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Abstract

Current evidence suggests that intrauterine bisphenol A (BPA) exposure increases the risk of developing cardiovascular dis-
eases in later stages of life. The beneficial effect of resveratrol (Rsv) on developmental programming of atherosclerosis lesions
formation in offspring is seldom reported. Hence, we sought to study the effect of maternal Rsv in ameliorating perinatal
BPA exposure-induced atherosclerosis lesions formation in adult offspring using the apolipoprotein E-deficient (ApoE™")
mice model. The pregnant ApoE~~ mice were allocated into three groups: control, BPA, BPA + resveratrol (BPA + Rsv).
The BPA group mice received BPA in their drinking water (1 pg/ml). BPA 4+ Rsv group mice received BPA in their drink-
ing water (1 pg/ml) and were treated orally with Rsv (20 mg kg™! day~!). All the treatments were continued throughout the
gestation and lactation period. Quantitative analysis of Sudan I'V-stained aorta revealed a significantly increased area of
atherosclerotic lesions in both female (p < 0.01) and male adult offspring mice (p <0.01) in the BPA group. Supplementation
with Rsv significantly reduced the BPA-induced atherosclerotic lesion development in the female offspring mice (p <0.05).
Transmission electron microscopy revealed the presence of a significantly high incidence of autophagic endothelial, smooth
muscle, and macrophage cells in the aorta of BPA-exposed mice. Rsv treatment reduced the incidence of autophagic cells
in BPA-exposed mice. In conclusion, maternal Rsv supplementation significantly prevents the BPA-induced atherosclerotic
lesions formation in a sex-dependent manner potentially by acting as an autophagy modulator.
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Introduction

Bisphenol A (BPA) is a chief endocrine-disrupting com-
pound structurally resembling diethylstilbestrol (Dodds
and Lawson 1936). Its presence has been detected in breast
milk, neonatal blood, amniotic fluid, cord blood, and pla-
centa (Rochester 2013). BPA exposure can cause various
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health problems in humans including reproductive toxicity,
endocrine disorders, altered immune function, metabolic
diseases, cardiovascular diseases (CVD), and alteration of
epigenetic markers and gene expression (Rochester 2013).
Exposure to BPA is positively linked with coronary arterial
atherosclerosis (Melzer et al. 2012), carotid atherosclero-
sis (Lind and Lind 2011), and peripheral arterial disease
(Shankar et al. 2012). Experimental studies have demon-
strated that BPA exposure in adults increases the suscepti-
bility to atherosclerosis (Fang et al. 2015, 2014; Sui et al.
2014; Kim et al. 2014).

Evidence from the “Developmental Origins of Health and
Disease” theory suggests that exposure to environmental
insults during sensitive periods of development promotes the
risk of developing diseases in later stages of life (Gluckman
et al. 2005). Further, exposure during these critical periods
may cause epigenetic modifications and promote the chances
of the development of disease in future generations (Wallack
and Thornburg 2016; Baird et al. 2017). It has been found that
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BPA can cross the placenta and reach the developing fetuses
(Takahashi and Oishi 2000). BPA exposure during the early
stages of development can augment the development of meta-
bolic diseases like diabetes mellitus and obesity (Wei et al.
2011; Ma et al. 2013; Alonso-Magdalena et al. 2010; Angle
et al. 2013; Miyawaki et al. 2007). Although atherosclerotic
lesions are more prevalent in adulthood, their occurrence is
also identified in fetuses and children (Napoli et al. 1997,
1999). In a recent study, maternal BPA exposure increased
atherosclerosis development in adult offspring mice (Sui et al.
2018). Autophagy is an intracellular process that degrades the
dysfunctional organelles. This process involves the forma-
tion of autophagosomes, autophagosome-lysosome fusion,
substrate degradation, and autophagic lysosome formation.
In autophagy research, transmission electron microscopy
(TEM) examination is considered the gold standard technique
(Klionsky et al. 2007). Defective autophagy is implicated in
many diseases including lipid accumulation and atheroscle-
rosis (Mizushima and Komatsu 2011). In vitro and in vivo
studies have found an association between BPA exposure and
autophagy (Quan et al. 2017; Song et al. 2019).

Currently, there is a critical need for developing a new
treatment strategy to prevent and/or ameliorate the adverse
fetal programming effects. Resveratrol (Rsv, 3,4,5-trans-
trihydroxystilbene), is a polyphenol compound found in red
grape skin, peanuts, mulberries, peanuts, thubarb, and many
other plants. In plants, it protects against environmental stress
(Diaz-Gerevini et al. 2016). The biological role of Rsv in vari-
ous health-promoting benefits have been demonstrated in both
clinical and experimental studies. It is known to have anti-
inflammatory (Oliveira et al. 2017), antioxidant (Truong et al.
2018), antiobesogenic (Martel et al. 2017), antiatherosclerotic
(Fan et al. 2008), and antidiabetic (Zhu et al. 2017) properties.
It is known to cross the placenta (Bourque et al. 2012) and
its intake during gestation is found to be safe (Williams et al.
2009). Maternal Rsv exposure has been reported to improve
lipid metabolism (Liu et al. 2020; Zou et al. 2017) and car-
diovascular health in offspring (Shah et al. 2016). Its intake at
doses up to 5 g/day is reported to be safe for humans (Boocock
et al. 2007). Apolipoprotein E-deficient (ApoE™'") mice are
the most widely used model of experimental atherosclerosis
as it exhibits severe hypercholesterolemia and atherosclerotic
lesions (Paigen et al. 1994). This study was performed to
observe the effect of BPA exposure during pregnancy and lac-
tation period on the atherosclerosis development in the adult
offspring mice and investigate whether Rsv treatment could
ameliorate BPA-induced atherosclerotic lesions formation.
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Methods
Animals

Male and female ApoE~'~ mice (C57BL/6 background;
model # B6.129P2-Apoe'™!Y" N11) purchased from
Taconic Biosciences, Inc. (Rensselaer, NY, USA) were
used in the present study. Mice were housed in polypro-
pylene cages and provided a standard laboratory chow diet
(Oman Flour mills, Oman) and were placed in the small
animal house facility of Sultan Qaboos University. Proper
ventilation with an ambient temperature of 22 +2 °C,
humidity (60%), and a 12 h light: dark cycle was main-
tained throughout the experiment. All the animal experi-
mental procedures of the present study were conducted as
per the international laws and were performed after obtain-
ing approval from the Sultan Qaboos University Animal
Ethical Committee (SQU/AEC/2016-17/12).

Treatment

After two weeks of acclimatization, 10 weeks old female
and male mice were kept for mating at a 2:1 ratio. Detec-
tion of vaginal plug was used to confirm the pregnancy.
The pregnant mice were then randomly allocated into three
groups: control (n=28); BPA (n=28); BPA+Rsv (n=8).
The BPA group mice received BPA (Sigma-Aldrich, St
Louis, MO, USA) in their drinking water at a concentra-
tion of 1 pg/ml. BPA was first dissolved in ethanol and
then diluted to make the final concentration of ethanol
to 0.1% (v/v). BPA + Rsv group mice were treated orally
with Rsv (Sigma-Aldrich, St Louis, MO, USA) at a dose
of 20 mg kg~ day~! and received BPA in their drinking
water (1 pg/ml). Rsv was first dissolved in ethanol, then
diluted such that ethanol final concentration was 0.5%
(v/v). The doses of BPA and Rsv were chosen based on
previous studies (Juan et al. 2002; Penumathsa et al. 2007;
Miyawaki et al. 2007). The control group were exposed
to 0.1% ethanol in drinking water and 0.5% of ethanol
orally. All the treatments were started from the 1st day
of gestation and continued throughout the gestation and
lactation period (till post-natal day 21). Based on the water
intake, the estimated levels of BPA consumed daily by
each pregnant mouse on 7th day and 11th day of gestation
were found to be 159.6 +16.58 and 160.81 + 13.56 pg kg™
respectively, in the control group and 156.3 +17.9 and
155.99 +22.58 ug kg~! respectively, in BPA group and
157.7+12.8 and 152+ 19.9 pg kg~! respectively, in the
BPA + Rsv group. After weaning (PND21 day), offspring
were separated from their mother and housed in sepa-
rate cages. The bodyweight of offspring was measured at
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regular intervals. At the end of the 20th week, offspring
mice in all the groups were used for two different sets of
analysis. In set I, a total of 60 mice with 20 mice (n=10
female; n =10 male) from each group were sacrificed and
the whole aorta was used for the Sudan IV preparation.
In set II, a total of 60 mice with 20 mice (n =10 female;
n=10 male) from each group were sacrificed and the prox-
imal segment of the aorta was collected for TEM.

Sudan IV preparation and quantification
of atherosclerotic lesions

In each mouse, the whole aorta was subjected to Sudan IV
preparation for gross atherosclerotic lesions quantification
(Mohanta et al. 2016). Briefly, in each mouse after careful
dissection, the aorta was exposed and perfused with ice-cold
phosphate buffer saline. Then, aortic trees were dissected out
carefully and fixed in paraformaldehyde-sucrose solution.
Fixed tissues were stained with Sudan IV solution at room
temperature. The digital images of the en-face stained total
aorta were captured with a known scale. Quantification of
the atherosclerotic lesions was performed using the Image J
program (National Institutes of Health). Using quantification
features, the total vessel area and stained lesion areas in the
aortic surface were measured manually. All the measure-
ments were exported to an excel file to calculate the percent-
age of a lesion to the total aortic area. Additional care was
taken to exclude the Sudan I'V-stained adipose tissues that
were located outside the adventitia.

Transmission electron microscopy

After careful dissection, tissues were fixed in a glutaralde-
hyde (2.5%) solution. Fixed tissues were washed in sodium
cacodylate buffer (Ph. 7.4) and kept for 1 h in osmium
tetroxide at room temperature. Then, samples were subjected
to dehydration in serial of gradually increasing acetone solu-
tions and preceded for embedding and sectioning. Remarka-
bly very thin Sects. (90 nm) were stained first by uranyl ace-
tate and then with lead citrate. The stained ultrathin sections
of the proximal segment of the aortic arch were screened to
quantify the incidence of autophagy in the three major cell
types of the aorta (Perrotta 2013). Briefly, in each specimen,
autophagic cells were identified by the presence of double-
membrane bound vacuoles/vesicles containing amorphous
materials of cytoplasm (autophagosomes) and intact nuclear
envelope and nucleolar components. Ultrastructural exami-
nation and identification of autophagic endothelial, smooth
muscle, and macrophage cells were performed as described
previously (Perrotta 2013). The presence of autophagic cells
among the total cells counted in 3 different grids was noted.
The incidence of autophagic cells was calculated using the

following formula. Percentage of autophagic cells=number
of autophagic cells/total cells counted X 100 (Perrotta 2013).

Statistical analysis

The statistical analysis was performed using IBM Statisti-
cal Package for the Social Sciences (SPSS) Statistics for
Windows [version 23.0, Professional] (IBM Corp., Armonk,
New York). Data are presented as mean =+ standard error of
the mean. One-way ANOVA followed by Tukey's multiple
comparison test was used to evaluate differences between
groups. A P value of <0.05 was considered to indicate sta-
tistical significance.

Results

We determined the effects of maternal BPA or BPA +Rsv
exposure on weight gain in the offspring at regular intervals
and growth curves have been plotted for the experimental
groups (Fig. 1). No statistically significant differences were
observed between the groups, indicating that maternal BPA
or BPA 4+ Rsv exposure didn’t interfere in the body weight
gain in the adult offspring.

Effect of Rsv on BPA-induced atherosclerotic lesions
formation in adult offspring mice

Effect of Rsv on BPA-induced atherosclerotic lesions
formation in adult female (Fig. 2a, b) and male offspring
(Fig. 2c, d) mice was determined by quantitative analysis
of Sudan I'V-stained aorta. A significantly increased area of
atherosclerotic lesions was observed in the BPA group of
female offspring mice (p <0.01) and male offspring mice
(p <0.01) when compared to control group mice respec-
tively, suggesting that intrauterine exposure to BPA induces
the development of atherosclerotic lesions in the adult off-
spring (Fig. 5). Maternal Rsv treatment significantly reduced
the BPA-induced atherosclerotic lesions formation in the
female offspring mice (p <0.05), but not in the male off-
spring (p > 0.05) (Fig. 3).

Detection of autophagy in the aorta of adult
offspring mice

The incidence of autophagy in the aorta was determined
using TEM examination. The autophagic cells were iden-
tified in all three major cell types of the aorta including
endothelial, macrophage, and smooth muscle cells, in the
offspring of all the three study groups (Fig. 4). The percent-
age of autophagic endothelial, macrophage and smooth mus-
cle cells among three different groups were plotted (Fig. 4).
The incidence of autophagic cells was significantly more in

pisllase ol ay .
Ay &) Springer



36 Page4of9

3 Biotech (2022) 12:36

25 1

Female

20 +

Cl
E
E=]
[
2 —-C
> ontrol
T
® 15 -a-BPA
—&-BPA+Rsv
10
1 2 3 4 5

Months

Fig. 1 Effect of maternal bisphenol A or bisphenol A and resvera-
trol exposure on female and male offspring body weight. Growth
curves of control, bisphenol A (BPA) or bisphenol A and resveratrol

BPA-exposed group when compared to the control group,
in both male and female offspring mice. The increased num-
ber of autophagic cells along with increased atherosclerotic
lesions in the BPA-exposed group indicates the defective
autophagy machinery in the aorta. Maternal Rsv treatment
significantly reduced the incidence of autophagic endothelial
and smooth muscle cells when compared to BPA group, in
both female and male offspring mice. However, Rsv treat-
ment significantly reduced the incidence of autophagic mac-
rophages only in the female offspring mice but not in the
male offspring. This result indicates that Rsv treatment pre-
vented the atherosclerosis progression, particularly in female
offspring, potentially by modulating the BPA-induced defec-
tive autophagy.

Discussion

Although the effect of Rsv on atherosclerosis development is
very well investigated in both animals and humans in adult-
hood, the beneficial effect of Rsv on developmental pro-
gramming of atherosclerosis lesions formation in offspring
has not been studied (Hsu et al. 2021; Zheng et al. 2018).
Further, the effect of maternal Rsv supplemenation on peri-
natal BPA exposure-induced atherosclerosis in the adult off-
spring has not been explored. To the best of our knowledge,
this is the first study to report augmenting the role of mater-
nal Rsv in ameliorating BPA-induced atherosclerosis lesions
formation in adult offspring using the ApoE~~ mice model.

The evidence from epidemiological and experimental
studies demonstrates that intrauterine BPA exposure signifi-
cantly affects global health problems including the risk of
developing CVD. BPA exposure during pregnancy induces
obesity and hypertension (Rasdi et al. 2020; Batista et al.
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(BPA+Rsv) groups (n=10). No statistically significant differences
were observed between the groups

2012; Han and Hong 2016). Although underlying mecha-
nisms of associations between BPA and CVD are still
unclear, several factors viz. epigenetic changes, endocrine
modulation, oxidative stress, and inflammation induction,
etc. have been implicated (Rasdi et al. 2020). Recently, Sui
et al. have demonstrated that intrauterine and early perina-
tal BPA exposure increases atherosclerosis development in
later life, in the PXR-humanized apolipoprotein E-deficient
mouse model (Sui et al. 2018). Findings of this study showed
that maternal BPA exposure increases the aortic atheroscle-
rotic lesions through the PXR-dependent epigenetic regula-
tion of CD36 expression in the adult offspring without any
alterations in the plasma lipid levels (Sui et al. 2018). Simi-
lar to the previous study, in the present study maternal BPA
exposure significantly increased the atherosclerotic lesion
area when compared to the control littermates.

In our study, TEM examination results revealed the
presence of a significantly more autophagic cells in the
aorta of the BPA-exposed mice. Basal autophagy is an
evolutionarily conserved dynamic process, by recycling
the biomolecules, performs the cellular homeostatic
function and stress adaptation. Autophagy is activated/
triggered when cells are exposed to intracellular and
extracellular stress stimuli as a part of the cell survival
mechanism (Mizushima and Komatsu 2011). Earlier inci-
dence of autophagy in atherosclerosis has been demon-
strated (Perrotta 2013; Liu et al. 2015; Martinet and De
Meyer 2009). Previous studies have shown that in ath-
erosclerosis, autophagy can occur in all major cell types
of the arterial wall (Perrotta 2013; Liu et al. 2015; Mar-
tinet and De Meyer 2009). Similarly, in the present study
autophagy has been observed in all the major cell types of
the aorta including endothelial, macrophage, and smooth
muscle cells. Generally, defects in autophagy are known
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Fig.2 Effect of maternal resveratrol on bisphenol A-induced athero-
sclerotic lesions formation in adult offspring. Representative images
of the whole unstained aorta and Sudan IV-stained aorta in female (a,
b) and male (¢, d) offspring. Note the increased area of atheroscle-

to occur in two main stages of the autophagy machinery.
However, in atherosclerosis defects in autophagy are
reported to be mainly due to the impaired autophagosome-
lysosome fusion or the lysosomal-mediated degradation
(Mitchinson 1982). In advanced plaques, the accumulated
ceroids in lysosomes inhibit their participation in active
autolysosomes formation which are the end products of
autophagosome-lysosome fusion (Kurz et al. 2007). The
accumulated cholesterol crystals in advanced plaques
are also known to damage the lysosomal membrane and

{ '

rotic lesions in bisphenol A (BPA) exposed mice compared to control
(CN) mice. Treatment with resveratrol reduced the atherosclerotic
lesions in BPA-exposed mice (BPA +Rsv)

prevent autophagy completion (Duewell et al. 2010).
These findings demonstrate that in response to autophagy
inducers of the plaque such as reactive oxygen species
(ROS), oxidized lipids, and ER stress, etc., the initial step
of autophagy is still activated in advanced lesions result-
ing in more number of autophagic cells, but the second
stage of process becomes dysfunctional (Grootaert et al.
2018). Hence, BPA-induced stress conditions could be one
of the reasons for the presence of an increased number of
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Fig.4 Representative transmission electron micrographs of cells of
aorta showing the autophagosome formation and vacuolization in
endothelial (a, b), macrophage (c, d), and smooth muscle (e, f) cells
in ApoE™~ mice. The red arrows indicate the double-membrane
autophagic vacuoles or autophagosomes (n-nucleus). Quantitative

autophagic cells in the aorta of the BPA-exposed mice that
were observed in the present study.

It has been demonstrated that BPA exposure is associated
with autophagy dysregulation in the pathogenesis of various
diseases (Meng et al. 2020; Lin et al. 2019). However, to
date, the role of BPA on autophagy modulation in atheroscle-
rosis has not been studied. Increased number of autophagic
cells in BPA-exposed mice indicates that the BPA did not
interfere with the autophagosome formation. In an in vitro
study, BPA exposure caused excessive lipid droplet and ROS
accumulation by inhibiting the autophagogome-lysosome

4
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analysis of the incidence of autophagic endothelial, smooth mus-
cle and macrophages in both male and female offspring mice from
control (CN) or bisphenol A (BPA) or bisphenol A and resveratrol
(BPA+Rsv) groups (n=10) is also preseneted. One-way ANOVA
followed by Tukey's post hoc test

fusion. However, BPA did not interfere with autophagic cell
activation and autophagosome formation (Song et al. 2019).
The soluble N-ethylmaleimide-sensitive factor activat-
ing protein receptors (SNARESs) play an important role in
autophagosome-lysosome fusion. Song et al. (2019) dem-
onstrated that BPA inhibits the autophagogome-lysosome
fusion by decreasing the translocation of Syntaxin-17
(SNARESs family) to lysosome (Song et al. 2019). Based
on these findings, it can be hypothesized that maternal BPA
exposure contributes to the epigenetic modifications that are
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responsible for the maladaptive autophagic pathway particu-
larly defective autophagogome-lysosome fusion and autol-
ysosome formation, resulting in increased atherosclerotic
plaques in the BPA-exposed adult mice.

Interestingly, we observed that the use of maternal Rsv
prevented BPA-induced atherosclerotic changes of the
aorta in the adult offspring mice. The beneficial role of
Rsv against CVD is found to be due to its antioxidative and
anti-inflammatory effects, modulatory effect on lipopro-
teins, inhibition of oxidative stress/reactive oxygen species
generation, prevention of endothelial dysfunction, and/or
endothelial inflammation (Fan et al. 2008). In previous
studies, epigenetic modifications were linked to maternal
nutrition intervention and offspring improved cardiometa-
bolic health (Estampador and Franks 2014; Zheng et al.
2017). Hence, the beneficial effects of Rsv against the
BPA-induced atherosclerosis development in offspring
could be through epigenetic modification. Pharmacologi-
cal approaches have been developed to prevent atheroscle-
rosis progression by modulating autophagy (Pattison et al.
2012; Hassanpour et al. 2019). Rsv is known to promote
autophagy by inhibiting mammalian target of rapamycin
kinase (mTOR) (Sanches-Silva et al. 2020), activating
5’-adenosine monophosphate-activated protein kinase
(AMPK) (Szkudelski and Szkudelska 2015), and sirtuin
family members (SIRT1) (Takeda-Watanabe et al. 2012).
The beneficial effect of Rsv against BPA-induced defective
autophagy flux would be attributed to its enhancing role
of autophagosome-lysosome fusion. In support of these
views, in an in vitro study, Rsv prevented the oxidized
low-density lipoprotein-induced autophagy dysfunction
of human umbilical vein endothelial cells by restoring the
lysosomal function (Zhang et al. 2016). In addition, Rsv
treatment significantly increased the SNAREs in adipose
tissue of diabetic rats (Rezaei Farimani et al. 2015). In the
present study, we have noted a significantly low number of
autophagic cells in the BPA + Rsv treated mice indicating
that Rsv which is a known autophagy modulator would
have upregulated the BPA-induced impaired autophagic
flux, thereby reducing the atherosclerosis progression
and/or burden in the BPA + Rsv treated mice. Based on
these observations, the beneficial role of Rsv observed
in the present study could be attributed to its autophagy
modulatory properties. However, more molecular inves-
tigations are required to confirm these inferences. Fur-
ther, in the present study Rsv supplementation showed
anti-atherogenic effects in a sex-dependent manner. Rsv
significantly prevented the BPA-induced atherosclerosis
progression only in female offspring but not in the male
offspring. Evidence suggests that early nutritional inter-
vention and hormonal manipulations can show effects dif-
ferently in males and females (Aiken and Ozanne 2012;
Guo et al. 2012; Mela et al. 2012; Argente-Arizon et al.

2016). Earlier, the sexual dimorphic impact of Rsv has
been reported in its modulatory effects on metabolic health
in the adult offspring (Ros et al. 2018). More studies need
to be conducted to address the mechanisms of sexual
dimorphic effects of Rsv on offspring health. This study
has the following limitations. We could not perform the
assay of autophagosome-lysosome fusion and its subse-
quent degradation. Immunoblotting assay of autophagic
substrate p62 in the study samples would have perhaps
helped to monitor the complete autophagy flux.

Conclusion

To summarize, the study results support the previous find-
ings of maternal BPA exposure inducing atherosclerotic
lesion formation in the adult offspring. Maternal Rsv sup-
plementation significantly prevents the BPA-induced ath-
erosclerotic changes potentially by acting as an autophagy
modulator and/or by causing epigenetic modifications. How-
ever, more investigations exploring the molecular mecha-
nisms involved in the autophagy modulatory effects of Rsv
against BPA-induced atherosclerosis are warranted.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-021-03078-y.
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