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Abstract

Bisphenol A (BPA) is a major environmental pollutant and food contaminant with endocrine-disrupting effects on human
and animal health. Perinatal and developmental exposure to BPA has been known to cause hepatotoxicity in adulthood.
However, its intergenerational effects in a metabolically challenged population have been scarcely investigated. Our study
was designed to assess the intergenerational effect of an environmentally relevant dose of BPA and diet-induced parental
obesity on the hepatic health outcome of F1 offspring. Wistar rats were given a high-fat diet to induce obesity, followed by
chronic low dosages of BPA (10 ppm X 180 days) in drinking water. Post-treatment, rats were crossed within groups to obtain
the F1 generation. Weanling pups were observed for weight gain, levels of hepatic antioxidants, liver function enzymes,
cholesterol, C-reactive protein, and triglyceride in the serum. Histological changes in the liver tissue were also investigated.
mRNA expression of energy homeostasis genes (F70 and MCR-4) in the liver was analyzed alongside blood biomarkers. We
observed higher birth weight and rapid weight gain in the test group in comparison with controls, which was consistent with
the changes in mRNA and protein expression of FTO and MCR-4. BPA caused a significant, treatment-related change in the
inflammatory marker C-reactive protein, lipid peroxidation, antioxidants, and lipid profile. These findings were accompanied
by histological changes in the liver tissue characteristic of hepatic steatosis indicating the onset of the non-alcoholic fatty
liver disease (NAFLD). Our study offers a link between exposure to BPA in parents and onset of NAFLD in their offspring.
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Introduction

Bisphenol A (BPA) is a polymeric, organic, endocrine-dis-
rupting chemical (EDC) used globally at an industrial scale
to produce plastics, liners of epoxy resin aluminum cans,
thermal receipts, stabilizers, pesticides, paints, and dental
Responsible Editor: Mohamed M. Abdel-Daim sealants (Hashimoto and Nakamura 2000; Raisuddin and
Sharma 2018). It has been detected in food products and
various environmental media including air, soil, and water
(Hashimoto and Nakamura 2000; Geens et al. 2012; Cwiek-
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Early developmental exposure to BPA is reported to
prompt obesity that emerges later in life (Angle et al. 2013;
Manikkam et al. 2013; Hoepner 2019). BPA-induced
obesity, however, includes other disease phenotypes that
incorporate insulin resistance, glucose intolerance, and
reproductive health issues such as primordial follicle loss
and polycystic ovaries in females, and testis and prostate
deformities in males (Alonso-Magdalena et al. 2010; Manik-
kam et al. 2012; Ma et al. 2019).

Obesity itself is among the greatest public health epidem-
ics of the twenty-first century, with about currently one-third
of adults globally classified as being overweight or obese,
and the situation is set to worsen by 2030 (Kelly et al. 2008;
Stevens et al. 2012; Ng et al. 2014). It has been linked to
numerous and diverse health consequences including car-
diovascular disease, hepato-biliary disorders, type 2 diabe-
tes mellitus, malignancies, and changes in the expression of
genes that regulate the energy homeostasis and adipogenesis
(Bell et al. 2010; Acevedo et al. 2013; Fuster et al. 2016;
Krashes et al. 2016; Shafei et al. 2018; Malone and Hansen
2019). Children of obese parents are at risk of being obese
and developing an array of metabolic disorders later in life
(Whitaker et al. 1997; Wang et al. 2017).

Non-alcoholic fatty liver disease (NAFLD) is the most
common chronic liver disease prevailing in approximately
20-30% of the adult population across the world (Vernon
et al. 2011). Obesity has been directly correlated with
NFALD, which is characterized by the accumulation of
lipids in the liver and includes a spectrum of histopathologi-
cal changes such as simple fatty liver, non-alcoholic steato-
hepatitis (NASH), fibrosis, and ultimately cirrhosis, which
may progress to hepatocellular carcinoma (Weinhouse et al.
2014; Hercog et al. 2019). The pathogenesis of NAFLD is
closely related to metabolic syndrome and insulin resistance.
NAFLD is thought to be the hepatic manifestation of meta-
bolic disorders like obesity, diabetes, and dyslipidemia (El-
Serag et al. 2004; Yki-Jarvinen 2010; Kumar et al. 2020).
Reports also indicate an association of NAFLD with low-
grade inflammation in the liver (Rodriguez-Hernandez et al.
2013; Kumar et al. 2020).

Research indicates that prenatal exposure to BPA is also
a potential contributor to the onset of metabolic disorders
including obesity and type 2 diabetes (Provvisiero et al.
2016; Dunder et al. 2018; Tuduri et al. 2018). Intrauter-
ine exposure to plastics with BPA increases the incidence
of male and female reproductive anomalies and obesity
(Salian et al. 2009; Manikkam et al. 2012; Manikkam et al.
2013). It has been demonstrated that BPA has a confound-
ing role in obesity of offspring when the parents were
exposed to it (Dabeer et al. 2020). Susiarjo et al. (2013)
showed the transgenerationally disruptive effect of BPA
on the genomic imprinting in the placenta and embryonic
tissue of the offspring. Balci et al. (2020) showed that fetal

and neonatal exposure to BPA in combination with another
EDC di(2-ethylhexyl) phthalate (DEHP) lead to signifi-
cant testicular histopathological alterations accompanied
by increase in apoptosis markers and autophagic proteins
in the testicular tissue. Similarity, Manikkam et al. (2013)
investigated effects of a mixture of plastic-derived endo-
crine disruptors such as BPA, and dibutyl phthalate (DBP)
on the epigenetic transgenerational inheritance of adult
onset disease and associated DNA methylation epimuta-
tions in sperms. It was observed the selected EDCs have
potential to promote epigenetic transgenerational inher-
itance of adult onset disease. The interplay of BPA as a
known obesogenic EDC and obesity in forthcoming gen-
erations is interesting to contemplate. A systemic review
with meta-analysis by Wu et al. (2020) concluded that
there was a positive correlation between the level of BPA
and obesity risk and the dose-response analysis showed
that with an increase of 1ng/ml BPA the risk of obesity
increased by 11%. Furthermore, a significant interaction of
peroxisome proliferator-activated receptor-y (PPAR-y) with
BPA was reported by Sharma et al. (2018, 2019). Induction
of PPAR-y has been shown to promote obesity in exposed
individuals (Shao et al. 2016). Our study aims to evaluate
the intergenerational, toxic effect of BPA on weanling F1
offspring of obese parents and its possible role in the early
onset of NAFLD.

Materials and methods
Chemicals

BPA, epinephrine, hematoxylin, Ponceau S, sulfosalicylic
acid, Trizol reagent, RIPA lysis buffer (#R0278), 1x pro-
tease inhibitor cocktail (#13786), thiobarbituric acid, and
Triton X-100 were purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA). 1-Chloro-2,4-dinitrobenzene, 5,5'-dith-
iobis-2-nitrobenzoic acid, acrylamide, bisacrylamide,
butylated hydroxytoluene, ethylene-diaminetetraacetic
acid (EDTA), eosin, p-mercaptoethanol (BME), nicotina-
mide adenine dinucleotide phosphate (NADP), oxidized
glutathione (GSSG), reduced glutathione (GSH), and
tris-hydroxymethyl aminomethane were procured from
Sisco Research Laboratories Pvt. Ltd. (Mumbai, India).
Orthophosphoric acid (OPA) was purchased from SD
Fine Chemicals Ltd. (Ambala, India). FTO and MCR-4
primary antibodies were purchased from Biorbyt (Cam-
bridgeshire, UK). Broad-range, pre-stained protein ladder
Page Ruler (#26616), insulin Rat ELISA Kit (# ERINS),
Maxima SYBR Green/Fluorscein qPCR Master Mix (2X)
(K0241), and Verso cDNA Synthesis kit (AB1453A) were
procured from Thermo Scientific (Waltham, MA, USA).
Polyvinylidene difluoride (PVDF) membrane was obtained
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from MDI Membrane Technologies (Ambala, India). Quanti
Chrom™ Alkaline Phosphatase Assay Kit, EnzyChrom™
Aspartate Transaminase Assay Kit, and Enzy Chrom™ Ala-
nine Transaminase Assay Kit were procured from BioAssay
Systems (San Francisco, USA). The rat C-Reactive Protein/
CRP ELISA Kit (RK00195) was manufactured by ABclonal
Technology (Woburn, USA). All other chemicals and rea-
gents were of high purity grade and obtained locally from
accredited vendors.

Animals

Wistar rats of either sex (weighing 40-60 g) (3—4 weeks
age) were obtained from the Central Animal House Facility
of the university. The animals were kept under a controlled
temperature of 24 + 3 °C, light-dark cycle of 12-12 h, and
had access to food and drinking water ad libitum. Humid-
ity was maintained at 50 + 3%. All experimental protocols
were approved by the Institutional Animal Ethics Committee
(Project #1330).

Treatment

Animals were randomly divided into four groups compris-
ing of six males and six females (n = 12). The experimen-
tal design is elaborated on in Fig. 1. Males and females
of each group were housed in separate cages and marked
duly. Control group (I) was given a standard diet, and those
of group II were given a high-fat diet with 40-45% fat
added to the standard diet as described by Marques et al.
(2015). A detailed composition of each diet is given in

Fig. 1 Graphical representation
of experimental design
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Supplementary Material Table 1. Animals of group III
were given a standard diet. Animals of group IV were
given a high-fat diet to induce obesity. All animals had free
access to drinking water (ad libitum). Obesity was induced
in 4-5 weeks and was checked using parameters described
by Novelli et al. (2007). Thereafter, animals of groups III
and IV were given 10 ppm BPA suspended in drinking
water to maintain uniformity in terms of age of animals.
BPA dosage was decided according to a previous report
of Rashid et al. (2009). After 180 days of BPA exposure,
one male from each group was randomly assigned to one
female from within its group for mating. Post visualiza-
tion of vaginal plug, females were housed separately for
parturition. The pups stayed with their respective mothers
until weaning. Six F1 offspring of either sex (n=12) were
marked from each group, making sure they were not sib-
lings (to minimize any genetic predisposition to disease).
Physical measures were taken at various time intervals.
Finally, six pups of either sex (n=12) from each group were
sacrificed at postnatal day 21 (PND21) to obtain biological
samples. Serum samples and liver tissues were collected
for enzyme activity measurement, histological staining,
antioxidant analysis, lipid profile analysis, and gene expres-
sion analysis.

Necropsy

Necropsy of F1 generation animals was carried out at
PND21. All animals were fasted overnight and euthanized
under mild anesthesia.
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PND 21 Sacrifice for Analysis of transgenerational Hepatotoxicity
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Birth weight and progressive weight gain

F1 offspring were marked duly and weighed weekly. Birth
weight (in grams) was taken at PND1 (to minimize maternal
rejection) and then weights were measured weekly at PNDS,
PND15, and PND21.

Tissue and blood sample collection

Blood collected in clot-activator containing tubes was
allowed to clot at room temperature for 10 min. Tubes
were centrifuged at 1000 X g for 10 min, and serum was
aliquoted and stored at —80 °C until further analysis. The
liver was excised, washed, and placed in an ice-cold saline
solution. A small portion of excised liver was stored in a
10% formalin solution for histopathological studies, and
the rest of the sample was flash frozen in liquid nitrogen
for biochemical and expression studies.

Biomarker analysis

Assessment of lipid profile was performed by testing the
serum samples for concentration of triglycerides (TG), total
cholesterol (TC), high-density lipoprotein (HDL), and low-
density lipoprotein (LDL). The serum was diluted with a 1X
0.1 M phosphate buffer. HDL analysis was conducted using
the Mg?* precipitation method with phosphotungstic acid as
the precipitant. Cholesterol esters in the sample were hydro-
lyzed to cholesterol and fatty acids. Cholesterol and NAD™*
generate cholestenone and NADH in the presence of choles-
terol dehydrogenase. WSTS is reduced to formazan dye by
diaphorase and NADH through oxidation/reduction reaction.
The color intensity of formazan thus formed was measured
at 460 nm to calculate cholesterol, HDL, and LDL concen-
trations. TGs in the sample were hydrolyzed to glycerol and
fatty acids by lipoprotein lipase. Glycerol and NAD* gener-
ate dihydroxyacetone and NADH in the presence of glycerol
dehydrogenase. WST8 was reduced to formazan dye by dia-
phorase and NADH through oxidation/reduction reaction.
The color intensity of the formazan is proportional to TG
concentration and was calculated by measuring it at a wave-
length of 460 nm (Manual of Laboratory Operations 1974).

Liver function was assessed by analyzing activities of
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and alkaline phosphatase (ALP). AST activity was
calculated kinetically in serum samples based on the quan-
tification of oxaloacetate produced by AST. For this assay,
oxaloacetate and NADH were converted to malate and NAD
by the enzyme malate dehydrogenase. The decrease in NADH
absorbance at 340 nm was considered proportionate to AST
activity. ALT activity was measured by quantification of

pyruvate produced by ALT using serum as substrate. In turn,
pyruvate and NADH were converted to lactate and NAD by
the enzyme lactate dehydrogenase (LDH). The decrease in
NADH absorbance was measured kinetically at 340 nm. ALP
activity measured was measured kinetically using p-nitrophe-
nyl phosphate as the substrate. The formation of the result-
ant yellow product was measured at maximal absorbance of
405nm. The rate of the reaction is directly proportional to
the enzyme activity. CRP was measured using a rat-specific
enzyme-linked immunosorbent assay (ELISA) as per the
manufacturers’ instructions.

Calculation of homeostatic model assessment
for insulin resistance (HOMA-IR)

HOMA-IR is a mathematical model for assessment of insu-
lin resistance, calculated using the fasting blood glucose
and serum insulin levels. Blood glucose was measured after
overnight fasting using a hand-held glucometer at PND21.
Serum insulin was measured based on the principle given by
Hales and Randle (1963). Sample (25 pl) was added to 100
pl of the enzyme conjugate in each well of a microtiter plate.
The solution was incubated at room temperature for 60 min
on a horizontal shaker. The samples were discarded, and the
wells were washed five times. The plate was dried after the
last wash. A TMB solution (200 pl) was added to each well,
covered properly, and incubated at room temperature for 15
min. Subsequently, 50 pl of stopping solution was added to
each well, and the plate was read at 450 nm immediately.

HOMA-IR was calculated by using the formula given
below:

HOMA - IR = {FG(mg/dl) x FI(uU/ml)} /405

where FG stands for fasting blood glucose and FI stands for
fasting serum insulin.

Assessment of oxidative stress

Flash-frozen portions of the liver from various groups
were homogenized separately using 1Xx phosphate buffer
(0.1 M, pH 7.4) at 4 °C to make 10% w/v homogenate.
A portion of it was aliquoted for assessment of lipid per-
oxidation (LPO), and the rest was further centrifuged at 4
°C for 30 min at 12,000 X g to obtain post mitochondrial
supernatant (PMS) for various biochemical measurements.

LPO

Thiobarbituric acid reactive substances (TBARS) were
measured spectrophotometrically by the method of Mihara
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and Uchiyama (1978), with modification. Briefly, tissue
homogenate was mixed with 10 mmol butylated hydroxy-
toluene (BHT), 0.67% thiobarbituric acid (TBA), and 1%
chilled OPA. The mixture was incubated at 90 °C for 45
min. After cooling, the precipitate was removed by cen-
trifugation at 1000 X g for 10 min at room temperature.
The absorbance of the supernatant was recorded at 532 nm
spectrophotometrically against blanks containing reagents
but no sample. The level of LPO was determined using an
extinction coefficient of 1.56 x 10>, and results expressed
as mmol of TBARS formed h™'g™! tissue.

GSH

GSH, a major free nonenzymatic antioxidant, ubiquitously
distributed in cells, was measured using the method of Jollow
et al. (1974). Briefly, PMS was mixed with 4% sulfosalicylic
acid (SSA) (1:1). The samples were then kept at4 °C for 1 h
and subsequently centrifuged at 4000 Xg for 15 min. There-
after, 2.2 ml phosphate buffer, 0.4 ml of the supernatant, and
0.4 ml of 10 mM 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB)
were mixed, and absorbance was measured at 412 nm. GSH
concentration was expressed in pmol of GSH g”! tissue.

Superoxide dismutase (SOD) activity

SOD activity was measured according to the method of
Misra and Fridovich (1972). The method is based on the
ability of SOD to inhibit the auto-oxidation of epinephrine
at alkaline pH. PMS (0.2 ml) was treated with 0.8 ml of 50
mmol glycine buffer (pH 10.4) and 20 pl epinephrine. SOD
activity was measured kinetically at 480 nm. The activity
was measured indirectly by the oxidized product of epi-
nephrine, i.e., adrenochrome. SOD activity was expressed
as nmoles of (-) epinephrine protected from oxidation
min"'mg™! protein using a molar extinction coefficient of
4020 M em™.

Catalase (CAT) activity

CAT activity was measured kinetically on a spectrophotom-
eter by the method of Claiborne (1985). PMS was diluted
with 0.1 M 1x phosphate buffer (1:40), and the enzymatic
activity was measured kinetically in presence of 1 ml of 0.05
mmol H,O,. The enzymatic activity was expressed as pmol
of H,0, consumed min"'mg™! tissue using the molar extinc-
tion coefficient 39.6 M™' cm™! at 240nm.

Glutathione S-transferase (GST) activity

GST activity was measured spectrophotometrically in the
PMS of liver tissue by the method of Habig et al. (1974).

@ Springer

The reaction mixture consisted of 1.575 ml of 0.1 M sodium
phosphate buffer (pH 7.4), 0.2 ml GSH (10 mmol), 0.025
ml (10 mmol) CDNB, and 0.2 ml 10% PMS. The enzyme
activity was calculated as nmol of CDNB conjugates formed
min'mg! protein using a molar extinction coefficient of
9.6x 10° M cm™ at 340 nm.

Glutathione reductase (GR) activity

GR activity was assayed by the method of Carlberg and
Mannervik (1975), as modified by Mohandas et al. (1984).
The reaction mixture consisted of 0.1 M 1x phosphate
buffer (pH 7.4), 0.5 mmol EDTA, 1 mmol GSSG, 0.1 mmol
NADPH, and 10% PMS in a total volume of 2.0 ml. The
enzyme activity was quantitated at 25 °C by measuring the
disappearance of NADPH at 340 nm and expressed as nmole
NADPH oxidized min'mg™! protein using a molar extinction
coefficient of 6.22x10° M cm™..

mRNA expression

Total RNA was isolated from cells using Trizol. Flash-
frozen liver samples (50 mg) were homogenized in 1
ml Trizol reagent at 4 °C. A chloroform extraction was
performed according to the manufacturers’ instructions.
Equal amounts of DNase I treated RNA samples (100
ng) were used to prepare the cDNA library using a Verso
cDNA Synthesis Kit (AB1453A) as per the manufactur-
ers’ instructions. Forward and reverse primers for MCR-
4 and FTO were used to perform quantitative real-time
PCR on the Roche platform using Maxima Sybr Green dye
(K0241) as per the manufacturers’ guidelines (Supplemen-
tary Table 2). The mRNA level and fold change for each
gene compared to control were calculated using the cycle
threshold (C,) and value of the housekeeping gene (p actin)
for normalization (Burd 2010). All samples were assayed
in duplicate.

Immunoblot analysis of proteins

The flash-frozen liver tissue was homogenized in 1Xx
RIPA lysis buffer with 1X protease inhibitor cocktail
in a Potter-Elvehjem homogenizer on ice. The homog-
enized samples were centrifuged at 10,000 x g for 15
min at 4 °C. Supernatant was preserved for the protein
analysis and stored at —80 °C. Protein was quantified
by the Bradford method (McCarthy and Nations 1979)
at absorbance of 595 nm in a TECAN Infinite M-200
Plate Reader (TECAN Group Ltd., Minnedorf, Swit-
zerland) with compatible software (Magellan™ data
analysis software version 6.6.0.1; TECAN Group Ltd.).
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Equal amounts of protein (30-40 pg) with 6X Laemmle
loading buffer were electrophoresed using 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) with SDS running buffer and with reference bands
of broad-range, pre-stained protein ladder (Page Ruler,
Thermo Scientific). Mini-PROTEAN® Tetra Cell SDS-
PAGE gel running unit (Bio-Rad, CA, USA) was used
for electrophoresis. Electrophoresed protein was trans-
ferred from gel to PVDF membrane in 1X transfer buffer.
Membranes carrying the proteins were blocked using 3%
(w/v) BSA dissolved in 1x TBST for 1 h to reduce non-
specific binding. Later, they were incubated with primary
and HRP-conjugated IgG secondary antibodies dissolved
in 3% BSA-TBST solution. Proteins were detected with
Clarity Western ECL substrate purchased from Bio-Rad
in LAS-4000 from Fujifilm (Tokyo, Japan). The density
of the protein bands was analyzed by Multi Gauge Image
Reader software from Fujifilm.

Fig.2 Birth weight and
progressive weight gain of F1
generation animals. a Male
offspring of BPA-exposed obese
animals (IV) (77.19 + 2.6)
exhibited higher birth weight
and the overall progressive
weight gain was significantly
higher than offspring of only
obese factor (IT) (62.52 + 1.9;
##%p = (.006), only BPA-
exposed (III) (66.49 + 1.9; *p

= 0.01), and control (I) (60.82
+ 1.9; ***¥p = 0.0002) animals.
Weight gain trend changes

were not significant among
males of groups I and II (p = 0
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Histological analysis

Freshly excised liver tissue fixed in 10% neutral formalin
was embedded in paraffin to form a block. Sections of 5
pm thickness were cut using a microtome. The paraffin-
embedded tissues were de-paraffinized using xylene and
ethanol. Slides were washed using 0.1 M PBS and permea-
bilized with 0.1 M citrate + 0.1% Triton X-100 solution.
The de-paraffinized sections were stained with hematoxylin
and eosin (HE). Slides were observed at 40 X magnification
using a light microscope. To avoid bias, slides were coded
and examined by a histopathologist in a blinded manner.

Statistical analysis
Data were expressed as the means + standard error (SE)

and analyzed using analysis of variance (ANOVA) followed
by Tukey’s test. P < 0.05 was considered as significant.

0.943), I and III (p = 0.276) and
groups Il and III (p = 0.572). 0 5
b Female offspring of BPA-
exposed obese (IV) (71.60 +
2.0) ("p = 0.0004; &&&p =
0.003) and only BPA-exposed
(III) (64.39 + 2.4 grams) (*p b)
=0.0295; p = 0.209) animals

exhibited significantly higher

progressive weight gain through

PND1-21 when compared with

the female offspring of sham

control (I) (52.86 + 3.5) and

obese (II) animals (52.25 +

2.3). No significant difference

was found among groups I and

II (p = 0.995) and I1I and IV

(p = 0.257). Data are shown

as means + SE (n = 6 of either

Females
100+

80

60

40+

Weight (g)
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AW

trey

sex). Weights are expressed in 0 T
grams; PND, postnatal day; SE, 0 5
standard error
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Statistical analysis was performed using GraphPad Prism 5
software (GraphPad Software Inc., San Diego, CA, USA).
Results

Effect on body weight of F1 offspring

Male offspring of group IV (77.194+2.6 grams) animals
showed higher weight gain in comparison with progeny of

Males
150+ 1 i 1
a) } i
=| 1m- —
>
— =
2 . —
E =
0" J J
I I 1} v
Groups
Females
i v
Groups

Fig.3 Assessment of liver function enzymes aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT) in weanling F1
generation animals. a Male offspring of BPA-exposed obese animals
V) (128.1 + 5.4; ***p = 0.001) exhibited a significant increase in
serum AST when compared with the offspring of sham control (I)
(82.22+0.5) animals at PND21. The male offspring of obese (II)
(102.8 + 11.9; p = 0.022) and BPA-exposed (III) (101.6 + 5.3; p =
0.246) groups did not show any statistically significant change in AST
when compared with sham control (I) and among each other (p =
0.993) at PND21. b Female offspring of only obese (II) (99.9 + 5.5;
*p=0.012), only BPA-exposed (III) (103.5 + 4.0; *p = 0.046), and
BPA-exposed obese (IV) (136.7 + 5.7; ***p = 0.001) parents showed
statistically significant increase in serum AST when compared with

@ Springer

control I (60.82 + 1.9 grams; p = 0.0002), group II (62.52
+ 1.9 grams; p = 0.0006), and group III (66.49 +1.9 grams;
p = 0.01) animals (Fig 2a). The average weight gain was
highest in female offspring of group IV (71.60 + 2.0 grams)
when compared with the female offspring of groups III
(64.39 + 2.0 grams; p = 0.257), 1 (52.86 + 3.5 grams; p =
0.0004) and II (52.25 + 2.3 grams; p = 0.0003) (Fig 2b).
However, no difference was observed in the litter size and
sex ratio at birth. Additionally, no pregnancy loss was seen
in any of the groups.

| i n v

Females
80-

d)

ALT U/L

Il I v
Groups

female offspring of sham control (I) (80.13 + 3.5) animals. ¢ ALT
levels in the samples of male offspring of control group (I) (47.75 =
3.1), obese (II) (59.98 + 3.3), BPA-exposed (IIT) (53.87 + 4.5), and
BPA-exposed obese (IV) (60.22 + 5.9) animals did not show statisti-
cally significant variation when compared among groups (p > 0.05)
at PND21. d ALT in the samples of female offspring of sham con-
trol (I) (44.61 + 2.5), obese (II) (52.02 + 2.6), BPA-exposed (III)
(57.50 + 2.4), and BPA-exposed obese (IV) (57.6 + 2.6) animals did
not show any statistically significant change when compared among
groups (p > 0.05) at PND21. Data are shown as means + SE (n = 6
of either sex). AST and ALT levels are expressed in units per liter;
PND, postnatal day; SE, standard error; AST, aspartate aminotrans-
ferase; ALT, alanine aminotransferase.
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Fig.4 Effect on alkaline phosphatase (ALP) and pro-inflamma-
tory cytokine C-reactive protein (CRP) in F1 generation animals at
PND21. a Male offspring of BPA-exposed obese (IV) (231.2 + 14.1)
animals showed significant increase in serum ALP when compared
with sham control (I) (153.8 + 13.05; **p = 0.001) and only BPA-
exposed (III) (180.9 + 14.1; *p = 0.0482) male offspring at PND21.
However, no statistically significant variations in serum ALP were
observed among other groups (p > 0.05) PND21. b ALP levels in
samples of female offspring of BPA-exposed obese (IV) (265.4 +
12.53) showed a statistically significant increase when compared with
samples of control (I) (205.9 + 5.2; **p = 0.001), obese (I1I) (204.9
+ 6.0; **p = 0.001), and only BPA exposed (III) (222.7 + 12.31; *p
= 0.025). However, no significant variation in ALP levels was seen
among only groups I, II, and III that were at PND21. ¢ Male offspring
of sham control (I) (258.9 + 2.1) animals showed significantly lower

Disturbance in liver function

Male offspring of only group IV (128.1 + 5.4 U/I) showed
a statistically significant increase in AST activities when
compared with male offspring of control group I (82.22 +
0.5 U/1; p = 0.001) (Fig 3a). Offspring of group II (102.8 +
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CRP levels when compared with offspring of obese (335.4 + 8.3;
**p = 0.0002), BPA-exposed (III) (306.6 + 3.3; *p = 0.017), and
BPA-exposed obese (IV) (430.4 + 18.2; ***p < 0.0001) animals at
PND21. CRP levels in animals of group (IV) (***p < 0.0001) were
significantly higher than those of groups II and III on PND2I1. d
Female offspring of sham control (I) (239.2 + 4.0; ***p < 0.0001)
animals showed significantly lower CRP levels when compared with
offspring of obese (306.5 + 4.5), BPA-exposed (III) (298.2 + 9.2),
and BPA-exposed obese (IV) (335.6 + 6.9) animals at PND21. CRP
levels in females of group (IV) were significantly higher than those of
groups I (¥p = 0.002) and IIT (*¢p = 0.0002) on PND21. Data are
shown as means + SE (n = 6 of either sex). ALP levels are expressed
in units per liter; CRP levels are expressed in micrograms per liter.
ALP, alkaline phosphatase; CRP, C-reactive protein; PND, postnatal
day; SE, standard error.

11.93 U/l; p = 0.862) and III (101.6 + 5.3 U/l; p = 0.678)
parents did not show any significant differences in AST
activity levels when similarly compared. Female offspring
of groups III (103.5 + 4.0 U/L; p = 0.046) and IV (136.7
+ 5.7 U/l; p = 0.001) but not group I1 (99.9 + 5.5 U/l; p =
0.102) showed significant increase in AST activities when
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Fig.5 Homeostatic model assessment for insulin resistance at PND21.
a Male offspring of obese (II) (0.536 + 0.02), BPA-exposed (III) (0.300
+ 0.01), and BPA-exposed obese (IV) (0.467 + 0.01) animals exhibited
increased levels of HOMA-IR when compared with control (I) (0.29 +
0.007) (***p < 0.0001) animals. HOMA-IR levels showed significant
variations when compared among groups II, III, and IV (***p < 0.0001).
b Female offspring of obese (I) (0.514 + 0.02), BPA-exposed (III) (0.240
+ 0.01), and BPA-exposed obese (IV) (0.877 + 0.03) animals exhibited
increased levels of HOMA-IR when compared with control (I) (0.28 +
0.007) (***p < 0.0001) animals. HOMA-IR levels showed significant
variations when compared among groups IL, III, and IV (***p < 0.0001).
Data are shown as means + SE (n = 6 of either sex). HOMA-IR, homeo-
static model assessment for insulin resistance; PND, postnatal day; SE,
standard error

@ Springer

compared with control I (80.13 + 3.5 U/1) animals (Fig 3b).
The levels of ALT were not significantly differed among
both male (I: 47.75 + 3.1 U/1, I1: 59.98 + 3.3 U/, I1I: 53.87
+ 4.5 U/l, and IV: 60.22 + 5.9 U/]) and female (I: 44.61 +
2.5U/M11: 52.02 +£ 2.6 U/, 57.5 £ 2.4 U/l, and IV: 57.68 +
2.6 U/ (p > 0.05) offspring (Fig 3c and d).

Serum ALP activity levels in samples obtained from male
offspring of group IV (231.2 + 14.1 U/l; p = 0.001) were
increased significantly when compared with group I (153.8
+ 13.5 U/1). However, this was not the case with animals
of groups II (182.0 + 8.2 U/l; p = 0.413) and III (180.9
+ 14.2 U/l; p = 0.447). Similar findings were observed
in female offspring, when groups I (205.9 + 5.2 U/l; p =
0.001), IT (221.9 + 8.9 U/1; p = 0.001), and III (235.8 +
12.96 U/1; p = 0.025) were compared with animals of group
IV (265.4+12.53 U/l) (Fig 4a and b). The pro-inflammatory
cytokine CRP levels in male offspring of group IV (430.4
+ 18.2 pg/l) were significantly higher than males of groups
IIT (306.6 + 3.3 pg/l; p < 0.0001), II (335.4 + 8.3 pg/l; p <
0.0001), and I (258.9 + 2.1 pg/l; p < 0.0001). CRP levels
were similarly increased in females of groups IV (335.6 +6.9
pg/l; p < 0.0001), I (298.2 + 9.2 pg/l; p < 0.0001), and 11
(306.5 + 4.5 pg/l; p < 0.0001) when compared with female
offspring of control group I (239.2 + 4.0 pg/l) (Fig 4 and b).

Development of insulin resistance

At PND21, both male and female (p < 0.001) offspring of
group IT (M: 0.536 + 0.02; F: 0.514 + 0.02), IIT (M: 0.300
+ 0.0; F: 0.240 + 0.0), and IV (M: 0.467 + 0.0; F: 0.877
+ 0.0) animals showed an increase in the HOMA-IR index
when compared with their respective control (I) (M: 0.293
+ 0.01; F: 0.283 + 0.0) animals (Fig 5a and b).

Disruption of lipid homeostasis

Serum cholesterol levels in male and female offspring of
BPA-exposed obese (IV) animals (M: 221.3 + 5.4; F: 138.2
+ 5.7 mg/dl) were significantly higher when compared to
the respective control (I) group (M:73.6 + 1.6; F: 81.8 +5.2
mg/dl; p<0.0001). However, increase in cholesterol levels
of males of groups II (171.8 + 7.0 mg/dl; p<0.0001) and
III (111.0 + 1.8 mg/dl; p=0.0002) was statistically more
pronounced than respective females (II: 108.6 + 5.1mg/
dl; p=0.036) (III: 97.4 + 1.4 mg/dl; p=0.13) when compared
with their controls (I) (Fig 6a and b). Serum TG levels of
group IV animals (M: 117.8 + 3.1; F: 138.2 + 5.7) were sig-
nificantly increased when compared with animals of group
IIT (M: 103.40+2.8 mg/dl; p=0.02) (F: 97.40+1.4 mg/dl;
p<0.0001) and respective control (I) animals (M: 91.60 +
2.6 mg/dl; F: 69.80 + 0.8 mg/dl) (p<0.0001). However, only
female offspring of group IT (M: 116.60 + 3.5; F: 108.6 + 5.1
mg/dl) had significantly lower levels of TG when compared
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Fig.6 Changes in serum cholesterol and triglycerides (TG) of wean-
ling F1 generation animals. a Male offspring of only obese (II) (171.8
+ 7.0; ***p = 0.001), only BPA-exposed (III) (111.0 + 1.8; **p =
0.002), and BPA-exposed obese (IV) (221.3 + 5.4; ***¥p < 0.0001)
animals exhibited significant increase in cholesterol levels when
compared with sham control (I) (73.60 + 1.6). However, group II
and III animals had significantly lower cholesterol levels when com-
pared with group IV (¥¢¢p < 0.0001). b Female offspring if obese
(II) (108.6 + 5.1; *p = 0.036) and BPA-exposed obese (IV) (138.2
+ 5.1; *¥p = 0.005) animals exhibited significant increase in choles-
terol levels. Significant variation was also seen in females of group
III (97.40+1.4; 4p=0.02) and group IV. ¢ Male offspring of control
@D (91.60 + 2.6; ***p < 0.0001) and BPA-exposed (III) (103.40 +

to group IV (Fig 6¢ and d). Serum HDL levels of group
IV animals (M:15.8+1.6 mg/dl; F:15.4+1.7 mg/dl) and II
(M:21.4+1.2 mg/dl; F:21.2+0.9 mg/dl) were significantly
lower than their respective controls (M:28.2+1.2 mg/dl;
F:25.6+1.2 mg/dl) and group III counterparts (M:23.2+1.7
mg/dl; F:20.6+1.6 mg/dl) (Fig. 7a and b). Serum LDL levels
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2.8; %p = 0.0205) animals had significantly lower levels of serum
TG when compared with male offspring of BPA-exposed obese (IV)
(117.8 + 3.1) animals. Significant decrease was also observed in
serum TG levels among group I (**p = 0.002) when compared with
group II (116.6 + 3.5). d Female offspring if obese (II) (108.6 + 5.1;
*p = 0.02) and BPA-exposed obese (IV) (138.2 + 5.7; p < 0.0001)
animals exhibited significant increase in serum TG levels when com-
pared with control (I) (69.80 + 0.8). Serum TG levels in group IV
animals were also significantly higher than group III (**p < 0.0001)
and group II (&&p = 0.002). Data are shown as means + SE (n = 6 of
either sex). Cholesterol and TG levels are expressed in milligrams per
deciliter; TG, triglycerides; PND, postnatal day; SE, standard error

of group IV animals (M: 54.6+2.1 mg/dl; F:52.2+7) were
significantly higher when compared with their respective
controls (M:34.62+1.8 mg/dl; F:34.6+1.5 mg/dl). However,
only males of group IV showed significant increase in LDL
levels over their group II (46.2+2.6 mg/dl) and III (39.0+1.3
mg/dl) (Fig. 7c and d).
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Fig. 7 Alterations in high-density lipoprotein (HDL) and low-density
lipoprotein (LDL) of F1 generation at PND21. a Male offspring of
only obese (II) (21.4 + 1.2; *p = 0.026) and BPA-exposed obese
(IV) (15.8 £ 1.6; **p = 0.01) animals exhibited significant increase
in HDL levels when compared with sham control (I) (28.20+1.2).
Group IV animals also had significantly lower serum HDL levels
when compared to only BPA exposed (III) (23.20 + 1.7; ¥p = 0.014).
b Female offspring of obese (II) (21.20 + 0.9; *p = 0.049), only
BPA-exposed (III) (20.60 + 1.6; *p = 0.0431), and BPA-exposed
obese (IV) (15.40 + 1.7; ***p = 0.0005) animals exhibited signifi-
cant decrease in serum HDL levels when compared with control (I)
(25.6 + 1.2). ¢ Male offspring of only obese (II) (46.20 + 2.6; **p

Lipid peroxidation and alteration in antioxidant
profile

We checked non-enzymatic and enzymatic antioxidants in the
tissue samples of all groups. Mean levels of non-enzymatic
antioxidant assays and antioxidant enzymes in male off-
spring are given in Table 1, and female offspring are shown in
Table 2. All values are expressed in mean and standard error
mean. Overall, male and female offspring of groups IV had
significantly decreased antioxidant enzymatic activity levels
when compared with respective control (I) animals. Although
the hepatic GSH content was decreased in all groups, the effect
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= 0.005) and BPA-exposed obese (IV) (54.60 + 2.1; ***p < 0.0001)
animals exhibited significant increase in LDL levels when compared
with control (I) (34.60 + 1.8) animals. Serum LDL in group IV ani-
mals was also significantly higher than group II (»p = 0.047) and
group III animals (p= 0.0003). d Female offspring of BPA-exposed
obese (IV) (52.20 + 2.7) animals only showed significantly increased
serum LDL levels when compared with control (I) (34.60+1.8; ***p
= 0.0003). No significant variations were observed among group II
(45.40 + 2.8) and III (45.80 + 1.8) animals. Data are shown as means
+ SE (n = 6 of either sex). HDL and LDL are expressed in milli-
grams per deciliter. HDL, high-density lipoprotein; LDL, low-density
lipoprotein; PND, postnatal day; SE, standard error

was most pronounced in male and female animals of group IV
(p < 0.0001). Hepatic lipid peroxidation was most pronounced
in males of group IV followed by females of group IV when
compared with animals of other groups (Tables 1 and 2).

Change in mRNA expression

Quantitative RT-PCR analysis showed a significant decrease
in fold change of MCR-4 mRNA expression in male offspring
of only group IV (0.278 + 0.03; p = 0.013) but not groups II
(0.568 + 0.06; p=0.13) and I1I (0.837 + 0.2; p = 0.788) (Fig
8a). Additionally, female offspring of all groups, i.e., I1 (0.313 +
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Table 1 Antioxidant profile of
male progeny.

Table 2 Antioxidant profile of
female progeny.

Parameter Group

1 11 11 v
LPO 2380.01 +7.2 4477.08 + 81.3%** 3331.01 +47.95 7484.11 + 14.9%**
GSH 15.89 +0.1 13.60 + 0.0 11.25 +0.2* 8.23 + 0.1%*
SOD activity 0.52 +0.0 0.44 +0.0 0.37 +0.0 0.29 + 0.0*
CAT activity 0.08 0.0 0.07 = 0.0* 0.05 + 0.0%** 0.03 & 0.0%**
GST activity 168.3 + 1.48 117.1 + 1.9%* 110.6 & 1.27%%* 69.87 + 0.9%**
GR activity 0.14 + 0.0 0.03 & 0.0%** 0.010.0%** 0.010. OF#*

Group I, control animals; II, high-fat diet—fed animals; III, animals exposed to BPA for 180 days in drink-
ing water; IV, animals given high-fat diet followed by BPA exposure for 180 days. LPO is expressed in
thiobarbituric acid reactive species (TBARS); GSH is expressed in pmol of GSHg™! tissue; SOD activ-
ity is expressed in nmol of (-) epinephrine protected from oxidation min"'mg"! protein; CAT activity is
expressed in pmol of H,0, consumed min! mg™! tissue; GST activity is expressed in nmol of CDNB con-
jugate formed min'mg™! protein; and GR activity is expressed in nmol NADPH oxidized min™' mg™! pro-
tein. Analysis was performed using ANOVA followed by Tukey’s test. The significant change vs. controls
(group 1) is indicated by * p < 0.05, p < 0.01 and p < 0.001. Significance was considered at p < 0.05. All
units are expressed in mean+SEM.

Parameter Group
I I 111 v
LPO 2337.01 £ 14.59  3140.03 +29.41**  3852.02 & 18.15%**  6595.61 & 40.18%**
GSH 15.02+0.0 13.40 + 0.0* 11.67 + 0.0%** 8.355 & 0.1%#%**
SOD activity ~ 0.46 + 0.0 0.45 £ 0.0 0.36 + 0.0 0.24 + 0.0*%*
CAT activity ~ 0.06 + 0.0 0.04 +£0.0%* 0.05 +0.0 0.03 £ 0.0%**
GST activity 119.3+£0.9 89.32+12 100.0 + 7.15 71.64 + 1.2%%*
GR activity 0.13+0.0 0.08 + 0.0%* 0.03 & 0.0%** 0.0140.0%**

Group I, control animals; II, high-fat diet—fed animals; III, animals exposed to BPA for 180 days in drink-
ing water; IV, animals given high-fat diet followed by BPA exposure for 180 days. LPO is expressed in
thiobarbituric acid reactive species (TBARS); GSH is expressed in pmol of GSHg™! tissue; SOD activ-
ity is expressed in nmol of (-) epinephrine protected from oxidation min"'mg™? protein; CAT activity is
expressed in pmol of H,0, consumed min' mg™! tissue; GST activity is expressed in nmol of CDNB con-
jugate formed min'mg™! protein; and GR activity is expressed in nmol NADPH oxidized min™! mg™! pro-
tein. Analysis was performed using ANOVA followed by Tukey’s test. The significant change vs. controls
(group 1) is indicated by * p <0.05, p < 0.01 and p < 0.001. Significance was considered at p < 0.05. All
units are expressed in mean+SEM.

0.01; p < 0.001), I (0.637 £ 0.09; p = 0.003), and IV (0.0634
+ 0.01; p < 0.001), showed statistically significant decrease
in fold change of MCR-4 mRNA expression (Fig 8b) when
compared with sham control (I) animals. Numerically, the fold
change decrease was most prominent in the samples of group
IV. Fold change in FTO mRNA expression in samples of male
offspring of group II (2.810 + 0.15; p = 0.0006) and IV (4.17
+ 0.3; p < 0.001) was significantly increased when compared
with offspring of the control (I) group (Fig 8c). However, this
increase was also seen in the F1 females of groups II (2.806 +
0.2; p =0.009) and IV (3.793 + 0.3; p = 0.006) (Fig 8d).

Changes in protein expression

Densitometric analysis of MCR-4 and FTO proteins in
western blot analysis revealed similar results in both

male and female progenies. Offspring of all groups
expressed statistically significant changes over the con-
trol (I) group. Numerically, the decrease in the protein
density of MCR-4 in offspring of group IV animals was
most pronounced. A significant increase in FTO protein
concentration was found in offspring of groups II and
IV when compared with sham control (I) progenies (Fig
9).

Manifestations of fatty liver hallmarks in liver
histology

The liver tissue samples obtained from offspring of obese
(IT) animals showed mild central vein, mononuclear infil-
tration of portal vein, and sinusoidal congestion. Offspring
of BPA exposed (III) exhibited mild hepatic sinusoidal

@ Springer
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Fig.8 Changes in mRNA expression of MCR-4 and FTO gene of
weanling F1 generation progeny. a Twenty-one-day-old male off-
spring of BPA-exposed obese (IV) (0.27 + 0.03; *p = 0.013) showed
a statistically significant decrease in mRNA expression of MCR-4
gene when compared with control (I). However, no significant change
in mRNA expression of MCR-4 gene was seen in F1 generation of
only obese (II) (0.56 + 0.06) and only BPA-exposed (III) (0.83 +
0.2) animals at PND21. b Female offspring of only obese (II) (0.31
+ 0.01; ***p < 0.0001), only BPA-exposed (III) (0.063 + 0.09; ***p
= 0.003), and BPA-exposed obese (IV) (0.063 + 0.01; ***p < 0.001)
animals exhibited statistically significant decrease in fold change of
MCR-4 mRNA expression at PND21. ¢ Male F1 progeny of BPA-
exposed obese (IV) (4.18 + 0.3) animals exhibited a statistically sig-

congestion but normal hepatocellular parenchyma. However,
offspring of BPA-exposed obese (IV) animals exhibited most
signs of hepatotoxicity including periportal congestion, fatty
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nificant increase in fold change of F70 gene mRNA expression when
compared with offspring of control (I) (***p < 0.0001), obese (II)
(2081 + 0.1; **p = 0.003), and BPA-exposed (III) (1.3 £ 0.01; ***p
< 0.0001). Males of group II also had significantly higher mRNA
expression of FTO gene when compared with groups (I) (%%¢p
= 0.0006) and (III) (##p = 0.002). d Female F1 progeny of BPA-
exposed obese (IV) (3.79 + 0.3) animals exhibited a statistically sig-
nificant increase in fold change of FTO gene mRNA expression when
compared with control (I) (**p = 0.009) and BPA-exposed (III) (1.63
+ 0.3; **p = 0.003). Data are shown as means + SE (n = 6 of either
sex). MCR-4, melanocortin receptor 4; FTO, fat mass obesity-related
gene; mRNA, messenger ribonucleic acid; PND, postnatal day; SE,
standard error

degeneration of hepatocytes, lipid vacuolation, and portal
vein hyperplasia (Figs. 10 and 11).
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Fig.9 Densitometric analysis to assess the effect on protein expres-
sion of MCR-4 and FTO. a Male F1 offspring of only obese (II)
(***p < 0.001), only BPA-exposed (III) (***p < 0.001), and BPA-
exposed obese (IV) (***p < 0.001) animals exhibited statistically sig-
nificant decrease in MCR-4 protein expression when compared with
control (I) group at PND21. b Female F1 offspring of only obese (II)
(***p < 0.001), only BPA-exposed (III) (***p < 0.001), and BPA-
exposed obese (IV) (***p < 0.001) animals exhibited statistically
significant decrease in MCR-4 protein expression when compared
with control (I) group at PND21. ¢ Male F1 offspring of only obese
I) (***p < 0.001), only BPA-exposed (III) (**p < 0.01), and BPA-
exposed obese (IV) (¥**p < 0.001) animals exhibited statistically

Discussion

BPA exposure in humans has increased down the generations
due to its excessive production and use in various activities.
Exposure to BPA in humans and animals is caused by its
leaching in ground water, food supplies, and medical devices
(Hashimoto and Nakamura 2000; Geens et al. 2012; Cwiek-
Ludwicka and Ludwicki 2014). Studies have unanimously
concluded a potential role for long-term exposure to BPA in

significant increase in FTO protein expression when compared with
control (I) group at PND21. d Female F1 offspring of only obese (II)
(**p < 0.01), only BPA-exposed (III) (**p < 0.01), and BPA-exposed
obese (IV) (***p < 0.001) animals exhibited statistically significant
increase in FTO protein expression when compared with control (I)
group at PND21. e Western blots expressing f actin, MCR-4, and
FTO protein in male and female weanling F1 generation animals of
control (I), only obese (II), only BPA-exposed (III), and BPA-exposed
obese (IV) animals. Data are shown as means + SE (n = 6 of either
sex). MCR-4, melanocortin receptor 4; FTO, fat mass obesity-related
gene; mRNA, messenger ribonucleic acid; PND, postnatal day; SE,
standard error

liver disorders, diabetes, cancer, and cardiometabolic disor-
ders (Nakagawa and Tayama 2000; Yang et al. 2009; Alonso-
Magdalena et al. 2010; Shafei et al. 2018; Shu et al. 2019).
We found that the body weight of offspring with parental
obesity and low-dose BPA exposure was significantly higher
than their respective counterparts. BPA has shown oppos-
ing effects on birth weight with various levels of exposure.
High-dose BPA exerts weight-reducing effects (Kim et al.
2001). However, low-dose exposure leads to weight gain
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Fig. 10 Histological changes in liver tissue of male F1 generation
animals at PND21. I) Normal hepatocellular parenchyma with normal
sinusoidal spaces; II) mild central vein congestion, mild sinusoidal
congestion; III) mild sinusoidal congestion, normal hepatocellular
parenchyma; IV) periportal congestion, hepatocytes showing fatty

(Vandenberg et al. 2012; Angle et al. 2013; Kobroob et al.
2018; Dabeer et al. 2020). Results of the present study suc-
ceed as a step further by providing a strong connection of
perinatal BPA exposure with liver disease in F1 generations.
NAFLD is histologically defined by the presence of steatosis
in hepatocytes, regardless of whether it is macro-vesicular,
mixed, or micro-vesicular (Kleiner et al. 2005). In previ-
ous studies, high-fat diet (HFD) was used to induce fatty
liver changes, metabolic syndrome, dyslipidemia, obesity,
and insulin resistance (Fellmann et al. 2013; Takahashi et al.
2012). However, our approach was more environmentally
relevant as combined effect of parental exposure to low-
dose parental BPA exposure in conjunction with HFD was
investigated. The offspring of all groups were without BPA
exposure and fed a normal diet; hence, any toxicity could
directly be ascribed to intra-/transgenerational effects of
parental BPA exposure scenario. We investigated, step by
step, the previously established hallmarks of hepatotoxicity

@ Springer

degeneration, portal vein hyperplasia. PV, portal vein; CV, central
vein; A, vein congestion; B, sinusoidal congestion; C, hepatocyte
degeneration; D, fatty degeneration of hepatocytes (lipid deposition);
E, mononuclear infiltration. All images were taken at 40X magnifica-
tion.

to understand and analyze the extent of intergenerational
effects of parental obesity and BPA exposure in F1 offspring.

Birth weight and progressive weight gain in neonates are
the primary indicators of neonatal health. Children of obese
parents are at a higher risk of developing metabolic disorders
later in life (Whitaker et al. 1997; Wang et al. 2017). The F1
offspring of test group (IV) and obese parent group (II) had
significantly higher body weight at birth. However, progres-
sive weight gain from PND1-21 was highest in test group
pups, which indicates higher predisposition to development
of metabolic disorders including obesity and diabetes.

The liver is the primary organ for glucose metabolism and
maintenance of glucose and lipid homeostasis. A disrupted
lipid homeostasis may lead to adipogenesis due to disor-
derly energy homeostasis (Bell et al. 2010; Acevedo et al.
2013; Fuster et al. 2016; Malone and Hansen 2019; Krashes
et al. 2016). Evaluation of liver-specific biochemical markers
revealed an imbalance in liver-specific enzyme levels among
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Fig. 11 Histological changes in liver tissue of female F1 generation
animals at PND21. I) Normal hepatocellular parenchyma with normal
sinusoidal spaces and central vein; II) portal vein congestion, sinu-
soidal congestion, mononuclear cell infiltration; III) mild hepatocel-
lular degeneration with normal central vein; IV) fatty degeneration of
hepatocytes (hepatocyte showing micro vacuolation), narrowing of

group IV offspring. Increased AST levels accompanied by
high ALP and pro-inflammatory cytokine CRP clearly indi-
cate liver damage and inflammation. Our findings support
the results of previous studies showing compromised status
of antioxidants leading to liver tissue damage (Li et al. 2015;
Li et al. 2016; Liu et al. 2016). Studies have reported on
the intra-/transgenerational effects of parental obesity and
chronic parental BPA exposure on cardiovascular health via
disruption of fatty acid and glucose metabolism (Dunder
et al. 2018; Shu et al. 2019).

Blood glucose and serum insulin are strong indicators
of hepatic health as well. A disruption in ratio of glucose
and insulin can result in development of metabolic disor-
ders such as diabetes and insulin resistance. We calculated
insulin resistance by the mathematical model HOMA-IR.
Female offspring exhibited a higher level of insulin resist-
ance than their male counterparts. This result is also in line

sinusoidal lumen, sinusoidal congestion, periportal congestion. PV,
portal vein; CV, central vein; A, vein congestion; B, sinusoidal con-
gestion; C, hepatocyte degeneration; D, fatty degeneration of hepato-
cytes (lipid deposition); E, mononuclear infiltration. All images were
taken at 40X magnification.

with the previous findings showing that glucose metabo-
lism is different in females and males (Dabeer et al. 2020).
Scientists have established that insulin is the primary stim-
ulator of hepatic lipogenesis acting through activation of
the sterol regulatory element-binding protein-1c (SREBP-
1c) transcription factor (Ferré and Foufelle 2007). Insulin
resistance is found in most patients with primary NAFLD
and is more severe in NASH (Valenti et al. 2002). It is
evident from the findings of this study that perinatal expo-
sure to low-dose BPA is associated with increased insulin
resistance accompanied by hepatic steatosis.

An analysis of antioxidants in the liver tissue revealed
decreased antioxidant enzyme activity in F1 offspring of
BPA-exposed obese parents, clearly indicating oxidative,
stress-induced hepatotoxicity. Previously, Kumar et al.
(2020) have reported a strong association between CRP
level and NAFLD. Data from our study are in conformity
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with those findings. Offering a conclusive role for dis-
ruption of antioxidants not only in BAP-induced hepato-
toxicity but in other toxicities such as neurotoxicity and
endocrine toxicity, there are reports on a protective effect
of compounds and herbal extract with proven antioxidant
properties (Khan et al. 2018; Mohammed et al. 2020).

Development of sophisticated techniques has facilitated
our understanding of the melanocortinergic network and
identified its role in regulation of feeding behavior, energy
expenditure, glucose homeostasis, and autonomic out-
flow (Krashes et al. 2016). We specifically inspected the
expression of the MCR-4 receptor as it is a critical coor-
dinator in mammalian energy homeostasis and regulation
of body weight, and its down-regulation has been shown
to cause an increase in body weight, leading to obesity
(Huszar et al. 1997; Krashes et al. 2016). Offspring of
BPA-exposed obese animals exhibited a 2-fold or more
decrease in MCR-4 expression depicting a down-regula-
tion of the gene. Additionally, female offspring exhibited
greater decrease when compared with their male counter-
parts in treatment groups. These results similarly trans-
lated to the protein expression of MCR-4. The other gene
we inspected was FTO gene. It is an example of a regu-
latory “master switch” gene that influences control over
several key regulatory pathways in weight gain and obesity
regulation. It has also been correlated with metabolic syn-
drome and diabetes risk (Bell et al. 2010; Merkestein and
Sellayah 2015). The offspring of group IV animals showed
4-fold increase in mRNA expression of F70. The protein
level of FTO was also similarly increased. These results
were complementary to the analysis of lipid parameters
and body weight gain in F1 generation.

All these results together combined indicate an early
onset of NAFLD, which could only be confirmed by his-
tological analysis. Liver tissue of test F1 offspring showed
high lipid vacuolation, loss of hepatocytes, inflammation,
and apoptosis accompanied with peribiliary infiltration
and hemorrhage. These are the histological hallmarks
of NAFLD. Taken together, our results demonstrate that
parental diet and BPA exposure offset a cascade of pro-
cesses in the F1 generation, which results in the onset of
NAFLD. Parental obesity and BPA exposure contribute
towards increased birth weight and progressive weight
gain, which predisposes the offspring to higher circulat-
ing cholesterol and lipids. It also affects the expression of
energy homeostasis genes. The combined effect of these
transgenerational results in adipogenesis, oxidative stress,
and insulin resistance, leading to fat accumulation in liver
cells and onset of NAFLD. Our results demonstrate that
a high-fat parental diet and chronic BPA exposure have
wide-ranging effects on the metabolism of offspring in
rodents and even low dose of BPA accompanied by paren-
tal obesity can have deleterious effects on the liver.

@ Springer

Conclusions

In this study, we evaluated the intergenerational effects of
perinatal exposure to BPA on the liver of F1 generation
offspring with obese parentage. Looking at the big picture
after combining results from a wide array of experiments,
we conclude that the prenatal exposure to BPA could induce
oxidative damage and disrupt normal metabolic profiles in
the liver of F1 generation of obese parents leading to com-
promise of glucose and lipid homeostasis. Changes in the
levels of expression of obesity-related genes in offspring
led to an accumulation of lipid in liver tissue, and the com-
bined effect led to onset of NAFLD. Our study offers a link
between parental exposures and onset of NAFLD in F1 gen-
eration in a murine model.
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