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A B S T R A C T

The NIH has recently highlighted the importance of sexual dimorphisms and has mandated inclusion of
both sexes in clinical trials and basic research. In this review we highlight new and novel ways sex hor-
mones influence body adiposity and the metabolic syndrome. Understanding how and why metabolic
processes differ by sex will enable clinicians to target and personalize therapies based on gender. Adipose
tissue function and deposition differ by sex. Females differ with respect to distribution of adipose tissues,
males tend to accrue more visceral fat, leading to the classic android body shape which has been highly
correlated to increased cardiovascular risk; whereas females accrue more fat in the subcutaneous depot
prior to menopause, a feature which affords protection from the negative consequences associated with
obesity and the metabolic syndrome. After menopause, fat deposition and accrual shift to favor the vis-
ceral depot. This shift is accompanied by a parallel increase in metabolic risk reminiscent to that seen
in men. A full understanding of the physiology behind why, and by what mechanisms, adipose tissues
accumulate in specific depots and how these depots differ metabolically by sex is important in efforts of
prevention of obesity and chronic disease. Estrogens, directly or through activation of their receptors on
adipocytes and in adipose tissues, facilitate adipose tissue deposition and function. Evidence suggests
that estrogens augment the sympathetic tone differentially to the adipose tissue depots favoring lipid
accumulation in the subcutaneous depot in women and visceral fat deposition in men. At the level of
adipocyte function, estrogens and their receptors influence the expandability of fat cells enhancing the
expandability in the subcutaneous depot and inhibiting it in the visceral depot. Sex hormones clearly
influence adipose tissue function and deposition, determining how to capture and utilize their function
in a time of caloric surfeit, requires more information. The key will be harnessing the beneficial effects
of sex hormones in such a way as to provide ‘healthy’ adiposity.

© 2014 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Over the past 20 years, adult and childhood obesity rates have
doubled, while adolescent obesity has tripled (Ford et al., 2014).
Two-thirds of Americans are currently at-risk for obesity relatedmor-
tality or morbidity however this differs by sex. While the connection
between obesity and risk of heart disease, hypertension, cancer,
stroke, and diabetes is well established inmen, it is less so for women
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and the mechanisms underlying these sexually dimorphic influ-
ences remain poorly understood. Over the past decade adipose
tissues have been determined to be more than a storage vessel for
triglycerides, rather, these tissues actively contribute to metabolic
homeostasis by secreting a wide variety of signaling molecules and
hormones. An often underappreciated finding is that adipose tissue
function and deposition differ by sex. Females have an overall higher
total body fat content when compared to men. Importantly, females
differ with respect to distribution of adipose tissues, males tend to
accrue more visceral fat, leading to the classic android body shape
which has been highly correlated to increased cardiovascular risk;
whereas females accrue more fat in the subcutaneous depot prior
to menopause, a feature associated with protection from the neg-
ative consequences associated with obesity and the metabolic
syndrome (Fig. 1). After menopause, fat deposition and accrual shift
to favor the visceral depot. This shift is accompanied by a parallel
increase in metabolic risk reminiscent to that seen in men. A full
understanding of the physiology behind why, and by what mecha-
nisms, adipose tissues accumulate in specific depots and how these
depots differ metabolically by sex is important in efforts of preven-
tion of obesity and chronic disease. A review of sex differences in
obesity/adipose tissue distribution is timely given that obesity has
recently been classified as a disease, and that the National Insti-
tutes of Health has made it mandatory to explore gender differences
in disease states.

2. Estrogens and adiposity

Obesity is influenced by a number of variables such as ethnic-
ity, socioeconomic status and education which makes it difficult in
humans to determine whether a biological difference per se exists
regarding the propensity to gain weight between men and women.

By contrast, in animal models where non-biological factors are ex-
cluded, studies suggest the propensity toward development of
obesity differs between the sexes and this is directly due to sex hor-
mones. For example, female rats gain less weight compared tomales
when presented with a metabolic challenge such as a high fat diet,
a difference no longer seen following ovariectomy (Stubbins et al.,
2012). Estrogens protect against increased body adiposity/obesity
through their effects to suppress appetite and increase energy ex-
penditure. Estradiol suppresses feeding by enhancing the potency
of other anorectic signals, such as cholecystokinin, apolipoprotein
A-IV, leptin, brain derived neurotrophic factor (BDNF), and by de-
creasing the potency of orexigenic signals such as melanin-
concentrating hormone and ghrelin (Clegg et al., 2006, 2007; Geary,
2001; Messina et al., 2006; Shen et al., 2010; Zhu et al., 2013).

In women, caloric intake varies across the menstrual cycle.
Women tend to eat less during the 4-day periovulatory phase of
the menstrual cycle when estradiol reaches its peak and these cyclic
changes in feeding are absent in women with anovulatory cycles
(Barr et al., 1995; Buffenstein et al., 1995; Davidsen et al., 2007;
Lissner et al., 1988). Consistently, cycling female rodents consume
different amounts of food across their 4-day ovarian cycles, con-
suming the least during diestrus, which occurs right after
preovulatory rise in estradiol secretion, and consuming the most
during estrus when estradiol levels are lower indicating physio-
logic estradiol levels are negatively correlated with food intake
(Asarian and Geary, 2013; Tarttelin and Gorski, 1971).

Estrogens also protect against weight gain by increasing energy
expenditure. Many postmenopausal women gain body weight due
the natural decrease in endogenous estradiol levels during meno-
pause and reductions in energy expenditure can be prevented by
estrogen replacement therapy (Gambacciani et al., 1997). Addition-
ally, postmenopausal women have a lower fat oxidation and energy
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Fig. 1. Approximately 80% of all body fat is in the subcutaneous depot and lies just under the skin primarily around the waist, in the subscapular area, and in the gluteal
and femoral (thigh) areas. Visceral fat, accounting for 10–20% of total fat, is in the abdomen primarily in the omentum and mesentery but also in perirenal, gonadal, epi-
cardial, and retroperitoneal depots. Visceral fat accounts for a higher percentage of total fat in men than in women. In men adipose tissue preferentially accumulates in the
visceral depot while fat accumulation is primarily in the subcutaneous depot in women. The magnitude of this difference is amplified from late puberty to early adulthood
as men develop the typical android body shape while women a more gynoid shape. Menopause is followed by redistribution of adipose tissue to the visceral depots leading
to a more central or android shape in post-menopausal women who are not hormone replaced. The timing of these changes implicates involvement of sex hormones. Up to
the transition through menopause, women tend to accrue adipose tissue preferentially in the subcutaneous depot due to its greater storage capacity, and the expandability
of subcutaneous fat can be traced to a greater degree of hyperplasia of fat cells. Men accrue adipose tissue preferentially in the visceral depot, and the accumulation of
excess fat in the visceral depot is primarily achieved by hypertrophy of fat cells. Once storage capacity is exceeded, visceral adipose tissue is characterized by fibrotic and
inflamed adipose tissue which is highly correlated with the metabolic syndrome. (a) A cartoon depicting android and gynoid deposition of adipose tissue in males and females.
(b) Representative coronal midsection MRI images of a BMI-matched male and female demonstrating fat distribution with the white matter depicting adipose tissues. (c)
Representative histologic adipose tissue sections from subcutaneous or visceral adipose tissues. The subcutaneous adipose tissue has smaller more ‘plastic’ adipocytes whereas
the visceral adipose tissue is characterized by larger adipocytes encased in fibrotic tissues.
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expenditure during exercise and sleep when compared to premeno-
pausal women (Abildgarrd et al., 2013; Lovejoy et al., 2008). Rodent
studies have confirmed these findings and identified that activa-
tion of the estrogen receptors in the ventral medial nucleus of the
hypothalamus results in increased energy expenditure (Musatov
et al., 2007; Xu et al., 2011). Combined, these observations dem-
onstrate that estrogens suppress food intake and increase energy
expenditure in women.

3. Sexual dimorphism and fat distribution

Premenopausal women tend to store fat on the hips, thighs and
buttocks, giving them a pear shape also called gynoid, or gluteal–
femoral pattern of adipose tissue distribution. Men accumulate fat
predominately in the abdominal region giving them an apple shape
also referred to as android, or abdominal pattern of fat accrual (Fig. 1).
Even lean men carry a greater proportion of their body fat in the
visceral depot as compared to lean women.

Differences in adipose tissue distribution are tied to adipose depot
specific differences in the determinants of fat uptake and storage.
Lipoprotein lipase activity is the rate limiting step in the accumu-
lation of fat derived from circulating fatty acids and triglycerides.
Activity of the enzyme is higher in gluteal (subcutaneous) as com-
pared to abdominal (visceral) fat in women facilitating their gynoid
distribution. By contrast enzyme activity is higher in abdominal/
visceral adipose tissues in men (Arner et al., 1991). These sex
differences in adipose tissue distribution are accentuated through
a suppressive effect of testosterone on lipoprotein lipase activity in
femoral subcutaneous fat in men (Ramirez et al., 1997).

Human fat cells express lipolytic β1–2 and antilipolytic α2-
adrenergic receptors providing an additional mechanism to regulate
lipolysis/lipogenesis and the filling of adipose tissues. A sexual di-
morphism exists in the distribution of these receptors to account
for sex- and depot-specific differences in the modulation of lipoly-
sis (Richelsen, 1986; Richelsen et al., 1991). Estradiol increases α2-
adrenergic receptors in subcutaneous adipose tissue but has no effect
on adrenergic receptors in intraabdominal adipocytes (Pedersen et al.,
2004). The ratio of α2 to β1–2-adrenergic receptors in the subcu-
taneous depot in premenopausal women is increased and accounts
for the lower lipolytic response to epinephrine and norepineph-
rine as compared to adipocytes frommen. This balance of adrenergic
receptors in reversed in the visceral depot of women favoring li-
polysis. In men as well as postmenopausal women the adrenergic
receptor ratios are reversed potentially explaining the preferential
accumulation of fat in the visceral depot (Gavin et al., 2013;
Richelsen, 1986; Richelsen et al., 1991).

Estrogen receptor alpha (ERα) and estrogen receptor beta (ERβ)
are estrogen receptors on adipocytes which influence adiposity.
Studies in transgenic animals suggest the distribution of these re-
ceptors contribute to the ability of estrogens tomodulate distribution
of fat between the depots. The total body ERα knockout mouse has
increased adiposity, increased visceral fat accumulation, and themet-
abolic syndrome (Davis et al., 2013). Following ovariectomy, estrogens
reduce visceral fat mass in wild type and ERβ knockout but not ERα
knockout female mice indicating the lipolytic effect of estrogens are
primarily mediated through ERα (Gavin et al., 2013; Lindberg et al.,
2002). Loss in fat mass following administration of estrogens is
greater in ERβ knockout mice suggesting ERβ may act as a repres-
sor of, or in opposition to, the ERα mediated effects on fat mass
(Gavin et al., 2013; Lindberg et al., 2002; Naaz et al., 2002). To the
extent ERβ opposes the actions of ERα, a higher ERα/β ratio in the
abdominal visceral fat serves to limit adipose accumulation in this
depot whereas a lower ERα/ERβ ratio in gluteal fat provides a more
favorable environment for adipose accumulation and storage in pre-
menopausal women. Males have a relative lack of ERα in the visceral
depot and are therefore primed to store more fat viscerally.

Deletion of ERα from adipocytes in males and females causes in-
creased adiposity specifically in the visceral depot (Davis et al., 2013).

ERs, specifically ERα, located in the central nervous system plays
a role in determining adipose tissue distribution. Targeted disrup-
tion of ERα in the ventromedial nucleus of the hypothalamus leads
to visceral obesity in females (Xu et al., 2011). Expression of ERα
is preferentially associated with neurons directed to the visceral
depot providing a pathway by which administration of exogenous
estrogens into the CNS dramatically reduces visceral adiposity (Adler
et al., 2012; Clegg et al., 2006). This effect may be related to changes
in sympathetic input to fat depots as there is a sexual dimorphism
in the sympathetic innervation of adipose tissue. Estrogens have been
shown to promote lipolysis through increased adipose tissue sym-
pathetic nerve activity. Male rats have more neuronal projections
into visceral fat, whereas females have more projections to the sub-
cutaneous depot (Adler et al., 2012). In addition, the number of ERα
receptor expressing neurons projecting to subcutaneous fat is lower
in males compared to females. Whether central input via these dif-
ferences in innervation or adrenergic receptor makeup at the level
of the fat depots or both ultimately dictate where adipose tissue
preferentially accumulates is not known. In a ovariectomized rat
model where the retroperitoneal fat pad is unilaterally dener-
vated, administration of estrogens resulted in significantly more
adipose tissue loss in the intact fat pad as compared to the dener-
vated pad (Lazzarini and Wade, 1991). Central administration of
estrogen, acting through ERα in the ventromedial nucleus, acti-
vates the sympathetic nervous system and increases thermogenesis
(Martinez de Morentin et al., 2014).

4. Visceral vs subcutaneous adipose tissue and
metabolic function

Visceral fat is a source of proinflammatory cytokines that con-
tribute to insulin resistance. In addition, the high lipolytic rate of
visceral fat generates large amounts of free fatty acids that are de-
livered to the liver causing increased hepatic glucose production,
hyperinsulinemia, and other features of the metabolic syndrome
(Shulman, 2014). By contrast, accumulation of fat in the subcuta-
neous depot is an independent predictor of lower cardiovascular
and diabetes-relatedmortality, and protects against impaired glucose
metabolism (Tanko et al., 2003; Van Pelt et al., 2002). These find-
ings are consistent with the fact that women, with higher levels of
subcutaneous fat, are protected from diseases associatedwith obesity
whereas men, with higher amounts of visceral fat deposition, are
at a heighten risk for diseases associated with obesity.

Surgical removal of visceral adipose tissues in animals and
humans improves insulin resistance and diabetes (Gabriely et al.,
2002). In a study of obese subjects undergoing adjustable gastric
banding, a comparison was made between the procedure alone or
banding plus surgical removal of the omentum (a component of vis-
ceral fat) (Thorne et al., 2002). Despite comparable weight loss,
change in waist hip ratio, and sagittal diameter at 2 years of follow
up, the improvements in oral glucose tolerance, insulin sensitivi-
ty, and fasting plasma glucose and insulin were 2–3 times greater
in the omentectomized group. These findings strongly connect re-
ductions in insulin sensitivity with visceral fat accrual.

By contrast, selective removal of subcutaneous fat as with liposuc-
tion confers no significant improvement in obesity-associatedmetabolic
abnormalities and in animal models is associated with a worse met-
abolic profile (Klein et al., 2004; Weber et al., 2000). Lipectomized
hamsters where >50% of subcutaneous adipose tissue is removed lead
tomore intra-abdominal visceral adipose tissues as a percentage of total
body fat, higher insulinemic index, and a strong trend toward in-
creased liver fat content when compared to sham operated controls
(Weber et al., 2000). Lipectomy reduces the number of subcutaneous
adipocytes causing excess fat to accumulate in the visceral depot and
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ectopically in the liver resulting in deleterious metabolic conse-
quences. The reaccumulation of body fat following liposuction in
humans is also associatedwith redistribution fromsubcutaneous to vis-
ceral fat deposition (Hernandez et al., 2011). These findings suggest
removal of subcutaneous adipose tissue increasesmetabolic risk by re-
moving a buffer or sink for peripheral TGs, analogous to changing ‘good
adipose tissue’ deposition as seen in females, to unhealthy adipose tissue
deposition as seen in males.

5. Visceral and subcutaneous adipocytes differ

Accumulating evidence suggests obesity complications result from
the inability of fat cells to expand and safely store lipids (Fig. 2),
which leads to ectopic deposition of lipids in other tissues termed
lipotoxicity which results in insulin resistance (Shulman, 2014). Ex-
pansion of fat mass can occur either by an increase in volume of
preexisting adipocytes (hypertrophy) or by hyperplasia in which an
increase in fat mass occurs through recruitment of new
preadipocytes. When fat cells surpass their storage capacity and lack
the ability to expand further, adipocyte homeostasis is altered leading
to metabolic dysregulation (Fig. 2). Studies in rodents suggest the
visceral fat expands predominantly by adipocyte hypertrophy, while
the subcutaneous depot expands by adipocyte hyperplasia follow-
ing exposure to a high-fat diet (Wang et al., 2013). Adipocyte
hyperplasia leads to small adipocytes which are not onlymore insulin
sensitive, but also have enhanced storage capacity. The number of
small, early-differentiated adipocytes, isolated from the stromal–
vascular fraction (SVF) in subcutaneous depots of normal weight
men and women, correlates positively with subcutaneous

adiposity (particularly in the femoral subcutaneous depot), and neg-
atively with visceral fat accumulation suggesting the abundance of
adipocytes in subcutaneous fat is an important predictor for adipose
tissue expandability (Tchoukalova et al., 2010). The precise mech-
anism by which sex hormones determine adipocyte hyperplasia or
hypertrophy is unknown; however preliminary data suggest estro-
gens influence hyperplasia by increasing adipocyte progenitor cells.

Anadditionalwayestrogensmay influence adipose tissues is through
regulation of the vascular supply into adipose tissues (Elias et al., 2012;
Gealekman et al., 2011). Fat cell hypertrophy or hyperplasia is influ-
enced by vascular supply. Studies in samples taken fromhumans show
subcutaneous fat has a higher capillary density and angiogenic growth
capacity when compared to samples taken from the visceral depot
(Gealekman et al., 2011).When vascular supply is limited adipose tissue
expansion leads to hypoxia and activation of hypoxia inducible factor
(HIF) (Fig. 2). Stabilization of HIF in turn has been linked to altered
adipokine expression, proinflammatorymacrophage recruitment, and
insulin resistance, features typical of visceral fat. Estrogens attenuate
activation of HIF by transcriptionally upregulating one of the prolyl hy-
droxylase enzymeswhich targetsHIF for ubiquitination anddegradation
providing a mechanism by which estrogens reduce adipose tissue in-
flammation and fibrosis (Fig. 2) (Kim et al., 2014; Palmer and Clegg,
2014).

6. Estrogens and ‘browning’ of adipose tissues

Estrogens not only influence adipose tissue hyperplasia/
hypertrophy and distribution, but they also influence the metabolic
activity of adipose tissues by regulating ‘browning’, or enhancing
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Fig. 2. When faced with chronic, excessive energy intake resulting in obesity, visceral adipose tissue (AT) becomes hypoxic due to increased adipocyte size and tissue mass
which outpaces the supporting vascular supply resulting in inflamed and fibrotic adipose tissues which are co-localized with macrophages suggesting an immediate link
between hypoxia and the inflammatory response. Both ERα and HIF-1 are related to fibrosis and inflammation in adipose tissue, albeit in opposite ways. ERα signaling im-
proves adipose tissue function by decreasing adipose tissue inflammation and improving adipose tissue insulin sensitivity while HIF-1 worsens it through up-regulation of
inflammatory mediators to include IL-6, NF-kB and TNFα and markers of fibrosis such as Col-6. It has recently been demonstrated E2/ERα regulates HIF-1 activity in adipose
tissues by promoting transcription of a specific prolyl hydroxylase domain enzyme (PHD3). Increased activity of PHD3 through hydroxylation targets HIF for ubiquitination
and degradation, thus providing a mechanistic explanation for the protective effect of E2/ERα against the metabolic impact of HIF-1 activation in adipose tissue and con-
tributing to the reduction in adipose tissue inflammation and fibrosis seen in female adipose tissues.
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themetabolic activity of adipose tissues (Fig. 3). Brown adipose tissue
is metabolically more active due to the increased number of mi-
tochondria. Recent data suggest the metabolic rate per kilogram
adipose tissue is higher in women than men due to higher levels
of brown adipose tissue in women and increased expression of genes
involved in mitochondrial function to include uncoupling protein
one (UCP-1) (Cypess et al., 2009; Nookaew et al., 2013).

Estrogens through ERα regulate both the gene and protein ex-
pression of BDNF in the hypothalamus which in turn has been linked
to selective neural modulation of white fat to induce browning (Cao
et al., 2011; Solum and Handa, 2002). Estrogens may also increase
browning through regulation of natriuretic proteins ANP (atrial na-
triuretic peptide) and BNP (brain natriuretic peptide) (Fig. 3), which
have recently been demonstrated to facilitate browning of white
adipose tissues by up regulation of UCP-1 and by activating mito-
chondrial biogenesis and uncoupling in white adipose tissues
(Bordicchia et al., 2012; Collins, 2014). Circulating levels of ANP and
BNP are twofold higher in premenopausal women as compared to
men due to a stimulatory effect of estrogens on cardiomyocytes to
release ANP/BNP (Clark et al., 1990; Hong et al., 1992; Jankowski
et al., 2001; Wang et al., 2002). These findings suggest gender dif-
ferences in levels of natriuretic peptidesmay contribute to differences
in metabolic rate due to differences in accumulation of brown
adipose tissues. Aftermenopause, the difference in natriuretic peptide
values between the sexes decreases consistent with reductions in
brown adipose tissues following menopause.

7. Teleological explanation for sex differences in adipose
tissue deposition

The evolutionary basis as to whywomen preferentially store fat in
the gluteal–femoral region is not known; however, one hypothesis is
thatwomen accumulate energy reserves in the subcutaneous depot to
prepare for adipose tissue mobilization required for lactation. Longi-
tudinal studies of skin-fold thickness during pregnancy and lactation

consistently show fat accumulation in the supra-iliac and mid-thigh
regions (subcutaneous adipose tissue depots) during pregnancy,which
is mobilized postpartum (Brewer et al., 1989; Kramer et al., 1993;
Sohlstrom and Forsum, 1995). These findings have been confirmed in
a longitudinal magnetic resonance imaging study of lactating women
as well as in a cross-sectional study of subjects in the Third National
Health andNutrition Examination Survey, all studies supporting the fact
that adipose tissues in the subcutaneous depot are mobilized prefer-
entially during lactation (Lassek and Gaulin, 2006). Withdrawal of
estrogens and progesterone is a prerequisite for lactogenesis, because
these sex steroids inhibit the lactogenic effects of prolactin. The pre-
cipitous fall in estrogens following parturition is accompanied by a
decline in lipoprotein lipase activity and increased sensitivity of the sub-
cutaneous adipose tissues to the lipolytic effect of catecholamines
(Rebuffe-Scrive et al., 1985).

In further support of a critical role for estrogens in modulating
adipose tissues, with severe weight loss women develop amenorrhea
and no longer ovulate. This may be an adaptive response to the insuf-
ficient amount of subcutaneous fat to support the requirements of
pregnancy and lactation. This deficit is signaled to the brain byway of
low circulating leptin. Leptin interacts with the hypothalamic pitu-
itary axis leading to hypothalamic amenorrhea (Kopp et al., 1997).
Female brains aremore sensitive to the effects of leptin to regulate food
intake and energy expenditure, indicating a strong synergy between
the adiposity hormone leptin, and estrogens in the regulation of re-
production and energy homeostasis (Clegg et al., 2006).

Basal metabolic rate during the course of pregnancy progressively
increases particularly in the third trimester. Interestingly though, this
increase inmetabolic rate is thought to be out of proportion to the in-
crease in body fat suggesting the accumulated fat ismoremetabolically
active (Lof et al., 2005). These findings lead to the speculation that in-
creasing estrogens during the course of pregnancy may contribute to
altering the metabolic rate of adipose tissues consistent with in-
creased browning of white subcutaneous adipose tissues. Increased
brown fat thermogenesis may be mediated by ANP and BNP which
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Respiratory
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ADP ATP

ATP synthase
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Heat production
Thermogenesis

β3

Natriuretic peptides

Increased Energy Expenditure

BDNF

Leptin

Brite/Beige Fat CellsWhite Fat Cells

Fig. 3. Estrogens protect against increased body adiposity/obesity through their effects to suppress appetite and increase energy expenditure. In addition to enhancing potency
of other anorectic signals and decreasing the potency of orexigenic signals, ERα signaling enhances leptin-induced satiety and increased energy expenditure. Leptin also
induces activation of peripheral sympathetic nerve activity leading to increased energy expenditure. Estrogens/ERα enhance the release of natriuretic peptides, ANP and
BNP, which have been demonstrated to act on adipose tissues to facilitate ‘browning’ through upregulation of UCP-1 which uncouples oxidative phosphorylation causing
an increase in thermogenesis and increased energy expenditure. Estrogens also upregulate BDNF which has been demonstrated to play a role in suppressing appetite and
increasing energy expenditure through effects associated with browning of adipose tissue. Therefore, estrogens through their activation of ERα have a pleiotropic effect on
energy expenditure by increasing leptin induced activation of SNS, by upregulating BDNF, and by increasing ANP/BNP which facilitate the transition from white adipocytes
to brown which are metabolically more energetic.
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progressively rise during the course of pregnancy reaching a plateau
during the last trimester (Yoshimura et al., 1994).

Newborn infants have the highest amount of brown adipose
tissues. Natriuretic peptides are also elevated in the new born infant
during the first several weeks after birth then fall (Koch and Singer,
2003; Mir et al., 2003). Estrogens mediate production of atrial na-
triuretic peptides by the placenta and this effect may account for
the high levels of natriuretic peptides in the developing infant and
contribute to the accumulation of brown fat typical of new born
infants (Graham et al., 1996; Huang et al., 1992).

The decline in circulating estrogens during menopause leads to a
shift in adipose tissue deposition favoring the visceral depot. It has been
well characterized that reductions in circulating estrogens bymore than
90% leads to symptoms such as hot flashes and an increased preva-
lence diseases associated with the metabolic syndrome. During
menopause, adipose tissues become the primary source of estrogens.
Androstenedione, produced by the adrenal gland, and small amounts
of testosterone derived from the ovary is also converted to estrogens.
Importantly, conversion of these estrogenic precursors to estrogens by
aromatase occurs predominately in the visceral depot. From a teleo-
logic standpoint, one could hypothesize shifts in fat distribution favoring
the visceral depot in post menopausal women is due to the fact that
this site is the primary source of estrogen and therefore visceral adipose
tissuesmay represent a ‘third ovary’. The total estrogen produced after
menopause, however, is far less than that produced during awoman’s
reproductive years.

In men, the evolutionary pressure to deposit more fat in the vis-
ceral depot may be due to the fact that this fat depot is more readily
mobilizable and can quickly act as an energy surfeit. Indeed, in obese
men exercise with or without reduction in body weight leads to a
preferential loss of visceral fat (Ross et al., 2000). Visceral fat in the
omentum and mesentery allow for fatty acids to drain into the liver
by way of the portal circulation where they can undergo β-oxidation
generating large amounts of energy or be processed into lipopro-
tein particles such as LDL and VLDL. Lipoprotein particles provide
a transport mechanism for delivery of fuel by way of transport of
fatty acids to peripheral tissues. It has been hypothesized that pre-
historic man surviving through hunting and quick escapewould need
an easily mobilizable energy source thus explaining the predilec-
tion for fat storage in the visceral depot in men.

Recent data show a sexual dimorphism exists in the way the brain
responds to high fat diet. These findings demonstrated in men there
are adversemetabolic affectswhich develop following consumption of
diets high in fat which are not observed inwomen. These findings can
further be described by the fact that storage of fat beyond that re-
quired for immediate energy expendituremay represent anevolutionary
pressure discouraging high fat intake in men. Following consumption
of a high fat diet, the brain tissue of malesmirrored the fatty acid com-
position of the dietwhereas in females, this did not occur (Morselli et al.,
2014). The males had elevated levels of saturated fatty acids such as
palmitic acid aswell as elevations in sphingolipids and ceramideswhich
were associated with elevated markers of inflammation when com-
pared to femalemice. Treatment of neuronal and astrocyte cell cultures
with palmitic acid in an attempt tomimic the effects of high fat intake
increases inflammation in themale cells and this does not occur in the
female tissues (Morselli et al., 2014). In these studies there were re-
ductions in ERα in neurons and astrocytes following palmitic acid
treatment inmale, but not female,mice. Restoration in the levels of ERα
reducedmarkers of inflammation. Importantly, development of hypo-
thalamic inflammation is associatedwithdepressedmyocardial function
inmale, but not female,mice (Morselli et al., 2014). These data are con-
sistent with previous studies showing less development of left
ventricular hypertrophy in female versus male mice in response to
chronic high fat intake (Böhm et al., 2013). These important findings
further demonstrate there are sexual dimorphismswith respect tome-
tabolismandobesity emphasizing the importanceof sex-based research.

8. Summary

In this review we have demonstrated that estrogens, directly or
through activation of their receptors on adipocytes and in adipose
tissues, facilitate adipose tissue deposition and function. Estrogens not
only are protective in women, but a recent report by Finkelstein et al.
further demonstrates that estrogens are necessary inmen. Blocking con-
version of androgens to estrogens resulted in reductions in insulin
sensitivity and decrements inmetabolism (Finkelstein et al., 2013). Ev-
idence suggests that estrogens augment the sympathetic tone
differentially to the adipose tissue depots favoring lipid accumulation
in the subcutaneous depot inwomenand visceral fat deposition inmen.
At the level of adipocyte function, estrogens and their receptors influ-
ence the expandability of fat cells enhancing the expandability in the
subcutaneous depot and inhibiting it in the visceral depot. Teleologi-
cally, the influences of sex hormones on adipose tissues may have
provided a selection bias in thatwomenneeded to have adipose tissues
deposited in the subcutaneous depot to support lactation and thus this
required expandability of these adipocytes to take upmore lipid prior
to parturition to augment the energy demands of lactation.We suggest
a potential new and novel role for the natriuretic peptides in facilitat-
ing these effects. Inmales, therewas a teleological advantage to having
a readilymobilizabledepositionof adipose tissue to facilitate rapidbursts
of energy required during hunting and gathering. Sex hormones clearly
influence adipose tissue function and deposition, determining how to
capture and utilize their function in a time of caloric surfeit requires
more information. The key will be harnessing the beneficial effects of
sex hormones in such a way as to provide ‘healthy’ adiposity.
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