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ABSTRACT: Bisphenol S (BPS) is a bisphenol A (BPA) replacement that is
widely present in the environment and in humans. The association between obesity
and BPS has been reported in epidemiological studies; however, the obesogenic
effect and related mechanism of BPS remain poorly understood. In this study, high-
resolution microcomputed tomography analysis showed that the volume of visceral
fat was significantly increased in BPS-treated mice. Moreover, BPS showed a higher
potency to induce visceral fat formation in mice than BPA at the exposure
concentration of 5 mg/kg/day for 14 days. Nontargeted metabolomic analysis
showed that BPS exposure induced multiple metabolic disorders in the livers of
BPS-treated mice. Interestingly, the body weight and volumes of visceral fat
returned to normal by co-treatment with succinate in BPS-treated mice, suggesting that succinate might be the key molecule for the
link between BPS and visceral obesity. Our findings highlight that BPS may act as an environmental obesogen to promote obesity.

■ INTRODUCTION

Obesity has become amajor public health problemworldwide in
recent years.1 Obesity, especially visceral obesity, can cause
untimely disability and death by increasing the risk of diabetes,
cardiovascular diseases, Alzheimer’s disease, depression, several
cancers, and even severe COVID-19.2,3 Obesity is the result of
the interplay between risk factors, such as unhealthy eating
behaviors, lack of physical activity, and obesity genes.1 In
addition, environmental contaminants are considered to be
important obesity risk factors. Recent evidence suggests that
some environmental contaminants may act as obesogens to
induce metabolic dysfunction and to promote the development
of obesity.4

Bisphenol S (BPS), as a common bisphenol A (BPA)
substitute, has been applied in industrial and consumer
products, such as epoxy resins, polycarbonate plastics, food
containers, thermal receipt papers, and “BPA-free” plastic baby
bottles.5,6 The more widespread use of BPS increases its
potential to be released into environments. BPS has been
detected in environmental samples including indoor dust and
sediment as well as in the biological samples including human
urine and breast milk.7−9 The correlation between BPS and
obesity has been reported in epidemiological and laboratory
studies. For example, BPS resulted in differentiation of primary
human preadipocytes and lipid accumulation.10 Epidemiological
studies reported that exposure to BPS was associated with an
increased prevalence of general obesity and abdominal obesity in
children and adolescents.11 Evidence of BPS-associated type 2
diabetes and hypertension was also found in adults in some
studies.12,13

Total body adiposity is an important hazard factor for
metabolic syndromes, such as type 2 diabetes, dyslipidemia, and

cardiovascular disorders. Generally, lower body subcutaneous
adiposity is associated with insulin sensitivity, cardioprotection,
higher high density lipoprotein (HDL), and lower glucose and
triglycerides, which would decrease the risks of metabolic
syndrome and type 2 diabetes.14 Visceral adipose appears to be a
more robust predictor of metabolic syndromes. Visceral obesity
will increase the risks of type 2 diabetes, cardiovascular
disorders, inflammation, and thrombosis.15,16 The cluster of
metabolic disturbances observed among subjects with visceral
obesity is associated with a 20-fold increase in the risk of
coronary heart disease.17 Recently, epidemic studies provided
important evidence that BPS exposure showed a significantly
positive association with the incidence of type 2 diabetes.12,18

However, the obesogenic effect and related mechanism of BPS
remain poorly understood.
In this study, we investigated the obesogenic effects of BPS in

BALB/c mice. Adipose tissue distribution in mice was examined
by high-resolution microcomputed tomography (microCT),
and the changes in hepatic metabolites were determined by
nontargeted metabolomic analysis. Compared with BPA, BPS
showed a higher potency to induce visceral fat formation after 14
days of exposure. Our findings showed that abnormal
metabolism of succinate might play a key role in BPS-induced
visceral obesity in mice.
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■ MATERIALS AND METHODS

Chemicals. BPS (analytically pure: 98%) was obtained from
Aladdin Chemistry Co. Ltd. (Shanghai, China). Stock solutions
of BPS (0.5 and 5.0 mg/mL) were made in food-grade corn oil.
Animals and Treatments. All procedures were reviewed

and approved by the Institutional Animal Care and Use
Committee of Jianghan University. Female mice are less
sensitive to diet-induced obesity than male mice,19 and
therefore, female mice were used in this study. Female BALB/
c mice were obtained from WEITONG Animal Co., Ltd.
(Beijing, China) at 4−5 weeks of age. Mice were housed in a
temperature-controlled (25 ± 1 °C) room on a 12 h light−dark
cycle and allowed feed and water ad libitum during the
experiment. Mice were fed a standard chow diet (No. 1010086,
Xietong Biological Engineering Co., Ltd., Nanjing, China)
comprising 3.62 kcal/g. The calorie percentages were 20.6%
protein, 12.0% fat, and 58.0% carbohydrate. Mice were divided
into four groups (5 mice/group, weight: 14.0 ± 1.0 g) at
random. After 1 week of acclimation, these mice at 5−6 weeks of
age received 14-day consecutive daily administrations by gavage
of BPS (0.5, 5, and 50 mg/kg) or pure corn oil (vehicle control).
Adipose Distribution Analysis. After BPS exposure, all of

the mice (n = 5 mice/group) were weighed and scanned in vivo
by microCT. Briefly, mice were anesthetized with isoflurane
inhalation (1.5%) and positioned in the prone position. The
whole body of each mouse (excluding the tail and head regions)
was scanned at an isotropic voxel size of 10 μm with a Quantum
FX microCT (PerkinElmer, Massachusetts, USA). Then, the
volume of total fat, subcutaneous fat, and visceral fat was
analyzed by Analyze 12.0 software (PerkinElmer, Massachu-
setts, USA) based on CT images. As shown in a representative
3D image of the microCT image (Figure S1), the visceral fat is
green in color and the subcutaneous fat is yellow in color.
Histopathological Analysis. After microCT scanning, all

of the mouse liver and adipose tissues (n = 5 mice/group) were
harvested and fixed in 4% paraformaldehyde and paraffin-
embedded. The paraffin sections of liver tissues with a thickness
of 4 μm were then stained with H&E solution as previously
described.20 Images were taken with a light microscope (ZEISS,
Jena, Germany).

Nontargeted Metabolomic Analysis. Liver tissues (100
mg) from the control and BPS-5 groups (n = 9 mice/group)
were treated with liquid nitrogen to fully grind. The homogenate
was resuspended in prechilled 80% methanol and 0.1% formic
acid. Then, the suspensions were centrifuged at 15,000 rpm at 4
°C for 5 min, and the supernatants were collected. The
supernatant was diluted to a final concentration containing 53%
methanol by ultrapure water and centrifuged at 15,000g at 4 °C
for 10 min. The dilutions were analyzed by UHPLC-MS/MS
(Thermo Fisher Scientific, MA, USA), and the results were
analyzed using Thermo Scientific Compound Discoverer 3.1.
The hepatic metabolites were further identified using the
mzCloud (https://www.mzcloud.org/) and ChemSpider (Bio-
Cyc; Human Metabolome Database; KEGG) databases.

Succinate Assay in Liver Tissue. Succinates have often
been used for the treatment of hypertension.21 Succinate
measurements can be useful for studying its metabolic,
immunological, and therapeutic activities. The succinate levels
were measured by a succinate colorimetric assay kit (Sigma-
Aldrich, St. Louis, MO, USA). Briefly, 10 mg of liver tissue was
homogenized in ice-cold succinate assay buffer. The diluent
samples were mixed with 50 μL of reaction mixture and
incubated at 37 °C for 30 min in the dark. The absorbance of the
reactionmixture wasmeasured at 450 nm using colorimetry with
a multifunctional microplate reader (BioTak, Bristol, U.K.).

In Vivo Succinate Treatment. Female BALB/c mice were
divided into four groups (9 mice/group, weight: 15.5± 1.0 g) at
random. All groups received 14 consecutive daily admin-
istrations by gavage of 5 mg/kg BPS or pure corn oil (vehicle
control) and were allowed water or 1.5% (w/v) sodium
succinate and fed ad libitum during the experiment. After the
final administration of BPS or vehicle, the treated mice were
then used for weighted body and adipose distribution analysis.

Statistical Analysis. The data were analyzed using SPSS
17.0 (SPSS Inc., Chicago, IL, USA). The results are presented as
the mean ± SD. The statistical significance of differences was
determined by one-way analysis of variance (ANOVA),
followed by Dunnett’s multiple comparison post hoc test. A
probability (p) of less than 0.05 was considered significant.

Figure 1. Effects of BPS on body weight and adipose distribution in female BALB/c mice. The mice (n = 5) received 14 consecutive daily
administrations by gavage of pure corn oil (control), 0.5 mg/kg BPS (BPS-0.5), 5 mg/kg BPS (BPS-5), and 50 mg/kg BPS (BPS-50), respectively. (a)
The daily variation of body weight. (b) Growth rates of body weight. (c) Representative microCT scan images. (d) Relative volumes of subcutaneous
fat. (e) Relative volumes of visceral fat. (f) Ratios of visceral to subcutaneous fat. Data represented as the mean ± SD. *p < 0.05 compared with the
control. Significance was tested by one-way analysis of variance.
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■ RESULTS AND DISCUSSION

BPS Increased Visceral Fat in Adolescent Mice.Obesity
during childhood and adolescence could greatly increase the risk
of adult obesity.22 Eighty percent of children who were
overweight at the age of 10−15 became obese adults at the
age of 25.23 In this study, we chose mouse adolescence as the
critical window of exposure. Mice were exposed to relevant
levels of BPS by gavage. As shown in Figure S2, the serum
concentrations of BPS in mice were N.D.−0.11, 0.47−2.25, and
5.47−11.78 ng/mL in 0.5, 5, and 50 mg/kg/day BPS exposure
groups after 14 days of exposure, respectively. The concen-
trations of BPS in mouse serum are similar to those in human
serum.9 Thus, three doses and 14-day exposure were used to
clarify the toxicological effects in mice.
We first examined the effect of BPS on the body weight of

mice (n = 5 mice/group). As shown in Figure 1a and b,
compared to the control group, the body weight of mice in the 5
mg/kg/day BPS-treated (BPS-5) group was significantly
increased. The mean growth rate of body weight was 30.6 ±
4.1% in the BPS-5 group after 14 days of BPS exposure.
However, there were no obvious changes in body weight in the
0.5 and 50 mg/kg/day BPS-treated (BPS-0.5 and BPS-50)
groups, which had a growth rate of body weight similar to that of
the control after 14 days of BPS exposure. We next examined the
effects of BPS on adipose distribution in BALB/c mice.
Subcutaneous fat is deposited in a layer just below the skin
surface, while visceral fat is deposited around the internal organs.
The volumes of subcutaneous fat and visceral fat were imaged
and measured using microCT (Figure 1c). Compared with the

control, there were no obvious changes in the volumes of
subcutaneous fat in all BPS exposure groups (Figure 1d). After
14 days of BPS exposure, a significant increase in visceral fat
volumes was observed in the BPS-5 group compared with the
control (Figure 1e). A significant increase in the ratio of visceral
fat volume to body weight was also observed in the BPS-5 group
compared with the control (Figure S3). Here, the ratio of
visceral to subcutaneous fat was also investigated because it is a
predictor of multiple metabolic risk factors and disease, such as
cardiovascular disorders and kidney diseases.24,25 The ratio of
visceral to subcutaneous fat for the BPS-5 group (2.43 ± 1.07)
was approximately 2.4 times that for the control group (Figure
1f), indicating the significant increase of visceral obesity induced
by BPS exposure. However, there were no significant changes in
the visceral fat volumes in the BPS-0.5 and BPS-50 groups
compared with the control.
The liver is the major metabolic organ for regulating

metabolic homeostasis. The histological changes in liver tissues
were determined by H&E staining (Figure S4a). According to
the liver injury score (Figure S4b), significant liver injury was
observed in both the BPS-5 and BPS-50 groups, but no obvious
change was observed in the BPS-0.5 group compared to the
control. Liver injury was also assessed by determination of serum
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) (Figure S4c and d). No significant changes of both ALT
and ASTwere observed in the BPS-0.5 group compared with the
control group. The significant increase of AST was observed in
both the BPS-5 and BPS-50 groups, but the significant increase
of ALT was observed only in the BPS-50 group.

Figure 2. Effects of BPS on hepatic metabolism in mice. The mice (n = 9) received 14 consecutive daily administrations by gavage of pure corn oil
(control) and 5 mg/kg BPS (BPS-5), respectively. (a) Volcano plots of differential metabolites. (b) The differential metabolites for enrichment in
KEGG pathways. (c) The metabolic pathways significantly perturbed by BPS. Data represented as the mean ± SD. *p < 0.05 compared with the
corresponding control. Significance was tested by t test or hypergeometric test. Volcano plots were used to filter metabolites of interest based on
log2(FC) and −log10(p value) of metabolites.
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BPS-Induced Multiple Metabolic Disorders in Liver.
Multiple molecular and cellular pathways, such as the formation
of adipocytes, increased lipogenesis, or decreased lipolysis, have
been involved in the association between BPS and obesity.26

Hepatocytes play a critical role in intermediary energy (lipid,
carbohydrate, amino acid) metabolism.27 In this study, hepatic
metabolites in control and BPS-treated mice were identified by a
nontargetedmetabolomic analysis. As shown in Figure 2a, a total
of 172 differential metabolites were identified as characteristic
metabolites, including 113 downregulated and 59 upregulated
differential metabolites. These differential metabolite data were
analyzed by Kyoto Encyclopedia of Genes and Genomes
(KEGG) annotation and enrichment analysis (Figure S5 and
Table S1). Some typical markers, including acetyl-CoA,
adenosine, adenosine pyrophosphate-ribose (ADPribose),
caprylic acid, cortisol, uric acid, and phosphoenolpyruvate,
were significantly decreased in the livers of mice in the BPS-5
group compared with those in the control group (Figure 2b). In
contrast, the levels of some other typical markers, including
cholic acid, glycocholic acid, and taurochenodeoxycholic acid,
were significantly increased in the livers of mice in the BPS-5
group. The changes in these typical markers indicated that BPS
exposure induced multiple metabolic disorders in the liver,
including glycolysis/gluconeogenesis, citrate cycle (TCA cycle),
purine metabolism, fatty acid biosynthesis, cholesterol metab-
olism, regulation of lipolysis in adipocytes, neuroactive ligand−
receptor interaction, and bile secretion (Figure 2c). Obesity is
thought to be caused by an imbalance between energy intake
and energy consumption. In this study, there were no significant
changes in the total food intake, energy expenditure, and blood

glucose levels in mice after 14 days of BPS exposure (Figure S6).
Metabolic abnormalities in the liver play an important role in the
pathogenesis of visceral fat.28 Additionally, the obesogen effect
of BPS is associated with hepatic DNA methylation of genes
(related to the glucido-lipid metabolism and metabolic
functions) and transcriptome alterations in liver of male
mice.29 In this study, visceral fat formation and multiple
metabolic disorders were significantly induced by BPS exposure.
Our results agreed that the metabolites related to visceral fat
were all linked to energy metabolism, in particular to glycolysis
and the TCA cycle,30 indicating that these metabolic disorders
in liver might have a hand in encouraging the steady incline in
visceral fat formation during BPS exposure.

Key Role of Succinate in BPS-InducedVisceral Obesity.
Here we found that the succinate level was decreased 19.0 ±
2.5% in the BPS-5 group compared with the control group
(Figure 3a). In fact, succinate plays various signaling roles in
energy homeostasis. It can act as an antilipolytic factor,31 an
activator of adipose tissue thermogenesis,32 and a regulator of
intestinal gluconeogenesis.33,34 To reveal the role of succinate in
BPS-induced visceral obesity, the mice in the BPS-5 group were
co-treated with sodium succinate (1.5%, w/v) for 14 days.
Similar growth rates of body weight were observed in the control
(7.8± 3.6%), control + S (control + succinate, 8.6± 3.6%), and
BPS-5 + S (BPS-5 + succinate, 8.1 ± 5.7%) groups, which were
lower than those in the BPS-5 (12.9± 2.6%) group (Figure 3b).
The results of the degree of adipogenesis in visceral (perirenal)
adipose tissue of mice were measured by H&E staining assay. As
shown in Figure 3c, BPS promoted adipogenesis in visceral
adipose tissue after 14 days of exposure, but co-exposure of

Figure 3. Role of succinate in BPS-induced visceral obesity. The mice (n = 9) were co-treated by gavage of 1.5% (w/v) sodium succinate in the control
+ S and BPS-5 + S groups. (a) Concentration of succinate in liver tissue. (b) The daily variation of body weight. (c) Representative H&E images of
visceral fat tissues. (d) Representative microCT scan images. (e) Relative volumes of subcutaneous fat, relative volumes of visceral fat, and ratios of
visceral to subcutaneous fat. Data represented as the mean± SD. *p < 0.05 compared with the corresponding control. Significance was tested by t test.
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succinate restrained the inductive effect of BPS. The volumes of
subcutaneous fat and visceral fat in the mice of each group were
imaged and measured using microCT (Figure 3d). There were
no significant changes in the volumes of subcutaneous fat in the
mice among the four groups at day 14 (Figure 3e). The volumes
of visceral fat and the ratio of visceral to subcutaneous fat in the
mice in the BPS-5 + S group were significantly decreased
compared with those in the BPS-5 group, which were similar to
those in both the control and control + S groups (Figure 3e),
indicating that BPS-induced visceral fat was reverted back to the
normal level by the addition of succinate.
Comparison between BPS and BPA. BPS has a chemical

structure similar to that of BPA and logically has a similar effect
on the body. BPS has a potency similar to BPA for estrogenic,
androgenic, antiestrogenic, and antiandrogenic activities.35,36

Here, we also compared the effects of BPS and BPA on the body
weight and fat formation in mice. As shown in Figure S7, a
significant increase in the body weight was only observed in the
50 mg/kg/day BPA-treated (BPA-50) group after 14 days of
exposure with a mean growth rate of 28.23 ± 3.03%. Similarly,
the significant increase in visceral fat and change in the ratios of
visceral to subcutaneous fat also occurred only in the BPA-50
group compared with the control. BPS has a higher potency to
induce visceral fat in mice than BPA at an exposure
concentration of 5 mg/kg/day. Our findings were consistent
with some previous studies. Studies reported that BPS was more
potent at inducing adipogenesis than BPA in a 3T3-L1 cell
model.37,38 Boucher et al. showed that BPS induced adipose-
specific transcriptional changes earlier than BPA in the cell
model.39

In conclusion, we demonstrated that BPS may not be safer
than BPA. Our work provides important supporting evidence
that BPS alters metabolism in ways that could have the potential
to induce obesity. The results of this study also provide the first
insight into the key molecule for the BPS link to visceral obesity.
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