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Sex differences in adipose tissue
It is not only a question of quantity and distribution
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Obesity and its associated secondary complications are active
areas of investigation in search of effective treatments. As
a result of this intensified research numerous differences
between males and females at all levels of metabolic control
have come to the forefront. These differences include not
only the amount and distribution of adipose tissue, but also
differences in its metabolic capacity and functions between
the sexes. Here, we review some of the recent advances in
our understanding of these dimorphisms and emphasize the
fact that these differences between males and females must
be taken into consideration in hopes of obtaining successful
treatments for both sexes.

Introduction

The obesity epidemic is a primary health concern in most indus-
trialized countries, as being obese increases the risk of mortality
due to associated comorbidities. Although both males and females
are affected, there is a difference among sexes with regards to the
propensity to develop obesity and the related metabolic compli-
cations."* Substantial differences in the metabolic responses to
dietary challenges, weight gain, weight loss, and pharmacological
interventions have been reported between males and females;*>¢
however, the mechanisms underlying this dimorphism remain
largely unknown.

Differences in circulating gonadal steroid levels play an impor-
tant role in many sexually dimorphic features, but they cannot
account for all of the metabolic dissimilarities observed between
males and females. Indeed, there are clear differences even before
the onset of puberty.”® Identifying the mechanisms underlying the
different metabolic responses in males and females will not only
advance our general understanding of metabolic control, but it is
fundamental for the development of effective treatments of obe-
sity and its complications in both sexes. Here, we briefly review
some of the advances in our understanding of sex differences in
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white adipose tissue (WAT) and how this may affect the differen-
tial responses of males and females to some metabolic challenges.

Adipose Distribution

Sex differences in fat distribution can be observed even before
puberty, although they become much more pronounced after
pubertal onset.”® Females experience a continuous increase in
both absolute and percent body fat throughout development and
although males as well display a persistent increase in absolute
body fat, they have the highest percentage of body fat during
puberty.” Thus, the gradual changes in adipose accrual through-
out early development can result in differences between post-
pubertal males and females in the percentage of body fat, with
a divergent distribution of adipose tissue also becoming clearly
apparent.”’? While females predominantly accumulate subcuta-
neous fat, males amass significantly more visceral fat.!®* This
sex difference in visceral adipose diminishes at older ages as
postmenopausal women have increased visceral fat accrual,'*"
emphasizing the role of gonadal steroids in this phenomenon.
Fat distribution is not only influenced by sex, but also by ethnic
background, as the reported sexually dimorphic adipose distri-
bution is less apparent in some ethnic groups.'>'® Although sex
steroids are involved in determining adipose distribution, other
factors are certainly important. Indeed, Chen et al. recently
reported that the number of X chromosomes affects adipose tis-
sue function in mice."” This study suggests that genes expressed
on the X chromosome are specifically implicated in the control of
adiposity and that dosage or parental imprinting of these genes
may be involved in the metabolic differences between males and
females.

The differential location of fat has functional implications as
adipokine production, development of insulin sensitivity, inflam-
matory responses, mitochondrial function, lipolysis, and free fatty
acid (FFA) release differs between adipose depots."'#!%2° One
clear example of the importance of adipose distribution vs. total
body fat is circulating leptin levels. Leptin is a hormone that is pri-
marily produced by adipose tissue,? with circulating levels being
positively correlated with total body fat in both human adults
and children,?*? as well as in rodents.”* Serum leptin levels are
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sexually dimorphic in post-pubertal humans*>* and rodents;
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however, women have higher levels than men,?>*2%? while male

rodents have higher levels than females.?®?” As leptin mRNA
expression has been shown to vary between adipose depots,®?!
the difference in absolute amounts of each type of adipose tissue
could contribute to the sex differences in circulating leptin levels
and hence metabolic functions. Moreover, even within a specific
anatomical location, leptin expression levels differ between males
and females,?® with differences also being seen prepubertally.’?
Thus, although sex steroids modulate leptin levels in an anatomi-
cally specific manner,? factors other than gonadal steroid levels
and fat distribution are also involved in determining the differ-
ence in leptin levels between males and females.

Information is rapidly accumulating regarding the differential
expression of numerous proteins in the distinct adipose depots,
leading us closer to understanding the variations in their meta-
bolic responses. Karastergiou and colleagues™ recently reported
that a number of genes are differentially expressed in abdomi-
nal and gluteal adipose of young adults in a non-BMI-dependent
manner. Some of these differences are found in both sexes, while
others are specific to either males or females.* These studies fur-
ther support the concept that the differences in adipose tissue
metabolism between males and females are not only due to the
amount of a specific fat depot, but also to the fact that there are
numerous differences between the sexes in the functionality of
each specific type of adipose tissue.

Sexual Dimorphism in Functional Capacity of WAT

The metabolic rate per kilogram adipose tissue is reported to be
higher in woman than in men and this could be due to increased
expression of various genes involved in mitochondrial func-
tion, including uncoupling protein (UCP)-1.* Moreover, these
authors report that the difference in UCP-1 levels is specific to
WAT. Numerous genes are differentially expressed in adipose tis-
sue from obese males and females both before and after weight

loss.>®

After controlling for fat mass, Viguerie et al.?® report that
the expression of 88 genes differs between males and females,
with 5 of these genes being located on sex chromosomes. Many
of these genes code for proteins involved in immune response as
well as lipid, protein, or carbohydrate metabolism. The expres-
sion of clock genes (PER2, BMALL, and CRY1) are also higher
in subcutaneous and visceral fat from obese females compared
with males, with the differences being greatest in visceral fat.¥’
As discussed below, dissimilarities in circulating levels of gonadal
steroids may underlie some of these sex differences, but others
appear to be independent of gonadal hormones.

Sex Differences in Inputs and Signals Affecting WAT

Adipose tissue also responds to hormones and factors produced
in the pituitary or hypothalamus and in 2006 Schiffler and
colleagues®® proposed that these signals be called adipotropins.
Growth hormone (GH) stimulates lipolysis* and antagonizes
insulin’s effects on adipocytes® and the GH receptor (GHR)
has been shown to be reduced in adipose tissue from obese
women,* indicating a physiological implication of this receptor
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during obesity. Prolactin is reported to modulate adipose tis-
sue development and adipokine production,® while thyrotropin
stimulating hormone (TSH) also affects adipocyte turnover and
cytokine production.””* Circulating levels of many of these
anterior pituitary hormones are also sexually dimorphic and/
or influenced by sex steroids,” % suggesting that the effects of
these hormones on adipose tissue will differ between males and
females.

Catecholamines modulate lipolysis in adipose tissue, with
this effect being both site- and sex-dependent. Basal lipolysis was
shown to be higher in visceral and subcutaneous fat from obese
men compared with obese women, with noradrenaline-stimu-
lated lipolysis being greater in visceral compared with subcuta-
neous fat in both sexes.”® The larger adipocyte size and greater
HSL activity in adipose tissue from men could explain the higher
basal lipolytic activity compared with women. In both visceral
and subcutaneous fat women have higher B, and 8, adrenergic
receptor levels, which would indicate increased capacity of lipid
mobilization compared with males.*®

Diverse structural or anatomical variations are most likely
involved in some of the functional differences between adipose
tissues from males and females. For example, adipose tissue is
innervated by sympathetic efferents and these innervations are
distinct between males and females. Male rats have more neurons
projecting to abdominal fat, whereas females have more projec-
tions to subcutaneous fat. The number of estrogen receptor
(ER)-a expressing neurons projecting to subcutaneous fat was
Shown to be lower in males compared with females.* In addition,
projections from the hypothalamus to WAT also differ between
males and females. In both sexes the majority of neurons project-
ing to WAT from the arcuate nucleus are proopiomelanocortin
(POMC) producing cells,” with these neurons also being sensitive
to estradiol.”® Lateral hypothalamic neurons expressing orexin and
melanin-concentrating hormone (MCH) project to both retroper-
itoneal WAT and subcutaneous (inguinal) WAT, but in males the
majority of MCH projections are to inguinal WAT.” Thus, in
males and females these adipose depots receive different inputs
from neuronal circuits intricately involved in metabolic control.

Sex Steroids and Adipose Tissue

Estrogens have been widely reported to protect against adipose
accumulation, particularly that of subcutaneous fat depots in post-
menopausal women, and to diminish inflammatory signaling and
improve insulin action”™ Estrogens act through two nuclear
receptors, ERa and ER3, both of which are expressed in adipose
tissue,””¢ although ERa is reported to be more highly expressed
in this tissue than ERB.” Both receptor isoforms are present in
mitochondria of WAT,” suggesting important influences on cell
metabolism. Regulation of these two receptors in adipose tissue
by factors such as diet or estrogens themselves is divergent as high
fat diet (HFD) intake and ovariectomy decrease ERat in WAT of
female rats, with no effect on ERB.° This observation may sug-
gest different metabolic roles for these two receptor isoforms.
Many of the protective effects of estrogens have been shown
to be mediated through ERa, with reduced ERa action causing
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increased adiposity in humans and mice of both sexes.”>**% Loss
of ERa also increases the adverse effects of HFD.>>¢ Different
mechanisms have been proposed for the protective effects of
estrogens. Ribas and colleagues™ reported that the HFD-induced
increase in heat shock protein (HSP)72 is not found in ERae KO
females.”® As this chaperone protein is protective against inflam-
¢ the inability to increase HSP72 in response to HFD in
the absence of the ERa may contribute to the increased suscep-
tibility to insulin resistance.’® Likewise, these KO animals did
not increase circulating adiponectin levels in response to HFD as

mation,

found in controls.”® As this adipokine is reported to be protective
toward the development of insulin resistance,” the inability to
increase its production may also contribute to increased insulin
resistance susceptibility. Activation of ERa not only has an effect
on total adiposity, but also on adipocyte size,”” which could indi-
cate that estrogens affect the ability of individual adipocytes to
accumulate triglycerides.

Despite the fact that it has been less well studied, ERB also
appears to play a role in adipose tissue physiology. Although ER
KOs have similar body weight, fat distribution, and insulin sen-
sitivity compared with wild-type (WT) mice,** their response
to a HED is modified.®® In effect, mice lacking ERB gain more
weight and adipose tissue on a HFD, with liver and muscle accu-
mulation of triglycerides being decreased and insulin sensitivity
better compared with WT animals. ER impairment of insulin
sensitivity may be at least partially due to the negative cross-talk
of this receptor with PPAR gamma signaling in adipose tis-
sue.® Treatment with ERB agonists have also been reported to
reduce visceral fat mass and adipocyte size. Glucose transporter 4
(GLUTH4) is the primary regulator of glucose uptake in adipose tis-
sue,* with levels of this transporter shown to be regulated by both
ERa and ERP activation.®*® Recent evidence indicates that ER3
may be involved in epigenetic regulation of GLUT4 expression.*®
Advances in our understanding of estrogen’s role in adipose tissue
development have also been made during the past year. Mesenteric
estrogen-dependent adipose (meda)-4 is involved in control of
adipocyte maturation, possibly through effects on PPARy and the
expression of this protein is modulated by estrogens.®’

Androgens have sex-specific effects on WAT,*® with their
actions on adipose possibly differing between rodents and pri-
mates. KO mice for the androgen receptor (AR) specifically in
WAT do not become obese,” supporting the reported results
on castration of mice.”” Androgen depletion reportedly does not
modify obesity or insulin resistance in non-human primates.*®
However, castration markedly changes visceral WAT morphol-
ogy, with the lack of testosterone resulting in smaller adipocytes
with an abnormal multilocular appearance.”® Androgens have
adipogenic effects and improve insulin sensitivity in male adi-
pose tissue, but are reported to have negative effects on insulin
sensitivity in female adipose tissue.®®”°

The metabolic response of adipose tissue to progesterone also
differs between sexes. Females are reported to increase produc-
tion of leptin, resistin, and adiponectin in response to this hor-
mone with males having no response.”! This differential response
is most likely due, at least in part, to higher levels of progesterone
receptors in adipose tissue from females compared with males.”
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Differential Response to High Fat Diet Intake

Females tend to be less susceptible to many of the detrimental
effects of HFD intake. When subjected to a HFD males have
been reported to have both higher absolute and relative weight
gain and fat mass indexes than females, and this is associated with
more greatly impaired glucose tolerance in males.”*”” However,
other authors have reported similar HFD-induced weight/adi-
pose gain between males and females’ or that the percent change
in body weight or fat mass relative to baseline is greater in females,
with this response being modified by the maternal hormonal or
nutritional environments.””*® The type of diet employed may be
a factor in determining these differential outcomes as not all diets
are equal in the percentage or types of fat. Another confounding
factor may be the time of exposure to HFD as extended exposure
appears to equalize the differences between the sexes in weight
gain.® None the less, in all of these studies glucose tolerance or
insulin sensitivity was more affected in males.

The HFD-induced weight or adipose tissue gain is also
accompanied by sex differences in the changes in gene expression
in the different adipose depots.”” Genes involved in inflammatory
responses are more highly upregulated in males compared with
females and this is only partially explained by circulating sex
steroid levels.”>”> Furthermore, regardless of dietary intake genes
related to insulin signaling and lipid synthesis were shown to have
higher expression levels in females compared with males.”” Some
genes are also inversely regulated by HED, as LPL decreases in
females and increases in males,”? while adiponectin and PPARy
mRNA levels decrease in males and increase in females.”” Thus,
the differences between the sexes in the development of HFD-
induced insulin resistance and the adipose inflammation are
most likely interrelated.

The fact that females have often been shown to gain less
weight than males when exposed to a HFD could explain the
lack of or delay in development of secondary complications
reported in many studies. However, even in studies when the
same body weight is obtained in response to HFD females have
better glucose tolerance than males and, in contrast to males,

737678 and when females have

do not develop hyperglycemia
been shown to gain more relative body weight or adiposity they
still remain more glucose-tolerant.® In the study by Nickleson

and colleagues,”

although males and females were studied at
the same weight after exposure to a HFD, females took lon-
ger to obtain this weight. Females also had more fat mass and
larger adipocytes and although gonadal adipose production of
leptin was similar between the sexes, males had reduced adi-
ponectin production.”® Males also had increased clusters of
proinflammatory immune cells and oxidative stress markers
in both gonadal fat and subcutaneous fat.”® Medrikova et al.®!
also report that in response to HFD-induced weight gain male
mice have greater macrophage infiltration of both gonadal and
subcutaneous adipose tissue compared with females, although
inflammatory markers in gonadal adipose were similar between
the sexes. They also indicate that in general, macrophage infil-
tration is lower in subcutaneous adipose tissue. Similar results

1 78
3]

have been reported by Pettersson et a where males were
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shown to be more susceptible to increased pro-inflammatory
macrophage infiltration after HFD. These authors show that
there is also a decrease in anti-inflammatory lymphocytes in
males, while this population of T cells increases in adipose of
HFD-fed females. Thus, both changes in macrophage subtypes
may contribute to females being more resistant to development
of further complications.

These differential adipose inflammatory responses could
help to explain why females are less prone to developing or have
delayed development of insulin insensitivity/diabetes. However,
the mechanisms underlying the different responses of males and
females remain to be fully elucidated. Indeed, in a study of young
obese humans, although macrophage infiltration in subcutane-
ous adipose tissue was associated with hyperinsulinemia and
upregulation of the NFkB stress pathway, this association was
not dependent on sex.®* The inflammatory response in adipose
tissue most likely depends on numerous factors including not
only the degree of obesity, but also its duration. Hence, cross-
sectional studies of obese individuals may not detect differences
between men and women in the sensitivity to or onset of adipose
infiltration.

The mechanisms for sex- and depot-specific adipose tissue
formation in response to HFD remain unclear. The sex dif-
ferences in adipose mitochondrial response to HFD could be
involved in this phenomenon. In retroperitoneal adipose, HFD
induces mitochondrial proliferation in male rats and mito-
chondrial differentiation in females.® In addition, in response
to HFD, females have a greater expandability capacity of ret-
roperitoneal WAT, which could help to explain their increased
protection from developing insulin insensitivity compared with
males.®? Perigonadal adipose from female rats is reported to have
a higher expandability capacity, low hypoxic and pro-inflamma-
tory state and no signs of mitochondrial dysfunction compared
with males.* Recent data suggest that visceral fat formation in
response to HFD involves sex-specific actions of aldehyde dehy-
drogenase 1 (Aldhl), a class of retinoic acid (RA) producing
enzymes that are involved in sex-specific fat depot formation.*
Silencer of cytokines (SOCS) 3 may also be involved in the dif-
ferential response to dietary challenges as KO of this protein in
adipose tissue protects female mice against insulin resistance,
but not male mice.?¢

Intake of a HFD also modifies circulating sex steroid levels.
Serum testosterone levels are reduced in response to a HFD,¥
with decreased testosterone being associated to increased
abdominal fat.®® In females, estrogens increase in response to
HFD,® which could be protective. Adipose tissue is capable
of aromatizing androgens to estrogens and this is modified by
both age and obesity.”>" Thus, not only do sex steroids affect
adipose tissue metabolism, but adipose tissue modulates circu-
lating levels of these steroids.

Summary
There are clear differences in the white adipose tissue of males

and females at many levels (Fig. 1) including quantity, distribu-
tion, metabolic capacity, inputs, etc. Some of these differences
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Figure 1. Schematic summary of the differences between adipose
tissue from males and females discussed in this review. The genetic
make-up and basal gene expression of adipose tissue differs between
the sexes. This, in addition to diverse signals and inputs to adipose tis-
sue that differ between males and females, results in differences in the
quantity and distribution of adipose tissue, as well as its responses and
outputs.

are due to direct activational effects of sex steroids or are medi-
ated indirectly through other factors that are modified by sex
steroids, while others appear to be inherent to each sex and thus
not sex steroid-dependent. Here we have briefly reviewed some
of the recent advances in delineating the mechanisms underly-
ing this important aspect of adipose tissue, but much is yet to
be learned. Understanding these differences and the mecha-
nisms involved will undoubtedly lead to better therapies for the
treatment of obesity and its complications, with some of these
treatments surely having different efficaciousness in males and
females.

We would also like to emphasize the fact that much of the
information in the literature pertaining to metabolism and obe-
sity has been derived from studies performed in only one sex;
many of these results may or may not be directly applicable to
the opposite sex. Here we have only reviewed some of the sex
differences in white adipose tissue, when in fact there are dif-
ferences at all levels of the metabolic control system. Hence, it
would be of great benefit for the scientific community to have
more data available that directly compares outcomes or experi-
mental parameters in males and females. Moreover, other fac-
tors such as age and sex steroid levels (prepubertal, young adult,
post-menopausal, etc.) should be more precisely defined and
compared in metabolic studies. Indeed, as childhood obesity

Adipocyte 131



has come to the forefront as an important health concern
research in this area has augmented considerably and we are

beginning to understand that not all mechanisms previously

described in obese adults can be directly applied to obese pre-

pubertal children. The concept that we are not dealing with
“obesity” but “obesities” needs to become more widely accepted.
Understanding this may facilitate the development of specific
treatments for the different causes underlying excess weight

gain.
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