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ABSTRACT

The Worldwide Incidence of Obesity, which tripled in 2016 from 1975, is a leading risk factor for chronic diseases. The pres-
ence of sex-dependent disparities in obesity has spurred increased interest in understanding the diverse environmental and ge-
netic factors influencing this condition. Typically, men tend to have more visceral adipose tissue (VAT), while women generally
have higher amounts of subcutaneous adipose tissue (SAT). These differences have been largely attributed to the effects of sex
hormones, particularly estrogen. However, large-scale genome-wide association studies (GWAS) have identified genetic factors
associated with sex-dependent disparities in obesity-related traits, which revealed that the role of estrogen may have been over-
emphasized. This review aims to summarize sex-specific differences in adipose tissue distribution and adipose tissue type such
as white adipose tissue (WAT) and brown adipose tissue (BAT). Additionally, the mechanisms underlying the development of
sex-specific characteristics are explained, with a focus on estrogen and obesity-associated genes. Specifically, we propose a list
of GWAS-derived genes that may be responsible for the observed sex differences in obesity, which could significantly contribute
to the existing literature.

1 | Introduction and 11% of men [1], thus suggesting that sex disparities in obe-

sity and obesity-associated diseases require special attention.

The World Health Organization (WHO) has reported that the
worldwide incidence of obesity (BMI> 30) has tripled since 1975
[1]. Because individuals with obesity are at a higher risk of devel-
oping Type 2 diabetes (T2D), cardiovascular disease (CVD), and
cancers of the esophagus, liver, breast, and colon than individu-
als with normal weight, effective weight reduction interventions
are critical [2, 3]. Notably, the incidence of obesity is higher in
women than in men. According to a WHO report published in
2021, the global obesity rate is 26%, comprising 15% of women

Sex-associated disparities in obesity are influenced by many en-
vironmental factors and genetic factors, including those on the
X chromosome and autosomes [4]. Among them, gonadal hor-
mones and chromosomal gene expression are the main drivers
of biological sex differences.

Within the many features of sex disparities in obesity, research
attention has focused on the distribution of adipose tissue as ex-
cess abdominal fat accumulation is known to trigger systemic
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inflammation [5]. In general, men have a higher percentage of
VAT to body weight than women, and women have a higher
percentage of SAT to body weight than men [6, 7]. Estrogen is
a major gonadal hormone responsible for these sex differences
in fat deposition, protecting women from detrimental metabolic
consequences [8]. Hence, the increased CVD risk among post-
menopausal women has been explained by accelerated visceral
fat deposition. Estrogen also plays a pivotal role in BAT ther-
mogenesis [9]. BAT has a higher metabolic rate than WAT, and
the volume of BAT is associated with increased whole-body lip-
olysis, free fatty acid (FFA) cycling, FFA oxidation, and adipose
tissue insulin sensitivity [10].

Recently, GWAS has been facilitated by advances in genetic
analysis technology with the completion of the human genome
project. In fact, there are hundreds of sex-specific genetic loci
associated with obesity, which are located not only on the sex
chromosome but also on other chromosomes [11]. However, the
genetic links to the molecular mechanisms underlying sex spec-
ificity are still not fully understood. This systematic review aims
to pinpoint biological factors, including a sex hormone, estro-
gen, as well as genes located on both autosomes and sex chro-
mosomes, in association with sex differences in obesity and its
metabolic outcomes.

The initial PubMed search using the keyword “sex differences”
yielded 247,761 records. To narrow the selection, only articles
published between 2013 and 2023 were included, eliminating
128,366 records and leaving 119,395 for screening. Next, filter-
ing by article type (classical article, clinical study, clinical trial,
controlled clinical trial, meta-analysis, observational study, ran-
domized controlled trial, review, and systematic review) further
reduced the dataset, excluding 102,334 articles and resulting
in 17,061 for retrieval. The search terms “sex differences & fat
distribution” “fat metabolism” “WAT” “BAT” “sex differences
& obesity & estrogen” “estrogen receptor a” “estrogen receptor
B” “male hormones” “gene expression” “GWAS” “X chromo-
some” “autosome” were applied to identify relevant studies. An
additional screening excluded 34 articles that did not meet the
inclusion criteria, which were: (1) peer-reviewed original re-
search articles and systematic review articles investigating the
relationship between obesity or obesity-related metabolic in-
dicators and genes, (2) studies using either human subjects or
animals, (3) articles with clearly defined methodology, and (4)
articles reporting key outcomes associated with obesity. This
process yielded 119,395 eligible articles, of which 154 were cited.
Gene single nucleotide polymorphism (SNP) information was
derived from GWAS references, which used the data-driven
expression-prioritized integration for complex traits (DEPICT)
method to select responsible genes. The initial screening was in-
dependently conducted by two authors. The search results were
then reviewed by another author to confirm they met the pre-
defined inclusion criteria.

” «

2 | Sex Disparities in Obesity Prevalence: Insights
From Population-Based Studies

Differences in adipose tissue distribution between men and
women have been extensively demonstrated, and those dif-
ferences have been shown to have close linkages to metabolic

diseases. Sex differences in the quantitative ratio of WAT and
BAT have also been noted. Molecular mechanisms relating
these sex-specific differences to metabolic phenotypes are the
focus of interest to understand the sex-specific characteristics of
lipid metabolism and associated disease incidences.

2.1 | Adipose Tissue Distribution and Associated
Metabolism

Body fat is generally categorized as either essential or storage fat.
Essential fat compartments are distributed in the central ner-
vous system, bone marrow, heart, lungs, liver, kidneys, spleen,
and muscles, contributing to total body fat mass [12]. Storage fat,
including SAT and VAT, is accumulated in the subcutaneous or
abdominal region to protect internal organs from external influ-
ences and serve as an energy reservoir.

The difference in body composition between men and women
becomes evident during puberty when circulating estrogen
surges in women. This results in distinct disparities in muscle
mass and body fat mass between the sexes [13]. Women tend to
have higher fat mass and lower muscle mass [14]. Consequently,
the rate of women with obesity remains elevated throughout
their lifespan. Nevertheless, in women, estrogen inhibits fat
accumulation associated with metabolic diseases by promoting
SAT accumulation and increasing BAT activity [15]. In partic-
ular, SAT exhibits a lower rate of lipolysis compared to VAT
[16] and is notably associated with less inflammation during
obesity [17]. In addition, SAT is more active in the absorption
of circulating FFAs and triglycerides (TGs) and may actually
provide a protective effect against obesity-related diseases [17].
Estrogen may additionally modulate appetite-related hormones,
including leptin [18], brain-derived neurotrophic factor (BDNF)
[19, 20], melanin-concentrating hormone [21], and ghrelin [22],
while also stimulating energy expenditure. These effects con-
tribute to reducing body weight gain and inhibiting the develop-
ment of obesity [23].

Sex differences in the above-mentioned adipose tissue distribu-
tion possibly affect the type and severity of metabolic diseases.
Visceral adipocyte size is positively correlated with the lev-
els of plasma apolipoprotein B (Apo B), total cholesterol, low-
density lipoprotein (LDL) cholesterol, and triacylglycerol (TG),
elevating the risk of CVD [24]. Subcutaneous adipocyte size is
positively associated with insulin sensitivity [25]. Therefore, in-
dividuals with small subcutaneous adipocytes are more prone
to T2D than those with large subcutaneous adipocytes [25].
Nevertheless, estrogen deprivation in women is associated with
an increased risk of T2D [26], suggesting that estrogen plays an
important role in sex-associated differences in adiposity-related
clinical manifestations.

While congenital sex differences play a role in adipose tissue dis-
tribution and related metabolism, a few environmental factors,
including sleep and exercise, influence body adipose tissue dis-
tribution in a sex-dependent manner. Recent research indicates
that sleep disturbance accelerates weight gain and VAT accu-
mulation in both premenopausal and postmenopausal women
[27, 28]. Additionally, exercise intervention has revealed varia-
tions in VAT reduction based on the intensity of aerobic exercise,
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including full-speed sprint interval training, high-intensity in-
terval training, moderate-intensity continuous training, and no
training [29].

2.2 | Types of Adipose Tissue: WAT and BAT

In humans, there are two main types of adipose tissue: WAT and
BAT. WAT is anatomically divided into two main depots: SAT
and VAT. SAT is located beneath the skin, while VAT surrounds
internal organs. Functionally, WAT primarily stores excess en-
ergy in the form of TGs, whereas BAT is specialized in thermo-
genesis, converting stored energy into heat [30].

The expansion of WAT is associated with obesity and the de-
velopment of obesity-related complications [31]. Most of the
relevant WAT depots are located within the visceral cavity and
include intrahepatic fat (fat accumulated within hepatocytes),
epicardial WAT (epiWAT, located between the heart and the
pericardium), perivascular WAT (PVAT, surrounding major
blood vessels), mesenteric WAT (MWAT, adjacent to digestive
organs in the mesentery), omental WAT (OWAT, forming a fat
apron extending over the intestines, liver, and stomach), and ret-
roperitoneal WAT (RWAT, surrounding the kidneys) [32]. The
last three depots (MWAT, OWAT, and RWAT) are collectively
classified here as VAT [32]. Additionally, the body distribution
of WAT differs between men and women [31].

Unlike WAT, the body distribution of BAT is similar in men
and women, predominantly located in the cervical, supracla-
vicular, axillary, paraspinal, mediastinal, and abdominal areas,
with the supraclavicular regions being the most common sites
of active BAT [33]. Women tend to exhibit higher BAT activity
and BAT mass compared to men [34]. Due to this heightened
activity, women more frequently demonstrate detectable BAT
when assessed using 18F-fluorodeoxyglucose (FDG) positron
emission tomography/computed tomography (PET/CT) [34, 35].
18F-FDG-PET/CT has been used to quantify and visualize BAT
with the ability to absorb 18F-FDG, allowing for precise local-
ization [36, 37]. 18F-FDG PET/CT is a technique utilizing the
principle that the metabolically active tissues, such as BAT, ab-
sorb deoxyglucose. On the other hand, imaging techniques such
as magnetic resonance imaging are more suitable for analyzing
the anatomical structure and composition of WAT, exerting low
metabolic rates with minimal deoxyglucose uptake [38, 39].

Uncoupling protein-1 (UCP1) is a mitochondrial protein pri-
marily expressed in brown and beige adipose tissue, where it
facilitates thermogenesis by uncoupling oxidative phosphoryla-
tion, thereby dissipating energy as heat instead of storing it as
ATP. A study on BAT activity in peripheral adipose tissue found
that women exhibited a greater presence and expression of BAT
expressing UCP1 compared to men [40]. Additionally, in one
animal study, female mice fed a high-fat diet (HFD) exhibited
greater vascularization of perigonadal WAT than male mice,
and adipocytes in female mice showed a browning phenotype
characterized by increased UCP1 expression [41]. These dispar-
ities resulted in sex-specific differences in adipose dysfunction
(leptin and adiponectin expression ratio) and the development
of obesity-related metabolic dysfunction such as alterations in
insulin sensitivity [41].

In a clinical study, the presence of BAT inversely correlated with
the prevalence of CVD, while higher BAT expression was associ-
ated with improved levels of blood glucose, TG, and high-density
lipoprotein (HDL) levels [42]. Overall, BAT activity may vary be-
tween men and women based on its distribution, and sex differ-
ences in obesity-induced metabolic disorders may be elucidated
by BAT activity. Nevertheless, we recommend further molecular
biological studies to analyze specific contributing factors.

3 | Estrogen Plays a Pivotal Role in Sex-Dependent
Differences in Obesity: Mechanistic Insights

Sex differences in the distribution and the type of adipose tis-
sue have mostly been explained by sex hormones, particularly
by the availability of estrogens. Sex hormones, in conjunction
with sex hormone receptors, regulate lipid metabolism, appetite,
and energy homeostasis. In this section, the mechanistic role of
estrogen and its receptors in adipogenesis and related metabolic
consequences are discussed.

3.1 | Estrogen and Adipose Tissue Distribution

Both genetic factors and environmental factors including phys-
ical activity and diet, and stress, influence the volume of total
body fat, VAT, and SAT. However, the most significant factor
driving sex-specific differences in adipose tissue distribution
between men and women is estrogen [43]. In a murine model,
tissue 173-estriol level was 1.5-2 times higher in SAT compared
to VAT depots, suggesting SAT depots are more sensitive to the
action of estrogen [44]. In premenopausal women, estrogen re-
ceptor-1 gene (ESR1) expression was higher in VAT than in SAT,
while estrogen receptor-2 gene (ESR2) expression was lower in
VAT than in SAT in both premenopausal and postmenopausal
women [45]. ESRI polymorphisms were associated with body
weight, adipose tissue distribution, and total cholesterol levels,
whereas ESR2 polymorphisms were related to total cholesterol,
TG levels, and body fat percentage [45].

Estrogen binds to estrogen receptors (ERs) to regulate the ex-
pression of genes involved in adipose tissue accumulation and
distribution [45, 46]. A previous study showed that the lower
expression of ERa in male VAT upregulates autophagy activ-
ity, thereby accelerating VAT lipogenesis [47]. When fed a HFD,
ERa-knock out female mice exhibited an increase in VAT com-
pared to control mice, along with increased body weight [38].
These results clearly suggest that estrogen interacts with its re-
ceptor to inhibit VAT accumulation. In another animal study,
ovariectomized female mice exhibited an increase in VAT com-
pared to the control group. However, when treated with estro-
gen, VAT volume returned to those observed in females with
a normal cycle [48]. Interestingly, estrogen-treated male mice
showed an increase in SAT volume and an overall increase in
body fat [48]. These findings were also observed in transgender
individuals transitioning from male to female, where estrogen
treatment resulted in greater SAT accumulation compared to
VAT [49].

ERa primarily influences fat distribution through metabolic
signaling rather than directly altering fat cell lineage or type.
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In animal studies, wild-type control male mice exhibited higher
VAT volume than females. However, deletion of ERa normal-
ized autophagic activity and eliminated sex differences in VAT
accumulation [47]. Mechanistically, ERa signaling activated
mammalian target of rapamycin (mTOR), which phosphory-
lated and inhibited unc-51 like autophagy activating kinase 1
(ULK1), leading to the suppression of autophagy and VAT ac-
cumulation [47]. Additionally, ERa signaling interfered with
the peroxisome proliferator-activated receptor gamma (PPARY)
pathway by reducing DNA binding of PPARy and inhibiting the
recruitment of the PPARy coactivator CREB-binding protein
(CBP) [50]. In OVX mice, 173-estradiol treatment significantly
reduced VAT volume, adipocyte size, and adipogenic marker
gene expression [50].

Although not as influential as ERa, estrogen receptor beta
(ERp) has also been shown to have a direct anti-adipogenic
effect on adipocytes. In particular, animal studies have
demonstrated that treatment with an ER-selective ligand
in HFD-fed male mice resulted in an increase in SAT while
VAT remained unchanged [51]. In contrast, treatment with
an ERB-selective ligand in female mice fed a HFD exhibited
weight loss, along with a reduction in both VAT and SAT [52].
One possible mechanism for the action of ERf in lipid homeo-
stasis is through signaling between ERf and PPARYy. In this
process, ERf inhibits ligand-mediated PPARy activity, result-
ing in reduced adipogenesis [53].

3.2 | Estrogen and the Accumulation of White
and Brown Adipose Tissues

The expansion and reduction of WAT are influenced by es-
trogen [54]. Elevated estrogen levels increased SAT while
decreasing abdominal WAT [55]. Notably, a higher ERa to
ERp ratio is observed in premenopausal women compared to
postmenopausal women [56], which was associated with an
expansion of subcutaneous WAT and a decrease in abdominal
WAT production [54].

BAT activity also exhibits sex differences in response to es-
trogen. Although BAT stores are similar in men and women
[33], women respond faster and show higher BAT activity
when exposed to cold than men [57]. Beta adrenergic re-
ceptors (ADRBs), especially ADRBI, induce UCP1 mRNA
expression and lipolysis, releasing glycerol [58]. An observa-
tional study showed that BAT thermogenesis stimulated by
either cold temperature or meal was greater in women than in
men [59]. Regression analyses indicated stimuli-induced in-
creases in BAT temperature correlated with 17@3-estradiol con-
centrations [59, 60]. Animal studies further elucidated these
mechanisms. ERa-knockdown male mice exhibited less FDG
uptake and lower UCP1 expression in BAT when exposed to
cold compared to wild-type male mice [61]. Moreover, male
mice administered estrogen showed a simultaneous increase
in both BAT and core temperature [62]. Although the ER{-
associated mechanisms are less understood compared to
ERa, ERf has been shown to increase the expression of BAT
marker genes (Ebf2, Foxc2, Pdk4, and Tbx2) through the ac-
tion of the estrogen receptor f-selective ligand (8-LGND) [63].
ERP is proposed to inhibit preadipocytes and mesenchymal

stem cells from differentiating into adipocytes, instead pro-
moting their differentiation into BAT [63]. Also, infusion of an
ERp isoform-selective estrogen receptor ligand into ovariec-
tomized female mice with overweight significantly increased
the expression of UCP1, which decreased body weight and
body fat mass, thus suggesting that ERf is a potential target to
control obesity [54].

4 | The Relationship Between Male Sex Hormones
and Obesity in Men and Women

Androgen is a broad term referring to substances that function
as male hormones, including testosterone, dehydroepiandros-
terone (DHEA), and dihydrotestosterone (DHT). All male
hormones interact exclusively with ARs and play a key role in
various adipose tissue-related mechanisms, such as adipose tis-
sue distribution, expansion, and lipid metabolism [64, 65].

Male sex hormones, particularly testosterone, play a signifi-
cant but distinct role in obesity and fat metabolism in both
men and women. In men, obesity is strongly associated with
a decline in testosterone levels due to decreased sex hormone-
binding globulin (SHBG) from obesity-induced hyperinsu-
linemia and increased aromatase activity in adipose tissue,
which converts testosterone into estrogen [66]. This decline
contributes to increased abdominal fat accumulation, reduced
muscle mass, and a higher risk of metabolic syndrome [64].
Conversely, low testosterone itself can promote obesity, cre-
ating a bidirectional relationship [67]. A population study
has shown strong negative correlations between testosterone
levels and obesity-related markers, particularly VAT [68].
Testosterone also regulates fat metabolism by inhibiting lipo-
protein lipase (LPL) [69] and reducing TG uptake in adipocytes
while activating hormone-sensitive lipase (HSL), promoting
fat breakdown [70]. Testosterone replacement therapy (TRT)
in hypogonadal men has demonstrated benefits in reducing
fat mass and improving metabolic parameters [71], though
its effectiveness diminishes with age [72]. Androgen recep-
tors (ARs) mediate the metabolic effects of testosterone [73].
In the Wnt signaling pathway, AR interacts with f-catenin to
suppress fat accumulation [74]. According to animal studies,
AR knockout (ARKO) male mice accumulate more VAT and
exhibit metabolic dysfunction [75], which may influence WAT
accumulation [76].

In women, androgens also influence adipose tissue distribution,
though their role is more complex. The “backdoor” androgen
synthesis pathway is particularly relevant in conditions like
polycystic ovarian syndrome (PCOS), where excess androgens
promote abdominal fat accumulation and metabolic distur-
bances [77]. In women with PCOS, resting metabolic rate (RMR)
is comparable to controls, but those with high waist-to-hip ratios
exhibit significantly lower RMR, suggesting that androgens may
impact energy expenditure [78]. Postmenopausal women receiv-
ing androgen supplementation experience increased VAT and
reduced SAT [79], an effect also observed in animal models and
female-to-male transgender individuals undergoing androgen
therapy [80, 81]. These findings indicate that while androgens
contribute to obesity-related metabolic changes in women, their
effects differ from those seen in men.
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TABLE 1A | The list of obesity-associated genes on X chromosome with SNPs exhibiting sex differences.

Gene Associated traits References (trait)
X-escape KDM5C (1) Adipose tissue expansion. [89, 93-95]
DDX3X (1) Tumorigenesis/lipid accumulation/ApoB [89, 93, 96-102]
KDM6A/UTX (1) WAT differentiation/body weight/appetite [86, 89, 93, 103-105]
(1) BAT activity, leptin
EIF2S3X (1) Adipose tissue depot [89, 93, 106]
USP9X (1) Glucose uptake/glycolysis/lipogenesis [89, 107, 108]
Putative-escape XIST (1) Adiposity [109-111]
OGT (1) Food intake/hyperphagia/insulin/ [112-115]
glucose/FFA /glucose uptake/glycolysis
5-HTR2C (1) Food intake/hyperinsulinemia/obesity/lipogenesis [112, 116-119]
(1) BAT activity
TNMD (1) Insulin resistance [120]

Note: (1) positively associated traits; (1) negatively associated trait.

5 | Sex Differences in Obesity-Associated Genes

While estrogen is traditionally regarded as the main biologi-
cal factor underlying sex-specific adipose tissue distribution,
emerging evidence underscores a significant role of sex chro-
mosomes themselves. Male fetuses are consistently larger than
female fetuses in both humans and mice [82, 83], and potential
sex differences in body weight, height, lean mass, and total body
fat mass are evident even before puberty [84, 85]. These findings
indicate that sex hormones are not the only drivers of sex dispar-
ities in adiposity.

Recent epidemiological and experimental studies highlight that
genes located on sex chromosomes contribute directly to the
development of obesity-related traits in a sex-specific manner
[86, 87]. Thus, understanding chromosomal gene expression
is essential to fully explain sex-based differences in obesity
phenotypes.

As genome-wide association studies (GWAS) continue to ex-
pand, increasing evidence indicates that, beyond sex chro-
mosomes, autosomal genes also play a role in mediating sex
differences in obesity. In this section, we systematically cate-
gorize these genes and describe the obesity-related traits they
influence.

5.1 | Evidence From Animal Models: The Role
of Sex Chromosomes

To distinguish the independent contributions of sex hormones
and sex chromosomes, the Four Core Genotype (FCG) mouse
model has been instrumental [86, 88]. This model separates
chromosomal sex (XX vs. XY) from gonadal sex (male vs. fe-
male), creating four combinations: XX with female or male go-
nads, and XY with female or male gonads [86].

In response to HFD, XX mice—regardless of gonadal sex—
demonstrated approximately double the fat accumulation,

higher weight gain, dyslipidemia, and hyperinsulinemia com-
pared to XY mice [89, 90]. These findings suggest that the pres-
ence of two X chromosomes confers a greater susceptibility to
diet-induced obesity and metabolic disturbances [86, 89].

To discern whether this effect is due to the presence of two X
chromosomes or the absence of the Y chromosome, further
experiments compared XX, XO, XXY, and XY genotypes [86].
Mice with two X chromosomes (XX and XXY) had higher body
weight and HDL cholesterol than those with one X chromosome
(XO and XY) [76, 77], supporting the notion that X chromosome
dosage, not the absence of the Y, influences metabolic risk.

5.2 | Obesity-Associated Genes on the X
Chromosome

Several genes located on the X chromosome have been identified
as contributors to sex differences in obesity [91, 92]. Table 1A
summarizes X chromosome-linked escape or putative escape
genes. Although the difference between XX and XY cells is mit-
igated by the transcriptional inactivation of one copy of the X
chromosome in each cell of an XX individual, approximately
15% of genes escape X-chromosome inactivation [93, 121]. This
table also lists key obesity-related traits and corresponding ref-
erences to aid the interpretation of these sex-related genetic dif-
ferences in obesity.

5.2.1 | X-Escape Genes

Kdm5c (Lysine demethylase 5C) is found in both mice and hu-
mans, and its expression levels in metabolic tissues, including
adipose, liver, skeletal muscle, pancreas, hypothalamus, and
small intestine [89, 94], are two times higher in female mice
than in male mice [91, 94, 95], potentially contributing to sex
differences. Recently, body weight gain and body fat content of
reduced dosage of Kdm5c in female mice were reported to be
similar to those in male mice [94].
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DDX3X (dead-box helicae 3 X-linked) [89, 91], is thought to play
a role in both the nucleus and cytoplasm [97]. In the nucleus,
DDX3X is involved in transcriptional regulation, pre-mRNA
splicing [97], and mRNA export [98], while in the cytoplasm, it
regulates translation, cellular signaling [99], and viral replica-
tion [100]. In addition, dysregulation of this gene has been impli-
cated in tumorigenesis [99]. Although the precise mechanistic
association between DDX3X and adiposity has not yet been re-
vealed, DDX3 inhibits microsomal triglyceride transfer protein
(MTP), which resulted in lipid accumulation and affected ApoB
secretion in the liver [101]. The expression of DDX3X is upregu-
lated when obesity-induced translocation of lipopolysaccharide
(LPS) occurs, thus stimulating pro-inflammatory cytokine pro-
duction [102].

KDM®6A (lysine demethylase 6A) is also known as UTX
[86, 89, 91, 103]. KDMG6A is associated with obesity, accelerat-
ing WAT differentiation while suppressing BAT activity [104]. A
recent study using Kdmé6a-knockout mice found that KDMB6A is
associated with body weight gain in diet-induced obesity by sup-
pressing leptin signaling that activates signal transducer and ac-
tivator of transcription 3 (STAT3) and stimulates appetite [105].

Another X-escape gene known to be associated with adiposity
is EIF2S3X (eukaryotic translation initiation factor 2 subunit 3
X-linked) [89, 91, 106]. The adipose transcriptome of offspring
from dams consuming either a control or HFD exhibited higher
EIF2S3X expression in females compared to males across all
adipose tissue depots—SAT, VAT, and BAT—regardless of the
dam's diet [106]. Furthermore, the expression of EIF2S3X was
even higher in female offspring of dams consuming HFD [106].

USP9X (ubiquitin specific peptidase 9 X-linked) [89, 107, 108]
is known to be associated with mechanistic target of rapamy-
cin complex 2 (mTORC2) signaling [107]. Depletion of USP9X
decreases mTORC2 signaling [107], which is associated with
increased glucose uptake, glycolysis, and lipogenesis [108].
Therefore, increased expression of USP9X induces obesity by
stimulating mTORC?2 signaling.

5.2.2 | Putative-Escape Genes

XIST (X-inactive specific transcript), an X chromosome inac-
tivating factor [109], exists only on the X chromosome and is
present in both males and females, with a higher expression in
females [110]. Although the precise mechanisms remain un-
clear, higher expression of XIST has been positively correlated
with increased adiposity [111]. However, OGT (o-linked N-
acetylglucosamine transferase) is a gene on the X chromo-
some that is involved in the regulation of food intake [112, 113].
Interestingly, HFD intake activates the expression of OGT,
which leads to hyperphagia, and OGT deficiency reduces the
levels of serum insulin, glucose, and FFA [114]. In addition, the
activation of OGT increased glucose uptake and glycolysis by
regulating the phosphoinositide 3-kinase (PI3K)/Akt/mTOR
pathway [115]. 5-HTR2C (5-hydroxytryptamine receptor 2C)
[112, 116] is an X chromosome gene known as the serotonin re-
ceptor [117]. It is associated with increased food intake, leading
to hyperinsulinemia and obesity [116]. In addition, 5-HTR2C is
upregulated in individuals and mice with obesity, stimulating its

binding to serotonin, which in turn activates the extracellular-
signal-regulated kinase (ERK)/c-Fos pathway and accelerates
food intake [116]. Serotonin secretion also reduces BAT activ-
ity [118] and exacerbates lipogenesis in WAT [119], ultimately
contributing to the development of obesity. Finally, although the
precise mechanism remains unclear, TNMD (tenomodulin) is
known to play a role in ameliorating insulin resistance in obe-
sity [120].

5.3 | Sex-Dimorphic Autosomal Genes in Obesity

Genetic factors that affect sex differences in obesity exist not
only on sex chromosomes but also on autosomes. GWAS have
identified more than 100 genetic variants that contribute to body
mass index (BMI) or WHR [11, 122]. In this review, we referred
to several GWAS that provide a list of genes related to WHR
adjusted with BMI (WHRadjBMI) [122-124]. WHRadjBMI is
an easily measurable adipose tissue distribution phenotype
that correlates with imaging-based adipose tissue distribution
measures [125], reflects physiological differences in body fat
and muscle mass between males and females [126], and is well
established as a sex-specific marker of abdominal fat and adi-
posity [127]. WHRadjBMI has shown twin-based heritability
estimates ranging from 30%-60% [123] and narrow-sense her-
itability estimates of ~50% in females and ~20% in males [123].
In addition, it is a predictor of T2D and coronary heart disease
(CHD) risk through intermediates of blood lipids and glycemic
phenotypes [127].

Table 1B summarizes autosomal genes classified based on
whether their associations are stronger in one sex, opposite
between sexes, or exclusive to males or females. Key obesity-
related traits and supporting references are also included, offer-
ing a concise overview of sex-specific genetic contributions to
obesity.

5.3.1 | Autosomal Genes With Stronger Obesity Links
in Females

Large-scale human genetic studies have identified many sexu-
ally dimorphic loci for central obesity and adipose tissue distri-
bution, with most loci showing stronger effects in women than
in men [11]. In these studies, DEPICT was used to map genes
associated with WHRadjBMI [122, 123]. DEPICT is a compu-
tational tool used in genetic studies such as GWAS to prioritize
genes, biological pathways, and tissues that are likely involved
in complex traits and diseases [182]. It uses expression data to re-
constitute protein—protein interaction gene sets, mouse pheno-
type gene sets, Reactome pathway gene sets, Kyoto Encyclopedia
of Genes (KEGG) pathway gene sets, and Gene Ontology (GO)
term gene sets [182].

Fifteen genes are identified with heritability and variant effects
that are generally stronger in females with obesity than in males
with obesity [11]. Among them, 11 genes are reported to have
specific functions in adipogenesis and related metabolism.

Vascular endothelial growth factor A (VEGF-A) is located
on chromosome 6 [128]. Its association with obesity has been
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TABLE 1B

| The list of obesity-associated autosomal genes with SNPs exhibiting sex differences.

Gene Associated traits References (trait)
Stronger links in VEGF-A/VEGF-B (1) Thermogenesis/insulin sensitivity [122,123,128-130]
females PLXNDI (f) WHR, T2D, VAT accumulation/ [122, 123, 131-133]
insulin resistance
HOXC13 (1) Obesity/triglyceride [122,123, 134, 135]
BCL2 (1) Leptin, Insulin/lipogenesis/food intake/ [123,136-138]
insulin resistance/adipogenesis/lipolysis
GDF5 (1) Thermogenesis/insulin sensitivity/ [123, 139, 140]
differentiation into BAT
(1) Body fat
SNX10 (1) Lipolysis [123, 141, 142]
LY86/MD1 (1) BMI/Adiposity/insulin resistance [122, 143]
CCDC92 (1) Insulin sensitivity [122, 144]
(1) Obesity
ITPR2 (1) Fasting condition [122, 145, 146]
(1) Obesity
GRBI4 (1) Obesity/ WHR [123, 147-149]
Opposite links in Positively SIM1 (1) Obesity/thermogenesis/ [122, 150-152]
males vs. females associated in energy expenditure
females and (1) Food intake
negatively in males NMU (1) Obesity/energy expenditure/ [122, 123, 150, 151, 153, 154]
beiging of WAT/glucose tolerance
(1) Food intake/body weight/
eating behavior (dark-phase food
intake) /leptin signaling
Positively GNPNATI1 (1) Diabetes/fatty acid oxidation/TCA cycle [122,155-158]
assoclate 1n.males SLC2A3 (1) Obesity/glucose transport [122, 159, 160]
and negatively
in females IRS1 (1) Lipogenesis [122,161]
(1) Diabetes
RXRA (1) Fatty acid oxidation [122,162]
(1) Fatty acid synthesis
TTN (1) Total body fat mass/SAT and VAT mass [122, 163]
Female-exclusive LYPLALI (1) WHRadjBMI/Lipogenesis/weight [122, 123,147, 164-168]
gain/body fat/adipocyte size
COBLL1 (1) SAT accumulation [122, 123, 147, 164, 169]
PPARG (1) Adipogenesis/thermosensing [122, 123, 147, 164, 170, 171]
response/beige adipocyte
formation/energy expenditure
CMIP (1) T2D/Obesity [122, 123,172, 173]
MEISI (1) Adipogenesis/adipocyte differentiation [122,123, 174]
KLFi14 (1) T2D/Fat mass/fat deposition in VAT [122, 123,175, 176]
FAMI3A (1) VAT/SAT ratio/adipocyte differentiation/ [122,123,177,178]
fasting insulin/WHRadjBMI/fatty liver
(1) Number of small adipocytes/
mitochondrial respiration
PDE3B (1) Insulin sensitivity [124,179]
Male-exclusive EDEM?2 (1) Insulin secretion [123, 180, 181]
Note: (1) positively associated traits; (1) negatively associated trait.
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reported in studies of 210,088 individuals of European ances-
try [123] and 320,485 individuals of European descent [122].
VEGF-B, located on chromosome 11, was found to be associ-
ated with obesity in a study of 210,088 individuals of European
ancestry [123]. Upon activation, VEGF-A and VEGF-B increase
thermogenesis and insulin sensitivity [129, 130].

Plexin d1 (PLXND1), located on chromosome 3, was found in stud-
ies of 320,485 individuals of European descent [122] and 210,088
individuals of European ancestry [123], and it is positively cor-
related with WHR, T2D, and VAT accumulation [131]. Activation
of PLXNDI, the receptor for Sema3E, promotes semaphorin 3E
(Sema3E)-induced macrophage migration and pro-inflammatory
cytokine expression [132]. The activation of Sema3E also inhibits
the Akt signaling pathway, thereby interfering with insulin signal-
ing, which results in increased insulin resistance [133].

Homeobox C13 (HOXC13), located on chromosome 12, has been
suggested to be associated with obesity in studies of 320,485 in-
dividuals of European descent [122] and 210,088 individuals of
European ancestry [123]. In fat mass and obesity-associated pro-
tein (FTO) deficiency, HOXC13 is activated [134]. FTO was the
first obesity-related gene identified through GWAS, and its ex-
pression is positively related to obesity, especially by increasing
triglyceride levels in the liver [135].

The expression of B-cell lymphoma 2 (BCL2) located on chromo-
some 18 was found in a study of 210,088 individuals of European
ancestry [123]. It is also increased in mice with obesity, stim-
ulating the secretion of leptin, insulin, interleukin-6 (IL-6),
and tumor necrosis factor-a (TNFa), which activate the PI3K/
Akt signaling pathway [136]. Activation of BCLZ2 and the PI3K/
Akt signaling pathway stimulates the mTOR pathway [137], re-
sulting in increased lipogenesis, food intake, insulin resistance,
adipogenesis, and lipolysis in metabolic tissues such as adipose
tissue, liver, pancreas, and skeletal muscle [138].

Growth differentiation factor 5 (GDF5), located on chromo-
some 20, is found in 210,088 individuals of European ances-
try [123] and is a member of the transforming growth factor-f
(TGF-B) superfamily [139]. GDF5 is known to mitigate excess
body fat by increasing thermogenesis and insulin sensitiv-
ity through the activation of the p38/mitogen-activated pro-
tein kinase (MAPK) signaling pathway in WAT [140]. It also
promotes differentiation of pre-brown adipocytes into BAT
by increasing the expression of its gene in pro-brown adipo-
cytes [139].

An autosomal gene on chromosome 7, sorting nexin 10 (SNX10)
deficiency, activates lipolysis [141]. SNX10 was also found in a
study of 210,088 individuals of European ancestry [123]. In mice
fed a HFD, CD36 expression increases [142], and the binding of
CD36 to SNX10/Akt leads to the formation of atherosclerotic
plaques [141]. Concurrently, SNX10 deficiency results in in-
creased lipolysis through lysosomal acid lipase (LAL), leading
to plaque regression via M2 cells [141].

Lymphocyte antigen 86 (LY86/MD1), located on chromosome 6,
was found in a study of 320,485 individuals of European descent
[122] and is downregulated in obesity [143]. In addition, the
methylation level of the LY86 gene is associated with BMI and

shows positive correlations with adiposity, insulin resistance,
and inflammatory markers [143].

Deficiency of coiled-coil domain containing 92 (CCDC92) found
in a study of 320,485 individuals of European descent [122], lo-
cated on chromosome 12, is negatively associated with obesity
and positively associated with insulin sensitivity through in-
hibiting activation of nuclear factor kappa B (NF-xB) and NLR
family pyrin domain containing 3 (NLRP3) inflammasome in a
HFD-fed mice study [144].

Inositol 1,4,5-trisphosphate receptor type 2 (ITPR2) located on
chromosome 12, which is also suggested in a study of 320,485 in-
dividuals of European descent [122], was shown to be decreased
in mice with HFD-induced obesity [145], while its expression
was increased in fasting conditions [146]. Growth factor recep-
tor bound protein 14 (GRB14), found in studies of 210,088 indi-
viduals of European ancestry [123] and over 270,000 individuals
with anthropometric traits [147], is located on chromosome 2
and has a stronger correlation in females with obesity compared
to males with obesity [148]. In addition, GRB14 is positively as-
sociated with WHR [149].

5.3.2 | Autosomal Genes With Opposite Obesity Links
in Males vs. Females

1. Genes positively associated with obesity in females and
negatively in males

SIM bHLH transcription factor 1 (SIM1) located on chromo-
some 6 was found in a study of 320,485 individuals of European
descent [122]. Neuromedin U (NMU) located on chromosome
4 was found in studies of 320,485 individuals of European
descent [122] and 210,088 individuals of European ancestry
[123]. Both SIM1 and NMU were positively associated with
obesity in females but negatively associated with obesity in
males [150, 151]. SIM1, a transcription factor required for the
development of the paraventricular nucleus of the hypothala-
mus, is known to reduce food intake and increase the energy
expenditure [183]. In addition, SIM1 deficiency is known to
reduce the expression of UCP1 in BAT, leading to impaired
thermogenesis [152]. NMU is a gene involved in the negative
regulation of food intake, body weight, eating behavior (dark-
phase food intake), and the leptin signaling pathway [153]. In
both NMU-deficiency female and male mice, energy expen-
diture and UCP1 expression are suppressed, whereas the in-
creased expression of NMU has been shown to decrease food
intake and increase energy expenditure [153]. In addition, pe-
ripheral administration of NMU promotes beigeing of WAT
and improves glucose tolerance [154].

2. Genes positively associated with obesity in males and neg-
atively in females

All five genes in this part were identified in 320,485 individuals
of European descent [122]. A gene located on chromosome 14,
glucosamine-phosphate N-acetyltransferase 1 (GNPNAT1I), is
known to be upregulated in diabetes and cancers of the lung,
breast, and prostate [155-157]. It is also activated by acetyl-CoA,
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a product of fatty acid oxidation or the tricarboxylic acid cycle
(TCA) cycle [157]. Diet-induced increases in acetyl-CoA increase
the expression of GNPNATI1, and GNPNAT1I activates tumor
cell metabolism and promotes cancer progression [157, 158].
Solute carrier family 2 member 3 (SLC2A3), located on chromo-
some 12, is positively correlated with hypoxia-inducible factor 1
(HIF-1), which is increased in obesity [159] and is known to be
involved in glucose transport [160]. Another autosomal gene lo-
cated on chromosome 2 is insulin receptor substrate 1 (IRS1). In
human adipocytes, the expression of IRS1 is reduced in diabetes
mellitus, while in non-alcoholic fatty liver disease (NAFLD) pa-
tients, liver IRS1 is known to promote lipogenesis by activating
FAS [161]. A gene located on chromosome 9 is retinoid X recep-
tor alpha (RXRA). It is known to activate the AMP-activated
protein kinase (AMPK)/peroxisome proliferator-activated re-
ceptor (PPAR) pathway, suppressing fatty acid synthesis and
promoting fatty acid oxidation [162]. Titin (TTN) has been as-
sociated with decreased total body fat mass, SAT, and VAT, and
increased risk of cancer cachexia [163]. The precise mechanisms
by which this gene reduces fat mass are not well understood.

Other autosomal genes including IQ motif containing GTPase
activating protein 2 (IQGAP2), protein tyrosine phosphatase re-
ceptor type D (PTPRD), sarcoglycan zeta (SGCZ), and CECR2
histone acetyl-lysine reader (CECR2) are located on chromo-
somes 5, 9, 8, and 22, respectively [122]. Although these have
been shown to be associated with obesity through GWAS stud-
ies, their functions related to adipogenesis are unclear.

5.3.3 | Obesity-Associated Autosomal Genes Identified
Exclusively in Females

These 22 genes were those whose expression changes were sig-
nificantly associated with WHRadjBMI specifically in females
based on the GWAS analyses.

GWAS including 320,485 individuals of European descent [122],
210,088 individuals of European ancestry [123], over 270,000
individuals with anthropometric traits [147], and 2958 sub-
jects from Chinese community-based populations [164] con-
comitantly identified Lysophospholipase-like 1 (LYPLALI),
Cordon-bleu WH2 repeat protein like 1 (COBLL1I), Peroxisome
proliferator-activated-gamma (PPARG), C-maf inducing pro-
tein (CMIP), Meis homeobox 1 (MEISI), KIf transcription fac-
tor 14 (KLF14), Families with sequence similarity 13 member
A (FAM13A), and Phosphodiesterase 3 B (PDE3B) as female-
specific obesity-associated genes.

LYPLALI, located on chromosome 1, shows a strong associ-
ation with WHRadjBMI and central obesity in females [165].
The exact functions in adipose tissue development and obesity
are unknown; however, in a mouse model of HFD-induced
obesity, this gene showed increased expression during lipo-
genesis and in mature adipocytes [165]. In addition, Lyplall
knockout mice on a high-fat high-sucrose (HFHS) diet had
reduced weight gain, body fat percentage, and adipocyte
size only in females [166]. In other studies, the expression
of Lyplall was negatively correlated with obesity only in
females [167], and inhibition of this gene has been shown to
increase glucose production in the liver [165, 168]. When fat

depots of wild-type and Lyplall-knockout female mice were
compared, the amount of ERa, which is a known obesity sup-
pressor, was higher in wild-type females [166]. COBLL1, lo-
cated on chromosome 2, is shown to be increased in female
SAT compared with that in VAT [169]; however, the precise
mechanisms by which this gene is involved in obesity and
why it is a sex-specific trait remain unclear. PPARG, located
on chromosome 3, is known to promote adipogenesis by acti-
vating the obesity-susceptibility gene TMEM18 [170]. PPARG
serves as a crucial nuclear receptor necessary for the function-
ality of adipocytes, contributing to thermosensing responses
and metabolic regulation while also promoting the formation
of thermogenically proficient beige adipocytes to enhance
energy expenditure [171]. PPARG target genes LPL, FABP4,
PLIN, ADIPOQ, LIPE, and SLC2A4 were downregulated in the
later stages of adipocyte differentiation when PPARG expres-
sion was reduced [170].

CMIP, located on chromosome 16, has been found in studies of
320,485 individuals of European descent [122] and 210,088 indi-
viduals of European ancestry [123]. It is known to be positively
associated with T2D risk only in females but not in males [172].
In a mouse study, CMIP expression in the liver tissue of ob/ob
mice was significantly higher than in wild-type mice [173]. A
gene identified in 320,485 individuals of European descent [122],
MEIS1, is located on chromosome 2. This gene is known to in-
hibit adipogenesis activated by SRY-box transcription factor 9
(Sox9) [174]. In Sox9 knockout 3T3-L1 cells, the expression of
the adipogenic gene Meis1 was significantly reduced compared
to that in wild-type cells, and inhibition of Meis1 expression
by 90% accelerated adipocyte differentiation [174]. A study of
320,485 individuals of European descent [122] identified the
gene KLF14, located on chromosome 7, as being associated with
an increased risk of T2D only in females [175]. KIf14 deficiency
has been shown to increase fat mass and shift fat deposition from
subcutaneous to visceral fat deposits [176]. However, the mech-
anisms involved in its female-specific functions remain unclear.
FAM13A, located on chromosome 4, were found in studies of
320,485 individuals of European descent [122] and 210,088 indi-
viduals of European ancestry [123]. In mice fed HFD, FAM13A
deficiency resulted in a decrease in the VAT/SAT ratio and an
increase in the number of small adipocytes in the SAT [177]. In
addition, FAM13A expression increases during adipose differen-
tiation and is positively correlated with fasting insulin levels and
WHRadjBMI [177]. Another study showed that FAM13A-/-
mice are resistant to HFD-induced obesity and fatty liver, with
increased mitochondrial respiration and AMPK activation [178].
PDE3B is located on chromosome 11 and was identified in a
study of 23,095 African ancestry individuals [124]. PDE3B is
known to regulate the NLRP3 inflammasome in adipose tissue
and is negatively correlated with insulin sensitivity [179].

Other genes including tumor necrosis factor-alpha-induced
protein 8 (TNFA1P8), hydroxysteroid 11-beta dehydrogenase 2
(HSD11B2), glucosidase 2 alpha subunit (GANAB), potassium
inwardly rectifying channel subfamily J member 2 (KCNJ2),
CDP-L-ribitol pyrophosphorylase A (ISPD/CRPPA), and can-
cer susceptibility 8 (CASC), NK2 homebox 6 (NKX2-6), EYA
transcriptional coactivator and phosphatase 1/2 (EYA1/2), ribo-
somal protein S6 kinase A5 (RPS6KAS5), golgin, RAB6 interact-
ing (GORAB), HMG-box containing 4 (HMGXB4), sideroflexin
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FIGURE1 | Drivers of sex disparities in obesity In general, females tend to have a higher proportion of body fat compared to males, which can

attribute to the greater accumulation of essential fat in major organs. Body fat distribution and BAT activity, both of which may influence disease
development, are regulated by estrogen, its receptors, androgen, androgen receptor, and certain genes. The depletion of estrogen in postmenopausal
females leads to a metabolic profile resembling, but not identical to, that of males. ERa, estrogen receptor «; ERf, estrogen receptor 3; AR, androgen

receptor; BAT, brown adipose tissue; CVD, cardiovascular disease.

(SFXN2), SSX family member 2 interacting protein (SSX2IP),
and zinc finger DHHC-type containing 1 (ZDHHC1I) are found
in GWAS analyses as female-specific WHRadjBMI-associated
genes; however, their functions in obesity are not reported
[122-124].

5.3.4 | Obesity-Associated Autosomal Genes Identified
Exclusively in Males

As opposed to female-specific genes, five genes, including
ER degradation enhancing alpha-mannosidase like protein 2
(EDEM?2), phosphatidylinositol glycan anchor biosynthesis
class U (PIGU), cadherin 10 (CDH10), nuclear receptor bind-
ing SET domain protein 1 (NSD1), and LEM domain containing
3 (LEMD3), are reported to have significant associations with
WHRadjBMI only in males [180]. EDEM2, located on chro-
mosome 20, was identified in a study of 210,088 individuals of
European ancestry [123]. It is also associated with insulin secre-
tion [181]. In rat RIN-m f3-cells, downregulation of EDEM2 de-
creased insulin secretion by decreasing the expression of insulin
1 (Ins1) and Ins2 and was reported to cause impaired insulin se-
cretion by suppressing the expression of pancreas-specific genes
solute carrier family 2 member 2 (Glut2/Slc2a2) and pancreatic
and duodenal homeobox 1 (PxdI) [181]. Although other genes
are associated with WHRadjBMI in GWAS, their functions in
obesity remain unclear.

We have summarized the key findings of our study in a graph-
ical representation in Figure 1. While hormonal and genetic
factors contribute to sex differences in obesity, it is clear that
there are still unknown causes and mechanisms yet to be un-
covered. In this study, the review was limited to articles indexed
in the PubMed database. A broader search using EMBASE or
the Cochrane Library may be necessary in future research to
capture a wider range of studies.

6 | Conclusion

There are distinct sex differences in the incidence, distribution,
and types of adipose tissue related to obesity. Women generally
maintain a higher percentage of body fat than men; however,
their fat is predominantly stored in SAT and is associated with
higher BAT activity, which may reduce the risk of metabolic
diseases such as CVD and T2D. In contrast, postmenopausal
women experience a sharp increase in obesity-related metabolic
diseases, highlighting the significance of sex differences in obe-
sity and its health implications.

Traditionally, these sex differences have been primarily at-
tributed to sex hormones such as estrogen and testosterone.
However, with the advent of large-scale GWAS, there is grow-
ing recognition that genetic factors—beyond hormonal influ-
ences—also play a critical role. GWAS have identified numerous
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obesity-associated genes located on both autosomes and sex
chromosomes, suggesting that the observed sex differences in
adiposity are influenced by a complex interplay between genetic
loci and endocrine signals.

Although many studies have focused on sex hormones as uni-
lateral determinants of metabolic outcomes, emerging evidence
supports the concept of multifactorial regulation, where sex-
specific genetic variants interact dynamically with hormonal
milieus to influence fat distribution, energy metabolism, and
disease susceptibility. These findings underscore the impor-
tance of moving beyond a one-size-fits-all model toward more
nuanced, stratified approaches to obesity research and clini-
cal care.

Since the completion of the Human Genome Project, there has
been increasing consensus that the prevention and management
of metabolic diseases, including obesity, should be tailored to an
individual's unique genetic and hormonal profile. Such a pre-
cision medicine approach holds promise for improving inter-
vention efficacy, minimizing adverse outcomes, and promoting
long-term metabolic health.

This review systematically examines genes that exhibit sex dif-
ferences in obesity and highlights their roles in key regulatory
pathways. By integrating genetic and hormonal perspectives,
we aim to lay the groundwork for the development of personal-
ized prevention and treatment strategies that address the unique
physiological needs of both men and women. Future research
should focus on validating these sex-specific mechanisms in di-
verse populations and translating molecular insights into clin-
ically actionable interventions. Ultimately, understanding the
biological basis of sex differences in obesity will be instrumental
in reducing the global burden of obesity and its associated co-
morbidities through targeted, equitable, and effective healthcare
strategies.

Author Contributions

Sung and Kim conceived the idea. Kang and Chang were responsible
for the actual review of the literature. Kang, Lee, and Chang drafted
the manuscript. Sung finalized the manuscript. All authors revised the
manuscript, contributed intellectual content, and approved the final
version.

Acknowledgments

This work was supported by Sookmyung Women's University (No. 3-
2303-0004) and the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (No. 2022R1A2C1004626).

Conflicts of Interest

The authors declare no conflicts of interests.

References

1. Obesity and Overweight, accessed July 29, 2022, https://www.who.
int/news-room/fact-sheets/detail/obesity-and-overweight.

2.T. Scully, A. Ettela, D. LeRoith, and E. J. Gallagher, “Obesity, Type
2 Diabetes, and Cancer Risk,” Frontiers in Oncology 10-2020 (2021),
https://doi.org/10.3389/fonc.2020.615375.

3.T. M. Powell-Wiley, P. Poirier, L. E. Burke, et al., “Obesity and
Cardiovascular Disease: A Scientific Statement From the American
Heart Association,” Circulation 143, no. 21 (2021): €984-e1010, https://
doi.org/10.1161/CIR.0000000000000973.

4.8S. Gorczynska-Kosiorz, M. Kosiorz, and S. Dziegielewska-Gesiak,
“Exploring the Interplay of Genetics and Nutrition in the Rising
Epidemic of Obesity and Metabolic Diseases,” Nutrients 16, no. 20
(2024), https://doi.org/10.3390/nu16203562.

5.K. L. Avgerinos, N. Spyrou, C. S. Mantzoros, and M. Dalamaga,
“Obesity and Cancer Risk: Emerging Biological Mechanisms and
Perspectives,” Metabolism 92 (2019): 121-135, https://doi.org/10.1016/].
metabol.2018.11.001.

6. E. W. Demerath, S. S. Sun, N. Rogers, et al., “Anatomical Patterning of
Visceral Adipose Tissue: Race, Sex, and Age Variation,” Obesity (Silver
Spring, Md.) 15, no. 12 (2007): 2984-2993, https://doi.org/10.1038/oby.
2007.356.

7.S. M. Camhi, G. A. Bray, C. Bouchard, et al., “The Relationship of
Waist Circumference and BMI to Visceral, Subcutaneous, and Total
Body Fat: Sex and Race Differences,” Obesity (Silver Spring, Md.) 19, no.
2 (2011): 402-408, https://doi.org/10.1038/0by.2010.248.

8. A. J. Cooper, S. R. Gupta, A. F. Moustafa, and A. M. Chao, “Sex/
Gender Differences in Obesity Prevalence, Comorbidities, and
Treatment,” Current Obesity Reports 10, no. 4 (2021): 458-466, https://
doi.org/10.1007/s13679-021-00453-x.

9.1. Gonzélez-Garcia, M. Tena-Sempere, and M. Loépez, “Estradiol
Regulation of Brown Adipose Tissue Thermogenesis,” Advances in
Experimental Medicine and Biology 1043 (2017): 315-335, https://doi.
0rg/10.1007/978-3-319-70178-3_15.

10. Chondronikola M, Volpi E, Bersheim E, et al., “Brown Adipose
Tissue Activation Is Linked to Distinct Systemic Effects on Lipid
Metabolism in Humans,” Cell Metabolism 23, no. 6 (2016): 1200-1206,
https://doi.org/10.1016/j.cmet.2016.04.029.

11. H. S. Lumish, M. O'Reilly, and M. P. Reilly, “Sex Differences in
Genomic Drivers of Adipose Distribution and Related Cardiometabolic
Disorders: Opportunities for Precision Medicine,” Arteriosclerosis,
Thrombosis, and Vascular Biology 40, no. 1 (2020): 45-60, https://doi.
org/10.1161/atvbaha.119.313154.

12.T. Lemos and D. Gallagher, “Current Body Composition
Measurement Techniques,” Current Opinion in Endocrinology, Diabetes
and Obesity 24, no. 5 (2017): 310-314, https://doi.org/10.1097/med.
0000000000000360.

13.B. Choi, D. Steiss, J. Garcia-Rivas, et al., “Comparison of Body
Mass Index With Waist Circumference and Skinfold-Based Percent
Body Fat in Firefighters: Adiposity Classification and Associations
With Cardiovascular Disease Risk Factors,” International Archives of
Occupational and Environmental Health 89 (2016): 435-448, https://doi.
0rg/10.1007/s00420-015-1082-6.

14. M. Schorr, L. E. Dichtel, A. V. Gerweck, et al., “Sex Differences
in Body Composition and Association With Cardiometabolic Risk,”
Biology of Sex Differences 9, no. 1 (2018): 28, https://doi.org/10.1186/
$13293-018-0189-3.

15. A. Kautzky-Willer, J. Harreiter, and G. Pacini, “Sex and Gender
Differences in Risk, Pathophysiology and Complications of Type 2
Diabetes Mellitus,” Endocrine Reviews 37, no. 3 (2016): 278-316, https://
doi.org/10.1210/er.2015-1137.

16. A. Skopp, M. May, J. Janke, et al., “Regulation of G0/G1 Switch Gene
2 (G0S2) Expression in Human Adipose Tissue,” Archives of Physiology
and Biochemistry 122, no. 2 (2016): 47-53, https://doi.org/10.3109/13813
455.2015.11220066.

17. L. Vishvanath and R. K. Gupta, “Contribution of Adipogenesis
to Healthy Adipose Tissue Expansion in Obesity,” Journal of Clinical
Investigation 129, no. 10 (2019): 4022-4031, https://doi.org/10.1172/
jci129191.

11 of 17

B5UB17 SUOWIIOD 3AFe81D) 3|qedljdde aup Aq paueAob ae saiie O ‘88N JO s3I 10} Aeig1T BUIIUO AB|IM UO (SUORIPUOD-PUR-SWISH W00 A3 | 1M ALR1q 1 RU1|UO//SARY) SUORIPUOD PUe SWB L 8U3 89S *[5202/0T/80] U0 A%iqiauliuo ABIM ‘IURa JO AISRAIUN AQ 9200/ 1G0/TTTT OT/I0p/W00" A3 1M AIq 1 RUIIUO//SANY WOI) papRo|uMOd ‘0 ‘X68LL9YT


https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://doi.org/10.3389/fonc.2020.615375
https://doi.org/10.1161/CIR.0000000000000973
https://doi.org/10.1161/CIR.0000000000000973
https://doi.org/10.3390/nu16203562
https://doi.org/10.1016/j.metabol.2018.11.001
https://doi.org/10.1016/j.metabol.2018.11.001
https://doi.org/10.1038/oby.2007.356
https://doi.org/10.1038/oby.2007.356
https://doi.org/10.1038/oby.2010.248
https://doi.org/10.1007/s13679-021-00453-x
https://doi.org/10.1007/s13679-021-00453-x
https://doi.org/10.1007/978-3-319-70178-3_15
https://doi.org/10.1007/978-3-319-70178-3_15
https://doi.org/10.1016/j.cmet.2016.04.029
https://doi.org/10.1161/atvbaha.119.313154
https://doi.org/10.1161/atvbaha.119.313154
https://doi.org/10.1097/med.0000000000000360
https://doi.org/10.1097/med.0000000000000360
https://doi.org/10.1007/s00420-015-1082-6
https://doi.org/10.1007/s00420-015-1082-6
https://doi.org/10.1186/s13293-018-0189-3
https://doi.org/10.1186/s13293-018-0189-3
https://doi.org/10.1210/er.2015-1137
https://doi.org/10.1210/er.2015-1137
https://doi.org/10.3109/13813455.2015.1122066
https://doi.org/10.3109/13813455.2015.1122066
https://doi.org/10.1172/jci129191
https://doi.org/10.1172/jci129191

18. R. Matyskova, B. Zeleznd, J. Maixnerovd, D. Koutova, M. Haluzik,
and L. Maletinskd, “Estradiol Supplementation Helps Overcome
Central Leptin Resistance of Ovariectomized Mice on a High Fat Diet,”
Hormone and Metabolic Research 42, no. 3 (2010): 182-186, https://doi.
0rg/10.1055/s-0029-1243250.

19. Z. Zhu, X. Liu, S. P. Senthil Kumar, J. Zhang, and H. Shi, “Central
Expression and Anorectic Effect of Brain-Derived Neurotrophic Factor
Are Regulated by Circulating Estradiol Levels,” Hormones and Behavior
63, no. 3 (2013): 533-542, https://doi.org/10.1016/j.yhbeh.2013.01.009.

20. X. Liu, Z. Zhu, M. Kalyani, J. M. Janik, and H. Shi, “Effects of Energy
Status and Diet on Bdnf Expression in the Ventromedial Hypothalamus
of Male and Female Rats,” Physiology & Behavior 130 (2014): 99-107,
https://doi.org/10.1016/j.physbeh.2014.03.028.

21.J. Santollo and L. A. Eckel, “The Orexigenic Effect of Melanin-
Concentrating Hormone (MCH) is Influenced by Sex and Stage of the
Estrous Cycle,” Physiology & Behavior 93, no. 4-5 (2008): 842-850,
https://doi.org/10.1016/j.physbeh.2007.11.050.

22.D.J. Clegg, L. M. Brown, J. M. Zigman, et al., “Estradiol-Dependent
Decrease in the Orexigenic Potency of Ghrelin in Female Rats,” Diabetes
56, no. 4 (2007): 1051-1058, https://doi.org/10.2337/db06-0015.

23.B. F. Palmer and D. J. Clegg, “The Sexual Dimorphism of Obesity,”
Molecular and Cellular Endocrinology 402 (2015): 113-119, https://doi.
org/10.1016/j.mce.2014.11.029.

24. M. D. Jensen, “Visceral Fat: Culprit or Canary?,” Endocrinology and
Metabolism Clinics of North America 49, no. 2 (2020): 229-237, https://
doi.org/10.1016/j.ecl.2020.02.002.

25. L. Fang, F. Guo, L. Zhou, R. Stahl, and J. Grams, “The Cell Size
and Distribution of Adipocytes From Subcutaneous and Visceral Fat Is
Associated With Type 2 Diabetes Mellitus in Humans,” Adipocyte 4, no.
4 (2015): 273-279, https://doi.org/10.1080/21623945.2015.1034920.

26. P. Anagnostis, K. Christou, A. M. Artzouchaltzi, et al., “Early
Menopause and Premature Ovarian Insufficiency Are Associated With
Increased Risk of Type 2 Diabetes: A Systematic Review and Meta-
Analysis,” European Journal of Endocrinology 180, no. 1 (2019): 41-50,
https://doi.org/10.1530/eje-18-0602.

27.M. M. L. Abdalla, M. Azzani, W. Atroosh, D. Anbazhagan, and V.
Kumarasamy, “The Association Between Mental Health and Obesity in
Postmenopausal Women: A Systematic Review,” Endocrine Regulations
56, no. 4 (2022): 295-310, https://doi.org/10.2478/enr-2022-0032.

28.J. McNeil and M. P. St-Onge, “Increased Energy Intake Following
Sleep Restriction in Men and Women: A One-Size-Fits-All Conclusion?,”
Obesity (Silver Spring, Md.) 25, no. 6 (2017): 989-992, https://doi.org/10.
1002/0by.21831.

29. H. Zhang, T. K. Tong, Z. Kong, Q. Shi, Y. Liu, and J. Nie, “Exercise
Training-Induced Visceral Fat Loss in Obese Women: The Role of
Training Intensity and Modality,” Scandinavian Journal of Medicine
& Science in Sports 31, no. 1 (2021): 30-43, https://doi.org/10.1111/sms.
13803.

30. M. Reyes-Farias, J. Fos-Domenech, D. Serra, L. Herrero, and D.
Sanchez-Infantes, “White Adipose Tissue Dysfunction in Obesity and
Aging,” Biochemical Pharmacology 192 (2021): 114723, https://doi.org/
10.1016/j.bcp.2021.114723.

31. A. Chait and L. J. den Hartigh, “Adipose Tissue Distribution,
Inflammation and Its Metabolic Consequences, Including Diabetes and
Cardiovascular Disease,” Frontiers in Cardiovascular Medicine 7 (2020):
22, https://doi.org/10.3389/fcvm.2020.00022.

32.D. E. Chusyd, D. Wang, D. M. Huffman, and T. R. Nagy,
“Relationships Between Rodent White Adipose Fat Pads and Human
White Adipose Fat Depots,” Frontiers in Nutrition 3 (2016): 10, https://
doi.org/10.3389/fnut.2016.00010.

33.R. K. Zwick, C. F. Guerrero-Juarez, V. Horsley, and M. V. Plikus,
“Anatomical, Physiological, and Functional Diversity of Adipose

Tissue,” Cell Metabolism 27, no. 1 (2018): 68-83, https://doi.org/10.
1016/j.cmet.2017.12.002.

34. C. Brendle, M. K. Werner, M. Schmadl, et al., “Correlation of Brown
Adipose Tissue With Other Body Fat Compartments and Patient
Characteristics: A Retrospective Analysis in a Large Patient Cohort
Using PET/CT,” Academic Radiology 25, no. 1 (2018): 102-110, https://
doi.org/10.1016/j.acra.2017.09.007.

35.J. D. Steinberg, W. Vogel, and E. Vegt, “Factors Influencing Brown
Fat Activation in FDG PET/CT: A Retrospective Analysis of 15,000+
Cases,” British Journal of Radiology 90, no. 1075 (2017): 20170093,
https://doi.org/10.1259/bjr.20170093.

36.X. Shao, X. Shao, X. Wang, and Y. Wang, “Characterization of
Brown Adipose Tissue 18F-FDG Uptake in PET/CT Imaging and Its
Influencing Factors in the Chinese Population,” Nuclear Medicine and
Biology 43, no. 1 (2016): 7-11, https://doi.org/10.1016/j.nucmedbio.2015.
09.002.

37.F. JGW, C. 1. Maushart, A. S. Becker, et al., “Comparison of ['*F]
FDG PET/CT With Magnetic Resonance Imaging for the Assessment
of Human Brown Adipose Tissue Activity,” EJNMMI Research 10, no. 1
(2020): 85, https://doi.org/10.1186/513550-020-00665-7.

38.Y. C. Chen, A. M. Cypess, Y. C. Chen, et al., “Measurement of
Human Brown Adipose Tissue Volume and Activity Using Anatomic
MR Imaging and Functional MR Imaging,” Journal of Nuclear
Medicine 54, no. 9 (2013): 1584-1587, https://doi.org/10.2967/jnumed.
112.117275.

39. M. Wu, D. Junker, R. T. Branca, and D. C. Karampinos, “Magnetic
Resonance Imaging Techniques for Brown Adipose Tissue Detection,”
Frontiers in Endocrinology 11 (2020): 421, https://doi.org/10.3389/fendo.
2020.00421.

40.J. C. van den Beukel, A. Grefhorst, M. J. Hoogduijn, et al., “Women
Have More Potential to Induce Browning of Perirenal Adipose Tissue
Than Men,” Obesity (Silver Spring, Md.) 23, no. 8 (2015): 1671-1679,
https://doi.org/10.1002/0by.21166.

41. M. Rudnicki, G. Abdifarkosh, O. Rezvan, E. Nwadozi, E. Roudier,
and T. L. Haas, “Female Mice Have Higher Angiogenesis in Perigonadal
Adipose Tissue Than Males in Response to High-Fat Diet,” Frontiers
in Physiology 9 (2018): 1452, https://doi.org/10.3389/fphys.2018.01452.

42.T. Becher, S. Palanisamy, D. J. Kramer, et al., “Brown Adipose Tissue
is Associated With Cardiometabolic Health,” Nature Medicine 27, no. 1
(2021): 58-65, https://doi.org/10.1038/s41591-020-1126-7.

43. 0. Bardhi, B. F. Palmer, and D. J. Clegg, “The Evolutionary Impact
and Influence of Oestrogens on Adipose Tissue Structure and Function,”
Philosophical Transactions of the Royal Society, B: Biological Sciences
378, no. 1885 (2023): 20220207, https://doi.org/10.1098/rstb.2022.0207.

44. S. Rodriguez-Cuenca, M. Monjo, A. M. Proenza, and P. Roca, “Depot
Differences in Steroid Receptor Expression in Adipose Tissue: Possible
Role of the Local Steroid Milieu,” American Journal of Physiology.
Endocrinology and Metabolism 288, no. 1 (2005): E200-E207, https://
doi.org/10.1152/ajpendo.00270.2004.

45.F. Ahmed, P. G. Kamble, S. Hetty, et al., “Role of Estrogen and
Its Receptors in Adipose Tissue Glucose Metabolism in Pre- and
Postmenopausal Women,” Journal of Clinical Endocrinology and
Metabolism 107, no. 5 (2022): e1879-e1889, https://doi.org/10.1210/cli-
nem/dgac042.

46. M. Bliiher, “Importance of Estrogen Receptors in Adipose Tissue
Function,” Molecular Metabolism 2, no. 3 (2013): 130-132, https://doi.
0rg/10.1016/j.molmet.2013.07.001.

47.Z. Tao, L. D. Zheng, C. Smith, et al., “Estradiol Signaling Mediates
Gender Difference in Visceral Adiposity via Autophagy,” Cell Death &
Disease 9, no. 3 (2018): 309, https://doi.org/10.1038/s41419-018-0372-9.

48.D. J. Clegg, L. M. Brown, S. C. Woods, and S. C. Benoit, “Gonadal
Hormones Determine Sensitivity to Central Leptin and Insulin,”

12 of 17

Obesity Reviews, 2025

B5UB17 SUOWIIOD 3AFe81D) 3|qedljdde aup Aq paueAob ae saiie O ‘88N JO s3I 10} Aeig1T BUIIUO AB|IM UO (SUORIPUOD-PUR-SWISH W00 A3 | 1M ALR1q 1 RU1|UO//SARY) SUORIPUOD PUe SWB L 8U3 89S *[5202/0T/80] U0 A%iqiauliuo ABIM ‘IURa JO AISRAIUN AQ 9200/ 1G0/TTTT OT/I0p/W00" A3 1M AIq 1 RUIIUO//SANY WOI) papRo|uMOd ‘0 ‘X68LL9YT


https://doi.org/10.1055/s-0029-1243250
https://doi.org/10.1055/s-0029-1243250
https://doi.org/10.1016/j.yhbeh.2013.01.009
https://doi.org/10.1016/j.physbeh.2014.03.028
https://doi.org/10.1016/j.physbeh.2007.11.050
https://doi.org/10.2337/db06-0015
https://doi.org/10.1016/j.mce.2014.11.029
https://doi.org/10.1016/j.mce.2014.11.029
https://doi.org/10.1016/j.ecl.2020.02.002
https://doi.org/10.1016/j.ecl.2020.02.002
https://doi.org/10.1080/21623945.2015.1034920
https://doi.org/10.1530/eje-18-0602
https://doi.org/10.2478/enr-2022-0032
https://doi.org/10.1002/oby.21831
https://doi.org/10.1002/oby.21831
https://doi.org/10.1111/sms.13803
https://doi.org/10.1111/sms.13803
https://doi.org/10.1016/j.bcp.2021.114723
https://doi.org/10.1016/j.bcp.2021.114723
https://doi.org/10.3389/fcvm.2020.00022
https://doi.org/10.3389/fnut.2016.00010
https://doi.org/10.3389/fnut.2016.00010
https://doi.org/10.1016/j.cmet.2017.12.002
https://doi.org/10.1016/j.cmet.2017.12.002
https://doi.org/10.1016/j.acra.2017.09.007
https://doi.org/10.1016/j.acra.2017.09.007
https://doi.org/10.1259/bjr.20170093
https://doi.org/10.1016/j.nucmedbio.2015.09.002
https://doi.org/10.1016/j.nucmedbio.2015.09.002
https://doi.org/10.1186/s13550-020-00665-7
https://doi.org/10.2967/jnumed.112.117275
https://doi.org/10.2967/jnumed.112.117275
https://doi.org/10.3389/fendo.2020.00421
https://doi.org/10.3389/fendo.2020.00421
https://doi.org/10.1002/oby.21166
https://doi.org/10.3389/fphys.2018.01452
https://doi.org/10.1038/s41591-020-1126-7
https://doi.org/10.1098/rstb.2022.0207
https://doi.org/10.1152/ajpendo.00270.2004
https://doi.org/10.1152/ajpendo.00270.2004
https://doi.org/10.1210/clinem/dgac042
https://doi.org/10.1210/clinem/dgac042
https://doi.org/10.1016/j.molmet.2013.07.001
https://doi.org/10.1016/j.molmet.2013.07.001
https://doi.org/10.1038/s41419-018-0372-9

Diabetes 55, no. 4 (2006): 978-987, https://doi.org/10.2337/diabetes.55.
04.06.db05-1339.

49.J. M. Elbers, H. Asscheman, J. C. Seidell, and L. J. Gooren, “Effects of
Sex Steroid Hormones on Regional Fat Depots as Assessed by Magnetic
Resonance Imaging in Transsexuals,” American Journal of Physiology
276, no. 2 (1999): E317-E325, https://doi.org/10.1152/ajpendo.1999.
276.2.E317.

50.S. Jeong and M. Yoon, “17@-Estradiol Inhibition of PPARy-
Induced Adipogenesis and Adipocyte-Specific Gene Expression,” Acta
Pharmacologica Sinica 32, no. 2 (2011): 230-238, https://doi.org/10.
1038/aps.2010.198.

51. M. Gonzalez-Granillo, C. Savva, X. Li, et al., “Selective Estrogen
Receptor (ER)B Activation Provokes a Redistribution of Fat Mass and
Modifies Hepatic Triglyceride Composition in Obese Male Mice,”
Molecular and Cellular Endocrinology 502 (2020): 110672, https://doi.
org/10.1016/j.mce.2019.110672.

52. M. Gonzalez-Granillo, C. Savva, X. Li, et al., “ERf Activation in
Obesity Improves Whole Body Metabolism via Adipose Tissue Function
and Enhanced Mitochondria Biogenesis,” Molecular and Cellular
Endocrinology 479 (2019): 147-158, https://doi.org/10.1016/j.mce.2018.
10.007.

53. M. Yepuru, J. Eswaraka, J. D. Kearbey, et al., “Estrogen Receptor-
B-Selective Ligands Alleviate High-Fat Diet- and Ovariectomy-Induced
Obesity in Mice,” Journal of Biological Chemistry Oct 8, 285, no. 41
(2010): 31292-31303, https://doi.org/10.1074/jbc.M110.147850.

54.B. M. Steiner and D. C. Berry, “The Regulation of Adipose Tissue
Health by Estrogens,” Frontiers in Endocrinology 13 (2022): 889923,
https://doi.org/10.3389/fend0.2022.889923.

55.J. R. Bracht, V. J. Vieira-Potter, R. De Souza Santos, O. K. Oz, B. F.
Palmer, and D. J. Clegg, “The Role of Estrogens in the Adipose Tissue
Milieu,” Annals of the New York Academy of Sciences 1461, no. 1 (2020):
127-143, https://doi.org/10.1111/nyas.14281.

56.Y. M. Park, R. I. Pereira, C. B. Erickson, T. A. Swibas, K. A.
Cox-York, and R. E. Van Pelt, “Estradiol-Mediated Improvements
in Adipose Tissue Insulin Sensitivity Are Related to the Balance
of Adipose Tissue Estrogen Receptor o and f in Postmenopausal
Women,” PLoS ONE 12, no. 5 (2017): e0176446, https://doi.org/10.
1371/journal.pone.0176446.

57.B. Martinez-Tellez, G. Sanchez-Delgado, M. R. Boon, P. C. N.
Rensen, J. M. Llamas-Elvira, and J. R. Ruiz, “Distribution of Brown
Adipose Tissue Radiodensity in Young Adults: Implications for Cold
[(18)F]FDG-PET/CT Analyses,” Molecular Imaging and Biology 22, no.
2(2020): 425-433, https://doi.org/10.1007/s11307-019-01381-y.

58. M. J. Riis-Vestergaard, B. Richelsen, J. M. Bruun, W. Li, J. B. Hansen,
and S. B. Pedersen, “Beta-1 and Not Beta-3 Adrenergic Receptors May
Be the Primary Regulator of Human Brown Adipocyte Metabolism,”
Journal of Clinical Endocrinology and Metabolism 105, no. 4 (2020),
https://doi.org/10.1210/clinem/dgz298.

59.J. P. Fuller-Jackson, A. L. Dordevic, I. J. Clarke, and B. A. Henry,
“Effect of Sex and Sex Steroids on Brown Adipose Tissue Heat
Production in Humans,” European Journal of Endocrinology 183, no. 3
(2020): 343-355, https://doi.org/10.1530/eje-20-0184.

60.C. T. Herz, O. C. Kulterer, M. Prager, et al., “Sex Differences in
Brown Adipose Tissue Activity and Cold-Induced Thermogenesis,”
Molecular and Cellular Endocrinology 534 (2021): 111365, https://doi.
org/10.1016/j.mce.2021.111365.

61. R. S. Santos, A. P. Frank, L. A. Fatima, B. F. Palmer, O. K. Oz, and
D. J. Clegg, “Activation of Estrogen Receptor Alpha Induces Beiging of
Adipocytes,” Molecular Metabolism 18 (2018): 51-59, https://doi.org/10.
1016/j.molmet.2018.09.002.

62. W. Sievers, C. Kettle, R. A. Green, et al., “The Effect of Estrogen on
Brown Adipose Tissue Activity in Male Rats,” BMC Research Notes 15,
no. 1(2022): 28, https://doi.org/10.1186/s13104-022-05910-x.

63.S. Ponnusamy, Q. T. Tran, I. Harvey, et al., “Pharmacologic
Activation of Estrogen Receptor 3 Increases Mitochondrial Function,
Energy Expenditure, and Brown Adipose Tissue,” FASEB Journal 31,
no. 1 (2017): 266-281, https://doi.org/10.1096/£j.201600787RR.

64.D. M. Kelly and T. H. Jones, “Testosterone and Obesity,” Obesity
Reviews 16, no. 7 (2015): 581-606, https://doi.org/10.1111/0br.12282.

65. C. A. Allan and R. I. McLachlan, “Androgens and Obesity,” Current
Opinion in Endocrinology, Diabetes and Obesity 17, no. 3 (2010): 224—
232, https://doi.org/10.1097/MED.0b013e3283398ee2.

66. C. Pelusi and R. Pasquali, “The Significance of Low Testosterone
Levels in Obese Men,” Current Obesity Reports 1, no. 4 (2012): 181-190,
https://doi.org/10.1007/s13679-012-0029-4.

67. M. N. Fui, P. Dupuis, and M. Grossmann, “Lowered Testosterone
in Male Obesity: Mechanisms, Morbidity and Management,” Asian
Journal of Andrology 16, no. 2 (2014): 223-231, https://doi.org/10.4103/
1008-682x.122365.

68. W. Guo, S. Zhao, Q. Chang, J. Sun, Y. Fan, and J. Liu, “Negative
Association Between 15 Obesity- and Lipid-Related Indices and
Testosterone in Adult Males: A Population Based Cross-Sectional
Study,” Lipids in Health and Disease 24, no. 1 (2025): 24, https://doi.org/
10.1186/s12944-025-02436-6.

69. K. Blouin, M. Nadeau, M. Perreault, et al., “Effects of Androgens
on Adipocyte Differentiation and Adipose Tissue Explant Metabolism
in Men and Women,” Clinical Endocrinology 72, no. 2 (2010): 176-188,
https://doi.org/10.1111/j.1365-2265.2009.03645.X.

70.J. Langfort, S. Jagsz, P. Dobrzyn, et al., “Testosterone Affects
Hormone-Sensitive Lipase (HSL) Activity and Lipid Metabolism in the
Left Ventricle,” Biochemical and Biophysical Research Communications
399, no. 4 (2010): 670-676, https://doi.org/10.1016/j.bbrc.2010.07.140.

71.]. Fillo, J. Breza, Jr., M. Ondrusova, et al., “Results of Long Term
Testosterone Replacement Therapy in Men With Abdominal Obesity,
Erectile Dysfunction and Testosterone Deficiency,” Bratislavské
Lekarske Listy 119, no. 9 (2018): 577-580, https://doi.org/10.4149/bll_
2018_061.

72.Y. Barnouin, R. Armamento-Villareal, A. Celli, et al., “Testosterone
Replacement Therapy Added to Intensive Lifestyle Intervention in
Older Men With Obesity and Hypogonadism,” Journal of Clinical
Endocrinology and Metabolism 106, no. 3 (2021): e1096-e1110, https://
doi.org/10.1210/clinem/dgaa917.

73.Z. L. Sebo and M. S. Rodeheffer, “Testosterone Metabolites
Differentially Regulate Obesogenesis and Fat Distribution,” Molecular
Metabolism 44 (2021): 101141, https://doi.org/10.1016/j.molmet.2020.
101141.

74. R. Singh, J. N. Artaza, W. E. Taylor, et al., “Testosterone Inhibits
Adipogenic Differentiation in 3T3-L1 Cells: Nuclear Translocation of
Androgen Receptor Complex With Beta-Catenin and T-Cell Factor 4
May Bypass Canonical Wnt Signaling to Down-Regulate Adipogenic
Transcription Factors,” Endocrinology 147, no. 1 (2006): 141-154,
https://doi.org/10.1210/en.2004-1649.

75.K.J. McInnes, L. B. Smith, N. I. Hunger, P. T. Saunders, R. Andrew,
and B. R. Walker, “Deletion of the Androgen Receptor in Adipose
Tissue in Male Mice Elevates Retinol Binding Protein 4 and Reveals
Independent Effects on Visceral Fat Mass and on Glucose Homeostasis,”
Diabetes 61, no. 5 (2012): 1072-1081, https://doi.org/10.2337/db11-1136.

76.V. Dubois, M. R. Laurent, F. Jardi, et al., “Androgen Deficiency
Exacerbates High-Fat Diet-Induced Metabolic Alterations in Male
Mice,” Endocrinology 157, no. 2 (2016): 648-665, https://doi.org/10.
1210/en.2015-1713.

77.N. Marti, J. A. Galvan, A. V. Pandey, et al., “Genes and Proteins
of the Alternative Steroid Backdoor Pathway for Dihydrotestosterone
Synthesis Are Expressed in the Human Ovary and Seem Enhanced in
the Polycystic Ovary Syndrome,” Molecular and Cellular Endocrinology
441 (2017): 116-123, https://doi.org/10.1016/j.mce.2016.07.029.

13 of 17

B5UB17 SUOWIIOD 3AFe81D) 3|qedljdde aup Aq paueAob ae saiie O ‘88N JO s3I 10} Aeig1T BUIIUO AB|IM UO (SUORIPUOD-PUR-SWISH W00 A3 | 1M ALR1q 1 RU1|UO//SARY) SUORIPUOD PUe SWB L 8U3 89S *[5202/0T/80] U0 A%iqiauliuo ABIM ‘IURa JO AISRAIUN AQ 9200/ 1G0/TTTT OT/I0p/W00" A3 1M AIq 1 RUIIUO//SANY WOI) papRo|uMOd ‘0 ‘X68LL9YT


https://doi.org/10.2337/diabetes.55.04.06.db05%961339
https://doi.org/10.2337/diabetes.55.04.06.db05%961339
https://doi.org/10.1152/ajpendo.1999.276.2.E317
https://doi.org/10.1152/ajpendo.1999.276.2.E317
https://doi.org/10.1038/aps.2010.198
https://doi.org/10.1038/aps.2010.198
https://doi.org/10.1016/j.mce.2019.110672
https://doi.org/10.1016/j.mce.2019.110672
https://doi.org/10.1016/j.mce.2018.10.007
https://doi.org/10.1016/j.mce.2018.10.007
https://doi.org/10.1074/jbc.M110.147850
https://doi.org/10.3389/fendo.2022.889923
https://doi.org/10.1111/nyas.14281
https://doi.org/10.1371/journal.pone.0176446
https://doi.org/10.1371/journal.pone.0176446
https://doi.org/10.1007/s11307-019-01381-y
https://doi.org/10.1210/clinem/dgz298
https://doi.org/10.1530/eje-20-0184
https://doi.org/10.1016/j.mce.2021.111365
https://doi.org/10.1016/j.mce.2021.111365
https://doi.org/10.1016/j.molmet.2018.09.002
https://doi.org/10.1016/j.molmet.2018.09.002
https://doi.org/10.1186/s13104-022-05910-x
https://doi.org/10.1096/fj.201600787RR
https://doi.org/10.1111/obr.12282
https://doi.org/10.1097/MED.0b013e3283398ee2
https://doi.org/10.1007/s13679-012-0029-4
https://doi.org/10.4103/1008-682x.122365
https://doi.org/10.4103/1008-682x.122365
https://doi.org/10.1186/s12944-025-02436-6
https://doi.org/10.1186/s12944-025-02436-6
https://doi.org/10.1111/j.1365-2265.2009.03645.x
https://doi.org/10.1016/j.bbrc.2010.07.140
https://doi.org/10.4149/bll_2018_061
https://doi.org/10.4149/bll_2018_061
https://doi.org/10.1210/clinem/dgaa917
https://doi.org/10.1210/clinem/dgaa917
https://doi.org/10.1016/j.molmet.2020.101141
https://doi.org/10.1016/j.molmet.2020.101141
https://doi.org/10.1210/en.2004-1649
https://doi.org/10.2337/db11-1136
https://doi.org/10.1210/en.2015-1713
https://doi.org/10.1210/en.2015-1713
https://doi.org/10.1016/j.mce.2016.07.029

78. T. M. Barber, P. Hanson, M. O. Weickert, and S. Franks, “Obesity
and Polycystic Ovary Syndrome: Implications for Pathogenesis and
Novel Management Strategies,” Clinical Medicine Insights. Reproductive
Health 13 (2019): 1179558119874042, https://doi.org/10.1177/11795
58119874042.

79.J. C. Lovejoy, G. A. Bray, M. O. Bourgeois, et al., “Exogenous
Androgens Influence Body Composition and Regional Body Fat
Distribution in Obese Postmenopausal Women—A Clinical Research
Center Study,” Journal of Clinical Endocrinology and Metabolism 81, no.
6(1996): 2198-2203, https://doi.org/10.1210/jcem.81.6.8964851.

80.L. D. da Silva, J. M. Veridiano, J. C. C. Oliveira, et al., “The
Effect of Testosterone Replacement on Intramedullary, Inguinal
and Visceral Fat in Ovariectomized Rats,” Revista Brasileira de
Ginecologia E Obstetricia 42, no. 1 (2020): 43-50, https://doi.org/10.
1055/s-0040-1701460.

81.J. M. Elbers, E. J. Giltay, T. Teerlink, et al., “Effects of Sex Steroids
on Components of the Insulin Resistance Syndrome in Transsexual
Subjects,” Clinical Endocrinology 58, no. 5 (2003): 562-571, https://doi.
0rg/10.1046/j.1365-2265.2003.01753.x.

82. R. Bukowski, G. C. Smith, F. D. Malone, et al., “Human Sexual Size
Dimorphism in Early Pregnancy,” American Journal of Epidemiology
165, no. 10 (2007): 1216-1218, https://doi.org/10.1093/aje/kwm024.

83. P. S. Burgoyne, A. R. Thornhill, S. K. Boudrean, S. M. Darling, C.
E. Bishop, and E. P. Evans, “The Genetic Basis of XX-XY Differences
Present Before Gonadal Sex Differentiation in the Mouse,” Philosophical
Transactions of the Royal Society, B: Biological Sciences 350, no. 1333
(1995): 253-261, https://doi.org/10.1098/rstb.1995.0159.

84.S. Kirchengast, “Gender Differences in Body Composition From
Childhood to Old Age: An Evolutionary Point of View,” Journal of
Life Sciences 2 (2010): 1-10, https://doi.org/10.1080/09751270.2010.
11885146.

85.R. W. Taylor, E. Gold, P. Manning, and A. Goulding, “Gender
Differences in Body Fat Content Are Present Well Before Puberty,”
International Journal of Obesity 21, no. 11 (1997): 1082-1084, https://
doi.org/10.1038/sj.ij0.0800522.

86. T. Zore, M. Palafox, and K. Reue, “Sex Differences in Obesity, Lipid
Metabolism, and Inflammation—A Role for the Sex Chromosomes?,”
Molecular Metabolism 15 (2018): 35-44, https://doi.org/10.1016/j.mol-
met.2018.04.003.

87.Y.Ji, A. M. Yiorkas, F. Frau, et al., “Genome-Wide and Abdominal
MRI Data Provide Evidence That a Genetically Determined Favorable
Adiposity Phenotype Is Characterized by Lower Ectopic Liver Fat and
Lower Risk of Type 2 Diabetes, Heart Disease, and Hypertension,”
Diabetes 68, no. 1 (2019): 207-219, https://doi.org/10.2337/db18-0708.

88. A. van Nas, D. Guhathakurta, S. S. Wang, et al., “Elucidating the
Role of Gonadal Hormones in Sexually Dimorphic Gene Coexpression
Networks,” Endocrinology 150, no. 3 (2009): 1235-1249, https://doi.org/
10.1210/en.2008-0563.

89.X. Chen, R. McClusky, J. Chen, et al., “The Number of X
Chromosomes Causes Sex Differences in Adiposity in Mice,” PLoS
Genetics 8, no. 5(2012): 1002709, https://doi.org/10.1371/journal.pgen.
1002709.

90.J. C. Link, X. Chen, A. P. Arnold, and K. Reue, “Metabolic Impact of
Sex Chromosomes,” Adipocyte 2, no. 2 (2013): 74-79, https://doi.org/10.
4161/adip.23320.

91. K. Reue, “Sex Differences in Obesity: X Chromosome Dosage as a
Risk Factor for Increased Food Intake, Adiposity and Co-Morbidities,”
Physiology & Behavior 176 (2017): 174-182, https://doi.org/10.1016/j.
physbeh.2017.02.040.

92.B. P. Balaton, A. M. Cotton, and C. J. Brown, “Derivation of
Consensus Inactivation Status for X-Linked Genes From Genome-Wide
Studies,” Biology of Sex Differences 6 (2015): 35, https://doi.org/10.1186/
$13293-015-0053-7.

93. G. R. Cunningham and S. M. Toma, “Clinical Review: Why Is
Androgen Replacement in Males Controversial?,” Journal of Clinical
Endocrinology and Metabolism 96, no. 1 (2011): 38-52, https://doi.org/
10.1210/jc.2010-0266.

94.]. C. Link, C. B. Wiese, X. Chen, et al., “X Chromosome Dosage
of Histone Demethylase KDM5C Determines Sex Differences in
Adiposity,” Journal of Clinical Investigation 130, no. 11 (2020): 5688—
5702, https://doi.org/10.1172/jci140223.

95.K. Reue and C. B. Wiese, “Illuminating the Mechanisms
Underlying Sex Differences in Cardiovascular Disease,” Circulation
Research 130, no. 12 (2022): 1747-1762, https://doi.org/10.1161/circr
esaha.122.320259.

96. L. Snijders Blok, E. Madsen, J. Juusola, et al., “Mutations in DDX3X
Are a Common Cause of Unexplained Intellectual Disability With
Gender-Specific Effects on Wnt Signaling,” American Journal of Human
Genetics 97, no. 2 (2015): 343-352, https://doi.org/10.1016/j.ajhg.2015.
07.004.

97.D. Sharma and E. Jankowsky, “The Ded1/DDX3 Subfamily of
DEAD-Box RNA Helicases,” Critical Reviews in Biochemistry and
Molecular Biology 49, no. 4 (2014): 343-360, https://doi.org/10.3109/
10409238.2014.931339.

98. M. C. Lai, Y. H. Lee,and W. Y. Tarn, “The DEAD-Box RNA Helicase
DDX3 Associates With Export Messenger Ribonucleoproteins as Well
as Tip-Associated Protein and Participates in Translational Control,”
Molecular Biology of the Cell 19, no. 9 (2008): 3847-3858, https://doi.org/
10.1091/mbc.e07-12-1264.

99. G. M. Bol, F. Vesuna, M. Xie, et al., “Targeting DDX3 With a Small
Molecule Inhibitor for Lung Cancer Therapy,” EMBO Molecular
Medicine 7, no. 5 (2015): 648-669, https://doi.org/10.15252/emmm.
201404368.

100. M. Schroder, “Human DEAD-Box Protein 3 Has Multiple Functions
in Gene Regulation and Cell Cycle Control and Is a Prime Target for
Viral Manipulation,” Biochemical Pharmacology 79, no. 1 (2010): 297-
306, https://doi.org/10.1016/j.bcp.2009.08.032.

101.T. Y. Tsai, W. T. Wang, H. K. Li, et al., “RNA Helicase DDX3
Maintains Lipid Homeostasis Through Upregulation of the Microsomal
Triglyceride Transfer Protein by Interacting With HNF4 and SHP,”
Scientific Reports 7 (2017): 41452, https://doi.org/10.1038/srep41452.

102. D. Feng, L. Guo, J. Liu, et al., “DDX3X Deficiency Alleviates LPS-
Induced H9c2 Cardiomyocytes Pyroptosis by Suppressing Activation of
NLRP3 Inflammasome,” Experimental and Therapeutic Medicine 22,
no. 6 (2021): 1389, https://doi.org/10.3892/etm.2021.10825.

103. W. A. Schulz, A. Lang, J. Koch, and A. Greife, “The Histone
Demethylase UTX/KDM6A in Cancer: Progress and Puzzles,”
International Journal of Cancer 145, no. 3 (2019): 614-620, https://doi.
org/10.1002/ijc.32116.

104.J. Chen, X. Xu, Y. Li, et al., “Kdmé6a Suppresses the Alternative
Activation of Macrophages and Impairs Energy Expenditure in
Obesity,” Cell Death and Differentiation 28, no. 5 (2021): 1688-1704,
https://doi.org/10.1038/s41418-020-00694-8.

105.Y.Wei,J. Chen, X. Xu, et al., “Restoration of H3K 27me3 Modification
Epigenetically Silences Cryl Expression and Sensitizes Leptin Signaling
to Reduce Obesity-Related Properties,” Advanced Science 8, no. 14
(2021): 2004319, https://doi.org/10.1002/advs.202004319.

106. C. Savva, L. A. Helguero, M. Gonzdlez-Granillo, et al., “Maternal
High-Fat Diet Programs White and Brown Adipose Tissue Lipidome and
Transcriptome in Offspring in a Sex- and Tissue-Dependent Manner in
Mice,” International Journal of Obesity (London, England: 2001) 46, no.
4(2022): 831-842, https://doi.org/10.1038/s41366-021-01060-5.

107. L. Wrobel, F. H. Siddiqi, S. M. Hill, et al., “mTORC2 Assembly Is
Regulated by USP9X-Mediated Deubiquitination of RICTOR,” Cell
Reports 33, no. 13 (2020): 108564, https://doi.org/10.1016/j.celrep.2020.
108564.

14 of 17

Obesity Reviews, 2025

B5UB17 SUOWIIOD 3AFe81D) 3|qedljdde aup Aq paueAob ae saiie O ‘88N JO s3I 10} Aeig1T BUIIUO AB|IM UO (SUORIPUOD-PUR-SWISH W00 A3 | 1M ALR1q 1 RU1|UO//SARY) SUORIPUOD PUe SWB L 8U3 89S *[5202/0T/80] U0 A%iqiauliuo ABIM ‘IURa JO AISRAIUN AQ 9200/ 1G0/TTTT OT/I0p/W00" A3 1M AIq 1 RUIIUO//SANY WOI) papRo|uMOd ‘0 ‘X68LL9YT


https://doi.org/10.1177/1179558119874042
https://doi.org/10.1177/1179558119874042
https://doi.org/10.1210/jcem.81.6.8964851
https://doi.org/10.1055/s-0040-1701460
https://doi.org/10.1055/s-0040-1701460
https://doi.org/10.1046/j.1365-2265.2003.01753.x
https://doi.org/10.1046/j.1365-2265.2003.01753.x
https://doi.org/10.1093/aje/kwm024
https://doi.org/10.1098/rstb.1995.0159
https://doi.org/10.1080/09751270.2010.11885146
https://doi.org/10.1080/09751270.2010.11885146
https://doi.org/10.1038/sj.ijo.0800522
https://doi.org/10.1038/sj.ijo.0800522
https://doi.org/10.1016/j.molmet.2018.04.003
https://doi.org/10.1016/j.molmet.2018.04.003
https://doi.org/10.2337/db18-0708
https://doi.org/10.1210/en.2008-0563
https://doi.org/10.1210/en.2008-0563
https://doi.org/10.1371/journal.pgen.1002709
https://doi.org/10.1371/journal.pgen.1002709
https://doi.org/10.4161/adip.23320
https://doi.org/10.4161/adip.23320
https://doi.org/10.1016/j.physbeh.2017.02.040
https://doi.org/10.1016/j.physbeh.2017.02.040
https://doi.org/10.1186/s13293-015-0053-7
https://doi.org/10.1186/s13293-015-0053-7
https://doi.org/10.1210/jc.2010-0266
https://doi.org/10.1210/jc.2010-0266
https://doi.org/10.1172/jci140223
https://doi.org/10.1161/circresaha.122.320259
https://doi.org/10.1161/circresaha.122.320259
https://doi.org/10.1016/j.ajhg.2015.07.004
https://doi.org/10.1016/j.ajhg.2015.07.004
https://doi.org/10.3109/10409238.2014.931339
https://doi.org/10.3109/10409238.2014.931339
https://doi.org/10.1091/mbc.e07-12-1264
https://doi.org/10.1091/mbc.e07-12-1264
https://doi.org/10.15252/emmm.201404368
https://doi.org/10.15252/emmm.201404368
https://doi.org/10.1016/j.bcp.2009.08.032
https://doi.org/10.1038/srep41452
https://doi.org/10.3892/etm.2021.10825
https://doi.org/10.1002/ijc.32116
https://doi.org/10.1002/ijc.32116
https://doi.org/10.1038/s41418-020-00694-8
https://doi.org/10.1002/advs.202004319
https://doi.org/10.1038/s41366-021-01060-5
https://doi.org/10.1016/j.celrep.2020.108564
https://doi.org/10.1016/j.celrep.2020.108564

108.Y. Ye, H. Liu, F. Zhang, and F. Hu, “mTOR Signaling in Brown
and Beige Adipocytes: Implications for Thermogenesis and Obesity,”
Nutrition & Metabolism 16 (2019): 74, https://doi.org/10.1186/s1298
6-019-0404-1.

109.C. J. Brown, B. D. Hendrich, J. L. Rupert, et al.,, “The
Human XIST Gene: Analysis of a 17 kb Inactive X-Specific
RNA That Contains Conserved Repeats and is Highly Localized
Within the Nucleus,” Cell 71, no. 3 (1992): 527-542, https://doi.
0rg/10.1016/0092-8674(92)90520-m.

110. B. de Andrade ESL, I. Jonkers, L. Syx, et al., “Kinetics of Xist-
Induced Gene Silencing Can Be Predicted From Combinations of
Epigenetic and Genomic Features,” Genome Research 29, no. 7 (2019):
1087-1099, https://doi.org/10.1101/gr.245027.118.

111. C. Wu, S. Fang, H. Zhang, et al., “Long Noncoding RNA XIST
Regulates Brown Preadipocytes Differentiation and Combats High-Fat
Diet Induced Obesity by Targeting C/EBPa,” Molecular Medicine 28, no.
1(2022): 6, https://doi.org/10.1186/s10020-022-00434-3.

112.J. W. Heo, S. E. Kim, and M. K. Sung, “Sex Differences in the
Incidence of Obesity-Related Gastrointestinal Cancer,” International
Journal of Molecular Sciences 22, no. 3 (2021), https://doi.org/10.3390/
ijms22031253.

113. O. Lagerlof, J. E. Slocomb, I. Hong, et al., “The Nutrient Sensor
OGT in PVN Neurons Regulates Feeding,” Science 351, no. 6279 (2016):
1293-1296, https://doi.org/10.1126/science.aad5494.

114. M. D. Li, N. B. Vera, Y. Yang, et al., “Adipocyte OGT Governs Diet-
Induced Hyperphagia and Obesity,” Nature Communications 9, no. 1
(2018): 5103, https://doi.org/10.1038/s41467-018-07461-X.

115. P. Jézwiak, E. Forma, M. Brys, and A. Krzeslak, “O-GlcNAcylation
and Metabolic Reprograming in Cancer,” Frontiers In Endocrinology. 5,
no. 145 (2014), https://doi.org/10.3389/fendo.2014.00145.

116. T. Yao, J. He, Z. Cui, et al., “Central 5-HTR2C in the Control of
Metabolic Homeostasis,” Frontiers in Endocrinology 12 (2021): 694204,
https://doi.org/10.3389/fend0.2021.694204.

117.M. J. Millan, “Serotonin 5-HT2C Receptors as a Target for
the Treatment of Depressive and Anxious States: Focus on Novel
Therapeutic Strategies,” Thérapie 60, no. 5 (2005): 441-460, https://doi.
org/10.2515/therapie:2005065.

118. C.-M. Oh, J. Namkung, Y. Go, et al., “Regulation of Systemic Energy
Homeostasis by Serotonin in Adipose Tissues,” Nature Communications
6, no. 1 (2015): 6794, https://doi.org/10.1038/ncomms7794.

119. H. Kim, Y. Toyofuku, F. C. Lynn, et al., “Serotonin Regulates
Pancreatic Beta Cell Mass During Pregnancy,” Nature Medicine 16, no.
7 (2010): 804-808, https://doi.org/10.1038/nm.2173.

120. O. Senol-Cosar, R. J. Flach, M. DiStefano, et al., “Tenomodulin
Promotes Human Adipocyte Differentiation and Beneficial Visceral
Adipose Tissue Expansion,” Nature Communications 7, no. 1 (2016):
10686, https://doi.org/10.1038/ncomms10686.

121.J. Xu, P. S. Burgoyne, and A. P. Arnold, “Sex Differences in Sex
Chromosome Gene Expression in Mouse Brain,” Human Molecular
Genetics 11, no. 12 (2002): 1409-1419, https://doi.org/10.1093/hmg/11.
12.1400.

122. T. W. Winkler, A. E. Justice, M. Graff, et al., “The Influence of Age
and Sex on Genetic Associations With Adult Body Size and Shape: A
Large-Scale Genome-Wide Interaction Study,” PLoS Genetics 11, no. 10
(2015): 1005378, https://doi.org/10.1371/journal.pgen.1005378.

123.D. Shungin, T. W. Winkler, D. C. Croteau-Chonka, et al,
“New Genetic Loci Link Adipose and Insulin Biology to Body Fat
Distribution,” Nature 518, no. 7538 (2015): 187-196, https://doi.org/10.
1038/naturel4132.

124. M. C. Y. Ng, M. Graff, Y. Lu, et al., “Discovery and Fine-Mapping
of Adiposity Loci Using High Density Imputation of Genome-Wide
Association Studies in Individuals of African Ancestry: African

Ancestry Anthropometry Genetics Consortium,” PLoS Genetics 13, no.
4(2017): 1006719, https://doi.org/10.1371/journal.pgen.1006719.

125. S. L. Pulit, T. Karaderi, and C. M. Lindgren, “Sexual Dimorphisms
in Genetic Loci Linked to Body Fat Distribution,” Bioscience Reports 37,
no. 1 (2017), https://doi.org/10.1042/bsr20160184.

126. M. Rask-Andersen, T. Karlsson, W. E. Ek, and A. Johansson,
“Genome-Wide Association Study of Body Fat Distribution
Identifies Adiposity Loci and Sex-Specific Genetic Effects,” Nature
Communications 10, no. 1 (2019): 339.

127. C. A. Emdin, A. V. Khera, P. Natarajan, et al., “Genetic Association
of Waist-to-Hip Ratio With Cardiometabolic Traits, Type 2 Diabetes,
and Coronary Heart Disease,” JAMA 317, no. 6 (2017): 626—634, https://
doi.org/10.1001/jama.2016.21042.

128. V. Vincenti, C. Cassano, M. Rocchi, and G. Persico, “Assignment of
the Vascular Endothelial Growth Factor Gene to Human Chromosome
6p21.3,” Circulation 93, no. 8 (1996): 1493-1495, https://doi.org/10.1161/
01.cir.93.8.1493.

129.N. Lal, K. Puri, and B. Rodrigues, “Vascular Endothelial Growth
Factor B and Its Signaling,” Frontiers in Cardiovascular Medicine 5
(2018): 39, https://doi.org/10.3389/fcvm.2018.00039.

130. S. Rafii and P. Carmeliet, “VEGF-B Improves Metabolic Health
Through Vascular Pruning of Fat,” Cell Metabolism 23, no. 4 (2016):
571-573, https://doi.org/10.1016/j.cmet.2016.03.012.

131.J. E. Minchin, I. Dahlman, C. J. Harvey, et al, “Plexin D1
Determines Body Fat Distribution by Regulating the Type V Collagen
Microenvironment in Visceral Adipose Tissue,” Proceedings of the
National Academy of Sciences of the United States of America 112, no. 14
(2015): 4363-4368, https://doi.org/10.1073/pnas.1416412112.

132.1. Shimizu, Y. Yoshida, J. Moriya, et al., “Semaphorin3E-Induced
Inflammation Contributes to Insulin Resistance in Dietary Obesity,”
Cell Metabolism 18, no. 4 (2013): 491-504, https://doi.org/10.1016/j.
cmet.2013.09.001.

133.Y.Itahanaand K. Itahana, “Emerging Roles of p53 Family Members
in Glucose Metabolism,” International Journal of Molecular Sciences 19,
no. 3 (2018), https://doi.org/10.3390/ijms19030776.

134. T.Wang, W. Li, B. Ye, S. Zhang, X. Lei, and D. Zhang, “FTO-Stabilized
IncRNA HOXC13-AS Epigenetically Upregulated FZD6 and Activated
‘Wnt/B-Catenin Signaling to Drive Cervical Cancer Proliferation, Invasion,
and EMT,” Journal of BUON 26, no. 4 (2021): 1279-1291.

135. T. M. Mizuno, “Fat Mass and Obesity Associated (FTO) Gene and
Hepatic Glucose and Lipid Metabolism,” Nutrients 10, no. 11 (2018),
https://doi.org/10.3390/nu10111600.

136. H. Shi, X. Hao, Y. Sun, et al., “Bone Marrow Mesenchymal Stem
Cell-Derived Exosomes Reduce Insulin Resistance and Obesity in Mice
via the PI3K/AKT Signaling Pathway,” FEBS Open Bio 13, no. 6 (2023):
1015-1026, https://doi.org/10.1002/2211-5463.13615.

137. C. Guo, M. Yang, L. Jing, et al., “Amorphous Silica Nanoparticles
Trigger Vascular Endothelial Cell Injury Through Apoptosis and
Autophagy via Reactive Oxygen Species-Mediated MAPK/Bcl-2 and
PI3K/Akt/mTOR Signaling,” International Journal of Nanomedicine 11
(2016): 5257-5276, https://doi.org/10.2147/ijn.S112030.

138.Y. Cao, S. Han, H. Lu, et al., “Targeting mTOR Signaling by Dietary
Polyphenols in Obesity Prevention,” Nutrients 14, no. 23 (2022): 5171,
https://doi.org/10.3390/nu14235171.

139.M. J. Lee, “Transforming Growth Factor Beta Superfamily
Regulation of Adipose Tissue Biology in Obesity,” Biochimica Et
Biophysica Acta. Molecular Basis Of Disease 1864, no. 4 Pt A (2018):
1160-1171, https://doi.org/10.1016/j.bbadis.2018.01.025.

140. W. Zhang, X. Wu, Z. Pei, et al., “GDF5 Promotes White Adipose
Tissue Thermogenesis via p38 MAPK Signaling Pathway,” DNA and
Cell Biology 38, no. 11 (2019): 1303-1312, https://doi.org/10.1089/dna.
2019.4724.

150f 17

B5UB17 SUOWIIOD 3AFe81D) 3|qedljdde aup Aq paueAob ae saiie O ‘88N JO s3I 10} Aeig1T BUIIUO AB|IM UO (SUORIPUOD-PUR-SWISH W00 A3 | 1M ALR1q 1 RU1|UO//SARY) SUORIPUOD PUe SWB L 8U3 89S *[5202/0T/80] U0 A%iqiauliuo ABIM ‘IURa JO AISRAIUN AQ 9200/ 1G0/TTTT OT/I0p/W00" A3 1M AIq 1 RUIIUO//SANY WOI) papRo|uMOd ‘0 ‘X68LL9YT


https://doi.org/10.1186/s12986-019-0404-1
https://doi.org/10.1186/s12986-019-0404-1
https://doi.org/10.1016/0092-8674(92)90520-m
https://doi.org/10.1016/0092-8674(92)90520-m
https://doi.org/10.1101/gr.245027.118
https://doi.org/10.1186/s10020-022-00434-3
https://doi.org/10.3390/ijms22031253
https://doi.org/10.3390/ijms22031253
https://doi.org/10.1126/science.aad5494
https://doi.org/10.1038/s41467-018-07461-x
https://doi.org/10.3389/fendo.2014.00145
https://doi.org/10.3389/fendo.2021.694204
https://doi.org/10.2515/therapie:2005065
https://doi.org/10.2515/therapie:2005065
https://doi.org/10.1038/ncomms7794
https://doi.org/10.1038/nm.2173
https://doi.org/10.1038/ncomms10686
https://doi.org/10.1093/hmg/11.12.1409
https://doi.org/10.1093/hmg/11.12.1409
https://doi.org/10.1371/journal.pgen.1005378
https://doi.org/10.1038/nature14132
https://doi.org/10.1038/nature14132
https://doi.org/10.1371/journal.pgen.1006719
https://doi.org/10.1042/bsr20160184
https://doi.org/10.1001/jama.2016.21042
https://doi.org/10.1001/jama.2016.21042
https://doi.org/10.1161/01.cir.93.8.1493
https://doi.org/10.1161/01.cir.93.8.1493
https://doi.org/10.3389/fcvm.2018.00039
https://doi.org/10.1016/j.cmet.2016.03.012
https://doi.org/10.1073/pnas.1416412112
https://doi.org/10.1016/j.cmet.2013.09.001
https://doi.org/10.1016/j.cmet.2013.09.001
https://doi.org/10.3390/ijms19030776
https://doi.org/10.3390/nu10111600
https://doi.org/10.1002/2211-5463.13615
https://doi.org/10.2147/ijn.S112030
https://doi.org/10.3390/nu14235171
https://doi.org/10.1016/j.bbadis.2018.01.025
https://doi.org/10.1089/dna.2019.4724
https://doi.org/10.1089/dna.2019.4724

141. Y. You, W. L. Bao, S. L. Zhang, et al., “Sorting Nexin 10 Mediates
Metabolic Reprogramming of Macrophages in Atherosclerosis
Through the Lyn-Dependent TFEB Signaling Pathway,” Circulation
Research 127, no. 4 (2020): 534-549, https://doi.org/10.1161/circr
esaha.119.315516.

142. H.Y. Lin, F. S. Wang, Y. L. Yang, and Y. H. Huang, “MicroRNA-29a
Suppresses CD36 to Ameliorate High Fat Diet-Induced Steatohepatitis
and Liver Fibrosis in Mice,” Cells 8, no. 10 (2019), https://doi.org/10.
3390/cells8101298.

143.S. Su, H. Zhu, X. Xu, et al., “DNA Methylation of the LY86 Gene Is
Associated With Obesity, Insulin Resistance, and Inflammation,” Twin
Research and Human Genetics 17, no. 3 (2014): 183-191, https://doi.org/
10.1017/thg.2014.22.

144. L. Ren, W. Du, D. Song, et al., “Genetic Ablation of Diabetes-
Associated Gene Ccdc92 Reduces Obesity and Insulin Resistance in
Mice,” iScience 26, no. 1 (2023): 105769, https://doi.org/10.1016/j.isci.
2022.105769.

145.C. N. Feriod, L. Nguyen, M. J. Jurczak, et al.,, “Inositol
1,4,5-Trisphosphate Receptor Type II (InsP3R-II) Is Reduced in
Obese Mice, but Metabolic Homeostasis Is Preserved in Mice Lacking
InsP3R-II,” American Journal of Physiology. Endocrinology and
Metabolism 307, no. 11 (2014): E1057-E1064, https://doi.org/10.1152/
ajpendo.00236.2014.

146. E. Kruglov, M. Ananthanarayanan, P. Sousa, J. Weerachayaphorn,
M. T. Guerra, and M. H. Nathanson, “Type 2 Inositol Trisphosphate
Receptor Gene Expression in Hepatocytes Is Regulated by Cyclic AMP,”
Biochemical and Biophysical Research Communications 486, no. 3
(2017): 659-664, https://doi.org/10.1016/j.bbrc.2017.03.086.

147.J. C. Randall, T. W. Winkler, Z. Kutalik, et al., “Sex-Stratified
Genome-Wide Association Studies Including 270,000 Individuals Show
Sexual Dimorphism in Genetic Loci for Anthropometric Traits,” PLoS
Genetics 9, no. 6 (2013): e1003500, https://doi.org/10.1371/journal.pgen.
1003500.

148. Variants Associated With Sex Differences Related to Body Fat
Distribution, Bone Reports 2 (2013): 474, https://doi.org/10.1038/bonek
€y.2013.208.

149. N. Grarup, C. H. Sandholt, T. Hansen, and O. Pedersen, “Genetic
Susceptibility to Type 2 Diabetes and Obesity: From Genome-Wide
Association Studies to Rare Variants and Beyond,” Diabetologia 57, no.
8(2014): 1528-1541, https://doi.org/10.1007/s00125-014-3270-4.

150. M. Traurig, J. Mack, R. L. Hanson, et al., “Common Variation in
SIM1 Is Reproducibly Associated With BMI in Pima Indians,” Diabetes
58, no. 7 (2009): 1682-1689, https://doi.org/10.2337/db09-0028.

151. A. M. Peier, K. Desai, J. Hubert, et al., “Effects of Peripherally
Administered Neuromedin U on Energy and Glucose Homeostasis,”
Endocrinology 152, no. 7 (2011): 2644-2654, https://doi.org/10.1210/en.
2010-1463.

152. I. Cakir, M. Diaz-Martinez, P. Lining Pan, E. B. Welch, S. Patel, and
M. Ghamari-Langroudi, “Leptin Receptor Signaling in Sim1-Expressing
Neurons Regulates Body Temperature and Adaptive Thermogenesis,”
Endocrinology 160, no. 4 (2019): 863-879, https://doi.org/10.1210/en.
2019-00062.

153. L. Botticelli, E. Micioni Di Bonaventura, F. Del Bello, et al., “The
Neuromedin U system: Pharmacological Implications for the Treatment
of Obesity and Binge Eating Behavior,” Pharmacological Research 195
(2023): 106875, https://doi.org/10.1016/j.phrs.2023.106875.

154.Y. Yuan, H. Wang, J. He, H. Sun, D. Zhu, and Y. Bi, “Peripheral
Administration of NMU Promotes White Adipose Tissue Beiging and
Improves Glucose Tolerance,” International Journal of Endocrinology
2021 (2021): 6142096, https://doi.org/10.1155/2021/6142096.

155. P. Ding, B. Peng, G. Li, X. Sun, and G. Wang, “Glucosamine-
Phosphate N-Acetyltransferase 1 and Its DNA Methylation Can Be
Biomarkers for the Diagnosis and Prognosis of Lung Cancer,” Journal

of Clinical Laboratory Analysis 36, no. 9 (2022): 24628, https://doi.org/
10.1002/jcla.24628.

156. K. Bacos, L. Gillberg, P. Volkov, et al., “Blood-Based Biomarkers
of Age-Associated Epigenetic Changes in Human Islets Associate With
Insulin Secretion and Diabetes,” Nature Communications 7 (2016):
11089, https://doi.org/10.1038/ncomms11089.

157. A. K. Kaushik, A. Shojaie, K. Panzitt, et al., “Inhibition of the
Hexosamine Biosynthetic Pathway Promotes Castration-Resistant
Prostate Cancer,” Nature Communications 7 (2016): 11612, https://doi.
0rg/10.1038/ncomms11612.

158. C. Chokchaitaweesuk, T. Kobayashi, T. Izumikawa, and N. Itano,
“Enhanced Hexosamine Metabolism Drives Metabolic and Signaling
Networks Involving Hyaluronan Production and O-GIlcNAcylation to
Exacerbate Breast Cancer,” Cell Death & Disease 10, no. 11 (2019): 803,
https://doi.org/10.1038/s41419-019-2034-y.

159.J. M. Gaspar and L. A. Velloso, “Hypoxia Inducible Factor as a
Central Regulator of Metabolism - Implications for the Development
of Obesity,” Frontiers in Neuroscience 12 (2018): 813, https://doi.org/10.
3389/fnins.2018.00813.

160.Y. Liu, A. Jin, X. Quan, et al., “miR-590-5p/Tiam1-Mediated
Glucose Metabolism Promotes Malignant Evolution of Pancreatic
Cancer by Regulating SLC2A3 Stability,” Cancer Cell International 23,
no. 1 (2023): 301, https://doi.org/10.1186/s12935-023-03159-3.

161. M. Honma, S. Sawada, Y. Ueno, et al., “Selective Insulin
Resistance With Differential Expressions of IRS-1 and IRS-2 in
Human NAFLD Livers,” International Journal of Obesity (London,
England: 2001) 42, no. 9 (2018): 1544-1555, https://doi.org/10.1038/
$41366-018-0062-9.

162. C. Ma, Z. Wang, R. Xia, et al., “Danthron Ameliorates Obesity
and MAFLD Through Activating the Interplay Between PPARa/
RXRa Heterodimer and Adiponectin Receptor 2,” Biomedicine &
Pharmacotherapy 137 (2021): 111344, https://doi.org/10.1016/j.biopha.
2021.111344.

163. F. Greco, A. Tafuri, R. F. Grasso, B. Beomonte Zobel, and C. A.
Mallio, “Clinicopathological and Body Composition Analysis of VHL
and TTN Gene Mutations in Clear Cell Renal Cell Carcinoma: An
Exploratory Study,” Applied Sciences 12, no. 19 (2022): 9502.

164. T. Wang, X. Ma, D. Peng, et al., “Effects of Obesity Related Genetic
Variations on Visceral and Subcutaneous Fat Distribution in a Chinese
Population,” Scientific Reports 6, no. 1 (2016): 20691.

165. X. Lei, M. Callaway, H. Zhou, Y. Yang, and W. Chen, “Obesity
Associated Lyplall Gene Is Regulated in Diet Induced Obesity but
Not Required for Adipocyte Differentiation,” Molecular and Cellular
Endocrinology 411 (2015): 207-213, https://doi.org/10.1016/j.mce.2015.
05.001.

166. R. B. Vohnoutka, A. Kuppa, Y. Hegde, et al., “Knockout of Murine
Lyplall Confers Sex-Specific Protection Against Diet-Induced Obesity,”
Journal of Molecular Endocrinology 70, no. 3 (2023), https://doi.org/10.
1530/jme-22-0131.

167. F. Norheim, Y. Hasin-Brumshtein, L. Vergnes, et al., “Gene-By-Sex
Interactions in Mitochondrial Functions and Cardio-Metabolic Traits,”
Cell Metabolism 29, no. 4 (2019): 932-949.e4, https://doi.org/10.1016/j.
cmet.2018.12.013.

168. K. Ahn, M. Boehm, M. F. Brown, et al., “Discovery of a Selective
Covalent Inhibitor of Lysophospholipase-Like 1 (LYPLAL1I) as a Tool
to Evaluate the Role of This Serine Hydrolase in Metabolism,” ACS
Chemical Biology 11, no. 9 (2016): 2529-2540, https://doi.org/10.1021/
acschembio.6b00266.

169. C. Sun, F. Forster, B. Gutsmann, et al., “Metabolic Effects of the
Waist-To-Hip Ratio Associated Locus GRB14/COBLL1 Are Related
to GRB14 Expression in Adipose Tissue,” International Journal of
Molecular Sciences 23, no. 15 (2022), https://doi.org/10.3390/ijms2
3158558.

16 of 17

Obesity Reviews, 2025

B5UB17 SUOWIIOD 3AFe81D) 3|qedljdde aup Aq paueAob ae saiie O ‘88N JO s3I 10} Aeig1T BUIIUO AB|IM UO (SUORIPUOD-PUR-SWISH W00 A3 | 1M ALR1q 1 RU1|UO//SARY) SUORIPUOD PUe SWB L 8U3 89S *[5202/0T/80] U0 A%iqiauliuo ABIM ‘IURa JO AISRAIUN AQ 9200/ 1G0/TTTT OT/I0p/W00" A3 1M AIq 1 RUIIUO//SANY WOI) papRo|uMOd ‘0 ‘X68LL9YT


https://doi.org/10.1161/circresaha.119.315516
https://doi.org/10.1161/circresaha.119.315516
https://doi.org/10.3390/cells8101298
https://doi.org/10.3390/cells8101298
https://doi.org/10.1017/thg.2014.22
https://doi.org/10.1017/thg.2014.22
https://doi.org/10.1016/j.isci.2022.105769
https://doi.org/10.1016/j.isci.2022.105769
https://doi.org/10.1152/ajpendo.00236.2014
https://doi.org/10.1152/ajpendo.00236.2014
https://doi.org/10.1016/j.bbrc.2017.03.086
https://doi.org/10.1371/journal.pgen.1003500
https://doi.org/10.1371/journal.pgen.1003500
https://doi.org/10.1038/bonekey.2013.208
https://doi.org/10.1038/bonekey.2013.208
https://doi.org/10.1007/s00125-014-3270-4
https://doi.org/10.2337/db09-0028
https://doi.org/10.1210/en.2010-1463
https://doi.org/10.1210/en.2010-1463
https://doi.org/10.1210/en.2019-00062
https://doi.org/10.1210/en.2019-00062
https://doi.org/10.1016/j.phrs.2023.106875
https://doi.org/10.1155/2021/6142096
https://doi.org/10.1002/jcla.24628
https://doi.org/10.1002/jcla.24628
https://doi.org/10.1038/ncomms11089
https://doi.org/10.1038/ncomms11612
https://doi.org/10.1038/ncomms11612
https://doi.org/10.1038/s41419-019-2034-y
https://doi.org/10.3389/fnins.2018.00813
https://doi.org/10.3389/fnins.2018.00813
https://doi.org/10.1186/s12935-023-03159-3
https://doi.org/10.1038/s41366-018-0062-9
https://doi.org/10.1038/s41366-018-0062-9
https://doi.org/10.1016/j.biopha.2021.111344
https://doi.org/10.1016/j.biopha.2021.111344
https://doi.org/10.1016/j.mce.2015.05.001
https://doi.org/10.1016/j.mce.2015.05.001
https://doi.org/10.1530/jme-22-0131
https://doi.org/10.1530/jme-22-0131
https://doi.org/10.1016/j.cmet.2018.12.013
https://doi.org/10.1016/j.cmet.2018.12.013
https://doi.org/10.1021/acschembio.6b00266
https://doi.org/10.1021/acschembio.6b00266
https://doi.org/10.3390/ijms23158558
https://doi.org/10.3390/ijms23158558

170. K. Landgraf, N. Kloting, M. Gericke, et al., “The Obesity-
Susceptibility Gene TMEMI18 Promotes Adipogenesis Through
Activation of PPARG,” Cell Reports 33, no. 3 (2020): 108295, https://doi.
0rg/10.1016/j.celrep.2020.108295.

171. Z. Zhang, Y. Cui, V. Su, et al., “A PPARy/Long Noncoding RNA
Axis Regulates Adipose Thermoneutral Remodeling in Mice,” Journal
of Clinical Investigation 133, no. 21 (2023), https://doi.org/10.1172/
jcil70072.

172.Y. Cao, T. Wang, Y. Wu, et al., “Opposite Genetic Effects of CMIP
Polymorphisms on the Risk of Type 2 Diabetes and Obesity: A Family-
Based Study in China,” International Journal of Molecular Sciences 19,
no. 4 (2018), https://doi.org/10.3390/ijms19041011.

173.7. Lee,J.-H. Song, J.-H. Park, et al., “Dnmt1/Tet2-Mediated Changes
in Cmip Methylation Regulate the Development Of Nonalcoholic Fatty
Liver Disease by Controlling the Gbp2-Ppary-CD36 Axis,” Experimental
& Molecular Medicine 55, no. 1 (2023): 143-157, https://doi.org/10.1038/
$12276-022-00919-5.

174. O. Gulyaeva, H. Nguyen, A. Sambeat, K. Heydari, and H. S. Sul,
“Sox9-Meisl Inactivation Is Required for Adipogenesis, Advancing
Pref-1(+) to PDGFRa(+) Cells,” Cell Reports 25, no. 4 (2018): 1002-1017.
e4, https://doi.org/10.1016/j.celrep.2018.09.086.

175. K. S. Small, M. Todorcevi¢, M. Civelek, et al., “Regulatory Variants
at KLF14 Influence Type 2 Diabetes Risk via a Female-Specific Effect
on Adipocyte Size and Body Composition,” Nature Genetics 50, no. 4
(2018): 572-580, https://doi.org/10.1038/s41588-018-0088-x.

176. Q. Yang,J. Hinkle,J. N. Reed, et al., “Adipocyte-Specific Modulation
of KLF14 Expression in Mice Leads to Sex-Dependent Impacts on
Adiposity and Lipid Metabolism,” Diabetes 71, no. 4 (2022): 677-693,
https://doi.org/10.2337/db21-0674.

177. M. Fathzadeh, J. Li, A. Rao, et al., “FAM13A Affects Body Fat
Distribution and Adipocyte Function,” Nature Communications 11, no.
1(2020): 1465, https://doi.org/10.1038/s41467-020-15291-z.

178. X. Lin, Y. H. Liou, Y. Li, et al., “FAM13A Represses AMPK Activity
and Regulates Hepatic Glucose and Lipid Metabolism,” iScience 23, no.
3(2020): 100928, https://doi.org/10.1016/j.isci.2020.100928.

179.F. Ahmad, Y. W. Chung, Y. Tang, et al., “Phosphodiesterase
3B (PDE3B) Regulates NLRP3 Inflammasome in Adipose Tissue,”
Scientific Reports 6 (2016): 28056, https://doi.org/10.1038/srep28056.

180. S. L. Pulit, C. Stoneman, A. P. Morris, et al., “Meta-Analysis of
Genome-Wide Association Studies for Body Fat Distribution in 694 649
Individuals of European Ancestry,” Human Molecular Genetics 28, no. 1
(2018): 166-174, https://doi.org/10.1093/hmg/ddy327.

181.Y. Alhaidan, H. T. Christesen, K. Hojlund, M. A. Al Balwi, and
K. Brusgaard, “A Novel Gene in Early Childhood Diabetes: EDEM2
Silencing Decreases SLC2A2 and PXD1 Expression, Leading to
Impaired Insulin Secretion,” Molecular Genetics and Genomics 295, no.
5(2020): 1253-1262, https://doi.org/10.1007/s00438-020-01695-5.

182. T. H. Pers, J. M. Karjalainen, Y. Chan, et al., “Biological
Interpretation of Genome-Wide Association Studies Using Predicted
Gene Functions,” Nature Communications 6, no. 1 (2015): 5890, https://
doi.org/10.1038/ncomms6890.

183. N. Wallis and E. Raffan, “The Genetic Basis of Obesity and Related
Metabolic Diseases in Humans and Companion Animals,” Genes (Basel)
11, no. 11 (2020), https://doi.org/10.3390/genes11111378.

17 of 17

B5UB17 SUOWIIOD 3AFe81D) 3|qedljdde aup Aq paueAob ae saiie O ‘88N JO s3I 10} Aeig1T BUIIUO AB|IM UO (SUORIPUOD-PUR-SWISH W00 A3 | 1M ALR1q 1 RU1|UO//SARY) SUORIPUOD PUe SWB L 8U3 89S *[5202/0T/80] U0 A%iqiauliuo ABIM ‘IURa JO AISRAIUN AQ 9200/ 1G0/TTTT OT/I0p/W00" A3 1M AIq 1 RUIIUO//SANY WOI) papRo|uMOd ‘0 ‘X68LL9YT


https://doi.org/10.1016/j.celrep.2020.108295
https://doi.org/10.1016/j.celrep.2020.108295
https://doi.org/10.1172/jci170072
https://doi.org/10.1172/jci170072
https://doi.org/10.3390/ijms19041011
https://doi.org/10.1038/s12276-022-00919-5
https://doi.org/10.1038/s12276-022-00919-5
https://doi.org/10.1016/j.celrep.2018.09.086
https://doi.org/10.1038/s41588-018-0088-x
https://doi.org/10.2337/db21-0674
https://doi.org/10.1038/s41467-020-15291-z
https://doi.org/10.1016/j.isci.2020.100928
https://doi.org/10.1038/srep28056
https://doi.org/10.1093/hmg/ddy327
https://doi.org/10.1007/s00438-020-01695-5
https://doi.org/10.1038/ncomms6890
https://doi.org/10.1038/ncomms6890
https://doi.org/10.3390/genes11111378

	Sex Disparities in Obesity: A Comprehensive Review of Hormonal and Genetic Influences on Obesity-Related Phenotypes
	ABSTRACT
	1   |   Introduction
	2   |   Sex Disparities in Obesity Prevalence: Insights From Population-Based Studies
	2.1   |   Adipose Tissue Distribution and Associated Metabolism
	2.2   |   Types of Adipose Tissue: WAT and BAT

	3   |   Estrogen Plays a Pivotal Role in Sex-Dependent Differences in Obesity: Mechanistic Insights
	3.1   |   Estrogen and Adipose Tissue Distribution
	3.2   |   Estrogen and the Accumulation of White and Brown Adipose Tissues

	4   |   The Relationship Between Male Sex Hormones and Obesity in Men and Women
	5   |   Sex Differences in Obesity-Associated Genes
	5.1   |   Evidence From Animal Models: The Role of Sex Chromosomes
	5.2   |   Obesity-Associated Genes on the X Chromosome
	5.2.1   |   X-Escape Genes
	5.2.2   |   Putative-Escape Genes

	5.3   |   Sex-Dimorphic Autosomal Genes in Obesity
	5.3.1   |   Autosomal Genes With Stronger Obesity Links in Females
	5.3.2   |   Autosomal Genes With Opposite Obesity Links in Males vs. Females
	5.3.3   |   Obesity-Associated Autosomal Genes Identified Exclusively in Females
	5.3.4   |   Obesity-Associated Autosomal Genes Identified Exclusively in Males


	6   |   Conclusion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	References


