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The regulatory dynamics of mitochondria comprises well
orchestrated distribution and mitochondrial turnover to maintain the mitochondrial circuitry and homeostasis inside the
cells. Several pieces of evidence suggested impaired mitochondrial dynamics and its association with the pathogenesis of neurodegenerative disorders. We found that chronic exposure of
synthetic xenoestrogen bisphenol A (BPA), a component of consumer plastic products, impaired autophagy-mediated mitochondrial turnover, leading to increased oxidative stress, mitochondrial fragmentation, and apoptosis in hippocampal neural
stem cells (NSCs). It also inhibited hippocampal derived NSC
proliferation and differentiation, as evident by the decreased
number of BrdU- and ␤-III tubulin-positive cells. All these
effects were reversed by the inhibition of oxidative stress using
N-acetyl cysteine. BPA up-regulated the levels of Drp-1
(dynamin-related protein 1) and enhanced its mitochondrial
translocation, with no effect on Fis-1, Mfn-1, Mfn-2, and Opa-1
in vitro and in the hippocampus. Moreover, transmission electron microscopy studies suggested increased mitochondrial
fission and accumulation of fragmented mitochondria and
decreased elongated mitochondria in the hippocampus of the
rat brain. Impaired mitochondrial dynamics by BPA resulted in
increased reactive oxygen species and malondialdehyde levels,
disruption of mitochondrial membrane potential, and ATP
decline. Pharmacological (Mdivi-1) and genetic (Drp-1siRNA)
inhibition of Drp-1 reversed BPA-induced mitochondrial dysfunctions, fragmentation, and apoptosis. Interestingly, BPAmediated inhibitory effects on NSC proliferation and neuronal
differentiations were also mitigated by Drp-1 inhibition. On the
other hand, Drp-1 inhibition blocked BPA-mediated Drp-1
translocation, leading to decreased apoptosis of NSC. Overall,
our studies implicate Drp-1 as a potential therapeutic target
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against BPA-mediated impaired mitochondrial dynamics and
neurodegeneration in the hippocampus.

Bisphenol A (BPA),3 a synthetic xenoestrogen and neurotoxicant, is one of the most widely used chemical components
among the human population worldwide. The extensive usage
of BPA in the manufacturing of plastic packaging materials and
its release inside the food because of the alteration in the physiological conditions and consequential health hazards are some
issues that need to be addressed. The major route of BPA exposure in humans is through the ingestion of BPA contaminated
food, beverages, and water. Our recent study suggests that the
adverse consequences of BPA vary with the duration of its
exposure, such as activation of autophagic flux takes place after
the transient exposure of BPA in the hippocampus region of the
rat brain to ameliorate its neurotoxicity (1). Contrarily, prolonged and chronic exposure of BPA impairs autophagy as well
as neurogenesis in the hippocampus, leading to neurodegeneration and cognitive impairments (1–3). Several studies have
reported the association between toxic effects of BPA and
pathogenesis of neurodegenerative disorders and other diseases (4 –7). BPA-induced neurotoxicity corroborates with
mitochondrial dysfunctions and apoptosis (7). Exposure to
BPA in adult rats reduces sperm quality with disruption of
the hypothalamic-pituitary-testicular axis (8). BPA exposure
causes abnormalities of liver function and hepatic damage associated with mitochondrial apoptosis (9). Further, low doses of
BPA and exposure during maternal stage induced lipid accumulation and production of reactive oxygen species in the
hepatic and testis mitochondria, respectively (10, 11). Prenatal
BPA exposure also impairs the mitochondria in the heart of
neonatal rats (12). BPA diglycidyl ether induced Bax/Biddependent apoptosis and mitochondrial release of apoptosisinducing factor cytochrome c and Smac/DIABLO (13). Most of
these studies highlight the effects of BPA-induced apoptosis,
reactive oxygen species (ROS) generation, antioxidant depletion, and mitochondrial dysfunction. However, to date, no
study has reported elucidating the cellular and molecular
3

The abbreviations used are: BPA, bisphenol A; NSC, neural stem cell; TEM,
transmission electron microscopy; NAC, N-acetyl cysteine; PI, propidium
iodide; PND, postnatal day; MDA, malondialdehyde.
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mechanism of effects of BPA on mitochondrial dynamics and
its association with autophagy in the brain.
Mitochondrial dynamics involves the fusion and fission of mitochondria, which helps to maintain mitochondrial circuitry and
homeostasis (14 –18). Several genes/proteins are responsible for
maintaining the dynamic equilibrium of mitochondrial pool inside
the brain (19 –21). Dynamin-related proteins, such as Dnm-1,
comprise the family of various proteins like Drp-1 and Fis-1, which
are responsible for mitochondrial fission, and Opa-1, Mfn-1, and
Mfn-2 for mitochondrial fusion, thereby maintaining the overall
mitochondrial circuitry (14 –18, 22). The processes of fusion and
fission are finely regulated inside the eukaryotic cells to maintain
the mitochondrial morphology (14, 16 –18, 23). Dysregulation in
the process of fission may enhance mitochondrial fragmentation,
whereas impaired fusion may lead to uneven mitochondrial elongation (17, 22). Balanced fission and fusion are not only responsible
for providing proper shape to the mitochondria but also maintain
the mitochondrial functions (18). Intriguingly, when mitochondrial dynamics is impaired, it leads to accumulation of mitochondrial population having autonomous organelles with impaired
function, because of the deficiency of interaction with each other
(20). Hence, fusion is attributed as a more crucial process in the
maintenance of mitochondrial functions (24). Several lines of evidence suggested that mitochondrial fission plays a crucial role in
apoptosis (25, 26). The activity of Drp-1 and Fis-1 regulates mitochondrial fragmentation, and inhibition of these molecules also
decreases apoptosis (25–27). Any interference or disruption in
mitochondrial dynamics including both the fission and fusion processes may lead to pathogenesis of neurodegenerative disorders
such as Parkinson disease, Alzheimer disease, Huntington disease,
Charcot-Marie-Tooth disease, etc. (17, 21, 28 –33). In addition,
during apoptosis mitochondria exhibit major structural alterations including mitochondrial fragmentation and cristae remodeling (34), which eventually leads to cytosolic translocation of cytochrome c and up-regulation of apoptosis (34).
In our previous study, we reported that long term exposure of
BPA in hippocampal neuronal cells impairs autophagy by
decreasing the levels of Lamp-2 and up-regulating p62 and
cleaved caspase-3 (1). Herein, we delineate that chronic BPA
exposure not only impairs autophagy but also causes Drp-1-dependent impaired mitochondrial dynamics and apoptosis in the
rat brain hippocampus. We found that BPA exposure increased
the levels of Drp-1 and was associated with impaired autophagy
and enhanced apoptosis. In addition, genetic and pharmacological inhibition of Drp-1 mitigated BPA-induced neurotoxicity.
Interestingly, BPA-mediated inhibitory effects on neural stem
cell (NSC) proliferation and neuronal differentiations were also
mitigated by Drp-1 inhibition. Therefore, targeting Drp-1 to
maintain mitochondrial dynamics may create a new avenue for
therapeutic approach against environmental xenoestrogen-induced neurodegeneration.

Results
Chronic Exposure of BPA Reduced Autophagy and Enhanced
Oxidative Stress and Apoptosis in the Hippocampus Region of
the Rat Brain—Our previous study suggested that short term
BPA exposure during PND 14 –21 up-regulated the expression
and level of autophagy genes and proteins in the rat brain (1).
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However, in the human population long term chronic exposure
of BPA takes place. Therefore, in the present study we studied
the effects of chronic BPA exposure from gestational day (GD)
6 to PND 21 and from PNDs 21 to 90 on the expression and
levels of autophagy genes and proteins, respectively. We
observed that chronic BPA exposure during both the time
points significantly decreased the expression of LC3, Beclin-1,
Lamp-2, Atg3, Atg5, Atg7, and Atg12 and up-regulated the
expression of autophagic cargo receptor p62 in the hippocampus region of the rat brain (Fig. 1a). BPA exposure also
decreased the protein levels of LC3B, Lamp-2, superoxide dismutase, and catalase and up-regulated the levels of cleaved
caspase-3 and SQSTM1/p62 proteins at PNDs 21 and 90 (Fig. 1,
b and c). Next, we found that MDA levels were significantly
enhanced in the hippocampus after BPA exposure in comparison with control rats (Fig. 1d). These results suggest that
chronic exposure of BPA during gestational, lactational, and
adulthood periods reduces autophagy, resulting in increased
oxidative stress and apoptosis in the hippocampus.
BPA Increased Mitochondrial Fragmentation in the Hippocampus Region of the Rat Brain—In our previous study, we
found that acute exposure of BPA enhanced mitochondrial
dysfunction and mitophagy (1). In the present study, we
observed that chronic exposure of BPA enhanced apoptotic
cell death through inhibition of autophagy. As autophagy
and mitochondrial dynamics are interlinked processes (35,
36), we studied the effects of chronic BPA exposure on mitochondrial fragmentation in the hippocampus. Through
transmission electron microscopy (TEM), we observed
marked fragmentation of mitochondria, with abnormal cristae depletion, after BPA exposure at both time points: PNDs
21 and 90 (Fig. 2, a and b). The elongated mitochondria were
significantly decreased, and the number of fragmented and
round mitochondria was enhanced in the brain hippocampus after BPA exposure. However, the accumulation of fragmented mitochondria was remarkably observed after BPA
exposure, suggesting the alteration in the mitochondrial
morphology (Fig. 2, a and b).
Further, we examined the mitochondrial morphology after
BPA exposure in hippocampal NSC-derived neurons in vitro
(Fig. 2, c–f). The dose- and time-dependent analysis of BPA
exposure on mitochondrial structure was carried out. Through
MitoTracker fluorescence localization, we observed that BPA
dose-dependently increased mitochondrial fragmentation,
with significant mitochondrial morphology alterations only
at 100 M (Fig. 2, c and d). Similarly, BPA treatment caused
significant mitochondrial fragmentation at 100 M concentration after 12 h of exposure, as evident from the presence of
increased number of fragmented mitochondria (Fig. 2, e and
f). Hence, these results suggest that BPA-induced neurotoxicity is corroborated with the mitochondrial fragmentation
and further results in mitochondrial dysfunction in the
hippocampus.
BPA-induced Alterations in the Expression and the Levels of
Mitochondrial Fusion-Fission Proteins in Hippocampal NSCderived Neuron Cultures and the Hippocampus—Because BPA
increased mitochondrial fragmentation, we next studied the
VOLUME 291 • NUMBER 31 • JULY 29, 2016
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FIGURE 1. Chronic exposure of BPA reduced autophagy and enhanced oxidative stress and apoptosis in the hippocampus region of the rat brain. a,
effects of BPA treatment (40 g/kg body weight, oral) at PNDs 21 and 90 on the expression of autophagy genes in the hippocampus region of the brain was
studied by quantitative RT-PCR. ␤-Actin served as a housekeeping gene for normalization. The data are expressed as means ⫾ S.E. (n ⫽ 6 rats/group). *, p ⬍ 0.05
versus control. b and c, Western blotting analysis of the levels of LC3B, Lamp-2, p62, cleaved caspase-3, superoxide dismutase (SOD), and catalase proteins in the
hippocampus. M, marker. Quantification of relative protein density after normalization with ␤-actin. d, lipid peroxidation (MDA levels) in the hippocampus
region of the rat brain. The values are means ⫾ S.E. (n ⫽ 6 rats/group). *, p ⬍ 0.05 versus control.

mechanistic insights underlying the alteration of mitochondrial
dynamics in response to long term BPA exposure in the hippocampus. Several genes are responsible for maintaining the
mitochondrial pool inside the brain by fusion and fission processes (19 –21). To examine whether BPA alters the expression
of mitochondrial dynamic genes and protein levels, hippocampal NSC-derived neurons were treated with various non-cytotoxic concentrations of BPA (i.e. 25, 50, and 100 M). We investigated the effects of BPA on the gene expression and levels of
mitochondrial fusion proteins (i.e.Mfn-1, Mfn-2, and Opa-1)
and fission proteins (i.e. Drp-1 and Fis-1) (Fig. 3, a– e). The
expression of Drp-1 was significantly increased at 100 M conJULY 29, 2016 • VOLUME 291 • NUMBER 31

centration of BPA, whereas the expression of Mfn-1, Mfn-2,
and Opa-1 was not significantly altered (Fig. 3a). Further, BPA
(100 M) also up-regulated the levels of Drp-1 but did not alter
the levels of other mitochondrial dynamin proteins such as
Mfn-1, Mfn-2, and Opa-1 (Fig. 3, b and c).
Next, we also found that BPA (40 g/kg body weight) exposure during both PNDs 21 and 90 caused significant increase in
the levels of Drp-1 in the hippocampal tissue (Fig. 3, d and e).
Interestingly, the levels of Mfn-1, Mfn-2, and Opa-1 were not
significantly altered even after BPA exposure (Fig. 3, d and e).
Hence, these results suggest the involvement of Drp-1 in BPAinduced increase in mitochondrial fragmentation in the brain.
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 2. BPA increased mitochondrial fragmentation in the hippocampus region of the rat brain and hippocampal NSC-derived neuron cultures. a,
to study the effects of BPA on mitochondrial dynamics including mitochondrial morphology and fragmentation, ultrastructural analysis of mitochondria was
carried out by TEM in the neurons of the hippocampus region (including dentate gyrus and CA regions) of the rat brain. Several fragmented and spherical
mitochondria with depleted cristae were observed in BPA-treated rats in comparison with control. The elongated mitochondria were significantly decreased,
and the number of fragmented mitochondria was enhanced in the brain hippocampus after BPA exposure. M, mitochondria. Arrows show healthy elongated
mitochondria. The dotted arrow showing round, small, and fragmented mitochondria. Scale bar, 500 nm. b, quantification of TEM images. The cells with
fragmented mitochondria were quantified. The values are means ⫾ S.E. (n ⫽ 3 rats/group). *, p ⬍ 0.05 versus control. c–f, hippocampal NSC-derived neuronal
cultures were treated with various concentrations of BPA (25, 50, and 100 M) for different time periods. Staining of mitochondria with MitoTracker Red or
Green suggest dose-dependent and time-dependent increases in mitochondrial fragmentation in BPA-treated hippocampal NSC-derived neuron cultures. The
mitochondrial morphology was found to be altered to punctuated structures after 100 M BPA exposure. DAPI was used for counterstaining of the nucleus.
Arrows show fragmented mitochondria. Scale bar, 20 m. Means ⫾ S.E. (n ⫽ 3 independent experiments). *, p ⬍ 0.05 versus control.

BPA-mediated Increased Apoptosis and Inhibition of NSC
Proliferation and Differentiation Were Mitigated by NAC—Our
previous studies demonstrated that BPA exposure inhibits NSC
proliferation and differentiation and also causes neurodegeneration in the hippocampus (1–3). In the present study, we
found increased mitochondrial fission, increased oxidative
stress, and apoptosis. Therefore, next we studied the effects of
oxidative stress on BPA-mediated inhibition of NSC proliferation and differentiation and apoptosis in vitro. Further, to study
the effects of BPA on NSC in perception with the increased
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apoptosis, accompanied by impaired mitochondrial dynamics,
we treated NSC cultures with BPA for 24 h in the presence and
absence of NAC. BPA significantly reduced the number of neurospheres (93 ⫾ 13, 54%) as compared with control cultures
(170 ⫾ 12.1, 100%, p ⬍ 0.05), suggesting potent inhibitory
effects of BPA on multipotent NSC (Fig. 4, a and b). Similarly,
BPA also significantly reduced the number of BrdU-positive
cells (56 ⫾ 10.6, 37%) in hippocampal NSC cultures as compared with control (152 ⫾ 15.6, 100%) (Fig. 4, c and d). Interestingly NAC alone treatment significantly increased the numVOLUME 291 • NUMBER 31 • JULY 29, 2016
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FIGURE 3. BPA induced alterations in the expression and the levels of mitochondrial fusion-fission proteins in hippocampal NSC-derived neuron
cultures and in the hippocampus. a, hippocampal NSC-derived neuronal cultures were treated with various concentrations of BPA (25, 50, and 100 M), and
the expression of mitochondrial dynamin family genes was studied by quantitative RT-PCR. b and c, Western blotting analysis of mitochondrial dynamin
proteins levels in BPA-treated (100 M) NSC-derived neuronal cultures. M, marker. Relative protein levels were quantified after normalization with ␤-actin. The
values are means ⫾ S.E. (n ⫽ 3 independent experiments). *, p ⬍ 0.05 versus control. d and e, Western blotting analysis of levels of mitochondrial dynaminrelated proteins in the entire hippocampus after BPA treatment (40 g/kg body weight, oral) at PNDs 21 and 90. M, marker. Quantification of relative protein
density after normalization with ␤-actin. The values are means ⫾ S.E. (n ⫽ 6 rats/group). *, p ⬍ 0.05 versus control.

ber of BrdU-positive cells (218 ⫾ 18.7, 143%), with no
significant effect on neurospheres number (198 ⫾ 17, 116%) as
compared with control. The treatment of NAC significantly
increased the number of neurospheres (145 ⫾ 8, 85%) and
BrdU-positive cells (102 ⫾ 7.8, 68%) in BPA ⫹ NAC-treated
group as compared with the group treated with BPA alone
(93 ⫾ 13 and 56 ⫾ 10.64 respectively) (Fig. 4, a and d).
BPA significantly increased the number of PI-positive cells,
which was blocked through inhibition of oxidative stress by
NAC in NSC-derived neurons (Fig. 4e). In addition, we found
that BPA significantly reduced the number of NSC-derived
␤-III tubulinⴙ neurons (45 ⫾ 6.6) as compared with control
(100 ⫾ 6.7) (Fig. 4, f and g). Interestingly, NAC alone treatment
showed no significant effect on the number of ␤-III tubulinⴙ
neurons (117 ⫾ 6) as compared with control. On the other
JULY 29, 2016 • VOLUME 291 • NUMBER 31

hand, pretreatment of NAC diminished BPA cytotoxicity and
enhanced the number of ␤-III tubulinⴙ neurons (85 ⫾ 4.5) as
compared with BPA-treated group. Thus, NAC exposure
alleviates BPA-mediated decrease in proliferation and also
increases the number of ␤-III tubulinⴙ cells. These results suggest that BPA treatment inhibits NSCs proliferation and differentiation and induces apoptosis because of increased oxidative
stress, which can be mitigated by NAC.
Drp-1 Is Involved in the Regulation of BPA-induced Mitochondrial Fragmentation, Apoptosis, and Decrease in Hippocampal NSC Neuronal Differentiation—The mitochondrial
dysfunction impairs mitochondrial dynamics, thereby disrupting the fusion-fission equilibrium inside the cells (14, 15, 23). In
mammals, both the Drp-1 and Fis-1 are chiefly involved in the
process of mitochondrial fission (17, 18, 37). Accumulated eviJOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 4. BPA-mediated increased oxidative stress resulted in inhibition of NSC proliferation and differentiation in vitro. a and b, effects of BPA on
proliferation of NSC in neurospheres. Neurosphere growth kinetics was done by counting the number of neurospheres. The number and size of NSC-derived
neurospheres were decreased by BPA as compared with control. The values are expressed as means ⫾ S.E. (n ⫽ 3 cultures). *, p ⬍ 0.05. ns, not significant. Scale
bar, 100 m. c and d, primary hippocampal NSC-derived neuronal cultures were treated with BPA (100 M) in the presence/absence of antioxidant NAC (10 mM),
and NSC proliferation was studied by BrdU immunocytochemistry. BPA treatment alters proliferation of the hippocampus NSC in the presence of NAC.
Representative immunofluorescent images and quantitative analysis suggested that BPA significantly decreased BrdU⫹ cells (proliferation marker), but NAC
ameliorated the inhibitory action of BPA on proliferation. DAPI was used for counterstaining of the nucleus. The values are means ⫾ S.E. (n ⫽ 3 independent
experiments). *, p ⬍ 0.05. e, the number of apoptotic cells expressed as percentages PI-positive cells as compared with control as studied flow cytometry. The
values are expressed as means ⫾ S.E. (n ⫽ 3 independent experiments). *, p ⬍ 0.05. f and g, BPA treatment also alters neuronal differentiation potential of the
hippocampus NSC. Representative immunofluorescent images and quantitative analysis suggested that BPA significantly decreased ␤-tubulin-III⫹ neuronal
cells (neuronal differentiation marker), but NAC ameliorated the inhibitory action of BPA on differentiation of hippocampus NSC. The values are means ⫾ S.E.
(n ⫽ 3 independent experiments). *, p ⬍ 0.05. ns, not significant. Scale bar, 100 m. h, Drp-1 protein levels in the presence of NAC in BPA-treated hippocampal
NSC-derived neurons culture. The values are means ⫾ S.E. (n ⫽ 3 independent experiments). M, marker. *, p ⬍ 0.05 versus control.

dence suggested that Drp-1 is crucially involved in inducing
apoptosis-mediated cell death (25, 38 – 41). Additionally, mitochondrial translocation of Drp-1 from the cytosol leads to the
mitochondrial fission and apoptosis (25, 41– 43). Intriguingly,
silencing the expression of Drp-1 results with the inhibition of
mitochondrial fission and also delayed cellular apoptosis (42).
Because ROS generation causes mitochondrial dysfunction, we
studied whether NAC actually blocks Drp1 to explore the role
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of Drp-1 in BPA-mediated generation of ROS. We found inhibition of ROS generation by NAC significantly reduced Drp-1
levels in BPA ⫹ NAC-treated NSC-derived neuron cultures as
compared with BPA (Fig. 4h).
Further, we examined the role of Drp-1 inhibition on NSC
viability, apoptosis, and neuronal differentiation potential in
hippocampal NSC culture (Fig. 5, a– d). Drp-1 knockdown by
Drp-1 siRNA significantly reduced Drp-1 protein levels as comVOLUME 291 • NUMBER 31 • JULY 29, 2016
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FIGURE 5. Drp-1 is involved in the regulation of BPA-induced mitochondrial fragmentation, apoptosis, and decrease in neuronal differentiation
potential of hippocampal NSC. a, Drp-1 siRNA significantly decreased the Drp-1 protein levels in hippocampal NSC cultures. M, marker. b, hippocampal NSC
cultures were preincubated with Mdivi-1 (pharmacological inhibitor of Drp-1) and transfected with Drp-1 siRNA followed by treatment with BPA (100 M) for
24 h. PI staining was done through flow cytometry to study the number of PI-positive cells (apoptotic cells). BPA-mediated induction of apoptosis significantly
reduced by Drp-1 siRNA and Mdivi-1. The values are means ⫾ S.E. (n ⫽ 3 independent experiments). *, p ⬍ 0.05 versus control. c and d, effects of BPA on NSC
neuronal differentiation after Drp-1 inhibition. Hippocampal NSC were co-labeled with BrdU (proliferation marker) and ␤-III tubulin (neuronal marker).
Quantification of number of BrdU/␤-III tubulin co-labeled cells suggests that Drp-1 inhibition significantly increased neuronal differentiation in BPA-treated
NSC cultures. DAPI was used for counterstaining of the nucleus. Arrows show BrdU/␤-III tubulin co-labeled cells. The values are means ⫾ S.E. (n ⫽ 3 independent
experiments). *, p ⬍ 0.05 versus control. Scale bar, 100 m. e and f, effects of BPA on mitochondrial morphology were observed using staining of mitochondria
with MitoTracker Green in hippocampal NSC-derived neuron cultures. BPA-induced fragmented mitochondria were alleviated significantly after Drp-1 knockdown. Arrows show fragmented mitochondria. The values are means ⫾ S.E. (n ⫽ 3 independent experiments). *, p ⬍ 0.05 versus control. Scale bar, 20 m.

pared with scramble siRNA (Fig. 5a). We studied the effects of
BPA exposure on number of PI-positive neuronal cells in the
presence and absence of Drp-1 siRNA and Drp-1 pharmacological inhibitor, Mdivi-1 (Fig. 5b). Scramble siRNA, Drp-1 siRNA,
and Mdivi-1 did not show any significant effect on the number
of PI-positive cells in NSC cultures. BPA significantly increased
the apoptosis, as evident from increased number of PI-positive
cells. BPA-mediated induction of apoptosis significantly
reduced by Drp-1 siRNA and Mdivi-1 in NSC culture, where a
reduced number of PI-positive cells was observed as compared
JULY 29, 2016 • VOLUME 291 • NUMBER 31

with the group treated with BPA alone. These results suggest
that BPA-mediated apoptosis was significantly blocked by the
inhibition of Drp-1 (Fig. 5b).
Similarly, the role of Drp-1 in BPA-mediated inhibition of
NSC proliferation and differentiation was studied by immunofluorescence analysis of proliferating cells and neuronal differentiation in hippocampal NSC cultures (Fig. 5, c and d). The
co-localization of BrdU/␤-III tubulinⴙ neurons was studied
both in the presence and absence of Drp-1siRNA followed by
BPA exposure (Fig. 5, c and d). BPA significantly inhibited the
JOURNAL OF BIOLOGICAL CHEMISTRY
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number of BrdU/␤-III tubulin co-immunolabeled cells, suggesting decreased neuronal differentiation in hippocampal
NSC cultures (Fig. 5, c and d). Drp-1 knockdown showed no
significant effect on neuronal differentiation. Similarly, scramble
siRNA did not affect neuronal differentiation (data not shown).
Interestingly, a reduced number of BrdU/␤-III tubulin⫹ cells was
significantly increased in Drp-1 siRNA ⫹ BPA group, suggesting
reversal of BPA-mediated inhibition of neuronal differentiation by
Drp-1 siRNA. These results implicate the role of Drp-1 in the regulation of neuronal differentiation. Further, these findings also
suggest that inhibitory effects of BPA on NSC differentiation can
be mitigated by Drp-1 knockdown.
In addition, we studied the role of Drp-1 in BPA-mediated
impairment in mitochondrial dynamics including mitochondrial morphology and mitochondrial fragmentation in hippocampal NSC-derived neurons. Drp-1 and scramble siRNA
showed no significant effect on mitochondrial fragmentation
(Fig. 5, e and f). BPA significantly induced mitochondrial fragmentation, as evident from the presence of reduced number of
cells with elongated mitochondria. We found that BPA-induced fragmented mitochondria were alleviated significantly
after Drp-1 knockdown. (Fig. 5, e and f). Taken together, these
results suggest that the BPA-induced rise in the levels of Drp-1
corroborates with enhanced apoptosis, mitochondrial fission,
and inhibition of NSC neuronal differentiation in hippocampal
NSC. Further, inhibition of Drp-1 reversed all these BPA-mediated inhibitory effects in NSC culture.
BPA Neurotoxicity Mediated via Enhanced Drp-1 Mitochondrial Translocation in the Hippocampus—Our previous studies
depicted that BPA induces apoptosis and also impairs
autophagy/mitophagy in the hippocampus and NSC-derived
neurons in culture (1–3). However, in the present study we
observed that BPA-induced cytotoxicity results from alteration
in the mitochondrial dynamics involving enhanced mitochondrial fission and increased levels of mitochondrial fission protein Drp-1. Several previous studies suggested that translocation of Drp-1 in the mitochondria enhances fission and
apoptosis (25, 41– 44). Similarly, enhanced Drp-1 mitochondrial translocation is also associated with enhanced neurodegeneration and pathogenesis of neurodegenerative disorders
(25, 45, 46). We therefore hypothesized whether increased apoptosis and enhanced mitochondrial fragmentation by BPA is
associated with mitochondrial translocation of Drp-1. We
studied co-localization of Drp-1 and TOMM20 (mitochondrial
protein), in terms of the percentage of Drp-1 mitochondrial
translocation in the hippocampus region of the brain (Fig. 6a)
and hippocampus NSC-derived neuron cultures (Fig. 6b). We
observed that BPA treatment increased Drp-1 and TOMM20
co-localization in the hippocampal NSC-derived neurons in
vitro and also in the rat brain hippocampus, suggesting
increased Drp-1 mitochondrial translocation (Fig. 6, a and b).
BPA exposure both during PNDs 21 and 90 enhanced the colocalization of Drp-1 and TOMM20 (mitochondrial protein) in
the hippocampus region (Fig. 6a), suggesting increased Drp-1
mitochondrial translocation. Further, in hippocampal NSC-derived neuron cultures, BPA treatment (100 M) increased
Drp-1 mitochondrial translocation by enhancing Drp-1 and
TOMM20 co-localization (Manders co-localization coeffi-
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cient; M ⫽ 0.21) as compared with control (M ⫽ 0.073) (Fig.
6b). Conversely, Drp-1 silencing inhibits BPA-induced Drp-1
mitochondrial translocation in the hippocampal NSC-derived
neurons (M ⫽ 0.043). In addition role of NAC on Drp-1 co-localization was also studied in the presence and absence of BPA.
NAC along with BPA decreases Drp-1 co-localization with
mitochondrial protein TOMM20 (M ⫽ 0.15). On the other
hand treatment of NAC alone causes no significant changes in
Drp-1 mitochondrial co-localization as compared with control
(M ⫽ 0.048). Thus, suggesting the significant role of NAC in
mitigating BPA-mediated Drp-1 mitochondrial translocation.
These results suggest that increased translocation of Drp-1 in
the mitochondria is involved in BPA-mediated neurotoxicity.
BPA-induced Mitochondrial Fragmentation Resulted in
Mitochondrial Dysfunction and Bioenergetic Deficits in the Hippocampal Neurons—Impaired mitochondrial fragmentation
and mitochondrial cristae depletion causes accumulation of
defective mitochondria unable to produce energy, which ultimately leads to neurodegeneration (1, 25, 47). We hypothesized
whether increased mitochondrial fragmentation and cristae
depletion by BPA leads to accumulation of defective mitochondria and mitochondrial dysfunction. We assessed the effects of
BPA on the alteration of mitochondrial functions in the hippocampal NSC-derived neurons. We found that BPA exposure
for 24 h significantly enhanced ROS generation, reduced mitochondrial membrane potential and ATP levels (Fig. 7, a– c).
Contrarily, pharmacological and genetic inhibition of Drp-1 by
Mdivi-1 and Drp-1siRNA alleviated BPA-induced neurotoxicity. Drp-1 inhibition significantly blocked BPA-induced ROS
generation, loss in mitochondrial membrane potential, and
decline in ATP levels (Fig. 7, a– c), suggesting that Drp-1 knockdown ameliorates BPA-induced mitochondrial dysfunctions in
the hippocampal neurons (Fig. 7, a– c).
Effect of BPA on Number of Proliferating and Differentiating
Cells Undergoing Apoptosis—We have validated the effect of
BPA on NSC proliferation and neuronal differentiation. However, the decrease in the NSC proliferation and differentiation
in response to BPA exposure could be due to up-regulation of
apoptosis after BPA exposure. Thus, to verify this, we performed TUNEL assay and through immunocytochemistry
studied co-localization of TUNEL-positive cells with BrdU and
NeuN (Fig. 8). We observed that at 100 M BPA treatment, only
22% cells were TUNEL-positive, which were also co-localized
with BrdU and NeuN. Interestingly, in the presence of Drp-1
siRNA this co-localization between TUNEL-BrdU-NeuN positive cells was decreased to 13%. On the other hand, we found
that at 100 M BPA exposure 50% cells exhibits decrease in
neuronal differentiation as is evident from significantly reduced
number of BrdU/NeuN co-labeled cells. In the presence of
Drp-1 siRNA, this decrease in co-localization was further mitigated. These results suggest that BPA-mediated inhibition of
NSC proliferation and neuronal differentiation is independent
of increased apoptosis by BPA.
On the basis of our experimental studies, we proposed a
schematic model elucidating the plausible mechanism(s) of
BPA-mediated Drp-1-dependent impaired mitochondrial
dynamics and resulting mitochondrial dysfunctions (Fig. 9).
BPA exposure enhanced oxidative stress and up-regulated the
VOLUME 291 • NUMBER 31 • JULY 29, 2016

Bisphenol A Alters Mitochondrial Dynamics via Drp-1

FIGURE 6. BPA neurotoxicity mediated via enhanced Drp-1 mitochondrial translocation in the hippocampus and hippocampal NSC-derived neurons.
a, BPA treatment increased Drp-1 mitochondrial translocation in hippocampal (dentate gyrus) neurons of the rat brain as evident from increased co-localization of Drp-1 with mitochondrial protein TOMM20. BPA exposure both during PNDs 21 and 90 enhanced the co-localization of Drp-1 and TOMM20 (mitochondrial protein) in the hippocampus region. Arrows show Drp-1/TOMM20 co-labeled cells. The values are means ⫾ S.E. (n ⫽ 6 rats/group). *, p ⬍ 0.05 versus
control. Scale bar, 100 m. b, Drp-1 silencing and NAC inhibited BPA-induced Drp-1 mitochondrial translocation as evident from reduced co-localization of
Drp-1 with mitochondrial protein TOMM20 in the hippocampal NSC-derived neurons in culture. The values are means ⫾ S.E. (n ⫽ 3 independent experiments).
*, p ⬍ 0.05 versus control. Scale bar, 20 m.

expression and levels of Drp-1 and its mitochondrial translocation. Increased levels of Drp-1 resulted in enhanced mitochondrial fragmentation and apoptosis, thereby lowering the energy
content, i.e. ATP depletion. Increased mitochondrial fission
and impaired function resulted in inhibition of NSC proliferation
and neuronal differentiation. Further, pharmacological and
genetic inhibition of Drp-1 mitigated BPA-mediated ROS generation, mitochondrial fragmentation, mitochondrial dysfunctions,
ATP depletion, and apoptosis. Drp-1 knockdown also reversed
BPA-mediated inhibition of NSC and differentiation.

Discussion
Our recent studies suggested that BPA exposure inhibits hippocampal neurogenesis and myelination potential, leading to
JULY 29, 2016 • VOLUME 291 • NUMBER 31

enhanced neurodegeneration and impaired learning and memory abilities (1–3, 48). Further, we also reported that BPA
impairs autophagy/mitophagy and enhances apoptosis in the
hippocampus of the rat brain (1). Consequences of impaired
autophagy may be associated with the enhanced apoptotic cell
death and neurodegeneration by the elevation in the levels of
ROS and decline in the antioxidant levels (1). However, the
mechanism of reduced NSC proliferation and neuronal differentiation and increased neurodegeneration by BPA remained
obscured. Therefore, intriguingly, our present study provided
evidence that BPA inhibited NSC proliferation and differentiation and induced neurodegeneration by disrupting the mitochondrial dynamics in the rat brain hippocampus. The
impaired mitochondrial dynamics was associated with the
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 7. BPA-induced mitochondrial fragmentation resulted in mitochondrial dysfunction and bioenergetic deficits in the hippocampal NSC cultures. a– c, the effects of BPA on the alteration of mitochondrial functions in hippocampal NSC cultures were studied. BPA exposure for 24 h resulted in
significantly enhanced ROS generation, loss in membrane potential, and decline in ATP levels. Pharmacological and genetic inhibition of Drp-1 using Mdivi-1
and Drp-1 siRNA alleviated BPA-induced neurotoxicity. The values are expressed as means ⫾ S.E. (n ⫽ 3 cultures). **, p ⬍ 0.05 versus control.

increase in the levels of Drp-1 with insignificant changes in
other mitochondrial dynamin-related proteins. The mitochondria are most dynamic organelles frequently involved in the
process of fusion and fission forming an interconnecting tubular network and also individual entity (49). However, during
apoptosis, mitochondria undergo fragmentation, which results
in enhanced accumulation of smaller mitochondria (49). We
have observed that Drp-1 significantly involved in regulating
the mitochondrial shape, their fragmentation, and also functions. We found that Drp-1 contributes in the regulation of
BPA-mediated mitochondrial fragmentation and enhanced fission. Additionally, Drp-1 knockdown mitigated BPA-induced
mitochondrial fragmentation, apoptosis, and mitochondrial
dysfunctions. Drp-1 knockdown also reversed inhibitory effects
of BPA on NSC proliferation and neuronal differentiation. Our
findings suggested that targeting Drp-1 may help in elucidating
the potential mechanism of BPA-induced neurodegeneration.
Autophagy involves the degradation and recycling of proteins, initiating with sequestration of cytoplasmic components
into double-membrane vesicles followed by autophagosome-
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lysosome fusion (50). Accumulated evidence suggested an
interlink between autophagy and mitochondrial proteins turnover (35, 51). Herein, we observed that prolonged BPA exposure impairs autophagy and enhances oxidative stress and apoptosis in the hippocampus region of the rat brain. Chronic
exposure of BPA down-regulated autophagy proteins including
LC3B, Lamp-2, and antioxidant enzymes such as catalase and
superoxide dismutase, whereas it up-regulated the levels of
cleaved caspase-3 and p62 (1). The p62 is an autophagic substrate and cytosolic protein involved both in the formation and
degradation of the accumulated redundant proteins (52). However, p62 can selectively sequester the aggregated proteins and
help in their degradation (53, 54). Further, an increase in the
levels of p62 infers disrupted autophagic flux, because p62 acts
as an autophagic substrate. We observed decreased levels of
proteins involved in autophagy and oxidative stress regulation
and increased levels of lipid peroxidation and p62 protein.
These results substantiated by a study, where p62 levels were
increased in association with increased oxidative stress and apoptosis (1, 54). Taken together, these results suggest that BPA
VOLUME 291 • NUMBER 31 • JULY 29, 2016
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FIGURE 8. Effects of BPA on proliferating and differentiating cells undergoing apoptosis in hippocampal NSC cultures. To study the effects of BPA on
proliferating and differentiating cells undergoing apoptosis in hippocampal NSC cultures, TUNEL assay was carried out. BPA exposure for 24 h resulted in
significantly increased number of TUNEL-positive cells co-localized with BrdU and NeuN. Genetic inhibition of Drp-1 using Drp-1 siRNA alleviated BPA-induced
increased co-localization of TUNEL-positive cell with neuronal and proliferation marker. However, when only BrdU and NeuN co-localized cells were counted
after BPA exposure, it was found that BPA treatment further decreased the number of BrdU and NeuN co-localized cell, and the effect was alleviated in the
presence of Drp-1 siRNA. The values are expressed as means ⫾ S.E. (n ⫽ 3 cultures). *, p ⬍ 0.05 versus control; a, versus BPA. Scale bar, 20 m.

neurotoxicity is associated with impaired autophagy and antioxidant levels and increased apoptosis in response to BPA
exposure.
In our earlier studies we observed that BPA inhibits NSC
proliferation and neuronal differentiation and induced neurodegeneration through increased oxidative stress (1–3, 48).
Because NSC proliferation and differentiation largely depend
on energy production from the healthy mitochondria, we studied the effects of oxidative stress and mitochondrial dysfunction on BPA-mediated inhibition of NSC proliferation and differentiation and apoptosis in vitro. BPA significantly increased
apoptosis in hippocampal NSC, which was blocked by inhibition of oxidative stress using an antioxidant NAC. Similarly,
inhibition of oxidative stress mitigated BPA-mediated decrease
in proliferation and the number of ␤-III tubulinⴙ neurons.
Because mitochondrial dynamics and autophagy/mitophagy
are interlinked processes, we next studied the effects of BPA on
mitochondrial dynamics including fusion and fission. Mitochondrial dynamics is a complex process, which maintains
mitochondrial homeostasis through dynamic regulation of
mitochondrial fusion and fission (14 –18). Mitochondrial
JULY 29, 2016 • VOLUME 291 • NUMBER 31

fusion and fission are regulated by family of dynamin-related
proteins (Dnm-1), including fission proteins Drp-1 and Fis-1,
and fusion proteins Opa-1, Mfn-1, and Mfn-2 (14 –19, 21, 22).
Dysregulation in mitochondrial fission leads to excessive mitochondrial fragmentation, whereas impaired fusion causes
uneven mitochondrial elongation (20, 22). Therefore, an optimum balance between fission and fusion is critical not only to
maintain normal shape of mitochondria but also to maintain
mitochondrial functions (18). Any defect in this balance causes
accumulation of defective mitochondria, unable to produce
energy, leading to neurodegeneration as observed in neurodegenerative disorders including Parkinson disease, Huntington
disease, and Alzheimer disease (17, 21, 28 –33).
We observed that BPA exposure led to marked mitochondrial fragmentation in the hippocampal NSC-derived neurons
and in the hippocampus region of the rat brain. Using TEM, it
was observed that BPA exposure increased the number of fragmented mitochondria with cristae depletion and decreased
elongated mitochondria. BPA significantly altered mitochondrial morphology from elongated and tubular to small and
rounded structures. Thus, increases in mitochondrial fragmenJOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 9. Schematic representation of effects of BPA on mitochondrial dynamics. BPA exposure impairs Drp-1-dependent mitochondrial dynamics and
up-regulates apoptosis in the hippocampus region of the rat brain. Drp-1 inhibition leads to reduced NSC proliferation and differentiation.

tation and altered mitochondrial dynamics are associated with
BPA-induced neurotoxicity. Several lines of evidence suggested
that mitochondrial fission plays a crucial role in apoptosis (25,
26).Therefore, increased apoptosis in our study caused by BPA
could be attributed to enhanced accumulation of defective
mitochondria in the cell caused by increased mitochondrial fission. Interestingly, BPA significantly increased the levels of only
Drp-1, with no effects on Fis-1, Mfn-1, Mfn-2, and Opa-1 in
vitro and in the hippocampal tissue, suggesting involvement of
Drp-1 in BPA-induced increase in mitochondrial fragmentation in the brain. Therefore, BPA-mediated Drp-1 up-regulation caused pronounced mitochondrial fragmentation and
their accumulation with altered mitochondrial morphology.
Next, we studied the specific role of Drp-1 in BPA-induced
mitochondrial fragmentation, enhanced mitochondrial fission,
and apoptosis. The activity of Drp-1 regulates mitochondrial
fragmentation, and inhibition of it decreases mitochondrial fission and apoptosis (25–27, 42). Drp-1 is crucially involved in
the induction of mitochondrial fission, apoptotic cell death, and
neurodegeneration (38 – 41, 46) through its translocation from
the cytosol to mitochondria (34, 41, 42). Studies suggested that
autophagy is critically involved in the control of Drp-1 levels
(35). Moreover, treatment with the autophagy inhibitors in the
HEK-293T cells up-regulated the Drp-1 levels, and Atg7 knockdown also increased levels of Drp-1 (35). BPA significantly
enhanced Drp-1 mitochondrial translocation in the hippocampal NSC-derived neurons in vitro and also in the hippocampus.
We found enhanced co-localization of Drp-1 and TOMM20
(mitochondrial protein) in the hippocampus region after BPA
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exposure both during PNDs 21 and 90, suggesting increased
Drp-1 mitochondrial translocation, which was blocked by
Drp-1 siRNA. We found that BPA-mediated apoptosis was significantly blocked by the inhibition of Drp-1 through Drp-1
siRNA and Mdivi-1. Similarly, inhibitory effects of BPA on neuronal differentiation were mitigated by Drp-1 knockdown.
Interestingly, BPA-induced fragmented mitochondria were
alleviated significantly after Drp-1 knockdown in hippocampal
NSC cultures. Further, BPA significantly enhanced ROS generation and reduced mitochondrial membrane potential and ATP
levels, and these negative effects were blocked by Drp-1 inhibition, suggesting that Drp-1 knockdown ameliorates BPA-induced mitochondrial dysfunctions in the hippocampal neurons. These results imply that BPA-mediated enhanced levels
of Drp-1 corroborate with increased apoptosis, mitochondrial
fission, and inhibition of neuronal differentiation in hippocampal NSC. Our findings are substantiated by a study, where
Drp-1 inhibition reduces aberrant mitochondrial fission and
neurotoxicity in neuronal culture (55). Similarly, ethanol, a well
established neurotoxicant also induced mitochondrial fission
through enhanced Drp-1 mitochondrial translocation (56). In
addition, manganese disrupted the mitochondrial network
toward to an exacerbated fragmentation by enhancing the levels of Drp-1 (41, 57). Inhibition of excessive mitochondrial fission reduces aberrant autophagy and prevents neurodegeneration (58). The observed alterations in mitochondrial dynamics
by BPA in the present study could also be explained on the basis
of alterations in the Wnt/␤-catenin pathway (59, 60). In our
earlier studies we found that BPA exposure down-regulated the
VOLUME 291 • NUMBER 31 • JULY 29, 2016
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expression and levels of Wnt proteins (2). We found that BPA
exposure decreases neurogenesis, thereby decreasing NSC proliferation and neuronal differentiation by impairing the Wnt/
␤-catenin pathway (2). The Wnt pathway plays an essential role
during the development, and Wnt components participate as
key players in the development of the central nervous system
(61). Previous evidence suggests that Wnt proteins act as a
potent modulator of mitochondrial dynamics and initiate the
process of mitochondrial fission and fusion in the hippocampal
neurons of rodents (59, 60). Therefore, increased mitochondrial fission by BPA observed in the present study could also be
due to impaired expression and levels of Wnt proteins. Taken
together, results of the present study suggest that Drp-1 is critically involved in BPA-induced impaired autophagy turnover,
oxidative stress, mitochondrial fragmentation, inhibition of
NSC proliferation, and differentiation and apoptosis in the
hippocampus.
In conclusion, in the line of the above discussions, we conclude that BPA-induced neurotoxicity is corroborated with
impaired autophagy and mitochondrial dynamics. BPA-mediated impaired mitochondrial dynamics is associated with inhibition of NSC proliferation and differentiation. Interestingly,
BPA-mediated induction of mitochondrial fragmentation and
impaired mitochondrial dynamics is Drp-1-dependent. Inhibition of Drp-1 reversed the deleterious effects of BPA on mitochondrial dynamics and neuronal differentiation. Thus, Drp-1
is a possible target for mitigation of BPA-mediated neurotoxicity and neurodegeneration. However, the effects of BPA on
impaired mitochondrial dynamics need to be explored in further depth in context with the overall mitochondrial biogenesis
and mitochondrial protein import in the brain.

Experimental Procedures
Materials and Methods—BPA (4,4⬘-(propane-2,2-diyl)
diphenol), EGF, FGF2, BDNF, mitochondrial fission inhibitor,
Mdivi-1, 2⬘,7⬘-dichlorofluorescin diacetate, and mitochondrial
membrane potential kit (JC-1) from Sigma-Aldrich. Primary
antibodies such as anti-mouse Drp-1 (ab56788, lot no.
GR130216 –1), anti-rabbit Opa-1 (ab42364, lot no. GR78795–
6), anti-mouse Mfn-1 (ab57602, lot no. GR169819 –3), and antimouse Mfn-2 (ab56889, lot no. 955856) were obtained from
Abcam. Anti-rabbit neuronal nuclei (NeuN) (Merck Millipore,
ABN78, lot no.2040920), mouse anti-BrdU (Santa Cruz Biotechnology, sc-32323, lot no. H2813), anti-rabbit Fis-1 (Santa
Cruz Biotechnology, sc-98900, lot no. J1512), and anti-mouse
anti-␤-actin (Sigma-A5441, lot no. 123M4887V). Secondary
antibodies such as Alexa Flour 594 goat anti-rabbit IgG, Alexa
Flour 488 anti-mouse IgG, anti-rabbit IgG peroxidase antibody,
anti-mouse IgG peroxidase antibody, MitoTracker, neurobasal
medium, B-27, and N-2 supplement were obtained from Gibco.
siRNA was from Dharmacon, and Cell Titer-Glo Luminescent
cell viability assay kit for ATP measurement was obtained from
Promega.
Animals and BPA Treatment—Wistar rats were obtained
from an animal breeding colony of the Council of Scientific and
Industrial Research-Indian Institute of Toxicology Research.
The rats were kept in a 12-h light/dark cycle with ad libitum
water and pellet diet. The experimental animals were handled
JULY 29, 2016 • VOLUME 291 • NUMBER 31

and experiments with BPA were performed according to the
guidelines of the Council of Scientific and Industrial ResearchIndian Institute of Toxicology Research ethical committee for
animal experiments (ethical approval number IITR/IAEC/28/
13). The animals were divided into the following groups: (i) the
vehicle control group, which received daily single oral gavage of
vehicle (corn oil), once daily from gestational day 6 to PND 21;
(ii) the BPA (40 g) PND 21 group, which received daily single
oral gavage of BPA in corn oil (40 g/kg body weight) daily from
gestational day 6 to PND 21 and adult rats from PNDs 21 to
PND; (iii) the vehicle control group, which received daily single
oral gavage of vehicle (corn oil), once daily from PNDs 21 to 90;
and (iv) the BPA (40 g) PND 90 group, which received daily
single oral gavage of BPA in corn oil (40 g/kg body weight)
daily from PNDs 21 to 90.
The dose of BPA was selected on the basis of our earlier
studies, in which BPA caused neurochemical alterations in the
brain that were associated with impaired neurobehavioral functions in the rats (1–3). We treated pregnant rats from gestational day 6 to PND 21 (during gestational and lactational period; total 37 days), ensuring BPA exposure to the fetus and
offspring, because BPA crosses the placental barrier and also
passes through breast milk. In another group, rats were treated
with BPA during postnatal period from PNDs 21 to 90 (70 days
total). After respective treatments, offspring (PND 21) and
adult rats (PND 90) from both the control and BPA-treated
groups were sacrificed for neurochemical and histochemical
analysis.
Hippocampal NSC Culture—Hippocampus-derived NSC
culture was carried out following our previous studies (2, 3, 62).
Briefly, pregnant Wistar rats were deeply anesthetized with a
mixture of ketamine and xylazine (3:1 ratio) and dissected cautiously to remove the embryos at embryonic day 12. The hippocampal region was further microdissected from these
embryos. Hippocampal tissues were collected in sterile Hanks’
balanced salt solution and passed through syringes thrice.
These tiny tissue pieces were then transferred to tubes containing 0.05% trypsin/EDTA at 37 °C for 30 min followed by addition of 0.5 mg/ml soybean trypsin inhibitor and then mild trituration and centrifugation. The cells were resuspended in
proliferation medium containing neurobasal medium, 2 mM
L-glutamine, 1% antibiotic antimycotic, 2% B-27, 1% N-2 supplement, and 20 ng/ml each of EGF and FGF2. Cell-containing
flasks were placed in CO2 incubator at 37 °C, where neurosphere formation started after 4 –5 days of culture.
BPA Treatment and Neurosphere Growth Kinetics Assay—To
study the effects of BPA on multipotent NSC proliferation and
neurosphere formation, the neurosphere growth kinetics assay
was performed as described in our previous studies (2, 62).
Briefly, hippocampal single-cell suspension was plated in a
12-well plate at a density of 5 ⫻ 104 cells/well in neurobasal
medium containing B-27, N-2 supplement, basic FGF, and
EGF. After 5 days, neurosphere cultures containing multipotent NSC were treated with non-cytotoxic concentration of
BPA (100 M) dissolved in DMSO for 24 h in the presence of
basic FGF and EGF. The non-cytotoxic concentration of BPA
was determined by trypan blue and PI uptake analysis. Next, the
effects of antioxidant NAC (10 mM) on the number of neuroJOURNAL OF BIOLOGICAL CHEMISTRY
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spheres in BPA-treated NSC cultures were studied. The number of neurospheres was analyzed in all the groups using a
Nikon Eclipse Ti-S inverted fluorescent microscope attached
with Nikon CCD camera and NIS Elements BR imaging software (Nikon, Japan).
BrdU Incorporation Assay for NSC Proliferation Analysis—
To see the effects of BPA on NSC proliferation, neurospheres
were triturated to make single cell suspension of NSCs, because
neurospheres are clusters of thousands of multipotent NSC. In
brief, 1 ⫻ 105 cells were plated in chamber slides containing
proliferation medium and treated with BPA for 24 h followed by
NAC (10 mM) for 30 min. After respective treatments, cells
were treated with BrdU (25 M) for 4 h followed by fixation in
4% paraformaldehyde. The cells were treated with 1 N HCl for
10 min at 37 °C, followed by neutralization with borate buffer
for 5 min at room temperature. Nonspecific binding sites were
blocked using blocking buffer (0.1% Tween 20 and 3% BSA in
PBS) followed by overnight incubation of cells in primary antiBrdU antibody (1:250). After three washings, the cells were
incubated in Alexa 488-conjugated secondary antibody for 2 h
at room temperature and counterstained with nuclear stain
DAPI. Immunofluorescence BrdU-positive cells were observed
in inverted fluorescent microscope. The unbiased quantification of BrdU-positive cells was carried out in 10 microscopic
fields using Nikon Eclipse Ti-S inverted fluorescent microscope
attached with Nikon CCD camera and NIS Elements BR imaging software (Nikon, Japan).
Neural Stem Cells Derived Neuron Culture/Neuronal
Differentiation—Hippocampal NSC cultures were differentiated into neurons following slightly modified protocol (63, 64).
Hippocampal NSC were plated in poly-L-lysine-coated 6-well
plates and chamber slides in neuronal differentiation medium
containing 1% N-2, 2% B-27, 20 ng/ml FGF2, and 100 ng/ml
BDNF. Further, the cells were grown with these factors for 14
days by the continuous replenishment of media at every second
day. After 14 days the cells were processed for immunocytochemical localization of neuronal marker ␤-III tubulin. We
found ⬃90% of cell population was ␤-III tubulin-positive neurons after differentiation. Neuronal cells grown in flasks were
treated with non-cytotoxic concentration of BPA (100 M) for
24 h. To study the levels of mitochondrial dynamin-related proteins, neuronal cells were grown in the presence of BPA (100
M) for 24 h. Further, in other groups the neuronal cells were
treated/transfected in the presence/absence of pharmacological inhibitor of Drp-1 i.e. Mdivi-1 (25 M), and Drp-1 siRNA (25
nM), respectively. After respective treatments, the cells were
analyzed for mitochondrial dynamics (mitochondrial shape,
morphology, and protein levels) by immunofluorescence studies, flow cytometry, and Western blotting.
Flow Cytometry for Cell Viability—The viability of hippocampal NSC-derived neurons was studied by flow cytometry
using PI staining as described earlier (1, 65, 66). After respective
treatment with Mdivi-1 and transfection with Drp-1 siRNA in
the presence and absence of BPA, the cells were pelleted. After
resuspension in PBS, the cells were incubated with 500 l of PI
(1 g/l) for 30 min on ice in the dark. In each experiment,
minimum 10,000 cells were counted for PI-positive cells using
BD FACScanto II flow cytometer attached with BD FACS Diva
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software (Becton-Dickinson).The results are expressed as percentages of control.
Mitochondrial Membrane Potential Assessment—The mitochondrial membrane potential of neuronal cells after various
treatments was assessed using JC-1 kit following the manufacturer’s instructions.
siRNA Transfection in Hippocampal NSC—Rat fetal hippocampal NSCs were transiently transfected with Drp-1 siRNA
(25 nM) and scramble siRNA using a Neon Transfection Device
as per the manufacturer’s instructions. Briefly, 2.5 ⫻ 105 cells
were plated in a 6-well plate. The cells diluted in 500 l of
neuronal medium were transfected with 25 nM of siRNA into a
sterile 1.5-ml microcentrifuge tube, followed by gentle mixing.
For transfection, we used a pulse voltage of 1500 V, a pulse
width of 10 ms, and three pulses. Lastly, to determine the transfection efficiency, we performed immunoblotting and identified knockdown levels using densitometry analysis 24 h posttransfection. We found ⬃70% knockdown of Drp-1 protein
levels. Further, immunocytochemical visualization of Drp-1 in
the cells was done in a Nikon Eclipse Ti-S inverted fluorescent
microscope attached with Nikon Digital Sight Ds-Ri1 CCD
camera with NIS Elements BR imaging software.
Oxidative Stress and MDA Levels—ROS and lipid peroxidation in neuronal cells were assessed using 2⬘,7⬘-dichlorofluorescin diacetate and MDA kit, respectively. Briefly, 10,000 neuronal cells/well in 96-well plates were treated with 100 M BPA
for 12 h and incubated with dichloro-dihydro-fluorescein
diacetate (DCFH-DA) (10 M) for 30 min at 37 °C. Fluorescence intensity was studied at excitation/emission wavelengths
of 485/530 nm, respectively, using a spectrofluorometer. Further, lipid peroxidation was assessed in terms of MDA levels
using lipid peroxidation assay kit as per the manufacturer’s
instructions.
Gene Expression Analysis by Quantitative RT-PCR—To
study the expression of genes involved in autophagy and mitochondrial dynamics, quantitative RT-PCR analysis was carried
out following our earlier published studies (1, 67). The relative
expression was calculated using the ⌬⌬Ct method.
Immunoblot Protein Level Analysis—Hippocampal tissue/
cells were lysed with cell lytic MT mammalian tissue lysis/extraction reagent. The membranes were blocked with western
blocker solution (Sigma-Aldrich). The blots were incubated
overnight with primary antibodies LC3B (1:1000), Lamp-2
(1:1000), p62 (1:1000), cleaved caspase-3 (1:1000), catalase
(1:500), superoxide dismutase (1:500), Drp-1 (1:1000), Fis-1
(1:500), Mfn-1 (1:1000), Mfn-2 (1:10,000), Opa-1 (1:1000), and
␤-actin (1:10,000). Densitometry analysis of the protein bands
was carried out using Scion Image for Windows (National Institutes of Health).
Immunofluorescence Study—After respective treatments,
rats were deeply anesthetized with ketamine and xylazine mixture and perfused with normal saline followed by 4% paraformaldehyde. The brains were removed and postfixed in 4% paraformaldehyde for 24 h and then transferred to gradient of
sucrose (10, 20, and 30% in PBS). 30-m thin serial coronal
sections covering the entire hippocampus were cut using a
freezing microtome (Slee Mainz Co.). Sections were kept for 2 h
in blocking buffer containing 3% normal goat serum (NGS),
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0.5% BSA, and 0.1% Triton X-100. Sections were then incubated for 24 h with primary antibodies Drp-1 (1:500) and
TOMM20 (1:500) at 4 °C followed by incubation in Alexa Fluor
594- or 488-linked secondary antibodies (1:200) for 2 h at room
temperature. The slides were analyzed under a Nikon Eclipse
Ti-S inverted fluorescent microscope.
The quantification of co-localized cells in the hippocampus
region was carried out following our earlier studies (1–3, 62,
68). In brief, unbiased stereological methods were applied,
where a person blind to the experimental groups carried out cell
quantification on coded slides. Labeled cells were counted in
every sixth section in one in six series, with a total of six sections
per rat analyzed. The region of interest (hippocampus) was
identified at 10⫻, whereas the cells were quantified at 600⫻.
The data were expressed as the percentage of Drp-1 and
TOMM20 co-localization.
Immunocytochemistry—To evaluate the effects of BPA on
NSC proliferation and differentiation, immunocytochemistry
was performed. In brief, NSCs were plated in chamber slides,
and siRNA-mediated Drp-1 knockdown was done followed by
BPA treatment. The cells were then fixed with 4% paraformaldehyde for 30 min, washed, and incubated in blocking buffer
(2% BSA and 0.1% Tween 20) for 1 h at room temperature.
Further, the cells were incubated overnight at 4 °C with primary
antibodies rabbit ␤-tubulin III (1:250), mouse anti-BrdU
(1:200), mouse anti-TOMM20 (1:400), and rabbit anti Drp-1
(1:250). The cells were then incubated with Alexa Fluor 594- or
488-conjugated secondary antibodies. The cells were mounted
in DAPI-containing antifade mounting medium. Fluorescent
images were acquired using an inverted fluorescent microscope. The quantification of proliferating and differentiating
cells was carried out following our previously published studies
(2, 3, 62, 68). Co-localization of Drp-1 and TOMM20, in terms
of % Drp-1 mitochondrial translocation was quantified using
ImageJ (National Institutes of Health) employing the JACoP
plugin (1, 69). Mander’s co-localization coefficient (M) showing
the percentage of Drp-1 and TOMM20 co-localization (M ⫽ 1
regarded as perfect correlation) was obtained from the data
from at least three independent experiments.
TUNEL Assay—The in vitro detection of apoptosis in hippocampal NSC cultures was carried out with the cell death
detection fluorescein kit (Roche Applied Science) as per the
manufacturer’s protocol and visualized under a fluorescence
microscope. Briefly, the hippocampal NSC were plated in
chamber slide and treated with Drp-1 siRNA followed by BPA
treatment at 100 M concentration for 24 h and kept at 37 °C
inside CO2 incubator. The TUNEL/BrdU/NeuN-positive cells
were counted in 10 randomly selected microscopic fields.
Mitochondrial Morphology—The effects of different concentrations of BPA (25, 50, and 100 M) at different time intervals
(0, 6, 12, and 24 h) on mitochondrial morphology were studied
using fluorescence microscopy based localization of MitoTracker Green and Red dyes. The quantification of elongated
and round shaped mitochondria was done using National Institutes of Health ImageJ software as described earlier (70).
ATP Measurement Assay—ATP levels were assessed using an
ATP determination kit (Promega) following the manufacturer’s
instructions. In brief, 1 ⫻ 106 neuronal cells were plated, reacJULY 29, 2016 • VOLUME 291 • NUMBER 31

tion buffer containing the substrate and luciferin was added and
mixed, and luminescence was measured by microplate reader.
The ATP levels in the samples were calculated using an ATP
standard curve, and the results are expressed as ATP levels
percentage of control.
TEM Analysis—To study the effects of BPA on mitochondrial dynamics including mitochondrial fusion, fission, and
fragmentation ultrastructural analysis of mitochondria was
carried out by TEM in the neurons of the hippocampus region
(including dentate gyrus and CA regions) of the rat brain following method as described earlier (62). Mitochondrial fragmentation in the hippocampus was quantified, where minimum of 50 cells from 6 animals were evaluated.
Statistical Analysis—We carried out statistical analysis using
GraphPad InStat statistical analysis software (San Diego, CA).
The mean significant difference (p ⬍ 0.05) among various
experimental groups was calculated using one-way analysis of
variance and Tukey-Kramer post hoc test.
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