exon
1 of the androgen receptor and the development of hirsutism has been reported (27). Androgen recep-
tors with a low number of CAG trinucleotides have a higher affinity for androgens and may therefore
promote hirsutism in some patients whose circulating androgens are normal (27).

2.4.3. Altered Skin Androgen Metabolism and/or Altered Regulation of Hair Growth

Peripheral androgen metabolism may be altered in some hirsute patients. Faredin and Toth reported
that some patients with IH exhibited increased 17f-hydroxysteroid dehydrogenase activity in skin,
which favored the formation of testosterone from androstenedione (28). It has also been suggested
that hormones or mediators present in the skin, such as insulin or TGF-, may transform inactive
precursors into active androgens (29). This hypothesis is a variant of the first mechanism proposed
above, but does not implicate changes in S50-RA activity. Finally, altered regulation of hair growth
independent of androgens but linked to the increased production of local hormones or mediators has
been hypothesized (7).

2.5. Serum Markers of IH

Several studies have shown that patients with IH demonstrate increased levels of several androgen
metabolites—in particular 3o-androstanediol glucuronide (3¢i-Adiol-G), an androgen metabolite
derived from the metabolism of dihydrotestosterone (30). However, serum 30-Adiol-G levels are
increased not only in women with IH, but also in other hirsute hyperandrogenic patients, probably
because of the increased activity of androgen precursors (3/). Therefore, the measurement of 3c-
Adiol-G alone is not useful in the diagnosis of IH. In fact, in clinical practice no specific assay is used to
diagnose IH; rather androgen and other hormone assays are used to exclude other causes of hirsutism.

2.6. Treatment of IH

The treatment of IH is generally similar to that of other forms of hirsutism (hormonal treatment of
hirsutism is discussed further in Chapter 34.) As for other forms of hirsutism, nonpharmacological
hair removal (e.g., by lasers or electrolysis) has an important role in treatment of the patient with IH.
However, it is important to differentiate IH from other forms of hirsutism because patients with IH do
not generally need screening for endometrial or metabolic alterations, as do patients with PCOS. In
fact, although in some patients with IH mild insulin resistance may be found, an increased risk of
glucose intolerance or cardiovascular disease in these patients has yet to be demonstrated (15). In
general, a diagnosis of IH indicates that the hirsute patient should be treated only because of exces-
sive hair growth, and not because of other related morbidities. However, because some patients with
IH may actually have subclinical PCOS, long-term follow-up is warranted.

3. CONCLUSIONS

Idiopathic hirsutism is a relatively uncommon disorder that should be diagnosed in patients in
whom hirsutism is the only alteration present and no changes in androgen production or increased
metabolic or cardiovascular risk may be found. In these patients nonpharmacological hair removal
represents the first line of treatment, although hormonal suppression is also of significant benefit in
many affected women.
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4. FUTURE AVENUES OF INVESTIGATION

Many issues remain to be addressed, of which one of the most important may be the need for a
better definition of the phenotype—i.e., establish the exact relationship between IH and idiopathic
hyperandrogenism. In fact, most commercial androgen assays are not able to detect slightly increased
androgen levels, and normal androgen levels are often observed even in patients with PCOS. There-
fore, a distinction between these two disorders may be artificial and difficult to attain. In addition,
future studies need to develop a better understanding of the molecular etiology and genetics of IH,
which may guide the search for future and better treatments.

KEY POINTS

e IH should be diagnosed in hirsute patients who have normal serum androgens, normal ovulatory cycles,
and normal ovarian morphology.

e The prevalence of IH is 8% in hirsute women, but may vary between 5 and 16%, depending on the popu-
lation studied and the criteria used for diagnosis.

e The pathogenesis of IH is still unclear, but alterations of local mechanisms affecting androgen activation
and/or hair growth are probably involved.

e Itis important to differentiate IH from other forms of hirsutism, because in IH patients there is little need
for further endocrine or metabolic evaluation.
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