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Abstract

Objective: This review aims to provide an overview of the factors contributing to central obesity, particularly in postmenopausal women,
who are affected at a global rate of 26%. It emphasizes the heterogeneity of adipocytes, the impact of prenatal genetic factors, and the
role of estrogenic neuroendocrine regulation. Additionally, the review explores the paradoxical functions of visceral fat and identifies
the primary depots that may contribute to its overall function. Mechanism: Estrogen deficiency is a key factor in central adiposity
among postmenopausal women, leading to a reduction in subcutaneous adipose tissue (SAT) and an increase in visceral adipose tissue
(VAT) compared to premenopausal women. This deficiency deactivates pro-opiomelanocortin (POMC) neurons and steroidogenic factor-
1 (SF1) neurons via estrogen receptor alpha (ERα), desensitizes vagal cholecystokinin-A (CCK-A) receptors, and hyperactivates the
hypothalamic-pituitary-ovary (HPO) axis, resulting in increased food intake and decreased energy expenditure. The differences between
VAT and SAT, such as expandability, anatomic location, free fatty acid (FFA) mobility, facilitate energy transfer from SAT to VAT, thereby
contributing to central obesity. VAT also compensates for estrogen deficiency by releasing estradiol, inflammatory and anti-inflammatory
adipocytokines, and increasing 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1) activity, which potentiates glucocorticoid functions
and ultimately leading to the development of metabolic syndromes. VAT is heterogeneous, including distinct depots such as mesenteric,
gonadal, and perirenal fat. Mesenteric fat may play a significant role in body weight regulation and insulin resistance, while other fat
depots interact more closely with surrounding organs to regulate various physiological functions. Understanding VAT heterogeneity
is crucial for identifying adiposopathy markers associated with various metabolic syndromes. This knowledge can inform holistic,
personalized therapeutic and bodybuilding approaches, helping patients to mitigate the risks associated with current hormone therapies.
Findings in Brief: The ratio of SAT to VAT is shaped by a combination of prenatal genetics, neuroendocrine regulation, and postnatal
epigenetic factors influenced by environmental energy availability and estrogen deficiency. VAT accumulation exhibits paradoxical roles,
aiding adaption to energy surplus stress while simultaneously contributing to postmenopausal syndromes. Within VAT, heterogeneity
exists, with mesenteric fat depots playing a key role in its overall function. Long-term protective strategies during the perimenopausal
and menopausal periods may include energy restriction and the maintenance of normal estrogen levels. Personalized diets and estrogen
supplementation hold promise in alleviating associated syndromes. Further exploration of the relationship between mesenteric fat, VAT
accumulation, and menopausal syndromes could help clarify existing contradictory evidence and position mesenteric fat as a potential
target for effective interventions aimed at alleviating postmenopausal symptoms with fewer side effects. Conclusions: Visceral fat
accumulation in postmenopausal women is a consequence of energy stress due to estrogen deficiency, followed by the energy transfer
from SAT to VAT. The heterogeneity of VAT suggests that its components may have different roles in body weight regulation. Mesenteric
fat may play a major role among the depots.
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1. Subcutaneous Adipose Tissue (SAT) vs.
Subcutaneous Adipose Tissue (VAT):
Understanding White Adipose Tissue (WAT)
as a Heterogeneous and Non-Contiguous
Organ Distributed Throughout the
Mammalian Body

Body fat can be classified into essential fat and stor-
age fat. Storage fat refers to the fat accumulated in adipose

tissue and is primarily composed of triacylglycerols [1]. Es-
sential fat, on the other hand, is found in lipid-rich tissues,
including the liver, heart, lungs, central nervous system in
both men and women. In women, additional essential fat
in found in the mammary glands and pelvic region. Ref-
erence values indicate that men have approximately 12%
storage fat and 3% essential fat, whereas women generally
have around 15% storage fat and 12% essential fat [2]. Stor-
age fat constitutes around 86% of total body fat and is the
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most variable component among individuals [1]. Body fat
can also be categorized based on its location, such as trunk
fat and appendicular fat, the latter being found in the arms
and legs [3].

Functionally, mammals, including humans, possess
different types of adipocytes—white, beige, and brown
adipocytes—distributed throughout various regions of the
body. WAT is the predominant form of fat in adults [4].
It can be further divided into three main anatomical cate-
gories: SAT, VAT, and ectopic fat [5,6]. Ectopic fat, which
accumulates in organs such as muscles, pancreas, liver, and
heart [7], is typically present in small quantities and is be-
yond the scope of this review. This manuscript will pri-
marily focus on SAT and VAT. Additionally, WAT can be
further subdivided into three groups based on its depth rel-
ative to the skin: superficial SAT, deep SAT, and VAT [8].
Additionally, specific terminology is often used to describe
fat in particular anatomical regions, such as abdominal SAT
[9].

VAT surrounds intra-abdominal organs, including ab-
dominal and intra-abdominal fat [10,11]. This encom-
passes fat surrounding internal organs, such as epicardial
fat, perivascular fat, and fat surrounding gastrointestinal
structures [6,7]. VAT is a component of android fat, which
also includes abdominal SAT.

Excessive accumulation of VAT is now recognized as
adiposopathy due to its strong association with increased
risks of insulin resistance, type 2 diabetes, and cardiovas-
cular diseases [5,12–19]. For example, individuals with
Crohn’s disease or intestinal tuberculosis exhibit signifi-
cantly higher ratios of VAT to SAT or total fat [20]. VAT
plays a key role in the secretion of pro-inflammatory cy-
tokines, including interleukin-6 (IL-6), as well as hormones
like leptin and adiponectin, particularly in the context of
systemic inflammation [21,22]. Reducing VAT through in-
terventions such as fasting has been shown to alleviate low-
grade chronic inflammation linked to excessive visceral
adiposity [23]. Additionally, VAT is closely associated with
conditions such as sleep apnea, certain tumors, and other
disorders [11].

SAT lies just beneath the skin and is distributed across
various body regions, including the thighs, hips, and gluteal
region. It is further classified into deep and superficial
SAT. SAT distribution varies by anatomical site, age, and
sex [24–26]. Unlike other types of fat, SAT plays protec-
tive roles by shielding delicate organs (such as the eye) and
cushioning body areas exposed to high mechanical stress
(such as the heel and toe pads) [13]. Additionally, it con-
tributes to the sexually dimorphic appearance of human
faces [27]. Prior to menopause, women tend to accumulate
more SAT, which may offer protection against the adverse
effects of obesity and metabolic syndrome [12]. However,
with aging, SAT can infiltrate the dermal layer, impairing
skin elasticity and promoting wrinkle formation [28]. Ad-
ditionally, SAT can adapt to changes in nutrient status, age,

and sex [26,29]. As a result, SAT is often considered a ben-
eficial tissue, with its subcutaneous accumulation generally
being less harmful, particularly in female [6].

However, SAT is not always beneficial. Excessive
SAT, for instance, can contribute to biomechanical disor-
ders associated with increased fat mass, such as ulcers, im-
mobility, and sleep apnea. Moreover, when caloric intake
exceeds the storage capacity of SAT, excess energy may
be redirected toward VAT accumulation [11]. The benefits
of SAT can also vary by anatomical location. In humans,
upper-body SAT is responsible for most systemic free fatty
acids (FFAs) and is more insulin-resistant than lower-body
SAT [6,15].

Emerging research suggests that, rather than acting as
a passive storage site for excess energy, WAT is consid-
ered a dynamic and diverse organ, dispersed throughout
the body and capable of sensing and responding to vari-
ous physiological signals from its microenvironment. It, in
turn, functionally and morphologically adapts to changes
in physiological status. The plasticity of WAT is further
evident in the sexual dimorphism of fat mass between fe-
males and males [12,30–32], as well as in the differences
in fat distribution observed between perimenopausal and
postmenopausal women [33]. Therefore, WAT is now con-
sidered as a heterogeneous organ with a remarkable degree
of plasticity [34,35]. Understanding the factors that drive
WAT heterogeneity, including its prenatal and postnatal ge-
netic influences, hormonal status, and regional variations, is
essential for gaining deeper insights into the characteristics
of this newly recognized organ, as well as the pathological
consequences of postmenopausal obesity.

2. Genetics and Epigenetics of Sexual
Dimorphism in Fat Mass and Distribution
2.1 Effect of the X Chromosome on Fat Mass and
Distribution in Humans and Mouse Models

Men aged 20–24 years typically have a body fat per-
centage of around 15%, while women of the same age have
about 27% body fat, with a higher proportion of SAT [1].
The primary factor driving the differences in fat mass and
distribution between sexes is the presence and dosage of the
X chromosome, as observed in individuals with Klinefelter
syndrome (KS) (47, XXY; mosaicism 47, XXY/46, XY;
48, XXXY; 49, XXXXY) [36,37]. The supernumerary X
chromosome significantly influences VAT, as indicated by
measures like epicardial fat thickness and truncal body fat
[38–40]. However, KS patients treated with testosterone
tend to exhibit lower abdominal fat [41].

Similarly, mouse models with various combinations
of gonads and sex chromosomes (XX female, XX male,
XY female, and XY male) demonstrate that the presence
of two X chromosomes leads to increased adiposity com-
pared to XY mice, regardless of the effects of ovaries or
testes [42]. In both intact and gonadectomized animals,
XX mice consistently exhibit higher levels of high-density
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lipoprotein cholesterol (HDL-C) than XY mice, regard-
less of sex [43]. Additionally, a quantitative trait locus
(QTL) on X chromosome, near D10Mit174 (DXMit174, a
microsatellite marker), has been associated with adiposity,
body weight, and the size of individual fat depots [44]. The
connection between the X chromosome and central obesity
is further supported by studies indicating that low-birth-
weight males tend to have lower overall and central adipos-
ity, while low-birth-weight females more frequently show
increased central fat accumulation [45]. The X-inactive
specific transcript (Xist) is expressed specifically in female
adipose tissue, which may help explain the observed sex di-
morphism in fat accumulation [46]. Moreover, sex differ-
ences in adipose tissue gene expression and development
may be modulated by differential miRNA expression [47].

2.2 Effect of Autosomal Genes on Fat Mass and
Distribution

In addition to sex chromosomes, autosomes also play
a significant role in the regulation of fat mass and distri-
bution. Quantitative genetic analyses have revealed that
the traits of VAT and SAT are heritable [48]. For exam-
ple, two single nucleotide polymorphisms (SNPs) in the fat
mass and obesity-associated protein (FTO) gene, located on
chromosome 16, have been linked to SAT accumulation in
humans [49]. Several QTLs on mouse chromosome 9 con-
tribute to strain-specific differences in overall fatness, with
at least four regions at or near adipocyte fat-associated gene
5 (Adip5) exerting a stronger influence on specific fat de-
pots, such as the gonadal fat depot weight [50,51].

Interestingly, gene expression in adipocytes may ex-
hibit sex-specific differences. For example, DEAD-box
Y RNA helicase (DBY) and eukaryotic initiation factor 2
gamma (eIF2γ) are exclusively expressed in male adipose
tissue, while Xist is solely expressed in female adipose tis-
sue. Fat depot-specific gene expression has also been ob-
served: myosin heavy chain 2B (Myh2b) and phosphoglyc-
erate mutase muscle-specific subunit (Pgam2) are specifi-
cally expressed in SAT, while uroplakin IIIb (UPK3b) is
specifically expressed in VAT [52].

2.3 Estrogenic Effects on Fat Distribution Specificity
Estrogens play a central role in regulating and exert-

ing sex-biased effects on specific genes, such as reprimo, a
putative p53-dependent tumor suppressor gene. This reg-
ulation occurs in the ventromedial hypothalamus (VMH),
a key regulatory node for energy expenditure that demon-
strates sexual dimorphism. This regulation contributes to
higher core temperatures in male mice compared to females
[53]. Furthermore, estrogen-mediated transcriptional and
epigenetic regulation in adipocytes plays a crucial role in
the sexual dimorphisms observed in body fat distribution
and the associated risk of obesity-related diseases. This
topic has been extensively reviewed by Bjune et al. [54].

Furthermore, estrogens regulate gene expression in a
site-specific manner, influencing the expression of genes
such as monocyte-chemoattractant protein-1 (MCP-1), an-
drogen receptor (AR), estrogen receptorα (ERα), and ERβ.
This suggests that estrogenic and androgenic signaling in
adipose tissue can influence site-specific fat mass accumu-
lation [46,55]. Notably, VAT depots exhibit higher mRNA
levels of ERα, ERβ, and AR compared to their subcuta-
neous counterparts [55].

The aforementioned genetic factors collectively es-
tablish the prenatal and premenopausal set points for bal-
anced body weight through various pathways, contributing
to sex-based differences in fat distribution and related traits
[56–58]. Hormonal fluctuations, environmental chemicals,
drugs, and diets canmodify these homeostatic metabolic set
points through epigenetic mechanisms, thereby influencing
individual fat redistribution.

3. Distinction between SAT and VAT as a
Key Factor in Fat Redistribution,
Particularly in Postmenopausal Women
3.1 Central Obesity in Postmenopausal Women: Regional
Variations Between VAT and SAT

Postmenopausal women typically have a higher per-
centage of body fat and lower lean tissue mass compared to
premenopausal and perimenopausal women, with 40% of
postmenopausal women experiencing visceral obesity [33,
59–61]. Excessive VAT accumulation is particularly preva-
lent in perimenopausal women [33,62,63]. Both visceral
and gynoid (gluteal-femoral regions) fat increase during the
menopause transition, with yearly changes of 6.24% and
2.03%, respectively (both p < 0.05) [64]. Postmenopausal
women exhibit 36% more trunk fat (p < 0.01), 49% more
intra-abdominal fat area (p< 0.01), and 22% more abdom-
inal SAT (p < 0.05). Notably, the menopause-related in-
crease in intra-abdominal fat persists (p < 0.05) even after
statistical adjustment for age and total fat mass, while no
differences are observed in trunk or abdominal SAT follow-
ing adjustment [10].

3.2 Priority of VAT Accumulation under Estrogen
Deficiency: Consequences of Cellular and Physiological
Heterogeneity between VAT and SAT

VAT is particularly metabolically active, more sensi-
tive to lipolysis, and more insulin-resistant than SAT, re-
leasing FFAs from lipolysis directly into the liver through
the portal circulation [5]. As shown in Table 1 (Ref.
[5,18,65–89]), visceral adipocytes have a lower capacity
for preadipocyte differentiation and a higher percentage
of larger adipocytes, which promotes adipocyte expansion
[5,65]. This contributes to central abdominal fat accumula-
tion when there is an excess of energy or low estrogen lev-
els. In other words, estrogen deficiency is a key causative
factor driving significant central and VAT redistribution in
postmenopausal women [90]. Additionally, VAT depots are
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responsive to various stimuli during the menopause transi-
tion, including aging, positive energy balance [90], physical
inactivity, stress [65], and local hormonal influences such
as cortisol production [66]. Comparing the cellular charac-
teristics of VAT and SAT can offer valuable insights into the
mechanisms underlying fat redistribution (Table 1).

In summary, during menopause, characterized by
an altered ERα/ERß ratio and subsequent changes in
metabolic signaling [91], the primary factors contributing
to the increase in VAT mass include: (1) anatomical con-
nection to the liver: VAT is anatomically connected to the
liver through the portal circulation, allowing it to receive
nutrient-rich blood and promote lipogenesis [5]. (2) Cell
specificity of VAT: VAT differs from the SAT by presenting
a lower capacity for preadipocyte differentiation capacity
and a higher proportion of large adipocytes. This cellular
specificity enables VAT to store more energy derived from
SAT. (3) Enhanced uptake and lipolysis of FFAs: VAT has
a greater ability to uptake FFAs and undergoes lipolysis,
contributing to its expansion [70]. (4) Increased inflam-
mation in SAT: during menopause, increased inflammation
in SAT can promote the growth of VAT [59]. (5) Elevated
11β-hydroxysteroid dehydrogenase 1 (11β-HSD1) activity:
increased activity of 11β-HSD1, an enzyme that converts
of cortisone to cortisol in VAT, results in hypercortisolism,
which contributes to central adiposity and the development
ofmetabolic syndrome [92,93]. Together, these factors may
contribute to the expansion of VAT and central abdominal
fat, particularly in the presence of an energy surplus or/and
low estrogen levels [5].

4. Is VAT Simply a Marker of Adiposopathy
in Postmenopausal Syndromes?

Beyond fat redistribution, it is important to recognize
that the characteristics of VAT, as outlined in Table 1, may
reflect its roles extending beyond merely being a marker of
adiposopathy or an indicator of obesity-related metabolic
complications. Adiposopathy, defined as the pathological
dysfunction of adipose tissue, is often a primary cause of
metabolic syndrome. In fact, these characteristics are often
oversimplified to the idea that “obesity protects obesity”
[57,58,94]. This concept is particularly evident in the ex-
pansion of VAT.

VAT has a higher density of glucocorticoid and ARs
compared to SAT. Moreover, VAT adipocytes exhibit in-
creased activity of 11β-HSD1, an enzyme that converts
cortisone to cortisol within the tissue [71]. This pro-
cess enhances local glucocorticoid exposure, influencing
a wide array of metabolic, anti-inflammatory, and im-
munosuppressive mechanisms, thus supporting both nor-
mal VAT and systemic processes [56,95]. For example, in-
creased glucocorticoid-signaling enables VAT adipocytes to
respond more sensitively to environmental stressors by mo-
bilizing FFAs and becoming more responsive to adrenergic

stimulation. While this local amplification of glucocorti-
coid signaling aid in adaptation to stress, it also contributes
to side effects, such as the development of insulin resistance
[71,96].

Another key factor is that VAT is considered a pri-
mary driver of adiposopathy, largely due to the release
of adipokines that regulate both adaptive and acquired
immune responses, contributing to the development of
metabolic and immune diseases [11,19]. For instance, in-
creased leptin secretion from adipose tissue suppresses ap-
petite and promotes energy expenditure, thereby contribut-
ing to the maintenance of energy balance and the mitiga-
tion of lipodystrophy. Paradoxically, leptin also stimulates
the renin-angiotensin system (RAS), which plays a role in
regulating fluid balance, but can lead to hypertension [97],
systemic sclerosis, and other disorders [98].

In addition, adipose tissue secretes a combination of
pro-inflammatory cytokines (such as leptin, interleukin-1
beta (IL-1β), IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-18,
tumor necrosis factor α (TNFα), and resistin) and anti-
inflammatory cytokines (such as adiponectin) [99]. This
complex cytokine profile is part of the “obesity paradox”,
where the same biological processes can exert both pro-
tective and harmful effects. For example, the altered ratio
of ERs (ERα/ERβ) in the context of estrogen deficiency
further complicates the immune and metabolic responses,
thereby contributing to the multifaceted health impacts of
obesity [91,99,100].

Another notable paradox is that, during menopause,
adipose tissue becomes the primary source of estrogen, with
VAT often referred to as a “third ovary”—a concept central
to the “obesity paradox” [94]. Although the total amount of
estrogen produced after menopause is significantly lower
than during a woman’s reproductive years [12], this shift
has crucial implications. Estrogen derived from adipose
tissue can help mitigate certain cardiovascular risks, but
it also promotes further adipose tissue expansion, thereby
contributing to obesity. This, in turn, increases the risk
of developing estrogen-sensitive breast cancer, highlight-
ing the complex role of adipose-derived estrogen in both
protective and harmful processes [101,102].

Consistent evidence suggests that VAT may not be
the primary cause of metabolic complications [5,15,103].
Several loci on human chromosomes have been identified
that paradoxically exert beneficial cardiometabolic effects,
either by promoting favorable fat distribution or by hav-
ing no adverse cardiometabolic impacts at all [104]. Ad-
ditionally, individuals with metabolic syndrome often ex-
hibit a borderline negative correlation with abdominal SAT
mass [105]. The paradox may stem from the underlying
fat mass—whether it is present in appropriate amount or in
excess.

4

https://www.imrpress.com


Table 1. Differences between VAT and SAT.
SAT VAT Consequence Reference

Cell division and differentiation ++ + More SAT cells [67]
Expandability capacity + ++ Larger VAT cells [68]
Absorption of FFA + ++ SAT: energy storage↑

VAT: lipid mobilization↑
[5]

Absorption of TG + ++ [69]
Lipolytic activity + ++

VAT is more metabolically active;
gluconeogenesis↑;
insulin clearance↓

[5]
Glucose uptake + ++ [70]
Insulin resistant + ++ [65]
Plasma lipoprotein-lipid + ++
Plasma triglyceride + ++ [70]
11β-HSD activity + ++ Cortisol response to stress↑; VAT

mass↑
[71]

11β-HSD expression + Unchanged or decreased Compensation for central obesity;
lipid mobilization↑

[71–73]

GR
Fructose or/and stress activate glucocorticoid
signaling with ↑corticosterone, 11β-HSD1,

but ↓GR expression

Response to glucocorticoids and
stress↑; corticosterone↑; VAT

lipolysis↑
[5,65,74,75]

AR
Adipocyte AR KO increases

susceptibility to visceral obesity
Fat mass↓ in male mice [76]

Testosterone low
Visceral obesity and metabolic

syndrome in males
Waist circumference↓; ↑BMI [66]

Testosterone
Testosterone↑, VAT mass↑
in postmenopausal women

Metabolic syndrome↑ [77,78]

ERα ++ + Lipid storage↓ [65]
ERβ + ++ Anti-ERα, VAT dysfunction [79,80]
Growth hormone response + ++ Lipolysis↑; VAT↓ [81,82]
β3 receptor + ++ Lipolytic sensitivity↑ [83]
α2 receptor ++ + Lipolytic sensitivity↓
Capillary density + ++ VAT hypoxia→ dysfunction→

proinflammatory cytokines
[18,84,85]

Proinflammatory cytokines + ++ (mostly mesenteric fat) Adipocytokines↑ [18,86]
Adiponectin content ++ + ↑VAT cell size with ↓division [87]
VAT-resident Treg cells + ++ VAT caused inflammation in male

mice
[88]

Macrophage + (least infiltration) ++ (mostly omental fat) ↓Cytokines release [89]
+: normal level; ++: higher level. VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; FFA, free fatty acid; TG, triglyceride;
11β-HSD, 11β-hydroxysteroid dehydrogenase; GR, glucocorticoid receptor; AR, androgen receptor; KO, knockout; BMI, body mass
index; ER, estrogen receptor; ↑, increased; ↓, decreased.

5. Clinical Implications of VAT
Heterogeneity in Postmenopausal Syndromes

Emerging clinic evidence has shown that the percent-
age of VAT is inversely associated with total bone mineral
density and osteoporosis [106,107], as well as with lower
levels of HDL-C [108]. In contrast, in postmenopausal
women with normal lean mass, VAT does not appear to cor-
relate with bone mineral density or markers of bone for-
mation and resorption. VAT, rather than age, is strongly
linked to an increased risk of breast cancer [109], elevated
fasting glucose, insulin levels, and cardiovascular risk fac-
tors such as triglycerides, apolipoprotein B [108], and blood
pressure in postmenopausal women [110–112]. Notably,
peri-coronary epicardial adipose tissue is strongly associ-

ated with vascular risk factors and coronary calcification
[113]. In contrast, diet-induced weight loss has been shown
to significantly improve fasting insulin levels and glucose
metabolism [114]. Supplementation with Equol, an ER
agonist, can notably alleviate postmenopausal syndromes
and reduce VAT mass in postmenopausal women following
three months of treatment [115].

Paradoxically, higher adiposity has also been asso-
ciated with fewer physiological hot flashes among older
women experiencing this common postmenopausal symp-
tom, as indicated by age-adjusted models [116]. Further-
more, subcutaneous abdominal fat, but not VAT, appears
to be associated with an increased likelihood of hot flashes
[117]. These findings suggest that VAT may be a more re-
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liable indicator of metabolic syndrome in menopausal or
postmenopausal women, compared to other symptoms such
as hot flashes.

6. Exploring the Heterogeneity of VAT: Is
Mesenteric Fat the Key Regulator?

VAT, also known as abdominal fat, refers to the fat
that surrounds internal organs [7]. Commonly referred to
as VAT, it includes a range of fat depots, such as mesen-
teric, omental, retroperitoneal, intraperitoneal, gonadal,
peri-renal, epididymal fat, and others, depending on their
anatomical locations [118,119]. As such, visceral fat is not
a homogeneous tissue; it surrounds various intra-abdominal
organs andmay perform distinct functions depending on the
specific abdominal microenvironments. Gene expression
studies have also identified validated markers for these fat
depots, suggesting a relationship between anatomical loca-
tion, both adipose tissue identity, and function [120].

VAT depots may differentially contribute to various
physiological processes. Regression analyses examining
body weight changes in relation to the weights of three vis-
ceral fat depots—peri-renal fat, gonadal fat, and mesenteric
fat—in C57 mice and nerve-specific receptor-activity mod-
ifying protein 1 (RAMP1) overexpressing lean mouse mod-
els [121] reveal that mesenteric fat exhibits the largest co-
efficients compared to the other two fat pads in both strains
(unpublished data). Moreover, mesenteric adipocyte size
has been associated with a 79% higher likelihood of de-
veloping metabolic syndrome compared to other fat depots
[18]. Visceral fat, particularly due to its distinct anatomi-
cal characteristics and its circulation draining into the portal
vein and liver, has been implicated in the development of
insulin resistance. Consistent with this, mesenteric fat has
been shown to exert more than a two-fold greater influence
on improvements in insulin sensitivity in young rats [122].

Other VAT depots also exhibit distinct characteristics,
with some being more responsive to dietary changes. For
instance, very low energy diets significantly reduce VAT
mass, particularly mesorectal fat, while having a lesser im-
pact on total pelvic fat [123]. Among the visceral de-
pots, mesenteric and omental depots contain the fewest
macrophages and adipokines [18]. On the other hand, pan-
creatic fat mass, has been negatively associated with cog-
nition and brain volumes in middle-aged individuals [124].
In contrast, periaortic adipose tissue is characterized by the
smallest adipocytes, the highest capillary density, and an
elevated secretion of adipokines [18]. There may also be
heterogeneity within individual fat depot. For example, in
mice, epididymal fat, a component of visceral fat, is divided
into distal and proximal regions, each with distinct histo-
chemical and gene expression profiles [125]. This variabil-
ity may serve an adaptive function, allowing each depot to
fulfill more specialized roles in response to subtle nutrient
differences within the microenvironment.

The observations outlined above are primarily based
on studies in humans and commonly used animal models.
To our knowledge, however, no comparative analysis of
depot-specific characteristics has been conducted specifi-
cally in the context of peri- or post-menopause. Such re-
search could identify the specific fat depots responsible for
central adiposity, enhance our understanding of body shape
changes during this life stage, and guide the development
of targeted therapeutic strategies for related metabolic syn-
dromes.

7. Estrogen Deficiency: A Key Factor in Fat
Redistribution during Menopause

Fat redistribution due to estrogen deficiency is sup-
ported by comparisons of plasma estrogen levels, which
range from 100–250 pg/mL in premenopausal women to
approximately 10 pg/mL in postmenopausal women [126].
Total estradiol levels are inversely associated with body
shape, with the lowest levels observed in postmenopausal
women exhibiting an “apple” phenotype and the highest
levels found in women with a “pear” phenotype, including
both premenopausal women and postmenopausal women
using hormone replacement therapy (HRT) [127].

The role of estrogen in regulating fat distribution is
further supported by observations in individuals undergo-
ing cross-sex hormonal therapy. Trans women undergoing
estrogen therapy exhibit a gynoid pattern of body fat distri-
bution and a lower waist-to-hip ratio, while trans men re-
ceiving testosterone display an android pattern of body fat
distribution with a reduced hip circumference [128]. These
findings suggest that, in the context of estrogen deficiency,
fat deposition shifts toward the visceral depot, contributing
to the development of an android body shape [12].

The impact of estrogen on energy metabolism is fur-
ther demonstrated by studies using ER genetic mouse mod-
els, in which activation of ERα leads to a decreased body
weight, while activation of ERβ results in an increased body
weight [129]. During estrogen deficiency, there is a relative
increase in ERβ expression, accompanied by a correspond-
ing decrease in the ERα/ERβ ratio. Estrogen plays a key
role in coordinating central and peripheral metabolism, in-
fluencing appetite, satiety, and energy expenditure through
central nuclei, such as the arcuate nucleus (ARC), ven-
tromedial nucleus (VMN), and nucleus tractus solitarius
(NTS), as well as peripheral organs andmitochondrial func-
tion in various cell types [130].

7.1 Estrogens Reduce Appetite and Suppress Food Intake
by Activating ERα in the ARC of the Hypothalamus

Estrogens reduce appetite and suppress food in-
take by activating ERα in arcuate pro-opiomelanocortin
(POMC) neurons within the ARC. POMC neurons are
key regulators of both metabolism and reproduction. Es-
trogen enhances excitatory synapses on POMC neurons
by rapidly uncoupling gamma-aminobutyric acid type B
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(GABAB) receptors from their G protein-coupled in-
wardly rectifying K+ channels, thereby inhibiting food
intake [131]. Additionally, POMC neurons release α-
melanocyte-stimulating hormone (αMSH), a proteolytic
product of POMC, which suppresses food intake by acti-
vating its receptors, melanocortin-3 receptor (MC3R) and
melanocortin-4 receptor (MC4R) [132]. Furthermore, es-
trogen can suppress neuropeptide Y (NPY) production in
hypothalamic neurons through ERα and its associated sig-
naling pathways [133]. In contrast, ERβ expression is sig-
nificantly lower than that of ERα and is less effective at
mediating the inhibitory effects on food intake [134].

7.2 Estrogens Enhance Energy Expenditure by Activating
ERα in the VMN of the Hypothalamus

Estrogens promote weight loss and reduce visceral fat
deposition through ERα activation in steroidogenic factor-
1 (SF1) neurons within the VMN of the hypothalamus
[135]. SF1 is a transcription factor uniquely expressed
in VMN neurons. Although the VMN was once thought
to regulate both food intake and energy expenditure, it is
now understood to primarily increase energy expenditure
through ERα activation and subsequent phosphatidylinos-
itol 3-kinase (PI3K) signaling [136,137]. Activation of
ERα-positive VMN neurons stimulates heat generation by
conditionally expressing ERα-targeting genes, such as rep-
rimo, tachykinin 1 (TAC1), and prodynorphin (PDYN) in
both male and female mice [138].

7.3 Estrogens Suppress Food Intake by Sensitizing Satiety
Signals in the NTS, Triggered by Cholecystokinin (CCK),
through ERα Activation

Estrogens suppress food intake and potentiate CCK-
induced satiety by increasing the activity of NTS neurons
in the brainstem via ERα activation [130]. They enhance
the potency of CCK by increasing the sensitivity of vagal
CCK-A receptors [139]. CCK, synthesized in the upper in-
testine, is released to activate subdiaphragmatic vagal af-
ferent neurons [139]. Estrogens amplify CCK-induced sati-
ety signals in the NTS through ERα signaling, which slows
gastric emptying and intestinal motility contributing to their
anorexigenic effects [80,140].

7.4 Estrogen Deficiency Hyperactivates the
Hypothalamic-Pituitary-Ovary (HPO) Axis, Leading to
Increased VAT Accumulation

Clinical diagnostics for menopausal women typically
measure six hormones: estradiol, follicle-stimulating hor-
mone (FSH), luteinizing hormone (LH), testosterone, pro-
gesterone, and prolactin. As ovarian aging progresses, de-
clining levels of ovarian steroids and peptides result in a
15-fold increase in FSH, signaling the cessation of repro-
duction at menopause, and a 10-fold increase in LH in post-
menopausal women [87,141].

Estrogen deficiency leads to hyperactivation of the
HPO axis due to the loss of estrogen’s negative feedback

inhibition. This enhanced neuroendocrine pathway, char-
acterized by elevated FSH levels, coincides with increased
visceral fat accumulation, higher cellular mitochondrial
density, and enhanced thermogenesis [87]. Additionally,
progesterone has been shown to be inversely correlatedwith
premenstrual food cravings in both humans and rodents
[142].

Furthermore, estrogen deficiency desensitizes the sati-
ety centers in the brain, leading to increased food intake,
reduced energy expenditure, and a positive energy balance.
This energy imbalance further stimulates the hypothalamic-
pituitary-adrenal (HPA) axis, resulting in excess glucocor-
ticoid exposure and promoting visceral obesity [143]. The
HPA axis not only orchestrates the body’s stress response
but also plays critical role in the endocrine regulation of ap-
petite, particularly in the regulation of energy metabolism
during the peri- and postmenopausal periods.

7.5 Estrogens Integrate Nuclear and Mitochondrial
Signals to Downregulate Biosynthesis and Enhance
β-Oxidation

At the cellular level, estrogens regulate a variety
of functions by binding to cytosolic ERα and ERβ or
the membrane-bound G-protein coupled estrogen recep-
tor (GPER1). In the presence of estrogens, ERα and
ERβ can directly bind to mitochondrial DNA (mtDNA)
through mitochondrial estrogen receptor elements (EREs)
[144]. This binding modulates the expression of nu-
clear and mitochondrial factors involved in energy ex-
penditure, including nuclear respiratory factor-1 (NRF-1),
estrogen receptor-related receptors (ERR1), peroxisome
proliferator-activated receptor α (PPARα) and δ (PPARδ),
as well as PPAR gamma coactivator 1 alpha (PGC1α)
and PGC1β, which regulate nuclear-encodedmitochondrial
genes in various cell types, such as adipocytes, muscle cells,
and hepatocytes [69].

Estrogens also downregulate enzymes involved in
fatty acid and triglyceride synthesis in adipocytes, such as
acetyl-CoA carboxylase (ACC1), fatty acid synthase (FAS),
and diacylglycerol acyltransferase (DGAT1 and DGAT2)
[145]. Simultaneously, they upregulate enzymes that pro-
mote fatty acid β-oxidation, such as medium-chain acyl-
coenzyme A dehydrogenase (MCAD) and acetyl-CoA ox-
idase (ACO) [145]. Additionally, estrogens influence the
expression of certain mtDNA-encoded genes involved in
mitochondrial respiratory chain complexes [144]. In brain
mitochondria, this regulation is primarily initiated by ERβ
binding to EREs [146], although ERα may also play a role
in other tissues [144].

Estrogens further modulate cholesterol metabolism by
regulating the expression of 3-Hydroxy-3-Methylglutaryl-
Coenzyme A (HMG-CoA) reductase, which is anchored in
the endoplasmic reticulum membrane [147]. Moreover, es-
trogens interact indirectly with peripheral mediators, such
as glucagon-like peptide-1 (GLP-1), in the hypothalamus
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Fig. 1. Impact of estrogen deficiency on central energy regulation, appetite, and adipose tissue remodeling. Estrogen deficiency
reduces the expression of ERα and the ERα/ERβ ratio, leading to decreased SF1 expression and impaired PI3K signaling in the VMN,
resulting in a reduction in energy expenditure. In the ARC, estrogen deficiency decreases POMC expression and increases NPY expres-
sion, promoting increased appetite. Additionally, estrogen deficiency downregulates CCK signaling, which diminishes CCK-induced
satiety by inhibiting ERα-mediated signaling in the nucleus of the NTS. These disruptions in energy homeostasis create a state of energy
surplus, contributing to the remodeling of SAT and VAT. This remodeling is influenced by regional and cellular characteristics, leading
to increased VAT expansion and a shift toward an android body shape. ARC, arcuate nucleus; CCK, cholecystokinin; ER, estrogen
receptor; HSD1, Hydroxysteroid Dehydrogenase 1; GH, growth hormone; TG, triglyceride; GC, glucocorticoids; NPY, neuropeptide
Y; NTS, nucleus tractus solitaries; POMC, pro-opiomelanocortin; SAT, subcutaneous adipose tissue; SF1, steroidogenic factor-1; VAT,
visceral adipose tissue; VMN, ventromedial nucleus; FFA, free fatty acid.
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to cooperatively regulate energy homeostasis [148]. In this
way, estrogens coordinate brain and body metabolism, or-
chestrating both endocrine and paracrine effects. Consis-
tently, during menopause, the decline in plasma estrogen
levels coincides with a reduction in bioenergetic function
across various tissues and organs [149], contributing to
postmenopausal phenotypes. The underlying mechanism
and its consequences in the context of postmenopause are
summarized as Fig. 1.

8. Conclusions and Perspectives
Emerging evidence highlights the heterogeneity of

adipose tissue in terms of its composition, distribution, and
function. These characteristics are prenatally determined
by sex chromosomes and SNPs in autosomes and are fur-
ther influenced by epigenetic factors such as estrogen and
energy intake. SAT and VAT are two key representatives
that define sex dimorphism in adipose tissue distribution
and function.

In the context ofmenopause, estrogen deficiency leads
to a positive energy balance by increasing appetite and food
intake through the inhibition of POMC neurons in the ARC,
decreasing energy expenditure by inhibiting SF1 neurons in
the VMN of the hypothalamus, and reducing satiety while
promoting food intake through the NTS in the brainstem.
These regulatory processes are primarily mediated by ERα
activity. Additionally, the hyperactivation of the HPO axis
contributes to the accumulation of VAT.

The distinct characteristics of VAT, including high
expandability, elevated FFA mobility, and increased high
11β-HSD1 activity, make it more susceptible to hyper-
trophy. VAT accumulation, in turn, compensates for de-
clining estrogen levels by releasing more estradiol and
adipocytokines, which exert both inflammatory and anti-
inflammatory effects, helping the body adapt to energy
stress. However, this “obesity paradox” ultimately con-
tributes to the development of postmenopausal phenotypes.

AlthoughVAT is often termed the “sick fat” associated
with postmenopausal syndromes, it is heterogeneous, com-
prising various anatomically distinct depots such as mesen-
teric, peri-renal, omental, retroperitoneal, intraperitoneal,
and gonadal fat. Recent studies suggest that these depots
differ morphologically and functionally [18,48,123]. For
instance, mesenteric fat within VAT may play a significant
role in regulating body weight, insulin resistance, and in-
flammation.

Further investigation into the specific characteristics
of VAT depots in the context of menopause is crucial for a
deeper understanding of postmenopausal syndromes. For
instance, examining SNPs in autosomes, glucocorticoid re-
ceptors (GRs), HSD enzymes, and adipocyte-specific ex-
pression of glucose transporter type 4 (GLUT4), along
with associated phenotypes in animal models, could shed
light on the mechanisms driving VAT accumulation after
menopause. Additionally, personalized treatments such as

hormone replacement therapies (including phytoestrogens
and estrogen-progesterone combinations), non-hormonal
medications, and lifestyle interventions (such as regular ex-
ercise, healthy diets, and caffeine to boost plasma brain-
derived neurotrophic factor (BDNF) levels) could offer tai-
lored therapeutic approaches for patients [150]. In contrast,
behaviors such as high-fat diets, smoking, and alcohol con-
sumption, which may exacerbate postmenopausal symp-
toms, should be avoided.

9. Systematic Literature Search and
Selection Criteria

To conduct this study, a systematic search of elec-
tronic databases, including PubMed and ResearchGate,
was performed in June 2024 and updated in November
2024. Studies in English published before these dates were
considered. Screening was performed using predefined
search terms such as obesity and X chromosome (225 re-
sults), postmenopausal and SAT (91), postmenopausal and
VAT (109), postmenopausal, VAT, and SAT (41), post-
menopausal, VAT, SAT, and metabolism (35), and VAT,
SAT, and metabolism (845). After removing duplicates,
912 publications were identified. Of these, 150 were in-
cluded in the references based on their relevance to the
manuscript and its sections, as well as their status as classic
works or recent impactful studies. Publications not meeting
these criteria were excluded.
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