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Abstract
Lipid metabolism is an important biochemical process in the body. Recent studies have found that
environmental endocrine disruptors play an important role in the regulation of lipid metabolism.
Bisphenol A (BPA), a common environmental endocrine disruptor, has adverse effects on lipid
metabolism, but the mechanism is still unclear. This study aimed to investigate the effects of gestational
BPA exposure on hepatic lipid metabolism and its possible mechanism in male offspring. The pregnant
Sprague-Dawley rats were exposed to BPA (0, 0.05, 0.5, 5 mg/kg/day) from day 5 to day 19 of gestation
to investigate the level of triglyceride (TG) and the expression of liver lipid metabolism-related genes in
male offspring rats. The results showed that compared with the control group, the TG level in serum and
liver in BPA-exposed groups was increased. And the expressions of liver fatty acid oxidation related
genes, such as peroxisome proliferators-activated receptor α (PPARα) and carnitine palmitoyl transferase
1α (CPT1α), were down-regulated. However, the expressions of fatty acid synthesis related genes, such as
sterol regulatory element binding proteins 1 (SREBP-1), acetyl-CoA carboxylase 1 (ACC1), fatty acid
synthase (FAS) and stearoyl-CoA desaturase 1 (SCD-1), were up-regulated. The increased protein levels of
mTOR and p-CRTC2 suggested that CREB-regulated transcription coactivator 2 (CRTC2) might be an
important mediator in the mTOR/SREBP-1 pathway. In conclusion, these results demonstrated that
mTOR/CRTC2/SREBP-1 could be affected by gestational BPA exposure, which may involve in the lipid
metabolic disorders in later life.

1 Introduction
Environmental endocrine disruptors (EEDs) pollution has become an important issue in the field of public
health. In particular, the application of phenolic environmental estrogens (PEEs) has attracted extensive
attention in recent years. As a typical PEEs, bisphenol A (BPA) is used to manufacture polycarbonate
plastics and epoxy resins, such as food containers, sports equipment, medical and dental equipment,
children's toys, and thermal paper receipts (Adeyi et al. 2019; Li et al. 2020; Pan et al. 2021). Demand for
BPA is growing worldwide, with global consumption of BPA expected to rise to 10.6 million metric tons
this year from 7.7 million metric tons in 2015 (Sonavane et al. 2019). As the polymer degrades, BPA can
be released from plastic products into the external environment. Currently, it has been detected in food,
water, air and soil, and humans can be exposed to BPA through ingestion, inhalation and skin contact (Li
et al. 2019). Studies have shown that the urine of more than 90% of the population in western countries
contains BPA, and the level of BPA in workers engaged in BPA production or use is much higher than that
in the general population, even reaching 492,000 ng/m3 (Abraham et al. 2020; Castellini et al. 2020;
Heinala et al. 2017). Due to the mimic activity of estrogen, anti-androgen and thyroid hormone, BPA may
cause adverse effects on multiple internal systems of human, such as reproductive, nervous, immune and
metabolic systems (Cimmino et al. 2020; Ma et al. 2020). What’ more, BPA can also cross the placental
barrier and affect the growth and development of fetus (Sun et al. 2002). As the expression of BPA
metabolizing enzymes in fetal liver needs to be delayed until after birth, fetuses and newborns may be at
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a higher risk of exposure to BPA than older children and adults (Nakajima et al. 2012). The adverse
effects of BPA exposure early in life are now a major health concern.

BPA has been shown to act as an obesogen and to disrupt lipid metabolism. The existing epidemiological
studies have shown that BPA exposure can increase the risk of obesity and may be positively correlated
with urine BPA concentration (Moon et al. 2021). Moreover, in animal experiments, BPA can cause liver fat
accumulation in both acute and chronic exposure (Sun et al. 2020). It has even been shown that BPA may
accelerate fat formation at non-observed adverse effect levels (NOAEL) (Li et al. 2020). Studies also have
shown that prenatal BPA exposure can impair liver lipid metabolism in female offspring (Tonini et al.
2021). And after prenatal BPA exposure, alterations in lipid profiles are more prominent in the offspring
than those in the dams, suggesting that exposure to BPA in utero is more serious than adult exposure
(Nguyen et al. 2022). Lipid metabolic disorders may lead to obesity, type 2 diabetes mellitus (T2DM), non-
alcoholic fatty liver disease (NAFLD), atherosclerosis and other diseases (DeBose-Boyd 2018). However,
the mechanism of BPA exposure during pregnancy on lipid metabolism of male offspring is rarely
studied.

The sterol regulatory element binding proteins (SREBPs), including SREBP-1 and SREBP-2, are a family of
transcription factors that regulate lipid biosynthesis. SREBP-1 has been confirmed to mainly regulate
fatty acid synthesis, and SREBP-2 is involved in cholesterol synthesis (Shimano 2000). Studies have
shown that BPA can interfere with the binding of SREBP-1 to their SREs through DNA methylation in the 5'
side region of carnitine palmitoyl transferase 1 (CPT1), thus affecting fatty acid β-oxidation (Guan et al.
2019). It was also reported that BPA could decrease the DNA methylation level of SREBP-2 in mice, and
upregulate the expression of genes related to cholesterol synthesis in liver, which led to liver lipid
accumulation and liver steatosis (Li et al. 2019; Ke et al. 2016).

mTOR (Mammalian target of Rapamycin) is a serine/threonine phosphoside kinase belonging to the PI3K
related kinase family. mTOR signaling pathway has been implicated in regulation of lipid synthesis in
liver. Studies have found that estrogen combined with ESRs inhibits fat synthesis and promotes fat
hydrolysis by inhibiting the PI3K/Akt/mTOR signaling pathway and promoting the expression of AMPK in
lipolytic pathway (Monteiro et al. 2014; Rogers et al. 2009). A recent study showed that BPA mainly
inhibited the phosphorylation of AMPK, thereby activating the mTOR/SREBP-1c pathway and the
expression of downstream adipogenesis related factors (Sun et al. 2020). In addition, researches have
demonstrated that CREB-regulated transcription coactivator 2 (CRTC2), as a critical mediator of mTOR,
may play a key role in mTOR-dependent regulation of SREBP-1 (Qian et al. 2021; Han et al. 2015).

These findings prompt us to investigate whether CRTC2 can mediate the mTOR/SREBP1 pathway, which
may be an important pathway for the effects of gestational BPA exposure on lipid metabolism in male
offspring.

2 Material And Method
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2.1 Animals and treatments
The experimental animals were 9-week-old Sprague-Dawley (SD) rats purchased from Liaoning
Changsheng Biotechnology Co., Ltd. (Certificate No.SCXK2020-0001, Liaoning of China). The animals
were raised in SPF Experimental Animal Center of Shenyang Medical College, and the breeding conditions
met the relevant requirements of "Environment and Facilities for Experimental Animals" (GB14925-2010);
indoor relative temperature 25 ± 2℃, humidity 55 ± 5%, 12 h/12 h day-night light cycle, free eating and
drinking (all drinking bottles were glass bottles). After one week of adaptive feeding, female and male
rats were randomly mated in a 2:1 ratio. Pregnancy was confirmed by vaginal smear. The date of
microscopic sperm observation was gestation day 0 (GD0) (Ma et al. 2020). Forty pregnant rats were
randomly divided into 4 groups with 10 rats in each group. The rats were orally gavaged with corn oil
containing 0, 0.05, 0.5, and 5 mg/kg/d BPA respectively, from GD5 to GD19. BPA (> 99%, TCI, Japan) was
dissolved in corn oil. The day of birth was denoted as postnatal day (PND) 1, and male pups at PND21
and 56 were selected as research objects in this experiment. The serum and tissues were collected and
stored at -80℃ for further study.

2.2 General indicator assay
At PND21 and 56, the male offspring rats were weighed, anesthetized and decapitated with ether. The
liver was immediately dissected and weighed, and then the organ coefficient was calculated. Calculation
formula: Organ coefficient (%) = organ wet weight (g)/ body weight (g)×100%.

2.3 Lipid content assay
The content of TG in serum and liver was detected by double-antibody one-step sandwich enzyme linked
immunosorbent assay ELISA kit (mlbio, China). The absorbance (OD) value was measured at 450nm
using a microplate reader, and the sample concentration was calculated.

2.4 Real-time PCR
Trizol (Vazyme, China) was used to extract total RNA from male offspring’s liver tissue (six in each
group), then the cDNA was synthesized using PrimeScript RT kit (Takara, Japan). The SYBR Premix Ex
Taq II kit (Takara, Japan) was used to mix cDNA and primers, and real-time fluorescence quantitative PCR
was performed with ABI 7500 fast Real-Time PCR System (California, USA). The housekeeping gene
GAPDH was used as an internal control. The relative mRNA expression of each gene was calculated by
2−∆∆CT method. Gene-specificity primers were shown in Supplementary Table 1.

2.5 Western blotting
RIPA with phosphatase inhibitors and PMSF (Beyotime, China) was used to lyse liver tissue (six in each
group), and then protein concentration was detected by BCA assay kit (Beyotime, China). Western Blotting
was used to detect the samples after boiling and denaturation. The protein samples (50µg) were
separated by 7.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS − PAGE) (Epizyme,
China), and then transferred onto the nitrocellulose membranes. After that, blocking of the membranes
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with 5% skimmed milk powder or 5% BSA was done; followed by incubation with primary antibodies
(CPT1α: 15184-1-AP, mTOR: 66888-1-Ig, CRTC2: 12497-1-AP, β-actin: 20536-1-AP, Proteintech, China;
Phospho-mTOR: AP0094, SCD-1: A16429, ABclonal, China; Phospho-CRTC2: AF8328, peroxisome
proliferators-activated receptor α (PPARα): AF5301, SREBP-1: AF6283, Affinity, China) for overnight at 4°C.
Secondary antibody goat anti-mouse (SA00001-1, Proteintech, China) and goat anti-rabbit (SA00001-2,
Proteintech, China) were incubated at room temperature for 1 h. The gel imaging system (Tanon-5200
Muti, Tanon, China) was used to take pictures. Image J was used to quantify the gray value of protein
bands. The relative protein expression was normalized to β-actin.

2.6 Statistical Analysis
All data were expressed as mean ± standard deviation (SD). Statistical analysis was performed by One-
way ANOVA followed by LSD or Dunnett’s test using SPSS 20.0 software (Illinois, USA). p < 0.05 was
regarded as statistically significant.

3 Results
3.1 Gestational BPA exposure affected the body weight and liver coefficient of male offspring

From birth to sexual maturity, all offspring rats were in a good state and no abnormal appearance,
posture and behavior, and ate normally. At PND21, there was no significant difference in body weight and
liver coefficient of male offspring between the BPA exposed groups and the control group (p > 0.05).
However, at PND56, the body weight of male rats was decreased in the BPA exposed groups, especially in
the 0.5 mg/kg group (p < 0.05). Moreover, the liver coefficient of male rats was increased significantly in
0.05 and 0.5 mg/kg groups compared to the control group (p < 0.05) (Fig. 1).
3.2 Gestational BPA exposure increased the level of TG in male offspring

To explore the effects of gestational exposure to BPA on lipid metabolism in male offspring, we examined
the TG level in serum and liver tissue. As shown in Fig. 2A, serum TG level in BPA exposed groups was
significantly higher than that in the control group (p < 0.05). In addition, the liver TG level was also
significantly higher in BPA exposure groups, which were basically consistent with the changes of TG level
in serum (p < 0.05) (Fig. 2B).

3.3 Gestational BPA exposure decreased the expression of liver fatty acid oxidation related genes in male
offspring

On the basis of alteration of TG levels, we hypothesized that BPA mainly affected TG content through
fatty acid oxidation and fatty acid synthesis. Therefore, we detected the expression levels of two key
genes in fatty acid oxidation pathway, PPARα and CPT1α. As shown in Fig. 3A and B, at PND21, the
mRNA expression of PPARα was significantly decreased in all BPA exposure groups compared with the
control group, and the mRNA expression of CPT1α was significantly decreased only in the 5 mg/kg
group. Meanwhile, the protein levels of PPARα and CPT1α were significantly decreased in 5 mg/kg group
(p < 0.05). At PND56, the mRNA and protein expression of PPARα decreased significantly in 0.5 mg/kg
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and 5 mg/kg BPA exposure groups, while the protein expression of CPT1α decreased significantly only in
5 mg/kg BPA exposure group (p < 0.05) (Fig. 3C and D).

3.4 Gestational BPA exposure increased the expression of liver fatty acid synthesis related genes in male
offspring

Furthermore, we detected the expression of liver fatty acid synthesis related factors. As shown in Fig. 4A,
at PND21, compared with the control group, the mRNA expressions of SREBP-1, ACC1, FAS and SCD-1
were significantly increased in BPA exposure groups (p < 0.05). Consistently, at PND56, the mRNA
expression of these factors in BPA exposure groups were also significantly increased (p < 0.05) (Fig. 4C).
The protein levels of SREBP-1 and SCD-1 were detected, which were also significantly increased in BPA
exposed groups at PND21 (Fig. 4B) and PND56 (Fig. 4D).

3.5 Gestational BPA exposure affected the liver fatty acid synthesis by regulating mTOR/CRTC2 pathway
in male offspring

Since CRTC2 could be phosphorylated by mTOR, which caused SREBP1 processing and enhancement of
de novo lipogenesis, we furtherly investigated the effects of gestational BPA exposure on mTOR/CRTC2
pathway. At PND21, the mRNA expression of mTOR in 0.05 mg/kg group was significantly increased than
that in control group (p < 0.05), and the mRNA expression of CRTC2 in all BPA exposure groups were
significantly increased (p < 0.05) (Fig. 5A). Although the phosphorylation of mTOR did not change
significantly, the protein levels of mTOR in BPA exposure groups were significantly increased (p < 0.05),
meanwhile, the phosphorylation of CRTC2 in 0.05 and 0.5 mg/kg groups was significantly increased (p < 
0.05) (Fig. 5B). At PND56, compared with the control group, the mRNA expression of mTOR was
significantly increased in the 5 mg/kg group (p < 0.05), and the mRNA expression of CRTC2 in 0.05 and
0.5 mg/kg groups was significantly increased (p < 0.05) (Fig. 5C). Notably, the protein levels of mTOR and
the phosphorylation of CRTC2 were also significantly increased in 0.5 and 5 mg/kg groups (p < 0.05) (Fig.
5D), which indicated that gestational BPA exposure might affect the liver fatty acid synthesis in male
offspring through the mTOR/CRTC2/SREBP-1 pathway.

4 Discussion
It is estimated that by 2035, about 592 million people worldwide will be affected by T2DM (Guariguata et
al. 2014). It has been reported that obesity (body mass index > 30 kg/m2) is a major independent risk
factor for T2DM and an important cause of NAFLD (Ganz et al. 2014). In the United States alone, 35.7
percent of adults and about 17 percent of children are obese (Rachdaoui 2020). Lipid metabolism
disorders have a significant impact on morbidity and mortality of metabolic diseases, which have
become major global public health challenges. EEDs capable of disrupting endocrine regulation have
been recognized as Environmental Obesogens (Heindel et al. 2019). The study has shown that
gestational urinary BPA concentration was associated with the prevalence of obesity in children and
adolescents (Braun et al. 2019). Therefore, the present study focused on the effects of BPA exposure
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during pregnancy, a critical period of organ formation, and 0.05 mg/kg (Tolerable daily intake, TDI) and 5
mg/kg (NOAEL) were selected as the lowest and highest exposure doses respectively. 0.05 mg/kg was
also recognized by FDA as the lifetime safe oral dose of BPA (Yu et al. 2020; Uchtmann et al. 2020).

In present study, the liver organ coefficient of male offspring at PND56 was higher than that in the control
group, and was significant in the 0.05 and 0.5 mg/kg groups. Organ coefficient, as a common indicator in
toxicology experiments, can not only reflect the toxicity of poisons but also observe the possibility of
histopathological changes from the side, and help to find toxic target organs. In general, their elevation
suggests that exposure to BPA may cause damage to offspring's organs. Relevant experiments have
shown that BPA exposure can cause mild cellular swelling and steatosis in rat liver tissues (Huang et al.
2021), and similar results were obtained in two other studies on vertebrates (Tian et al. 2021; Mi et al.
2021).

TG is an important form of energy storage and oxidative energy supply in the body, and is often used as a
key indicator to determine fatty acid biosynthesis in lipid metabolism. In this study, we measured the
content of TG in serum and liver. The results showed that gestational BPA exposure increased the level of
TG in male offspring at PND21 and 56, and the increase trend of TG in serum and liver was basically the
same. Our results are consistent with those of several other epidemiological or animal studies (Liao et al.
2021; Meng et al. 2019; Wang et al. 2020), which demonstrated that intrauterine BPA exposure can lead
to TG accumulation in male progeny, indicating the role of promoting adipogenesis. Two important
pathways involved in the regulation of liver lipid metabolism are fatty acid synthesis and fatty acid
oxidation, among which PPAR plays a very important role in fatty acid oxidation. PPARα is highly
expressed in liver and promotes fatty acid oxidation by stimulating the transcription of rate-limiting
enzyme CPT1 (Qin et al. 2021). In this study, we found that mRNA and protein expressions of PPARα and
CPT1α were decreased in the liver at both stages of 5 mg/kg BPA exposure, suggesting that BPA inhibits
liver fatty acid oxidation to increase TG accumulation, which is consistent with previous study (Grasselli
et al. 2013).

In addition, to further investigate whether BPA-induced effects were related to the expression of key genes
and proteins in lipid synthesis, SREBP-1 and its regulated genes SCD-1, ACC1, FAS were detected. Results
showed that the mRNA expressions of these factors were significantly increased at both stages. SCD-1 is
a key control point for lipid synthesis in the liver and can catalyze the formation of saturated fatty acids
into monounsaturated fatty acids. During fat synthesis, monounsaturated fatty acids are more likely to
become substrates of ACAT (ACYL-CoA cholesterol acyltransferase) and DGAT (Diacylglycerol
acyltransferase) than saturated fatty acids, which produce cholesterol esters and TG (Ravaut et al. 2020).
Therefore, we detected the protein levels of SCD-1 and its key regulatory factor SREBP-1, and found that
they were consistent with the results of mRNA. These results suggest that BPA can induce SREBP-1
activation in male offspring, thereby increasing the expression of downstream key genes and leading to
TG accumulation in vivo. Similar effects have been reported in the previous studies (Guan et al. 2019;
Somm et al. 2009). Zhang et al also found that inhibition of SREBP-1 expression could effectively reduce
TG accumulation (Zhang et al. 2019). At present, existing evidence fully shows that the expression of
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SREBP-1 is positively correlated with the content of TG, which is also an important target of BPA
exposure affecting lipid metabolism.

Mammalian mTOR is an important regulator of cell proliferation, differentiation, apoptosis and protein
synthesis, and also plays an important role in lipid metabolism. Our results suggest that 0.05 mg/kg BPA
exposure increases the p-mTOR/mTOR ratio at PND56, which is consistent with the well-known pattern of
mTOR regulating fatty acid synthesis (Lin et al. 2019). In the 0.5 and 5 mg/kg groups, the total protein
level of mTOR increased, while the phosphorylation level did not change significantly. We also found that
the phosphorylation level of CRTC2 at PND21 and 56 was significantly increased in 0.5 and 5 mg/kg
groups, suggesting that mTOR may phosphorylates CRTC2 and then regulates the expression of SREBP-
1. Previous studies on LO2 cells in vitro have also shown that phosphorylation of CRTC2 activates
nuclear SREBP-1 activity and subsequent adipogenesis (Hu et al. 2019), but the difference is that
phosphorylation of mTOR is not well defined. Zhang et al. (Zhang et al. 2018) found that in adipose
tissue, mTORC1 plays a corresponding regulatory role through phosphorylation of CRTC2. Other studies
also reported that CRTC2 knockdown or overexpression did not affect the phosphorylation of mTOR (Li et
al. 2019), which strongly supported our research results. However, the effect of BPA on mTOR/CRTC2
pathway has not been reported. Our data demonstrate that gestational BPA exposure may increase the
liver fatty acid synthesis by regulating mTOR/CRTC2/SREBP-1 pathway in male offspring. In addition, in
this study, the expression results of mTOR and CRTC2 at mRNA and protein levels are inconsistent, which
may be due to the influence of post-transcriptional regulation.

In summary, the present study proved that gestational BPA exposure could affect liver lipid levels by
disturbing lipid metabolism, including inhibition of fatty acid oxidation and promotion of fatty acid
synthesis. We first proposed that the mTOR/CRTC2/SREBP-1 pathway may play an important role in the
effects of prenatal BPA exposure on liver fatty acid synthesis in male offspring. In this process, as a
downstream mediator of mTOR, CRTC2 may play a potential role in the regulation of SREBP-1 and thus
promoting lipid synthesis, which provides a novel insight into the established correlations between early-
life BPA exposure and lipid metabolism disorders. Furthermore, these data might partially indicate that
prenatal BPA exposure caused lasting effects to basal gene expression of lipid metabolism in adult rat
liver. This will strengthen the evidence for prevention of exposure to environmental chemicals during
pregnancy.
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Figure 1

Effects of gestational BPA exposure on general indexes in male offspring. (A) Body weight of male
offspring at PND21 and PND56. (B) Liver coefficient of male offspring at PND21 and PND56. Data are
shown as means ± SD and analyzed with One-way ANOVA (n = 8). * p < 0.05 vs. Control.
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Figure 2

Effects of gestational BPA exposure on TG in male offspring.

(A) Serum TG content of male offspring at PND21 and PND56. (B) Liver TG content of male offspring at
PND21 and PND56. Data are shown as means ± SD and analyzed with One-way ANOVA (n = 6). * p <
0.05 vs. Control.
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Figure 3

Effects of gestational BPA exposure on expressions of fatty acid oxidation related genes in liver of male
offspring.

(A) The mRNA levels of PPARα and CPT1α in male offspring at PND21. (B) Protein levels of PPARα and
CPT1α in male offspring at PND21. (C) The mRNA levels of PPARα and CPT1α in male offspring at
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PND56. (D) Protein levels of PPARα and CPT1α in male offspring at PND56. Western blot bands represent
the detection of the protein from three independent tests. The relative intensities were expressed in the
bar chart. All data were normalized to β-actin level within the same lane/blot. Data are shown as means ±
SD and analyzed with One-way ANOVA (n = 6). * p < 0.05 vs. Control.

Figure 4
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Effects of gestational BPA exposure on expressions of fatty acid synthesis related genes in liver of male
offspring.

 (A) The mRNA levels of SREBP-1, ACC1, FAS and SCD-1 in male offspring at PND21. (B) Protein levels of
SREBP-1 and SCD-1 in male offspring at PND21. (C) The mRNA levels of SREBP-1, ACC1, FAS and SCD-1
in male offspring at PND56. (D) Protein levels of SREBP-1 and SCD-1 in male offspring at PND56.
Western blot bands represent the detection of the protein from three independent tests. The relative
intensities are expressed in the bar chart. All data were normalized to β-actin level within the same
lane/blot. Data are shown as means ± SD and analyzed with One-way ANOVA (n = 6). *p < 0.05 vs.
Control.
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Figure 5

Effects of gestational BPA exposure on mTOR/CRTC2 pathway in male offspring.

(A) The mRNA levels of mTOR and CRTC2 in male offspring at PND21. (B) Protein levels of mTOR, p-
mTOR, CRTC2 and p-CRTC2 in male offspring at PND21. (C) The mRNA levels of mTOR and CRTC2 in
male offspring at PND56. (D) Protein levels of mTOR, p-mTOR, CRTC2 and p-CRTC2 in male offspring at
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PND56. Western blot bands represent the detection of the protein from four independent tests. The
relative intensities are expressed in the bar chart. All data were normalized to β-actin level within the same
lane/blot, except for the p-CRTC2: mature CRTC2 ratio and the p-mTOR: mature mTOR ratio. Data are
shown as means ± SD and analyzed with One-way ANOVA (n = 6). * p < 0.05 vs. Control.
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