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Abstract
The origin of circulating DHEA and adrenal-derived androgens in humans and nonhuman primates
is largely distinct from other mammalian species. In humans and many Old world primates, the fetal
adrenal gland and adult zona reticularis (ZR) are known to be the source for production of DHEA
(and DHEAS) in mg quantities. In spite of similarities there are also some differences. Herein, we
take a comparative endocrine approach to the diversity of adrenal androgen biosynthesis and its
developmental timing in three primate species to illustrate how understanding such differences may
provide unique insight into mechanisms underlying adrenal androgen regulation and its
pathophysiology in humans. We contrast the conventional developmental onset of adrenal DHEA
biosynthesis at adrenarche in humans with (1) an earlier, peri-partutrition onset of adrenal DHEA
synthesis in rhesus macaques (Old World primate) and (2) a more dynamic and reversible onset of
adrenal DHEA biosynthesis in female marmosets (New World primate), and further consider these
events in terms of the corresponding developmental changes in expression of CYP17, HSD3B2 and
CYB5 in the ZR. We also integrate these observations with recently described biochemical
characterization of CYP17 cDNA cloned from each of these nonhuman primate species and the
corresponding effects of phosphorylation versus CYB5 coexpression on 17,20 lyase versus 17-
hydroxylase activity in each case. In addition, female rhesus macaques exposed in utero to exogenous
androgen excess, exhibit symptoms of adrenal hyperandrogenism in adult females in a manner
reminiscent of that seen in the human condition of PCOS. The possible mechanisms underlying such
adrenal hyperandrogenism are further considered in terms of the effects of altered relative expression
of CYP17, HSD3B2 and CYB5 as well as the altered signaling responses of various kinases including
protein kinase A, or the insulin sensitive PI3-kinase/AKT signaling pathway which may impact on
17,20 lyase activity. We conclude that while the triggers for the onset of ZR function in all three
species show clear differences (age, stage of development, social status, gender), there are still
common mechanisms driving an increase in DHEA biosynthesis in each case. A full understanding
of the mechanisms that control 17,20 lyase function and dysfunction in humans may best be achieved
by comparative studies of the endocrine mechanisms controlling adrenal ZR function and dysfunction
in these nonhuman primate species.

Introduction
The adrenal cortex is considered a compound endocrine organ giving rise to production of
mineralocorticoids, glucocorticoids and dehydroepiandrosterone and its sulfate (DHEA and
DHEAS, collectively termed adrenal androgens, or as we refer to here, the C19 steroids). These
steroids arise in humans from three distinct zones namely the zonae glomerulosa, fasciculata
and reticularis respectively. We have previously reviewed the structure and function of the
mammalian adrenal cortex and how adrenal and gonadal function are compartmentalized
through not only physical but also biochemical mechanisms (Conley and Bird 1997), and we
have also given an overview of primates as a model for human adrenal function (Conley,
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Pattison and Bird 2004). In this review, we focus on zona reticularis (ZR) function and
dysfunction in primates. We begin with how the adrenal ZR achieves C19 steroid biosynthesis
with a particular emphasis on recent findings in rhesus (Old World primate) and marmoset
(New World primate). The second area of emphasis involves altered rhesus adrenal C19 steroid
biosynthesis under conditions which give rise to the hyperandrogenic and infertility condition
of polycystic ovary syndrome (PCOS) and how that further informs us about human adrenal
ZR function and dysfunction.

Requirements for Adrenal C19 Steroid production
Whereas there is a great deal known of both the mechanism of adrenal aldosterone and cortisol
production, and the endocrine control of the respective zonae glomerulosa and fasciculata that
make them, comparatively little is known of the mechanisms controlling C19 steroid
production by the human and nonhuman primate ZR or the human fetal adrenal zone. It is clear
that once cholesterol has been transported by StAR and converted to pregnenolone by
cytochrome P450scc (CYP11A1), the actual nature of the end product of a steroid secreting
cell is a complement of the other P450s and hydroxysteroid dehydrogenases (HSDs) expressed
therein (Conley and Bird 1997). Since the cloning of the respective P450s and 3βHSD enzymes
beginning in the 1980’s, it is also clear that the ability of the adrenal zona fasciculata to
predominantly synthesize cortisol to physiologic levels without significant C19 steroid
byproducts is largely dependent on an abundant expression of P450c17 (CYP17) matched by
abundant expression of 3βHSD type II (HSD3B2) (Conley and Bird 1997) (See Figure 1A).
Under these conditions the commitment of the pathway to 17-hydroxyprogesterone
biosynthesis is in itself a commitment in humans and nonhuman primates (and indeed sheep
cows and goats) to cortisol biosynthesis (Conley and Bird 1997, and see below). On the other
hand, for the human ZR or fetal zone to efficiently synthesize C19 steroids, and do so in mg
quantities, more extreme conditions are required to avoid 17-hydroxyprogesterone
biosynthesis and instead favour DHEA biosynthesis. Histologic studies suggest in humans that
in addition to high CYP17 expression, there is also a requirement for little or no expression of
the otherwise competing HSD3B2 (Gell et al 1996, 1998), together with high expression levels
of cytochrome b5 (CYB5)(Suzuki et al 2000, Dharia et al 2004) (See Figure 1B). These are
simple and even reliable markers of zonal function necessary for DHEA production, with high
CYB5 being the clearest marker. The fetal zone of the human fetal adrenal gland and the post
adrenarche (usually by 6–8 years of age) ZR both demonstrate these attributes (reviewed in
Havelock et al 2004).

An understanding of the reasons behind the histologic patterns of gene expression necessary
for efficient DHEA synthesis in human ZR and indeed the fetal zone is apparent when one
considers the molecular and biochemical determinants of C19 secretion by CYP17 and its
competing HSD3BII. In addition to the previously described considerations of CYP17
substrate preference, and poor capability of delta 4 lyase (i.e., conversion of 17-
hydroxyprogesterone to androstenedione) there is also the possible influence of altered CYP17
phosphorylation through signaling kinases, and the influence of coexpressed CYB5. Some of
this has been reviewed in detail previously (Conley and Bird 1997), but we need to reemphasize
here the physiologic consequence of the inability of CYP17 to efficiently use 17-
hydroxyprogesterone as a substrate for significant androstenedione production. This relatively
low delta 4 lyase activity which occurs in humans and many nonhuman primates studied to
date (as well as sheep, cows and goats) means DHEA is an obligatory intermediate in any C19
biosythetic pathway in these species. In addition, a preference of CYP17 for pregnenolone as
a substrate over progesterone in species such as humans and nonhuman primates (Conley and
Bird, 1997) will significantly favor DHEA production even if a small amount of HSD3B2 is
present.
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Note that while comparative histology between humans and nonhuman primates shows much
similarity (particularly Great Apes and Old World monkeys), on comparison to other species
the similarity deteriorates. Rat and mouse adrenals do not express CYP17 at all, and as a result
the major glucocorticoid is corticosterone and there is no significant adrenal C19 steroid
production (Ishimura and Fujita 1997, Pelletier et al 2001). These differences make these
species extremely poor models for human steroidogenesis when we are considering factors
controlling adrenal C19 and particularly DHEA/DHEAS steroid biosynthesis. Cows and sheep
are closer to humans in terms of steroid biosynthesis regulation, yet there are still some
limitations. Ovine and bovine CYP17 do show relative delta 4 lyase deficiency yet their CYP17
also has a greater ability to hydroxylate progesterone with even a substrate preference for
progesterone over pregnenolone (Estabrook et al 1991, Waterman et al 1993, Shet et al 1994,
Swart et al 2003, Shet et al 2007). The expression of an abundance of CYP17 and HSD3B2 in
the zona fasciculata still favors cortisol production over corticosterone Bovine (Ishimura and
Fujita 1997, ovine Tangalakis et al 1990, Bird et al 1996). Indeed, during late gestation in
sheep, a rise in expression of CYP17 relative to HSD3B2 coincides with a dramatic rise in the
cortisol:corticosterone ratio in vivo which is even more apparent when the adrenal is driven
hard by ACTH infusion (Wintour et al 1975, Challis et al 1982). Nonetheless, the greater
preference of ovine or bovine CYP17 for progesterone than in humans or nonhuman primates
does explain differences in localization of ovarian expression of CYP17 vs HSD3B2. In human
wherein pregnenolone is the preferred substrate for CYP17, during the follicular phase CYP17
is relatively high in the theca (Asakura et al 1997, Dharia et al 2004) and HSD3B2 is clearly
found in the theca as well as the granulosa (Sassano et al 1990). Nonetheless in ovine and
bovine where progesterone is the preferred substrate for CYP17, during the follicular phase
the ovarian theca expresses CYP17 but little or no competing HSD3B2 (Conley et al 1995),
so protecting DHEA biosysnthesis. Further major differences between human and the ovine/
bovine models are revealed in terms of developmental studies, whereby the cow and sheep do
not develop an androgenic fetal zone in the adrenal during gestation nor a significant ZR during
postnatal life, and consequently circulating levels of DHEA/DHEAS remain comparatively
low (Tangalakis et al 1989, Moritz et al 1998, Conley et al 1992, Marinelli et al 2007).

One other biochemical consideration in understanding C19 production is the more recent area
of investigation concerning CYP17 phosphorylation in comparison to the role of CYB5 as a
determinant of C19 steroid biosynthesis. Studies have shown or implied that phosphorylation
of CYP17 in response to a cAMP analogue for just a few hours (i.e., insufficient time to alter
expression levels of CYP17) can enhance lyase activity relative to hydroxylase activity (Zhang
et al 1995, Biason Lauber et al 2000b, Pandey et al 2003). There is some debate, however, as
to which kinase (Protein Kinase A, Protein Kinase B (Akt) or an alternative kinase such as
Rho-associated, coiled-coil containing protein kinase (ROCK)) is actually phosphorylating the
serine/threononine residues on CYP17 itself, if the residue in question is the same in each case,
and if it is an activating event (Tee et al 2008). While further studies into the role of
phosphorylation as a regulator of lyase activity are needed, the ability of CYB5 to activate
lyase activity is more clearly established. CYB5 can enhance the lyase activity of human
CYP17 relative to hydroxylase activity (Katagiri et al 1995, Lee Robichaud et al 1995, Auchus
et al 1998, Brock and Waterman 1999). This effect appears to be allosteric given that the
addition of both biologically active or inactive (in terms of electron transport ability) CYB5
are equally effective in preferentially enhancing lyase activity (Auchus et al 1998).
Nonetheless, it is clear that the effect of CYB5 is not selective to the delta 5 pathway in itself,
it simply enhances that lyase pathway which is already inherent in the CYP17 protein itself.
In this latter regard, recent direct comparisons have shown in fusion proteins (NADPH P450
reductase linked to the terminus of CYP17, so controlling the stoichiometry and raising the
potential for interaction) that for pig CYP17 which already has both delta 4 and 5 lyase abilities,
both delta 4 and 5 lyase activities were enhanced by CYB5, while for bovine CYP17 which is
delta 4 lyase deficient, the CYB5 enhances delta 5 lyase activity alone (Shet 2007).
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As the important role of CYB5 emerges, it is possible to speculate on the putative role of CYP17
phosphorylation as a control of lyase activity further. While it has been suggested
phosphorylation affects binding of substrate and so changes the rate of reaction (Lohr et al
1997) it has also been proposed that phosphorylation facilitates the interaction of CYP17 with
other proteins such as CYB5 (Miller et al 1997, Biason Lauber 2000a, Gupta et al 2001). A
multiplicity of putative regulatory mechanisms could certainly exist and this would indeed
explain how local markers such as high CYB5 and low HSD3B2 can indicate histologically a
tissue’s potential ability to generate DHEA via the delta five pathway, yet other factors may
also determine if the cells actually do make C19 steroids, or at least how much steroid.

Much of the above data has been shown in human adrenal or studies of human CYP17, but
there is also much still to be learned from comparative studies of nonhuman primates. It is
important to consider possible differences in steroid clearance pathways and therefore what
steroids should be measured in urine or blood assays when designing such studies, but in
general terms, there are many similarities between human and nonhuman primates at the level
of both the fetal and adult adrenal cortex, and these have recently been reviewed in detail
(Conley et al 2004). Comparative assay of circulating steroids and adrenal histology suggests
that many Old World and even New World primates express a fetal zone during development,
which regresses after birth (Conley et al 2004). Nonetheless, only chimpanzees (and possibly
other Great Apes) have been argued to actually go through a comparably timed, prepubertal
adrenarche detectable as a significant event distinct from fetal zone regression (Smail et al
1982, Cutler et al 1978). In contrast it has been argued that species such as rhesus monkeys do
not undergo adrenarche at all even though rhesus macaque show a prominent ZR in adulthood,
since no separate rise of androgens was detected after fetal regression and prior to puberty
(Cutler et al 1978, Smail et al 1982, but see Nguyen and Conley 2008). With regard to New
World primates there is very little data. For many years there was debate of even the existence
of a ZR in the marmoset, based solely on classical histological stains and measurement of
circulating DHEA/DHEAS levels (Levine at al 1982). More recent biochemical and
histological examination has shown there is little or no functional ZR in adult male marmosets
(Pattison et al 2005). Yet recent studies of both rhesus monkeys and female marmosets,
combined with a number of other biochemical considerations of recently isolated CYP17, in
each case suggest the verdict may not be out quite yet. These distinctly different primates both
have a story to tell which impacts on our understanding of ZR development and function.

The Rhesus Adrenal
Detailed histologic examination of the rhesus adrenal has been undertaken at adulthood as well
as throughout most of gestation and it is clear that like the human, the rhesus fetal adrenal
displays a distinct fetal zone and neocortex with similar staining for CYP17, CYB5 and
HSD3B2 (Mapes et al 1999, 2002) and indeed SULT2A1 (Parker et al 2000). Thus the
conditions for a FZ producing large amounts of C19 steroids, together with the neocortex
becoming the future mature adrenal cortex, are similar to fetal developmental progression in
humans. It has been suggested in the past, based on the similar attributes of the fetal zone to
the later developing ZR, that perhaps the ZR derives directly from the fetal zone. Studies in
the early (fetal) rhesus adrenal suggest however that distinct bands of CYB5 positive cells form
in late gestation in the neocortex that are distinct from those in the fetal zone, and so it seems
more likely the ZR forms separately (Mapes et al 2002) and is not derived from the fetal zone.
These distinct cells and the later presence of a clearly prominent ZR beg the question of whether
the rhesus undergoes adrenarche as we understand it in the human. The lack of a distinct rise
in androgens before puberty, but after fetal regression, has been taken to indicate no such event
occurs, but what if adrenarche and fetal zone regression overlap, as recently suggested by
Nguyen and Conley (2008)? In that case the rise in DHEAS from putative ZR cells already
present in the neocortex (adrenarche) may actually occur but could be masked since DHEAS
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is still being made by the fetal zone which is still present, but regressing. Further studies are
clearly necessary to determine if this is indeed the case early in the life of the rhesus monkey.

The endocrine control of CYP17 expression in rhesus monkey adrenocortical cells is similar
to that in humans (Pattison et al 2004). From a biochemical perspective it is also important to
determine if indeed rhesus monkey CYP17 has the similar properties to human in terms of
substrate preference, delta 4 lyase activity deficiency, and regulation of lyase activity through
phosphorylation and/or CYB5 stoichiometry. In short, rhesus monkey CYP17 is indeed similar
to the human enzyme. Examination of adrenal microsomes (Pattison et al 2005, or of expressed
rhesus monkey CYP17 cDNA (Arlt et al 2002, Pattison 2007) shows a preference for
pregnenolone over progesterone, and an inability to convert 17-hydroxyprogesterone into
androstenedione. A clear relationship exists between changes in CYB5 levels in adrenal
microsomes and corresponding lyase activity (Nguyen and Conley (2008)). Enhancement of
lyase activity has also been observed for rhesus monkey CYP17 expressed in HEK293 cells
with coexpressed CYB5 compared to no coexpressed CYB5 (Pattison 2007). There is little
known at present about a possible role for phosphorylation and such studies would be of
considerable value in the future.

The Marmoset Adrenal
Studies of the marmoset adrenal over several decades did not agree on the existence of a ZR
and there was very little study of the existence of a fetal zone in the fetal adrenal. The study
of Levine et al (1982) provided the clearest analysis of this New World primate before the
cloning of the adrenal cytochrome P450s and availability of molecular probes for hybridization
or histochemistry. By careful histologic examination and assay of circulating steroids it was
suggested that the fetal zone was responsible for a high DHEAS production at birth, and
regressed within a few months of birth. Thereafter marmosets had little or no detectable
circulating DHEAS. One intriguing caveat was stated however, that while males throughout
adult life had barely detectable levels of DHEAS, females had at least detectable levels which
actually rose with age. Since that time, studies of marmoset adrenal, mainly by Pattison et al.,
have more completely characterized the adrenal zonation immediately post term and in
adulthood. As a result it is now clear that the fetal zone is indeed strongly CYP17 and CYB5
positive with lower levels of HSD3B2 while in the adult male there is no evidence of a distinct
ZR (Pattison et al 2005). Further characterization of marmoset CYP17 activity compared to
that found in rhesus monkeys, in both microsomal preparations (Pattison et al 2005) and CYP17
expressed in HEK293 cells (Pattison 2007), suggest pregnenolone to also be the preferred
substrate of marmoset CYP17 and that while the enzyme indeed shows an ability to undergo
the lyase reaction to make DHEA, it is comparatively less than observed in rhesus monkeys
(Pattison et al 2005, 2007, Pattison 2007). When provided with 17-hydroxyprogesterone
substrate, marmoset CYP17, as in rhesus monkeys, was unable to convert it to androstenedione
suggesting relative delta 4 lyase deficiency. While both dexamethasone suppression and ACTH
challenge brought about the expected changes in circulating cortisol, little or no parallel change
was observed in male DHEAS levels (Pattison et al 2005). So the lack of any CYB5 rich region
in the innermost span of the male marmoset adrenal cortex combined with the lack of a HSD3B2
deficient or negative zone in cells otherwise expressing CYP17 is consistent with the lack of
a physiologically functional ZR, and the male marmoset in this respect contrasts the findings
in both humans and rhesus monkeys. The lack of any ZR in adult male marmosets, combined
with low/no detectable DHEA/DHEAS of course precludes the possibility of adrenarche as a
postnatal event following fetal zone regression.

While the findings in male marmosets are now enough to give a clearer picture of adrenal
function in a New World primate it is intriguing to note the findings in female marmosets are
not quite the same. As noted by Levine, females tend to show slightly higher levels of DHEAS
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in the circulation that continue to rise with age (Levine at al 1982). In addition, there is the
interesting feature of female marmosets that they show social subordination that is not induced
by fear but by social cooperation (Abbott et al., 1997). In a social group a dominant female
will undergo ovarian cycles and breed while subordinate females usually cease to cycle and
help raise the dominant’s offspring. On removal from her social group, a subordinate female
paired with a male will initiate ovarian cycles and on introduction to a new social group may
even become dominant. Thus the process of subordination is fully reversible. Of relevance
here, histochemical analysis of the female marmoset adrenal shows that in females undergoing
ovarian cycles, there is some evidence of CYB5 staining in the innermost zone of the adrenal
(ie at the cortico-medullary junction) and in subordinates this staining actually becomes slightly
stronger (Pattison et al 2007). The biggest change, however occurs in the case of ovariectomy,
whereby CYB5 staining is intense and indeed almost uniform in the innermost region of the
adrenal cortex, suggesting gonadal hormone inhibition of ZR development. This novel gonadal
regulation of ZR function is without parallel, and provides an opportunity for increased adrenal
androgen production when gonadal inhibition (at times of social subordination, Abbott et al.,
1981) or gonadal senescence (in old age, Tardif and Ziegler, 1992) occurs. Whether such
adrenal endocrine changes are age-related and whether they provide a source for androgens
and estrogenic metabolites important in maintaining organ systems, such as bone, remains to
be determined.

A comparison of microsomes from male and female marmosets from all pairs and social groups
shows a clear linear regression for increasing lyase activity with increasing CYB5 expression,
regardless of gender or social status (Pattison et al 2007). While marmoset adrenal microsomes
show relatively low endogenous lyase activity, addition of exogenous CYB5 dramatically
enhances the lyase activity (Pattison 2007, Pattison and Conley, personal communication).
Further biochemical characterization of factors selectively controlling CYP17 lyase activity
have also been performed by expressing marmoset CYP17 in HEK293 cells. While marmoset
CYP17 lyase activity is low relative to rhesus monkey CYP17, both marmoset and rhesus
monkey CYP17 show a biphasic activation of lyase relative to hydroxylase activity with added
co-expressed CYB5 (Pattison 2007). Preliminary studies (JC Pattison) also suggest that while
acute forskolin treatment of the host HEK293 cells may have some modest effect on enhancing
lyase activity over control treatment, this response was not nearly as effective as coexpression
of CYB5. Thus increased expression of CYB5 as observed in vivo in female marmosets may
indeed be an effective means of selectively enhancing lyase activity in the newly formed ‘ZR’
of hypoestrogenic ovariectomized or anovulatory subordinate females. Comparative
examination of both follicular and luteal phase ovarian expression of these proteins in the
marmoset ovary also concur that at times of high C19 steroid biosynthesis in the theca,
providing androgen precursors for granulosa cell conversion to estrogen, as indicated by high
circulating estradiol levels (Hearn and Lunn, 1975)), there is high coexpression of CYP17 and
CYB5, with lower levels of HSD3B2 in the same cell layer (Pattison 2007).

Given the findings in female marmoset adrenal histology, and their difference from that seen
in male marmosets, it is relevant to also ask if adrenarche can occur in the female marmoset.
As a single acute event of increased circulating DHEA/DHEAS prior to puberty one must say
the evidence to date is that it does not occur. But it is also worthy of note that the changes in
b5 expression with social status or ovariectomy suggest the marmoset adrenal ZR is dynamic,
and the equivalent event can be induced by appropriate interactions that are either social or
surgical, and associated with gonadal function. So while classic adrenarche may not be
observed in human terms when we look for equivalent events in the marmoset, it is possible
that similar events or control mechanisms may be in play in more dynamic terms, responding
not so much to age or development as to social status, and further study of the marmoset may
provide valuable insights that more traditional Old World models have yet to reveal.
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Fetal programming of adrenal androgen excess in female rhesus monkeys
Individual primate species thus possess unique regulatory and physiological attributes related
to adrenal steroidogenic biosynthesis that provide otherwise unattainable insight into adrenal
steroid hormone regulation. Understanding the diverse patterns of development and function
of the adrenal ZR across primate species becomes important not only for understanding normal
biosynthesis and regulation of adrenal C19 steroids, but also for understanding adrenal
pathophysiology of relevance to humans. In this regard, adrenal androgen excess provides a
pathophysiological focus for the remainder this chapter, in particular adrenal androgen excess
found in the highly prevalent endocrinopathy of polycystic ovary syndrome (PCOS). PCOS is
present in 6–7% of women in their reproductive years (Diamanti-Kandarakis et al., 1999;
Ascuncion et al., 2000; Azziz et al., 2004) and 20–30% of these PCOS women have adrenal
androgen excess that manifests as elevated circulating levels of DHEA, DHEAS and
androstenedione (Wild et al., 1983; Carmina et al., 1992; Kumar et al., 2005), in addition to
ACTH-induced adrenal specific hyperandrogenic responses, including excessive increases in
DHEA and androstenedione (Azziz et al., 1998). Furthermore, elevated circulating levels of
DHEAS are usually found in most women with PCOS, implying a prevalent adrenal ZR
contribution to their hyperandrogenic syndrome because of the unique adrenal origins of
sulfoconjugated DHEA (Kumar et al., 2005). Some PCOS studies (Yildiz et al., 2007; Kondoh
et al., 1999; Lanzone et al., 1995), but not others (Azziz et al., 1998; Pasquali et al, 2007),
suggest a generalized hypersecretion of adrenal steroids or ACTH hyper-responsiveness to
corticotropin-releasing hormone (CRH). Such heightened hypothalamic-pituitary-adrenal
(HPA) axis activity may reflect diminished somatostatin release in a sub-population of PCOS
women (Wu et al, 1996), especially as somatostatin replacement therapy reduces CRH-
mediated ACTH in these PCOS women (Lanzone et al., 1997).

There are few animal models that replicate the many traits expressed by PCOS women (Abbott
et al, 2006). Prenatally androgenized (PA) female rhesus monkeys perhaps recapitulate signs
and symptoms of PCOS more comprehensively than any other animal model (Abbott et al,
2005). In terms of adrenal androgen excess, the reason for that is simple: only primates exhibit
an androgen synthesizing fetal zone as well as an androgen synthesizing ZR postnatally (as
described above; see Conley and Bird, 1997). Thus only primate models will provide
opportunities to explore adrenocortical endocrinopathy related to PCOS.

PA female monkeys are produced following exposure to fetal male levels of testosterone during
early gestation (Abbott et al., 2008). PA monkeys with PCOS-like traits have also been
produced following similar androgen excess exposure during late gestation (Abbott et al.,
2005), but adrenal function in such late gestation exposed PA monkeys has not been
systematically studied. Fetal androgen excess during early monkey gestation is induced by
daily subcutaneous injection of pregnant dams with 10–15 mg testosterone propionate for up
to 41 consecutive days, starting on gestation days 40–44. In adulthood, such androgen excess
exposed PA female monkeys exhibit irregular or absent ovulatory menstrual cycles, ovarian
hyperandrogenism, enlarged polyfollicular ovaries and luteinizing hormone excess, as well as
insulin resistance, increased incidence of type 2 diabetes, visceral adiposity and hyperlipidemia
(Eisner et al., 2000; Abbott et al., 2005; Dumesic et al, 2005; Bruns et al, 2007; Zhou et al.,
2007). This heterogeneous PA monkey reproductive and metabolic pathophysiology is
emblematic of PCOS in women (Norman et al, 2007).

Newborn infant PA monkeys demonstrate androgen excess in the form of increased circulating
levels of androstenedione (Abbott et al., 2008). Infant adrenals may contribute to this androgen
excess since protein expression of adrenal P450 oxidoreductase (the electron-donating redox
partner for 17,20 lyase) is increased, in combination with a similar trend for CYB5 (Conley
and Abbott, unpublished results). In this respect, it is interesting to note that orchidectomized
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male infant rhesus monkeys exhibit an adrenal-dependent elevation in circulating testosterone
levels up to 6 months of age (Plant and Zorub, 1984), suggesting that early gestation fetal
androgen excess (in normal males or prenatally androgenized females) may permanently
exaggerate adrenal androgen biosynthesis after birth. At least in infant PA female monkeys,
enhanced insulin secretion (Abbott et al., 2007) may contribute to infant hyperandrogenism
through insulin-mediated serine phosphorylation of CYP17 (Zhang et al., 1995). Such altered
CYP17 function would enhance 17,20 lyase activity by increasing the affinity of CYP17 for
its electron donor, P450 oxidoreductase (Pandey et al., 2005).

Adult PA female monkeys clearly demonstrate functional adrenal hyperandrogenism. In
comparison to controls, adult PA females exhibit elevated basal circulating levels of DHEA
(Zhou et al, 2005) and DHEAS (Eisner et al, 2002), but normal basal levels of cortisol and 17-
hydroxyprogesterone (Zhou et al, 2005) probably because circulating cortisol levels are tightly
regulated. ACTH-stimulated adrenal steroidogenic function elicits additional hyperandrogenic
responses from PA monkeys, including elevated DHEA and androstenedione levels in
comparison to controls. ACTH-stimulated cortisol and 17-hydroxyprogesterone levels,
however, are normal in PA monkeys (Zhou et al, 2005; Abbott et al, 2008). Not surprisingly,
such hyperandrogenic responses to ACTH increase the ratio of serum DHEA to 17-
hydroxyprogesterone, while diminishing the ratios of serum DHEAS to DHEA and serum
androstenedione to DHEA (Zhou et al, 2005). Taken together, these results suggest a selective
enhancement of 17,20 lyase activity in female PA monkeys in the ZR, possibly extending into
the zona fasciculata (given the increased androstenedione as well as increased DHEA responses
to ACTH). There does not appear to be a concomitant increase in 17-hydroxylase activity, as
ACTH-stimulated levels for 17-hydroxyprogesterone are normal (presumably generated in the
ZR since 17-hydroxyprogesterone generated in the ZF will undergo rapid onward conversion
by 21-hydroxylase).

In terms of adrenal androgen excess, PA monkeys compare favorably with PCOS women.
Elevated basal circulating levels of DHEAS, present in PA monkeys, are one of the hallmarks
of adrenal androgen excess in women with PCOS (Zhang et al., 1995; Carmina and Lobo,
2007; Yildiz and Azziz, 2007). Elevated ACTH-stimulated DHEA levels often characterize
adrenal hyperandrogenic responses in PCOS women (Rosenfield, 1999), and this trait is also
emulated by PA monkeys. A putative molecular mechanism to explain such similar adrenal
endocrinopathy may involve an isolated increase in 17,20 lyase activity, perhaps due to
increased serine phosphorylation of CYP17 (Zhang et al., 1995), but also possibly facilitated
by an increase in ZR expression of CYB5 or P450 oxidoreductase. In view of the involvement
of insulin action in adrenal androgen excess in both PA monkeys (Abbott et al, 2008) and
PCOS women (Lanzone et al., 1992; Moghetti et al., 1996; Arslanian et al., 2002; Azziz et al.,
2003), insulin may contribute to the molecular mechanism by stimulating CYP17 perhaps
through the PI3-kinase branch of the insulin signaling pathway, synergizing with additional
coactivation by cAMP/kinase A (Munir et al., 2004). If similar to its actions in the ovary,
insulin’s effect on adrenal steroidogenic function would be independent of its action at the
level of glucose metabolism (Rice et al., 2005).

The potential fetal programming origins for such adrenal androgen excess may be found in the
actions of both androgen and insulin. Fetal androgen excess may act through fetal
adrenocortical androgen receptors (Pelletier, 2000; Stalvey, 2002) to directly alter adrenal
steroidogenic function (Nowak et al., 1995; Hines et al., 2001; Stalvey, 2002; Rubinow et al.,
2005). Alternatively, insulin may upregulate fetal (and later) androgen biosynthesis in the
adrenal cortex since fetal (Abbott et al., 2006b) and infant, (Abbott et al., 2007) PA female
monkeys exhibit enhanced insulin secretion. Such potential fetal programming of adrenal
hyperandrogenism in women with PCOS, however, remains to be determined.
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Final considerations
An understanding of comparative endocrine physiology and morphology of the adrenal cortex
across mammals in general, and the Primate Order in particular, is providing an increased
appreciation of the regulatory mechanisms operating under physiological and
pathophysiological conditions to control C19 steroid biosynthesis. In particular, former studies
of zonal expression of steroidogenic enzymes and associated accessory proteins (such as
CYB5) combined with a more recent understanding of the roles of cell signaling and post
translational modification on selective enhancement of 17,20 lyase activity are leading to a far
more complete understanding of the factors which regulate C19 steroid production from the
human and nonhuman primate ZR. Clearly there are also considerable parallels in the
mechanisms that control C19 steroid biosynthesis in the ovary, and while there are some subtle
disparities in the data so far, the overall mechanisms (ratio CYP17:HSD3B2, expression CYB5
and POR, and a possible role for phosphorylation by signaling kinases) operating in these two
organs seems be similar. Further study of whether adrenal androgen excess in the PA rhesus
monkey model is indeed due to ZF dysfunction as well as ZR dysfunction, and the underlying
mechanisms that may apply in each zone are worthy of further investigation in their own right.
The findings from such studies, along with an understanding of the mechanisms underlying
the fetal origins of this adrenal dysfunction may also be revealing and applicable to ovarian
hyperandrogenic dysfunction. Combined with the possible lessons that may be learned from
the study of the more socially dynamic ovarian control of adrenal ZR function in the marmoset
model, it is clear comparative studies of Old and New World primates still have much to teach
us about the origins of androgen excess in humans and may ultimately provide the key to finding
a cure.
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Figure 1. Relationship between relative expression levels of CYP17, HSD3BII and CYB5 in the
adrenal zona fasciculata and ZR as suggested by histologic studies of human and nonhuman
primate adrenals, and the resulting predominant direction of pregnenolone metabolism
In the Zona fasciculata (Panel A) the higher affinity of CYP17 17-hydroxylase activity (17-
OHase) for pregnenolone directs pregneolone metabolism first to 17-hydroxypregnenolone
(17-OHP5), and subsequent abundant levels of 3BHSDII then directs further conversion to 17-
hydroxyprogesterone (17-OHP4). In the absence of any significant CYP17 delta 4 lyase
activity, the highly efficient CYP21 enzyme also present in the same membranes can then
undertake 21-hydroxylation (21-Ohase) to make deoxycortisol and so commit to cortisol
production. However, in the ZR (Panel B) where CYP17 is still highly expressed but 3BHSDII
is expressed at a lower level or absent, high levels of CYB5 unique to this zone bind CYP17
and (together with CYP17 phosphorylation?) enhance the relative 17–20 lyase activity. In the
presence of CYB5 and the relative absence of 3BHSDII, the net direction of pregnenolone
metabolism is now 17-OHase activity to 17-hydroxypregnenolone and then 17–20 lyase
conversion to DHEA. In the presence of low levels of 3BHSDII, some additional conversion
to androstenedione (A4) is possible. Other abbreviations: Progesterone, P4.
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