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Abstract

Objectives—In men, androgen deprivation contributes to the development of metabolic
syndrome and type 2 diabetes (T2D). In women, androgen excess predisposes to insulin resistance
and T2D. There is a bidirectional modulation of glucose homeostasis by androgen in males and
females that we analyze in this review.

Methods—We review the literature in both rodents and humans on the role of androgens and the
androgen receptor (AR) in the control of glucose and energy metabolism in health, obesity and
T2D.

Results—Sex-specific activation of AR in the hypothalamus, skeletal muscle, liver, adipose
tissue and pancreatic islet p cells accounts for maintenance or disruption in energy metabolism and
glucose homeostasis.

Conclusion—We argue that AR is a target to prevent androgen-related metabolic disorders.
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Introduction

With the increase in human longevity, men will spend a significant proportion of their live
in a state of testosterone deficiency. This state increases type 2 diabetes (T2D) risk (1, 2).
Men who are on androgen depletion therapy for prostate cancer are also at high risk to
develop T2D, and add to the already large numbers of aging men with testosterone
deficiency (3). The potential impact of decreased testosterone levels on T2D is not limited to
men. Indeed, the association between testosterone excess and diabetes in women has been
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known for almost a century (4, 5). In women, hyperandrogenic conditions such as the
polycystic ovarian syndrome (PCOS) are associated with insulin resistance, glucose
intolerance and subsequent T2D. PCOS is the most common endocrine disorder in
reproductive age women. Testosterone action is mediated by the androgen receptor (AR), a
ligand-activated transcription factor. We need to gain a better understanding on the tissue
selective actions of AR that influence glucose and fat metabolism in males and females. For
example, selective androgen receptor modulators (SARMS) are a novel class of AR ligands
intended to act like testosterone with tissue-selectivity in men (6). The ideal SARM is
defined as an agent with anabolic activity on muscle and bone but without androgenic action
in the prostate. SARMs allow extension of androgen therapy to geriatric functional decline
in men that requires dual muscle and bone anabolism. Given that androgen treatment of T2D
is not suitable because of prostate and cardiovascular risks, there is a need to design more
selective SARMs for potential clinical application in the aging male population with obesity
and T2D.

In this report, we review the literature in both rodents and humans on the role of testosterone
and the androgen receptor (AR) in the control of glucose/energy homeostasis and the
development of metabolic dysfunction in males and females with special emphasis on tissue
selective actions in skeletal muscle, adipose, tissue, liver pancreatic -cells and the central
nervous system.

Role of AR in glucose homeostasis in the male (Figure 1)

Testosterone deficiency predisposes to T2D in men

There is bidirectional interaction between androgen and diabetes in men in which low
testosterone predisposes to diabetes and hyperglycemia leads to hypogonadism (7). There is
substantial evidence that low testosterone is associated with and predicts diabetes in men. In
a meta-analysis of 28 cross-sectional and prospective studies, Ding et al found that total
testosterone levels were always lower in diabetic men than in non-diabetic controls, and that
higher testosterone levels were associated with a lower risk of incident diabetes (8). A more
recent meta-analysis of prospective and cross-sectional studies also found that T2D was
independently associated with low total testosterone levels in men (7). In addition, the same
meta-analysis of the metabolic effect of testosterone replacement therapy found that
testosterone therapy was associated with a significant reduction in fasting plasma glucose,
HBAc, fat mass and triglyceride in men (7). Although, the association between low
testosterone and obesity is clear, diabetic men still have lower testosterone levels even after
adjustment for BMI (7, 9).

Very low testosterone levels during androgen deprivation therapy for prostate cancer have
been associated with increased risk of diabetes in several large studies (10, 11). Recently, an
observational study from the Veterans Healthcare Administration showed that among
prostate cancer patients, androgen deprivation therapy with GnRH agonists was associated
with an increased risk of T2D (12). Another study showed marked hyperglycemia and
decreased pancreatic -cell function among prostate cancer patients after androgen-
deprivation therapy (13). Notably, testosterone deficiency has also been associated with
impaired fasting glucose and glucose intolerance independently of obesity and metabolic
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syndrome in men (14). Altogether, these studies suggest that low testosterone predisposes to
diabetes in men.

Androgens prevents visceral fat accumulation and improves insulin sensitivity

The impact of testosterone deficiency on the development of visceral obesity, insulin
resistance and metabolic syndrome in men is well established (1, 2, 15, 16, 17, 18). There is
an inverse correlation between total serum testosterone and the amount of visceral adipose
tissue (16). This is true in all situations of androgen deficiency, whether in the context of
hypogonadism in older men (18), inherited testosterone deficiency as observed in
Klinefelter's syndrome (19), or androgen deprivation during treatment for prostate
carcinoma (15). Thus, in men, high serum testosterone is associated with insulin sensitivity
(17). Of course, aromatization of testosterone into 17p-estradiol (E2) is critical to energy
homeostasis in males, suggesting that testosterone functions as a prohormone in men to
provide E2 for tissue metabolism. Indeed, orchidectomized male rodents treated with either
testosterone or E2 remain lean, while those treated with the pure androgen DHT —that cannot
be converted to E2— develop obesity demonstrating that following orchiectomy, the
restoration of adiposity was due to testosterone conversion into E2 acting on ERs (20). This
is also true in men for whom testosterone replacement suppresses adiposity, an effect that is
blocked in the presence of an aromatase inhibitor (21). In addition, human and rodent
studies have revealed that mutations in the aromatase or the ERa genes increase visceral
obesity in males further demonstrating the importance of estrogen in male energy
metabolism (22). Still, several lines of evidence demonstrate that in males, testosterone has
anti-obesity properties mediated via AR actions. First, in men with genetic androgen
resistance linked to CAG repeat polymorphisms in the AR gene —which decreases AR-
mediated gene transcription— a low number of CAG repeats is independently associated with
protective metabolic parameters such as low body fat mass and plasma insulin, suggesting
that intact AR transcription favors metabolic homeostasis (23). Second, male mice with
global deletion of the AR develop late onset visceral obesity with leptin resistance, insulin
resistance, and increased lipogenesis in adipose tissue and liver (24, 25). Furthermore, AR
regulates adiponectin production. Serum adiponectin levels are high in hypogonadal men
and are reduced by testosterone therapy (26). Testosterone infusion also decreases
adiponectin in mice (27). This effect is at least partially mediated via AR since serum
adiponectin concentrations are elevated in AR-deficient mice (24). However, it is unclear
whether AR suppression of adiponectin reflects increased adiponectin sensitivity, decreased
adipocyte number, or improved adipose function.

Several lines of evidence suggest that the suppressing effect of testosterone on white adipose
tissue (WAT) mass in males is indirectly mediated via AR signaling in skeletal muscle.
First, in vitro, testosterone stimulates the commitment of pluripotent mesenchymal stem
cells into myogenic lineage while at the same time suppressing the adipogenic lineage (28).
This AR-dependent pathway involves non-canonical Wnt signaling (29). This androgenic
anabolism induces the expression of IGF1, leading to nuclear accumulation of beta-catenin,
a myogenic and anti-adipogenic stem cell factor (30). Second, overexpression of AR
selectively in muscle cells of transgenic male rats increases their lean mass via hypertrophy
of type 1lb muscle fibers which is associated with increased oxidative metabolism and
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metabolic rate (31). This results in reduced adipocyte size and adipose tissue mass. Finally,
and consistent with this model, male adipocyte-specific androgen receptor KO (ARKO)
mice exhibit no increase in fat mass demonstrating that direct AR action in adipose tissue is
not necessary for the control of fat mass (32). Surprisingly, these mice show an increased
production of leptin by adipose tissue without leptin resistance. Thus, activation of AR in
skeletal muscle may indirectly decrease adipose tissue mass by increasing muscle oxidative
metabolism or through the release of a circulating factor. However, surprisingly, mice with
myocyte-specific AR ablation have lower intra-abdominal fat. It should be noted that these
mice exhibit a fast-to-slow fiber conversion, without major change in muscle mass and
without affecting muscle strength, which could affect the adipose phenotype (33). In
summary, testosterone action prevents fat accumulation in males via a combination of ER
(after aromatization in E2) and AR mediated effects. The AR suppression of adiposity could
be mediated via AR signaling in skeletal muscle

Testosterone action in skeletal muscle promotes insulin sensitivity in males

The mechanism of insulin resistance following androgen deficiency probably also involves
an alteration in skeletal muscle insulin sensitivity. Castration of male rats is followed by a
marked insulin resistance in skeletal muscle under euglycemic, hyperinsulinemic clamp
conditions (34). Treatment with physiological doses of testosterone completely abolishes
these perturbations in insulin sensitivity. Transcriptome analysis of skeletal muscle in mice
demonstrates that testosterone regulates the expression of genes in glucose metabolism in a
way that would promote insulin sensitivity (35). The mechanism of AR deficiency-induced
insulin resistance in skeletal muscle probably involves a decrease in the transcription factor
PGC1a (Peroxisome proliferator-activated receptor-gamma coactivator alpha). Indeed,
PGC1a stimulates mitochondrial biogenesis and skeletal muscle oxidative fibers and is thus
a molecular marker of muscle insulin sensitivity. A decrease in PGCla expression in
skeletal muscle of T2D subjects is associated with insulin resistance (36). Similarly, in men,
low testosterone levels are associated with low PGCla expression levels in muscle (17) and
AR-deficient mice express low levels of PGC1la mRNA in tissues (24). Thus, testosterone
deficiency promotes insulin resistance in skeletal muscle at least partially via an AR-
dependent mechanism involving a decrease in PGCla-mediated oxidative and insulin
sensitive muscle fibers.

Androgen actions in liver favor lipid homeostasis and insulin sensitivity

Male hepatocyte-specific ARKO (HARKO) mice developed hepatic steatosis when fed a
high-fat diet, but females did not (37). Increased hepatic steatosis in these obese male
HARKO mice resulted from decreased hepatic peroxisome proliferator-activated receptor a
(PPARQ) expression leading to decreased fatty acid oxidation and increased hepatic sterol
regulatory element binding protein 1c leading to increased de novo lipid synthesis. This
ultimately led to hepatic insulin resistance. Mice deficient in 5a-reductase type 1 (5aR1-/-),
the enzyme that converts testosterone to the active androgen DHT, develop hepatic steatosis
and show decreased hepatic expression of genes involved in insulin signaling when fed a
Western diet (38). Like the HARKO mice, male 5aR1-KO mice developed adiposity,
hyperinsulinemia, hepatic steatosis, decreased mRNA transcript profiles for fatty acid f3-
oxidation, and increased genes for lipid storage. The non-selective 5a-reductase inhibitor
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finasteride induced hyperinsulinemia and hepatic steatosis in obese male Zucker rats, both
intact and castrated (39). These rodent studies are supported by the observation that low
testosterone levels are associated with hepatic steatosis in men (40). Together these studies
show that AR actions in liver are important to prevent hepatic steatosis.

Central androgen actions regulate energy homeostasis in males

AR is more abundantly expressed in the brain of male rodents than that of females (41).
Male whole-body AR-deficient mice develop obesity without increase energy intake but
with decreased locomotor activity. These mice also display reduced brown adipose tissue
thermogenesis which decreases energy expenditure (24). AR also functions in the male
hypothalamus to favor central leptin action. Indeed, in AR-deficient male mice, leptin fails
to promote STAT3 nuclear localization in arcuate nucleus (ARC) neurons and does not
suppress food intake or reduce body weight even before the onset of overt obesity (41).
Further, neuronal specific ARKO (NARKO) mice develop obesity, insulin resistance and
glucose intolerance. These mice show hypothalamic insulin resistance by way of activation
of hypothalamic NFxB that increases inflammation (42). Together, these observations
demonstrate that in male rodents, AR is involved in the control of adipose tissue mass via
central and peripheral effects.

Androgen action in p-cells in males

Early studies reported that when B-cell destruction is induced by streptozotocin in male
mouse models of insulin-deficient diabetes (43, 44), testosterone accelerates the
hyperglycemic decompensation in an AR-dependent manner. However, it was also reported
that testosterone protects early apoptotic damage induced by streptozotocin in male rat
pancreas through AR (45, 46). A previous report also suggested that testosterone stimulates
islet insulin mMRNA and content in culture and in vivo (47). Therefore, the role of AR in male
B-cells is unclear. We have generated a -cell specific AR knockout mouse to examine the
direct role of AR in male p-cell physiology (BARKO™Y) (48). Male BARKO™ mice exhibit
decreased glucose-stimulated insulin secretion (GSIS) leading to glucose intolerance, and
develop B-cell failure to compensate for diet-induced insulin resistance. The decreased GSIS
is reproduced in cultured male BARKO™ islets as well as in cultured human islets treated
with flutamide, an AR antagonist. This suggests that AR is a physiological regulator of male
B-cell function, a finding that has important implications for prevention of T2D in
hypoandrogenic men.

Role of AR in glucose homeostasis in the female (figure 2)

Hyperandrogenism predisposes to T2D in women

The role of AR deficiency in female metabolism is not well studied, though it is reported to
have no effect on body weight in female mice (49). In contrast, the association between
androgen excess and diabetes in women has been known since the early description of
“diabetes in bearded women” by Achard and Thiers in 1921 (4).

In a prospective 12-year study of Swedish women, Bjorntorp and coworkers initially
reported that low concentration of Sex-Hormone Binding Globulin (SHBG) —which
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increases free testosterone— was a strong independent risk factor for the development of T2D
(50). Similarly, Larsson and Ahren showed that postmenopausal women with impaired
glucose tolerance have higher androgen activity than women with normal glucose tolerance,
and that the androgen activity correlates with the degree of glucose intolerance (51, 52).
Higher levels of free testosterone and lower levels of SHBG have been repeatedly associated
with glucose intolerance and insulin resistance in women (53, 54, 55, 56, 57). In a meta-
analysis of available prospective and cross-sectional studies relating testosterone, SHBG,
and estradiol levels with risk of T2D, Ding et al. reported that high free testosterone levels
are associated with higher risk of T2D in women (8). However, estradiol levels were also
elevated among postmenopausal women with diabetes suggesting that estrogen excess could
also have played a role in T2D risk. In postmenopausal women, higher plasma levels of
estradiol and testosterone were strongly and prospectively related to increased risk of
developing T2D (58).

Hyperandrogenism promotes insulin resistance in women

To understand the role of androgen excess in insulin sensitivity, several groups have
explored the metabolic response of androgen-exposed women during hyperglycemic and
euglycemic-hyperinsulinemic clamps. Globally, these studies reported that high testosterone
levels produce insulin resistance by decreasing insulin-stimulated whole body glucose
uptake in healthy pre- and post-menopausal women (54, 59, 60, 61). Further, the reduced
insulin-stimulated, whole body glucose uptake was not attributable to hepatic insulin
resistance, which remained unchanged, supporting a role for skeletal muscle in insulin
resistance (59). The role of excess testosterone in promoting skeletal muscle insulin
resistance with fiber type switch has also been confirmed in studies of female rodents (62,
63). Still, the mechanisms by which androgen excess promotes muscle insulin resistance
remains unknown.

Despite accumulated evidence that testosterone excess alters insulin sensitivity in females, it
is not clear whether testosterone excess initiates insulin resistance or perpetuates it.
Generally, insulin sensitivity improves when hyperandrogenism is reversed with anti-
androgen therapy, in association with weight loss (40, 64, 65). These latter studies suggest
androgen excess alone may be instrumental in insulin resistance. However, treatment with
AR antagonists or suppression of ovarian androgen production with GnRH analogues in
hyperandrogenic women does not always improve insulin resistance (66), suggesting that
excess androgens in women may not be the cause of these metabolic abnormalities but
rather an aggravating factor.

Hyperandrogenism increases visceral adiposity in females

Sexual dimorphisms in body fat distribution are well described. Men, on average, have less
total body fat but more central/intra-abdominal adipose tissue, whereas women tend to have
more total fat with gluteal/femoral and subcutaneous distribution (67, 68). In women with
chronic androgen excess, plasma testosterone is positively correlated with waist
circumference, an index of visceral obesity suggesting that testosterone is instrumental in
this process (69). A recent proteomic study of the influence of androgen excess on human
visceral and subcutaneous adipose tissue proteomes reported that the abundance in adipose
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tissue depots of several proteins involved in metabolism were similar in women with
androgen excess and in men, suggesting that androgen excess has masculinized the function
of female adipose tissue (70, 71). Nonetheless, little is known about the mechanism through
which chronic androgen excess induces adiposity in females with a preferentially visceral
distribution. We explored the mechanism by which chronic androgen excess in females
induces visceral adiposity using female mice exposed to the non-aromatizable androgen
receptor agonist DHT (72). We observed that androgen excess prevents leptin from
activating brown adipose tissue (BAT) thermogenesis, which is associated with reduced
energy expenditure and visceral obesity. We also observed decreased hypothalamic
proopiomelanocortin (pomc) expression and POMC neuronal innervations into dorsomedial
hypothalamus (DMH) (72). Therefore, the increase in visceral adiposity in hyperandrogenic
females could have a central origin. In addition, these results suggest that androgen-induced
visceral fat distribution and accumulation involves alteration of the melanocortin system
between the ARC and DMH.

Hyperandrogenism predisposes to g-cell dysfunction in females

Women with hyperandrogenemia (testosterone excess) also show various degrees of
pancreatic B-cell dysfunction. The mechanism(s) by which this develops is unknown.
Women with functional hyperandrogenism have significantly higher basal insulin secretory
rates and attenuated post-prandial insulin secretory responses (73). In addition, women with
PCOS, have been reported to exhibit inadequate acute insulin release to the degree of insulin
resistance (74) or an exaggerated early insulin response to glucose. These abnormalities are
not accounted for by insulin resistance and are closely associated with hyperandrogenicity
(75). In these women with PCQOS, there is a robust relationship between p-cell function and
free testosterone, raising the possibility that excess testosterone in women leads to insulin
hypersecretion (76). Thus, women with hyperandrogenism display p-cell hyperfunction
which may predispose to secondary p-cell failure. Consistent with this hypothesis, in female
mice, testosterone accelerates hyperglycemic decompensation in experimental models of
insulin-dependent diabetes in which B-cell destruction is induced by oxidative stress or
inflammation (43, 77). In addition, hyperandrogenemia in women with PCOS is
accompanied by systemic oxidative stress (78) and similarly, excess testosterone induces
systemic oxidative stress in female mice (77). Further, in the presence of a prior -cell injury
induced by streptozotocin, female mice exposed to excess testosterone are predisposed to f3-
cell failure via an AR-dependent mechanism (77). Thus, excess AR activation in p-cells
(and/or other tissues) may predispose to the B-cell dysfunction observed in women with
androgen excess. This could be a direct islet effect since androgen exposure of isolated
female pancreatic islets leads to an impaired response to glucose stimulation (77, 79).
However, androgen excess without prior -cell injury is not sufficient since testosterone
infusion in healthy women does not produce -cell dysfunction (59). Thus, in women with a
prior B-cell defect, excess testosterone may predispose to -cell failure through the
cumulative action of various p-cell stresses, including insulin resistance and circulating
oxidative stress.

To address the role of the -cell AR in B-cell dysfunction in women with androgen excess,
we generated mice with conditional knockout of AR in the -cells. In female mice, chronic
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androgen excess induces p-cell hyperfunction, and islet failure to compensate for high fat
feeding-induced insulin resistance that leads to T2D (80) similar to that observed in women
with PCOS. However, androgen excess-induced T2D was not observed in female BARKO™-
mice. Thus, in women with androgen excess, predisposition to T2D is least partially
mediated via excess AR activation in -cells.

Clearly, there is a bidirectional modulation of glucose homeostasis by androgens in males
and females. AR deficiency leads to dramatic metabolic dysfunction in aging males but in
females it does not. Probably reflecting the lower concentration of testosterone and DHT in
circulation and cells, AR activation is weaker in females and thus AR is less important to
maintain energy homeostasis in female mammals. Still, when androgen concentrations
increase to pathological levels in females, the resulting excess AR activation leads to
metabolic dysfunction. Evidence presented in this review suggests that androgen deficiency
in males and androgen excess in females produce metabolic dysfunction via deficient or
excessive AR action, respectively, in multiple tissues including the central nervous system,
liver, skeletal muscle, adipose and B-cells. In males the treatment could rely on selective
androgen receptor modulators (SARMS). In the case of hyperandrogenic women, more
studies are needed to define the exact role of androgen action in central nervous system,
liver, skeletal muscle, adipose and B-cells to the development of T2D.
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Figure 1. Proposed mechanism of androgen action via AR in males
In males, androgens promote glucose and energy homeostasis via actions on AR in skeletal

muscle, liver, pancreatic beta-cells and metabolic centers in the hypothalamus. Androgen
actions on adipose tissue could be indirectly mediated via AR actions in muscle.
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Figure 2. Proposed mechanism of excess AR activation in women
In females with hyperandrogenemia, excess AR activation in skeletal muscle, macrophages,

pancreatic beta-cells and metabolic centers in the hypothalamus synergize to promote
metabolic dysfunction, inflammation, visceral adiposity and T2D.
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