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Abstract

Purpose.—This review provides a model for understanding polycystic ovary syndrome (PCOS) 

pathophysiology and updates the evidence on which it is based. Then it highlights complimentary 

molecular genetic and epigenetic advances in understanding PCOS etiology.

Recent findings.—Important studies into PCOS etiology built on the 2014 discovery of a novel 

regulatory protein variant that underlies the typical PCOS steroidogenic abnormalities: 

DENND1A.V2 (differentially expressed in normal and neoplastic development, isoform 1A, 

variant 2). Over 30 DENND1A variant genes have been found, the vast majority upstream of the 

coding sequence and potentially regulatory. These variants are individually uncommon but 

collectively plausibly cause 50% of PCOS. Anti-Müllerian hormone (AMH)/AMH receptor 

variants with decreased function possibly cause 6.7% of PCOS. DENNND1A was recently 

reported to belong to a signaling network that up-regulates luteinizing hormone (LH) receptor 

expression and insulin mitogenic signaling. Prenatal androgen administration has proven to be a 

potent epigenetic regulator that causes transgenerational epigenomic changes in a mouse PCOS 

model like those in human PCOS and PCOS daughters.

Summary.—In addition to finding how gene variants contribute to PCOS pathogenesis, better 

understanding of androgen epigenetic mechanisms of action in diverse tissues can be expected to 

expand our understanding of PCOS pathogenesis.
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Introduction.

Polycystic ovary syndrome (PCOS) in adolescence is a heterogeneous disorder of androgen 

excess and anovulatory dysfunction that causes >90% of adolescent and adult 

hyperandrogenism (Table 1) (1–3). Hirsutism, acne, abnormal menstrual regularity, or 

obesity are common presenting features in the perimenarcheal stage (4, 5).
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The pathogenesis of PCOS has long been controversial. However, evidence accrued over the 

past 30 years indicates that the immediate pathophysiologic abnormality underlying the vast 

majority of PCOS is functional ovarian hyperandrogenism and that the insulin-resistant 

hyperinsulinism found in half of PCOS aggravates it (1, 6, 7) (Figure 1). This review updates 

the evidence bearing on a pathophysiologic model and the molecular genetic and epigenetic 

advances in understanding PCOS etiology.

PCOS Pathophysiology

Functional ovarian hyperandrogenism and functional adrenal hyperandrogenism (FOH and 
FAH)

FOH is central to PCOS pathogenesis because it is demonstrable in the vast majority (87%) 

of cases by ovarian androgenic function testing (1). Two-thirds of FOH is characterized by 

generalized ovarian steroid hyper-responsiveness to LH, as indicated by an off-label 

gonadotropin releasing-hormone agonist (GnRHag) or human chorionic gonadotropin (hCG) 

test, that is indexed by a disproportionate 17-hydroxyprogesterone rise. This typical pattern 

of response indicates that steroidogenesis is abnormally regulated (dysregiulated), 

particularly at the level of cytochrome P450c17 (CYP17) (Figure 2). Eighty-eight percent of 

these “functionally typical FOH” and the remaining third of FOH have an abnormal 

dexamethasone androgen-suppression test (DAST), the principle of which is that serum 

testosterone remaining after suppression of ACTH by dexamethasone is of ovarian origin. 

Those FOH cases that lack the typical 17-hydroxyprogesterone abnormality have 

“functionally atypical FOH”, which may indicate an atypical pathogenetic mechanism.

The theca cell abnormality underlying FOH appears to be intrinsic: 1) FOH persists in 

response to gonadotropin stimulation after long-term suppression of endogenous 

gonadotropins (8), and 2) a steroidogenic defect like that detected by GnRHag/hCG testing, 

in which most steroidogenic enzymes are overexpressed, particularly CYP17, can be 

demonstrated in PCOS theca cells through multiple passages (9). 3) Recent genetic linkage 

studies discussed below showed that this is explicable by a variant in a previously unknown 

regulatory protein family, DENND (differentially expressed in normal and neoplastic 

development) (1, 10).

FOH appears to arise from intraovarian flaws in the down-regulation of androgen secretion 

in response to LH (Figure 2). Ovarian hyper-responsive to LH seems to result from 

subnormal homologous desensitization, which normally, when LH rises excessively a) 

down-regulates the expression of LH receptors, and b) down-regulates steroidogenesis, 

particularly at the level of CYP17.

FAH coexists with FOH in 27.5–46% of PCOS (1, 6, 11), as defined by hyper-

responsiveness of 17-ketosteroids to ACTH without evidence of a steroidogenic block in 

cortisol secretion (Figure 3). Dehydroepiandrosterone (DHEA) is the major hyper-

responsive 17-ketosteroid. Baseline serum DHEA-sulfate, an alternate marker of FAH, is 

elevated in slightly fewer cases and is moderately less specific for FAH, because DHEA 

sulfation is highly heritable. Adrenal 11-oxy-androgens may be elevated in PCOS (12–14). 

How these relate to the classic markers of FAH remains to be determined.

Rosenfield Page 2

Curr Opin Pediatr. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FAH prevalence is similar in functionally typical and atypical FOH (11). Androgen hyper-

responses to ACTH are accompanied by comparable androgen hyper-responsiveness to hCG 

(15). These findings suggest that FAH is usually a manifestation of the same disordered 

steroidogenesis that affects the ovary. That premature adrenarche may be the first 

manifestation of FAH is suggested by its 15–20% increased prevalence in PCOS and the 

resemblance of FAH to an exaggeration of adrenarche (1).

In the absence of intrinsic ovarian dysfunction, modest hyperandrogenemia of extra-ovarian 

origin (adrenal or peripheral sources) or severe insulin resistance are unusual causes of 

anovulation and PCOM (1, 6). However, in 5% of PCOS cases, FAH is the only detectable 

source of androgen excess (“functionally atypical PCOS due to FAH”). In 8% of PCOS no 

glandular source for the androgen excess has been detected: most such cases are obese (1). 

The “functionally atypical PCOS of obesity” seems to arise because excessive fat generates 

testosterone and obesity suppresses gonadotropin production.

Polycystic ovary morphology (PCOM) and oligo-anovulation

In PCOS an excess of small follicles forms, yet follicles prematurely luteinize, and few 

follicles reach the preovulatory follicle stage, accounting for oligo-anovulation and PCOM 

(1). Elevated serum anti-Müllerian hormone (AMH arises from the increased number of 

small follicles. FOH appears to be the usual cause of these effects; all are aggravated by 

hyperinsulinism. Progression of early follicle growth and development is normally regulated 

by AMH, which acts as a folliculogenesis gatekeeper (Figure 4) (1, 16). Some PCOS have 

been proposed to result from decreased AMH gatekeeper function (17).

LH excess

LH elevation at baseline and in response to GnRH occurs in about half of adolescent PCOS 

(1). It ordinarily results from androgen-induced resistance to the negative feedback effect of 

estrogen-progestin (1, 18). Androgen resistance to estrogen-progestin suppression of LH 

was less frequently demonstrable in hyperandrogenic adolescents than in adult PCOS (19). 

This difference may be due in part to milder hyperandrogenemia or higher sensitivity to 

estrogen negative feedback of the immature pubertal neuroendocrine axis.

FOH is a gonadotropin–dependent disorder, because the expression of thecal steroidogenic 

enzymes is dependent on LH stimulation (6). Thus, any treatment that suppresses 

gonadotropin secretion suppresses ovarian androgen secretion.

Insulin-resistant hyperinsulinism

About half of PCOS women have an abnormal degree of insulin resistance for their 

adiposity (1). Intrinsic post-receptor defects in insulin metabolic signaling account for this 

(20). This insulin resistance is specific for the glucose-metabolic effect and some other 

effects of insulin in a tissue-specific manner. Many non-classic actions of insulin are spared 

because they remain sensitive to the compensatory hyperinsulinemia that maintains 

euglycemia. This hyperinsulinism counters normal homologous desensitization, up-

regulating thecal LH receptors and CYP17 activities (Figure 1–2), aggravating FOH. 

Hyperinsulinism also synergizes with androgen and FSH to luteinize granulosa cells at a 
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premature stage: this further disrupts orderly follicle maturation, aggravating the severity of 

anovulation and PCOM. Hyperinsulinism also stimulates adiposity, and when severe its 

mitogenic actions cause pseudoacromegaly. A similar paradox of hyperinsulinism with 

insulin resistance exists in acquired obesity (21).

Both insulin resistance and defective insulin secretion are heritable in PCOS, thereby 

increasing risk for type 2 diabetes mellius (22). Pro-and anti-inflammatory cytokines and 

lipopolysaccharide that arise in circulating adipose or intestinal monocytes also directly 

modulate insulin resistance and steroidogenesis (1, 23–26). Glucose or saturated fat 

ingestion aggravate insulin resistance and FOH by triggering increased serum levels of 

several of these proinflammatory factors, often moreso in PCOS than in obesity (25, 26).

Obesity

Body fat is excessive in PCOS, even in many lean cases (1). In part, this is because insulin 

excess stimulates adipogenesis and abdominal lipogenesis and inhibits lipolysis, leading to 

adipocyte hypertrophy (1, 27). Testosterone opposes insulin effects on subcutaneous fat 

stores (1, 27, 28), while inducing insulin resistance in these cells and suppressing levels of 

the insulin-sensitizing adipokine adiponectin (27). Paradoxically, however, chronic mild 

hyperandrogenemia induced in female primates fed a high-fat diet promotes omental adipose 

accumulation (29). This paradox may explain the role of androgen in determining the size of 

the metabolically adverse visceral fat depot of “android obesity”.

Obesity is mainly important in PCOS pathogenesis because it causes insulin resistance, 

which in turn aggravates FOH (1). Obesity induces insulin resistance through some of the 

same nutrient-mediated proinflammatory pathways as PCOS (25, 26).

Brown fat metabolic activity is reduced in PCOS (30, 31). It is inversely associated with 

central fat and androgen levels.

Summary: a parsimonious model of PCOS pathophysiology

The essential features of PCOS are consistent with a model in which the core 

pathophysiologic abnormality is FOH (Figure 1A) (1). FOH actions on granulosa cells cause 

oligo-anovulation and PCOM, actions on pilosebaceous units cause hirsutism or acne 

(Figure 1A, step 1).

Insulin-resistant hyperinsulinism occurs in about half of PCOS (Figure 1B, step 2). This 

aggravates FOH effects on theca and granulosa cells, increasing hyperandrogenism severity 

and premature luteinization of follicles. Increased hyperandrogenemia interferes with 

estrogen-progestin negative feedback on gonadotropes to cause LH excess (Figure 1B, step 

3). LH excess further stimulates the prematurely luteinized follicles, further aggravating 

FOH and stimulating excess estrogen secretion. Excess estrogen secretion enhances 

suppression of FSH by PCOS’ inhibin excess (not shown, (8)) (Figure 1B, step 4). Obesity 

aggravates the insulin-resistant state, and the compensatory hyperinsulinism in turn 

promotes adiposity (Figure 1B, step 5)..
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The figure does not depict other associated defects, such as the FAH that often accompanies 

FOH and the contribution of excess adiposity to peripheral androgen production and 

gonadotropin suppression.

This model does not exclude the possibility that the intrinsic defects that underpin the 

ovarian steroidogenic dysfunction of typical FOH also directly dysregulate granulosa cell 

folliculogenesis and adipose development as well. Atypical FOH may be particularly 

heterogeneous in origin, with small subsets caused, for example, by primary folliculogenesis 

(17) or insulin resistance abnormalities (32).

Etiology of PCOS

PCOS is a complex trait that results from the interaction of multiple heritable and 

environmental factors. At its simplest, it is explicable by a “two-hit” hypothesis (Figure 5), 

i.e., PCOS results from a congenitally programmed predisposing factor that becomes 

clinically manifest upon exposure to a postnatal provocative factor. The congenital factors 

causing abnormal theca cell androgenic function may have genetic or environmentally 

acquired causes. The major postnatal factor is insulin-resistant hyperinsulinism, which may 

also either have a congenital or acquired basis. Genetic and epigenetic studies within the last 

several years have led to important advances in understanding the particulars.

Heritable Factors Underlying PCOS

PCOS has long been known to have a hereditary component; family studies suggested 

pseudo-autosomal dominant inheritance with variable penetrance (1). Studies in identical 

twin sisters indicate PCOS heritability to be over 70%. Approximately half of PCOS sisters 

are hyperandrogenic or have PCOM, and half of these are also amenorrheic and thus have 

PCOS. Roughly one-quarter of PCOS mothers have PCOS. Type 2 diabetes mellitus and 

insulin resistance prevalence are increased in fathers and other primary relatives (22, 33). 

The longest prospective study of PCOS daughters found significantly increasing PCOS 

manifestations, central obesity, and blood pressure during the post-menarcheal years: by 18–

20 years of age (n=21), 15 met adult hyperandrogenic PCOS criteria, 11 having 

hyperandrogenic anovulation (34, 35).

The search for the underlying genetic defects by genome wide association screening 

(GWAS) led to the 2014 discovery of a novel regulatory protein variant that seemingly 

explains the typical PCOS secretory abnormalities: DENND1A.V2 (DENND isoform 1A, 

variant 2) (1, 10). V2 is an extra-potent splice variant of DENND1A, a guanine nucleotide 

exchange factor that is localized to cytoplasmic pits adjacent to the cell membrane. 

DENND1A.V2 is up-regulated in PCOS theca and zona reticularis cells and mediates the 

PCOS steroidogenic abnormality in culture.

GWAS recently showed that half of PCOS families had ≥1 of 32 rare DENND1A variants 

(36). Thirty were noncoding. Most of these were predicted to alter RNA-binding protein 

binding motifs likely to alter V2 expression (e.g., alternate splicing), others to alter 

transcription factor binding. The data are consistent with the concept that causal DENND1A 
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variants are individually uncommon, but collectively occur in key genes regulating core 

pathophysiologic pathways.

Recently DENND1A.V2 expression was found to be inversely correlated with that of a small 

noncoding mRNA (miRNA) miR-130b-3p, which is involved in post-translational regulation 

of gene expression (37). This miRNA also interacts with 5 of the 22 other gene candidates 

identified as associated with PCOS by GWAS (38): among these are the LH receptor and 

RAB5B (RAS-related protein 5B), a GTPase involved in vesicular trafficking. Pathway and 

network analyses indicate that miR-130b-3p inhibits DENND1A and RAB5B up-regulation 

of theca cell LH receptor expression at the cell surface; miR-130b-3p also interacts with 

insulin signaling through the MAP kinase pathway. Forskolin stimulation caused 

DENND1A.V2 and RAB5B translocation to the nucleus, suggesting they also directly 

stimulate steroidogenesis (39).

Genes identified to date explain less than 10% of heritability (40, 41). Several of the other 

20-or-so loci/genes identified to date by GWAS and meta-analysis (38), several candidates 

are not clearly mechanistically related to the essential reproductive abnormality (37). Some 

may link to metabolic risk, while others, like the LH/CG or FSH receptor linkages, may link 

to epiphenomena (40).

Anti-Müllerian hormone (AMH) and AMH receptor (AMHR) coding variants with 

decreased signaling have been identified by next-generation sequencing in 6.7% PCOS 

patients, who have elevated serum AMH (17). Poor restraint by variant AMH of its 

gatekeeper functions of inhibiting foliculogenesis and steroidogenesis (Figure 4) possibly 

accounts for this PCOS. This study suggests that some PCOS cases may be caused by a 

primary folliculogenesis defect rather than a primary theca cell defect.

Intrauterine Environmental Factors Underlying PCOSs

Congenital virilization is a common cause of secondary PCOS (1, 42) and the most common 

method of producing experimental models of PCOS. In rhesus monkeys, prenatal 

testosterone administration reproduces the entire reproductive and metabolic PCOS 

spectrum, including obesity, insulin resistance, defective insulin secretion, and diabetes 

mellitus (1, 41, 43). Several methods, from administering dihydrotestosterone to 

pharmacologic dosing with AMH to inhibit placental aromatase, have been used to 

congenitally virilize a variety of species. However, congenital virilization is unlikely to 

account for ordinary PCOS because maternal-fetal testosterone passage is hindered by high 

placental aromatase activity and fetal ovarian follicle development does not begin until mid-

gestation (1).

Disturbed fetal nutrition, particularly fetal undernutrition, predisposes to metabolic 

syndrome and related cardiovascular disease in adulthood (“developmental metabolic 

programming”). The proposal that low birth weight is likewise a risk factor for PCOS has 

been supported in some populations, not in others (1). In some studies, high birth weight has 

been associated with PCOS. However, most PCOS cases in most populations occur in 

individuals with normal birth weight (1, 44).
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Such intrauterine perturbations cause adult disease via epigenetic programming (43, 45, 46). 

Epigenomic alterations in PCOS are indicated in PCOS granulosa cells by >100 

differentially methylated sites affecting a wide variety of functions (47) and androgen 

receptor splice variants (48, 49); abnormal methylation of ovarian aromatase, AMH/AMHR, 

and genes involved in insulin/IGF signaling (50); and miRNA expression abnormalities in 

PCOS theca cells (37) and adipose tissue (1). Furthermore, DNA is differentially methylated 

in PCOS and PCOS daughters versus controls (43).

Testosterone is a potent epigenetic programmer (35, 45, 51, 52). Prenatal androgen 

exposure, but not obesity, was found to cause differential, transgenerational expression of 

several genes in the oocytes of mice and also in PCOS (35). One was up-regulated in mice, 

PCOS adipose, and PCOS daughter serum: Tia1 cytotoxic granule-associated RNA binding 
protein-like 1 (Tial1). This encodes a member of a family of RNA-binding proteins that 

regulate RNA stability, localization and post-transcriptional regulation, suggesting a 

potential role in androgen excess similar to that of miRNA.

Postnatal Heritable and Environmental Factors Activating PCOS

Ordinary obesity appears to be the most common precipitant of PCOS symptoms during 

adolescence (1). Heritable factors underlying insulin resistance and type 2 diabetes mellitus 

(22) seem to predispose to the development of childhood obesity and PCOS.

Moderately severe insulin-resistant hyperinsulinism underlies two unusual syndromes of 

intractable obesity in mid-childhood that herald PCOS in adolescence: pseudo-Cushing 

syndrome and pseudoacromegaly (53). The cause of these is unknown, but probably is 

inborn (53). Rare genetic disorders of extreme insulin resistance (eg, insulin receptor 

mutations and generalized lipodystrophy) are all associated with PCOS.

Virilization of sexually mature women, whether arising from treatment of female-to-male 

transsexuals or undertreated virilizing congenital adrenal hyperplasia, causes reversible FOH 

and PCOM (42). This can lead to a confusing clinical picture in girls with FOH secondary to 

virilizing congenital hyperplasia.

Research Horizons

Two of the fundamental pathophysiological mysteries about PCOS are what the common 

denominator may be that links hyperandrogenism to the common but inconstant features of 

insulin resistance and obesity.

A direct effect of hyperandrogenism on insulin resistance in adult humans is unlikely: 

reducing PCOS androgen action or levels by anti-androgen or gonadotropin-suppression 

treatment has improved insulin sensitivity in only a minority of studies (20, 54). In monkeys 

testosterone programing of PCOS likely has an epigenetic basis. Although fetal testosterone 

excess itself is unlikely to program naturally-occurring human PCOS (1), other molecules 

can potentially mimic/mediate testosterone’s epigenetic actions. For example, testosterone 

administration to the perinatal rodent reduces activity of sexually dimorphic brain 

methyltransferases, thereby releasing masculinizing genes from epigenetic repression (52, 
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55). This (52) and other (56) androgen effects are mediated by post-receptor signaling 

through prostaglandins.

Regarding hyperandrogenism and obesity, steroidogenic and adipose cells share a common 

transcription factor, Kruppel-like factor 15, that both increases testosterone biosynthesis and 

stimulates adipogenesis in response to insulin, while promoting hepatic steatosis and muscle 

mass (57, 58). This suggests that many of the diverse organ system abnormalities of PCOS 

may be linked to dysregulation of shared transcription factors. An alternative hypothesis is 

that a PCOS subset is caused by insulin resistance such as that resulting from fundamentally 

excessive fat storage (32). Mechanistic understanding is meager about androgens’ epigenetic 

role in obesity (41).

Conclusion

In addition to finding how gene variants contribute to PCOS pathogenesis, better 

understanding of androgen epigenetic mechanisms of action in diverse tissues can be 

expected to expand our understanding of PCOS pathogenesis.
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Key Points:

• The vast majority of PCOS is explicable by functional ovarian 

hyperandrogenism (FOH). It is aggravated by insulin-resistant 

hyperinsulinism in about half of cases.

• FOH is usually characterized by a typical pattern of steroid hyper-

responsiveness to luteinizing hormone in which there is disproportionate 17-

hydroxyprogesterone response.

• This steroidogenic pattern is characteristic of cultured PCOS theca cells, and 

seems explicable by overexpression of a DENND (differentially expressed in 

normal and neoplastic development) variant protein that modeling suggests to 

up-regulate LH receptors. Variants in this gene are found in half of PCOS; 

their causal role remains to be proven by gene function studies.

• Functionally atypical FOH, detectable by dexamethasone androgen-

suppression testing, but lacking 17-hydroxyprogesterone hyper-

responsiveness to LH, may have other causes, such as the defective anti-

Müllerian hormone (AMH) or AMH receptor (AMHR) variants recently 

found in 6.7% of PCOS.

• Epigenetic programming seems to be an important contributor to PCOS 

etiology. Prenatal androgen administration is a potent inducer of epigenetic 

changes that induces models of PCOS in several species. It was recently 

shown to cause transgenerational epigenomic changes in a mouse PCOS 

model that are like those in human PCOS and PCOS daughters.
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Figure 1. 
Unified parsimonious model of PCOS pathophysiology. Panel A. Ovarian 

hyperandrogenism is demonstrable in nearly 90% of PCOS and can account for all the 

cardinal clinical features of the syndrome: hyperandrogenemia, oligo-anovulation, and 

polycystic ovaries. Mature pituitary LH secretion is necessary to sustain the ovarian 

androgen excess, but is not sufficient to cause it. Panel B. About half of patients with FOH 

have insulin-resistant hyperinsulinism (step 2). Insulin-resistant hyperinsulinism acts on 

theca cells to aggravate hyperandrogenism, synergizes with androgen to prematurely 

luteinize granulosa cells, and stimulates adipogenesis. The increased hyperandrogenemia 

provokes LH excess (step 3), which then acts on both theca and luteinized granulosa cells to 

worsen hyperandrogenism. LH also stimulates luteinized granulosa cells to secrete estradiol 

(step 4), which suppresses FSH secretion. These hyperinsulinism-initiated changes in 

granulosa cell function further hinder ovulation and exacerbate PCOM. Obesity causes 

insulin-resistance hyperinsulinism; the resultant hyprinsulinemia reciprocally stimulates fat 

formation (step 5) and further aggravates hyperandrogenism. Heaviness of lines and fonts 

represents severity.

Source: Modified with permission from: Rosenfield RL and Ehrmann DA. The Pathogenesis 
of Polycystic Ovary Syndrome (PCOS): The Hypothesis of PCOS as Functional Ovarian 
Hyperandrogenism Revisited. Endocrinol Rev 2016; 37: 467–520. Copyright ©2016 The 
Endocrine Society
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Figure 2. 
Simplified version of the organization and regulation of the major steroid biosynthetic 

pathways in the small antral follicle of the ovary according to the 2-gonadotropin, 2-cell 

model of ovarian steroidogenesis. The main means of regulating theca cell androgen 

secretion is paracrine feedback by granulosa cell secretions on theca cell steroidogenesis to 

modulate LH action. This requires a fine balance of intraovarian down- and up-regulation 

processes in order to coordinate thecal androgen formation with granulosa cell estrogen 

formation. Down-regulation in part results from the paracrine inhibitory effects of granulosa 

cell sex steroids on CYP17. Down-regulation is counter-balanced by up-regulating paracrine 

factors produced by the granulosa cell, particularly inhibin-B and insulin-like growth factors 

(IGFs). Extra-ovarain factors like insulin and proinflammatory cytokines (not shown) also 

up-regulate steroidogenesis.. The two activities (17-hydroxylase and 17,20-lyase) of CYP17, 

the rate-limiting enzyme in androgen biosynthesis, are not appropriatedly regulated in 

PCOS. Inset shows diagram of small antral follicle: theca cells are stroma-like cells 

encircling the antral follicle and granulosa cells are epithelial-like cells lining the antrum, 

into which juts the ovum surrounded by the cumulus of specialized granulosa cells. 

Formation of androstenedione via 17-hydroxyprogesterone (dotted arrow) in the intact 

follicle is probably small, as is the amount of progesterone formed in granulosa cells (not 

shown). Stimulation indicated by + sign, inhibition by – sign. 3ß = 3ß-hydroxysteroid 

dehydrogenase, A’dione = androstenedione, DHEA = dehydroepiandrosterone, 

DHT=dihydrotestosterone, OH=hydroxy, T=testosterone.

Source: Modified with permission from: Rosenfield RL and Ehrmann DA. The Pathogenesis 
of Polycystic Ovary Syndrome (PCOS): The Hypothesis of PCOS as Functional Ovarian 
Hyperandrogenism Revisited. Endocrinol Rev 2016; 37: 467–520. Copyright ©2016 The 
Endocrine Society.
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Figure 3. 
Simplified outline of adrenal steroidogenesis emphasizing the zona reticularis. 

Adrenocortical steroidogenesis is stimulated primarily by ACTH, which is under negative 

feedback control by cortisol. Insulin, IGFs, interleukin-6 (IL-6) and bone morphogenetic 

protein type 4 (BMP4) modulate adrenal androgen secretion in response to ACTH. The 

unique secretory pattern of the zona reticularis, where adrenal androgens are formed, is due 

to uniquely low expression of 3ß-hydroxysteroid dehydrogenase (3ß), specific enhancement 

of the 17,20-lyase activity of CYP17, and unique expression of sulfotransferase activity 

(SULT2A). In FAH, adrenal androgens are formed in the zona reticularis disproportionately 

to cortisol formation in the zona fasciculata. The zona glomerulosa and zona fasciculata 

share core steroidogenic pathway steps with the zona reticularis, as indicated; individual 

arrows indicate steroidogenic steps in these zones.
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Figure 4. 
Schematic depiction of AMH function as a folliculogenesis gatekeeper. AMH secreted by 

the granulosa cells of small growing follicles inhibits primordial follicle growth and 

development, which is gonadotropin-independent and in part stimulated by androgen 

(feedback loop not shown). AMH also inhibits CYP17, which restrains androgen and 

estrogen biosynthesis by larger antral follicles. As granulosa cells multiply in an 

increasingly gonadotropin-dependent manner and follicles grow, estradiol inhibits AMH 

secretion, confining it to follicles <9 mm. Increasing gonadotropin-dependence and waning 

AMH production by growing follicles permit emergence of the estrogen-predominant 

preovulatory follicle. Dashed arrows indicate key stages in follicular growth and 

development. Solid arrows with minus sign indicate inhibition by AMH and estradiol.
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Figure 5. 
PCOS etiology is a complex trait conceptualized as consisting of a congenital predisposing 

condition (“first hit”) and an activating postnatal condition (“second hit”). Examples are 

shown of conditions conferring PCOS risk according to clinical studies.
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