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ABSTRACT

The complex interactions of genetic, environmental, and behavioral factors that contribute to obesity, a per-
vasive global health issue, continue to be a severe concern for people all over the world. This manuscript
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examines the field of obesogen research, seeking to understand the mechanisms by which certain environ-
mental chemicals contribute to the development of obesity. We explore the obesogenic effects by focusing
on pathways such as inflammation, hormone interference, and the activation of peroxisome proliferator-ac-
tivated receptors (PPARs). The text focuses on the significance of PPAR isoforms, especially PPARy, and how
they play a role in adipose tissue growth. We examine how obesogens such as tributyltin (TBT) and bisphe-
nol A (BPA) influence these receptors. Additionally, we examined the impact of obesogens on hormonal reg-
ulation, including disruptions to leptin and adiponectin, and investigated the intricate relationship between
chronic inflammation and obesity. In the methodology of our study, we utilized a systematic search to iden-
tify peer-reviewed articles of relevance. This search spanned various model systems, including in vitro, in
vivo, and epidemiological studies, providing insights into the distinct advantages and limitations associated
with each. Epigenetic modifications and the influence of obesogens on the development of adipose tissue,
metabolism, and appetite control further enrich our understanding of this complex field. Finally, we assess
the role of endocrine disruptors in amplifying the risk of obesity, emphasizing the heightened susceptibil-
ity during crucial developmental periods. This comprehensive review aims to contribute to the ongoing dis-
course surrounding obesogens, paving the way for targeted interventions and a more profound comprehen-

sion of the global obesity epidemic.

Introduction

Obesity, defined as a BMI of 30 kg/m? or more, is
aglobal pandemic that affects children and adults
in both developing and industrialized countries
[1]. Obesity is the accumulation of excess body
fat that can harm health. A person's body mass
index (BMI), a measurement of body fat based on
height and weight, is commonly used to deter-
mine it; interactions between hereditary, envi-
ronmental, and behavioral factors typically cause
obesity. Obesity can develop because of several
reasons, including poor eating habits, inactivity,
specific medical disorders, pharmaceutical use,
and psychological concerns. Additionally, genet-
ic predisposition may make some people more
prone to acquiring weight.

Adipose tissue, body fat, is crucial in energy
storage, hormonal regulation, and insulation. In
the context of obesity, excessive accumulation
of adipose tissue, especially visceral fat, contrib-
utes significantly to the health risks associated
with obesity. Visceral fat found deep within the
abdominal cavity surrounding vital organs like
the liver, pancreas, and intestines is metabolical-
ly active and strongly linked to various metabolic
disorders, including type 2 diabetes, cardiovas-
cular disease, and inflammation. Adipocytokines,
including leptin and adiponectin, are key signal-
ing molecules secreted by adipose tissue, influ-
encing various metabolic processes and inflam-
mation. Leptin acts on the hypothalamus to regu-
late appetite and energy expenditure, while adi-

ponectin enhances insulin sensitivity and has
anti-inflammatory effects, contributing to over-
all metabolic health. Hence, understanding the
mechanisms associated with visceral fat accu-
mulation and its interactions with environmental
factors, such as obesogens, is vital for examining
the pathways involved in obesity-related diseas-
es. Therefore, the present study aimed to inves-
tigate the mechanisms by which environmental
chemicals, known as obesogens, contribute to
the development of obesity, with a focus on path-
ways such as inflammation, hormone interfer-
ence, and the activation of peroxisome prolifera-
tor-activated receptors (PPARS).

History of Obesity
Over 68 million people participated in
a large-scale, systematic examination of the lit-
erature that found that 650 million adults aged
18 and older were obese and that at least 1.9 bil-
lion adults were overweight in 2015 [1]. Around
107 million children globally suffer from obesity.
In many nations, childhood obesity is rising more
quickly than adult obesity. Overweight or obesi-
ty caused 4 million deaths worldwide, with over
40% of these deaths occurring in those who were
overweight but not obese. One hundred twen-
ty million years of life with disabilities were lost
worldwide in 2015 because of being overweight.
Between 1980 and 2000, the obesity rate in the
United States more than doubled [1].

Between 1980 and 2010, the US's obesity
prevalence more than doubled, rising from 13.4%
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to 35.7%. According to the latest recent data,
the prevalence of obesity grew globally, reach-
ing 37.7% in 2014 and 39.8% in 2016 [1]. Obesity
affects black (46.8%) and Hispanic (47.0%) people
disproportionately, while black (54.8%) and His-
panic (50.6%) women bear the brunt of the load.
In 2012, more than one-third of young people in
America were overweight or obese; by 2016, that
number had dropped to 18.5 percent, with the
oldest age group (those between 12 and 19 years
old) having the greatest incidence of obesity (20.6
percent).

Obesogens

According to Ribeiro et al. [2], the word "obeso-
gen" was created to designate substances, such
as Endocrine-Disrupting Chemicals (EDCs), that
can encourage obesity in humans and animals.
EDCs are exogenous substances that interfere
with the body’s normal homeostasis and encour-
age adipogenesis and fat buildup. They are also
exogenous substances that impede hormone
function [3].

Obesogens are widely present in our environ-
ment and various daily items, including fungi-
cides and food packaging [4]. These substances
may exert their effects in several ways, including
nuclear receptor binding that alters transcription-
al regulation, interference with steroid hormone
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function, and disruption of the neuroendocrine
system's regulation of average metabolic balance.
Endocrine disruptors are also among the most
popular and extensively researched obesogens.

Individual obesogens encompass a wide
range of substances identified as contributors
to obesity by disrupting normal metabolic pro-
cesses [2]. These substances include chemi-
cals in plastics, pesticides, food additives, and
personal care products. For example, bisphenol
A (BPA), commonly found in plastics and food
containers, has been linked to obesity due to its
ability to interfere with hormone signaling related
to metabolism. Similarly, many household prod-
ucts' phthalates may disrupt endocrine function
and contribute to weight gain. Organotins, used
in pesticides and antifouling paints, have also
been implicated as obesogens [4]. These com-
pounds can disrupt hormonal balance, increasing
fat accumulation and metabolic dysfunction.

Obesogens' Sources and Classes

About 20 different chemical substances have
been identified as obesogens thus far. Most are
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takenly released into the environment, while
some are natural (like phytoestrogens) [5]. These
substances can be breathed, applied topically, or
taken orally.
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Tributyltin — a Model Obesogen

One of the earliest identified obesogens is tribu-
tyltin (TBT), currently the subject of extensive
research. To encourage the commitment and dif-
ferentiation of adipocytes, TBT binds to and acti-
vates Peroxisome Proliferator-Activated Recep-
tor (PPAR) and Retinoid X Receptor (RXR) nuclear
receptors involved in regulating gene expression
related to lipid metabolism and adipogenesis.
Studies conducted in vitro proved that TBT expo-
sure induced the activation of PPAR and RXR,
which led to the differentiation of murine 3T3-L1
adipocytes into adipocytes [6]. Additionally, 3T3-
L1 preadipocytes treated with TBT created defec-
tive adipocytes with altered lipid metabolism and
gene expression [2]. According to in vivo stud-
ies, TBT exposure enhanced fat accumulation
and hepatic steatosis in rodents, fish, snails, and
Daphnia. TBT administration during pregnancy led
to F1 mice with larger adipose depots and a bias in
Mesenchymal Stem Cells (MSCs) toward the adi-
pose lineage rather than the bone lineage [7].

Surprisingly, exposure to TBT during pregnan-
cy can have lasting effects on future generations.
Pregnant FO dams exposed to environmentally
relevant (nanomolar) levels of TBT in the drinking
water showed increases in adipose depot weight,
adipocyte size, adipocyte number, and the pro-
pensity of MSCs to differentiate along the adipo-
genic rather than the osteogenic pathways in F1,
F2, and F3 offspring. With various substances in
other labs, transgenerational increases in obesi-
ty were also documented [8]. According to Lima
et al. [7], an epigenetic mechanism was probably
responsible for these effects.

A second TBT exposure experiment revealed
that the effects of prenatal TBT exposure on
fat depot size persisted at least through the F4
generation. When dietary fat was substantially
increased (from 13.2 to 21.2% kcal from fat), the
F4 male offspring of pregnant FO mice exposed to
TBT developed greater fat mass than their control
counterparts. Furthermore, when put back on the
regular low-fat diet, these animals did not lose
weight during the fast and kept the extra fat [9].

It is critical to remember that current toxicol-
ogy risk assessment paradigms, which include
direct chemical exposure, may only partially
detect the risks associated with chemical expo-
sure, given the transgenerational impacts of TBT
and other obesogens [10]. Generations that are

directly exposed may show few or no significant
phenotypes, and it has been suggested that the
best way to assess risks is to combine traditional
toxicological analysis with a generational toxicol-
ogy analysis that considers the effects on future
generations [11].

Mechanism of Action of Obesogen

Research into the specific mechanisms of obe-
sogens is still in its infancy. A recent study found
that inflammation, hormone interference, and the
peroxisome proliferator-activated receptor gam-
ma (PPARy) are all essential contributors to the
development of obesity [13]. There are additional
obesogen-related possible pathways; however,
the paper does not discuss all of them. The fol-
lowing section will focus on the significance of
these three pathways in obesogenic effects. To
further emphasize the distinctions between expo-
sures to obesogens that are persistent versus
non-persistent, as well as those that are devel-
opmental (in utero) and non-developmental, more
study is likely required [12].

Activation of Peroxisome
Proliferator-Activated Receptors (PPARs)
Peroxisome proliferator-activated  receptors
(PPARs) are steroid-free nuclear hormone recep-
tors. There are currently three recognized iso-
forms of PPAR, which are: (1) PPARa, (2) PPARB/J,
and (3) PPARy. A separate gene encodes each
isoform. PPARs interact with the nuclear recep-
tor 9-cis retinoic acid receptor (RXR) to produce
their heterodimers [14] [15]. These heterodim-
ers modify the expression of the target genes.
The heterodimer binds to specific response sites
called peroxisome proliferator response elements
(PPRE) in the promoter region of target genes [16].
When a ligand and receptor come into contact, the
receptor's conformation is altered, which causes
co-transcriptional factors to be attracted. The tar-
get gene's mRNA expression rises as a result [17].
PPARs target genes involved in fat stor-
age, transport, and metabolism like fibroblast
growth factor 1 (FGF1), G protein-coupled recep-
tor 81 (GPR81), adiponectin (PPARY), and CPT-1
(PPARa) as typical targets in the exploration of
obesogenic pathways [19]. Regarding adipose
tissue growth, PPARYy is the transcription fac-
tor that has been the subject of most research.
According to Huang et al. [18], thiazolidinedione
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medications used to treat type 2 diabetes target
PPARy to improve insulin sensitivity while also
causing adipogenesis. It has been established
that many obesogens activate the PPARy/RXR
heterodimer in vitro, in utero, and in vivo. Tribu-
tyltin (TBT) is an extensively researched obeso-
gen that upregulates this gene. Uncertainty sur-
rounds whether the effects result from activating
the RXR domain, the PPAR domain, or both [80].
Since TBT-activated transfected Cos7 cells in the
presence of a PPAR antagonist, TBT likely acti-
vates the PPAR/RXR complex via binding to the
RXR domain [80].

Additionally, it has been demonstrated that
RXR activation, rather than PPARB/d activity, is
necessary for mesenchymal stem cell commit-
ment to the adipogenic lineage [20]. However, fur-
ther research is required to back up this asser-
tion. Bisphenol A (BPA, a plastic monomer), triflu-
mizole (a fungicide), phthalate monoesters (plas-
ticizers), Firemaster 550 (a flame retardant), and
dioctyl sodium sulfosuccinate (DOSS), an ingre-
dient in the oil dispersant COREXIT, are additional
obesogens that have been shown to function at
least partially through PPARy/RXR activation [80].
Several obesogens likely activate the PPARy /RXR
heterodimer in different ways, and more investiga-
tion is required to pinpoint the precise molecular
pathways. Understanding how these obesogens
affect the PPARy /RXR heterodimer may help to
understand how to reverse their effects [21].

An additional isoform of PPAR is PPARa. It
is mainly in skeletal muscle, brown adipose tis-
sue, the liver, and the heart. It is essential for
the liver's fatty acid metabolism. Other natural
ligands include oxidized phospholipids, proteins
that break down lipoproteins, and fatty acids [44].
There is growing evidence that it functions in adi-
pose tissue and is a target for obesogens despite
being largely present in the liver and skeletal
muscle. According to Cordeiro et al. [22], PPARa
improves insulin sensitivity and helps rodents
control their body weight.

Antagonists reduce insulin resistance and
body weight in male mice. Adiponectin mRNA
expression increases in PPARy-deficient mice;
however, this is thought to result from an
increase in adipose tissue mass or an attempt to
counteract a concurrent increase in leptin pro-
duction [43]. Regarding obesogens, PPARa has
not been examined as extensively as PPARy,
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although recent research indicates that there
may be an impact. Aspartame and MSG (mono-
sodium glutamate) decreased the expression of
the PPARY gene in mice. TBT was discovered to
activate PPARy in transfected HelLa cells, and
mice exposed to TBT in utero showed increased
PPARy mRNA expression [44].

One mechanism causing the obesogenic
effects may be increased expression of PPARq,
which is known to boost insulin sensitivity. How-
ever, according to Loh et al. [23], the obesogen
bis (2-ethylhexyl) phthalate (DEHP) enhanced
mMRNA expression of PPARa in liver tissue while
lowering expression in visceral fat in mice. The
mechanisms of obesogens are likely more com-
plex than what is now understood. Therefore,
more research will be required before any defini-
tive conclusions can be drawn [43].

Hormone Interference

Exogenous chemicals that mimic or obstruct hor-
mone function can significantly affect metabolic
processes' efficiency. Tightly controlled hor-
mones, such as androgens and estrogens, have
a significant impact on the function of adipose
tissue. Males with lower BMIs have higher tes-
tosterone levels [24]. Many phthalates, which are
thought to be antiandrogens, have been connect-
ed to human obesity. BPA behaves as a xenoe-
strogen. The progeny of mice who are perinatally
exposed to BPA are noticeably bulkier. Dichlo-
rodiphenyldichloroethylene (DDE), a metabolite of
the common pesticide dichlorodiphenyltrichloro-
ethane (DDT), has also been shown to have estro-
genic effects. Babies gain weight quickly after
being exposed to it during pregnancy. Phthalates,
polybrominated biphenyl ethers (PBDEs), and
BPA have also been shown to reduce thyroid lev-
els in the blood [25].

Decreased thyroid hormone levels bring on
an increase in BMI. Obesogens also affect lep-
tin and adiponectin. Zhang et al. identified Lep-
tin to cause satiety and boost skeletal muscle
and brown adipose tissue glucose absorption;
Hyperinsulinemia and obesity are caused by lep-
tin mutations. Leptin resistance, however, can
result from hyperleptinemia, which is common
in obese people [26]. Scherer et al. first identified
adiponectin, which improves insulin sensitivity.
Several obesogens have been shown to have an
impact on these hormones. TBT lowers serum



adiponectin levels and raises plasma leptin levels
in mice, leading to the overexpression of the lep-
tin gene [27].

DEHP lowers the mRNA levels of leptin and
adiponectin in mice. Male mice exposed to DOSS
during pregnancy have higher plasma leptin lev-
els. Genistein, an isoflavone found in soy, increas-
es leptin mRNA expression, male mouse adipose
tissue accumulation, and insulin resistance.
DEHP has also been shown to increase serum
leptin levels [28]. It was shown that the plasti-
cizer benzyl butyl phthalate (BBP) boosted the
expression of the adiponectin protein in differen-
tiated 3T3-L1 cells. Adipocyte growth is addition-
ally reliant on glucocorticoid receptor activation.
Sargis et al. demonstrated improved adipogenic
differentiation by employing BPA, dicyclohexy-
Iphthalate (DCHP), endrin, and tolylfluanid to acti-
vate the glucocorticoid receptor [29]. Although it
is unclear how each obesogen will act and how
hormone impact will function, obesogens typi-
cally target hormones. In addition, there may yet
be unknown hormonal targets.

Inflammation

There is a link between chronic inflammation and
obesity. Although there is a link between inflam-
mation and the growth of fat tissue [30], it may
also result from epigenetic changes brought on
by environmental and lifestyle variables. Male
mice exposed to DOSS in utero demonstrated
increased body mass, visceral fat mass, upregu-
lated inflammatory gene expression (Cox2, Nox4),
and increased plasma levels of IL6. Like humans,
TBT treatment in rats elevated PPARYy, additional
ovarian fat mass, and increased inflammation in
the reproductive system. Increased body weight
and uterine inflammation were observed follow-
ing TBT administration in a comparable research
study of female rats [31]. Increased IL-6, TNF-,
and IL-1 gene expression in white adipose tissue
and increased fat mass rate were seen in male
BPA-exposed mice. Variousized 3T3-L1 preadi-
pocytes also show increased expression of IL-6,
TNFa, MCP-1, and CXCL1 after exposure to either
TBT, BPA, or mono-ethylhexyl phthalate (MEHP,
metabolite of DEHP) [32].

An 1I-17 antibody may slow down inflammation
and prevent the BPA obesogenic effects, accord-
ing to MittelstraR and Waldenberger's [58] study
on male mice, suggesting that inflammation

may be a substantial factor in this effect. It has
also been demonstrated that several obesogens
cause an increase in immune cells in adipose tis-
sue [58]. The mRNA expression of CD68, a marker
for filtration-associated macrophages, increased
in female lambs exposed to BPA. Furthermore,
gonadal white adipose tissue from mice exposed
to BPA during pregnancy included more mac-
rophages. BPA has also been shown to encour-
age macrophage self-renewal. Even though
BPA is one of the obesogens that has received
the most attention, there are additional obeso-
gens. Additionally, there is proof of a connection
between inflammation and the PPARy and PPARa
genes [33]. In addition to being elevated during
inflammation, these molecules function as nega-
tive feedback loops because they compete with
transcription factors for proinflammatory genes.
Thiazolidinediones, an anti-diabetic medication,
inhibits tumor necrosis factor (TNF) and acti-
vates PPARy [34]. Although research in this field
is still in its infancy, data suggests that inflam-
matory cells and gene expression play a role in
obesogenic pathways.

Model Systems

Epidemiological studies, in vitro and in vivo sys-
tems, and model systems are currently used to
assess the mechanisms of obesogenic action.
Each kind offers unique benefits and drawbacks
for developing mechanisms. The following para-
graphs go over typical systems for each category
and their advantages and disadvantages [13].

In Vitro Models

Compared to other model systems, in vitro models
have several advantages. To be more biological-
ly relevant, they might employ human cell types.
They are often also simpler, faster, and more
convenient as an effective obesogen screen-
ing method before in vivo investigations, cheap-
er, and parallelizable (for tests with medium to
high volume) [35]. In vitro screening methods are
already available to evaluate traits like adipocyte
maturation and lipid metabolism to identify pos-
sible obesogens [36]. These simulations mostly
employ mouse 3T3-L1 preadipocytes. These cul-
tures have been crucial in revealing some of the
molecular processes underlying adipogenesis.
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However, it is still being determined if the 3T3-
L1 cell line is adequate for evaluating adipogenic
responses since they are fully committed to the
adipocyte lineage [37]. Patient demographics and
medical histories are unknown to researchers
and contribute to large outcome variability [38].
Sex-specific distinctions are typically ignored
even though gender is known to alter body fat
storage and responses to obesogens.

Further study must concentrate on validating
these models using primary cells or tissues from
numerous known patient populations. Addition-
ally, obesogens have depot-specific effects on
adipose tissue. Visceral versus subcutaneous
or brown versus white adipose tissue-derived
cells may respond to obesogens differently [39].
Understanding the various responses of adipose
tissue depots is crucial for identifying obesogenic
consequences, as visceral adipose tissue is most
directly linked to metabolic disease. [65].

To duplicate the effects of obesogens in vitro
and better understand their effects under more
physiologically appropriate conditions, research-
ers have begun examining 3D human tissue sys-
tems [66]. The in vivo adipose tissue environment
may be replicated by using 3D adipose tissue
systems, which can be extended for long-term
culture (months to study the long-term effects of
obesogens). These systems can be used to inves-
tigate cell migration and how obesogens are kept
in adipose tissue. Adipose tissue may hold onto
obesogens because it is primarily lipophilic [40].

3D models can include non-adherent mature
adipocytes that cannot be grown using tradition-
al 2D culture techniques. Like ASC differentiation,
which also becomes non-adherent with time, they
enable long-term in vitro research. The use of 3D
models enables the development of more complex
coculture systems [41]. Because different organs,
including adipose tissue, the pancreas, the liver, or
the thyroid play a role in the obesogenic process-
es, systems combining multiple cell types may
provide more physiologically accurate data. They
can research paracrine signaling as well. Howev-
er, because 3D models include either synthetic or
natural extracellular matrix (ECM), they are more
expensive and sophisticated than 2D systems
[42]. This introduces new factors, including pore
size, mechanical characteristics, and cell bind-
ing domains. Furthermore, problems with flow
rates, medium, and fluid/cell ratios are present
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in perfusion cultures [50]. Finally, most of the in
vitro research is now 2D, which makes it difficult
to compare outcomes from 3D cultures to already
validated models [71]. Overall, 2D and 3D in vitro
models of biological interactions and boundary
conditions can be accurately controlled, enabling
quantitative evaluations of mechanisms. Due to
their ability to assess dose responses and com-
bination effects concurrently, they are ideal for
high-throughput screening. In vitro models offer
high screening potential for obesogens despite
having issues that must be fixed [52].

In Vivo Models

Animal models have the disadvantage of plainly
not accurately reproducing human physiology.
However, because they are suitable for analyzing
whole-body kinetics and systemic effects that are
impossible to investigate in vitro, animal models
are a significant and often used tool for study-
ing obesogens [53]. According to Huang et al.
[18] and Talley et al. [54], complex interconnected
pathways involving several organs, such as adi-
pose tissue, liver, pancreas, muscle, and brain,
control metabolism, and body weight. Human cell
lines can be used in in vitro cell culture proce-
dures, although replicating these systems' inter-
dependence is still challenging. Long-term in
vitro culture is challenging due to scaling ratios,
common medium, and organ-specific ECMs
unique to multi-organ models [55]. Even though
more complicated in vitro models are the focus of
considerable research, animal models are essen-
tial for discovering obesogens and understand-
ing obesogenic pathways because they enable
the investigation of organ cross-talk and system-
ic effects and, thus being crucial to comprehend
the function of hormone interference and chronic
inflammation [28].

The most used animal model for obesogen
research is rats. Several obesogens, such as TBT,
BPA, triphenyltin, DEHP, DES, MEHP, polycyclic
aromatic hydrocarbons, DDT, and nicotine, have
been discovered utilizing murine models [55].
Mice share many diseases with humans regard-
ing biology and anatomy [22]. Animal models can
replicate complicated, inflammatory responses,
making this especially helpful for disorders like
obesity that have an inflammatory component.
Furthermore, mice can be reared in controlled
environments (such as with a high-fat/Western



diet) and have longer lifespans, which shortens
the time required to conduct research [56]. They
can also be genetically modified. Rats, zebrafish,
and Xenopus laevi are some other typical in vivo
models used to assess obesogens. Numerous
insights into putative obesogens and various
mechanisms of action have been gained using in
vivo models to research endocrine disruption [57].
However, it is critical to consider the disadvan-
tages of utilizing animal models. They sometimes
replicate human physiology, as was previously
mentioned [26]. Dose response may also apply
differently to humans. It is also possible that the
exposure window is odd. Mice treated to a spe-
cific quantity of one chemical over a few weeks
may not accurately represent chronic variable
exposure to several chemicals over many years
in humans. In vitro research and epidemiological
studies should be supplemented with data from
animal models in order to make the most accu-
rate findings about obesogens and their mecha-
nisms of action [80].

Influence of Obesogens on Epigenetic
Modifications

Epigenetic changes have garnered much atten-
tion recently among the numerous putative
mechanisms governing gene expression in adi-
pose tissue. Epigenetics is the study of changes
in gene function that occur without a correspond-
ing alteration in DNA sequence. Examples include
the methylation of DNA, acetylation, methyla-
tion, phosphorylation, ubiquitination of histones,
and interference with microRNA (miRNA) [59].
There is mounting evidence that early exposure
to obesogens can alter the gene activity of tis-
sues, which is crucial for regulating metabolism
in long-lasting ways. Among other things, chang-
es in DNA methylation, histone acetylation, and
miRNA expression may be the root of these mod-
ifications [60].

The phthalate BBP has been demonstrated
to generate histone changes that drive MSCs to
differentiate into adipocytes at varying concen-
trations. These include decreased PPARy meth-
ylation, increased H3K9 acetylation, increased
expression of histone acetyltransferase and
decreased expression of histone deacetylase, and
decreased H3K9 dimethylation [83]. Lower PPARy
DNA methylation was seen in the offspring of
pregnant mice exposed to PAH. In turn, exposure

to BPA in various cells led to a reduction in his-
tone H3K9 trimethylation and an increase in the
production of miR-146a; however, MSCs have not
yet demonstrated this [62].

Impact of Obesogens on the Development
of Adipose Tissue, Metabolism, And
Appetite Control

Adipogenesis

These include decreased PPAR methylation,
increased H3K9 acetylation, increased histone
acetyltransferase expression, decreased histone
deacetylase expression, and decreased H3K9
dimethylation [65]. Lower PPAR DNA methyla-
tion was seen in the offspring of pregnant mice
exposed to PAH. In turn, exposure to BPA in vari-
ous cells led to a reduction in histone H3K9 trim-
ethylation and an increase in the production of
miR-146a; however, MSCs have not yet demon-
strated this [64].

For instance, PCBs can cause adipogenesis
and encourage the storage of fatty acids to cre-
ate triglycerides by suppressing the production
and function of leptin [87]. The results of in vitro
research should be interpreted cautiously, how-
ever, as just one obesogen's influence was exam-
ined in one experiment, and there is a paucity of
data on the effects of MSCs being exposed to
multiple obesogens simultaneously. It is con-
ceivable that interactions among different obe-
sogens will have an additional impact on adipo-
cyte growth [64].

Numerous in vivo investigations in vertebrates
and invertebrates and particular research in peo-
ple have shown that obesogens impact preadipo-
cyte differentiation. Compared to mice who were
not exposed, pregnant mice exposed to TBT had
a higher likelihood of producing offspring with
greater fat tissue [67]. Animals in adolescence and
early adulthood revealed similar results. In turn,
PBDE exposure during pregnancy and the first
few years of life is connected to thyroid issues, an
altered testosterone metabolism, and increased
weight growth in both experimental animals and
children. DEHP treatment of the mother or father
Drosophila melanogaster caused the offspring's
body weight to grow or decrease, respectively [68].

In mice, prenatal and neonatal exposure to
diethylhexylphtalate increased the number of
adipocytes, which in turn caused the offspring
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and adult animals’ body weight to increase [69].
In turn, higher body mass index (BMI) and waist
circumference were found to be linked with higher
urine quantities of phthalate metabolites in epide-
miological investigations. Prenatal DDT and DDE
exposure increased the risk of human obesity in
epidemiological studies, much like prenatal DDT
exposure increased rodent adiposity in succeed-
ing generations [70]. However, the results of other
animal and human studies regarding a potential
link between exposure to BPA (and its analogs)
and the development of obesity are inconclusive,
and more research is required to clarify these
findings. Urinary BPA levels did, however, posi-
tively correlate with BMI and waist circumference
in children and adults [71].

Adipose Tissue Metabolism
Cell culture tests have shown that several obeso-
gens not only preferentially differentiate MSCs into
preadipocytes but also interfere with the metab-
olism of mature adipocytes, causing them to
become dysfunctional. Triglyceride accumulation
was enhanced in 3T3-L1 cells that underwent TBT
differentiation, while GLUT4 expression was down-
regulated. The TBT-treated cells also have few-
er mitochondria, a slower rate of respiration, and
reduced browning potential [72], being consistent
with research showing that rats exposed to TBT
during pregnancy have a greater propensity to form
adipose tissue on a high-fat diet and a decreased
ability to mobilize these depots after fasting [73].
TBT has been reported to alter the transcrip-
tion of essential genes governing lipid metabo-
lism and lipogenesis-related enzymes in the liver
of exposed zebrafish (Danio rerio), indicating that
it does not just have a lipogenic effect on mam-
mals. TBT also reduces the ability of Daphnia
magna eggs to transfer triacylglycerols, which
encourages their buildup in adult individuals
and lowers both adult and offspring fitness [94].
According to Pine [75], BPA analogs cause fat
buildup in zebrafish larvae and late-onset weight
gain in juvenile zebrafish.

2.5 Endocrine Disruptors

EDCs are defined as "an exogenous agent that
interferes with the production, release, transport,
metabolism, binding, action, or elimination of nat-
ural hormones in the body that are necessary for
maintaining homeostasis and regulating devel-
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opmental processes [73]. It has been demonstrat-
ed that early-life exposure to EDCs increases the
chance of developing several chronic diseases,
including diabetes and obesity. When exposure
occurs during crucial developmental windows,
sensitivity to the obesogenic effects of EDCs is
exceptionally high [76] due to specific character-
istics of the fetus and newborn, such as reduced
expression of the cytochrome P450 enzymes that
metabolize xenobiotic, that result in more tissue
exposure than adults [77].

This ability also makes people more vulner-
able to environmental stressors like EDCs, which
can change several systems over time and raise
the chance of becoming obese later in life [78].
In fact, exposure to obesogens in infancy may
alter physiological functions that are important
regulators of body mass, such as energy metab-
olism, appetite regulation, and adipogenesis.
Thus, a frugal phenotype results in a higher risk
of weight gain [77].

Conclusion

Numerous studies have shown that exoge-
nous substances, including PPARs, affect gene
expression, change hormone levels, and promote
inflammation, all of which contribute to the rise
in obesity rates. A deeper comprehension of obe-
sogenic pathways will lead to better preventative
and therapeutic approaches and the discovery of
more potential obesogens [77].

Practical screening techniques for identify-
ing and evaluating obesogen processes include
in vitro models. They can help to pinpoint the
changed molecular or gene expression path-
ways that result in altered adipocyte phenotype.
Improvements to these models will aid in extrap-
olating in vitro to in vivo outcomes for humans.
More comparisons to epidemiological research
should be made to confirm in vitro and in vivo
animal models. The most complete understand-
ing of human obesogen exposures and effects is
provided by epidemiological studies [79].

Implication and Future Direction

The implications and future directions of under-
standing the mechanisms of action of obesogens



have profound implications for public health,
environmental science, and regulatory policies.
One significant implication of unraveling obeso-
gen mechanisms is the identification of potential
therapeutic targets for obesity-related diseas-
es. This knowledge opens doors for developing
medications that counteract obesogenic effects,
potentially providing novel treatment strategies
for obesity and related metabolic disorders. Fur-
thermore, the significance of early-life exposures
is made clear by our understanding of obesogen
processes. According to findings from the review,
prenatal and early postnatal exposure to obeso-
gens can have a long-lasting impact on a per-
son's propensity to become obese in later life.
This information highlights the urgent need for
public health initiatives, regulations, and infor-
mational campaigns that reduce exposure, par-
ticularly during delicate developmental phases.
It is crucial to put regulatory controls in place to
restrict the use of obesogens in food production
and consumer goods. Additionally, it highlights
the necessity of thorough testing and safety
assessments of chemicals before their release
onto the market.

Future obesogen research should concen-
trate on discovering new obesogenic substances
and comprehending their synergistic effects. It is
also critical to investigate the long-term effects
of obesogen exposure across generations. Stud-
ies that follow the health outcomes of people
exposed to obesogens at various periods of life
can shed important light on how obesogenic
effects persist and intensify with time. Addition-
ally, interdisciplinary study is crucial for develop-
ing a comprehensive understanding of obeso-
gens. Toxicologists, endocrinologists, epidemi-
ologists, and decision-makers working together
can hasten the pace of discovery and its conver-
sion into valuable applications.

Acknowledgements

Conflict of interest statement
The authors declare no conflict of interest.

Funding sources
There are no sources of funding to declare.

References
1. Heindel JJ, Blumberg B. Environmental obesogens:
Mechanisms and controversies. Annu Rev Phar-

10.

11.

12.

macol Toxicol [Internet]. 2019;59(1):89-106. doi:
10.1146/annurev-pharmtox-010818-021304.

. Ribeiro CM, Beserra BTS, Silva NG, Lima CL, Rocha

PRS, Coelho MS, et al. Exposure to endocrine-dis-
rupting chemicals and anthropometric measures of
obesity: a systematic review and meta-analysis. BMJ
Open [Internet]. 2020;10(6):e033509. doi: 10.1136/
bmjopen-2019-033509.

. Heindel JJ, Blumberg B, Cave M, Machtinger R, Man-

tovani A, Mendez MA, et al. Metabolism disrupt-
ing chemicals and metabolic disorders. Reprod
Toxicol [Internet]. 2017;68:3-33. doi: 10.1016/j.
reprotox.2016.10.001.

. Gupta R, Kumar P, Fahmi N, Garg B, Dutta S, Sach-

ar S, et al. Endocrine disruption and obesity: A cur-
rent review on environmental obesogens. Cur-
rent Research in Green and Sustainable Chemis-
try [Internet]. 2020;3(100009):100009. doi: 10.1016/j.
crgsc.2020.06.002.

. Ruhlen RL, Howdeshell KL, Mao J, Taylor JA, Bron-

son FH, Newbold RR, et al. Low phytoestrogen lev-
els in feed increase fetal serum estradiol resulting
in the “fetal estrogenization syndrome" and obesi-
ty in CD-1 mice. Environ Health Perspect [Internet].
2008;116(3):322-8. doi: 10.1289/ehp.10448.

. De Araujo JFP, Podratz PL, Sena GC, Merlo E, Freit-

as-Lima LC, Ayub JGM, et al. The obesogen tributyl-
tin induces abnormal ovarian adipogenesis in adult
female rats. Toxicol Lett [Internet]. 2018;295:99-114.
doi: 10.1016/j.toxlet.2018.06.1068.

. Lima MS, Perez GS, Morais GL, Santos LS, Cordei-

ro GS, Couto RD, et al. Effects of maternal high fat
intake during pregnancy and lactation on total cho-
lesterol and adipose tissue in neonatal rats. Braz J
Biol [Internet]. 2018;78(4):615-8. doi: 10.1590/1519-
6984.166788.

. Azad MB, Archibald A, Tomczyk MM, Head A, Che-

ung KG, de Souza RJ, et al. Nonnutritive sweetener
consumption during pregnancy, adiposity, and adi-
pocyte differentiation in offspring: evidence from
humans, mice, and cells. Int J Obes (Lond) [Internet].
2020;44(10):2137-48. doi:  10.1038/s41366-020-
0575-x.

. Chamorro-Garcia R, Diaz-Castillo C, Shoucri BM,

Kach H, Leavitt R, Shioda T, et al. Ancestral perina-
tal obesogen exposure results in a transgeneration-
al thrifty phenotype in mice. Nat Commun [Internet].
2017;8(1). doi: 10.1038/s41467-017-01944-z.
Braakhuis HM, Slob W, Olthof ED, Wolterink G,
Zwart EP, Gremmer ER, et al. Is current risk assess-
ment of non-genotoxic carcinogens protective?
Crit Rev Toxicol [Internet]. 2018;48(6):500-11. doi:
10.1080/10408444.2018.1458818.

Nilsson EE, Sadler-Riggleman I, Skinner MK. Envi-
ronmentally induced epigenetic transgenerational
inheritance of disease. Environ Epigenet [Internet].
2018;4(2). doi: 10.1093/eep/dvy016.

Amin MN, Hussain MS, Sarwar MS, Rahman Moghal
MM, Das A, Hossain MZ, et al. How the associa-
tion between obesity and inflammation may lead
to insulin resistance and cancer. Diabetes Metab

Journal of Medical Science 2024 June;93(2)

137



138

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Syndr [Internet]. 2019;13(2):1213-24. doi: 10.1016/j.
dsx.2019.01.041.

André A, Ruivo R, Fonseca E, Froufe E, Castro LFC,
Santos MM. The retinoic acid receptor (RAR) in mol-
luscs: Function, evolution and endocrine disruption
insights. Aquat Toxicol [Internet]. 2019;208:80-9.
doi: 10.1016/j.aquatox.2019.01.002.

Mousavi MS, Shahverdi A, Drevet J, Akbarinejad V,
Esmaeili V, Sayahpour FA, et al. Peroxisome Prolifer-
ator-Activated Receptors (PPARs) levels in sperma-
tozoa of normozoospermic and asthenozoospermic
men. Syst Biol Reprod Med [Internet]. 2019;65(6):409—
19. doi: 10.1080/19396368.2019.1677801.

Perez VM, Gabell J, Behrens M, Wase N, DiRus-
so CC, Black PN. Deletion of fatty acid transport
protein 2 (FATP2) in the mouse liver changes the
metabolic landscape by increasing the expres-
sion of PPARa-regulated genes. J Biol Chem [Inter-
net]. 2020;295(17):5737-50. doi:  10.1074/jbc.
ral20.012730.

Choi J-M, Bothwell ALM. The nuclear receptor
PPARs as important regulators of T-cell functions
and autoimmune diseases. Mol Cells [Internet].
2012;33(3):217-22. doi: 10.1007/s10059-012-2297-y.
Straus DS, Glass CK. Cyclopentenone prostagland-
ins: New insights on biological activities and cellular
targets. Med Res Rev [Internet]. 2001;21(3):185-210.
doi: 10.1002/med.1006.

Huang Q, Ma C, Chen L, Luo D, Chen R, Liang F. Mech-
anistic insights into the interaction between tran-
scription factors and epigenetic modifications and
the contribution to the development of obesity.
Front Endocrinol (Lausanne) [Internet]. 2018;9. doi:
10.3389/fendo.2018.00370.

Le Magueresse-Battistoni B. Adipose tissue and
endocrine-disrupting chemicals: Does sex mat-
ter? Int J Environ Res Public Health [Internet].
2020;17(24):9403. doi: 10.3390/ijerph17249403.
Nakashima K-I, Yamaguchi E, Noritake C, Mitsu-
gi Y, Goto M, Hirai T, et al. Discovery and SAR of
natural-product-inspired RXR agonists with het-
erodimer selectivity to PPARJ-RXR. ACS Chem
Biol [Internet]. 2020;15(6):1526—34. doi: 10.1021/
acschembio.0c00146.

Cordeiro TN, Sibille N, Germain P, Barthe P, Boul-
ahtouf A, Allemand F, et al. Interplay of protein dis-
order in retinoic acid receptor heterodimer and its
corepressor regulates gene expression. Structure
[Internet]. 2019;27(8):1270-1285.e6. doi: 10.1016/j.
str.2019.05.001.

Schmidt J-S, Schaedlich K, Fiandanese N, Poc-
ar P, Fischer B. Effects of Di(2-ethylhexyl) phtha-
late (DEHP) on female fertility and adipogenesis
in C3H/N mice. Environ Health Perspect [Internet].
2012;120(8):1123-9. doi: 10.1289/ehp.1104016.

Loh NY, Humphreys E, Karpe F, Tomlinson JW, Noor-
dam R, Christodoulides C. Sex hormones, adiposity,
and metabolic traits in men and women: a Mendeli-
an randomisation study. Eur J Endocrinol [Internet].
2022;186(3):407-16. doi: 10.1530/eje-21-0703.
Sanchez Costa L, Rodriguez Martinez P, Medina
Sala M. Determination of 23 organochlorine pesti-

Journal of Medical Science 2024 June;93(2)

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

cides in animal feeds by GC-MS/MS after QUEChERS
with EMR-lipid clean-up. Anal Methods [Internet].
2018;10(43):5171-80. doi: 10.1039/c8ay01436a.
Gokosmanoglu F, Aksoy E, Onmez A, Ergeng H, Top-
kaya S. Thyroid homeostasis after bariatric surgeryin
obese cases. Obes Surg [Internet]. 2020;30(1):274-8.
doi: 10.1007/s11695-019-04151-5.

Yan H, Guo H, Cheng D, Kou R, Zhang C, Si J. Tributyl-
tinreduces the levels of serum adiponectin and activ-
ity of AKT and induces metabolic syndrome in male
mice. Environ Toxicol [Internet]. 2018;33(7):752-8.
doi: 10.1002/tox.22562.

Kampmann FB, Thuesen ACB, Hjort L, Bjerregaard
AA, Chavarro JE, Frystyk J, et al. Increased leptin,
decreased adiponectin and FGF21 concentrations in
adolescent offspring of women with gestational dia-
betes. Eur J Endocrinol [Internet]. 2019;181(6):691-
700. doi: 10.1530/eje-19-0658.

Imagawa M, Tsuchiya T, Nishihara T. Identification
of inducible genes at the early stage of adipocyte
differentiation of 3T3-L1 cells. Biochem Biophys
Res Commun [Internet]. 1999;254(2):299-305. doi:
10.1006/bbrc.1998.9937.

Toubal A, Treuter E, Clément K, Venteclef N. Genomic
and epigenomic regulation of adipose tissue inflam-
mation in obesity. Trends Endocrinol Metab [Internet].
2013;24(12):625-34. doi: 10.1016/j.tem.2013.09.006.
Makita Y, Omura M, Ogata R. Effects of perina-
tal simultaneous exposure to tributyltin (TBT)
andp, p'-DDE (1,7-dichloro-2,2-bis(p-chlo-
rophenyl) ethylene) on male offspring of wis-
tar rats. Journal of Toxicology and Environmen-
tal Health, Part A [Internet]. 2004,67(5):385-95. doi:
10.1080/15287390490273451.

Manteiga S, Lee K. Monoethylhexyl phthalate elic-
its an inflammatory response in adipocytes charac-
terized by alterations in lipid and cytokine pathways.
Environ Health Perspect [Internet]. 2017;125(4):615—
22. doi: 10.1289/ehp464.

Frithioff-Bgjsge C, Lund MAV, Lausten-Thomsen U,
Hedley PL, Pedersen O, Christiansen M, et al. Lep-
tin, adiponectin, and their ratio as markers of insu-
lin resistance and cardiometabolic risk in childhood
obesity. Pediatr Diabetes [Internet]. 2020;21(2):194-
202. doi: 10.1111/pedi.12964.

Kimura R, Takahashi N, Goto T, Murota K, Kawada
T. Activation of peroxisome proliferator-activated
receptor-a (PPARa) in proximal intestine improves
postprandial lipidemia in obese diabetic KK-Ay mice.
Obes Res Clin Pract [Internet]. 2013;7(5):e353-60.
doi: 10.1016/j.0orcp.2013.05.005.

Cheng, Tan, Low, Marvalim, Lee, Tan. Exploration
and development of PPAR modulators in health
and disease: An update of clinical evidence. Int J
Mol Sci [Internet]. 2019;20(20):5055. doi: 10.3390/
ijms20205055.

Teijeiro A, Garrido A, Ferre A, Perna C, Djouder N.
Inhibition of the IL-17A axis in adipocytes suppress-
es diet-induced obesity and metabolic disorders in
mice. Nat Metab [Internet]. 2021;3(4):496-512. doi:
10.1038/s42255-021-00371-1.



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Taylor JA, Shioda K, Mitsunaga S, Yawata S, Angle
BM, Nagel SC, et al. Prenatal exposure to bisphenol
A disrupts naturally occurring bimodal DNA methyl-
ation at proximal promoter of fggy, an obesity-rele-
vant gene encoding a carbohydrate kinase, in gonad-
al white adipose tissues of CD-1 mice. Endocrinology
[Internet]. 2018;159(2):779-94. doi: 10.1210/en.2017-
00711.

Arida A, Protogerou A, Kitas G, Sfikakis P. System-
ic inflammatory response and atherosclerosis: The
paradigm of chronic inflammatory rheumatic dis-
eases. Int J Mol Sci [Internet]. 2018;19(7):1890. doi:
10.3390/ijms19071890.

Torras N, Garcia-Diaz M, Fernandez-Majada V, Mar-
tinez E. Mimicking epithelial tissues in three-dimen-
sional cell culture models. Front Bioeng Biotechnol
[Internet]. 2018;6. doi: 10.3389/fbioe.2018.00197.
Qiao Q, Bouwman FG, Renes J, Mariman ECM. An in
vitro model for hypertrophic adipocytes: Time de-
pendent adipocyte proteome and secretome chang-
es under high glucose and high insulin conditions.
J Cell Mol Med [Internet]. 2020;24(15):8662-73. doi:
10.1111/jemm.15497.

Niedo J, Tanimoto S, Thompson RH, Abbott RD, Ber-
ninger VW. Computerized instruction in transla-
tion strategies for students in upper elementary and
middle school grades with persisting learning disa-
bilities in written language. Learn Disabil (Pittsbg)
[Internet]. 2016;21(2):14-30. doi: 10.18666/ldmj-2016
-v21-i2-7751.

Santos Rizzo Zuttion MS, Dias Camara DA, Dariolli R,
Takimura C, Wenceslau C, Kerkis I. In vitro heteroge-
neity of porcine adipose tissue-derived stem cells.
Tissue Cell [Internet]. 2019;58:51-60. doi: 10.1016/j.
tice.2019.04.001.

Kunz HE, Hart CR, Gries KJ, Parvizi M, Lauren-
ti MC, Dalla Man C, et al. Adipose tissue macro-
phage populations and inflammation are associat-
ed with systemic inflammation and insulin resist-
ance in obesity. Am J Physiol Endocrinol Metab
[Internet]. 2021;(ajpendo.00070.2021). doi: 10.1152/
ajpendo.00070.2021.

Micic D. Endocrine disrupting chemicals and obesi-
ty: The evolving story of obesogens. Acta Endocrinol
(Buchar) [Internet]. 2021;17(4):503-8. doi: 10.4183/
aeb.2021.503.

Murphy CS, Liaw L, Reagan MR. In vitro tissue-en-
gineered adipose constructs for modeling disease.
BMC Biomed Eng [Internet]. 2019;1(1). doi: 10.1186/
$42490-019-0027-7.

Baganha F, Schipper R, Hagberg CE. Towards bet-
ter models for studying human adipocytes in vit-
ro. Adipocyte [Internet]. 2022;11(1):413-9. doi:
10.1080/21623945.2022.2104514.

Chen Y, Lee K, Kawazoe N, Yang Y, Chen G. PLGA-
collagen—ECM hybrid scaffolds functionalized with
biomimetic extracellular matrices secreted by mes-
enchymal stem cells during stepwise osteogene-
sis-co-adipogenesis. J Mater Chem B Mater Biol
Med [Internet]. 2019;7(45):7195-206. doi: 10.1039/
c9tb01959f.

47.

48.

49.

50.

51.

52.

53.

54

55.

56.

57.

58.

59.

Jia G, Huang H, Niu J, Chen C, Weng J, Yu F, et al.
Exploring the interconnectivity of biomimetic hierar-
chical porous Mg scaffolds for bone tissue engineer-
ing: Effects of pore size distribution on mechanical
properties, degradation behavior and cell migration
ability. J Magnes Alloy [Internet]. 2021;9(6):1954-66.
doi: 10.1016/j.jma.2021.02.001.

Wang X, Zhang X, Dai X, Wang X, Li X, Diao J, et al.
Tumor-like lung cancer model based on 3D bioprint-
ing. 3 Biotech [Internet]. 2018;8(12). doi: 10.1007/
s13205-018-1519-1.

Rodrigues J, Heinrich MA, Teixeira LM, Prakash J. 3D
in vitro model (R)evolution: Unveiling tumor—stroma
interactions. Trends Cancer [Internet]. 2021;7(3):249-
64. doi: 10.1016/j.trecan.2020.10.009.

Silva TM da, Oliveira FM de, Rodrigues KCP, Nobre
LR, brito ml. uso de modelos animais na indugao da
obesidade e alteragdes fisioldgicas / use of animal
models in inducing obesity and physiological chang-
es. Braz J Dev [Internet]. 2020;6(9):66278-86. doi:
10.34117/bjdv6n9-165.

Chamorro-Garcia R, Blumberg B. Current research
approaches and challenges in the obesogen field.
Front Endocrinol (Lausanne) [Internet]. 2019;10. doi:
10.3389/fendo.2019.00167.

Pigeot S, Klein T, Gullotta F, Dupard SJ, Garcia Gar-
cia A, Garcia-Garcia A, et al. Manufacturing of
human tissues as off the shelf grafts programmed
to induce regeneration. Adv Mater [Internet].
2021;33(43):2103737. doi: 10.1002/adma.202103737.
Fuchs T, Loureiro M de P, Macedo LE, Nocca D,
Nedelcu M, Costa-Casagrande TA. Modelos animais
na sindrome metabdlica. Rev Col Bras Cir [Internet].
2018;45(5). doi: 10.1590/0100-6991e-20181975.

. Talley S, Kalinina O, Winek M, Paik W, Cannon AR,

Alonzo F III, et al. A caspase-1 biosensor to monitor
the progression of inflammation in vivo. J Immunol
[Internet]. 2019;203(9):2497-507. doi: 10.4049/jim-
munol.1900619.

Ruthsatz K, Dausmann KH, Paesler K, Babos P,
Sabatino NM, Peck MA, et al. Shifts in sensitivity of
amphibian metamorphosis to endocrine disruption:
the common frog (Rana temporaria) as a case study.
Conserv Physiol [Internet]. 2020;8(1). doi: 10.1093/
conphys/coaal00.

Checkoway H, Lees PSJ, Dell LD, Gentry PR, Mun-
dt KA. Peak exposures in epidemiologic studies
and cancer risks: Considerations for regulatory risk
assessment. Risk Anal [Internet]. 2019;(risa.13294).
doi: 10.1111/risa.13294.

de la Torre Canny SG, Mueller O, Craciunescu CV,
Blumberg B, Rawls JF. Tributyltin exposure leads to
increased adiposity and reduced abundance of lep-
togenic bacteria in the zebrafish intestine [Internet].
bioRxiv. 2021. doi: 10.1101/2021.07.09.451869.
MittelstraB K, Waldenberger M. DNA methylation
in human lipid metabolism and related diseases.
Curr Opin Lipidol [Internet]. 2018;29(2):116—24. doi:
10.1097/mol.0000000000000491.

King SE, Nilsson E, Beck D, Skinner MK. Adipocyte
epigenetic alterations and potential therapeu-
tic targets in transgenerationally inherited lean

Journal of Medical Science 2024 June;93(2)

139



140

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

and obese phenotypes following ancestral expo-
sures. Adipocyte [Internet]. 2019;8(1):362-78. doi:
10.1080/21623945.2019.1693747.

Meruvu S, Zhang J, Choudhury M. Butyl benzyl
phthalate promotes adipogenesis in 3T3-L1 cells via
the miRNA-34a-5p signaling pathway in the absence
of exogenous adipogenic stimuli. Chem Res Toxi-
col [Internet]. 2021;34(11):2251-60. doi: 10.1021/acs.
chemrestox.1c00115.

Ye C, Sutter BM, Wang Y, Kuang Z, Zhao X, Yu Y,
et al. Demethylation of the protein phosphatase
PP2A promotes demethylation of histones to ena-
ble their function as a methyl group sink. Mol Cell
[Internet]. 2019;73(6):1115-1126.€6. doi: 10.1016/j.
molcel.2019.01.012.

Jarmasz JS, Stirton H, Basalah D, Davie JR, Clarren
SK, Astley SJ, et al. Global DNA methylation and his-
tone posttranslational modifications in human and
nonhuman primate brain in association with prena-
tal alcohol exposure. Alcohol Clin Exp Res [Internet].
2019; doi: 10.1111/acer.14052.

Song X, Zhou X, Yang F, Liang H, Wang Z, Li R, et al.
Association between prenatal bisphenol a expo-
sure and promoter hypermethylation of CAPS2,
TNFRSF25, and HKR1 genes in cord blood. Envi-
ron Res [Internet]. 2020;190(109996):109996. doi:
10.1016/j.envres.2020.109996.

SunL, Lizneva D, Ji Y, Colaianni G, Hadelia E, Gumero-
vaA, etal. Oxytocinregulates body composition. Proc
Natl Acad Sci U S A [Internet]. 2019;116(52):26808—
15. doi: 10.1073/pnas.1913611116.

Fujita Y, Kouda K, Nakamura H, lki M. Relation-
ship between maternal pre-pregnancy weight and
offspring weight strengthens as children devel-
op: A population-based retrospective cohort study.
J Epidemiol [Internet]. 2018;28(12):498-502. doi:
10.2188/jea.je20170137.

Wang D, Yan S, Yan J, Teng M, Meng Z, Li R, et al.
Effects of triphenyl phosphate exposure during
fetal development on obesity and metabolic dys-
functions in adult mice: Impaired lipid metabolism
and intestinal dysbiosis. Environ Pollut [Internet].
2019;246:630-8. doi: 10.1016/j.envpol.2018.12.053.
Yan S, Wang D, Teng M, Meng Z, Yan J, Li R, et al.
Perinatal exposure to low-dose decabromodiphenyl
ethane increased the risk of obesity in male mice off-
spring. Environ Pollut [Internet]. 2018;243(Pt A):553—
62. doi: 10.1016/j.envpol.2018.08.082.

Guo J, Zhang J,Wu C, Xiao H, Lv S, Lu D, et al. Urinary
bisphenol A concentrations and adiposity measures
at age 7 years in a prospective birth cohort. Chem-
osphere [Internet]. 2020;251(126340):126340. doi:
10.1016/j.chemosphere.2020.126340.

Choi R-Y, Lee H-I, Ham JR, Yee S-T, Kang K-Y, Lee
M-K. Heshouwu (Polygonum multiflorum Thunb.)
ethanol extract suppresses pre-adipocytes differen-
tiation in 3T3-L1 cells and adiposity in obese mice.

Journal of Medical Science 2024 June;93(2)

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Biomed Pharmacother [Internet]. 2018;106:355—-62.
doi: 10.1016/j.biopha.2018.06.140.

Summerfield M, Zhou Y, Zhou T, Wu C, Alpini G, Zhang
KK, et al. A long-term maternal diet transition from
high-fat diet to normal fat diet during pre-pregnancy
avoids adipose tissue inflammation in next genera-
tion. PLoS One [Internet]. 2018;13(12):e0209053. doi:
10.1371/journal.pone.0209053.

Ho6ltta-Vuori M, Salo VTV, Nyberg L, Brackmann C,
Enejder A, Panula P, et al. Zebrafish: gaining pop-
ularity in lipid research. Biochem J [Internet].
2010;429(2):235-42. doi: 10.1042/bj20100293.
Zoeller RT, Brown TR, Doan LL, Gore AC, Skakke-
baek NE, Soto AM, et al. Endocrine-disrupting chem-
icals and public health protection: A statement of
principles from the endocrine society. Endocrinol-
ogy [Internet]. 2012;153(9):4097-110. doi: 10.1210/
en.2012-1422.

Birnbaum LS. State of the science of endocrine
disruptors. Environ Health Perspect [Internet].
2013;121(4). doi: 10.1289/ehp.1306695.

Gu J, Su T, Chen Y, Zhang Q-Y, Ding X. Expression of
biotransformation enzymes in human fetal olfacto-
ry mucosa: Potential roles in developmental toxicity.
Toxicol Appl Pharmacol [Internet]. 2000;165(2):158—
62. doi: 10.1006/taap.2000.8923.

Pine CJ. Anxiety and eating behavior in obese and
nonobese American Indians and White Americans. J
Pers Soc Psychol [Internet]. 1985;49(3):774-80. doi:
10.1037/0022-3514.49.3.774.

Andrich DE, Melbouci L, Ou VY, Leduc-Gaudet J-P,
Chabot F, Lalonde F, et al. Altered feeding behav-
iors and adiposity precede observable weight gain
in young rats submitted to a short-term high-fat
diet. J Nutr Metab [Internet]. 2018;2018:1-10. doi:
10.1155/2018/1498150.

Rasdi Z, Kamaludin R, Ab. Rahim S, Syed Ahmad
Fuad SB, Othman MHD, Siran R, et al. The impacts of
intrauterine Bisphenol A exposure on pregnancy and
expression of miRNAs related to heart development
and diseases in animal model. Sci Rep [Internet].
2020;10(1). doi: 10.1038/s41598-020-62420-1.

Tian S, Lei P,Zhang J,SunY, LiB, ShanY. Sulforaphane
balances ca 2+ homeostasis injured by excessive fat
via mitochondria-associated membrane (MAM). Mol
Nutr Food Res [Internet]. 2021;65(14):2001076. doi:
10.1002/mnfr.202001076102.

Robles-AguileraV, Galvez-Ontiveros Y, Rodrigo L, Sal-
cedo-Bellido I, Aguilera M, Zafra-Gémez A, et al. Fac-
tors associated with exposure to dietary bisphenols
in adolescents. Nutrients [Internet]. 2021;13(5):1553.
doi: 10.3390/nu13051553.

Griffin MD, Pereira SR, DeBari MK, Abbott RD. Mecha-
nisms of action, chemical characteristics, and model
systems of obesogens. BMC Biomed Eng. 2020 Apr
30;2:6. doi: 10.1186/s42490-020-00040-6.



