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Abstract

Exposure to bisphenol A (BPA), a monomer widely used to manufacture polycarbonate plastics, has been reported to be
associated with abnormalities of liver function and hepatic damage. However, the molecular mechanism under the
pathogenesis of hepatic injury is unclear. In this study, the effect of perinatal exposure to BPA at the reference dose of
50 pg/kg/day on the apoptotic index in the liver of rat offspring was investigated. Increased levels of ALT and enhanced cell
apoptosis were observed in the liver of rat offspring at 15 and 21 weeks, and significantly increased activity of caspase-3 and
caspase-9 and elevated levels of cytochrome c were also confirmed. In addition, significant change in the expression levels
of Bcl-2 and Bax were found in BPA-treated offspring at 21 weeks. For in vitro experiments, liver mitochondria were isolated
from neonatal rats and were treated with BPA. BPA treatment led to a significant increase in mitochondrial permeability
transition. Moreover, the supernatant from BPA-treated mitochondria significantly increased apoptotic changes in nuclei
isolated from liver tissue. In conclusion, the study demonstrates that BPA induces mitochondria-mediated apoptosis in
hepatic cells, which may contribute to long-term hepatotoxicity induced by early-life exposure to BPA.
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Introduction

Bisphenol A (BPA) is an environmental chemical that has been
widely used in the manufacture of polycarbonate plastics and
epoxy resins for many years. Due to its major applications in the
production of plastic food or beverage containers and the coating
of food cans, people of different ages are inevitably exposed to
BPA in daily life. BPA has been detected in human placenta [1],
cord blood [2], amitotic fluid [3,4], fetal liver [5] and breast milk
[6], making exposure of human neonates and infants a very real
concern. A number of studies have revealed that maternal
exposure to BPA during gestation and/or lactation induced
adverse effects in offspring, such as affecting the development of
reproductive organ [7,8] and metabolic function [9-12].

In humans and animals, the liver is the primary organ
responsible for BPA metabolism to its glucurono-conjugated form
[13]. From epidemiological studies, higher urinary concentration
of BPA is associated with serum markers of abnormal liver
function in human adults [14]. Irn vivo animal data suggest that
BPA is able to induce reactive oxygen species generation and
disturb enzyme activity in liver of rats [15,16], and induce some
degree of fat infiltration in mice liver [17,18]. In wvitro, BPA is
known to induce cytotoxic effect on cultured rat hepatocytes at
high doses [19,20]. However, whether perinatal exposure to BPA
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at environmentally relevant doses may exert these effects on liver
and the pathogenesis of hepatoxicity induced by BPA remains to
be determined.

Although there has been a focus on BPA as an endocrine
disruptor due to its estrogenic activity, there might be other
mechanisms that explain the effects of BPA. Mitochondrial
dysfunction induced by BPA, including decrease in mitochondrial
transmembrane potential and altered cellular oxidation-reduction,
have been reported in the isolated rat hepatocytes [19], and in
human HepG2 cell [21], suggesting mitochondria are a target of
BPA at organelle level. It’s known that mitochondria play a crucial
role in apoptosis by releasing the intermembrane space proteins,
such as cytochrome c (Cyt ¢), which is a key mediator of apoptosis
for activation of caspase in the cytosol [22,23]. Additionally, an
alteration in the ratio of pro-apoptotic to anti-apoptotic proteins of
the Bcl-2 family, resided on the outer membrane of mitochondria,
may modulate the release of apoptogenic proteins [24]. Recently,
BPA-induced apoptosis has been demonstrated in cultured liver
cells [19,25]. However, the mechanism of action of BPA on
mitochondria during this process is unknown.

The U.S. Environmental Protection Agency and the European
Food Safety Authority have established tolerable daily intake
(TDI), or reference dose, of 50 pg/kg/day for BPA as a ‘safe dose’.
However, many researchers have suggested that BPA at such dose
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Figure 1. Body weight, liver weight, liver/body weight ratio and serum ALT of the rat offspring at 3, 15 and 21 weeks. (A) Body
weight. (B) Liver weight. (C) Live/body weight ratio. (D) Serum ALT levels. Data represent as means = S.E.M. (n =6 rats per group, only 1 offspring was
selected per litter). *P<<0.05 denotes significant difference compared with controls.

doi:10.1371/journal.pone.0090443.g001

cause a variety of adverse effects [26]. Fetuses or newborns are
more sensitive than adults, and exposure to chemicals during
critical stages of development may cause irreversible long-lasting
consequences [27]. In this study, we investigated the effect of
perinatal exposure to BPA at TDI on the apoptotic index in the
liver of rat offspring. In addition, the direct effect of BPA on the
hepatic mitochondria was studied by using an i vitro apoptotic
system.

Materials and Methods

In vivo Studies

Animals and treatments. All rats used in this study were
treated humanely and with regard for alleviation of suffering, and
the experimental protocols were approved by the Ethics Commit-
tee of Tongji Medical College (Permit Number: 2011-s2456).
Virgin female (270-300 g) and male (350400 g) genitor Wistar
rats were purchased from Hubei Research Center of Laboratory
Animal (Wuhan, China) and then housed in special pathogen-free
conditions of 25*2°C temperature, 60-70% humidity and a
controlled 12-h light/dark cycle. All animals were fed standard
rodent chow [10] (ABSL-3 Lab of Wuhan University, Wuhan,
China) and water ad lLbitum. Polypropylene plastic cages and glass
water bottles were used in this study.

The day sperm-positive smear was determined as gestational
day (GD) 0. Pregnant females were housed individually and
randomly assigned to two groups that received either corn oil
(Sigma-Aldrich, St. Louis, MO, USA) as the control or 50 pg/kg/
day of BPA (Sigma-Aldrich, St. Louis, MO, USA) dissolved in
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corn oil by oral gravage from GD 0 to the end of lactation at
postnatal day 21. The pups were given normal drinking water and
fed standard rodent chow after weaning. At 3, 15 and 21 weeks,
perinatally BPA-treated and control pups (n =6 male rats in each
group, belonging to different litters) were randomly selected,
weighted and killed by decapitation.

Determination of BPA concentration in liver. Liver
samples were removed from pups of the BPA-treated group and
the control at birth day for analysis of BPA internal exposure
levels. Details of sample pretreatments of the solid-phase extracts
and the analysis of total BPA concentration by liquid chromatog-
raphy—tandem mass spectrometry (LC-MS/MS) were in accor-
dance with a previous study [28].

Liver sample collection and serum assays. Liver samples
were removed from the pups and weighed, and then the samples
were snap frozen at approximately —80°C until processing for
analysis. Liver triglyceride (T'G) was measured using a TG assay
kit (Applygen Technologies Co. Ltd, Beijing, China), and the
values were normalized to protein concentrations using the BCA
protein quantitative assay kit (Thermo-Fisher, Waltham, MA,
USA). Serum alanine aminotransferase (ALT) was measured using
standard biochemical kits (BioVision, Milpitas, USA) according to
the manufacturer’s instructions.

Histological analysis. Terminal deoxynucleotide transfer-
ase-mediated deoxy-UTP nick end labeling (TUNEL) assay was
used to identify double-stranded DNA fragmentation and the
characteristics of DNA degradation by apoptosis. For the TUNEL
staining, the standard protocol for paraffin sections was performed
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Figure 2. Perinatal exposure to BPA increases hepatocyte apoptosis of rat offspring. (A) Representative images of the TUNEL assay on
liver tissue of the control and BPA-treated offspring at 3, 15 and 21 weeks. The TUNEL positive cells increased in the liver of BPA-treated offspring at
21 weeks (magnification, 400 x). (B) Percentages of apoptotic cells in the livers from the control group and BPA-treated offspring. Percentages of
apoptotic cells were quantified by counting TUNEL-positive cells in 1000 cells in a selected microscopic field per liver section. Data are means + S.E.M.
(n=6 rats per group; only 1 offspring was selected per litter). *P<<0.05 compared with controls. (C) Representative images of Hoechst 33258-stained

sections of liver tissue from rats of respective group (magnification, 400 x).

doi:10.1371/journal.pone.0090443.g002

according to the manufacturers’ instructions (Roche Applied
Science, IN, USA). Apoptotic cells were counted in a selected
microscopic field per liver section by an experienced pathologist
blind to the experimental protocol. The apoptosis index was
expressed as a percentage of TUNEL-positive cells in 1000 cells
counted in the same section [29]. Nuclear condensation and
fragmentation typical of apoptotic cells were further assessed by
using 33258 staining kit (Beyotime Institute of Biotechnology,
Shanghai, China). DNA staining was viewed by fluorescence
microscopy. In addition, liver sections were stained with Oil-Red-
O to visualize lipid accumulation.

Activities of
casase-3 and -9 of liver cells were determined using the caspase-3

Measurement of caspase-3 and -9 activities.

PLOS ONE | www.plosone.org

and caspase-9 activity kits (Beyotime, Beijing, China) according to
the manufacturer’s instructions.

Immunoblotting for Bax, Bcl-2 and the release of
Cytc. Total cytosolic proteins for analysis of the levels of Bax
and Bcl-2, and the cytosolic proteins without mitochondrial
fraction for analysis of the release of Cytc were prepared as
previously described [30]. Protein samples (40 Ug per lane) were
subjected to 10% sodium dodecyl sulfate-Polyacrylamide gel
electrophoresis and transferred onto polyvinylidene fluoride
membranes (Bio-Rad, Hercules, CA, USA). Membranes were
incubated with specific primary antibodies Bax, Bcl-2, Cytc
(1:1000 diluted, Cell Signaling Technology, MA, USA) followed
by incubation with horseradish peroxidase-conjugated secondary
antibody. The intensity range of immunostaining was detected
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Figure 3. Activity of caspase-3 and caspase-9 in liver tissue
after perinatal exposure to BPA. Activity of caspase-3 (A) and
caspase-9 (B) in the liver of 3-week, 15-week and 21-week rat offspring
were measured. Values are means = S.E.M. (n=6 rats per group; only 1
offspring was selected per litter). *P<<0.05 compared with controls.
doi:10.1371/journal.pone.0090443.g003

using the ECL chemiluminescence system (Thermo Fisher
Scientific inc., Waltham, MA, USA).

BPA Exposure and Mitochondria-Mediated Apoptosis

In vitro Studies

Isolation of mitochondria and BPA treatment. To study
the direct effect of BPA on mitochondria, liver mitochondria were
isolated from untreated neonatal rats as described previously [30].
The mitochondria were purified by differential centrifugation and
separation on a sucrose gradient (1.0 M/1.5 M). Then, the
mitochondria were resuspended in a buffer (5 mg/mL bovine
serum albumin, KH,PO,, 400 mM Mannitol, and 50 mM Tris
HCI, pH 7.4) and kept on ice for up to 4 hr. The mitochondria
were treated with 3% ethanol as the control, 1.47 ng/mL BPA or
2.60 ng/mL BPA B-d-glucuronide (Santa Cruz Biotechnology,
CA, USA) dissolved in 3% ethanol.

Electron microscopy of isolated mitochondria and
mitochondrial swelling assay. For mitochondrial swelling
assay, mitochondria were washed and then resuspended with
0.025 M Tris HCI containing 0.175 M KClI (pH 7.4). Mitochon-
drial swelling, an indicator of mitochondrial permeability transi-
tion (PT), was measured by the decrease in the absorbance at
520 nm using a spectrophotometer after different time intervals in
a temperature-controlled cell. To examine whether a change in
MPT results in structural alterations, electron microscopic
assessment was undertaken. The mitochondrial pellet was fixed
in PBS-buffered 1% gluataraldehyde/1% paraformaldehyde, and
examined by transmission electron microscopy (Tecnai G2 12,
FEI, Netherland).

Isolation of nuclei and the morphologic
determination. Rat liver nuclei were isolated using a previously
described standard method [31]. After mitochondria isolated from
neonatal rat liver were treated with BPA at 30°C for 55 mins,
reaction mixtures were centrifuged and then supernatants
containing proteins released from mitochondria were collected as
described previously [30]. For nuclear morphologic features
assessment, 6 (Ul of liver nuclei, 1 mM MgCl,, 1 mM dATP
(deoxyadenosine 5'-triphosphate) and 50 pl of Hela cytosol
(250 g) were incubated with the BPA-treated mitochondrial
supernatant at 37°C for 2 hr. Cyt ¢ (Sigma, Santa Clara, CA,
USA) was used as the positive control, and the supernatant from
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Figure 4. Perinatal exposure to BPA alters the levels of Cyt ¢, Bcl-2 and Bax. (A) Western blot analysis of the Cyt c release from mitochondria
into the cytosol in rat livers at 3 and 21 weeks. Western blotting analysis of Bax (B) and Bcl-2 (C) in rat offspring liver at 3, 15 and 21 weeks. The protein
expression levels were estimated by densitometry with Gapdh as an internal control. Data are expressed as means * S.E.M. for three independent
experiments (n=6 rats per group; only 1 offspring was selected per litter).). *P<<0.05 compared with controls.

doi:10.1371/journal.pone.0090443.9g004
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Figure 5. Effect of BPA on mitochondrial permeability transition (PT) and morphologic features of isolated liver mitochondria. (A)
Changes of PT in the isolated mitochondria with time. Mitochondria isolated from neonatal rat liver were treated with BPA (0 and 1.47 ng/mL) or BPA-
glucuronide (2.60 ng/mL). The decrease in optical density measured at 520 nm with time was normalized to 100. Data are shown of three
independent experiments. Ultrastructural features of mitochondria treated with the control (B), BPA-glucuronide (C) and BPA (D). Representative
images of transmission electron microscopy were shown (magnification, 10,000 x).

doi:10.1371/journal.pone.0090443.9g005

untreated mitochondira was the negative control. The direct effect
of BPA (1.47 ng/mL) on the isolated liver nuclei was also
examined. After nuclei were stained with propidium iodide (PI),
nuclear morphologic features were examined with a fluorescence
microscope (Invitrogen, F14942, Carlsbad, CA, US).

Statistical Analysis

Data are expressed as means = SEM and analyzed using SPSS
13.0 (SPSS, Chicago, IL). The changes over time were analyzed
by repeated measures analysis of variance (ANOVA), and
comparisons between the control and BPA-treated group at each
time studied were analyzed using multivariate analysis of variance
(MANOVA) followed by Bonferroni t-tests. The other data were
analyzed with ANOVA. A P-value of <0.05 was considered
statically significant.

Results

In vivo Studies

Perinatal exposure to BPA increases liver apoptosis in rat
offspring. After perinatal exposure to BPA at the TDI, body
weight gain of the pregnant rats, litter size and sex ratio showed no
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significant change compared to controls. The mean concentration
of total BPA in the liver of the BPA-treated neonatal rats was
1.47+0.39 ng/g, while BPA was detected under the detection
limit in the control rats.

Body weight in the BPA-treated offspring and the control were
increased in time trend and perinatal exposure to BPA signifi-
cantly increased body weight at 21 weeks compared with the
control group (P<0.05) (Fig. 1A). The liver weight were also
increased over time, and there’re no significant changes between
the two groups at each age studied (Fig. 1B). The relative liver/
body weight of the BPA-treated and control offspring remained
similar throughout all ages studied (Fig. 1C). Liver injury was
assessed by determining serum ALT, and time-course of BPA-
increased serum ALT levels was observed. Perinatal exposure to
BPA only resulted in a minor increase in serum ALT levels at 3
and 15 weeks but a significant increase at 21 weeks compared to
the control (P<<0.05) (Fig. 1D).

Hepatocyte apoptosis in liver tissue samples was examined using
TUNEL assay. Perinatal exposure to BPA increased liver
TUNEL-positive cells in the offspring with time, while a significant
increase was observed only at 15 and 21 weeks compared with
controls (P<0.05) (Fig. 2A, B). Hoechst stained liver sections also
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revealed more apoptosis and chromatin condensation in the BPA-
treated rats compared with the control at 15 and 21 weeks
(Fig. 2C). Moreover, the BPA-treated rats exhibited a greater
accumulation of lipids in the liver and significantly elevated
hepatic TG at 27 weeks compared with the control; however,
significant hepatic lipid accumulation was not present in 21-week-
old BPA-treated rats (Figure S1).

Perinatal exposure to BPA activates caspase-3 and -9 in
As capase-3 is the main effector caspase that is
involved in apoptosis, we examined caspase-3 activity in the rat
liver. Consistent with the TUNEL results, the BPA-treated
offspring showed significantly higher activity of caspase-3 than
the corresponding control group at 15 and 21 weeks (P<<0.05)
(Fig. 3A).

Due to the alteration in mitochondrial function caused by BPA
was reported previously [19,21], the eclevated caspase-3 activity
observed in this study suggests that the initiator caspase-9 is
activated via the mitochondrial pathway. Accordingly, we tested
caspase-9 activity and found significant higher levels of caspase-9
activity in BPA-treated group at 15 and 21 weeks compared to the
corresponding control group at each age (P<<0.05) (Fig. 3B).

liver tissue.

Perinatal exposure to BPA alters protein levels of Cyt c
and the Bcl-2 family in rat liver. Activation of caspase-9 in
liver cells of BPA-treated rat offspring suggests an involvement of
mitochondria-dependent apoptotic pathway. Leakage of Cyt ¢
from mitochondria is considered as a major event in cell apoptosis
and may be accompanied by expression changes of pro- and anti-
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apoptotic members of the Bcl-2 family [24]. We evaluated the
leakage of Cyt ¢ from the mitochondria and the protein levels of
Bax and Bcl-2 in the liver by Western blotting. Significantly
increased leakage of Cyt ¢ from the mitochondria was observed in
liver from 15-weeks and 21-weeks rats with perinatal exposure to
BPA compared to the corresponding control group at each age
(P<0.05) (Fig. 4A). The levels of pro-apoptotic protein Bax were
significantly increased in the liver of the BPA-treated rats at 21
weeks (P<0.05) (Fig. 4B), and the levels of anti-apoptotic protein
Bcl-2 were significantly decreased in the BPA group at 21 weeks
(P<0.05) (Fig. 4C).

In vitro Studies

Activation of caspases and the leakage of Cyc from mitochon-
dria strongly implicate an impact of BPA on mitochondria to
initiate hepatocyte apoptosis. To explore whether there was a
cause-and-effect relationship, an @ vitro study was performed.
Liver mitochondria were isolated from untreated neonatal rats and
then exposed to BPA at the dose which is equivalent to the internal
exposure level of BPA detected in animal model.

BPA induces changes PT and
morphologic features. As the PT is associated with swelling
of the mitochondrial matrix, to determine whether BPA induces
PT, we determined the changes in volume of the isolated liver
mitochondria by measuring the change of optical absorbance.
BPA treatment (1.47 ng/mL) led to slow swelling of isolated liver
mitochondria with time and induced a significant decrease in

in mitochondrial
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optical density from 20 min compared with the control (P<0.05)
(Fig. 5A). After incubation of BPA for 55 min, swelling was
sustained there-after. In addition, to examine whether BPA-
glucuronide, the majority of conjugated BPA form, also has the
similar effect on mitochondria PT, we used the same molar
concentration of BPA-glucuronide (2.60 ng/mL) to test. BPA-
glucuronide only induced a mild decrease in the optical density
compared to the control (Fig. 5A).

From electron microscopic assessment, the control mitochon-
dria showed regular cristac and integrated morphologic features
(Fig. 5B), most of the mitochondria treated BPA-glucuronide were
also normal (Fig. 5C). However, mitochondria treated with BPA
were swollen, and outer membranes were enlarged and ruptured
(Fig. 5D). BPA significantly increased mitochondria with abnormal
morphologic features (50%4.6%) compared with the control
(15£2.9%) (P<0.05), while BPA-glucuronide only induced
19%£3.2% abnormal mitochondria.

BPA-induced release of proteins from the mitochondria
initiates apoptosis in nuclei. The induction of PT induced by
BPA suggests that possible apoptogenic proteins are released from
the damaged mitochondria. In order to investigate if those proteins
could initiates apoptosis in nuclei, the liver nuclei were isolated
and incubated with proteins released from the mitochondria that
had been treated with BPA, and apoptotic morphologic features
stained with PI were assessed by a florescence microscope. The
effect of BPA alone on nuclei was also investigated. The negative
control showed normal morphologic features of liver nuclei with
evenly distributed chromatin (Fig. 6A) and the positive control
showed irregular condensations of chromatin in nuclei (Fig. 6B).
After the liver nuclei were incubated with BPA-treated mitochon-
drial supernatant, condensed or fragmented nuclei characteristic
of apoptosis were observed (Fig. 6C-E). The supernatant from
BPA-treated mitochondria significantly increased the percentage
of apoptotic nuclei (37.0%*4.2%) compared to the negative
control (12.8%*2.6%) (Fig. 6F), while BPA only induced a mild
increase in apoptotic nuclei (16.4% *3.3%).

Discussion

Many studies have investigated the long-lasting effects of BPA
exposure at early development stages on the reproductive tract
[7,8,32,33], neural behaviors [34,35] and metabolic function
[9,10,12]. However, little data on the long-term effects of early
BPA exposure at environmentally relevant dose on liver tissue
were available. Although the dose of BPA we chosen in this study
(50 pg/kg/day) is higher than human daily intake, the average
total BPA concentration in the liver of BPA-treated rats (1.47 ng/
g) was in the range of that reported in human fetal livers [5]. This
is may be due to the fact that BPA metabolism in rodents differs
from that in humans [36]. Thus, the dose we used in this study can
be considered environmentally relevant. Here, we provide
experimental evidence that early BPA exposure at environmen-
tally relevant dose induces long-term injury on liver, and the
activation of mitochondrial pathway of hepatocyte apoptosis may
be involved in this process.

In the present study, we observed that perinatal exposure to
BPA significantly increased the body weight of pups at adulthood,
and the results are in accordance with some previous studies
demonstrating increased postnatal growth in rodents prenatally or
perinatally exposed to BPA at low doses [11,37]. Although the
liver weight and liver/body weight ratio of BPA-treated pups
didn’t differ from controls, the significant increase in serum ALT
levels at 21 weeks indicated that liver injury induced by BPA.
Then, we assessed liver cell apoptosis and found an extremely
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significant increase in TUNEL positive cells in BPA-treated rats at
15 and 21 weeks, which accompanied by a modest increased level
of serum ALT observed at 21 weeks. Serum ALT value has long
been used as a marker of liver injury. However, actually, in some
chronic liver injury, there is no apparent change in ALT observed.
Some studies have demonstrated that the serum ALT values do
not correlate with the severity of the histopathological changes and
the parameters of apoptosis in liver disease, and suggest
histological assessment can more accurately determine the disease
severity [38].

Hepatic homeostasis 1s achieved through a regular cell turnover
involving apoptosis of hepatocytes, and increased apoptosis of
hepatocytes is considered to be an important mechanism
contributing to various kinds of liver diseases [39]. The induction
of apoptosis is correlated with the activation of caspases, which
have proteolytic activity and are able to cleave proteins to result in
cell shrinkage, chromatin condensation and DNA fragmentation
[40]. We observed the significant increases in the activity of
caspase-3 in BPA-treated offspring at 15 and 21 weeks compared
to the corresponding control group, suggesting that apoptosis is
caspase dependent. Caspase-3, a key molecular marker of
apoptotic signaling, is activated by either mitochondria dependent
or death receptor dependent apoptotic pathways. Previous
researches reported that BPA induced mitochondria dysfunction
in the isolated rat hepatocytes [19] and human HepG2 cell [21],
which led us to study the role of mitochondria played in liver cell
apoptosis induced by BPA. Consistent with the change of caspase-
3 activity, the further findings of elevated levels of caspase-9
activity and cytosolic Cyt ¢ in hepatocytes of BPA-treated pups at
15 and 21 weeks indicated an involvement of a mitochondrial
pathway of apoptosis.

The Bcl-2 family of proteins, containing both pro-apoptotic and
anti-apoptotic members, are known to regulate mitochondrial-
mediated apoptosis [41]. However, we only found significant
change in the expression of antiapoptotic Bcl-2 proteins and the
proapoptotic Bax proteins in BPA-treated group at 21 weeks. It
has been reported that some drug or hormone can enforce or
inhibit mitochondrial PT and then induce or prevent apoptosis
[30,42]. The induction of the PT, an important indicator of
mitochondrial integrity and function, can result in mitochondrial
swelling and the release of apoptogenic proteins from mitochon-
dria [43]. The so-called PT is due to the opening of a regulated
proteaceous pore, also called PT pore. The PT pore complex,
which has been proposed located with inner/outer membrane
contact sites, are viewed as an integrator that senses metabolic
perturbations [42]. Perinatal exposure to BPA may act on the liver
mitochondria in a direct or an indirect fashion to provoke PT first,
causing release of apoptogenic proteins and activation of caspase.

Because the mechanism of BPA impacts on liver cells # vivo is
complicated, an i vitro system was used to study the direct effect of
BPA on liver mitochondria to minimize the systemic effects. We
found that BPA induced a significant increase in mitochondrial PT
coupled with ultrastructural changes in morphologic mitochon-
drial features, indicating a direct effect of BPA on mitochondria. In
addition, the release of apoptogenic proteins from the mitochon-
dria induced by BPA was further demonstrated to cause
condensed chromatin in isolated liver nuclei.

We also investigated whether BPA-glucuronide has the similar
effect of BPA on the isolated mitochondria, since BPA is
metabolized into its glucurono-conjugated form  viwvo [13] and
glucuronidation is considered to be a detoxification mechanism
[44]. Our results showed that the toxic effects of BPA are greater
than those of its glucuronide metabolite. Thus, determination of
both free and conjugated BPA may be more appropriate for risk
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assessment, but there is limited data currently since the
quantification method continues to present challenges [45].

It’s worth noting that the increased apoptosis induced by BPA
took several weeks to become visible i vivo, but the n vitro results
demonstrated that BPA had a direct effect on mitochondria. There
are two reasons may explain the discrepancy. In vivo, the apoptotic
cells will soon be phagocytized by the neighboring macrophage
[46]. When the injury induced by low dose of BPA was not serious,
we could not observe a significant increase in apoptosis cells. But it
did not mean there was no potential injury. Some studies reported
that early environmental stress during the initial stages of
development could set a precedent for “priming” of the
mitochondria to cause changes in mitochondria observed in
adulthood [47,48]. Although the rat pups in our study were not
treated with BPA after weaning and the metabolic clearance rate
of BPA is only several hours [49], the cell apoptosis in liver and
assoclated markers of mitochondria-dependent pathway become
more serious with increasing age, demonstrating BPA has a long
lasting effect through a direct or an indirect way. Thus, more early
sensitive markers associated with mitochondrial injury should be
explored in the future studies for better understanding the effect of
BPA on mitochondrial i vivo.

Alterations in mitochondrial function have been implicated in
the pathogenesis of hepatic steatosis which is also associated with
hepatocyte apoptosis, and a recent m vitro study reported that
BPA-induced lipid accumulation in HepG2 cells by disturbing
mitochondrial function [21]. Therefore, we assessed hepatic lipid
accumulation by Oil-Red-O staining and measuring hepatic TG.
Significantly higher hepatic TG accumulation was observed in
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BPA Exposure and Mitochondria-Mediated Apoptosis

BPA-treated rats at the age of 27 weeks compared to the control
group. The novel finding suggests that mitochondrial injury
induced by perinatal exposure to BPA may also contribute to the
later onset of hepatic steatosis, which needs further investigation.

In conclusion, this study demonstrates that BPA induces
mitochondria-mediated apoptosis in hepatic cells, providing an
explanation for long-term liver injury associated with early-life
BPA exposure. In addition, our i vitro data indicate that BPA acts
directly on mitochondria, altering mitochondrial ultrastructure,
inducing PT and releasing proteins that lead to activation of
apoptosis.
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