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Abstract

The human adrenal produces more 19 carbon (C19) steroids, by mass, than either glucocorticoids 

or mineralocorticoids. However, the mechanisms regulating adrenal C19 steroid biosynthesis 

continue to represent one of the most intriguing mysteries of endocrine physiology. This review 

will discuss the C19 steroids produced in the human adrenal and the features within the adrenal 

that allow production of these steroids. Finally, we consider the effects of these steroids in normal 

physiology and disorders of adrenal C19 steroid excess.
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Introduction

The human adrenal produces a variety of 19 carbon (C19) steroids, such as 

dehydroepiandrosterone (DHEA), DHEA sulfate (DHEAS), androstenedione (A4), 

androstenediol and 11β-hydroxyandrostenedione (11OHA) (135) (Figure 1). These steroids 

have little androgenic activity, but they provide a pool of circulating precursor for peripheral 

conversion to more potent androgens (e.g. testosterone, T) and estrogens, (e.g. estradiol) (79, 

100, 128, 134, 141). The adrenal gland contributes ~1% to the total circulating T in males 

and up to 30–50% in females (84), and roughly half of circulating A4 is of adrenal origin 

(1); conversely, DHEA and DHEAS derive predominantly from the adrenal (1). In addition, 

synthesis of 11OHA and 11β-hydroxytestosterone (11OHT) requires the adrenal specific 

enzyme 11β-hydroxylase (CYP11B1) (Figure 1) (16, 135). Thus, because these steroids are 

mainly derived from the adrenal, DHEA, DHEAS, 11OHA and 11OHT are commonly 
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referred to as “adrenal androgens” and DHEA and DHEAS have been used as biomarkers to 

help determine the adrenal contribution to diseases of androgen excess.

However, it is likely that the adrenal produces an even wider array of C19 steroids. This 

concept is supported by a recent study where liquid chromatography/tandem mass 

spectrometry (LC-MS/MS) was utilized to measure C19 steroids in adrenal vein (AV) 

samples from women with hyperaldosteronism, before and after cosyntropin stimulation 

(135). AV levels of DHEAS were the highest among the nine C19 steroids that were 

measured. The most abundant unconjugated C19 steroids in AV samples were 11OHA, 

DHEA and A4. Based on this study, the adrenal glands produce more C19 steroids (sulfated 

and unconjugated) than cortisol. In addition, although secreted in smaller amounts, AV 

levels of T and 11OHT also increased following cosyntropin infusion. This study supports 

the concept that the human adrenal produces a broad set of androgens and precursor C19 

steroids, whose production is stimulated by adrenocorticotropin (ACTH).

C19 steroidogenic pathways

Steroidogenic acute regulatory (StAR) protein

Steroid secretion is directly dependent on de novo steroid production, as there are no pre-

synthesized hormone reservoirs in the adrenal cortex. Cholesterol, the common precursor of 

all steroids, is stored in cytoplasmic lipid droplets and must be transported to the outer 

mitochondrial membrane (OMM) to initiate steroid production (108). The initial enzymatic 

step for steroidogenesis, however, occurs deeper within the mitochondria. The steroidogenic 

acute regulatory (StAR) protein facilitates the transfer of cholesterol from the OMM to inner 

mitochondrial membrane (IMM), where it is then cleaved by the cholesterol side chain 

enzyme (CYP11A1) (32, 162). The human StAR gene is located on chromosome 8q11 and 

encodes primarily a 1.6 kb mRNA that produces the 37 kDa precursor protein (165). Upon 

entry into the mitochondria, StAR is cleaved to a 30 kDa form (5, 60). StAR is a member of 

a family of proteins containing a START (StAR-related lipid transfer)-domain, which 

consists of a β-sheet rich sterol-binding pocket (173). A single molecule of cholesterol fits 

into this pocket, and it has been suggested that StAR recirculates across the mitochondrial 

membranes several times before being inactivated following proteolytic cleavage. StAR 

appears to play a crucial role in steroid production, not only in the adrenal, but in the ovary 

and testis as well. In addition, the expression of StAR in many non-steroid producing tissues 

suggests a role in other cellular processes (4).

Mouse studies have shown that deletion of StAR leads to blockade of adrenal 

steroidogenesis and induces a life-threatening condition similar to lipoid congenital adrenal 

hyperplasia (LCAH) (29) that is seen in human neonates with inactivating StAR gene 

mutations (20, 97). In the absence of StAR, adrenal steroidogenic capacity declines to only 

about 14% of the StAR-induced rate, although the mechanisms that, at least partially, 

maintain steroidogenesis have not clearly been defined. There is strong support for a role of 

two additional proteins, MLN64 and peripheral benzodiazepine receptor (also known as 

translocator protein or TSPO). The cholesterol transport activities of these proteins might 

account for the remaining 14% of steroid production in LCAH. For example, in the human 

placenta, which does not express StAR, MLN64 is believed to facilitate cholesterol 
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movement into the IMM to initiate pregnenolone biosynthesis (22, 178). Deficiency of StAR 

causes massively enlarged, lipid-laden adrenal glands that make minimal quantities of 

steroids and leads to eventual cellular apoptosis and organ dysfunction (21, 29, 83, 148). In 

addition, genetically male (XY) fetuses with LCAH have phenotypically female external 

genitalia due to the absence of in utero T production from lack of steroidogenesis in the 

developing testes (20, 83). The condition is lethal unless promptly recognized at birth and 

treated with corticosteroids (52, 63, 83). Affected fetuses have decreased adrenal C19 

steroids (including 16αDHEAS) that normally enter the maternal circulation and act as 

precursors for placental conversion to estriol (134). Fetal LCAH is among the causes of low 

estriol in the maternal circulation throughout pregnancy.

Cholesterol Side-Chain Cleavage Enzyme (CYP11A1)

Cholesterol side-chain cleavage enzyme (CYP11A1, P450scc) catalyzes the initial and rate 

limiting enzymatic reaction of steroidogenesis: the conversion of cholesterol to 

pregnenolone (85, 108, 149). Encoded by one gene on chromosome 15q23-q24 (158), this 

single P450 enzyme performs three serial reactions: 20-hydroxylation, 22-hydroxylation, 

and scission of the C20–C22 bond of cholesterol (150). Each of these three reactions 

requires a pair of electrons from reduced nicotinamide adenine dinucleotide phosphate 

(NADPH) and one molecule of oxygen. A type I P450 enzyme, CYP11A1 is located in the 

mitochondria and receives electrons from NADPH via an iron-sulfur protein, named 

ferredoxin (116). During this process, NADPH first reduces a flavoprotein called ferredoxin 

reductase, which in turn passes electrons to ferredoxin. Ferredoxin reductase and ferredoxin 

are electron transfer proteins that donate electrons to all of the various mitochondrial P450 

enzymes (175).

The human CYP11A1 gene encodes a 2 kb mRNA, which is translated into a 521 amino acid 

precursor (30). The leading 39-amino acids that introduce CYP11A1 into the mitochondria 

are lost during this process (104). The mitochondrial environment is required for CYP11A1 

activity, as engineered forms missing the targeting peptide are inactive (15). Rabbit and 

mouse studies show that deletion of the gene for CYP11A1 (67, 183) drastically reduces 

steroidogenesis, which demonstrates that CYP11A1 is the only enzyme that can convert 

significant amounts of cholesterol to pregnenolone. Similar to StAR deficiency, partial 

deficiency of CYP11A1 activity has been observed in humans and resembles incomplete or 

“nonclassic” LCAH (145, 147).

CYP11A1 is needed for the production of all steroids, including those produced by the 

adrenal. Adrenal gland expression of CYP11A1 is mainly regulated by ACTH (74). The 

enzyme is expressed in all adrenal cortex zones, and although its expression is obligatory for 

the synthesis of C19 steroids (Figure 2), it is the presence of downstream enzymes that 

determines whether these cells produce corticosteroids or C19 steroids.

17α-hydroxylase/17,20-lyase (CYP17A1)

CYP17A1 mediates the two steps involved in the conversion of pregnenolone to DHEA: the 

17α-hydroxylation of pregnenolone, followed by the scission of the C17–C20 bond of 17-

hydroxypregnenolone (17OHP5). These two distinct reactions were long thought to be 
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catalyzed by separate enzymes. However, the cloning of bovine cDNA for CYP17A1 and its 

expression in non-steroidogenic COS-1 cells yielded both 17α-hydroxylase and 17,20-lyase 

activities, proving that a single enzyme catalyzed both reactions (187). Similarly, the human 

CYP17A1 is encoded by a single gene, located on chromosome 10 and a single 2.1-kb 

mRNA is expressed and translated into a 57-kDa protein in both the adrenals and gonads 

(31, 75).

CYP17A1 is a type II P450, being located in the endoplasmic reticulum, where it receives 

electrons from NADPH via a flavoprotein called P450-oxidoreductase (POR) (184). Within 

this redox system, electrons are initially transferred from NADPH to the flavin adenine 

dinucleotide (FAD), then to the flavin mononucleotide within distinct domains of POR, and 

lastly to the P450.

Human CYP17A1 has similar affinities and activities for both pregnenolone and 

progesterone 17α-hydroxylation; in contrast, 17,20-lyase reaction preferentially uses 17α-

hydroxypregnenolone as substrate, yielding an approximately 50-fold more efficient 

catalytic activity on the Δ5 pathway to DHEA than the Δ4 pathway to androstenedione (50, 

70). Furthermore, the 17,20-lyase reaction is enhanced approximately 10 times by the 

cofactor cytochrome b5 (CYB5A) (10, 78, 94, 120) in both pathways. The mechanism by 

which CYB5A regulates 17,20-lyase activity is not well understood; experimental data 

suggest that CYB5A is an allosteric activator of 17,20-lyase, promoting the interaction 

between the enzyme and POR, rather than acting alone, as an electron donor (10).

Various forms of CYP17A1 deficiency have been described, and their severity tends to 

correlate with the severity of the mutation (9, 182). The initial case was reported in 1966 and 

described a patient with combined, complete 17α-hydroxylase/17,20-lyase deficiency, who 

presented with amenorrhea, sexual infantilism and hypertension (14). Deficiency of 17α-

hydroxylase results in decreased cortisol synthesis; the ensuing ACTH elevation stimulates 

the accumulation of metabolites proximal to the enzymatic defect, all on the 

mineralocorticoid pathway—primarily 11-deoxycorticosterone (DOC)—causing 

hypertension and hypokalemia. Despite not being able to produce normal amounts of the 

important steroid cortisol, these patients rarely show symptoms of adrenal insufficiency, due 

to the enhanced production of corticosterone, which also has glucocorticoid activity. 

Similarly, mice and rats normally lack Cyp17a1 in their adrenals and use corticosterone as 

their major glucocorticoid (80).

Mutations that cause isolated deficiency of 17,20-lyase deficiency are more rare, and most 

involve attenuation of positive charges in the redox partner-binding site, thus altering the 

capacity of CYP17A1 to interact with its electron donor POR and with CYB5A (56). 

Clinically, these patients are deficient of both androgens and estrogens, as both adrenal and 

gonadal steroidogenesis is impaired. Subsequent to the cloning of the CYP17A1 gene, ~100 

mutations have been identified, the majority of which are clustered in specific populations, 

such as Brazilians of Spanish and Portuguese ancestry (W406R and R362C mutations, 

respectively) (35), descendants of Dutch Frieslanders (duplication of four nucleotides 

causing a frameshift) (71), and Southeast Asians (in-frame deletion of residues 487–489) 

(48, 92).
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CYP17A1 is needed for the production of adrenal cortisol as well as C19 steroids. As such, 

this enzyme is expressed at high levels in the fasciculata and reticularis zones (Figure 2). 

While the 17,20-lyase activity of CYP17A1 increases significantly in the inner reticularis, it 

does not appear to be due to increased CYP17A1 expression, but to the high expression of 

CYB5A in this zone (103, 166). Adrenal gland expression of CYP17A1 is mainly regulated 

by ACTH (154, 186). In addition, a number of growth factors, including insulin like growth 

factor I and II, enhance adrenal cell CYP17A1 expression, while transforming growth factor 

β inhibits CYP17A1 expression (87, 93, 129). What regulates CYB5A expression remains 

unknow.

SULT2A1

At least 44 distinct isoforms, grouped in five families, of steroid sulfotransferases (SULT) 

have been identified (47, 164). SULT2A1 is predominantly expressed in the cytoplasm of 

adrenocortical cells in zona reticularis, where it sulfates the 3β-hydroxyl group of Δ5 steroids 

(pregnenolone, 17α-hydroxypregnenolone, DHEA, and androsta-5-ene-3β,17β-diol). During 

fetal development, each of these steroids is used as SULT2A1 substrates, while in adults 

DHEA is preferentially utilized, resulting in DHEAS. The SULT2A1 gene has been mapped 

to 19q13.3 and spans at least 17kb with 6 exons (122). The resultant 1.9kb mRNA is 

translated into a 33.7-kDa SULT2A1 protein.

Conjugation of DHEA to its sulfated form, DHEAS, plays an important role in the 

regulation of adrenal androgen synthesis. In pregnancy, the fetal adrenal provides large 

amounts of DHEAS as precursor for placental estradiol synthesis (134). In contrast, DHEAS 

acts postnatally as a buffer to prevent excessive adrenal androgen production. Defects in 

DHEAS sulfation result in excessive amounts of DHEA, a substrate for HSD3B2 to yield 

A4, which is further converted to T (117). A SULT2A1 polymorphism found in African 

Americans might correlate with the risk of prostate and other cancers (118); however, a 

definitive link has not been established. No human mutations in SULT2A1 causing DHEAS 

deficiency have been yet identified. Instead, the process of DHEA sulfation can be impaired 

by defects in the enzyme that synthesizes the obligatory sulfate donor of SULT2A1, 3′-

phosphoadenosine 5′-phosphosulfate (PAPS) (117, 164, 180). In humans, PAPS synthase 

(PAPSS) exists in two isoforms, PAPSS1, which is ubiquitously expressed, and PAPSS2, 

highly expressed in the major sites of DHEA sulfation: the adrenal and liver (164). 

Deficiency of PAPSS2 prevents DHEA sulfation, as described in a girl who presented with 

premature pubarche and advanced bone age, followed by acne, hirsutism, and secondary 

amenorrhea in adolescence (117).

As noted above, SULT2A1 is needed for sulfation of DHEA but can also efficiently sulfate 

pregnenonlone and 17-hydroxypregenolone. SULT2A1 expression, however, is limited to 

the adrenal zona reticularis (Figure 2), and therefore selective expression of this enzyme 

plays an important role in defining which cells produce DHEAS and the repertoire of steroid 

sulfates emerging from the adrenal. The expression of SULT2A1 also increases in the 

adrenal during adrenarche (114, 166).
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3β-hydroxysteroid dehydrogenase/∆5/4-isomerase type 2 (HSD3B2)

HSD3B2 is a key enzyme for the synthesis of mineralocorticoids, glucocorticoids and 

androgens. HSD3B2 catalyzes the conversion of the hydroxyl group to a keto group on 

carbon 3 and the isomerization of the double bond from the B ring (Δ5 steroids) to the A ring 

(Δ4 steroids) (90, 99, 168). Pregnenolone, 17α-hydroxypregnenolone, DHEA and 

androstenediol are all substrates for HSD3B2 (95, 169), which are irreversibly converted to 

progesterone, 17α-hydroxyprogesterone, A4 and T, respectively. While rodents have 

multiple HSD3B2 isoforms, the human genome has only two active genes and several 

pseudogenes (89). HSD3B2 is the principal isoform in the adrenals and gonads. The 

HSD3B2 gene on chromosome 1p12 is transcribed to give a 1.7kb mRNA, which is 

translated to a 42-kDa protein (91, 101).

Mutations in HSD3B2 cause a rare form of congenital adrenal hyperplasia, in which 

circulating concentrations of Δ5-steroids, particularly 17α-hydroxypregnenlone, are elevated 

(19, 110, 113, 138, 153). The production of some Δ4-steroids (not cortisol) is partially 

compensated (109) by type 1 isoform of HSD3B2, which is present in extra-adrenal tissues, 

such as breast, liver, brain, and placenta. The spectrum of HSD3B2 deficiency ranges from 

complete or “classic” to mild or “partial”, the latter of which is extremely rare but is often 

misdiagnosed due to former incorrect criteria. In classic HSD3B2 deficiency, the 

glucocorticoid and mineralocorticoid deficiencies are life-threatening in early infancy (18, 

123, 152). Genetic males are unable to synthesize sufficient androgens to completely virilize 

their external genitalia, while genetic females have clitoromegaly and mild virilization due 

to overproduction of DHEA and peripheral conversion to active androgens (110, 113, 139).

The adrenal reticularis has substantially lower levels of HSD3B2 compared to the adjacent 

fasciculata (Figure 2). The relative lack of HSD3B2 expression facilitates DHEAS synthesis 

by decreasing competition with CYP17A1 for pregnenolone and 17OHP5 (33, 133). In 

adrenarche, the characteristic expansion of a zona reticularis with low HSD3B2 expression 

occurs, which contributes to the increased synthesis of adrenal DHEAS through the 

transition from prepubertal period to adult life (54, 55, 68, 166). The phenomenon of 

increased androgen production as a result of decreased HSD3B2 activity was also 

demonstrated by McCartin et al. when they reported the presence of premature adrenarche in 

an 11-year-old subject with a profound loss in HSD3B2 activity owing to a compound 

heterozygous mutation in the HSD3B2 gene (105).

Type 5 17β-Hydroxysteroid dehydrogenase (AKR1C3)

The conversion of androstendione to T requires 17β-hydroxysteroid dehydrogenase activity. 

In the testis, the type 3 17βHSD (HSD17B3) catalyzes this reaction (53). This enzyme is not 

expressed in the adrenal (115). Instead, the human adrenal expresses AKR1C3, also known 

as 17β-hydroxysteroid dehydrogenase type 5 (115), a member of the aldo-keto reductase 

(AKR) family that is also found in non-steroidogenic tissues (39, 46). This enzyme has an 

array of substrates and activities, including the ability to catalyze the reduction of A4 to T 

(46, 98). AKR1C3 was originally cloned as a 3α-HSD (39, 98) and found to reduce DHT to 

3α-androstanediol (39). This protein was later recognized to also have 17βHSD activity and 

to be accountable for much of the extra-testicular and peripheral conversion of A4 to T, 
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although with poor catalytic efficiency (131). The postnatal adrenal also expresses AKR1C3 

in the zona reticularis, and AKR1C3 appears to be the enzyme responsible for the small 

amount of T produced directly by the adrenal glands (115), and is likely responsible for the 

larger amounts of androgens produced in congenital adrenal hyperplasia.

AKR1C3 is a 37-kDa protein, encoded on chromosome 10p15.1 and transcribed to give an 

mRNA of 1200–1400 nucleotides (82). Little is known about the regulation of AKR1C3, but 

ACTH is believed to play a stimulatory role in the adrenal. The AKR1C3 gene is found in a 

cluster with 3 other AKR1C genes, whose proteins have overlapping activities. Although no 

human deficiencies in AKR1C3 have been reported, a polymorphism in the AKR1C3 gene 

(pGlu77Gly in exon 2) has been associated with lower T in men (73). The promoter region 

of this gene has become of interest, as a few studies indicate an increase in AKR1C3 

transcription contributing to the hyperandrogenism in PCOS (44, 132).

Mechanisms regulating adrenal C19 steroid production

Progress in defining the mechanisms that regulate adrenal C19 steroid production has been 

hampered by the fact that research has focused adrenal DHEAS, which is abundant only in 

some large mammals (36). To date, there has been little progress in defining an adrenal 

androgen-stimulating hormone that might specifically regulate adrenal DHEA(S) 

production. Although the regulation of adrenal C19 steroid biosynthesis is incompletely 

understood, ACTH remains the most widely accepted primary mediator of C19 steroid 

production (136, 142). As is seen for cortisol, dexamethasone suppression of ACTH levels 

decreases circulating adrenal androgens, suggesting a primary regulatory role for ACTH 

(140). C19 steroids also exhibit a diurnal pattern of expression that mimics circulating levels 

of ACTH, although the diurnal fluctuation in DHEAS is small due to its long half-life (126). 

Moreover, children with ACTH receptor defects fail to experience adrenarche and the 

increase of adrenal C19 steroids (2, 179), thereby supporting a requirement for ACTH in this 

phenomenon. However, it is also clear that DHEAS levels increase at the time of adrenarche 

in a manner that appears independent of the cortisol and ACTH levels, which maintain a 

constant pattern (81). This discrepancy is in part due to cortisol’s tight regulatory feedback 

control of ACTH and highlights the fact that DHEAS and other C19 steroids do not appear to 

exert negative feedback on ACTH production. This clear age-related separation of 

circulating levels of cortisol and DHEAS has led many researchers to pursue a so-called 

adrenal androgen stimulating hormone (AASH). Most research has focused on the pituitary 

as the source of a potential AASH. Indeed, plasma levels of pro-opiomelanocortin (POMC) 

related peptides, including β-lipotropin and β-endorphin, correlate with the rise in DHEAS 

seen at the time of adrenarche (57, 58, 119). In addition, there was a brief period of support 

for AASH being the proximal 18-amino acid hinge region (amino acids 79–96) of POMC, 

but the initial studies were not confirmed by additional in vitro studies (106, 125, 130). 

Other pituitary and non-pituitary derived hormones [prolactin, insulin, insulin-like growth 

factor-I (IGF-I)] have been studied but have been found not to show a selective correlation 

with circulating DHEAS levels seen during adrenarche or to selectively stimulate C19 

steroid production in human adrenocortical cells (7, 62, 127, 157). Corticotropin releasing 

hormone (CRH) appears to regulate DHEAS production in fetal adrenal (155); however 

evidence to support a similar role in adults is lacking. Thus, determination of the role of a 
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non-ACTH controlling hormonal factor for adrenal C19 steroids still needs more 

investigation.

An alternative hypothesis has revolved around a role for intra-adrenal steroids in regulating 

adrenal C19 steroid production, as well as adrenarche (3). Several studies have demonstrated 

an age-dependent increase in intra-adrenal C19 and C21 steroid levels to the range needed to 

act as competitive inhibitors of HSD3B2 (24, 25, 42). In this manner, steroid precursors 

would influence C19 steroid synthesis by promoting 17OHP metabolism to DHEA at 

adrenarche. Recent in vitro studies by Topor et al also established that cortisol inhibits 

HSD3B2 and stimulates the biosynthesis of DHEA at concentrations above 50 μM (170). 

The exact role of cortisol inhibition of HSD3B2 during adrenarche is not clear. For example, 

several C19 steroids levels are high in pre-pubertal children with under-treated classic 

congenital adrenal hyperplasia (CAH), in whom intra-adrenal cortisol levels are low (23). In 

addition, as noted earlier, the adrenal reticularis appears to have very low levels of HSD3B2 

expression. An alternative role of cortisol inhibition of HSD3B2 may be through its action 

within the zona fasciculata, where an inhibition of HSD3B2 could influence its production 

of 11OHA and androstenedione.

Adrenal C19 steroid production during the process of aging

The fetal adrenal glands are large compared to those of adults and consist of 80% of the so-

called “fetal zone”. Until birth, the fetal zone secretes remarkable quantities of DHEA and 

DHEAS, which are used by the placenta as precursors for estrogen production (17, 51, 134, 

151). After birth, the fetal zone involutes, which accounts for the rapid decline in DHEAS 

synthesis in the first months of life. The zona reticularis is indistinct during infancy but has 

been shown to expand starting around 4–5 years of age and continue to grow throughout the 

first two decades of life (38, 40). This process is followed by a rise in circulating 

concentrations of DHEAS (38, 45, 121). A marked increase in circulating DHEAS is easily 

detectable during the process of adrenarche (41, 68, 166), and most studies support a 

primary role for peripheral conversion of adrenal derived C19 steroids to more potent 

androgens underlying the growth of axillary and pubic hair in children of both genders (11, 

79). The adrenarche-associated rise in DHEAS is a phenomenon specific to human beings 

and some Old World primates, such as the chimpanzee and gorilla (26, 34, 36, 156). The 

physiologic significance of adrenarche remains somewhat unclear. Most researchers have 

focused on the use of adrenal-derived C19 steroids by peripheral tissues, which have 

enzymes that can convert the precursors to more active androgens (Figure 3). Some 

evidence suggests that DHEAS has a neuromodulatory effect, which might serve to protect 

certain parts of the prepubertal brain that are more active metabolically (26). Another theory 

is that adrenarche supports an evolutionary role of “juvenility”, which might have helped 

human ancestors adapt their body composition to environmental factors during the transition 

to adulthood (65, 66).

Pathophysiology of adrenal C19 steroids

Premature Adrenarche—Normally, adrenarche in humans is a gradual process that 

precedes the onset of puberty. Premature adrenarche (PA) refers to the early increase in 

adrenal androgen production and the subsequent early appearance of pubic or axillary hair 
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before age 8 years in girls and 9 years in boys (premature pubarche), without the presence of 

other secondary sex characteristics (69, 167). However, the age of adrenarche (based on 

premature pubarche vs. normal pubarche) appears to differ between ethnic populations, as 

does the onset of puberty (64). Children with PA exhibit elevated serum levels of DHEA, 

DHEAS, A4, and T, as well as of their urinary metabolites (43, 69, 86, 96, 143, 144, 176). 

Steroid profiles of infants with fine genital hair studied by LC–MS/MS show a mild 

elevation of DHEAS when compared with healthy pre-adrenarchal children, suggesting that 

pubic hair in infancy might represent a mild and early-onset variant of PA (77). Toscano et 

al. observed that PA was associated with increases in plasma levels of C21 steroids like 

pregnenolone and 17-hydroxypregnenolone, along with the C19 steroids DHEA, DHEAS, 

and A4 but with no change in cortisol or 11-deoxycortisol (171). These findings imply that 

children with PA have an early expansion of the reticularis (that has low HSD3B2 and high 

CYP17A1 and CYB5A activity) (114) that is seen in later years for children without 

premature pubarche.

Castration-resistant prostate cancer—While the prostate does not have the ability to 

produce steroids from cholesterol, it does have enzymes needed to metabolize circulating 

adrenal C19 steroids to active androgens (88, 100). This appears to include the ability to 

convert the 11 hydroxylated adrenal C19 steroids to active androgens (16, 163). The ability 

of the fetal Müllerian structures to metabolize circulating androgens and precursors has long 

been known. Formation of the male external genitalia during embryogenesis, as well as 

sexual maturation at puberty, are mediated by the action of DHT the more potent 5α-

reduced metabolite of T (61) (Fig. 3). This conversion is catalyzed predominantely by type 2 

5α-reductase (SRD5A2) and occurs in the target androgen tissues, including the prostate 

(72). DHT contributes to excessive prostate tissue expansion, as in benign prostatic 

hypertrophy and prostate cancer. Initial therapy for prostate cancer has involved removing 

sources of DHT through castration (both surgical and pharmaceutical), androgen receptor 

antagonists, and 5α-reductase inhibitors. Progressive disease despite castration is termed 

castration-resistant prostate cancer (CRPC) and is uniformly fatal. Recent evidence has 

suggested that CRPC continues to be stimulated by intracellular DHT, which is formed 

without going through the canonical pathway. This pathway was initially described a decade 

ago in tammar wallabies (181), whose testes produce 5α-androstane-3α,17β-diol (5αAdiol) 

rather than T. In this pathway, the 17-hydroxyprogestrone (17OHP4) is first 5α-, then 3α-

reduced, and only subsequently undergoes 17, 20-lyase cleavage, to form androsterone. 

After 17α-reduction to 5α-androstanediol, circulating 5α-androstanediol is 3α-oxidized to 

produce DHT in target tissues such as genital skin and prostate, thus bypassing the 

conventional androgens as intermediates. While the prostate uses SRD5A2 for conversion of 

T to DHT, SRD5A1 has a greater affinity for some of these precursors and completely 

bypasses T as an intermediate step. New drugs targeting CYP17A1 (like abiraterone acetate) 

block this “backdoor pathway” and prolong survival for men with CRPC with or without 

prior docetaxel treatment (37, 146). However, evidence suggests that the blockade is 

incomplete,(6) and further work is needed to find other treatments for this cancer.

Congenital adrenal hyperplasia—CAH refers to a group of autosomal recessive 

genetic defects in cortisol biosynthesis. The most common form of CAH is 21-hydroxylase 
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(CYP21A2) deficiency (21OHD), and when the nonclassic form is included, 21OHD is one 

of the most common genetic diseases in human beings (159). Ordinarily, the zonation of the 

normal adrenal gland segregates key enzymes to prevent efficient active androgen synthesis. 

In contrast, a hallmark of 21OHD is excessive adrenal androgen production. Females with 

classic 21OHD are born with masculinized ambiguous genitalia from intrauterine androgen 

excess, while adult women with nonclassic 21OHD might present with hirsutism, irregular 

menses, and subfertility (159).

The excess 17OHP4 resulting from CYP21A2 deficiency is diverted through the pathways 

left accessible, to form potent androgens, such as T (Fig. 4). The catalytic efficiency of the 

17,20-lyase reaction for human CYP17A1, which is ~50 times greater for the Δ5 reaction as 

compared with the Δ4 reaction (49), explains the enormous 17OHP4 accumulation in 

21OHD. Significant A4 synthesis might still occur via the Δ4 pathway in the presence of 

very high intra-adrenal 17OHP4 that is seen in patients with 21OHD. Emerging evidence 

has demonstrated that the excessive 17OHP4 of patients with 21OHD may also be 

metabolized via the “backdoor pathway” (76), as described in CRPC. Interestingly, DHEAS, 

the dominant ACTH-dependent C19 steroid product of the adrenal, is often paradoxically 

low or low-normal in 21OHD patients even when control is poor (137). This might be due to 

the disrupted adrenal zonation seen in patients with 21OHD (107), such that the zona 

reticularis (which lacks HSD3B2, and thus favors DHEA synthesis) is replaced by areas that 

co-express HSD3B2 along with CYB5A. The backdoor pathway to DHT has been proposed 

to contribute to the virilization of female fetuses with CAH (8). In addition, the adrenal 

glands might also produce other active androgens, such as 11OHT. While small amounts of 

these androgens were documented in AV samples obtained from normal adrenals (135), 

patients with 21OHD might directly secrete sufficient quantities to play a role in the 

virilization of female subjects. The androgen activity of 11OHT was tested using a cell-

based androgen-responsive reporter assay, and found to be 30 times higher than that of AD. 

Given the abundance of intra-adrenal androgen precursors in 21OHD and the biosynthetic 

pathways required, the 11-oxygenated androgens might be prominent products of the 

21OHD adrenal (Fig 4).

Polycystic ovary syndrome (PCOS)—PCOS is the most common endocrine disorder 

observed in women of reproductive age (28, 59, 172). PCOS is usually defined as 

hyperandrogenic anovulation with or without polycystic-appearing ovaries. Patients present 

with elevated serum androgen levels and/or abnormal hair growth (hirsutism), and they have 

8 or fewer menses per year (indicating oligo-/anovulation) (12). The endocrine imbalance 

seen in women presenting with PCOS is also variable. However, one feature present in the 

majority of women with PCOS is androgen excess. The elevated androgens have a variety of 

actions in these patients, including dysregulation of LH and FSH, which impacts the normal 

ovarian and menstrual cycles, as well as direct ovarian disruption of normal follicular 

development. Finally, the elevated androgens have additional phenotypic effects in women 

with PCOS that include growth of facial and body hair, acne, and in the more severe cases, 

male-pattern baldness.

Several androgens, in various combinations, may be elevated in women with PCOS (13), 

with great individual variability between patients, again supporting the concept that the 
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disorder may have multiple causes. Most studies suggest that the ovary exhibits abnormally 

high T production in the majority of PCOS women. However, there is considerable support 

that the adrenal can contribute to the hyperandrogenism seen in PCOS. Some fifty years ago 

it was demonstrated that suppression of the hypothalamic pituitary adrenal (HPA) axis 

reduced the urinary androgen excretion in 1/3 of hirsute women (102). In follow-up studies 

by the same group, ovarian and adrenal vein sampling showed that T in PCOS patients could 

arise from the adrenal and/or ovary (124, 160, 161). Since these original observations, 

numerous studies have better defined the contribution of the ovary versus the adrenal to the 

androgen excess in women with PCOS (27, 59, 111, 112, 174, 177, 185). While there 

remains some controversy as to the relative impact of the adrenal versus ovary to PCOS 

androgen profiles, most authorities agree that, like the symptoms seen in PCOS, the 

source(s) of androgen excess is/are also variable.

Conclusions

The adrenal glands synthesize an assortment of C19 steroids, of which DHEA and DHEAS 

have been have been the major focus and biomarkers of adrenal androgen excess. Recent 

quantitation of steroids by LC-MS/MS in samples obtained directly from the adrenal veins 

demonstrate that, indeed, DHEAS is the most abundant C19 steroid secreted by the adrenal 

glands; however, this study also documents that the adrenal gland is the source of other C19 

steroids, including A4, 11OHA and 11OHT. Although the mechanisms that regulate the 

synthesis of adrenal C19 steroid have not yet been fully elucidated, ACTH appears to be the 

primary mediator.

Unlike the testis, which is an efficient androgen producer, the adrenal gland plays only a 

secondary role in active androgen in men. However, in women and pre-pubertal children, 

the adrenal gland is an important source of androgen and androgen precursors that play both 

physiologic and pathologic roles. The role of the adrenal glands in pathologic androgen 

production becomes important in several conditions, including PA, CRPC, CAH and PCOS. 

Future studies are needed to explore the mechanisms regulating normal and pathologic 

production of adrenal C19 steroidogenesis regulation and dysregulation.
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Fig. 1. 
Adrenal C19 steroid biosynthetic pathways. The steroid secreted from the human adrenal at 

the highest levels have larger font. The more abundant steroids are graphically 

overemphasized. Abbreviations: DHEA, dehydroepiandrosterone; DHEAS, DHEA sulfate; 

StAR, steroidogenic acute regulatory protein; CYP11A1, cytochrome P450 cholesterol side-

chain cleavage; HSD3B2, 3β-hydroxysteroid dehydrogenase type 2; CYB5A, cytochrome 

b5; AKR1C3, 17β-hydroxysteroid dehydrogenase type 5; SULT2A1, steroid sulfotransferase 

type 2A1, CYP11B1, 11β-hydroxylase.
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Fig. 2. 
Adrenal steroidogenic enzymes and associated proteins that impact C19 steroid production 

with their human adrenal zonal expression pattern. Abbreviations: ZG, zona glomerulosa; 

ZF, zona fasciculata; ZR, zona reticularis; CYP11A1, cytochrome P450 cholesterol side-

chain cleavage; CYP17, 17α-hydroxylase/17,20-lyase; CYB5, cytochrome b5; SULT2A1, 

steroid sulfotransferase type 2A1; AKR1C3, 17β-hydroxysteroid dehydrogenase type 3; 

HSD3B2, 3β-hydroxysteroid dehydrogenase type 2.
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Fig. 3. 
Adrenal-derived C19 steroids act as precursors for the production of more potent androgens 

in peripheral tissues, including hair follicles, genital skin and prostate. The classical pathway 

for bioactive androgen synthesis, as well as a proposed alternative pathway using 11β-

hydroxyandrostenedione (11OHA) is shown. Abbreviations: A4, androstenedione; T, 

testosterone; DHT, dihydrotestosterone; 11OHT, 11β-hydroxytestosterone;11OHDHT, 11β-

hydroxyDHT; STS, sulfatase; HSD3B, 3β-hydroxysteroid dehydrogenases; HSD17, 17β-

hydroxysteroid dehydrogenases; SRD5A, 5α-reductase type A.
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Fig. 4. 
Pathways of steroid hormone synthesis in 21-hydroxylase deficiency. Abbreviations: A4, 

androstenedione; T, testosterone; DHT, dihydrotestosterone;11OHA, 11β-

hydroxyandrostenedione; 11OHT, 11β-hydroxytestosterone; SRDA1/2, 5α-reductase types 1 

or 2; AKR1C2/4, 3α-hydroxysteroid dehydrogenases types 2 or 4; CYP17A1, 17α-

hydroxylase/17,20-lyase; HSD17B3/6, 17β-hydroxysteroid dehydrogenase types 3 or 6; 

AKR1C3, 17β-hydroxysteroid dehydrogenase types 5.
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