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Abstract: Bisphenol A (BPA) is a pervasive environmental endocrine disruptor, and the lifestyle
associated with a high-fat diet is becoming increasingly common. The precise relationship between
these factors and the high incidence of insulin resistance and type 2 diabetes worldwide in recent
years remains unclear. Given the critical role of skeletal muscle in maintaining systemic glucose
metabolism, this study aimed to explore the potential effects of co-exposure to BPA and a high-fat
diet on insulin signaling molecules and GLUT4 translocation in mouse gastrocnemius muscle and
C2C12 myotubes through both in vivo and in vitro experiments. We observed the effects of 90 days
of BPA and high-fat diet treatment on animal insulin resistance, as well as the expression levels of
potential signaling molecules and proteins related to GLUT4 translocation. In vitro experiments
involved co-treatment of C2C12 myotubes with BPA and palmitic acid to observe their effects on
insulin signaling molecules, GLUT4 translocation, and insulin resistance. Animals co-exposed to BPA
and a high-fat diet exhibited a significant increase in insulin resistance indices and impaired oral
glucose tolerance. During this process, the expression levels of insulin signaling molecules were
markedly reduced, and GLUT4 translocation was significantly blunted. In vitro cellular experiments
further demonstrated that BPA and palmitic acid could inhibit the expression levels of GLUT4 on the
cell membrane, i.e., the translocation of GLUT4 from the nucleus to the cell membrane was
significantly suppressed. Co-exposure to BPA and a high-fat diet significantly affected the expression
levels of insulin signaling molecules in gastrocnemius tissue and C2C12 cells, which may be closely
related to their effects on inducing insulin resistance and affecting GLUT4 translocation.

Keywords: bisphenol A; high-fat diet; palmitic acid; glucose transporter type 4; insulin resistance

1. Introduction

Diabetes Mellitus is a common chronic metabolic disease. Model predictions suggest that by
2045, the number of diabetic patients worldwide could reach 629 million [1]. Among these, Type 2
Diabetes Mellitus (T2D) is the most prevalent form.

The etiology of T2D is highly complex, potentially involving genetics, behavior, environment,
nutritional factors, and their intricate interplay [2]. With the improvement of living conditions and
the proliferation of emerging dietary methods such as takeout food, a high-fat diet lifestyle has
become a significant health threat, and the incidence of related diseases has been increasing annually.
Research has found that a High Fat Diet (HFD) may induce T2DM by disrupting insulin-mediated
metabolic functions [3-5]. Additionally, studies indicate that Endocrine Disrupting Chemicals

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(EDCs) may cause insulin resistance and T2DM by altering glucose homeostasis and insulin secretion
[6,7]. Bisphenol A (BPA), a typical EDC, is widely used in electronic devices, plastic bottles, linings
of metal food cans, thermal paper, and for synthesizing polycarbonate, epoxy resins, and other
polymeric materials [8]. Due to its widespread application and resistance to degradation [9], humans
are universally and continuously exposed to BPA [10,11]. Epidemiological studies have shown a
correlation between BPA exposure and an increased risk of insulin resistance [12].

Insulin resistance (IR), a key process and primary pathological mechanism in the development
of T2DM, is characterized by elevated fasting blood glucose, reduced insulin sensitivity, and
impaired glucose tolerance [13,14]. Since skeletal muscle accounts for approximately 80% of
postprandial glucose uptake [15,16], it is considered a critical organ for regulating blood glucose
levels, and skeletal muscle insulin resistance is often regarded as a key link and a major factor
affecting the onset of T2DM. Studies have shown that the insulin signaling pathway and the
translocation of Glucose Transporter-4 (GLUT4) play an essential role in glucose uptake and
metabolism [17-19]. Rab proteins have been identified as participants in the mobilization of insulin-
stimulated GLUT4 storage vesicles (GSVs) in adipocytes and skeletal muscle cells, with Rab8A and
Rab13 being predominant in skeletal muscle [20]. Research has found that high concentrations of BPA
can affect the function of Rab proteins [21], but the impact of environmentally relevant doses of BPA
on Rab proteins remains unclear. Furthermore, SNARE complex proteins play a crucial role in GLUT4
transport and plasma membrane fusion [22,23], with SNAP-23, syntaxin-4, and VAMP-2 being highly
expressed in skeletal muscle tissue and controlling GLUT4 transport in muscle cells [24,25]. Their
dysfunction and changes in SNARE protein levels can cause T2DM [26].

In recent years, a high-fat diet has become a major lifestyle associated with an increase in the
incidence of diabetes [27]. Foods rich in fat may be related to simultaneous exposure to BPA and
HED. Therefore, it is necessary to investigate whether BPA and a high-fat diet could exacerbate
insulin resistance and explore the toxic effects of the combined exposure to BPA and HFD on insulin
signaling pathway-related molecules. Utilizing C2C12 cells to further study the impact of co-
exposure to BPA and palmitic acid on GLUT4 translocation will provide data support for a better
understanding of the association and mechanisms between the combined exposure to BPA and a
high-fat diet and impaired muscle glucose metabolism.

2. Materials and Methods

2.1. Animal Experiment Design

Sixty 6-8 week-old male SPF-grade C57BL/6] mice were purchased from the Guangdong
Provincial Medical Laboratory Animal Center. After one week of adaptive feeding, the animals were
randomly divided into six groups of ten based on body weight. The factorial design based on two
factors (i.e., exposure to BPA or not and exposure to a high-fat diet or not) resulted in four groups:
the control group (non-high-fat, no BPA, Co), the high-fat group (high-fat, no BPA, Ci), the 50
mg/kg/day BPA group (non-high-fat, with BPA, C2), and the 50 mg/kg/day BPA + high-fat group
(with high-fat and BPA, Tm). Additionally, to investigate the dose-response relationship of BPA under
high-fat conditions, two more groups were added: the 5 mg/kg/day BPA + high-fat group (Tt) and
the 500 mg/kg/day BPA + high-fat group (Tu). Regular chow was obtained from the Guangdong
Provincial Medical Laboratory Animal Center, and the high-fat diet (45% energy from fat) was
purchased from Nantong Troph Animal Feed Co., Ltd. BPA was dissolved in corn oil and
administered by gavage once daily at 9 AM for 90 days. Mouse body weight was measured at fixed
times each week, and the trends were recorded and analyzed. During the experiment, animals had
free access to water, and the light/dark cycle was 12 hours/12 hours (changing at 7:00 AM and 7:00
PM), with a temperature maintained at (22 + 2) °C and a relative humidity of 40-70%. At the end of
90 days, animals were anesthetized with pentobarbital sodium, blood was collected via the inferior
vena cava, serum was separated and stored at -80°C, and skeletal muscle (gastrocnemius) was
isolated for various parameter measurements.

d0i:10.20944/preprints202502.1146.v1
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2.2. Fasting Blood Glucose Measurement

At day 90 of the experiment, after a 12-hour fast, mouse tail vein serum was collected and tested
using a Roche glucometer.

2.3. Fasting Serum Insulin Measurement

After 90 days of feeding, mice were euthanized, blood was drawn from the inferior vena cava,
and centrifuged at 4°C at 12,000 rpm for 10 minutes. The supernatant was used to measure serum
insulin with an insulin ELISA kit.

2.4. Mouse HOMA-IR Measurement

Insulin resistance (IR) was assessed by combining fasting insulin (FI) and fasting glucose (FG)
to reflect the relationship between blood glucose and insulin levels, with the HOMA-IR index as the
standard [28]. The formula is: HOMA-IR = FI (mIU/L) x FG (mmol/L) / 22.5.

2.5. Glucose Tolerance Test

The glucose tolerance test (GTT) was performed at day 90 (animals were fasted for 12 hours
before the experiment). The tail tip of the mouse was cut with scissors, and blood was squeezed onto
the Roche glucometer to measure the fasting blood glucose, i.e., the 0-minute glucose value. Then,
glucose was injected intraperitoneally (1g/kg body weight), and timing started after the injection.
Blood glucose values were measured and recorded at 15, 30, 60, 90, and 120 minutes post-injection.

2.6. Immunohistochemistry for Protein Expression

Immunohistochemistry (IHC) was performed on tissues to observe the localization and
expression level of GLUT4. Paraffin sections were deparaffinized and hydrated, then incubated with
GLUT4 antibody at 4°C overnight, followed by incubation with goat anti-rabbit secondary antibody
at room temperature for 1 hour. Staining was performed according to the DAB staining kit, and
sections were observed and analyzed after being mounted with neutral gum.

2.7. Cell Experiment Design

C2C12 myoblasts were cultured in high-glucose DMEM medium containing 10% fetal bovine
serum, 100U/ml penicillin, and 100pug/mL streptomycin at 37°C in an incubator with 5% CO2. When
the cells reached 80% confluence, the medium was changed to DMEM medium containing 2% horse
serum, 100U/ml penicillin, and 100pg/mL streptomycin to induce differentiation. After 5 days of
induction, multinucleated myotubes were formed. After the C2C12 myoblasts differentiated into
mature myotubes, they were treated with PA and BPA in DMEM medium containing 3% FBS for 48
hours. Dose groups were determined by preliminary experiments such as the CCK8 cell viability
assay and the 2-NBDG glucose uptake assay as follows: control group (containing 2% BSA and 1%
DMSO), PA group (200uM PA + 1% DMSO), BPA group (102nM BPA + 2% BSA), PA + BPA group
(200uM PA +102nM BPA). This study used C2C12 myoblasts with fewer than 8 passages.

2.8 2-NBDG Glucose Uptake Assay

After cell treatment, 2-NBDG was added to Krebs buffer containing 2% FA-free bovine serum
albumin, and the cells were incubated with 100nM insulin for 2 hours. Cells were then lysed with cell
lysis buffer for 10 minutes, and the supernatant was centrifuged at 4°C at 16,000xg for 15 minutes.
Fluorescence intensity was measured using a fluorescence plate reader at 475nm/550nm (excitation
wavelength/emission wavelength). BCA quantification and protein correction were performed for
each well to determine the glucose uptake of control and experimental group myotubes.
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2.9. Cellular Immunofluorescence Staining for GLUT4

After cell treatment, cells were fixed with 4% paraformaldehyde at room temperature for 1 hour,
permeabilized with 0.2% Triton X-100, and then blocked with 30% FBS at 37°C for 30 minutes. Anti-
GLUT4 antibody was added and incubated overnight, followed by incubation with fluorescent goat
anti-rabbit IgG at 37°C for 1 hour. Nuclei were stained with DAPI for 10 minutes, and cells were
observed and photographed under a fluorescence microscope.

2.10. Western Blotting for AKT-GLUT4 Signaling Molecules

Proteins from gastrocnemius tissue or C2C12 cells were extracted using tissue lysis buffer or cell
lysis buffer. Proteins were incubated with monoclonal antibodies for AKT (CST, 4685), p-AKTSer473
(CST, 4060), p-AKT™308 (CST, 13038), Rab8A (ab188674), Rab13 (SAB4200057), Syntaxin4 (ab184545),
VAMP2 (ab181869), GLUT4 (ab33780), GSK3p (CST, 12456), and pGSK33se (CST, 9322), followed by
incubation with horseradish peroxidase-labeled goat anti-rabbit secondary antibodies. Bands were
developed, and band density was analyzed using Image J. The relative expression of proteins was
calculated as the ratio of the band density of the protein to that of GAPDH, with the control group
normalized to 1 for analysis.

2.11. Statistical Analysis

All quantitative data are expressed as mean + standard error of the mean (SEM). Repeated
measures ANOVA was used for mouse body weight, and 2x2 factorial ANOVA was used to assess
the interaction effects of low-dose BPA and high-fat diet in the in vivo animal experiments for groups
Co, C1, Cz, and Tw, as well as the in vitro cell experiments for the four groups. One-way ANOVA was
used for multiple group comparisons, and LSD-t tests were used for pairwise comparisons of
multiple sample means. A P-value of less than 0.05 was considered statistically significant. Image
analysis was performed using Image ] (National Institutes of Health, Germany), and data analysis
was conducted using GraphPad Prism 7 (GraphPad Software, USA) software for graphing.

3. Results

3.1. BPA in Combination with a High-Fat Diet Exacerbates Insulin Resistance

Repeated measures ANOVA results showed a significant interaction effect between different
treatment methods and changes over time on the body weight of male and female animals (F(male)
= 4.794, F(female) = 5.167, P < 0.01); the effect of different treatments on mouse body weight was
statistically significant (F(male) = 5.873, F(female) = 16.000, P < 0.001). Animals in the high-fat diet
treatment groups (Ci, T, Tm, Tr) had significantly higher body weights compared to those in the
normal diet groups (Co, Cz2), as shown in Figure 1A-1B.

Glucose tolerance test results indicated that the blood glucose levels of animals in the normal
diet group gradually returned to the initial value, while the blood glucose levels of animals in the
other groups remained higher than the initial value. Analysis of the area under the curve (AUC)
showed that the AUC for the glucose tolerance test of animals in groups Ci, Tt, Ty, and Tu were all
higher than that of the control group, suggesting that co-exposure to BPA and a high-fat diet can lead
to abnormal glucose tolerance in animals. Factorial analysis results showed an interaction between
BPA and high-fat diet treatment on blood glucose levels in male mice (F =7.770, P < 0.05).

Calculation of insulin resistance and insulin sensitivity indices based on fasting blood glucose
and fasting serum insulin values showed that compared to the control group, all groups exhibited
increased insulin resistance and decreased insulin sensitivity. These results indicate that co-exposure
to BPA and a high-fat diet exacerbated insulin resistance in mice.
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Figure 1. BPA in combination with a high-fat diet exacerbates insulin resistance. After 12 weeks of feeding
with BPA and a high-fat diet, gastrocnemius tissue was collected for experimentation. Results are presented as
mean + SD, n =10. (A) Male mouse body weight; (B) Female mouse body weight; (C) Oral glucose tolerance test
(OGTT) results in male mice; (D) Oral glucose tolerance test (OGTT) results in female mice; (E) Area under the
glucose tolerance curve for both male and female mice; (F) Fasting blood glucose levels in both male and female
mice; (G) Fasting insulin levels in both male and female mice; (H) Insulin resistance index levels in both male
and female mice. Compared to the Co group, * P<0.05; compared to the Ci group, # P<0.05; compared to the C2
group, A P<0.05.

3.2. Co-Exposure to BPA and a High-Fat Diet Affects the Expression Levels of Insulin Signaling Molecules
in Gastrocnemius Tissue

The expression levels of key molecules in insulin signaling transduction in animal
gastrocnemius tissue showed a trend of gradual decrease in the expression levels of pAKTSe#7 in the
Tw, Tm, and T groups compared to the control group. Image analysis and statistical analysis revealed
a significant reduction in the expression level of pAKT®73 in the Tr group (P<0.05), with a statistically
significant difference (Figure 2A-2C). The expression levels of key molecules regulating the
translocation and fusion of GLUT4 with the plasma membrane, including Rab8A, VAMP2, and
Syntaxin4, also showed the same trend, with statistically significant differences compared to the
control group, as shown in Figure 2D-2G.

Furthermore, as shown in Figure 2D, 2H, the expression levels of GLUT4 in male animals of the
Tm and Tu groups were reduced compared to the control group (P<0.05). Immunohistochemical
results also showed weakened expression of GLUT4 in the gastrocnemius tissue of the Tm and Tu
groups, significantly lower than the corresponding control groups (Figure 21-2]).

Activation of the AKT signaling pathway can promote the phosphorylation of GSK3p, thereby
inhibiting the activity of glycogen synthase, leading to reduced glycogen synthesis, which can cause
an increase in blood glucose levels and is one of the key factors in the development of insulin
resistance. In this study, the expression level of GSK3[ in male mice of the Tm group was higher than
that of the control group, with a statistically significant difference (P<0.05).

Compared with the control group, the protein expression levels of pGSK3p%™ in the
gastrocnemius tissue of animals in the T, Twm, and Tu groups were significantly reduced in both male
and female mice (P<0.05). Especially in the Tv and Tu groups of female mice, the expression levels of
pGSK33%e protein were not only lower than the Co group (blank control group) but also significantly
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lower than the Ci group (high-fat diet treatment group), with statistically significant differences
(P<0.05). These findings are consistent with the trend of increased fasting blood glucose levels, further
supporting the hypothesis that BPA and a high-fat diet may exacerbate insulin resistance, with
specific data shown in Figure 2K-2M.

B C
Co C1 C2TLTMTH 1.5 1.
AKT - Co
= C1
o [ PAKT & [
mae B £ 10 X10{ 4T L = c2
——— i % - Tl
E -
Co Gt CaTLlmTn - < 05 % 0. - m
fomole ] P4
[—— GADPH 0.0- 0
e __J| male female male female
E 2.0 F 1.5
- CO
D = i . =
Co C1 C2TLTMTH 2 - = C2
<<
Rab8A 8.0 5 - TL
R
vampz 3 T 2] & =™
| GLuT4
0.0 1
Em GADPH male female male female
Co C1 C2TLTMTH G A H
[ | RabsA 25 # 15 o
EB==== v 3, [ = - ct
fomale s wm ememamam | gyniaing 215 * L0 = c2
p——— c uts 1 ) [ 1 & =T
|t ——— 10 s % 1.0 EOS m = ™
2 = = TH
505 ©
0.0
female male female
|
male
_ - Co
E =N
5 . c2
o
5 =18
8 LY
<
a = TH
=
female
" male female
# i ;
T ™ TH
K cocicetimTn
GsK3p 207 - CO
male [E——— pcSK3E | = o
EEe——— et £ i 2
§_1 0 = T
Gskp 2 = ™
w
fonole ] csvp 5 0%] =
—————— oo
‘ male female male female

Figure 2. Effects of BPA and a high-fat diet on the expression levels of signaling molecules in gastrocnemius
tissue of male and female mice. Protein expression levels of AKT (A and B), pAKT®7 (C), Rab8A (E), VAMP2
(F), Syntaxin4 (G), GLUT4 (H), GSK3p (L), and pGSK33%™ (M); results of GLUT4 immunohistochemistry (I); and
quantitative analysis of immunohistochemistry results (J). Compared to the Cogroup, * P<0.05; compared to the
Ci group, # P<0.05; compared to the Ca group, A P<0.05.

3.3. BPA in Combination with Palmitic Acid Significantly Reduces Glucose Uptake Levels in C2C12 Cells

To assess the impact of BPA and palmitic acid (PA) exposure on cell viability, differentiated C2C12
cells were treated with various concentrations of BPA (1-10° nM) and PA (100-700 pM) for 48 hours,
and cell activity was evaluated using the CCK8 assay. The results are shown in Figure 3A, where
compared to the control group, cell activity significantly decreased with BPA at concentrations of 103,
104, and 10° nM (P<0.05). At 400 uM, PA reduced cell activity to 61% (Figure 3B). Therefore, BPA
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concentrations of 102 nM, 10°nM, 10*nM, and PA concentrations of 200 uM, 300 uM, and 450 uM were
selected for glucose uptake experiments to determine the optimal combined dosage. Enzyme-linked
immunosorbent assay (ELISA) analysis results showed (Figure 3C, 3D) that compared to the insulin-
stimulated control group, glucose uptake significantly decreased after treatment with 10* nM BPA and
300 pM, 450 uM PA for 48 hours (P<0.05). Considering multiple factors such as cell activity and glucose
uptake, a combination of 300 uM PA and 102 nM, 10° nM BPA for 48 hours was chosen, at which point,
glucose uptake in all groups was significantly lower than in the control group (P<0.05), indicating that
300 uM PA and 102 nM, 10* nM BPA can induce insulin resistance (IR) in C2C12 cells (Figure 3E).
Further research results indicated that after 48 hours of exposure to 200 uM PA and BPA, glucose
uptake was also significantly lower than in the control group (P<0.05), suggesting that BPA can reduce
the concentration of PA required to induce insulin resistance (Figure 3F). When the exposure time was
reduced to 24 hours, there was no significant change in cell glucose uptake (P>0.05), as shown in Figure
3G. These findings suggest that BPA can reduce the concentration of PA required for exposure, and
their combined action induces IR in C2C12 myocytes. Based on the above results, the dosage and
exposure time of PA and BPA were determined, using 200 uM PA and 102 nM BPA for 48 hours of
exposure to C2C12 myotubes. The results showed that compared to the insulin-stimulated control
group, the glucose uptake of the co-exposed group was significantly reduced (P<0.05), as seen in Figure
3-18H. According to the CCKS cell viability assay results, the cell activity of the groups exposed to 200
puM PA alone and 102 nM BPA alone was above 80%, and after 48 hours of co-exposure to 200 uM PA
and 102 nM BPA, cell activity decreased to 73%, with statistically significant differences in cell activity
among the groups (P<0.05), as shown in Figure 3-18L

15 - 0 1 - 0
B =T T I B 100 pM
H B oM 5 B 200 uM
510 T L o
s T . = 10t 5 T 300 pM
4 =
z = ooaM 2 = A00um
3 054 3 0. BT 500 pM
s08 B A0¢ oM ,g" = oo uM
> = ol
3 =M 3 = 700y
0.0- 0.
Group Group
5151 =
2 " - 0 ] - 0
= =
5 =o' nm § T 200 M
%1'0- = e 3 B 300 oM
E ®
s = oem =T 450 pM
> 0.5 H
o
a 2
o o
z z
0.0~ 0.0
Insulin - + - + - + - +
E F
1.5+ # -0 35 20 -0
T £
. FE PA300 M §1s i # # g = PAZ00UM
1.0 T BN PA300 UM+ BPA 10°nM 5 - - + B PA 200 uM + BPA 107 nM

]
=3 PA 300 pM + BPA 10°nM § 1.0-
a

=2 PA 200 uM + BPA 10°nM

e
@
{
e
n

— 2-NBDG uptake(of control)
H

7o

gs

57
2-NBDG uj

5

+
+
+

=
Lo
5

I

T
o
=

-0
B PA 200 pM

# B BPA10° M

1 T PA 200 4 + BPA 10° it

-0
T = PA200 WM
B PA 200 pM +
= F‘AZOOuMiBPAm‘nMi: 1.0

o

(of control)

?
3
b3
3
b

E

e
@

2-NBDG uptake(of control)

5
+
1
3 &
£
+
+

—
g
2
-
2

@n

- 0
$ BT PA 200 uM
B BPA 107 nM

o
El
o

BT PA 200uM + BPA 107 nM

e
w

cell viability (of control)

e
°

0 PA BPA PA+BPA

Figure 3. Effects of 48-hour BPA and palmitic acid (PA) treatment on glucose uptake in C2C12 myotubes.
C2C12 myotubes were exposed to BPA (1-10°nM, control group with 0 nM BPA; 0.1% DMSO) and PA (100-700
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uM, control group with 0 uM PA; 2% BSA) for 48 hours to measure cytotoxicity with the CCKS8 assay (A, B); the
effect of 48-hour BPA exposure on glucose uptake (C); the effect of 48-hour PA exposure on glucose uptake (D);
the effect of co-exposure to BPA (102 and 10° nM) and PA (300 pM) for 48 hours on glucose uptake (E); the effect
of co-exposure to BPA (102 and 10° nM) and PA (200 uM) for 48 hours on glucose uptake (F); the effect of co-
exposure to BPA (102 and 10° nM) and PA (200 uM) for 24 hours on glucose uptake (G); the effect of co-exposure
to BPA (10> nM) and PA (200 pM) for 48 hours on glucose uptake (H); results are presented as mean + SD, n = 3.
Compared to the insulin-stimulated control group, * P<0.05; compared to the corresponding concentration group
without insulin stimulation, # P<0.05. Cell viability after co-exposure to BPA (10> nM) and PA (200 uM) for 48
hours (I). Compared to the control group, & P<0.05; compared to the 200 uM PA group, $ P<0.05; compared to
the 102 nM BPA group, P<0.05.

3.4. Co-Exposure to BPA and Palmitic Acid Inhibits Insulin Signaling and GLUT4 Translocation in C2C12 Cells

The PI3K/AKT signaling pathway is an important regulatory route for glucose uptake [17,29]. To
investigate the potential molecular mechanisms by which BPA and PA affect insulin sensitivity, this
study examined the expression levels of AKT and p-AKT, as well as their downstream signaling
molecules and proteins related to GLUT4 translocation. The results are shown in Figure 4A-4C.
Compared to the control group, the expression levels of p-AKT (Ser473 and Thr308) were significantly
reduced in the group co-exposed to 200 uM PA and 102nM BPA (P<0.01), and the expression level of
AKT™3% in the group exposed to 102nM BPA alone also significantly decreased (P=0.018).

As shown in Figure 4D, the total GLUT4 expression levels in all experimental groups were
significantly lower than those in the control group (P<0.05). After separating the cell membrane using
a plasma membrane extraction kit, the results showed that the expression levels of GLUT4 on the cell
membrane in the group exposed to 102nM BPA alone (P<0.05) and in the group co-exposed to 200
UM PA and 102 nM BPA (P<0.05) were significantly lower than those in the control group (as shown
in Figure 4E), suggesting that co-exposure to BPA and PA significantly inhibited the expression of
GLUT4 on the cell membrane, i.e., reduced the translocation of GLUT4 from the cytoplasm to the
plasma membrane. Immunofluorescence staining of C2C12 myotubes showed that the expression
levels of GLUT4 in the experimental groups were significantly lower than those in the control group
(P<0.05), and compared to the group exposed to 102 nM BPA alone, the expression levels of GLUT4
in the group exposed to 200 uM PA alone (P=0.0026) and in the group co-exposed to 200 uM PA and
10> nM BPA (P=0.0002) were significantly decreased, as seen in Figure 4F-4G.

Downstream molecules of AKT, such as AS160, can activate Rab proteins, and Rab8A and Rab13,
along with VAMP?2 and Syntaxin4 proteins, can activate GLUT4 vesicles and facilitate their fusion
with the plasma membrane to release glucose molecules. In this study, it was found that compared
to the control group, the protein expression levels of Rab8A and Rab13 in the group co-exposed to
200 uM PA and 102 nM BPA were significantly reduced (P<0.05). The expression levels of Syntaxin4
protein in the group exposed to 10> nM BPA alone (P=0.0281) and in the group co-exposed to 200 uM
PA and 102 nM BPA (P=0.0034) were significantly higher than those in the control group, as shown
in Figure 4H-4K.
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Figure 4. Effects of BPA and palmitic acid on signaling molecules and GLUT4 translocation in C2C12
myotubes. Protein expression levels of AKT (A), pAKTS#73 (B), pAKT™3% (C), total GLUT4 (D), GLUT4 on the
membrane (E), Rab8A (H), Rab13 (I), Syntaxin4 (J), and VAMP2 (K); immunofluorescence staining with an anti-
GLUT4 antibody after treating C2C12 cells with BPA and palmitic acid for 48 hours, scale bar: 100 um (F);
quantitative analysis of GLUT4 immunofluorescence (G). Compared to the control group, * P<0.05; compared to
the 10> nM BPA group, # P<0.05.

4. Discussion

With changes in lifestyle and dietary habits, excessive energy intake coupled with insufficient
physical activity leading to obesity and its associated insulin resistance pose a serious threat to human
health. On the other hand, environmental endocrine disruptors (EDCs), represented by BPA, are
produced and used in large quantities; BPA, a monomer and plasticizer, is one of the highest-volume
chemicals globally, with an annual production exceeding 100 million pounds [8]. Studies have
reported that BPA can be measured in human serum, urine, amniotic fluid, follicular fluid, placental
tissue, and umbilical cord [30]. Literature suggests that long-term exposure to BPA and a high-fat
diet are both associated with the occurrence of insulin resistance (IR) or type 2 diabetes mellitus
(T2DM), yet the combined effects and mechanisms of these two factors remain unclear.
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To clarify the relationship and mechanism between the combined effects of a high-fat diet and
BPA on animal IR, this study observed the impact of co-exposure to a high-fat diet and low doses of
BPA on tissue or cellular GLUT4 expression and insulin resistance. In the animal experiment design,
BPA concentrations were selected with reference to the U.S. tolerable daily intake of 50 pg/kg-d and
the European proposed tolerable daily intake of 4 pug/kg-d, and combined with literature [31], three
doses of BPA were ultimately chosen: 5 ug/kg-d, 50 ug/kg-d, and 500 ug/kg-d. The results showed a
significant interaction effect between BPA and high-fat diet treatment on animal body weight and
blood glucose levels, and clear abnormalities were observed in the levels of blood lipids and insulin
signaling pathway-related molecules.

In vitro cellular experiments involved the induction of C2C12 myoblasts to differentiate into
myotubes. 2-NBDG, a fluorescent indicator for direct and rapid measurement of glucose uptake
levels, is commonly used as an index of insulin resistance in cellular experiments [32,33]. HOMA-IR
is a statistical parameter for assessing insulin resistance and insulin sensitivity using fasting blood
glucose levels and fasting serum insulin levels. In this study, the TM and TH groups exhibited insulin
resistance and impaired insulin sensitivity, consistent with other similar studies [34]. These results
confirm that long-term co-exposure to BPA and a high-fat diet can induce insulin resistance, but the
mechanisms are not fully understood, especially in skeletal muscle, an important peripheral tissue
for maintaining blood glucose homeostasis and a primary target organ for insulin action. The
expression profile of protein molecules and the activation or suppression of the insulin signaling
system require further study. Among these, the activation of the glucose transport system (GLUT4)
is the first step in glucose metabolism, transporting glucose into muscle cells. Under normal
conditions, about 90% of GLUT4 is expressed in the cytoplasm, and only about 10% is expressed on
the cell membrane. Promoting the translocation of GLUT4 from the cytoplasm to the cell membrane
is an effective way to increase glucose transport, and one of the main factors stimulating GLUT4
translocation in skeletal muscle is insulin, thus regulating the insulin PI3K-AKT signaling pathway
can effectively regulate GLUT4 translocation [35-37]. The study results showed that the expression
level of pAKT®73in the gastrocnemius muscle tissue of the experimental animals was lower than
that of the control group, and the in vitro experimental results also showed that the expression levels
of pAKT3e73 and pAKT™3% jn myotube cells were significantly reduced after exposure to BPA and
palmitic acid, suggesting that the combined treatment of high fat and BPA can cause disorders in the
insulin signaling pathway, thereby exacerbating the development of insulin resistance %1, In
addition, the Rab protein family member Rab8A is a key factor regulated by insulin and involved in
the translocation of GLUT4 in muscle cells. The results of this study indicate that compared with the
control group, the expression levels of Rab8A in the gastrocnemius muscle cells of animals and cells
cultured in vitro were significantly reduced after co-treatment with a high-fat diet and BPA,
suggesting that the combined treatment of high fat factors and BPA may affect the expression of
Rab8A protein and thus have a certain impact on its function in regulating GLUT4 translocation.

In the GLUT4-mediated glucose transport process, in addition to the translocation of GLUT4
vesicles, the fusion of these vesicles with the plasma membrane is equally crucial for the utilization
of glucose by skeletal muscle and the maintenance of blood glucose homeostasis. Specifically, the
docking of GLUT4 vesicles with the plasma membrane depends on the interaction between vesicle
membrane protein VAMP2 and plasma membrane protein Syntaxin4 [40,41]. Syntaxin4 anchors
GLUT4 vesicles on the plasma membrane, while VAMP2 promotes the fusion of the plasma
membrane with vesicles, accelerating the process of glucose exocytosis [42]. This study observed that
in the gastrocnemius muscle, the expression level of VAMP2 in the group co-treated with a high-fat
diet and bisphenol A (BPA) was significantly lower than that in the control group. Furthermore, in
C2C12 myotubes, the group co-treated with PA (likely referring to a high-fat diet) and BPA also
showed similar results. Particularly in male rats, the Tu (likely referring to co-treatment with a high-
fat diet and BPA) group exhibited significantly lower VAMP2 expression levels compared to the Co,
C1, and C2 groups; in the Twm (likely referring to BPA alone treatment) group, the expression level was
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also significantly lower than in the Co and Ci groups. This suggests that the combined exposure to
BPA and a high-fat diet may significantly inhibit the expression of the VAMP2 protein.

In contrast, the expression level of Syntaxin4 in the PA+BPA group was significantly higher than
in the control group, with a similar trend observed in the gastrocnemius muscle, where the
upregulation of Syntaxin4 protein expression was most pronounced in the Tu group. This
upregulation may reflect a physiological compensatory mechanism aimed at counteracting the
observed reduction in glucose uptake stimulated by insulin in this study. Therefore, the
overexpression of Syntaxin4 protein may be an adaptive response of cells to compensate for defects
in GLUT4 translocation [43,44].

Using experimental techniques such as Western Blot, immunohistochemistry, and
immunofluorescence, we found that in both gastrocnemius tissue and C2C12 myotubes, the total
expression level of GLUT4 in the group co-treated with a high-fat diet and BPA was significantly
lower than that in the control group. Immunohistochemical and immunofluorescence experiments
further showed that compared to the groups treated with BPA or a high-fat diet alone, the expression
level of GLUT4 in the co-treated group was significantly reduced. In addition, the expression level of
GLUT4 on the plasma membrane, separated from C2C12 myotubes using a plasma membrane
separation kit, confirmed this point, with the PA+BPA group showing significantly reduced GLUT4
expression compared to the control group. These results suggest that in vivo animal experiments, the
combined exposure to BPA and a high-fat diet has a more pronounced inhibitory effect on GLUT4
expression, and in vitro cellular experiments further confirmed this finding, indicating that the
combined action of BPA and a high-fat diet severely hinders GLUT4 translocation.

The storage capacity of glycogen in skeletal muscle is limited because the activity of glycogen
synthase is inhibited, leading to impaired glycogen accumulation [45]. Impaired glycogen synthesis
stimulated by insulin is a common pathological feature in all states of insulin resistance. Obese and
diabetic patients, as representatives of metabolic syndrome, have severely impaired activity of
glycogen synthase stimulated by insulin [46—48]. Studies have shown that glycogen synthase kinase
3 (GSK3p) is a protein that can be phosphorylated by AKT and plays a key role in the translocation
of GLUT4 from intracellular vesicles to the plasma membrane. When GSK33 is phosphorylated by
AKT, it inhibits the activity of glycogen synthase, reduces the synthesis of liver glycogen, thereby
causing an increase in blood glucose levels, impairs insulin signaling, and ultimately leads to insulin
resistance [49]. The reduction in pGSK3{5 levels may be associated with impaired GLUT4
translocation [50]. This study observed that in male rats, the expression level of GSK3 protein in the
BPA-only treated group (Tm group) was significantly higher than that in the high-fat diet-only treated
group (C2 group), and no significant difference in GSK3( protein expression levels was observed
between other groups. This suggests that a high-fat diet may exacerbate the expression of GSK3p in
the gastrocnemius muscle after BPA exposure. Additionally, the expression level of pGSK3[3% in the
group co-treated with a high-fat diet and BPA was significantly lower than that in the control group,
especially in the Tm and T groups of female rats, where pGSK33% levels were significantly lower
than in the high-fat diet-only treated group (Ci group). These results suggest that BPA may
exacerbate the reduction of pGSK33%in the gastrocnemius muscle after exposure to a high-fat diet.

Overall, the expression levels of GSK3 and pGSK3% in the gastrocnemius muscle may be
influenced by different factors, with a high-fat diet having a dominant effect on the expression of
GSK3p in male rats, and BPA having a dominant effect on the expression of pGSK3[3% in female rats.
Therefore, the results of this study indicate that the combined action of BPA and a high-fat diet may
more severely damage insulin signaling, reduce the expression level of pGSK3(3%, and thus affect
GLUT#4 translocation.

5. Conclusions

In summary, the co-exposure to BPA and a high-fat diet may significantly affect the translocation
process in the gastrocnemius muscle and C2C12 myotubes of adult mice, mainly by disrupting the
insulin signaling pathway mediated by AKT. This disruption leads to a series of changes in protein
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expression, especially those related to the translocation of GLUT4 from the cytoplasm to the plasma
membrane. These changes exacerbate the occurrence of insulin resistance and inhibit the
translocation of GLUT4, which may adversely affect blood glucose regulation and metabolic health.
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