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HSD11B 11B-hydroxysteroid dehydrogenase

AKR1C2/4 aldo-keto reductase family 1 member C2/C4

CAH congenital adrenal hyperplasia

PCOS polycystic ovary syndrome

CRPC castration-resistant prostate cancer
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NR3C4 nuclear receptor subfamily 3, group C, member 4
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AIS androgen insensitivity syndrome
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ERK extracellular signal-regulated kinases
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CAIS complete androgen insensitivity

PAIS partial androgen insensitivity
Introduction

Androgens are steroid hormones that are essential for human sexual development and reproduc-
tion, but they also modulate other organs including bone, muscle, adipose tissue, skin, hair, the brain
and the cardiovascular system, thereby effecting growth, body shape and human behavior.

Androgens are produced in the adult female ovaries and male testes and in the adrenal glands, from
where they are secreted into circulation to exert their biological effects on target organs. In addition,
secreted androgens also serve as substrates for peripheral organs for the intermediate steroid meta-
bolism and its action. Androgens also serve as precursors for estrogen biosynthesis in the gonads and
peripherally. Ultimately, the androgens biosynthesised in the adrenals and gonads are metabolized in
the liver, and then excreted in urine.

In male adults, testosterone (T, 4-androsten-173-ol-3-one) is the most abundant androgen pro-
duced in the testes that is present in circulation. Total T concentrations are about 10—30 nmol/L at age
30 years in men and decline at an average rate of 1-2% per year with aging (Fig. 1) [1—6]. T can be
converted to the most potent endogenous androgen, dihydrotestosterone (DHT, 5a-androstan-17f-ol-
3-one) [7,8], as DHT has about 5-10-fold greater affinity for the androgen receptor (AR) compared to T
[8]. In a 30 year old woman, the most abundant androgens in circulation are dehydroepiandrosterone-
sulfate (DHEA-S, 5-androsten-3f-ol-17-one-sulfate; 1.2—10 umol/L), dehydroepiandrosterone (DHEA,
5-androsten-33-o0l-17-one; 0.1-23 nmol/L) and androstenedione (A4, 4-androsten-3,17-dione;
0.5—7.9 nmol/L) [9], which are all considered weak androgens according to their low affinity towards
the AR [10]. However, these weak androgens can be metabolised to more potent androgens (such as T
or DHT) in peripheral tissues through multiple pathways. In menstruating women, circulating an-
drogens originate in part from the adrenal cortex (mainly DHEA/-S) and more so from the ovaries (A4)
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Fig. 1. Lifetime curves of circulating testosterone (T) concentrations in males and females. A. Prenatal period. Androgens are produced by the fetal testis and adrenals, while T is pre-
dominantly biosynthesised in the testes. In the fetal testis, the Leydig cells start producing T for sexual differentiation of male sex organs at 6 weeks of gestation. T levels keep rising until the end
of the second trimester, peaking with values similar to levels measured in adult men; thereafter T's concentration decrease until the end of the third trimester. T levels in a female fetus remain
low during pregnancy. B. Neonatal Period. At birth (0—3 days of life), T levels are increased in males due to a surge of luteinizing hormone (LH)/follicular-stimulating hormone (FSH), and again
rises with minipuberty between 2 and 3 months of life stimulated once again by LH. C. Pubertal and adult period. During adrenarche around the age of 6—8 years, T levels increase slightly in both
sexes. Finally, activation of the hypothalamic—pituitary—gonadal axis at the age of 12 years (puberty in boys) results in a significant increase in T levels peaking between the second and fourth
decade of life in men. With aging, however, T production slightly decreases in men. Although T levels also rise during puberty in females, after about 10 years of age, T remains markedly lower in
middle-aged women and decreases further with menopause.
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[11]. Total plasma T levels of a 30-year-old woman are about 10 to 15-fold lower than in a same-aged
male (0.4—2.1 nmol/L) (Fig. 1) [2,3]. After menopause, when ovarian steroidogenesis has ceased,
circulating A4 levels are cut in half and total T levels decrease by about 25% [12].

Production of androgens in the adult gonads is controlled by the hypothalamus-pituitary-
gonadal (HPG) axis, which involves the gonadotropin-releasing-hormone (GnRH), luteinizing
hormone (LH) and follicular-stimulating hormone (FSH), and comprises of balanced feed forward
and feedback loops (Fig. 2). This system is sex specific and thus characterized by the testis or
ovary as target organs. Within the testis, Leydig cells produce and secrete T abundantly. By
contrast in the ovary, theca cells produce A4 that is mostly transferred to granulosa cells as
precursor for the production of estrogens, while only small amounts are secreted into circulation
(Fig. 2). The adult adrenal cortex produces adrenal androgens in its zona reticularis (zR) (pre-
dominantly DHEA/-S, A4 and 11B-hydroxyandrostenedione [110HA4, 4-androsten-11f-0l-3,17-
dione]) [13]. However, unlike androgen production in the HPG axis, the exact regulation of ad-
renal androgen production is still not fully elucidated, although adrenocorticotropic hormone
(ACTH) is an important co-regulator [11].

The human gonads and adrenals contribute to androgen production pre- and postnatally in a develop-
mental specific fashion [14]. As both the adrenals and the gonads originate from a common embryologic
anlage, the urogenital ridge, they share many genetic and steroidogenic characteristics. Prenatally, the fetal
adrenal cortex consists of a large fetal zone that resembles the adult zR and produces predominantly DHEA-S
which, together with the conversion to its hepatic 16a-hydroxylated metabolite, 160-DHEA-S (5-androsten-
3B,160-diol-17-one-sulfate), contribute to the androgen pool of the fetal-placental unit [11,14]. These an-
drogens are efficiently converted to estradiol and estriol in the placenta due to its aromatase activity, thereby
regulating the androgen exposure to the fetus and the mother.

After birth the fetal adrenals involute and give rise to the adult adrenals which start to produce min-
eralocorticoids (MC) and glucocorticoids (GC) immediately after birth, while production of androgens in
the zR occurs only around age 6—8 years at adrenarche. Similarly, the fetal testis is formed early and
produces high amounts of T throughout the first and second trimester of pregnancy to masculinize the
male fetus (Fig. 1) [7,15]. After birth T levels fall dramatically but raise again for a short time in the event of
minipuberty (days 30—100 of life) predominantly in males [ 16,17]. After that T levels stay low until puberty
(Fig. 1). In contrast to the testis, the fetal ovary seems steroidogenic inactive during the prenatal and
neonatal period and starts its steroid production only with puberty (Fig. 2).

While the biochemistry of the classic androgen biosynthesis pathway is long known and the action of its
conventional products on the AR well described, alternative pathways and novel active androgens have
recently been reported (Fig. 3) [11]. In addition, newer studies on the regulation of the AR itself and its
stimulated signaling have enhanced our knowledge on androgen action in health and disease [18]. The
purpose of this review is to give an update on recent advances in androgen synthesis and action. In our
literature search we therefore focused on the literature of the past decade whenever possible.

Androgen synthesis and metabolism
Androgen biosynthesis by the classic pathway

All steroid hormones are produced from cholesterol through a cascade of enzymes which are
encoded by genes that are common to all steroid producing organs [11,19]. In most cases the organ
specific gene expression determines the steroid profile of each specialized organ. For instance, the
testis is determined to produce T from cholesterol while the theca cells in the ovary produce A4 (Figs. 2
and 3A). Cholesterol is transported to the inner mitochondrial membrane by the steroidogenic acute
regulatory protein (StAR). Its cooperation with translocator proteins (TSPO) for this transport has been
suggested but remains controversial [20]. Inside the mitochondria, cholesterol is the substrate for the
first step of steroidogenesis. In the mitochondria, cholesterol is converted to pregnenolone (PREG, 5-
pregnen-3f-ol-20-one) by the side chain cleavage system comprised of CYP11A1 (cytochrome P450
side chain cleavage, P450scc), ferrodoxin (FDX1) and ferrodoxin-reductase (FDXR). In the classic
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Fig. 2. Schematic diagram of the hypothalamic-pituitary-gonadal (HPG) axis, resulting in androgen biosynthesis and their
biological actions. Androgens are produced upon central gonadotropin-releasing-hormone (GnRH)-luteinizing hormone (LH)/
follicular-stimulating hormone (FSH) stimulation of the gonads. In the testicular Leydig cells, the most abundant androgen
testosterone (T) is produced at a daily rate of 5—7 mg. About 90—95% of the circulating T reaches the target organs and exerts its
effect via the androgen receptor (AR) (left thick green arrow), while 5—10% of T is converted to dihydrotestosterone (DHT) by 5a-
reductase activity in the prostate or skin. Only a small amount of T (0.1%) is converted to estrogens by aromatase (CYP19A1) activity
in peripheral tissues (e.g., bone, fat or the brain), where these hormones exert their effect via the estrogen receptor (ER). In the
female ovarian theca cells, androstenedione (A4) is produced, where most of it is converted to estradiol by aromatase in the ovarian
granulosa cells. Only a small amount of A4 is converted peripherally to T and DHT in hair follicles or in sweat glands. Eventually all
steroids, including T, DHT and estrogens, exert negative feedback on the HPG axis.
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pathway, PREG is then converted through the delta-5 pathway by cytochrome P450 17a-hydroxylase/
17,20-lyase (CYP17A1, P450c17) to 17a-hydroxypregnenolone (170HPREG, 5-pregnen-3f,17a-diol-20-
one) and DHEA with the first reaction catalyzed by its 17a—hydroxylation activity supported by cy-
tochrome P450 oxidoreductase (POR) and the second reaction by the 17,20-lyase activity supported by
POR and additionally also cytochrome bs (CYB5). DHEA is then turned over to A4 or androstenediol (5-
androsten-3f,17B-diol) by the enzymes 33-hydroxysteroid dehydrogenase type II (HSD3B2/33HSDII)
and 17B-hydroxysteroid dehydrogenase type 3 or type 5 (HSD17B3 or AKR1C3 also known as HSD17B5)
(Fig. 3A), or to T through the action of both enzymes. Thereafter, T is converted to DHT by steroid-5a-
reductase activities; either type I (SRD5A2/5aRed2), which is specifically expressed in skin and the
prostate, or type I (SRD5A1/5aRed1), which is expressed more abundantly in the liver, cerebellum and
hypothalamus [21]. In humans, only little conversion to A4 occurs through the delta-4 pathway
following the conversion of PREG to progesterone (PROG, 4-pregnen-3,20-dione) to 17a-hydrox-
yprogesterone (170HPROG, 4-pregnen-17a-0l-3,20-dione) and then to A4, as 170HP4 is a poor sub-
strate of CYP17A1 compared to 1770HPREG [22].

In the ovary, androgen production leads to A4 in theca cells (Fig. 2), which is either further con-
verted to estrogens in the granulosa cells or secreted into the periphery where it serves as a substrate
for the intermediate androgen metabolism. Likewise, adrenal androgens such as DHEA, DHEA-S and
110HA4 are secreted into the peripheral androgen pool and further converted to active and inactive
(androgen) products by different pathways that have been explored in greater detail recently, but are
still not fully understood [23—25].

Novel androgens and biosynthesis pathways

In addition to the well-known classic pathway of T and DHT biosynthesis, alternative biochemical
pathways and novel bioactive androgens have been revealed more recently (Fig. 3B-D) [26,27]. It has
been recognized that the intermediate metabolism and peripheral androgen pool play an important
role for the formation of active androgen metabolites that has thus far mostly been regarded as
‘inactive’ products on their way out of the body. This has been illustrated for several disorders which
divert normal steroidogenesis and produce alternative steroids, and these disorders therefore serve as
models to fully understand the role of novel steroids and metabolic pathways.

Androgen production by the so-called backdoor, alternative pathway (Fig. 3B) was first described
while studying sexual development of the tammar wallaby pouch young [28,29]. The same pathway
has also been described in mice [30], before its metabolites were identified in the human steroid
disorders, POR deficiency [31,32] and 21-hydroxylase deficiency [33]. Soon after, the first human
mutations in genes (aldo-keto reductase family member C2/C4, AKR1C2/4) specific to this pathway
were reported, thereby establishing a role for this pathway in humans [34]. In this pathway, mainly
170HPROG is 5a-reduced (by SRD5A1) and then 3a-reduced (by AKR1C2/4), producing 17a-hydroxy-
allopregnanolone (5a-pregnan-3o,17a-diol-20-one), a perfect substrate for CYP17A1, which is then
converted to androsterone (5c¢-androstan-3a-ol-17-one) (Fig. 3B). Androsterone is thereafter con-
verted to androstanediol (5a-androstane-3a,17f3-diol) and finally to DHT. Alternatively, the backdoor
pathway may start with the 5a-reduction of PROG, producing dihydroprogesterone (5a-pregnan-3,20-
dione) (Fig. 3B). Of note, androsterone and androstanediol are androgenic, however, androsterone has
only an AR affinity of one-seventh compared to T and androstanediol has only very low affinity and thus
weak androgenic activity [35].

The existence of 11-oxy androgens has long been known, but that the human adrenal cortex pro-
duces abundant precursors (predominantly 110HA4, less 11 3-hydroxy-T [110HT, 4-androsten-118,173-
diol-3-one]) [10] to feed this C11-oxy pathway and provide an important source for the production of
active androgens in the periphery (11-keto-T [11KT, 4-androsten-173-ol-3,11-dione],11-keto-DHT
[11KDHT, 5a-androstan-17-ol-3,11-dione]), has only recently been recognized (Fig. 3C) [13,36]. In this
C11-oxy pathway, the 11B-hydroxylation (by 1183-hydroxylase, CYP11B1) of A4 in the adrenals leads to
110HA4 [37], which can be converted to 11-keto-A4 (11KA4, 4-androsten-3,11,17-trione) (by 118-hy-
droxy steroid dehydrogenase type II, HSD11B2), then 11KT (by HSD17B3/5) and finally 11KDHT (by
SRD5A1/2) in peripheral organs [38]. Other parallel metabolic paths may also be used, but they do not
lead to other active androgens (Fig. 3C) [27,35]. Overall, 11-oxy androgens are associated with androgen
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Fig. 3. Classic and alternative androgen biosynthesis pathways. A. The classic pathway of testosterone (T) biosynthesis, meta-
bolically active in endocrine organs such as the human testis Leydig cells. Cholesterol is transported to the inner mitochondrial
membrane by steroidogenic acute regulatory protein (StAR). At the inner mitochondrial membrane cholesterol is then converted to
pregnenolone (PREG) by the side-chain cleavage catalytic unit consisting of the enzyme cytochrome P450 side chain cleavage
(CYP11A1), ferrodoxin (FDX1) and ferrodoxin-reductase (FDXR). PREG is then sequentially converted to 17a-hydroxypregnenolone
(170HPREG) and dehydroepiandrosterone (DHEA) by cytochrome P450 17¢-hydroxylase/17,20-lyase (CYP17A1) supported by cyto-
chrome P450 oxidoreductase (POR) in the first hydroxylase step and cytochrome bs (CYB5) in the second lyase step. Following the
biosynthesis of DHEA, both androstenediol and androstenedione (A4) are biosynthesized by the enzyme 17f-hydroxysteroid dehy-
drogenase (AKR1C3/HSD17B3) and 3f-hydroxysteroid dehydrogenase (HSD3B2), respectively. Thereafter, both metabolites are
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excess disorders such as congenital adrenal hyperplasia (CAH), premature adrenarche and polycystic
ovary syndrome (PCOS) [13,24,39—46], and diseases such as castration-resistant prostate cancer
(CRPC) [47—50] and (most recently) breast cancer [51].

Most recently, a possible connection between the C11-oxy and the backdoor pathways has been
suggested through in vitro studies (Fig. 3D) [52—55]. The entry point to this C11-oxy backdoor
pathway could be either through PROG or 1770HPROG, which are 11B-hydroxylated by CYP11B in the
first step, and then turned over to 11KDHT (a very potent androgen) by multiple conversions involving
enzymes common to the backdoor pathway (Fig. 3B-D). Whether this pathway plays a role in human
biology, to what degree and under which circumstances remains to be studied.

Androgen action and the androgen receptor

Androgens exert their effect typically through the AR and modulate a vast range of different bio-
logical processes (Table 1) [56—58]. Accordingly, the AR is differentially expressed in many tissues
including female and male reproductive organs, bones, muscles, the brain, the cardiovascular system,
neural tissues, as well as the immune and haematopoietic systems (Fig. 4). Once androgens are bound
to the AR, their effect may be at the genomic or at the non-genomic level (Fig. 4) [7,57,59].

Characteristics and regulation of the androgen receptor

The AR is a member of the class I nuclear receptor transcription factor family, also known as NR3C4
(nuclear receptor subfamily 3, group C, member 4). It is a ligand-activated transcription factor. In
humans, the AR gene is located on the X chromosome at position Xq11-12. Hence, 46,XX females have
two copies of the AR and 46,XY males have only one copy. The AR consists of eight exons which are
separated by relatively large introns (Fig. 4A). The AR expressed region encodes a 110-kDa protein of

converted toT via the same enzymes. Small amounts of T or A4 may also be converted to estrogens (estradiol and estrone, respectively)
in the testis by aromatase (CYP19A1). Secreted T is then partially converted to dihydrotestosterone (DHT) in peripheral tissues by
steroid-5a-reductases (SRD5A1/2). B. The alternative backdoor pathway. In this pathway 17a-hydroxyprogesterone (170HPROG/
170HP4) or progesterone (PROG/P4) serve as substrate for 5a-reduction (by SRD5A1) to enter the backdoor pathway to DHT synthesis.
SRD5A1 converts 1770HPROG to 17a-hydroxy-dihydroprogesterone (170H-DHP, 5a-pregnan-17¢-ol-3,20-dione) and the 3a-hydrox-
ysteroid dehydrogenase activity of AKR1C2/4 will yield 17a-hydroxy-allopregnanolone (170H-ALLO); this metabolite is then converted
to androsterone by CYP17A1. Further conversion by AKR1C3/HSD17B3 leads to androstanediol and by AKR1C2/4 or retinol-like de-
hydrogenase (RoDH) to DHT. C. The alternative Cq;-oxy pathway. The starting point of this pathway is the 11p-hydroxylation of A4 and
T (by 11B-hydroxylase (CYP11B1)) yielding 118-hydroxyandrostenedione (110HA4) and 11B-hydroxytestosterone (110HT), which are
then metabolized by SRD5As to 11B-hydroxy-5¢-androstane-3,17-dione (110H5aDIONE) and 11B-hydroxydihydrotestosterone
(110HDHT, 5a-androstan-11p,178-diol-3-one), respectively. Alternatively, 110HA4 can also be metabolized to 11-ketoandrostenedione
(11KA4) by 11B-hydroxysteroid dehydrogenase (HSD11B). 11KA4 is reversibly metabolized to 11-ketotestosterone (11KT) by HSD17Bs,
and the latter to the 11-ketoandrostanolone (11KDHT) by SRD5A. Furthermore, 110H5¢DIONE can be converted to 11K5¢DIONE, and
110HDHT to 11KDHT by HSD11B. 11K5¢DIONE and 11KDHT are both reversibly metabolized to 11-ketoandrosterone (11KAST, 5a-
androstan-3a.-0l-11,17-dione) and 11keto-5a-androstane-3a,17B-diol (11K3aDIOL) by AKR1C2/4, while 110H5¢DIONE is also revers-
ibly metabolized to 11B-hydroxyandrosterone (110HAST, 5a-androstan-3a,113-diol-17-one), and 110HDHT to 110H-3a-androstane-
diol (110H3aDIOL) by AKR1C2/4. Finally, 110HAST and 110H3aDIOL are metabolized to 11KAST and 11K3aDIOL by HSD11B. D. The
alternative Cy;-oxy backdoor pathway. In this pathway the 11B-hydroxylation (CYP11B) of PROG/P4 and 170HPROG/170HP4 is the
starting point. From P4, 110HP4 is reversibly metabolized to 11-ketoprogesterone (11KP4, 4-pregnen-3,11,20-trione) by HSD11B,
whereafter both 11KP4 and 110HP4 are metabolized by SRD5A to either 5a-Pregnanetrione (11KDHP4, 5a-pregnan-3,11,20-trione) or
110H-dihydroprogesterone (110HDHP4, 5¢-pregnan-11f-ol-3,20-dione), respectively, with these metabolites also interconverted by
HSD11B. Next, 11KDHP4 and 110HDHP4 are reversibly metabolized to alfaxalone (52-pregnan-3¢-ol-11,20-dione) and 3,11B-dihy-
droxy-dihydroprogesterone (3¢,11p-diOH-DHP4), respectively, by AKR1C2/4, and these metabolites may be converted to 110HAST and
11KAST by CYP17A1. On the other hand, from 170HP4, 21-deoxycortisol (21dF, 118,17a-dihydroxypregn-4-ene-3,20-dione) is reversibly
metabolized to 21-deoxycortisone (21dE, 17a-hydroxypregn-4-ene-3,11,20-trione) by HSD11B. Then, 21dF and 21dE are converted by
SRD5A to 5a-pregnan-11,17a-diol-3,20-dione (110HPdione, 5a-pregnan-11,17a-diol-3,20-dione) and 5a-pregnan-17a-ol-3,11,20-
trione (11KPdione, 5a-pregnan-17a-ol-3,11,20-trione), respectively, with these metabolites also interconverted by HSD11B. There-
after, 110HPdione and 11KPdione can be metabolized by AKR1C2/4 to 5a-pregnan-3¢,118,17a-triol-20-one (110HPdiol) and 5o~
pregnan-3o,17¢-diol-11,20-dione (11KPdiol), respectively (with these metabolites also metabolized by HSD11B). Finally, 110HAST and
11KAST is biosynthesised by CYP17A1 from the latter metabolites, and in the final steps of this pathway, 11KAST is converted to
11K3aDIOL (by HSD17Bs), followed by the production of 11KDHT (by AKR1C2/4 or RoDH).
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919 amino acids [56,57,60,61]. The AR protein is comprised of three functional domains: the N-terminal
domain (NTD) which harbours the first activation functional motif (AF1), the DNA binding domain
(DBD) which is responsible for the AR interactions and dimerization with specific DNA sequences, and
the ligand binding domain (LBD) which contains the second activation functional motif (AF2) which is
responsible for most AR activities [56,57,60,61].

Activity of the AR is regulated at different levels. At the genomic level, the AR can comprise inac-
tivating variants itself, or its expression can be epigenetically regulated by methylation or cofactors.
Studies in patients with a profile of androgen resistance/insensitivity syndrome (AIS type 1) revealed
many pathogenic variants in the AR gene and are listed in the AR mutation database [62—65]. In many
other patients without an AR gene mutation, low expression of the AR and low activity on DHT
stimulated AR-dependent apolipoprotein D (APOD) expression in genital skin fibroblasts was found
and consequently classified as AIS type Il [18,66]. In some of these patients, further studies showed a
direct correlation between the AR mRNA expression and the methylation of CpG regions within the
proximal AR promoter [18,67]. In addition, a highly conserved region at the 3/-UTR of the AR gene has
been identified through which RNA stability can be regulated by RNA binding proteins in multiple cell
lines and tissues [68—71].

At the protein level, the expressed AR can be regulated by posttranslational modifications, which
may affect its transcription activity, cellular localization, and stability (Fig. 4A) [72]. Posttranslational
modifications that have thus far been identified include phosphorylation, methylation, acetylation,
ubiquitination and SUMOylation. These modifications were discovered by performing overexpression
experiments in androgen dependent cell lines [72]. Identified phosphorylation modifications were
mostly mapped to the NTD, and several studies indicated that differentially phosphorylated residues
regulate AR stability, cellular localization, and transcription [72,73]. Moreover, acetylation or methyl-
ation of residues in the AR hinge region regulate the ligand-dependent activation and nuclear locali-
zation, respectively [72,73]. Ubiquitination of residues in the AR LBD region and SUMOlyation in the
NTD region also alter AR transcriptional activity and stability and provide another level of regulation of
the AR protein [72,73].

Androgen receptor signaling

Androgens are typically secreted from the female and male reproductive systems (ovaries and
testes) and the cortex of the adrenal glands to exert their effect on AR in various tissues [57]. After
reaching the targeted AR expressing cells through the blood stream (Fig. 4B), androgens bind to the AR.
ARs are located in the cytoplasm bound to a complex of different heat shock proteins (HSPs), chap-
erones and co-chaperones (such as HSP40, HSP70, HSP90 and p23) in a conformation that is competent
for ligand-binding [59,74]. Androgen-AR (A-AR) binding leads to signaling activation through a change
in AR conformation and dissociation of the chaperones from the AR-complex [59,74]. Once the AR is
activated, it can act either at the genomic level or at the non-genomic level.

In the classical genomic action pathway, the A-AR complex is transited through the nuclear pore
complex into the nucleus. In the nucleus, the A-AR binds as a dimer through its DBD to androgen
response elements (ARE) comprised in promoters of target genes [56]. Upon binding of an AR dimer,
several co-regulators join the A-AR complex to promote the transcription of target genes [75]. Co-
regulators may affect the complex assembly, formation and stability. Moreover, they can affect the
chromatin occupancy, looping and remodelling, which can all modulate AR action [75].

Apart from the genomic action, AR signaling in the cell can also occur through a rapid non-genomic
action. This signaling path of the AR may be activated within seconds or minutes and usually targets
plasma membrane proteins or receptors, which activate intracellular kinase cascades that enhance cell
proliferation and survival (Fig. 4B) [76,77]. One of the well-studied non-genomic pathways activated by
the AR is mitogen-activated protein kinases (MAPK)/extracellular signal-regulated kinases (ERK)
signaling. In this signaling pathway, the activated A-AR binds to the tyrosine kinase Src, which then
becomes unfolded and auto-phosphorylated resulting in modulation of the MAPK/ERK cascade
(Fig. 4B) [76,77]. MAPK/ERK signaling then targets AR-independent transcription, regulating imme-
diate early genes in the cell nucleus through activated phospho-ERK [76]. Interestingly, this modulation
seems dose-dependent in prostate cancer (PC) cell lines where low concentrations of androgens
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Table 1

Circulatory levels (reference ranges) of bioavailable androgens in females and males (group age: + 18—49 [F; follicular phase or
entire cycle]/18—62 [M] years) and their potency towards the mammalian AR in comparison to T. (Not available, N/a; these
steroids are not commercially available for bioassays; not established, reference ranges for these hormones have not been

Best Practice & Research Clinical Endocrinology & Metabolism xxx (Xxxx) Xxx

confirmed in vivo). Abbreviations can be found in the list of abbreviations. *Only in tissue [10,35,115—122].

Androgen metabolites

Circulatory levels (ng/dL)

Potency toward the AR

F M
T 1.1-143 95—430 a a ; a ;
11K3aDIOL Not established N/a
11K5aDIONE Not established a a a
11KA4 17.4-21 8.4-9.5 ; ;
11KAST <1 <1 ;
11KDHT <1 <1 a a ; a ;
11 KT 5.0—60.6 9.5-70.8 ; ; ; ;
110H3aDIOL Not established N/a
110H50DIONE Not established Inactive
110HA4 19.2-233 36.4-313 Inactive
110HAST 3.9-4.7 44-53 <
110HDHT Not established ; ;
110HT 8.2-10.8 8.5-9 ; ;
A4 28-230 44—186 ; ;
Androstanediol-glucoronide 11-249 112—-1046 Inactive
Androstanediol* Not established ; ;
Androstanedione Not established 5.8—20.2

oo

(continued on next page)
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Table 1 (continued )

Androgen metabolites Circulatory levels (ng/dL) Potency toward the AR
F M
Androstenediol 38-45 116—125.5 ;

Androsterone 31.3-35.2 17.1-18.6 ; ;

DHEA 31-701 31-701 Inactive
DHEA-S 17,000—-372,000 16,000—523,000 Inactive

DHT 4-22 30-85 3 J 3 a 3 3

activate the cascade, while high concentrations inhibit it [76,77]. As shown in non-tumoral cells and PC
cell lines, activated A-AR may also directly interact with other signaling molecules like phosphoino-
sitide 3-kinases (PI3K), thereby activating the protein kinase B (Akt) kinase pathway [76].

At the systemic level, much of the current knowledge on the role of the AR comes from mouse
knockout models [78,79]. The global male AR knockout mouse (ARKO) revealed its important role for
male fertility and the development of the testes, while the global female ARKO mouse showed an
important role in normal breast and ovary development [78,79]. To study the exact role of the AR for
specific cells, tissues and developmental processes, cell-specific ARKO mice were investigated [78,79].
Thus Leydig cell-specific ARKO (LC-AKRO) mice present with infertility, absence of sperm, arrested
spermatogenesis and low serum T levels, indicating that the AR is critical for maintaining normal T
production and spermatogenesis [78]. In gubernaculum-specific ARKO (GU-ARKO) mice, the crucial
role of the AR for regulating testicular descent was illustrated [78]. In ovarian cell-specific ARKO mice,
AR-mediated action for normal folliculogenesis and fertility was shown, for example its role to opti-
mize follicular development, maximize ovulation rates, and maintain follicle health. Likewise, its role
for cellular proliferation and growth of the uterus has also been shown [78,79].

Implications of lack or excess of androgen action

Males and females need androgens and its action to develop normally and stay healthy, but the
dosage of androgens is highly sex specific (Fig. 1). Both androgen deficiency and excess may lead to
endocrine disorders that may manifest with a phenotype of disorders/differences of sex development
(DSD) at birth, disturb pubertal development, and sexual functioning and fertility. Both lack and excess
of androgen action may also manifest at any time of life with adverse effects on other organ systems
including overall metabolism, the cardiovascular system, muscles, bones, brain and psychological
system. Non-endocrine and non-reproductive effects are described in more details elsewhere
[44,80,81].

The effects of androgen deficiency and excess on sexual development and function are best studied
in patients carrying rare disease-causing monogenetic variants in genes involved in androgen
biosynthesis and action. By contrast, acquired disorders of androgen deficiency and excess will not
cause a DSD, but may affect pubertal development, fertility and overall health, nevertheless. Thus,
androgen excess in adults is a common problem in women suffering from PCOS and in men with
prostate hyperplasia/tumors [82—88]. Furthermore, androgen decline/deficiency is a controversial
topic in healthy aging males and females [89,90].

To understand the clinical manifestations of genetic disorders of gonadal and adrenal steroido-
genesis at birth it is important to keep in mind that adrenal and gonadal androgens are part of a
concerted steroid network in utero. During fetal development, the liver and the placenta play major
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Fig. 4. Androgen action through the androgen receptor (AR). A. The human AR gene is located on the X chromosome at position
Xq11—12. The AR consists of eight exons which are separated by long introns and the AR gene can be epigenetically regulated by
methylation. Notably, the AR protein is comprised of three functional domains, the N-terminal domain (NTD), the DNA binding
domain (DBD) and the ligand binding domain (LBD) and can be regulated by posttranslational modifications. B. The macroscopic
view: androgens are secreted from the adrenal gland and the gonads. The secreted androgens exert their effect in AR-expressing
tissues, including the kidney, liver, adrenal gland and gonads. The microscopic view: once the androgens (A) are released into the
blood stream, they enter the AR-expressing cell and activate the AR. The A-AR complex can have a genomic action where it binds
androgen receptor elements (ARE) in the target gene and initiates gene expression. While in the non-genomic action, the A-AR can
bind membrane-bound receptors and initiate signaling cascades, which increases the cell proliferation and survival.

roles in this network [91]. The fetal liver functions to metabolise and inactivate androgens, and while
the placenta is not considered an androgen producing organ, it does express all the necessary ste-
roidogenic enzymes to convert maternal PROG to androgens, including those that can biosynthesise T
[91—96]. Additionally, a role of the placenta in the fetal backdoor pathway in the production of an-
drogens has also been suggested [91]. Moreover, predominant androgen levels have recently been
measured in placental tissue [97], highlighting the production of placental androgens and that an-
drogens are exchanged in the feto-placental unit. Notably, placental aromatase would convert A4 and T
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to estrogens, while other androgens might not be biotransformed to estrogen derivatives in vivo
[98,99]. As the development of the typical female and male external genitalia relies largely on the
absence or presence of T and DHT, any disturbance in androgen production may result in apparent
virilization of a 46,XX fetus or undermasculinization of a 46,XY fetus. After birth and minipuberty,
gonadal steroidogenesis is quiescent until puberty (Fig. 1), when activation of the HPG axis commands
to resume sex steroid production for normal sexual maturation, fertility and reproduction (Fig. 2). Also,
in postnatal/adult life, steroids secreted by the adrenals and gonads are converted to active and inactive
metabolites by peripheral organs, and this complex peripheral steroid metabolism may then be
responsible for the formation of unusual steroids through alternate pathways in genetic disorders of
steroidogenesis (Fig. 3).

Specific monogenetic defects of androgen biosynthesis

Pathogenic variants in all genes involved in human androgen biosynthesis and metabolism may
cause androgen deficiency and/or excess. Table 2 gives an overview of all genes, for which variants have
been reported with a human phenotype associated with abnormal androgen production. For details we
refer the reader to [11,57,100]. In the following section we provide a summary of possible genetic
defects underlying specific phenotypes.

Genetic defects affecting early steps of steroid biosynthesis and cortisol production in particular are
known as CAH [11,100]. These disorders may be grouped in defects causing 46,XY DSD CAH, 46,XX DSD
CAH or DSD CAH in both chromosomal sexes according to the current DSD classification [101].

To the first group of 46,XY DSD CAH belong mutations in the genes for StAR, CYP11A1, CYP17A1 and
lack of androgens. Patients with autosomal recessive variants in these genes with loss of function are
not able to synthesize cortisol and androgens. Thus, affected chromosomal male fetuses are born with
typical female external genitalia and raised as girls. However, genetic mutations in these genes with
partial loss of function may not affect prenatal sex development and only manifest with primary ad-
renal insufficiency in early life, while sex hormone failure may develop later. Affected 46,XX individuals
with severe mutations in the StAR, CYP11A1, CYP17A1 genes manifest at birth with adrenal insufficiency
only and show typically lack of pubertal development later.

The second group of 46,XX DSD CAH with androgen excess comprises autosomal recessive defects
of 21-hydroxylase (CYP21A2) and CYP11B1 necessary for GC and MC synthesis. With these defects that
affect GC and MC synthesis in the adrenal cortex, the lack of cortisol leads to negative feedback
stimulation of the HPA axis, elevated ACTH and thus increased adrenal androgen production. Affected
girls show variable degrees of external genital virilization at birth as the androgen excess already
occurs very early in utero, when the female fetus needs to be safeguarded from high androgens to
develop normally [102]. Affected 46,XY boys have no DSD phenotype but still suffer from neonatal
onset adrenal insufficiency with severe variants.

Genetic mutations in HSD3B2 and POR belong to the third group that can manifest with cortisol
deficiency and variable severity of a DSD at birth in both chromosomal sexes depending on the
specific variants.

Genetic defects that only affect sex hormone biosynthesis also display some sex specific char-
acteristics. 46,XY DSD individuals with an isolated moderate to severe undervirilization at birth may
harbour a defect in the CYP17A1 (isolated 17,20-lyase deficiency), CYB5A1, POR, AKR1C2/4, HSD17B3 or
SRD5A2 genes (Fig. 3). Regarding these genetic variants, only 46,XX females with variants in CYP17A1
and POR have been found with a DSD phenotype (POR), with primary or secondary failure of pubertal
development (POR, CYP17A1), or with a PCOS-like phenotype (POR). Moreover, aromatase (CYP19A1)
mutations inhibiting the aromatase activity and the conversion of androgens to estrogens, cause fetal
and maternal androgen excess during pregnancy and beyond. Affected girls are virilized at birth and
show abnormal pubertal development and fertility. Affected boys are asymptomatic during childhood
years, but then come to medical attention for tall stature and failure to stop growing. Bone age is
typically delayed because estrogens are crucial for epiphyseal maturation and closure, and decreased
bone mineral density can be observed later in life. A negative impact on glucose homeostasis and lipid
profile has also been described in both adult males and females with aromatase deficiency.
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Finally, genetic variants in the steroidogenic factor 1/nuclear receptor subfamily 5 group A member
1 (SF1/NR5A1) may cause a broad phenotypical range of 46,XY DSD, 46,XX DSD and failure of pubertal
development and fertility [103,104]. In rare cases, NR5A1 mutations also cause adrenal insufficiency.
SF1 is an essential transcription regulator for many genes involved in sex determination, sex differ-
entiation as well as (sex) steroid biosynthesis [103—107].

Genetic defects of androgen action — AIS

Complete or partial androgen insensitivity syndromes (CAIS/PAIS) are caused by genetic mutations
affecting AR function [18,108]. In these syndromes of 46,XY phenotypic undermasculinization,
androgen concentrations are typically elevated [62]. AIS incidence is reported internationally in 1 in
20,400 live born 46,XY infants, with CAIS occurring at a higher rate than PAIS [109]. This high incidence
might be explained by low mortality and morbidity of AIS. So far about five hundred AR mutations have
been described in individuals with AIS, classified as AlS type L. In CAIS, severe hemizygous AR muta-
tions cause the loss of AR signaling in more than 95% of cases. Affected 46,XY individuals show male
typical inner genital organs and undescended gonads with the prostate, vas deferens and seminal
vesicles missing. External genitalia are typical female with a vaginal pouch. Female carriers are
phenotypically normal. In 46,XY PAIS, the phenotypic variability in undermasculinization is large and
depends on the residual activity of the AR. In the mildest form of PAIS, gynecomastia and male
infertility may be the only clinical signs. Unlike in CAIS, the underlying genetic defect in PAIS is only
found in the AR gene in about 40% of cases [64].

By contrast, individuals with AIS without AR mutations are classified as AIS type IL In these in-
dividuals largely unidentified regulators or cofactors of the AR are responsible for the impaired AR
signaling as revealed by an AR-dependent bioassay using genital skin fibroblasts and the targeted
APOD as a biomarker [66]. As AR activity can be regulated at various levels, the possible mechanisms of
AlIS type II are manifold. Thus far, altered DNA methylation of the AR promoter has been found in some
individuals with PAIS [67].

Common acquired disorders of androgen excess

Androgen levels and AR activity control development, proliferation and growth of a variety of cells
in many organs and regulate metabolic processes in both males and females (Table 1) [57].

Unbalanced levels of androgens are involved in the development of several types of cancers
including PC and CRPC [57,82—84]. In men, PC is the second leading cause of cancer death worldwide.
PC growth and development critically dependent on androgens and AR signaling [60,82,83]. Androgens
promote prostate cell proliferation resulting in continuous growth of malignant cells. But it is
important to note that there is no evidence of an association between the lifetime T exposure and the
appearance of PC [110]. Therefore, local prostate tumors are cared for by watchful waiting or treated
with surgery or radiation therapy, while high-grade and metastatic PCs are treated with androgen-
deprivation therapies, lowering T levels. However, over time many PCs escape this treatment and
progress to CRPC [83]. CRPC might be driven by potent androgens synthesized from alternate, non-
gonadal steroid metabolites (for example metabolites originating from the adrenals) [47,49,50] that
stimulate AR signaling [83]. However, the specific mechanisms associated are still unclear [82—84].

In women, PCOS is the most common endocrine condition affecting about 10% of reproductive-age
women [85]. PCOS is characterized by hyperandrogenism, menstrual disturbances and polycystic
ovaries [86,111]. Studies performed in animals and humans support the hypothesis that excess
androgen and AR action are key players of PCOS pathomechanism as they are clearly associated with
adverse reproductive and metabolic outcome [86], but the exact interplay remains a conundrum.
Numerous studies have shown that androgens of the classic pathway (such as T and A4; Fig. 3A) are
elevated in circulation of most women with PCOS when compared to healthy controls [85,87]. In line
with these findings are in vitro studies showing ovarian theca cells isolated from PCOS women with
steroidogenic hyperfunction resulting in androgen excess [88].

Interestingly, comprehensive steroid profiling in more recent studies showed that C11-oxy an-
drogens of alternate pathways (such as 110HA4, 11KA4, 110HT and 11KT; Fig. 3C and D) are even more
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Table 2

Characteristics of monogenetic disorders of steroidogenesis affecting androgen production and the gonads in 46,XX and 46,XY

individuals [11,57,100].

Best Practice & Research Clinical Endocrinology & Metabolism xxx (Xxxx) Xxx

Disorder Gene/ 46,XY Gonadal 46,XX Gonadal Fertility Adrenal Other Features
OMIM Phenotype Phenotype Insufficiency
(T Deficiency) (E2 Deficiency)
Lipoid congenital StAR Classic form: Classic: primary  Classic: Absent YES
adrenal 201710  46,XY DSD, or secondary in 46,XY;
hyperplasia gonadal ovarian variable in
(LCAH) insufficiency insufficiency 46,XX
Non-classic (POI)
form: normal or Non-classic: NK or
NK normal
P450 side chain CYP11A1 Classic form: Classic: primary  Reported in YES
cleavage 118485 46,XY DSD, or secondary 46,XX
syndrome (CAH) gonadal ovarian
insufficiency insufficiency
Non-classic (POI)
form: normal  Non-classic: NK or
normal
3B-Hydroxysteroid HSD3B2  46,XY DSD, 46,XX DSD with  Absent in YES
dehydrogenasell 201810  gonadal atypical genital ~ 46,XY; reported
deficiency (CAH) insufficiency development; in 46,XX
Non-classic gonadal
form: normal, insufficiency
but premature Non-classic form:
adrenarche normal, but
premature
adrenarche
21-Hydroxylase CYP21A2  Classic form: 46,XX DSD with Normal in both YES Cave: Testicular
deficiency (CAH) 201910 normal atypical genital  46,XX and adrenal rest tumor
Non-classic development 46,XY, if treated (m >> f)
form: normal  through CAH-X (when
androgen excess; combined with
Non-classic form: Ehlers-Danlos
premature syndrome with
adrenarche, contiguous gene
virilization, PCO variants)
11B-hydroxylase CYP11B1  Classic form: 46,XX DSD with Normal in both YES Hypertension
deficiency (CAH) 202010 normal atypical genital  46,XX and
Non-classic development 46,XY, if treated
form: normal  through
androgen excess;
Non-classic form:
premature
adrenarche,
virilization, PCO
Combined 17a- CYP17A1 46,XY DSD, Lack of pubertal Possible in Rare Hypertension and
hydroxylase, 17,20 202110  gonadal development, POI 46,XX with hypokalemic
lyase deficiency insufficiency assisted fertility alkalosis (not seen
(CAH) measures with isolated lyase
deficiency)
P450 oxidoreductase POR Mild to severe 46,XX DSD with Reported Variable Maternal virilization
deficiency (CAH) 124015 46,XY DSD, atypical genital during pregnancy;
201750  gonadal development or Antley-Bixler
insufficiency premature skeletal
adrenarche malformation
(androgen syndrome; changes
excess), in drug metabolism
virilisation, POI,
PCO
Cytochrome bs CYB5A 46,XY DSD NK NK NO Methemoglobinemia
deficiency 613218
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Table 2 (continued )

Disorder Gene/ 46,XY Gonadal 46,XX Gonadal Fertility Adrenal Other Features
OMIM Phenotype Phenotype Insufficiency
(T Deficiency) (E2 Deficiency)

17B-Hydroxysteroid HSD17B3 46,XY DSD; Normal Decreased or  NO
dehydrogenase III 264300 progressive absent in 46,XY
deficiency/17- virilisation and
ketosteroid gynecomastia
reductase at puberty
deficiency

5a-Reductase 11 SRD5A2  46,XY DSD; Normal Impaired in NO
deficiency 607306  progressive 46,XY

virilisation and
gynecomastia

at puberty
3a-Hydroxysteroid AKR1C2/4 46,XY DSD; Normal NK NO
dehydrogenase 600450  gonadal
deficiency 600451 insufficiency
Aromatase CYP19A1 Normal 46,XX DSD with Impaired in NO Overgrowth and
deficiency 107910 variable degree of 46,XX metabolic anomalies
virilisation at in males
birth, gonadal
insufficiency, POI
Steroidogenic factor NR5A1/SF1 Mild to severe Mostly POI or Mostly Rare
1 184757 46,XY DSD; normal impaired in
gonadal 46,XX 46,XY; variable

insufficiency — ovotesticular DSD in 46,XX
very variable

Abbr.: DSD — Disorder/Difference of Sexual Development; E2 — estradiol; NK — not known; PCO — polycystic ovaries; POl —
primary ovarian insufficiency; T — testosterone.

elevated than classic androgens in PCOS patients [24,112]. This indicates that androgen excess in PCOS
originates from both the ovaries and non-gonadal tissues including the adrenals and peripheral tissues
as well as the intermediary metabolism. This also suggests that the underlying defect of PCOS leads to a
dysregulation of androgen production through different steroid producing pathways. In addition,
hyperandrogenism in PCOS is very often associated with insulin resistance [43,86,111], and both may
lead to metabolic dysfunction in the reproductive tissues and beyond [88]. However, although the
metabolic consequences of PCOS have been well described, the underlying cause and detailed mo-
lecular mechanisms are still unsolved.

Paradoxically, there are no clear pathophysiological conditions in men where T is too high, and no
such conditions in women where it is too low [113]. However, there are some discussions about a male
PCOS phenotype with androgen excess and a female lack of libido with deficiency.

Acquired disorders of androgen deficiency

In principle, the loss of circulating androgens in adults is caused by gonadal failure. This might be
due to any disorders affecting the HPG axis (Fig. 2). In men, hypogonadism causes impaired sexual
functioning, infertility, alterations in body composition and osteoporosis [89]. Moreover, it has adverse
effects on metabolic and cardiovascular health as well as a negative impact on brain health [90]. When
in women low androgen levels are due to hypogonadism, estrogen levels are also decreased, and the
consequences of low estrogens are the same as with hypogonadism in men [89,113]. By contrast, no
adverse consequences are seen when androgen levels are decreased because of a loss of adrenal an-
drogens with primary or secondary adrenal disorders [6]; although this has been challenged in some
studies for women without convincing evidence [114].
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Summary

Clinical, genetic and functional characterization of human mutations in genes involved in androgen
biosynthesis and action have taught us plenty about the crucial role of androgens for sexual devel-
opment, reproduction and beyond. All the same, many patients manifesting with rare congenital or
common acquired disorders of androgen deficiency or excess remain unexplained indicating that
androgen biology is still not fully understood. Only in the last two decades, two novel alternate
pathways of androgen biosynthesis have been recognized to play important roles in normal biology
and disease states. But the exact interplay and specific contribution of the different biosynthesis
pathways to the active androgen pool need further investigation. Likewise, the regulation of the AR is
more complex than initially assumed. In theory, multiple regulators and co-regulators may modulate
AR signaling at the transcriptional and posttranslational level. Studies of patients with PAIS found
differential AR promoter methylation in some, but other regulatory factors have yet to be identified.

Understanding the complex network regulating androgen biosynthesis, metabolism and action is
essential for finding new targets for better diagnostic and therapeutic opportunities.
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Practice points

Androgens are essential sex steroid hormones for both sexes.

Testosterone is the predominant circulating androgen in males, while in females the major
circulating classic androgens are DHEA-S, DHEA and androstenedione.

Androgens exert their effect through binding to the androgen receptor to modulate many
different biological processes.

Androgen receptor signaling occurs at the genomic and non-genomic level.

Rare human genetic disorders have been described for all genes involved in androgen
biosynthesis and for the androgen receptor.

e Common disorders associated with androgen imbalance are castration resistant prostate
cancer in men and polycystic ovary syndrome in women.

Research agenda

e To better understand the role of newly discovered, alternate androgen biosynthesis path-
ways in health and disease.

To study the impact of alternate’ androgens on the androgen receptor in various tissues.
To identify regulators and co-regulators of the androgen receptor affecting its expression,
stability and activity.

e To understand the role of androgens' action in common disorders like prostate hyperplasia
and cancers, and in polycystic ovary syndrome in order to identify targets for better
treatments.

To investigate the treatment potential of candidate drugs for disorders and diseases marked
by androgen imbalances, such as selective androgen receptor modulators (SARMs).




R. Naamneh Elzenaty, T. du Toit and C.E. Fliick Best Practice & Research Clinical Endocrinology & Metabolism xxx (Xxxx) Xxx

References

(11
[2

3

[4

(5

(6
[7]
[9]

[10]
[11]

[12]

*13]
[14]
[15]

*[16]
[17]

*[18]
[19]

[20]
[21]
[22]
[23]
[24]
[25]
[26]
*[27]
[28]

*[29]
[30]

[31]

[32]

[33]

*(34]

Kelsey TW, Li LQ, Mitchell RT, et al. A validated age-related normative model for male total testosterone shows
increasing variance but no decline after age 40 years. PLoS One 2014;9(10):e109346.

Fanelli F, Baronio F, Ortolano R, et al. Normative basal values of hormones and proteins of gonadal and adrenal
functions from birth to adulthood. Sex Dev 2018;12(1—3):50—94.

Kulle AE, Riepe FG, Melchior D, et al. A novel ultrapressure liquid chromatography tandem mass spectrometry method
for the simultaneous determination of androstenedione, testosterone, and dihydrotestosterone in pediatric blood
samples: age- and sex-specific reference data. ] Clin Endocrinol Metab 2010;95(5):2399—409.

Harman SM, Metter EJ, Tobin ]JD, et al. Baltimore Longitudinal Study of A. Longitudinal effects of aging on serum total
and free testosterone levels in healthy men. Baltimore Longitudinal Study of Aging. ] Clin Endocrinol Metab 2001;
86(2):724-31.

Feldman HA, Longcope C, Derby CA, et al. Age trends in the level of serum testosterone and other hormones in
middle-aged men: longitudinal results from the Massachusetts male aging study. ] Clin Endocrinol Metab 2002;87(2):
589—98.

Bhasin S, Brito JP, Cunningham GR, et al. Testosterone therapy in men with hypogonadism: an endocrine society
clinical Practice guideline. ] Clin Endocrinol Metab 2018;103(5):1715—44.

Fluck CE, Pandey AV. Steroidogenesis of the testis — new genes and pathways. Ann Endocrinol 2014;75(2):40—7.
Wilson ]D. The role of 5alpha-reduction in steroid hormone physiology. Reprod Fertil Dev 2001;13(7—8):673—8.
Skiba MA, Bell R], Islam RM, et al. Androgens during the reproductive years: what is normal for women? ] Clin
Endocrinol Metab 2019;104(11):5382—92.

Rege J, Nakamura Y, Satoh F, et al. Liquid chromatography-tandem mass spectrometry analysis of human adrenal vein
19-carbon steroids before and after ACTH stimulation. ] Clin Endocrinol Metab 2013;98(3):1182—8.

Miller WL, Fliick CE, Breault DT, et al. 14 - the adrenal cortex and its disorders. In: Sperling MA, editor. Sperling pe-
diatric Endocrinology. 5th ed. Philadelphia: Elsevier; 2021. p. 425—90.

Haring R, Hannemann A, John U, et al. Age-specific reference ranges for serum testosterone and androstenedione
concentrations in women measured by liquid chromatography-tandem mass spectrometry. ] Clin Endocrinol Metab
2012;97(2):408—-15.

Turcu AF, Rege ], Auchus RJ, et al. 11-Oxygenated androgens in health and disease. Nat Rev Endocrinol 2020;16(5):
284—96.

Pignatti E, Fluck CE. Adrenal cortex development and related disorders leading to adrenal insufficiency. Mol Cell
Endocrinol 2021;527:111206.

Becker M, Hesse V. Minipuberty: why does it happen? Horm Res Paediatr 2020;93(2):76—84.

Dhayat NA, Dick B, Frey BM, et al. Androgen biosynthesis during minipuberty favors the backdoor pathway over the
classic pathway: insights into enzyme activities and steroid fluxes in healthy infants during the first year of life from
the urinary steroid metabolome. ] Steroid Biochem Mol Biol 2017;165(Pt B):312—-22.

von Schnakenburg K, Bidlingmaier F, Knorr D. 17-hydroxyprogesterone, androstenedione, and testosterone in normal
children and in prepubertal patients with congenital adrenal hyperplasia. Eur ] Pediatr 1980;133(3):259—67.

Hornig NC, Holterhus PM. Molecular basis of androgen insensitivity syndromes. Mol Cell Endocrinol 2021;523:111146.
Miller WL, Auchus RJ. The molecular biology, biochemistry, and physiology of human steroidogenesis and its disor-
ders. Endocr Rev 2011;32(1):81-151.

Costa B, Da Pozzo E, Martini C. Translocator protein and steroidogenesis. Biochem ] 2018;475(5):901—4.

Russell DW, Wilson ]D. Steroid 5 alpha-reductase: two genes/two enzymes. Annu Rev Biochem 1994;63:25—61.
Fluck CE, Miller WL, Auchus RJ. The 17, 20-lyase activity of cytochrome P450c17 from human fetal testis favors the
delta5 steroidogenic pathway. ] Clin Endocrinol Metab 2003;88(8):3762—6.

Barnard L, du Toit T, Swart AC. Back where it belongs: 11beta-hydroxyandrostenedione compels the re-assessment of
C11-oxy androgens in steroidogenesis. Mol Cell Endocrinol 2021;525:111189.

Swart AC, du Toit T, Gourgari E, et al. Steroid hormone analysis of adolescents and young women with polycystic
ovarian syndrome and adrenocortical dysfunction using UPC(2)-MS/MS. Pediatr Res 2021;89(1):118—26.

Barnard M, Mostaghel EA, Auchus R], et al. The role of adrenal derived androgens in castration resistant prostate
cancer. ] Steroid Biochem Mol Biol 2020;197:105506.

Pretorius E, Arlt W, Storbeck KH. A new dawn for androgens: novel lessons from 11-oxygenated C19 steroids. Mol Cell
Endocrinol 2017;441:76—85.

Swart AC, Storbeck KH. 11beta-Hydroxyandrostenedione: downstream metabolism by 11betaHSD, 17betaHSD and
SRD5A produces novel substrates in familiar pathways. Mol Cell Endocrinol 2015;408:114—23.

Wilson JD, Auchus RJ, Leihy MW, et al. 5a-androstane-3a,17b-diol is formed in tammar wallaby pouch young testes by
a pathway involving 5a-pregnane-3a,17a-diol-20-one as a key intermediate. Endocrinology 2003;144(2):575—80.
Auchus R]. The backdoor pathway to dihydrotestosterone. Trends Endocrinol Metabol 2004;15(9):432—8.
Mahendroo M, Wilson JD, Richardson JA, et al. Steroid 5alpha-reductase 1 promotes 5alpha-androstane-3alpha,17-
beta-diol synthesis in immature mouse testes by two pathways. Mol Cell Endocrinol 2004;222(1-2):113—-20.

Arlt W, Walker EA, Draper N, et al. Congenital adrenal hyperplasia caused by mutant P450 oxidoreductase and human
androgen synthesis: analytical study. Lancet 2004;363(9427):2128—35.

Homma K, Hasegawa T, Nagai T, et al. Urine steroid hormone profile analysis in cytochrome P450 oxidoreductase
deficiency: implication for the backdoor pathway to dihydrotestosterone. ] Clin Endocrinol Metab 2006;91(7):
2643-9.

Kamrath C, Hochberg Z, Hartmann MF, et al. Increased activation of the alternative "backdoor” pathway in patients
with 21-hydroxylase deficiency: evidence from urinary steroid hormone analysis. ] Clin Endocrinol Metab 2012;97(3):
E367—-75.

Fluck CE, Meyer-Boni M, Pandey AV, et al. Why boys will be boys: two pathways of fetal testicular androgen
biosynthesis are needed for male sexual differentiation. Am ] Hum Genet 2011;89(2):201-18.

19


http://refhub.elsevier.com/S1521-690X(22)00052-5/sref1
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref1
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref2
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref2
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref2
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref2
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref3
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref3
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref3
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref3
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref4
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref4
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref4
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref4
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref5
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref5
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref5
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref5
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref6
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref6
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref6
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref7
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref7
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref8
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref8
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref8
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref9
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref9
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref9
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref10
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref10
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref10
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref11
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref11
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref11
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref12
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref12
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref12
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref12
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref13
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref13
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref13
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref14
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref14
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref15
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref15
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref16
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref16
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref16
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref16
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref17
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref17
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref17
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref18
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref19
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref19
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref19
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref20
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref20
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref21
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref21
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref22
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref22
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref22
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref23
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref23
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref24
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref24
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref24
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref25
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref25
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref26
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref26
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref26
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref27
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref27
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref27
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref28
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref28
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref28
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref29
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref29
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref30
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref30
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref30
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref30
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref31
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref31
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref31
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref32
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref32
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref32
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref32
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref33
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref33
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref33
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref33
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref34
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref34
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref34

R. Naamneh Elzenaty, T. du Toit and C.E. Fliick Best Practice & Research Clinical Endocrinology & Metabolism xxx (Xxxx) Xxx

[35]

[36]

[37]

[38]

[39]

[40]

Handelsman DJ, Cooper ER, Heather AK. Bioactivity of 11 keto and hydroxy androgens in yeast and mammalian host
cells. ] Steroid Biochem Mol Biol 2022;218:106049.

Storbeck KH, Bloem LM, Africander D, et al. 11beta-Hydroxydihydrotestosterone and 11-ketodihydrotestosterone,
novel C19 steroids with androgenic activity: a putative role in castration resistant prostate cancer? Mol Cell Endo-
crinol 2013;377(1—-2):135—46.

Schloms L, Storbeck KH, Swart P, et al. The influence of Aspalathus linearis (Rooibos) and dihydrochalcones on adrenal
steroidogenesis: quantification of steroid intermediates and end products in H295R cells. ] Steroid Biochem Mol Biol
2012;128(3—5):128—-38.

Swart AC, Schloms L, Storbeck KH, et al. 11beta-hydroxyandrostenedione, the product of androstenedione metabolism
in the adrenal, is metabolized in LNCaP cells by 5alpha-reductase yielding 11beta-hydroxy-5alpha-androstanedione.
] Steroid Biochem Mol Biol 2013;138:132—42.

Turcu AF, Nanba AT, Chomic R, et al. Adrenal-derived 11-oxygenated 19-carbon steroids are the dominant androgens
in classic 21-hydroxylase deficiency. Eur ] Endocrinol 2016;174(5):601—9.

Bacila I, Adaway ], Hawley ], et al. Measurement of salivary adrenal-specific androgens as biomarkers of therapy
control in 21-hydroxylase deficiency. J Clin Endocrinol Metab 2019;104(12):6417—29.

[41] JhaS, Turcu AF, Sinaii N, et al. 11-Oxygenated androgens useful in the setting of discrepant conventional biomarkers in

[42]
[43]
[44]

[45]

[46]

[47]

[48]
[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]
[58]
*[59]
[60]
*[61]
[62]
[63]

[64]

21-hydroxylase deficiency. ] Endocr Soc 2021;5(2):bvaa192.

Schroder MAM, Turcu AF, O'Day P, et al. Production of 11-oxygenated androgens by testicular adrenal rest tumors.
] Clin Endocrinol Metabol 2021;107(1):e272—80.

Kempegowda P, Melson E, Manolopoulos KN, et al. Implicating androgen excess in propagating metabolic disease in
polycystic ovary syndrome. Ther Adv Endocrinol Metab 2020;11. 2042018820934319.

Yoshida T, Saito K, Kawamura T, et al. Circulating steroids and mood disorders in patients with polycystic ovary
syndrome. Steroids 2021;165:108748.

Tosi F, Villani M, Garofalo S, et al. Clinical value of serum levels of 11-oxygenated metabolites of testosterone in
women with polycystic ovary syndrome. J Clin Endocrinol Metab 2022;107(5):e2047—55. https://doi.org/10.1210/
clinem/dgab920.

Rege ], Turcu AF, Kasa-Vubu JZ, et al. 11-Ketotestosterone is the dominant circulating bioactive androgen during
normal and premature adrenarche. ] Clin Endocrinol Metab 2018;103(12):4589—98.

du Toit T, Bloem LM, Quanson JL, et al. Profiling adrenal 11beta-hydroxyandrostenedione metabolites in prostate
cancer cells, tissue and plasma: UPC(2)-MS/MS quantification of 11beta-hydroxytestosterone, 11keto-testosterone and
11keto-dihydrotestosterone. J Steroid Biochem Mol Biol 2017;166:54—67.

du Toit T, Swart AC. Inefficient UGT-conjugation of adrenal 11beta-hydroxyandrostenedione metabolites highlights
C11-oxy C19 steroids as the predominant androgens in prostate cancer. Mol Cell Endocrinol 2018;461:265—76.
Snaterse G, van Dessel LF, van Riet ], et al. 11-Ketotestosterone is the predominant active androgen in prostate cancer
patients after castration. JCI Insight 2021;6(11).

Wright C, O'Day P, Alyamani M, et al. Abiraterone acetate treatment lowers 11-oxygenated androgens. Eur ] Endocrinol
2020;182(4):413-21.

Houghton LC, Howland RE, Wei Y, et al. The steroid metabolome and breast cancer risk in women with a family history
of breast cancer: the novel role of adrenal androgens and glucocorticoids. Cancer Epidemiol Biomarkers Prev 2021;
30(1):89—-96.

du Toit T, Swart AC. The 11beta-hydroxyandrostenedione pathway and C11-oxy C21 backdoor pathway are active in
benign prostatic hyperplasia yielding 11keto-testosterone and 11keto-progesterone. J Steroid Biochem Mol Biol 2020;
196:105497.

Barnard L, Gent R, van Rooyen D, et al. Adrenal C11-oxy C21 steroids contribute to the C11-oxy C19 steroid pool via the
backdoor pathway in the biosynthesis and metabolism of 21-deoxycortisol and 21-deoxycortisone. ] Steroid Biochem
Mol Biol 2017;174:86—95.

van Rooyen D, Gent R, Barnard L, et al. The in vitro metabolism of 11beta-hydroxyprogesterone and 11-
ketoprogesterone to 11-ketodihydrotestosterone in the backdoor pathway. J Steroid Biochem Mol Biol 2018;178:
203—-12.

van Rooyen D, Yadav R, Scott EE, et al. CYP17A1 exhibits 17alphahydroxylase/17,20-lyase activity towards 11beta-
hydroxyprogesterone and 11-ketoprogesterone metabolites in the C11-oxy backdoor pathway. ] Steroid Biochem Mol
Biol 2020;199:105614.

Sutinen P, Malinen M, Palvimo JJ. Androgen receptor. In: Simoni M, Huhtaniemi I, editors. Endocrinology of the testis
and male reproduction. Cham: Springer International Publishing; 2016. p. 1-22.

Fliick CE, Pandey AV. Testicular steroidogenesis. In: Simoni M, Huhtaniemi IT, editors. Endocrinology of the testis and
male reproduction. Cham: Springer International Publishing; 2017. p. 343—71.

Chang C, Yeh S, Lee SO, et al. Androgen receptor (AR) pathophysiological roles in androgen-related diseases in skin,
bone/muscle, metabolic syndrome and neuron/immune systems: lessons learned from mice lacking AR in specific
cells. Nucl Recept Signal 2013;11:e001.

Chaturvedi AP, Dehm SM. Androgen receptor dependence. Adv Exp Med Biol 2019;1210:333-50.

Tan MH, Li ], Xu HE, et al. Androgen receptor: structure, role in prostate cancer and drug discovery. Acta Pharmacol Sin
2015;36(1):3—-23.

Hunter I, Hay CW, Esswein B, et al. Tissue control of androgen action: the ups and downs of androgen receptor
expression. Mol Cell Endocrinol 2018;465:27—35.

Mongan NP, Tadokoro-Cuccaro R, Bunch T, et al. Androgen insensitivity syndrome. Best Pract Res Clin Endocrinol
Metabol 2015;29(4):569—80.

Ahmed SF, Cheng A, Dovey L, et al. Phenotypic features, androgen receptor binding, and mutational analysis in 278
clinical cases reported as androgen insensitivity syndrome. ] Clin Endocrinol Metab 2000;85(2):658—65.

Ahmed SF, Bashamboo A, Lucas-Herald A, et al. Understanding the genetic aetiology in patients with XY DSD. Br Med
Bull 2013;106:67—89.

20


http://refhub.elsevier.com/S1521-690X(22)00052-5/sref35
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref35
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref36
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref36
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref36
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref36
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref36
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref37
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref37
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref37
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref37
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref37
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref38
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref38
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref38
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref38
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref39
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref39
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref39
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref40
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref40
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref40
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref41
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref41
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref42
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref42
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref42
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref42
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref43
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref43
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref44
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref44
https://doi.org/10.1210/clinem/dgab920
https://doi.org/10.1210/clinem/dgab920
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref46
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref46
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref46
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref47
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref47
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref47
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref47
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref48
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref48
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref48
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref49
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref49
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref50
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref50
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref50
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref51
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref51
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref51
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref51
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref52
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref52
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref52
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref53
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref53
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref53
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref53
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref54
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref54
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref54
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref54
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref55
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref55
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref55
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref56
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref56
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref56
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref57
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref57
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref57
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref58
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref58
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref58
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref59
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref59
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref60
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref60
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref60
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref61
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref61
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref61
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref62
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref62
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref62
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref63
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref63
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref63
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref64
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref64
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref64

R. Naamneh Elzenaty, T. du Toit and C.E. Fliick Best Practice & Research Clinical Endocrinology & Metabolism xxx (Xxxx) Xxx

[65]
[66]
*(67]
[68]
[69]
[70]

[71]
[72]

[73]
[74]
[75]

[76]
[77]

(78]
[79]
[80]
[81]
[82]

[83]
[84]

[85]
[86]

[87]
[88]

[89]
[90]

[91]
[92]

[93]

[94]
[95]
[96]
[97]
[98]
[99]
[100]

[101]

Audi L, Fernandez-Cancio M, Carrascosa A, et al. Novel (60%) and recurrent (40%) androgen receptor gene mutations in
a series of 59 patients with a 46,XY disorder of sex development. ] Clin Endocrinol Metab 2010;95(4):1876—88.
Hornig NC, Ukat M, Schweikert HU, et al. Identification of an AR mutation-negative class of androgen insensitivity by
determining endogenous AR activity. ] Clin Endocrinol Metab 2016;101(11):4468—77.

Hornig NC, Rodens P, Dorr H, et al. Epigenetic repression of androgen receptor transcription in mutation-negative
androgen insensitivity syndrome (AIS type II). ] Clin Endocrinol Metab 2018;103(12):4617—27.

Zhou H, Mazan-Mamczarz K, Martindale JL, et al. Post-transcriptional regulation of androgen receptor mRNA by an
ErbB3 binding protein 1 in prostate cancer. Nucleic Acids Res 2010;38(11):3619—31.

Barker A, Epis MR, Porter CJ, et al. Sequence requirements for RNA binding by HuR and AUF1. ] Biochem 2012;151(4):
423-37.

Zhao ], Zhang Y, Liu XS, et al. RNA-binding protein Musashi2 stabilizing androgen receptor drives prostate cancer
progression. Cancer Sci 2020;111(2):369—-82.

Yeap BB, Wilce JA, Leedman PJ. The androgen receptor mRNA. Bioessays 2004;26(6):672—82.

van der Steen T, Tindall D], Huang H. Posttranslational modification of the androgen receptor in prostate cancer. Int ]
Mol Sci 2013;14(7):14833—-59.

Coffey K, Robson CN. Regulation of the androgen receptor by post-translational modifications. ] Endocrinol 2012;
215(2):221-37.

Anestis A, Zoi I, Papavassiliou AG, et al. Androgen receptor in breast cancer-clinical and preclinical Research insights.
Molecules 2020;25(2).

Heemers HV, Tindall DJ. Androgen receptor (AR) coregulators: a diversity of functions converging on and regulating
the AR transcriptional complex. Endocr Rev 2007;28(7):778—808.

Leung JK, Sadar MD. Non-genomic actions of the androgen receptor in prostate cancer. Front Endocrinol 2017;8:2.
Liao RS, Ma S, Miao L, et al. Androgen receptor-mediated non-genomic regulation of prostate cancer cell proliferation.
Transl Androl Urol 2013;2(3):187—96.

Chang C, Lee SO, Wang RS, et al. Androgen receptor (AR) physiological roles in male and female reproductive systems:
lessons learned from AR-knockout mice lacking AR in selective cells. Biol Reprod 2013;89(1):21.

Walters KA, Simanainen U, Gibson DA. Androgen action in female reproductive physiology. Curr Opin Endocrinol
Diabetes Obes 2016;23(3):291—6.

Bulant J, Hill M, Velikova M, et al. Changes of BMI, steroid metabolome and psychopathology in patients with anorexia
nervosa during hospitalization. Steroids 2020;153:108523.

Kelava I, Chiaradia I, Pellegrini L, et al. Androgens increase excitatory neurogenic potential in human brain organoids.
Nature 2022;602(7895):112—6.

Zhou Y, Bolton EC, Jones JO. Androgens and androgen receptor signaling in prostate tumorigenesis. ] Mol Endocrinol
2015;54(1):R15-29.

Auchus R], Sharifi N. Sex hormones and prostate cancer. Annu Rev Med 2020;71:33—45.

Storbeck KH, Mostaghel EA. Canonical and noncanonical androgen metabolism and activity. Adv Exp Med Biol 2019;
1210:239-77.

Rodriguez Paris V, Bertoldo M]. The mechanism of androgen actions in PCOS etiology. Med Sci 2019;7(9).

Lizneva D, Gavrilova-Jordan L, Walker W, et al. Androgen excess: investigations and management. Best Pract Res Clin
Obstet Gynaecol 2016;37:98—118.

Abdelazim IA, Alanwar A, AbuFaza M, et al. Elevated and diagnostic androgens of polycystic ovary syndrome. Prz
Menopauzalny 2020;19(1):1-5.

Sanchez-Garrido MA, Tena-Sempere M. Metabolic dysfunction in polycystic ovary syndrome: pathogenic role of
androgen excess and potential therapeutic strategies. Mol Metabol 2020;35:100937.

Richard-Eaglin A. Male and female hypogonadism. Nurs Clin 2018;53(3):395—405.

Hermoso DAM, Bizerra PFV, Constantin RP, et al. Association between metabolic syndrome, hepatic steatosis, and
testosterone deficiency: evidences from studies with men and rodents. Aging Male 2020;23(5):1296—315.
O'Shaughnessy PJ, Antignac JP, Le Bizec B, et al. Alternative (backdoor) androgen production and masculinization in
the human fetus. PLoS Biol 2019;17(2):e3000002.

Pezzi V, Mathis JM, Rainey WE, et al. Profiling transcript levels for steroidogenic enzymes in fetal tissues. ] Steroid
Biochem Mol Biol 2003;87(2—3):181-9.

LiY, Isomaa V, Pulkka A, et al. Expression of 3beta-hydroxysteroid dehydrogenase type 1, P450 aromatase, and 17beta-
hydroxysteroid dehydrogenase types 1, 2, 5 and 7 mRNAs in human early and mid-gestation placentas. Placenta 2005;
26(5):387—-92.

Hill M, Paskova A, Kanceva R, et al. Steroid profiling in pregnancy: a focus on the human fetus. ] Steroid Biochem Mol
Biol 2014;139:201-22.

Karahoda R, Kallol S, Groessl M, et al. Revisiting steroidogenic pathways in the human placenta and primary human
trophoblast cells. Int ] Mol Sci 2021;22(4).

Pasqualini JR. Enzymes involved in the formation and transformation of steroid hormones in the fetal and placental
compartments. ] Steroid Biochem Mol Biol 2005;97(5):401-15.

Yoshida T, Matsumoto K, Miyado M, et al. Quantification of androgens and their precursors in full-term human
placenta. Eur ] Endocrinol 2021;185(5):K7—11.

Imamichi Y, Yuhki KI, Orisaka M, et al. 11-Ketotestosterone is a major androgen produced in human gonads. J Clin
Endocrinol Metab 2016;101(10):3582—91.

Barnard L, Schiffer L, Louw du-Toit R, et al. 11-Oxygenated estrogens are a novel class of human estrogens but do not
contribute to the circulating estrogen pool. Endocrinology 2021;162(3).

Boettcher C, Fluck CE. Rare forms of genetic steroidogenic defects affecting the gonads and adrenals. Best Pract Res
Clin Endocrinol Metabol 2021:101593.

Hughes IA, Houk C, Ahmed SF, et al. Consensus statement on management of intersex disorders. Arch Dis Child 2006;
91(7):554—63.

21


http://refhub.elsevier.com/S1521-690X(22)00052-5/sref65
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref65
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref65
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref66
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref66
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref66
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref67
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref67
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref67
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref68
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref68
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref68
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref69
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref69
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref69
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref70
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref70
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref70
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref71
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref71
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref72
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref72
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref72
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref73
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref73
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref73
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref74
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref74
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref75
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref75
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref75
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref76
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref77
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref77
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref77
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref78
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref78
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref79
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref79
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref79
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref80
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref80
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref81
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref81
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref81
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref82
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref82
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref82
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref83
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref83
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref84
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref84
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref84
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref85
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref86
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref86
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref86
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref87
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref87
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref87
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref88
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref88
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref89
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref89
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref90
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref90
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref90
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref91
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref91
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref92
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref92
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref92
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref92
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref93
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref93
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref93
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref93
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref94
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref94
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref94
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref95
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref95
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref96
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref96
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref96
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref97
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref97
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref97
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref98
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref98
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref98
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref99
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref99
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref100
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref100
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref101
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref101
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref101

R. Naamneh Elzenaty, T. du Toit and C.E. Fliick Best Practice & Research Clinical Endocrinology & Metabolism xxx (Xxxx) Xxx

[102]
[103]
[104]

[105]
[106]

[107]
[108]

[109]
[110]

[111]
[112]

[113]
[114]

[115]
[116]
[117]

[118]

[119]
[120]
[121]

[122]

Goto M, Piper Hanley K, Marcos J, et al. In humans, early cortisol biosynthesis provides a mechanism to safeguard
female sexual development. ] Clin Invest 2006;116(4):953—60.

Kouri C, Sommer G, Fluck CE. Oligogenic causes of human differences of sex development: facing the challenge of
genetic complexity. Horm Res Paediatr 2021:279—89.

Fabbri-Scallet H, de Sousa LM, Maciel-Guerra AT, et al. Mutation update for the NR5A1 gene involved in DSD and
infertility. Hum Mutat 2020;41(1):58—68.

Camats N, Fluck CE, Audi L. Oligogenic origin of differences of sex development in humans. Int ] Mol Sci 2020;21(5).
Mazen I, Abdel-Hamid M, Mekkawy M, et al. Identification of NR5A1 mutations and possible digenic inheritance in
46,XY gonadal dysgenesis. Sex Dev 2016;10(3):147—51.

El-Khairi R, Achermann JC. Steroidogenic factor-1 and human disease. Semin Reprod Med 2012;30(5):374—81.
Batista RL, Costa EMF, Rodrigues AS, et al. Androgen insensitivity syndrome: a review. Arch Endocrinol Metab 2018;
62(2):227-35.

Shukla GC, Plaga AR, Shankar E, et al. Androgen receptor-related diseases: what do we know? Andrology 2016;4(3):
366—81.

Baillargeon ], Kuo YF, Fang X, et al. Long-term exposure to testosterone therapy and the risk of high grade prostate
cancer. ] Urol 2015;194(6):1612—6.

Azziz R. Polycystic ovary syndrome. Obstet Gynecol 2018;132(2):321—-36.

O'Reilly MW, Kempegowda P, Jenkinson C, et al. 11-Oxygenated C19 steroids are the predominant androgens in
polycystic ovary syndrome. ] Clin Endocrinol Metab 2017;102(3):840—8.

Hammes SR, Levin ER. Impact of estrogens in males and androgens in females. J Clin Invest 2019;129(5):1818—26.
Davis SR, Baber R, Panay N, et al. Global consensus position statement on the use of testosterone therapy for women.
] Sex Med 2019;16(9):1331-7.

Labcorp. Expected values & S.I. unit conversion tables.

Caron P, Turcotte V, Guillemette C. A quantitative analysis of total and free 11-oxygenated androgens and its appli-
cation to human serum and plasma specimens using liquid-chromatography tandem mass spectrometry. ] Chromatogr
A 2021;1650:462228.

Kancheva L, Hill M, Vcelakova H, et al. The identification and simultaneous quantification of neuroactive androstane
steroids and their polar conjugates in the serum of adult men, using gas chromatography-mass spectrometry. Steroids
2007;72(11-12):792—-801.

Yazawa T, Uesaka M, Inaoka Y, et al. Cyp11b1 is induced in the murine gonad by luteinizing hormone/human chorionic
gonadotropin and involved in the production of 11-ketotestosterone, a major fish androgen: conservation and evo-
lution of the androgen metabolic pathway. Endocrinology 2008;149(4):1786—92.

Bloem LM, Storbeck KH, Swart P, et al. Advances in the analytical methodologies: profiling steroids in familiar
pathways-challenging dogmas. J Steroid Biochem Mol Biol 2015;153:80—92.

Campana C, Rege ], Turcu AF, et al. Development of a novel cell based androgen screening model. ] Steroid Biochem
Mol Biol 2016;156:17—-22.

Yazawa T, Sato T, Nemoto T, et al. 11-Ketotestosterone is a major androgen produced in porcine adrenal glands and
testes. ] Steroid Biochem Mol Biol 2021;210:105847.

Miyamoto H, Yeh S, Lardy H, et al. Delta5-androstenediol is a natural hormone with androgenic activity in human
prostate cancer cells. Proc Natl Acad Sci U S A 1998;95(19):11083—8.

22


http://refhub.elsevier.com/S1521-690X(22)00052-5/sref102
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref102
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref102
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref103
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref103
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref103
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref104
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref104
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref104
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref105
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref106
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref106
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref106
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref107
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref107
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref108
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref108
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref108
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref109
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref109
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref109
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref110
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref110
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref110
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref111
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref111
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref112
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref112
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref112
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref113
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref113
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref114
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref114
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref114
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref116
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref116
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref116
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref117
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref117
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref117
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref117
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref117
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref118
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref118
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref118
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref118
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref119
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref119
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref119
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref120
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref120
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref120
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref121
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref121
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref122
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref122
http://refhub.elsevier.com/S1521-690X(22)00052-5/sref122

	Basics of androgen synthesis and action
	Introduction
	Androgen synthesis and metabolism
	Androgen biosynthesis by the classic pathway
	Novel androgens and biosynthesis pathways

	Androgen action and the androgen receptor
	Characteristics and regulation of the androgen receptor
	Androgen receptor signaling

	Implications of lack or excess of androgen action
	Specific monogenetic defects of androgen biosynthesis
	Genetic defects of androgen action – AIS
	Common acquired disorders of androgen excess
	Acquired disorders of androgen deficiency

	Summary
	Funding
	Declaration of competing interest
	References


