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Abstract

An imbalance in sex hormones has an important impact on type 2 diabetes (T2DM)
mainly through the involvement of visceral adipose tissue. Androgens have an
interesting sex-dimorphic association with T2DM, since hyperandrogenism in females
and hypogonadism in males are risk factors for T2DM. Thus, treatments aimed at
correcting hyperandrogenism in females and hypogonadism in males may prevent the

development of T2DM or help in its treatment.
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Role of sex and gender on the development
of type 2 diabetes

There is increasing evidence that sex and gender differences
influence the epidemiology, pathophysiology, treatment
and outcomes of many diseases, including type 2 diabetes
(T2DM) (1). The term sex is used to primarily indicate
biological differences and the term gender predominantly
describes the psychosocial differences between sexes. Sex
differences between women and men include differences in
sex hormones and their effects on organ systems. Gender
differences arise from sociocultural processes and include
different forms of nutrition, life styles or stress or attitudes
toward treatments and prevention of diseases. Sex and gender
differences are equally important in terms of development,
awareness, presentation, diagnosis and therapy, as well as
the prevention of T2DM, influencing each other, above all
through the impact on obesity. There is a general agreement
that obesity is the major risk factor for T2DM in both sexes,
as supported by the data of the prevalence patterns of T2DM
across regions which resemble those of obesity (2).

This review focuses on the link between sex hormones
and T2DM through the impact that a sex hormone
imbalance has on metabolic tissues, particularly on
adipose tissue. The sexual dimorphism of androgens in
the pathophysiology of T2DM is emphasized.

Sex hormone differences between the sexes

Males and females produce the same steroid hormones in
a similar way. Regarding androgens, in both sexes, there
are different synthesis pathways; a classic pathway where
testosterone is synthesized directly in testicular Leydig
cells in men and ovarian theca cells in women. Androgens
are parallel produced from AS- and A4-precursors, and
therefore, converted into peripheral target tissues to
the more potent androgen Sa-dihydrotestosterone
(DHT) by Sa-reductase enzyme (3). However, it is also
possible that testosterone is locally synthesized at the
level of peripheral organs. For example, at the level of
the adipose tissue, androstenedione (A4) is converted
to testosterone by 17p-hydroxysteroid dehydrogenase
type S5 (17p-HSDS) and testosterone may be further
activated to DHT by the type 1 isoform of Sa-reductase.
In addition, there are several alternative pathways to DHT
synthesis, the backdoor pathway and alternate Sa-dione
pathway, which directly synthesize DHT from circulating
androgen precursors in peripheral tissues bypassing
the conventional intermediate testosterone (3). There
is also an 11-oxygenated adrenal androgen pathway
which converts A4 to 11p-hydroxyandrostenedione
(110HA4) and testosterone to 11-keto-testosterone
(11KT) and 11-keto-dihydrotestosterone (11KDHT) by
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adrenal 11p-hydroxylase (CYP11B1) activity. These are
active 11-oxygenated androgens (3). In particular, 11KT
and 11KDHT are able to activate the human androgen
receptor (AR) with the same potency as testosterone
and DHT. A4 and testosterone can be converted to the
estrogens estrone (E1) and estradiol (E2), respectively,
by aromatase (CYP19A1), which has been found in the
ovary and testis as well as in many extragonadal tissues,
including the brain, prostate gland, breast, bone, muscle,
liver and adipose tissue.

The fact that both sexes make the same steroid
hormones in a similar way means that physiological
differences are necessarily quantitative in terms of
(i) how much androgen is made, and (ii) what percentage
of that quantity is converted into estrogen. If we focus on
testosterone and E2, the two most potent representatives
of their classes and the principal hormones synthesized
in the gonads, two dramatic differences are evident. The
testis makes approximately 7000ug of testosterone per
day and converts one quarter of 1% into E2, whereas
the ovary makes only 300pg of testosterone per day, but
fully converts half of it into E2. Thus, men make at least
20 times as much testosterone as women do; however,
the percentage of testosterone that is converted into E2
in a woman is 200 times that in a man. In both sexes
testosterone induces the estrogen sulfotransferase (EST),
which inactivates E2 in E2 sulfate (E2-S); therefore,
the higher the levels of testosterone, the higher the
inactivation of E2 in E2 sulfate, thus contributing to
the quantitative differences in sex steroids between the
sexes (4).

However, there is also a qualitative difference between
the sexes that depends on the production site of E2. In
healthy premenopausal women, E2 is mainly produced by
the ovaries and functions as a circulating hormone that
acts on distant target tissues. In men and postmenopausal
women, E2 does not function as a circulating hormone;
rather, it is synthesized mainly in extragonadal sites and
acts as a paracrine and intracrine factor (4).

Part of the sex hormone differences between the
sexes also depends on the sex hormone-binding globulin
(SHBG), which regulates the biological effect of sex
steroids (5). Androgens and estrogens are transported in
the blood by proteins, particularly SHBG and albumin
which regulate the access of steroid hormones to their
target cells. These proteins have different ligand affinities:
albumin binds the sex hormones indistinctly and with a
low affinity, whereas SHBG binds the sex hormones with
a high affinity but the affinity to testosterone is twice that
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of E2 and distinct between sexes. In addition, in females,
the amount of testosterone that is bound to SHBG is
significantly higher than that in males (77 vs 53%).
Therefore, changesin thelevel of SHBG have a greater effect
on the free testosterone level (and thus on its biological
expression) than on the corresponding free E2 level, and
this is particularly evident in the free testosterone level of
females with respect to males. Thus, the serum transport
of androgens and estrogens contributes to sex-based
differences by regulating the relative free hormone levels
available to target tissues. Main sex hormone differences
between the sexes are summarized in Table 1.

Sex-dimorphic association between
androgens and type 2 diabetes results from
clinical studies

The sex-dimorphic association between testosterone and
T2DM, which is consistently observed across racial and
ethnic groups, is particularly evident in clinical studies
(6). There are many cross-sectional population-based
studies that demonstrate that lower levels of testosterone
in men and higher levels of testosterone in women are
associated with T2DM, while lower levels of SHBG are
associated with T2DM particularly in females (7). Some
prospective population-based studies thus indicate that
endogenous testosterone may differentially influence the
risk of T2DM in men and women. Reduced testosterone
levels (both total and free) in men are in fact associated
with a higher risk of T2DM, whereas higher testosterone
levels (both total and free) as well as lower levels of SHBG
in females are associated with a higher risk of T2DM (8).

Interestingly, prospective studies performed on
men demonstrate that the inverse relationship between
testosterone and the risk of diabetes mainly depend on the
abdominal obesity phenotype. In fact, after adjustment
for waist circumference, this relationship drastically
attenuates (9). In females, the risk of T2DM increases with
the aggravation of hyperandrogenism (10) and becomes
particularly evident in hyperandrogenic disorders, such as
polycystic ovary syndrome (PCOS).

PCOS is the most common hyperandrogenic disorder
in women with a prevalence in European women in the
fertile age of around 6-8% (11). Observational cross-
sectional studies performed on PCOS and included by
Moran et al. in a meta-analysis estimate that the odds
of T2DM are four times as high for women with PCOS
compared with controls (12). A subgroup matched
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Table 1 Main sex hormone differences between the sexes.
Sex differences References
Testosterone Men make 20 times as much testosterone as women do per day (3)
Estradiol (E2) Men convert testosterone into E2 in a percentage that is 200 times (3, 4)
lower than a women
E2 in men is synthesized in extragonadal sites and functions as a
paracrine and intracrine factor
E2 in women is mainly synthesized in the ovaries and functions as
a circulating hormone
Estrogen sulfotransferase (EST) EST is more active in men than in women (4)
Sex hormone-binding globulin (SHBG) Testosterone bound to SHBG is lower in men than in women (5)

(53% vs 77%)

for BMI confirmed that the odds of T2DM were more
than two to eight times as high for women with PCOS
compared with BMI-matched controls, thus supporting
the inference that T2DM is associated with PCOS
independently and additively to obesity (12). Some
large prospective studies have demonstrated that the
incidence of T2DM in women with PCOS is very high,
thus confirming that PCOS is a risk factor for T2DM
(13, 14). In a prospective study in Italy, the incidence rate
of T2DM was found to be 1.05 per 100 person-years, which
is 2.6 times higher than that in the general age-matched
national female population (15). A higher BMI and lower
SHBG have been proven to be independently associated
with an increased risk of T2DM in this population and
therefore predictive of the development of T2DM in
women with PCOS (15). In addition, by stratifying
incidence rates of T2DM by class of BM]I, it was revealed
that the absolute risk of diabetes increased steadily with
BMI and was particularly high for a BMI over 30kg/m?
(2.02 per 100 person-years, for an incidence rate ratio
equal to 4.44; P<0.001 vs non-obese PCOS women) (15).
Accordingly, in a recent study from the United Kingdom
performed on a large cohort of women extracted from
the General Practice Research Database, a longitudinal,
anonymized research database derived from nearly
600 primary-care practices in the United Kingdom, it
was demonstrated that the risk of the development of
T2DM was significantly increased in a lean subgroup
of PCOS (hazard ratio-HR of 1.4 for BMI <25kg/m?).
However, there was an increase in HR stratified by BMI,
with the highest risk in the obese PCOS phenotype (16).
Interestingly, in a prospective population-based cohort
study, an increase in weight between the ages of 14 and
31 years was found which was significantly greater in
women with PCOS developing T2DM than in women
with PCOS and normal glucose tolerance. This thus
supports the evidence that weight gain especially during
early adulthood seems to be a crucial risk factor for the

development of T2DM in PCOS (17). These data support
the most widely accepted hypothesis that the increased
risk of T2DM in PCOS is mainly related to the strong
interaction between androgens, obesity and peripheral
insulin resistance. Animal studies demonstrate that
female rats that received the non-aromatizable androgen
DHT by continuous administration at early puberty
increased body weight, enlarged intra-abdominal fat
and developed insulin resistance (18). Similarly, human
studies performed on female-to-male
demonstrated that testosterone-ester
at the dose of 250mg i.m. every 2 weeks produced
a significant increase in visceral adipose tissue and
a decrease in insulin sensitivity evaluated by the
euglycemic-hyperinsulinemic clamp (19, 20).

Similar findings but with an inverse relationship have
also been proposed in men. Approximately one-third of
menwith T2DM or metabolicsyndrome showed subnormal
total and free testosterone levels mainly associated with
inappropriately low LH and FSH concentrations (21, 22).
This condition has been recently defined as functional
hypogonadism characterized by hormonal levels
compatible with hypogonadotropic hypogonadism, a
normal response of LH and FSH to GnRH stimulus, and no
abnormal anatomical hypothalamic—pituitary-testicular
axis. Although hypogonadotropic hypogonadism seems
to be the dominant condition associated with T2DM
patients, in the literature, a minimum percentage of
diabetic subjects have also been reported to have low
testosterone levels with high gonadotropin concentrations
(21). In any case, irrespective of the biochemical form of
hypogonadism associated with T2DM in men, that is,
hyper- or hypogonadotropic, all the diabetic patients with
low testosterone usually experience significant symptoms
suggestive of hypogonadism, such as fatigability and
erectile dysfunction.

The association between low testosterone levels and
T2DM in men has been fully established and considered

transsexuals
administration
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bidirectional, although there is more literature supporting
the influence of low testosterone on the development
of T2DM. It has been estimated that low testosterone at
baseline approximately doubles the odds of developing
T2DM in men (23, 24). Moreover, a 2011 meta-analysis
of 52 observational studies relating metabolic syndrome
to determinants of testosterone status showed that men
with the highest tertile of testosterone had a lower risk
of metabolic syndrome than men with the lowest tertile
of testosterone (RR estimate: 0.38, 95% CI 0.28-0.50).
In addition, those men with higher SHBG levels had
a reduced risk of developing metabolic syndrome (RR
estimate=0.29, 95% CI 0.21-0.41) (25). The possibility
that male subjects with low testosterone levels are
predisposed to T2DM has been confirmed by longitudinal
studies in a meta-analysis with a median of follow-up of
10 years (26).

On the other hand, several studies have shown that
the duration and severity of hyperglycemia does not seem
to be responsible for low testosterone levels in T2DM
patients (27) but rather are adiposity and insulin resistance
(24, 28, 29). This is supported by the relatively rare cases
of hypogonadotropic hypogonadism described in type
1 diabetic patients (30) and also by the well-established
inverse relationship between total and free testosterone
circulating levels with BMI (24, 31). In addition, the
cytokines produced by the adipose tissue may contribute
directly to the suppression of the hypothalamic pituitary—
gonadal axis (32, 33) and, therefore, to the development
of hypogonadotropic hypogonadism. Accordingly, the
association observed between testosterone or SHBG and
glucose levels in hypogonadic men with T2DM was
significantly attenuated after adjusting for adiposity (34).

Although obesity plays an important role in reducing
testosterone levels in T2DM, some diabetic patients with a
normal BMI may have hypogonadotropic hypogonadism
(31), thus suggesting the direct key role of insulin
resistance. Some animal and human studies have proven
the inverse association between testosterone and insulin
resistance (35, 36) as well as an increased risk of T2DM
(37). Mice with a neuron-specific disruption of the
insulin receptor gene (NIRKO mice) have been shown to
develop peripheral insulin resistance, and a reduction in
LH and testosterone concentrations. This thus suggests
the important role of insulin receptor signaling in the
brain for the maintenance of the functional integrity of
the hypothalamic-pituitary—gonadal axis and of energy
disposal (38).

To further support this association, studies conducted
in patients with prostate cancer undergoing androgen
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deprivation therapy (ADT) have shown that lack of
testosterone production is responsible for metabolic effects
such as changes in body composition, insulin resistance
and lipid profiles that worsen with time (39). In particular,
ADT induces fat accumulation that, differently from
what is observed in the metabolic syndrome, is mostly at
subcutaneous levels and reduction of lean body mass. In
addition, patients with ADT usually present an abnormal
lipid profile and a worsening of insulin sensitivity with an
increasedrisk ofincident T2DM (HR 1.24;95% CI, 115-135;
P<0.05), myocardial infarction and sudden cardiac death
(40, 41).

In conclusion, as shown in women, in men there
is also a strong but opposite relationship between
testosterone levels, obesity and insulin resistance, thus
supporting interlinked causative mechanisms between
male hypogonadism and T2DM.

The similar role of androgens in metabolic
target tissues in males and females how can
the sex-dimorphic association be explained
between androgens and type 2 diabetes?

Androgens exert key effects on two metabolic target
tissues — the adipose tissue and the skeletal muscle — in
both men and women (3) (Fig. 1). At the level of the
skeletal muscle, androgens enhance the differentiation
of stem cells to myotubes, as well as skeletal muscle
protein synthesis thus promoting muscular growth (3).
In addition, androgens improve insulin sensitivity by
interfering directly with insulin signaling as well as by
enhancing GLUT4 expression and translocation to the
plasma membrane (3). Finally, androgens stimulate
lipid oxidation and glucose usage and mitochondrial
function (3).

At the level of the adipose tissue, androgens
impair adipogenesis by inhibiting the proliferation and
differentiation of mesenchymal stem cells and preadipocytes
(3). DHT and testosterone in fact have inhibitory effects on
multipotent stem cell commitment to the preadipocyte
lineage and adipocyte differentiation in both sexes. An
impairment in adipocyte proliferation and differentiation
may lead to adipocyte hypertrophy as a compensatory
mechanism, which is driven by the accumulation of lipids
in differentiated adipocytes. Hypertrophy in adipocytes
induces adipocyte dysfunction. In fact, hypertrophic
adipose tissue is insulin resistant produces a high
amount of free fatty acids-FFA and induces macrophage
recruitment and activation. Activated macrophages secrete
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Figure 1
Sex hormone effects on metabolic target tissues in both sexes.

proinflammatory cytokines, particularly TNF-alpha and
IL-6, which worsen adipocyte insulin sensitivity leading
to further FFA release and block preadipocyte recruitment,
leading to even larger adipocytes, thus producing a vicious
circle. Androgens also directly influence adipose insulin
sensitivity (3). In particular, testosterone directly induces
insulin resistance in subcutaneous adipocytes in vitro and
inhibits insulin-stimulated glucose uptake by impairing
the phosphorylation of protein kinase C via an androgen
receptor-mediated mechanism. In addition, androgens
decrease lipoprotein lipase, therefore decreasing lipid
storage and increasing lipolysis (3).

It has been hypothesized that at sex-related
physiological androgen levels, the net effect on myocytes
predominates in both men and women, whereas at
pathological androgen levels (hypogonadism in men
and hyperandrogenism in women), the net effect on the
adipose tissue drives the systemic phenotype and gives
rise to metabolic diseases.

Interestingly, several rodent, sheep and primate models
have recently demonstrated that androgens directly act on
the central nervous system, influencing the metabolism in
a sexually dimorphic manner also at physiological levels

(42). Androgens directly regulate the sympathetic nervous
system output to white adipose tissue (WAT), and food
intake, through the regulation of the orexigenic peptide
proopiomelanocortin-POMC, central sensitivity to leptin
and energy expenditure in a sexually dimorphic manner.
In females, androgens increase the sympathetic output
to WAT, increase food intake, produce leptin resistance
and decrease energy expenditure, whereas they have the
opposite effect in males. This central sexual dimorphic
effect of androgens probably contributes to abdominal
obesity, insulin resistance and T2DM in hyperandrogenic
and hypogonadic conditions in females and males,
respectively.

Role of estrogens in metabolic target tissues:
a potential role in linking hypogonadism and
type 2 diabetes in men

Estrogens are significantly and similarly involved in the
regulation of different metabolic target tissues in both
sexes (4) (Fig. 1). Atthelevel of the adipose tissue, estrogens
reduce WAT accumulation by lowering fatty acid uptake
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and lipogenesis, and they are able to decrease lipolysis
through the inhibition of lipoprotein lipase activity,
finally reducing adipocyte hypertrophy and ectopic
lipid accumulation. At the level of the skeletal muscle,
estrogens decrease the fatty acid uptake, increase fatty
acid oxidation and increase catecholamine-stimulated
lipolysis. In addition, estrogens maintain insulin action
at the level of the skeletal muscle and the liver. Estrogens
also protect pancreatic beta-cells against oxidative stress,
amyloid polypeptide toxicity, lipotoxicity and apoptosis;
and they also enhance glucose-stimulated insulin
biosynthesis. Estrogens also act at the level of macrophages
decreasing tissue inflammation and improving peripheral
insulin sensitivity. In addition, estrogens act on the
central nervous system in the hypothalamus, particularly
at the level of arcuate-ARC nucleus, where they decrease
food intake through both a direct effect and an effect
mediated by leptin and neuropeptide-1-NPY. Estrogens,
in fact, increase the sensitivity of ARC nucleus to leptin
and decrease the sensitivity of ARC nucleus to NPY.
Estrogens also act at the level of ventromedial neurons-
VMN, thus reducing food intake, increasing energy
expenditure through the stimulation of physical activity
and thermogenesis and regulating body fat distribution;
less central/intra-abdominal and more gluteal/femoral
and subcutaneous depots. Finally, acting at the level of the
nucleus tractus solitarious, estrogens reduce food intake.
Taking into account all these positive metabolic
effects of estrogens, it can be hypothesized that
the hypoestrogenic condition that characterizes
hypogonadism in men may participate in producing
and/or aggravating T2DM through its impact on triggering
metabolic tissues, particularly the adipose tissue.

The link between adiposity, particularly
visceral adiposity, and type 2 diabetes

Adipose tissue expandability is not unlimited and varies
among individuals depending on both genetic and
environmental factors. When adipose tissue expansion
limits are reached, ectopic lipid accumulation develops,
causing insulin resistance, inflammation in the peripheral
tissues and also diabetes (43). This is particularly evident in
visceral adipose tissue (VAT) for many reasons. VAT is less
expandable than subcutaneous adipose tissue (SAT), which
means VAT has less storage than SAT, with a consequent
more ectopic fat accumulation. VAT is mostly located
within the intraperitoneal cavity, draining directly to the
liver through the portal circulation, thus facilitating the

Testosterone, obesity and
diabetes

8:1 R6

influence of its secretory products on the liver (44). VAT is
also more vascular and innervated than SAT and is more
sensitive to lipolysis as it has more beta3-adrenoceptors
which mediate catecholamine-induced lipolysis. VAT
contains more inflammatory and immune cells and is more
insulin resistant than SAT. VAT has a higher expression of
the 11beta-hydroxysteroid dehydrogenase type 1 enzyme,
which locally activates inactive cortisone into active
cortisol and has a higher density of glucocorticoid receptors
than SAT. VAT is also more exposed to androgenic action
because of a higher density of ARs and lower expression
of aldo-keto reductase 1c enzymes, which are involved
in androgen metabolism. Finally, VAT is less exposed to
estrogenic action because of the lower density of estrogen
receptors (44). Therefore, VAT is more exposed than SAT to
a sex steroid imbalance in both females and males.

This thus supports the association between sex
steroid dysfunctions (hyperandrogenism in females, and
hypogonadism in males), visceral adiposity and T2DM
in both sexes.

Metabolic impact of antiandrogens in
hyperandrogenic females

In terms of hyperandrogenic females, at present there are
few data to support the use of antiandrogens to prevent
or treat T2DM. Moghetti ef al. demonstrated that a few
months of antiandrogen treatment in women affected
by PCOS significantly increased the insulin sensitivity
evaluated by an euglycemic-hyperinsulinemic clamp (45).
Our group confirmed that 12 months of antiandrogen
therapy in overweight/obese PCOS women improved
insulin sensitivity and decreased VAT (46). We also
demonstrated that PCOS women treated for a long-term
period of time with third-generation oral contraceptives
(OCs), which can be considered an antiandrogen therapy,
compared to those untreated by OCs, maintained a stable
body weight and their insulin resistance did not worsen,
but by contrast the glucose tolerance improved. These
results suggest that OCPs in PCOS combat the natural
lifelong metabolic deterioration of the syndrome (47).
Overall, these data suggest that antiandrogens could be
used to prevent or to treat T2DM in PCOS; however, more
studies are warranted to confirm these data.

Metabolic impact of testosterone correction in
hypogonadic men

In hypogonadic men, supplementation of testosterone
or drugs that promote an increase in endogenous
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testosterone blood concentrations may be considered
strategic therapies for T2DM. Several studies conducted
in hypogonadal men with T2DM have demonstrated
the beneficial effect of testosterone supplementation
in reducing insulin resistance and diabetic chronic
inflammation (48), in improving glycemic control (49) and
in changing body composition (50, 51), whereas others
showed no benefit (52, 53). In particular, the majority of
trials (meta-analysis and randomized controlled trials)
performed in hypogonadic dysmetabolic patients agree in
revealing a more pronounced testosterone treatment effect
on body composition rather than on glycemic control in
which results are variables (54). The discrepancy between
the studies reflects several issues: small sample size,
differences in baseline metabolic characteristics such as
glycated hemoglobin levels, degrees of insulin resistance
and glycemic controls, different types of testosterone
treatment used and finally the timing of testosterone
administration. However, in a mouse model of high-
fat diet-induced T2DM without a diagnosis of gonadal
dysfunction, testosterone supplementation was found to
improve glucose homeostasis (55). Therefore, although
the assumptions are in favor of possible beneficial effect
of testosterone supplementation on glucose control and
markers of metabolic syndrome, according to the recent
endocrine society clinical practice guidelines, there is no
enough adequate evidence to recommend testosterone
treatment in diabetic hypogonadic men for only
improving glycemic control (56).

A new class of drugs, selective estrogen receptor
modulators, are now being administered in patients
with functional hypogonadism, leading to an increase
in androgen concentrations to physiological range, thus
supporting their potential future use as an alternative
option in this area (57). In particular, clomiphene citrate
acting as an estrogen antagonist at the level of the
pituitary gland induces the release of LH and FSH, which
in turn drives the endogenous steroidogenic production
in functional hypogonadic patients (58, 59). To date, only
a few studies have evaluated the effect of clomiphene
citrate on body composition and glucose metabolism,
but all with promising results (59, 60). Our group found
a positive effect of clomiphene citrate in ameliorating
glucose and insulin levels in obese dysmetabolic patients
with low testosterone levels (59), thus supporting their
potential use in these types of subjects.

Although the above-mentioned findings strongly
suggest that increasing androgen levels through
testosterone supplementation or other treatments has
a positive impact against T2DM in hypogonadic males,
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further clinical trials are still needed to confirm this
scenario and to determine the appropriate approaches.

Conclusions

The model that explains the contribution of different
factors to the development of T2DM  attributes
particularly major roles to obesity and visceral-abdominal
fatness, providing that a genetic predisposition is
present, and this is emphasized in the presence of a sex
steroid imbalance. The sexual dimorphism of androgens
in the pathophysiology of T2DM suggests that there
are inequalities in both the preventive strategies and
treatment between women and men and also highlights
the potential use of a gender-specific medicine. Further
studies are needed in this exciting area.
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