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1. Introduction

Excessive or abnormal fat accumulation in the body causes overweight
and obesity. The latest report by the World Health Organization revealed that
the prevalence of obesity worldwide has almost tripled from 1975 to 2016 and
that 39% of adults were overweight and 13% or over 650 million were obese in
2016 (1). Obesity is a risk for many noncommunicable diseases such as insulin
resistance and type 2 diabetes mellitus, cardiovascular diseases, hypertension,
and also some types of cancer (1,2). Studies have demonstrated that chronic
obesity leads to adipose tissue dysfunction and systemic low-grade inflammation.
Intriguingly, this obesity-induced inflammation likely causes disrupted energy
homeostasis, resulting in insulin resistance and other metabolic diseases, such
as cardiovascular diseases and hypertension (1,3)

Although women in most ethnic groups have a higher prevalence of
obesity than men, women in their reproductive age have a lower incidence of
metabolic diseases than men. This sex difference is attenuated after women
become postmenopausal (4-7). The relatively higher metabolic risk of men and
postmenopausal women 1is correlated with the distribution of adipose tissue to
the visceral part of the body, called visceral obesity. In other words, the subcuta-
neous fat accumulation pattern of premenopausal women is associated with a
lower metabolic risk (8,9). Hence, it is important to study the mechanisms that
contribute to the sexual dimorphism in adipose tissue biology since it may lead
to a better sex-specific treatment option for combating this obesity pandemic.
Moreover, insight about how the sex differences in adipose tissue distribution
is regulated might reveal novel treatment modalities to combat obesity and the
associated metabolic complications.

Differences in gonadal and adrenal steroid levels and responses to those
steroids play an important role in the sexually dimorphic pathophysiology
of obesity and metabolic diseases. It is evident that males are more prone to
metabolic consequences of chronic stress than females (10,11). As a response
to stress, glucocorticoid (GC) is synthesized and secreted under the control of
the hypothalamic-pituitary-adrenal (HPA) axis (12). The hypothalamus and the
anterior pituitary also regulate the sex steroid synthesis of the gonads, termed
the hypothalamic-pituitary-gonadal (HPG) axis (13,14). The HPA and HPG
axes are interconnected at many levels which could partly account for the sex
difference in metabolic alterations. For example, sex steroids interfere with the
negative feedback of the HPA axis and with the expression and function of the
GC receptor (GR) (11). On the other hand, administration of corticosterone in
female mice to reach maximal concentrations that occur in response to stress
suppressed estradiol-induced LH secretion and completely blocked the ovarian



General Introduction: Sex Differences in Adipose Tissue Biology

cycle (15). Activation of the HPA axis in male rats by repeated immersion in cold
water (chronic stress) gradually reduced serum testosterone levels and disrupted
spermatogenesis (16).

Other mechanisms could also contribute to sex difference in obesity
and adipose tissue metabolism, such as epigenetic modifications, e.g. DNA
methylation, histone modifications, small single-stranded non-coding RNA
[microRNA (miRNA)] interference; the presence of sex chromosomes (X- and
Y-chromosomes in males, only X-chromosomes in females); and perinatal and
pubertal development of the brain, known as the organizational effect of sex
steroids (5,17,18). However, these topics are outside the focus of this chapter
that will focus on the effects of sex steroids after puberty, the principal difference
between males and females at reproductive age. The majority of studies in
humans and rodents on the effects of sex steroids on metabolism and energy
homeostasis have focused on the effects of estrogens and androgens in both sexes
(19,20). The contribution of progesterone, another female sex hormone crucial
for the luteal phase of the reproductive cycle and during pregnancy, to sex
differences in energy metabolism has barely been investigated.

This chapter will provide an overview of sex differences in adipose tissue
function and distribution, and the roles of gonadal and adrenal steroids therein.
In addition, this chapter will touch upon the mechanisms by which gonadal
and adrenal steroid hormones affect adipose tissue function and distribution in
various clinical conditions associated with disturbances in gonadal and adrenal
steroids.

2. Adipose tissue function, characteristics, and distribution

For a long time, adipose tissue had been considered only a passive organ
for storing excess calories as triglycerides (TGs) and providing energy-rich
substrates to the body when needed. However, it is currently known that adipose
tissue is not merely a passive bystander, but secretes a plethora of bioactive
products, termed adipokines, which regulate whole-body homeostasis and reflect
its adaptation in physiological and pathological states (21). This section will
discuss the types and distribution of adipose tissue as well as its metabolic and
secretory functions, with a focus on sex differences in these properties. Other
auxiliary functions of adipose tissue, which will not be discussed in detail,
include cushioning mechanical stress such as in palms, buttocks, and soles, and
providing thermal insulation for the body since thermal conductivity of adipose
tissue is only about 40—-50% of that of lean tissues (22).
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2.1 Types and distribution of adipose tissues

Adipose tissue has traditionally been categorized into two types which
serve opposite roles: lipid-storing white adipose tissue (WAT) and thermogenic
lipid-burning brown adipose tissue (BAT). Many studies have demonstrated
a high degree of plasticity in adipose tissues. WAT can become brown-like by,
for example, chronic exposure to cold or sustained adrenergic stimulation. This
process is called browning and the resulting adipose tissue is called beige (or brite
[brown-in-white]) adipose tissue (23,24). In contrast, BAT can be ‘whitened’ by
multiple factors, e.g. acclimation to chronic warm temperatures and B-adrenergic
signaling impairment (25).

To store excess energy in WAT, adipose tissue can expand in size
(enlargement of existing adipocytes, called hypertrophy) and/or increase cell
number (forming new adipocytes from the resident progenitor cells, called
hyperplasia). Hypertrophic expansion is considered detrimental since the
enlarged adipocytes reach a limit of oxygen diffusion, resulting in hypoxia,
inflammation, fibrosis, adipose tissue dysfunction, and subsequently insulin
resistance (26-29). Hyperplastic expansion is considered a healthy adaptation
and occurs together with proper angiogenesis — formation of new vasculature
to supply the growing adipocytes (21,30). Adipogenesis and angiogenesis are
reciprocally regulated by peroxisome proliferator-activated receptor-y (PPARy)
and vascular endothelial growth factor (VEGF). Reducing PPARy activity by a
dominant-negative PPARy results in reduced preadipocyte differentiation and
inhibits angiogenesis and an immunologic inhibition of VEGF blocks vessel
formation and inhibits adipocyte differentiation (31), showing that these two
processes are reciprocally regulated.

Concerning body fat distribution, WAT can generally be divided into
two anatomical depots: subcutaneous depots, e.g. abdominal subcutaneous and
gluteofemoral depots for humans or anterior (axillary) and posterior (inguinal)
subcutaneous depots for rodents; and visceral depots, e.g. omental, mesenteric,
gonadal, and retroperitoneal depots (32,33). Depot difference in WAT expansion
is evident in rodent and human studies. In mice fed a high-fat diet (HFD),
subcutaneous WAT expands more significantly by hyperplasia while visceral
WAT shows a greater hypertrophic expansion. Indeed, adipose progenitor cells,
responsible for adipogenesis, are more abundant in the subcutaneous depot than
the visceral depot of mice (34). Likewise, adipocyte progenitor cells isolated from
a subcutaneous depot of mice differentiated better by a standard in vitro culture
protocol and express higher levels of pro-adipogenic genes and lower levels of
anti-adipogenic genes than cells isolated from a murine visceral depot (35).
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Also in humans, obese subjects have more preadipocytes in their
abdominal subcutaneous WAT than in their omental visceral WAT. Isolated
preadipocytes from the subcutaneous depot also differentiated more efficiently
into mature adipocytes and expressed higher levels of adipogenic transcription
factors than those isolated from the visceral depot (36,37). In morbidly obese
subjects [body mass index (BMI) > 40 kg/m?], the amount of visceral fat in
insulin-resistant individuals is negatively correlated with insulin sensitivity:
insulin-resistant obese subjects have significantly higher waist circumference
and visceral fat accumulation than insulin-sensitive obese persons (27). Overall,
visceral fat accumulation is associated with an increased risk of metabolic
complications of obesity and clinical practice guidelines support measurement of
waist circumference (a reasonable proxy for visceral obesity) as an indicator for
the risk to develop metabolic diseases (38-41). A brief summary of adipose tissue
expansion and its adaptive mechanisms is presented in Table 1. Of note, some
characteristics will be discussed in following sections of this chapter.

2.1.1 Sex difference in adipose tissue distribution

Throughout life, women typically have a higher percentage of body fat
than men at an equivalent BMI (42-44). Body composition also shows many
sex-dependent characteristics including regional distribution. Women tend to
accumulate body fat around hips and thighs, called a gynoid or pear-shaped
pattern, whereas men accumulate fat around the abdomen, termed an android
or apple-shaped pattern (8,9,44). Subsequently, women and female rodents have
relatively more subcutaneous WAT and less visceral WAT than age-matched men
and male rodents (19,45-47). One of the possible mechanisms accounting for this
sex difference is that women have a higher activity of lipoprotein lipase (LPL)
in subcutaneous WAT than men (48). LPL is the enzyme involved in hydrolysis
of TGs to yield fatty acids that can be taken up by adipocytes. Upon uptake, the
fatty acids will be re-esterified with glycerol into TGs and stored in the adipocyte
(see section 2.3 for more detail). The sex-dependent pattern of fat distribution
is apparent after pubertal development, indicating a role of sex steroids in fat
accumulation (49). Moreover, this sex-dependent fat accumulation diminishes at
an older age; in other words, women gain more visceral fat, and thus their body
fat distribution becomes android-like, after menopause (50,51).

Inflammation in adipose tissues typically precedes systemic metabolic
inflammation and occurs when proper adipogenesis is limited (52). This is
especially the case in visceral depots, the predominant fat depot of males. A
mouse study demonstrated that female mice had a higher ratio of adipose
progenitor cells to adipocytes in gonadal and inguinal WATSs than male mice (53).
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Fed a HFD for 14 weeks, males expanded the gonadal depot only by hypertrophic
expansion accompanied by an accumulation of macrophages and other immune
cells, whereas females expanded the gonadal depots by both hyperplasia and
hypertrophy. This difference coincided with more weight gain and a worse
metabolic profile in males than in females after the HFD challenge (53). Other
studies also confirmed that females had less intra-abdominal fat accumulation
than males although both sexes consumed an equal amount of HFD. These
sex-differential effects were absent when the female sex steroids were depleted by
ovariectomy. Treatment with 17p-estradiol (E2) in the HFD-fed ovariectomized
mice restored the visceral deposition to the amount of non-ovariectomized
females.In addition, gonadal adipocytes were larger in males and ovariectomized
females than in non-ovariectomized females and E2-treated ovariectomized
females, suggesting protective properties of E2 on hypertrophic expansion (54,
55). Another study in male and female mice demonstrated that an obesogenic
(high-fat and high-sugar) diet resulted in greater diet-induced obesity, higher
mesenteric fat accumulation, and a worse metabolic profile in males. Intrigu-
ingly, E2 treatment feminized and attenuated the diet-induced disturbances of
male mice (56). Altogether, these data in humans and rodents suggest direct
effects of sex steroids on adipose tissues, which will be discussed in more detail
in section 3.

2.2 Adipogenic programming

Adipogenesis is a complex process in which multipotent mesenchymal
stem cells commit to the adipogenic lineage after which these preadipocytes
differentiate into lipid-containing mature adipocytes (Figure 1). White
adipocytes and classical brown adipocytes (as found in interscapular BAT depots
in rodents and human infants) are derived from different progenitor lineages.
Brown adipocytes and skeletal myoblasts arise from the paired box 7 (Pax7)- and
myogenic factor 5 (Myf5)-expressing progenitors. The transcriptional regulator
PR domain-containing 16 (Prdm16) controls the differentiation towards brown
adipocytes, whereas myogenic factors, i.e. Myf5 and the myogenic differentiation
(MyoD), repress Prdm16 and promote myoblast differentiation (57,58). White
and beige adipocytes are derived from Pax7- and Myf5-negative progenitors, but
activation of the transcription factor early B-cell factor 2 (Ebf2) commits the
progenitor cells to a beige adipocyte lineage. Of note, Prdm16 is an Ebf2-target
gene and brown adipocytes also express Ebf2 (59). On the contrary, the transcrip-
tional regulator zinc finger protein (Zfp423) is critical for white preadipocyte
commitment since Zfp423 can bind and repress Ebf2 transcriptional activity,
allowing preadipocytes to differentiate to white adipocytes (60).
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Figure 1 Adipogenesis and progenitor lineage

Classical white and brown adipocytes are derived from different progenitors. Adipogenic
programming is modulated by distinct transcription factors, listed by the arrows in the diagram.
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The general program of differentiation into mature lipid-containing
adipocytes 1s regulated by the transcription factor PPARy (the master regulator
of adipogenesis) and the transcription co-activators CCAAT/enhancer-binding
protein a and B (C/EBPa and C/EBPB) (61). White preadipocyte differentiation is
promoted by the transducin-like enhancer of split 3 (TLE3), whereas beige and
brown preadipocyte differentiation is promoted by Prdm16 (62). During differen-
tiation, committed preadipocytes arrest in growth, accumulate lipids, and form
functional insulin-responsive mature adipocytes. Early differentiated adipocytes
express PPARy, C/EBPa or C/EBP, fatty acid binding protein 4 (FABP4, also known
as adipocyte protein 2 [aP2]), and the insulin-responsive glucose transporter 4
(GLUT4) (30). Continuous activation of PPARy promotes terminal differenti-
ation by inducing a variety of differentiation-dependent target genes. Mature
adipocytes then express the genes important for adipose tissue function, such
as LPL, adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL),
perilipin, adiponectin, and leptin, as well as all of the early differentiation
markers (30,63).

The key regulator important for brown and beige adipocyte differenti-
ation is the transcriptional coactivator protein PPARy coactivator 1a (PGCla).
PGC1la co-activates PPARy and other transcriptional factors to initiate a broad
program of mitochondrial biogenesis, including the induction of expression of
the gene encoding the thermogenic uncoupling protein 1 (UCP1), a protein in
the inner mitochondrial membrane that allows protons to leak independently
of ATP synthesis and dissipate energy of substrate oxidation as heat, a unique
function of brown and beige adipocytes (64,65). The thermogenic function of
BAT is discussed in more detail in section 2.5. Upon prolonged cold exposure or
B-adrenergic stimulation, white adipocytes can also transdifferentiate into beige
adipocytes by upregulating Prdm16 and PGCla (61,66), and thereby having a
beneficial contribution to energy metabolism.

2.3 Lipid metabolism in adipose tissue

As an energy reservoir in postprandial or positive energy balance
conditions, WAT depots store excess nutrient calories as TG by uptake of fatty
acids from plasma or de novo lipogenesis. In prolonged fasting or high energy
demand conditions, on the other hand, white adipocytes lipolyze the stored TGs to
supply fatty acids and glycerol as energy substrates to the circulation to be used
by other tissues (67). The balance in lipid storage and breakdown determines
adipose tissue mass. Principle enzymes and substrates for lipid metabolism in
white adipocytes are illustrated in Figure 2.
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During physiological substrate-rich conditions, e.g. after meals, an
increase in plasma insulin levels not only promotes glucose uptake but also
stimulates fatty acid uptake and lipogenesis in white adipocytes (68). For the
uptake, adipocytes obtain fatty acids from two TG-rich lipoproteins, namely
chylomicrons (enterocyte-derived lipoproteins that transport exogenous [dietary]
fats) and very low-density lipoproteins (VLDL, endogenous lipoproteins secreted
by the liver). The fatty acids are hydrolyzed from the TG-rich lipoproteins by
LPL after which they can be taken up through fatty acid transport proteins
(FATP) or fatty acid translocase (FAT, also known as CD36). In the adipocytes,
these fatty acids are activated to fatty acyl-CoAs and sequentially esterified with
glycerol-3-phosphate to form TGs that are subsequently packed and stored in
lipid droplets (67-69).

De novo lipogenesis contributes only marginally to the TG content of
adipocytes. This pathway is less active in adipocytes than in the liver and is
less important in humans than in rodents (68,70). An increase in intracellular
substrate concentrations, for example by insulin stimulation, stimulates de novo
lipogenesis in adipocytes by inducing the transcription factors carbohydrate
response element-binding protein (ChREBP) and sterol regulatory element-
binding protein lc (SREBP1c), which subsequently induce many lipogenic
genes such as those that encode for acetyl-CoA carboxylase 1 (ACC1), fatty acid
synthase (FASN), and stearoyl-CoA desaturase 1 (SCD1) (71-73).

When the body lacks energy, e.g. upon prolonged fasting, or requires
extra metabolic supplies, e.g. during exercise, lipolysis in adipocytes is induced.
In this process that involves multiple lipases, a complete breakdown of one
molecule of TG generates three fatty acid molecules and one molecule of glycerol
as substrates for direct utilization in other tissues or for gluconeogenesis in the
liver. The first fatty acid is cleaved from TG by ATGL or, to a minor extent, by
HSL. The remaining diacylglycerol is hydrolyzed into monoacylglycerol and a
second fatty acid by HSL. Monoacylglycerol lipase (MGL) cleaves the remaining
monoacylglycerol into a third fatty acid and glycerol (67,74). Likely various
transporters such as FABP4 facilitate the export of fatty acids, while aquaporin
7 (AQP7) facilitates the transport of glycerol out of adipocytes (75,76).

At basal conditions, proteins such as perilipins coat the surface of lipid
droplets preventing them from lipase action (67,77). When lipolysis is required,
systemic cues such as the sympathetic nervous system and the HPA axis can
regulate lipase activities in many ways. The sympathetic outflow products
catecholamines bind to B-adrenergic receptors and initiate signaling cascades
to inactivate the protecting effect of perilipins and promote the translocation of
HSL to the lipid droplets. GCs, produced in response to activation of the HPA
axis, promote lipolysis in adipocytes by inducing the transcription of the lipolytic
enzymes ATGL and HSL (67,74,77,78).
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2.4 Secretory function of adipose tissue

Besides the well-known function as an energy reservoir, adipocytes
produce and secrete various adipokines that function as autocrine, paracrine,
and endocrine signaling molecules. Various systemic functions of adipokines
are known, such as regulation of systemic energy homeostasis, endothelial
function, insulin sensitivity, and inflammation. More than 600 adipokines have
been discovered, including adiponectin, adipsin, apelin, bone morphogenetic
protein 4 (BMP4), BMP7, dipeptidyl peptidase 4 (DPP4), fibroblast growth factor
21 (FGF21), interleukin-1p (IL-1pB), IL-6, leptin, lipocalin 2, omentin, resistin
[for rodents], retinol binding protein 4 (RBP4), tumor necrosis factor a (TNFa),
and visfatin (79-81). Leptin and adiponectin are the two most studied adipokines
which regulate feeding behavior and whole-body insulin sensitivity and will
therefore be discussed in more detail below.

2.4.1 Leptin

Leptin was the first identified adipokine in 1994 (82), but its physiological
roles had already been known since 1950, when an autosomal inherited mutation
was 1dentified in an obese mouse strain (83). This mutation, and later the gene,
was originally called obese (0b). Another gene mutation, which turned out to
encode the leptin receptor, was identified in 1966 in an obese and early-onset
diabetic (db) mouse strain (84). The leptin-deficient 0b/0b mice and the leptin
receptor-deficient db/db mice are among the most used animal models of obesity
and metabolic diseases since the shared phenotypes of these two models include
profound obesity, hyperphagia, reduced energy expenditure, hyperglycemia and
hyperinsulinemia (which leads to insulin resistance or diabetes depending on
age and strain), and hyperlipidemia (85).

Leptin is a 167-amino acid protein produced mainly in adipose tissues,
with WAT producing significantly more leptin than BAT. Lep mRNA expression
is however detected in many other tissues as well, including skeletal muscles,
stomach, placenta, and ovaries (86). Under healthy physiological conditions,
excess nutrient calories promote an expansion of adipose tissues which induces
leptin production and secretion. Thus plasma leptin concentrations reflect
energy status and total fat mass. Leptin binds to the leptin receptors on neurons
in various brain regions, including energy-control centers in the hypothalamus.
Here, leptin promotes satiety signals to reduce food intake and accelerate
energy expenditure in peripheral tissues through sympathetic nervous system
activation. In addition, leptin also regulates lipid metabolism in WAT since
sympathetic activation induces lipolysis and reduces de novo lipogenesis. While
plasma leptin concentrations are positively correlated with the total amount of
body fat, the leptin-induced inhibition of food intake is blunted in many obese
subjects, indicating that obesity may reflect a leptin-resistant state (87-90).
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2.4.2 Adiponectin

Adiponectin, a 247-amino acid adipokine that has a higher plasma level
(ug/mL) than other conventional factors, e.g. insulin and leptin (ng/mL), was
discovered in the mid 90’s by many research groups giving this protein different
names: Acrp30 (adipocyte complement-related protein of 30 kDa), AdipoQ, apM1
(adipocyte most abundant gene transcript 1), and GBP28 (gelatin-binding protein
of 28 kDa) (91-94). Adiponectin is generally accepted as an adipocyte-specific
marker produced by BAT and WAT (95,96). However, Adipog mRNA expression
has been detected beyond adipose tissue depots under some specific conditions,
e.g. lipopolysaccharide-induced muscle inflammation (97,98).

Adiponectin displays many metabolically favorable effects and
circulating adiponectin concentrations decline with increasing BMI, increasing
waist circumference, and insulin resistance (89,99,100). Within morbidly obese
individuals (BMI > 40 kg/m?), the insulin-resistant group exhibits lower serum
adiponectin levels than the insulin-sensitive group. Thus, lower circulating
adiponectin concentration together with adipose tissue inflammation appears
a good predictor of insulin resistance (27). Adiponectin is also associated with
an hyperplastic expansion of adipose tissue (99). Since plasma leptin concen-
trations increase and adiponectin concentrations decrease in obese subjects,
the adiponectin/leptin ratio is considered a reliable indicator for assessing
subclinical insulin resistance, metabolic disorders, and adipocyte dysfunction
(95,99,101,102).

Another unique characteristic of secreted adiponectin is that it circulates
in higher-order complex forms: the high-molecular-weight (HMW) form consisting
of 12-18 adiponectin molecules; the low-molecular-weight (LMW) hexamer
form; and the trimer form. Distribution of adiponectin complexes contributes
to distinct biological effects and HMW adiponectin is considered the active form
of this adipokine. As a result, the HMW/total adiponectin ratio is considered
another predictor for insulin sensitivity (103,104).

2.4.3 Extragonadal steroid synthesis

In addition to adipokines, WAT depots are an important source of extra-
gonadal estrogen biosynthesis, through aromatization of intracellular androgens
by the enzyme aromatase (CYP19A1) (105). Aromatase can convert testosterone
(the main circulating male sex hormone) to E2 (the main circulating female sex
hormone), or androstenedione (a weak androgen) to estrone (a weak estrogen).
The aromatization of androgens in adipose tissues contributes substantially to
circulating estrogen levels, especially in obese men and postmenopausal women
(106,107). Moreover, aromatization might contribute to local effects of sex
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steroids on adipose tissue. An imbalance in the testosterone/E2 ratio in obese
men causes metabolic syndrome and hypogonadism, which will be discussed
further in section 3.3.

GCs (cortisol for humans or corticosterone for rodents) can be converted
from their inactive 11-keto steroid precursors (cortisone or 11-dehydrocorticos-
terone, respectively) by the reductase activity of the enzyme 11p-hydroxysteroid
dehydrogenase type 1 (11B-HSD1) in adipose tissues. The active GCs act locally
to promote preadipocyte differentiation, adipocyte hypertrophic expansion, and
hence adipose tissue and systemic insulin resistance, rather than contributing
to an increase in circulating GC levels (108). Interestingly, 11B-HSD1 reductase
activity is higher in preadipocytes from visceral depots than in those from
subcutaneous depots of male mice, supporting a role of local activation of GCs in
visceral obesity (109).

2.5 Thermogenic function of BAT

BAT is a thermogenic organ that dissipates nutrient energy as heat
through its classical mitochondrial protein UCP1. It was originally recognized
that BAT was present and actively functioning only in human infants, small
mammals, and hibernating animals to maintain body temperature without
thermogenic shivering of skeletal muscles. Likewise, the concept has been that
BAT in humans regresses within the first years of life, resulting in an absence of
BAT in adults (110). Although the existence of activated BAT in healthy adults
had been suggested in the positron emission tomography/computed tomography
(PET/CT) imaging since 2002 (111), direct evidence of cold-activated glucose
uptake in BAT together with UCPl-immunoreactive brown adipocytes was
confirmed in 2009 (112-115). After the rediscovery of active BAT in adults, BAT
has gained much attention from researchers as activating BAT is suggested a
promising tool to combat the obesity pandemic.

Under physiological conditions, exposure to low ambient temperatures
stimulates cutaneous thermoreceptors to transmit sensory signals to the thermo-
center preoptic area of the hypothalamus. Subsequently, the hypothalamic
network provides signals to stimulate the sympathetic premotor neurons that
hence activate 1) cutaneous vasoconstriction (to reduce heatloss), 2) non-shivering
thermogenesis in BAT, and 3) shivering in skeletal muscles (116). In humans,
repeated exposure to cold (cold acclimation), e.g. 2 hours/day and 5 days/week for
4 weeks, increases BAT mass and the oxidative capacity of BAT. Furthermore,
the prevalence of BAT detected by PET/CT imaging is higher during winter than
other seasons and negatively correlates with outdoor temperatures (117,118).
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Cold exposure induces sympathetic nerves in BAT to secrete norepineph-
rine that stimulates BAT thermogenesis through B-adrenergic receptors (3-ADR).
Although all three types of B-ADRs (B,, B,, and B,) are expressed in human and
murine BAT, to date only treatment with BS-ADR agonists, but not with non-
specific B-ADR agonists, has resulted in increased BAT activity, suggesting that
BS-ADR mediates BAT thermogenesis (119-121). A single dose of propranolol
(a competitive non-selective B-ADR antagonist) given to patients with a strong
BAT activity signal in PET/CT imaging suppressed BAT activity in most cases
(122,123). Since propranolol binds B,- and B,-ADRs with high affinity but has a
lower binding affinity for BS-ADR (124), the suppression of BAT activity after
administration of propranolol may indicate less specificity in B-ADR subtypes
regulating human BAT activity.

The acute adrenergic response of BAT enhances lipolysis through the
activation of ATGL and HSL, and the fatty acids released in this process
stimulate UCP1 activity (125). In addition, cold exposure stimulates the uptake
of glucose and fatty acids in BAT, resulting in a decrease in circulating glucose
levels and also reductions in plasma free fatty acid and TG concentrations
(126). After the fatty acids are imported into brown adipocytes, they are most
likely first esterified into TG and incorporated into lipid droplets after which
they are hydrolyzed to be metabolized for uncoupling thermogenesis (126). This
was confirmed by the presence of significantly defective BAT thermogenesis in
ATGL-deficient mice upon an acute cold exposure (127), underscoring the need of
intracellular TG. Figure 3 illustrates the current hypothesis on lipid metabolism
in brown adipocytes for UCP1 thermogenesis.

Interestingly, not only the transcription of genes and activation of
enzymes involved in substrate turnover are upregulated, UCP1 transcription
and protein abundance in BAT are also increased upon cold exposure, called
adaptive thermogenesis (Figure 3) (126,128-130). Prolonged cold exposure also
induces browning of inguinal WAT in mice, with subsequent upregulation of Ucp 1
mRNA and protein expression (59,66,128). This inducible browning process was
observed in all WAT depots, but was much more pronounced in subcutaneous
depots than in visceral depots (131).

2.5.1 Sex difference in BAT abundance and function

In general, research has revealed that women and female rodents have
a greater BAT mass and/or higher prevalence of metabolically active BAT
and have greater inducible browning of their WAT depots than men and male
rodents (132,133). A retrospective study determining the prevalence of BAT
by PET/CT imaging found that BAT was detectable in 328 out of 4,842 (6.8%)
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Figure 3 Activation of BAT thermogenesis and lipid metabolism in brown adipocytes

Acute thermogenic responses by p.-adrenergic stimulation include activation of (1) intracellular
lipolysis, (2) fatty acid uptake, and (3) glucose uptake. Altogether, these processes increase
intracellular free fatty acid availability for mitochondrial UCP1 thermogenesis. Prolonged cold
exposure also induces adaptive thermogenesis by (4) upregulating Ucp7 mRNA expression.
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participants and significant determinants for BAT activity included, besides
low outdoor temperatures (seasonal variation), young age, low-to-normal BMI,
absence of diabetes, and female sex (118). Of note, the influence of sex on BAT
prevalence declined with age (118). Also in rodents, female rats have a higher
BAT mass (relative to body mass), higher total and mitochondrial protein
content in BAT with larger mitochondria with more cristae, and higher BAT
UCP1 protein expression than male rats under normal housing conditions at
22°C and ad libitum fed with chow diet (134,135). Circulating sex steroids are
likely one of the most important regulators of BAT differentiation and activity
(136). In cultured brown adipocytes isolated from BAT of mice or rats, treatment
with E2 or progesterone stimulated while testosterone inhibited mitochondrial
biogenesis signaling and brown adipocyte differentiation (137,138).

Under caloric restriction conditions (e.g. 60% caloric intake of the ad
libitum fed animals for 100 days), female rats showed a greater deactivation
of BAT thermogenesis to reduce energy expenditure than male rats, and hence
females are better able to protect other metabolically active organs, advanta-
geous for survival in food-limited conditions, than males (139). When fed a HFD
for 8 weeks, female rats maintained a higher expression of proteins involved in
thermogenesis (e.g. UCP1, PGCla) and fat oxidation, and a lower expression
of proteins involved in fat synthesis (e.g. FASN, ACC1) in BAT than male rats,
again suggestive for increased protective adaptations of female BAT, also under
energy-excess conditions (140). Another study, in which rats had been exposed
to a high-fat, high-sugar diet for 100 days followed by a chow diet for 70 days,
confirmed that female rats had a higher BAT mass (relative to body mass), higher
total and mitochondrial protein in BAT, higher UcpI and Adrb3 (B,-ADR) mRNA
expression, and a greater weight loss during the chow diet state than male rats.
This study confirms a higher functional capacity of BAT in females during an
overweight state (134).

3. Effects of sex and stress steroids on adipose tissues

This section will review the effects of sex- and stress-steroids on the
distribution and function of adipose tissues. Such effects have mainly been
addressed by administration of the biological hormones or their agonists/
antagonists to humans and rodents, as wells as ex vivo treatment of adipose
tissue-derived cells and stable adipocyte cell lines. Also, the removal of the
sex steroid producing gonads (gonadectomy) and animals deficient in specific
steroid receptors are commonly used methods and models to study the role of
sex steroids. A brief summary of the effects of sex- and stress-steroids on adipose
tissues is presented in Table 2 and will be discussed in more detail below.
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General Introduction: Sex Differences in Adipose Tissue Biology

3.1 Estrogens

Estrogens are female sex hormones, the effects of which at target organs
are classically mediated by the nuclear estrogen receptors (ERs): ERa and ERB.
Upon binding to ER, the estrogen-ER complex interacts with estrogen response
elements and other transcription factors, and hence stimulates or inhibits target
gene expression (19). Estrogens can also bind to membrane-associated ERs, such
as the G protein-coupled ER (GPER, formerly known as GPR30), and initiate
rapid non-genomic actions (141). In premenopausal women, E2 is the main
circulating estrogen produced by ovaries during the menstrual cycle.

Estrogen deficiency after menopause is associated with many metabolic
risks, such as obesity, metabolic syndrome, type 2 diabetes mellitus, and
cardiovascular diseases. Postmenopausal estrogen therapy has beneficial effects
against these metabolic risks. However, individualized treatment formula, route
of administration, dosage, and duration should be considered because thrombo-
embolism, a major harmful consequence of the hormone treatment, needs
to be monitored and evaluated (19,142,143). Estrogens also regulate energy
homeostasis via the central nervous system, mainly through activation of ERa
in many brain regions, which is beyond the scope of this chapter. The net central
effect of estrogens is towards a negative energy balance by inhibiting feeding
behavior and promoting energy expenditure through sympathetic nervous
system activation, and hence BAT thermogenesis [see for a comprehensive
review (144)].

Concerning adipose tissue expansion and distribution, estrogens promote
the subcutaneous gluteofemoral or gynoid/pear-shaped fat distribution, which is
associated with low metabolic risks. Postmenopausal women shift towards the
visceral or central/android/apple-shaped fat distribution and increase their body
weight and fat mass. Hormone replacement therapy in early postmenopausal
women counteracts weight gain, prevents the central fat distribution, and
increases gluteofemoral fat accumulation (145,146). Interestingly, administra-
tion of E2, in combination with an antiandrogen, for gender-affirming hormone
therapy in transwomen (male-to-female transgender persons) resulted in a
marked increase in subcutaneous fat deposition at the abdominal area, hip, and
thigh, but only a slight increase in visceral fat deposition (147).

Studies in rodents also confirm this effect of estrogens on fat distribu-
tion. Female rats have more subcutaneous fat and less visceral fat than male
rats. Ovariectomy increased visceral fat deposition in females and E2 treatment
of ovariectomized females reversed the fat distribution to that of ovary-intact
females. In addition, E2 treatment of castrated males also increased the subcuta-
neous fat percentage (148). Male and female mice with estrogen deficiency such
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as aromatase knockout (ArKO) mice, which cannot synthesize endogenous
estrogens due to targeted disruption of the aromatase gene, had heavier gonadal
and infrarenal fat pads than their wild-type (WT) littermates. E2 replacement
in female ArKO mice restored the fat pad mass to those of WT animals (149).

To study whether ERa or ERp is involved in the effects of estrogens
on adipose tissues, studies with ERa knockout (ERaKO) male and female mice
showed that these animals had an increased WAT mass, especially the gonadal
WAT (150). Studies comparing ERaeKO, ERB knockout (ERBKO), and double ERs
knockout (ERofKO) mice showed that ERaKO and ERafKO, but not ERBKO
females had increased overall fat mass and circulating leptin levels. In addition,
treatment of ovariectomized females with E2 resulted in a reduction in gonadal
fat mass in WT and ERBKO, but not in ERoKO or EReBKO mice (151,152).
Adipocyte-specific deletion of ERo led to visceral obesity and adipose tissue
inflammation in both sexes of mice, but more severe metabolic disturbances
were observed in male mice (153). These animal studies underscore that the
fat-reducing effect of estrogens is mediated through ERa, which is in accordance
with a finding in humans that adipose tissues of obese women had lower ERa
mRNA levels than those of non-obese women (154).

Recent studies revealed that GPER may also regulate adipose tissue
function and expansion, but the findings are still contradictory and warrant
further studies. One study found that female but not male GPER knockout
(GPERKO) mice were protected from HFD-induced obesity without significant
changes in food intake and energy expenditure. GPER deficiency did not affect
the metabolic phenotypes of chow-fed male and female mice (155). In contrast,
another study found that chow-fed GPERKO males had increased visceral and
subcutaneous fat mass, elevated circulating proinflammatory cytokine levels,
and reduced adiponectin levels, without changes in food consumption or physical
activity (156).

Regarding adipokine production, plasma adiponectin levels are in general
higher in women than in men (157). Postmenopausal women, nevertheless,
have higher circulating total and HMW adiponectin levels than premenopausal
women (158,159). Total and HMW adiponectin concentrations were negatively
correlated with E2 levels and insulin resistance status (158). Although estrogen
status alone cannot fully explain adiponectin levels in all mentioned conditions,
a higher adiponectin level remains a significant determinant for lower risk of
insulin resistance in postmenopausal women, confirming the anti-diabetic effect
of adiponectin (159). Gender-affirming hormone therapy in transwomen not
only increased total fat mass but also serum leptin and adiponectin concentra-
tions (160,161). In addition, in vitro stimulation of WAT explants or isolated
adipocytes from subcutaneous WAT of women confirmed a direct stimulatory
effect of E2 on leptin secretion and on LEP mRNA expression (162). Likewise,
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E2 directly reduced adiponectin production and secretion in cultured 3T3-L1
adipocytes (163).

Also female mice have higher plasma adiponectin levels, greater HMW/
total adiponectin ratio, and better insulin sensitivity than male mice (104,163).
Ovariectomy increases while E2 treatment in ovariectomized mice decreases
plasma adiponectin levels (163). Another study found that E2 treatment reduced
body weight and abdominal fat mass and attenuated insulin resistance of female
mice with HFD-induced obesity. Circulating leptin levels were elevated while
adiponectin levels were unchanged by HFD, yet E2 treatment reduced the
circulating levels of both leptin and adiponectin. Most likely, this is mediated
through a different mechanism since E2 treatment did not affect Adipogq
mRNA expression in WAT of the HFD-fed females while it reduced Lep mRNA
expression (164).

The finding that E2-treated obese mice had improved insulin sensitivity
but decreased circulating adiponectin levels is contradictory to a general
observation that adiponectin levels decline in obese and insulin-resistant state,
whereas leptin levels increase proportionally to fat mass and correlate with
insulin resistance (81). Another study in ovariectomized mice found that E2
treatment reduced fat mass, adipocyte size, and serum leptin and adiponectin
levels, but increased the adiponectin/leptin ratio which was in parallel with an
improved glucose tolerance (165). This discrepancy in adiponectin levels and
insulin sensitivity in each estrogen condition is likely caused by physiological
adaptations of adipose tissue, modes of adipose tissue expansion, or alterations
of circulating adiponectin isoforms, which require further investigation to draw
a firm conclusion.

3.2 Progestogens

Progestogens are steroid hormones synthesized in ovaries, adrenal
glands, and the placenta. Progesterone, the natural endogenous progestogen, is
essential for the development of female reproductive organs in the luteal phase
of female reproductive cycle, when it prepares the endometrium for possible
implantation of a fertilized egg, and for maintenance of pregnancy. The classical
signaling pathway of progestogens is through binding to the nuclear progesterone
receptors (PRs), subsequently interacting with progesterone response elements,
and initiating transcription of PR target genes. In addition, progestogens can
also signal through non-classical pathways by binding to other receptors, e.g.
membrane-associated receptors (mPRs), which belong to the progestin and
adipoQ receptor (PAQR) family, and the PR membrane component (PGRMC) 1
and 2 (166). Furthermore, progesterone can be converted into the neuroactive
metabolite allopregnanolone which acts through the membrane-associated
GABA type A (GABA,) receptor (166).
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Clinical observations propose a lipogenic effect of progestogens. A
longitudinal study in pregnant women found that weight gain during pregnancy
was positively correlated with plasma progesterone levels but not with E2 levels
or amount of dietary intake (167). Women using depot-medroxyprogesterone
acetate (DMPA), a progestogen-only injectable contraceptive, gained more
weight than women without hormonal contraceptives. This weight gain was
contributed to an increase in fat mass with a more central distribution (168).
Of note, although DMPA has the highest affinity to PR, it can also bind to GR
and AR albeit with low affinity, and thus DMPA also has some androgenic and
glucocorticoid effects (169). Furthermore, progestogen-only contraceptive users
usually have elevated plasma insulin concentrations after a glucose challenge,
suggesting progestogen-induced insulin resistance (170).

Progesterone administration to rats had no effect on body weight and
fat mass of male rats, but led to increased body weight and inguinal fat mass in
female rats without affecting the intra-abdominal fat mass. Activity and mRNA
expression of lipogenic enzymes were also upregulated in the inguinal WAT
of female rats (171,172). An in vitro progesterone treatment of rat adipocytes,
obtained from parametrial fat pads of females, confirmed the lipogenic effects
of progesterone since it dose-dependently upregulated Srebplc and Fasn mRNA
expression (173). However, an in vitro study using cultured adipocytes isolated
from subcutaneous and omental WAT's of women, showed inconsistent effects of
progesterone on adipocyte differentiation and lipid accumulation (174).

Concerning adipokine production, progesterone administration in rats
resulted in upregulated Lep mRNA but downregulated Adipog mRNA expression
in inguinal WAT of females. The effect of progesterone on the adipokine
mRNA expression was abolished when mifepristone (RU486, a potent PR and
GR antagonist) was co-administered, suggesting a PR-regulated mechanism.
Of interest, progesterone did not alter Lep and Adipog mRNA expression in
retroperitoneal WAT of females or in inguinal, epididymal, and retroperitoneal
WATSs of males, and did not affect circulating levels of leptin and adiponectin
in both sexes (171). However, prolonged treatment with progesterone increased
adiponectin production but did not affect leptin production in 3T3-L1 adipocytes
(175). Hence, these depot- and sex-specific effects of progesterone on adipokine
production warrant further investigation, especially since this female sex steroid
is less well studied than the other major hormone, E2.

3.3 Androgens

Androgens are male sex hormones which are not only required for male
reproductive system development and secondary male sex characteristics, but
are also involved in energy/metabolic homeostasis. Testosterone is the main
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circulating androgen for adult men and male rodents, synthesized in testes. At
target organs, testosterone can be converted to E2 by the enzyme aromatase,
e.g. in WAT, or to the more potent androgen derivative dihydrotestosterone
(DHT) by the enzyme 5a-reductase in, for example, male reproductive organs,
hair follicles, liver, and many brain regions. Principal actions of testosterone
and DHT are mediated by the androgen receptor (AR). Apart from the gonads,
adrenal glands also produce androgen precursors, so-called adrenal androgens,
i.e. dehydroepiandrosterone (DHEA), DHEA sulfate, and androstenedione,
which are found in plasma of both sexes after the adrenarche, i.e. maturation of
adrenal steroidogenesis (20,176).

Male hypogonadism, i.e., men with low testosterone levels, is associated
with visceral obesity, metabolic syndrome, and an increased incidence of type 2
diabetes mellitus (177,178). Testosterone replacement therapy for male hypogo-
nadism reduces fat mass and improves the metabolic profile (177). In contrast,
androgen deprivation therapy (so-called chemical castration) for patients with
prostate cancer leads to increases in body weight, total fat mass, and insulin
resistance (179,180). The mentioned studies suggest that androgen deficiency
in men contributes to obesity and the metabolic syndrome. On the other hand,
obesity itself is also considered a cause of male hypogonadism since leptin and
obesity-induced proinflammatory cytokines have been shown to suppress the
HPG axis and testicular testosterone production (181). Nutritional intervention
for weight reduction or bariatric surgery (surgical treatment for severely obese
patients) leads to increased plasma testosterone concentrations (182). Therefore,
it should be concluded that obesity and testosterone deficiency are bidirectionally
regulated.

Regarding fat distribution, testosterone treatment as a gender-affirming
hormonal therapy for transmen (female-to-male transgender persons) resulted
in a reduced subcutaneous fat deposition and a slight increase in visceral fat
accumulation, resembling the male fat distribution pattern (147). In healthy
men, testosterone administration dose-dependently affects total fat mass.
Low serum testosterone concentrations increase fat mass while supra-physio-
logical concentrations reduce fat mass, but the changes in fat mass are evenly
distributed between the visceral and subcutaneous depots (183). In men with
hypogonadism, treatment with testosterone alone or in combination with
finasteride (a b5o-reductase inhibitor for blocking peripheral conversion of
testosterone to DHT) both resulted in an increase in lean body mass; decreases
in waist circumference and total fat mass; improvement of physical performance;
and decreased levels of leptin, insulin, inflammatory markers, and plasma lipid
concentrations (184,185). These studies suggest a beneficial effect of testosterone
on the metabolic profile in men, including a decrease in visceral adiposity.
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However, a study in abdominally obese men found that testosterone
decreased whereas DHT increased visceral fat mass, while subcutaneous fat
mass was unaffected by either treatment. Testosterone but not DHT increased
glucose disposal under fixed hyperinsulinemic conditions, decreased fasting
plasma glucose levels, and improved plasma lipid profiles, suggesting a complex
mechanism rather than only a direct activation of AR (186). These studies
are suggestive for (local) effects of E2 because DHT cannot be converted into
E2 whereas testosterone can. Indeed, testosterone treatment to hypogonadal
men led to increased plasma concentrations of both testosterone and EZ2.
Moreover, this treatment restored the reduced mRNA expression of AR, ERa,
and CYPI9A1 in adipose tissue of hypogonadal men to those in eugonadal men
(187). Importantly, an elegant study in healthy men revealed that the fat mass
reducing effect of testosterone disappeared when an aromatase inhibitor was
co-administered with testosterone. This co-administration resulted in a greater
total fat mass than at baseline. In other words, estrogen deficiency may in fact be
the main cause of increased body fat in hypogonadal and obese men (188). These
studies illustrate the complex hormonal regulation of adipose tissue function
and a potential estrogenic effect of testosterone through ERo in male adipose
tissues.

Studies in male mice demonstrate some contradictory effects of castration
on fat masses. For example, one study showed that castration led to an increased
gonadal fat mass (189), whereas other studies showed no significant effect of
castration on retroperitoneal, gonadal, and subcutaneous fat masses (47,190).
Surprisingly, specific activation of AR by DHT and combined treatment of
testosterone and an aromatase inhibitor in castrated mice resulted in an
increased retroperitoneal fat mass, but neither testosterone treatment alone nor
E2 treatment negatively affected the fat mass (190). However, the AR knockout
(ARKO) mouse model revealed that ARKO males have increased fat mass,
elevated serum leptin levels, and reduced physical activity, but the effects on
insulin sensitivity, leptin sensitivity, adiponectin levels, and food intake were
inconsistent (191-193). A possible explanation of the inconsistent phenotypes
is the markedly reduced testosterone level and thus aromatase-synthesized E2
in ARKO mice because AR is crucial for testicular testosterone production and
ARKO males had atrophic testes. In fact, male mice with adipose-specific AR
deficiency showed normal body weight and adiposity with unaffected serum
testosterone and E2 levels, but an increase in intra-adipose E2 levels and
hyperleptinemia, yet without leptin resistance. The increased leptin production
1s likely E2-driven (194).

Concerning adipokine synthesis, androgen deprivation in healthy men
induced by gonadotropin-releasing hormone (GnRH) antagonist treatment led
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to elevated plasma leptin and adiponectin concentrations, whereas testosterone
administration suppressed the plasma concentrations of both adipokines (195).
Likewise, testosterone treatment in transmen also resulted in reduced serum
concentrations of leptin and adiponectin (160,161). In vitro stimulation of WAT
explants or isolated adipocytes from subcutaneous WAT of men confirmed that
DHT inhibited LEP mRNA expression and decreased leptin secretion. Moreover,
the inhibitory effect of DHT on leptin synthesis was attenuated upon cotreatment
with an AR antagonist, suggesting an AR-mediated mechanism (162). In male
mice, castration resulted in elevated levels of total and HMW adiponectin,
whereas testosterone treatment in castrated males reduced the circulating
adiponectin levels. In addition, testosterone or DHT treatment in cultured
adipocytes confirmed a direct inhibitory effect of testosterone on adiponectin
secretion (196,197).

In contrast to men, hyperandrogenism in women, e.g. women with
polycystic ovary syndrome (PCOS), is associated with increased total fat mass
and insulin resistance, but without a difference in regional fat distribution
compared to BMI-matched female controls (198). Another study however showed
that women with PCOS had increased visceral fat accumulation and decreased
insulin sensitivity, features which were also observed in normal-weight PCOS
subjects (199). Interestingly, recent studies revealed that the reduced insulin
sensitivity of PCOS women was associated with low serum adiponectin levels,
hypertrophic morphology of adipocytes, and an increased waist/hip ratio, but not
with androgen excess (200,201). Also in mice, continuous administration of DHT
in prepubertal females resulted in a disturbed metabolic phenotype that included
increased body weight, enlarged adipocytes in gonadal and inguinal WAT depots,
impaired glucose tolerance, elevated leptin levels, and reduced adiponectin levels
(202). Intriguingly, female mice with global loss of AR signaling were protected
against the ovarian and metabolic consequences of DHT treatment, indicating
that AR-mediated androgen actions are crucial for the pathogenesis of PCOS in
the rodent DHT model (203).

3.4 Glucocorticoids

GCs are synthesized in adrenal glands under the control of the HPA
axis, as a crucial stress response mechanism. GCs regulate energy substrate
metabolism in many aspects, namely by inducing hepatic gluconeogenesis,
reducing glucose uptake in skeletal muscles and adipose tissues, promoting
lipolysis in adipose tissues, inhibiting insulin secretion from pancreatic B cells,
and stimulating glucagon secretion from pancreatic a cells (204). Endogenous GC
synthesis is different among mammal species. Due to a lack of the steroidogenic
enzyme CYP17A1 (functioning as 170-hydroxylase or 17,20-lyase) in adrenal
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glands of mice and rats, corticosterone is the main endogenous GC for rodents,
whereas cortisol is the main endogenous GC for humans (12,205). At target
tissues, GCs bind the GR or the mineralocorticoid receptor (MR), depending on
their expression profile and function in each target tissue.

Synthetic GCs, such as dexamethasone, prednisolone, and hydrocorti-
sone, are commonly prescribed medications due to their immunosuppressive
properties. Weight gain is one of the most common side effects of synthetic GCs
with a prevalence of 70% based on a self-reported population-based study, or at
a hazard ratio of 2.4 based on an outpatient rheumatology clinic study (206,207).
In patients with Cushing syndrome (clinical manifestation of pathological
hypercortisolism), overweight/obesity is the most prevalent phenotype, present
in 57-100% of patients, with a preferential pattern towards visceral rather
than subcutaneous fat accumulation (208). The GC-induced visceral obesity
can be explained by several mechanisms, especially with respect to the effects
of GCs on WAT. First, GR mRNA expression levels and the binding capacity
for GC in WAT homogenates are higher in omental tissues than in abdominal
subcutaneous tissues (48,209). Second, intra-adipose cortisol levels are higher
in omental WAT than in subcutaneous WAT, independent of serum cortisol
level. This can be explained by an increased turnover rate and local generation
of GC in adipose tissues, controlled by the 11p-HSD enzymes (209,210). The
reductase 11B-HSD1 activates cortisone to cortisol, whereas the hydrogenase
11B-HSD2 deactivates cortisol to cortisone. Both enzymes are present and
functioning in WAT, but only the reductase activity and HSDI11BI mRNA
expression are positively correlated with adipocyte size and total fat mass.
Actually, GC treatment indirectly promotes the reductase activity by providing
the cofactor NADPH for 11B-HSD1 activity in adipocytes from omental depots
only. Direct effects on HSDI11BI mRNA expression or 113-HSD1 protein levels,
however, remain inconclusive (209,210). Third, LPL activity was higher while
norepinephrine-induced lipolysis was lower in abdominal WAT of Cushing
patients than in those of non-Cushing obese subjects, suggesting GC-induced
lipid accumulation in the visceral depot. Of note, lipogenic and lipolytic activities
in femoral WAT of Cushing patients were unaffected (211).

Concerning direct effects of GCs on lipid metabolism, dexamethasone
(a potent GR agonist with a very weak binding to the MR) treatment of rat
adipocytes directly stimulated lipolysis in a dose-dependent manner and this
effect was abolished by RU486 (a potent GR and PR antagonist). Likewise,
dexamethasone treatment of rats resulted in increased plasma levels of glycerol
and free fatty acids, confirming the lipolytic effect of GCs. Epididymal fat of
dexamethasone-treated mice also showed higher lipolytic activity and greater
levels of HSL and ATGL mRNA expression and protein content (212). An in
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vitro stimulation of 3T3-L1 adipocytes with corticosterone confirmed the direct
lipolytic effect of GCs and the GC-induced basal lipolysis in adipocytes that had
been chronically exposed to GCs (213).

However, the direct lipolytic effect of GCs alone cannot explain the
increase in visceral fat accumulation in Cushing patients. Indeed, GCs have
another crucial function in adipose tissues, namely promoting adipogenesis.
Corticosterone treatment in rats showed that corticosterone increased in fat
mass and number of adipocytes in the visceral depot but not the subcutaneous
depot, indicating depot-dependent adipogenic recruitment (213). Of interest,
among many compounds used in a standard cocktail for 3T3-L1 adipocyte
differentiation, dexamethasone is the most crucial compound in the initial stage
of differentiation, as without it adipogenesis is not induced (214). Likewise, in
human preadipocytes obtained from abdominal subcutaneous adipose tissues of
healthy subjects, knockdown of GR by small interfering RNA (siRNA) completely
blocked the adipogenic action of cortisol, whereas knockdown of MR did not
affect the differentiation (215). Hence, all studies suggest that GR plays a more
important role than MR for the adipogenic action of GCs.

Regarding adipokine production, plasma leptin levels were elevated
in patients with Cushing syndrome compared to non-obese subjects or obese
subjects without endocrine diseases. Curative resection of adrenal tumors
reduced plasma leptin levels while a dexamethasone challenge in healthy
individuals increased plasma leptin levels (216). Cortisol treatment of cultured
human adipocytes also resulted in increased LEP mRNA expression and leptin
secretion. A siRNA knockdown of the gene encoding GR but not MR reduced the
stimulatory effect of cortisol on leptin production, showing that GR is also the
receptor involved in the stimulatory effect of GCs on leptin production (215).
Likewise, dexamethasone treatment in cultured rat adipocytes also led to an
upregulated Lep mRNA expression (217).

The effects of GCs on adiponectin are different. Non-obese Cushing
patients had a lower plasma adiponectin concentration than non-obese control
subjects, but obese Cushing patients had the same low level of plasma adiponectin
concentration as the obese control subjects. Hydrocortisone injection in healthy
individuals confirmed the inhibitory effect of GCs on adiponectin production
(218). Also in cultured human subcutaneous adipocytes, dexamethasone directly
suppressed adiponectin secretion (219). In contrast, another study found that
cortisol treatment of cultured human adipocytes isolated from abdominal
subcutaneous depots induced ADIPO® mRNA expression and adiponectin
secretion. Knockdown of GR by siRNA reduced the stimulatory effect of cortisol
on adiponectin production, whereas knockdown of MR had no effect (215). The
contradictory effect of GC on adiponectin production warrant further studies.
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The HPA axis has been shown to exhibit sexually dimorphic regulation
and activity. For example, many stress-induced psychiatric disorders, such as
depressive and anxiety disorders, are more prevalent and severe in women than
in men (220). Also in rodent studies, female rats have higher baseline levels and
higher stress-induced levels of corticosterone and adrenocorticotropic hormone
(ACTH,; the pituitary hormone that stimulates the adrenal glands to synthesize
and secrete GCs) than male rats (221,222). However, there are only a limited
number of studies addressing sex differences in GC-induced alterations in
adipose tissue function. In male mice, cotreatment of corticosterone and DHT
potentiated, whereas cotreatment of corticosterone and the AR-antagonist
enzalutamide attenuated GR responses in WAT (223). Another recent study
showed that the GC-induced obesity and hypertrophic expansion of visceral fat
depots in ovariectomized rats were attenuated by E2 treatment (224). Further
studies are required to elucidate if the GC-induced metabolic derangements,
including effects on adipose tissues, are sex-dependent.

4. Conclusion

Males and females display differences in adipose tissue distribution
and functions that contribute to differences in the risk to develop obesity
and obesity-related comorbidities. Differences in sex steroid hormone levels
contribute significantly to these differences. However, studies in human and
animal models also revealed that sex steroids have sex-dependent effects
on adipose tissues. Recent studies showing that sex steroid hormone levels
influence the metabolic effects of glucocorticoids, underline the need for more
studies to gain a full understanding of the molecular mechanisms regulating
these sex-dependent effects. Additional studies are also needed since sex-
dependent effects of sex steroids and glucocorticoids have largely been overlooked
with respect to their clinical implications, for instance, sex differences in
the effects of pharmacological GCs. Better understanding of sex-dependent
regulation of adipose tissues will facilitate the development of novel sex-specific
therapeutic strategies to combat the obesity pandemic.
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Chapter 1B

1. Introduction

Adipose tissue can be generally categorized into two main types with
opposite function: energy-storing white adipose tissue (WAT) and energy-burning
brown adipose tissue (BAT), reviewed in chapter 1A. Upon cold stimulation,
BAT utilizes energy-rich substrates, mainly fatty acids, to fuel thermogenesis,
a mitochondrial process in which the activity of uncoupling protein 1 (UCP1) is
pivotal. Upon confirmation of the presence of active BAT in adult humans in 2009
(1-3), BAT has become a “hot organ” for metabolic research. Induced utilization
of excess calories through BAT activation is considered a promising strategy for
obesity treatment (4). As discussed in chapter 1A, studies in humans and rodents
have shown that females generally have a higher BAT prevalence and activity
than males (5-7). The thermogenic function of BAT is part of the whole-body
thermal homeostasis. This chapter will therefore provide an overview of body
temperature regulation and highlight the role of BAT herein. In addition, this
chapter will discuss whether thermoregulation is sex-dependently modulated.

2. Body temperature regulation

Humans and rodents are endotherms whose core body temperature (7')
is tightly controlled at ~37°C in a narrow range, e.g. 35.4-37.8°C for humans (8).
This is because cellular proteins are irreversibly denatured at a T, above 42°C
and cellular reactions slow down at a 7' below the normal range, resulting in, for
instance, fatal cardiac failure at 7/, ~27°C (9,10). In general, core temperatures,
e.g. in the brain and the thoracoabdominal compartment, are usually higher than
peripheral temperatures, e.g. skin temperatures (7,) measured at the limbs.
Heat is transferred between the core and the periphery via the circulation, which
is an important regulator of body thermal homeostasis (10). To achieve optimal
thermoregulation, the body integrates three main components for autonomic
responses: afferent (input) sensing, central integration, and efferent (output)
responses (9,11), see Figure 1 for a schematic overview.

The skin serves as the principal sensory organ since it contains sensory
nerve endings of afferent sensory neurons located in the dorsal root ganglia (DRG)
(11). The neuronal receptive endings contain temperature sensors (or thermo-
receptors) that belong to the transient receptor potential (TRP) superfamily
of cation channels of which the voltage-dependent receptors are affected by
different temperatures. Examples of these sensors include the heat-sensitive
channel TPRV1, the warm-sensitive channel TRPM2, and the cool-sensitive
channel TRPMS8 (12,13). Via these sensors, information about the T, is directed
to the thermosensory neurons: first-order neurons in the DRG, second-order
neurons in the dorsal horn (DH) of the spinal cord, and third-order neurons in
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Figure 1 Overview of autonomic thermoregulation

Abbreviations (from input to output): T, skin temperature; DRG, dorsal root ganglia; DH,
dorsal horn of the spinal cord; LPB, lateral parabrachial nucleus of the pons; POA, preoptic
area of the anterior hypothalamus; DMH, dorsomedial hypothalamic nucleus; rRPa, rostral
raphe pallidus nucleus in the medulla oblongata; VH, ventral horn; IML, intermediolateral cell

column of the spinal cord; PVG, paravertebral ganglia; BAT, brown adipose tissue; CVC,
cutaneous vasoconstriction; and T, core body temperature.
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the lateral parabrachial nucleus (LPB) of the pons. The LPB, in turn, transmits
the signal to the preoptic area (POA) of the anterior hypothalamus, the master
thermoregulatory sensorimotor integration area (9,11). Of note, warm and cool
signals are transmitted through separate populations of afferent neurons that
project to distinct populations of neurons in POA to distinguish between warm
and cool sensory inputs (14).

The warm-activated neurons and cold-activated neurons in the POA
are interconnected to integrate the signals from the LPB, and hence transmit
inhibitory or excitatory signals to the dorsomedial hypothalamic nucleus [DMH,
the key regulator for body temperature, body weight, and metabolic function
(15)] in the posterior hypothalamus and/or to the rostral raphe pallidus nucleus
(rRPa) in the medulla oblongata. The DMH contains BAT sympathoexcitatory
neurons and shivering promoting neurons, while the rRPa contains cutaneous
vasoconstriction (CVC) premotor neurons, BAT sympathetic premotor neurons,
and skeletal muscle shivering premotor neurons. In other words, cold exposure
leads to excitatory commands to the DMH and the rRPa that stimulate the
cold-defensive responses such as a reduction in heat loss by peripheral vasocon-
striction and inductions in heat production by skeletal muscle shivering and

BAT activation. By contrast, warm exposure inhibits the excitatory commands
to the DMH and the rRPa (9,11).

For vasoconstriction and BAT thermogenesis during cold exposure,
signals from the premotor neurons in the rRPa are transmitted through the
preganglionic neurons in the intermediolateral cell column (IML) of the spinal
cord, which synapse onto the postganglionic neurons in the paravertebral
ganglia (PVG), and in turn stimulate the effector organs, cutaneous blood vessels
or BAT depots. For shivering, the involuntary somatic premotor neurons in the
rRPa drive the a- and y-motoneurons in the ventral horn (VH) of the spinal cord to
initiate repeated skeletal muscle contractions (11). Although shivering leads to
rapid, maximal heat production during cold stress, it is a more energy-consuming
process than BAT activation, even when the cold is rather mild. Hence, shivering
thermogenesis is initiated only when the energy-inexpensive vasoconstriction is
at its maximum. Non-shivering BAT thermogenesis is enhanced and preferred
during habitual/prolonged cold conditions (9,16,17). For example, mice exposed
to 4°C for 3 weeks had ~4-fold induction in UCP1 mRNA and protein expression
in their BAT, compared to mice housed at 21°C (18). Rats housed at 10°C for 3
weeks also had higher oxidative activity in BAT, as well as a larger BAT depot,
indicating a more metabolically active BAT compared to BAT of rats kept at
27°C (19). These rodent findings underscore the importance of non-shivering
thermogenesis in BAT for chronic cold-defensive responses.
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In contrast, warm exposure leads to peripheral vasodilation for heat
dissipation, through inhibition of the sympathetic CVC tone. In hot conditions,
warm-activated neurons also activate the sympathetic outflow through
sympathetic cholinergic nerves that induce active vasodilation of peripheral
vessels and perspiration of eccrine sweat glands, resulting in evaporative heat
loss. When the ambient temperature (T) exceeds T, evaporative cooling is the
only possible mechanism for heat dissipation (9,11,20).

After thermal effectors have responded to external cues, e.g. changes in
T or T,, temperature sensors in internal organs recheck the adjusted 7, and
send a feedback signal to the POA in order to optimize the thermoregulatory
circuit (11,21). In fact, only changesin 7' initiate the autonomic thermoregulatory
responses and sensory information from 7 contributes more than 7, to
the autonomic responses (22). Furthermore, physiological thermoregulatory
mechanismsalso involve behavioral adaptations, e.g. changing body posture or

clothing [reviewed in (23)], which are beyond the scope of this chapter.

3. Sex difference in thermoregulation

Studies in humans and rodents have revealed sex differences in several
of the thermoregulatory control mechanisms. A remarkable sex difference is
the sex hormone-driven alterations in 7). Women during the luteal phase of the
menstrual cycle and women taking hormonal contraceptives have a 0.3—0.5°C
higher 7 than men and women during the follicular phase (24,25). Of note,
the T, fluctuation during reproductive cycles is also observed in mice (26). This
fluctuation in T’ in females is mediated by progesterone, resulting in decreased
firing rates of warm-sensitive neurons and increased firing rates of cold-sensitive
neurons in the POA (27). In addition, a study comparing the thermoeffector
responses between the early follicular phase and the midluteal phase found
that T at which women started shivering, sweating, and displaying cutaneous
vasodilation were all increased in the luteal phase, confirming the set point
altering effects of progesterone (28). Interestingly, estrogen seems to counteract
this effect of progesterone on the temperature set point since the 7' of women
taking combined estrogen-progestin (a synthetic progesterone) contraceptives
was ~0.5°C lower than T, of women taking progestin-only contraceptives (29).

An important factor for thermoregulation is body composition, an anthro-
pometric feature that is profoundly different between men and women. A higher
body surface area (BSA) directly results in a higher rate of heat loss, whereas
body mass positively correlates with the rate of heat production and storage.
The BSA-to-mass ratio thus dictates the net heat transfer from the body to its
surroundings (30,31). With similar adiposity, women generally have a larger
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BSA but a smaller body mass than men, indicating a higher heat loss and a
lower heat production capacity compared to men. Therefore, the sex difference
in body composition, with women having in general a higher BSA-to-mass ratio
than men, suggests that women have a higher basal rate of heat loss than men
(30-32). Intriguingly, a recent study found that the BSA-to-mass ratio was
almost the sole determinant for heat-dissipating responses during an exercise
with matched heat-loss requirements and that women favored dry heat loss
(vasodilation) whereas men depended more on evaporative heat loss (sweating)
(33).

The thermoeffector responses, e.g., adaptations of cutaneous vessels,
sweating, and BAT thermogenesis, have been shown to display a certain degree
of sex-dependent regulation. A human study in which the researchers infused
warm or cold saline to manipulate 7, while keeping 7', constant found that the
average T at which women started vasoconstriction, sweating, and shivering
were all ~0.3°C higher than the 7' in men (34). However, the inter-threshold
range of shifting from vasoconstriction to sweating was ~0.2°C, which was equal
in both sexes (34).

Concerning direct effects of sex hormones on vascular tones, 17B-estradiol
(E2) directly causes rapid vasodilation by estrogen receptor (ER)-stimulated
production of nitric oxide, an endothelium-derived relaxing factor, in vascular
walls (35). The effects of progesterone and testosterone on blood vessels have
also been studied, but the findings are contradictory. For example, while acute
testosterone treatment increased vasodilation, chronic testosterone treatment
led to impaired vascular relaxation and augmented vasoconstriction (36,37).

Studies have shown sex differences in sweating. Men had a greater
maximal sweat rate than women when they were locally infused with
acetylcholine, without a difference in cutaneous blood flow or the number of
active sweat glands (38,39). Furthermore, although the acetylcholine-induced
sweat rate was increased in physically trained subjects, the sweat rate remained
higher in the physically trained men than in trained women (38). The same
sex difference was also found when volunteers were exposed to a controlled
whole-body heating protocol. Although men had a higher maximal sweat rate
than women, the change in 7, and the T, at which sweating started, as well as
cutaneous vasodilation measured by cutaneous vascular conductance, did not
differ between the sexes (39).

As reviewed in chapter 1A, BAT is more prevalent and active in females
than in males (5-7,40) and studies have demonstrated that the female sex
hormones E2 and progesterone stimulate while the male sex hormone testos-
terone inhibits BAT activities (41,42). In addition, E2 can directly influence the
central nervous system through ERa in the ventromedial hypothalamus (VMH),
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which subsequently activates the rRPA, resulting in sympathetic nervous
system activation, and hence BAT activation (43,44). Female mice lacking ERa
in the VMH-specific steroidogenic factor-1 neurons had a reduction in sympathetic
outflow activity and impaired BAT thermogenesis, confirming the direct E2-
activated BAT thermogenesis in the VMH (45).

4. Thermal perception: a matter of sex?

In terms of thermal perception, thermal comfort is not only the sensation
of T, but also a subjective interpretation of an individual how satisfied he/she is
with 7. Of interest, research has shown that women are more sensitive to and
more often dissatisfied to fluctuations in 7 than men (46-50). In other words,
women have a smaller comfort range of 7' than do men, though the findings have
not always been statistically significant (50,51). This sex-dependent thermal
preference has been nicely demonstrated in mouse studies. For instance, if mice
were allowed to choose to reside at either 20, 25, or 30°C, females preferred to
spend more time in the 30°C cage and less time in the 20°C cage, compared to
males (52,53). One of the possible mechanisms for this sex difference in thermal
sensation is the sensitivity of the cool-sensitive TRPMS8. Females had higher
sensitivity (lower threshold) and greater signal transmission of TRPMS8 in the
DRG neurons than males. The sex-dependent effects in TRPMS8 were lost upon
removal of E2 and testosterone from the culture media (54), implicating a role
for sex steroids in thermal sensation.

5. Conclusion

Optimal control of T is achieved by coordination of thermal somato-
sensory organs, central integrating centers in the hypothalamus, and thermo-
effector organs. Sex differences in thermoregulation are evident in multiple
aspects, such as anthropometric characteristics and effects of sex hormones on
BAT. However, it is still largely unknown whether sex hormones are involved in
the differences in thermal perception. Also, whether the different sensitivities to
T in males and females are causative for the sex differences in thermoeffector
responses requires more dedicated investigations.
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Males and females display differences in adipose tissue distribution
and function, as well as in thermoregulation, as reviewed in Chapters 1A and
1B. Yet, the mechanisms that underlie this sex dimorphism are not completely
understood. So far, most human and rodent studies have studied the role of the
sex steroids estrogens and androgens in adipocyte metabolism, proliferation, and
function. However, little is known whether other factors, such as glucocorticoids
and sensory input, contribute to sex differences in white adipose tissue (WAT)
and brown adipose tissue (BAT) function and whether these factors modulate
the actions of sex steroids on adipose tissue.

This thesis therefore aims to investigate intrinsic and glucocorticoid-
induced sex differences in adipose tissue function. In addition, this thesis aims
to unravel the role of sex hormones in thermal perception, as this might be an
important factor in controlling sex differences in BAT activity.

Chapter 2 presents a study on the effects of treatment with high-dose
corticosterone (the endogenous rodent glucocorticoid) on whole-body glucose
metabolism and adipose tissue adaptation in male and female mice. WAT and
BAT are studied by morphological, molecular, and functional approaches. One
of the aims of this study was to investigate whether biological sex modulates
the adverse metabolic consequences caused by the intensive glucocorticoid
treatment.

Chapter 3 focuses on sex differences in mouse BAT transcriptome with
the aim to identify molecular mechanisms that contribute to sex differences in
BAT morphology and activity. In addition, the effects of the less studied female
sex hormone progesterone on cultured adipocytes were analyzed to gain insight
into its regulatory role in BAT activity.

Chapter 4 demonstrates another aspect of BAT regulation, namely
a sensory input for BAT activation. Because exposure to cold (an ambient
temperature lower than the thermoneutral zone) is a major driver of BAT
thermogenesis for maintaining an optimal body temperature, this study
explored whether the thermal preference between young adult male and female
mice differs. Since sex hormones are important physiological regulators of the
temperature set point in the central nervous system, gonadectomy was performed
to study the role of sex steroids herein.

Chapter 5 is a translational and confirmatory study on the thermal
preference in young adult men and women. In this study, the water-filled cooling
blanket was used as a body-cooling instrument since this is a common method for
studying BAT activity. The temperature at which participants started shivering,
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was used as the primary outcome since this is a sensitive and quantitative
assessment for evaluating cold perception threshold in humans.

Chapter 6 provides a general discussion about the findings of the studies

presented in this thesis and incorporates some recent updates on interactions
between sex and stress hormones influencing adipose tissue function. Finally,
conclusions and some future perspectives are provided.
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