
Exposure to bisphenol A induces dysfunction of
insulin secretion and apoptosis through the damage of
mitochondria in rat insulinoma (INS-1) cells
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Bisphenol A (BPA) is widely used in plastic products, through which humans are exposed to it. Accumulating evidence suggests

that BPA exposure is associated with b-cell dysfunction. Mitochondrial defects can cause impairment and failure of b cells, but

there is little information about the effects of BPA on the mitochondrial function of b cells. In this study, we assessed the role of

mitochondria-mediated mechanisms underlying BPA-induced b-cell dysfunction and resulting b-cell apoptosis. INS-1 cells were

cultured with 0, 0.0020, 0.020, 0.20, or 2.0 lM BPA. Cell viability, glucose-stimulated insulin secretion (GSIS), and mitochondrial

function were examined. The mitochondrial apoptotic pathway was also analyzed at molecular level. We found that BPA

suppressed cell viability and disturbed GSIS in a dose-dependent manner. Positive Annexin- propidium iodide (PI) staining and

altered expression of Bcl-2 family members and caspases in INS-1 cells indicated that the cells progressively became apoptotic

after BPA exposure. Additionally, BPA-induced apoptosis was associated with mitochondrial defects in b cells, as evidenced by

depletion of ATP, release of cytochrome c, loss of mitochondrial mass and membrane potential, and alterations in expression of

genes involved in mitochondrial function and metabolism. Taken together, these findings provide strong evidence that BPA

triggers INS-1 cells dysfunction and apoptosis may be meditated via the mitochondrial pathway.
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Bisphenol A (BPA) is an environmental endocrine disruptor

extensively used in the manufacture of food and beverage

containers, cigarette filters, thermal (carbonless) receipts,

and paper currency.1 The human population is continuously

and inevitably exposed to BPA from multiple sources, and

92.6% of the population aged six and older in the United

States have detectable levels of BPA in their urine and

blood.2,3 Recently, the potential effects of BPA exposure on

the risk of type 2 diabetes and insulin resistance have been of

great interest.4,5 Epidemiological studies using data from the

2003–2004 National Health and Nutrition Examination Survey

(NHANES) first reported a positive association between

increased levels of urinary BPA and diabetes diagnosis.4

However, follow-up analysis of the NHANES 2005–2008

report showed an inconsistent association between the

prevalence of type 2 diabetes and the concentration of BPA

in urine.6,7 Interestingly, when all three NHANES studies were

combined and analyzed together, urinary BPA levels were

significantly associated with diabetes mellitus independent of

traditional risk factors.7,8 In China, a community-based

investigation conducted between 2008 and 2009 indicated

an association between the highest urinary levels of BPA and

diabetes but no clear association between diabetes and the

presence of BPA in the urine at lower levels.9 Therefore, more

longitudinal and long-term prospective studies are urgently

needed to further investigate whether there is a true

association between BPA exposure and type 2 diabetes.

Although the role of BPA as a risk factor for diabetes

mellitus remains controversial, accumulating studies in

animals and in cellular models demonstrate the physiological

plausibility of BPA’s adverse effect on b-cell function and the

whole body glucose homeostasis. As just one example,

administration of 100mg/kg/day BPA for 8 days in adult mice

led to insulin resistance.10 Moreover, significantly increased

glucose-stimulated insulin secretion (GSIS) and insulin

content were detected in pancreatic b cells of male mice

exposed to 100mg/kg/day BPA for 4 days, implying that BPA

directly affected b-cell function in addition to affecting

peripheral tissue. Indeed, several published studies confirm

that pancreatic b cells are a target of BPA. For instance,

glucose-induced Ca2þ signals were potentiated, and the

transcription factor CREB was activated in freshly isolated

islets treated with a low dose of BPA.11,12 Increased insulin

content and release, as well as changes in Insulin gene

transcription, had also been demonstrated in an ERa-

dependent manner in BPA-treated isolated islets.13 In a more

recent study, this group further highlighted the impact of BPA

on b cells, indicating that BPA induced a rapid reduction in

KATP channel activity and induced insulinotropic effects in

mice and human islets through nuclear ERb.14 All of these
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data confirmed that BPA could regulate insulin biosynthesis

and secretion in b cells via nuclear ER, but other molecular

and cellular pathways involved in BPA-induced b-cell toxicity

must be further elucidated.

One of the key organelles in pancreatic b cells is the

mitochondrion, which plays a central role in the generation of

ATP and other factors linking glucose metabolism to insulin

secretion.15–17 In a previous study, mitochondrial damage

was observed in b cells at weaning in Wistar rat offspring

exposed perinatally to 50 mg/kg/day of BPA. Furthermore, the

early mitochondrial defects observed in BPA-exposed off-

spring worsened with age, causing progressive loss of

pancreatic islet function, development of insulin resistance,

and pre-diabetes later in life, even though BPA exposure was

discontinued at weaning.18 In the case of isolated rat islets,

BPA exposure also induced remarkable swelling of the

mitochondria with loss of distinct crista structure, and these

changes were accompanied by decreases in ATP and the

mitochondrial respiratory enzyme COX IV.19 These findings

suggest that BPA-induced mitochondrial defects may play a

critical role in the pathology of glucometabolic disorders.

Considering that a large amount of cellular material from

b cells was factored into biochemical determinations, the

present study used a rat insulinoma (INS-1) cell model20 to

explore the hypothesis that exposure of b cells to BPA leads to

mitochondrial dysfunction, subsequently attenuates insulin

secretion, and ultimately triggers apoptosis.

Results

BPA decreases cell viability in INS-1 cells. INS-1 cells

exposed to 0.0020 or 0.020 mM BPA for 12 h did not exhibit

any significant change in cell viability, whereas at higher

concentrations (0.20 or 2.0mM), cell viability was significantly

decreased to 85.1 or 55.1% of that observed in control cells,

respectively (Figure 1a). When the incubation time was

extended to 24 h, 0.020, 0.20, or 2.0 mM BPA significantly

reduced the viability of INS-1 cells to 83.4, 69.3, or 47.1% of

that observed in unstimulated control cells, respectively. A

further decrease in cell viability was observed after 48 h of

BPA incubation at all concentrations.

BPA impairs GSIS and alters genes expression of

components of classic GSIS pathway in INS-1 cells. As

shown in Figure 1b, insulin secretion in response to glucose

in INS-1 cells differed between cells treated with low and high

levels of BPA. Incubating cells for 48 h with 0.0020mM BPA

did not significantly affect basal insulin release (5.6mM

glucose); whereas the secretion response evoked by

16.7mM glucose was significantly elevated in BPA-exposed

cells. Compared with untreated control cells, cells exposed to

0.020 mM BPA displayed a 122% increase in basal insulin

release but exhibited a slight inhibition of the secretory

response to 16.7mM glucose. In contrast to the increased

GSIS, basal insulin secretion tended to be abrogated in cells

exposed to 2.0mM BPA. Cells exposed to either 0.20 or

2.0mM BPA secreted markedly less insulin when cultured in

16.7mM glucose than did untreated control cells. Consistent

with GSIS, the amount of insulin mRNA was found to be

slightly increased in cells exposed to 0.0020mM BPA,

whereas it was significantly decreased in the cells exposed

to 0.020, 0.20, or 2.0mM BPA when compared with controls

(Figure 1c). This effect was further confirmed at the protein

level by western blot analysis. Treatment of cells with 0.020,

0.20, or 2.0 mM BPA induced progressive decreases in the

insulin protein level (Figure 1c).

Next, real-time RT-PCR was used to evaluate the mRNA

levels of genes involved in the classic GSIS pathway. Figure

1d and e show that the amounts of mRNA of themajor glucose

transporter Glut2 and the metabolic enzyme Gck were not

affected by 0.0020 or 0.020 mM BPA in INS-1 cells, but they

were significantly reduced after exposure to 0.20 or 2.0mM

BPA. Treatment with 0.0020mM BPA increased the mRNA

levels of Kir6.2 and Sur, but they were significantly decreased

when the cells were incubated with 0.020, 0.20, or 2.0mMBPA

(Figure 1f and g).

BPA induces mitochondrial dysfunction in INS-1 cells.

Because the mitochondrion is one of the most important

organelles for b-cell function and survival, its morphology,

mass, membrane potential (Dcm), and ATP generation were

measured to evaluate the effects of BPA on mitochondrial

function. As shown in Figure 2a, mitochondria were abundant

and appeared interconnected in a network throughout the

cytoplasm in untreated control cells. That network gradually

became fragmented and less organized in cells exposed to

BPA, as characterized by dispersed staining. As the signal

from MitoTracker Green (MTG) also reflected changes in

mitochondrial mass, its fluorescence density was measured.

Figure 2b revealed that the average density of MTG in BPA-

exposed cells was decreased in a dose-dependent manner

compared with that measured in controls. Consistent with

these findings, cellular ATP levels were reduced to 49.0, 40.3

or 17.3% of that detected in untreated control cells after

incubation 0.020, 0.20, or 2.0mM BPA, respectively. No

difference in ATP production was observed between cells

treated with 0.0020mM BPA and unexposed control cells

(Figure 2c). Further, the fluorescent mitochondrial probe

JC-1 was used to measure mitochondrial Dcm, which is

essential for ATP formation and is a marker of mitochondrial

membrane integrity. Apoptotic or unhealthy cells with

collapsed mitochondria contain mainly green JC-1 mono-

mers rather than red JC-1 clusters. After cells were treated

with 0.20 or 2.0mM BPA, a shift of fluorescence from red to

green was observed (Figure 2d), indicating that mitochon-

drial depolarization was induced by BPA (0.20 and 2.0mM) in

INS-1 cells.

The expression of genes involved in mitochondrial function

and metabolism was also evaluated. Figure 3 showed that

treatment of INS-1 cells with 0.20 or 2.0 mM BPA for 48 h

decreased the expression of Tfam, a gene providing a

molecular basis for the connection between environmental

stimuli and mitochondrial biogenesis and respiration. No

difference was detected in the expression levels of the

mtDNA-encoded gene Nd4l between BPA-exposed and

control cells (Figure 3). The expression of Atp6, a subunit of

the mitochondrial pump ATP synthase, was significantly

downregulated in cells exposed to 0.020, 0.20, or 2.0mM

BPA when compared with untreated control cells (Figure 3).
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Citrate synthase, one of the genes involved in the TCA cycle,

was also dramatically suppressed in INS-1 cells after

exposure to 0.020, 0.20, or 2.0 mM BPA (Figure 3). Addition-

ally, the expression of Ucp2 was increased, and the

expression of Ogdh was suppressed in INS-1 cells in a

dose-dependent manner after 48 h BPA treatment (Figure 3).

BPA at higher concentrations triggers apoptosis and the

release of apoptogenic factors in INS-1 cells. To examine

whether BPA caused cell apoptosis, INS-1 cells were stained

with Annexin V-PI and analyzed by flow cytometry. Figure 4

showed that exposure to BPA for 48 h resulted in a dose-

dependent increase in the proportion of early apoptotic and

apoptotic cells compared with controls. Moreover, the

mitochondrial and cytosolic fractions were prepared from

INS-1 cells to investigate whether the release of cytochrome

c was involved in the apoptotic process induced by BPA. As

shown in Figure 5, protein expression of cytochrome c was

reduced with increasing BPA concentrations in isolated

mitochondria. Likewise, cytochrome c was significantly

elevated in the cytosolic fractions in INS-1 cells exposed to

0.020, 0.20, or 2.0mM BPA for 48 h. BPA promoted the

translocation of cytochrome c from the mitochondria into the

cytosol in INS-1 cells.

BPA triggers apoptosis through the intrinsic

mitochondrial pathway. To further determine whether the

mitochondrial pathway mediated BPA-induced apoptosis, the

expressions of Bcl-2 family members, Apaf-1, and caspases

were evaluated. As shown in Figure 6a, BPA significantly

Figure 1 BPA decreases cell viability and disrupts GSIS. (a) Cell viability as determined by MTT assay. INS-1 cells were cultured in the presence or absence of BPA
(0.0020–2.0 mM) for 12, 24, or 48 h. The data are expressed as percentages of untreated control cells. (b) Insulin secretion triggered by glucose after 48 h BPA exposure. The
levels of secreted insulin were normalized to protein content. (c) Relative mRNA and protein expression of insulin in INS-1 cells exposed to BPA for 48 h. (d–g) Expression of
genes involved in the GSIS pathway. The results are expressed as the mean±S.E.M. of 3–6 replicates from three independent experiments. *Po0.05; **Po0.01;
***Po0.001 compared with untreated control cells
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increased the expression of the pro-apoptotic protein Bax

and moderately decreased the expression of the anti-

apoptotic protein Bcl-2 in dose-dependent manners. Addi-

tionally, markedly increased levels of Apaf-1 and the 17-kDa

cleaved form of caspase-9 were observed in cells treated

with 0.020, 0.20, or 2.0 mM BPA. There was no change in the

expression of the 40-kDa form of cleaved caspase-9

(Figure 6b). Both the 17-kDa and the 19-kDa form of cleaved

caspase-3 displayed marked dose-dependent increases in

BPA-exposed cells compared with controls (Figure 6b).

Discussion

BPA is a ubiquitous environmental pollutant that is reported to

be associatedwith an increased incidence of diabetesmellitus

and increased damage to b-cell function. In this study, we

Figure 2 BPA triggers mitochondrial dysfunction. INS-1 cells were cultured in the presence or absence of BPA (0.0020–2.0mM) for 48 h. (a) Representative images
of mitochondria in cells stained with MitoTracker Green at 200� magnification. (b) Quantitative results of (a). The data are expressed as a percentage of the MitoTracker
Green staining in untreated control cells. (c) Intracellular ATP content normalized to protein content. (d) Mitochondrial Dcm measured by the JC-1 probe. The
dot-plot representation of the flow cytometry analysis shows the distribution of JC-1 aggregates (cells emitting red fluorescence in the FLI-2 channel) and JC-1
monomers (cells emitting green JC-1 detected in the FLI-1 channel). The bar graphs show the percentage of JC-1 aggregate-positive and JC-1 monomer-positive
cells. The results are expressed as the mean±S.E.M. of 2–3 replicates from three independent experiments. *Po0.05; **Po0.01; ***Po0.001 compared with untreated
control cells
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reported that exposure to BPA (0.020–2.0 mM) decreased rat

insulinoma (INS-1) cells’ viability, disrupted cell function, and,

furthermore, increased cell apoptosis in a dose-dependent

manner. More importantly, we found that BPA triggered

apoptotic signaling in INS-1 cells via a mitochondria-mediated

pathway (Figure 7), as shown bymitochondrial fragmentation,

the reduction of mitochondrial mass and Dc, the depletion of

ATP, the release of cytochrome c from the mitochondria into

the cytosol, and the activation of caspases. Despite the fact

that the concentration required for these effects was higher

than environmentally relevant levels (1 nM) and the mean

serum or urine concentrations reported in bio-monitoring

studies, it was still within the reported ranges for some

populations, such as factory workers exposed to higher levels

Figure 3 BPA alters the mRNA expression of genes involved in mitochondrial function and metabolism. INS-1 cells were cultured in the presence or absence of BPA
(0.0020–2.0 mM) for 48 h. The results are expressed as the mean±S.E.M. of duplicates from three independent experiments. *Po0.05; **Po0.01; ***Po0.001 compared
with untreated control cells

Figure 4 BPA induces dose-dependent apoptosis. INS-1 cells were cultured in the presence or absence of BPA (0.0020–2.0mM) for 48 h. The cells in the bottom right
quadrant (FITCþ and PI� ) and the upper right quadrant (FITCþ and PIþ ) represent early apoptotic and apoptotic cells, respectively. All data are presented as the
mean±S.E.M. of three independent experiments. **Po0.01; ***Po0.001 compared with untreated control cells
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of BPA.21–23 Moreover, the dose chosen in this study can be

considered a ‘low dose’ because estimates of circulating

levels of BPA at the LOAEL define an equivalent low-dose

concentration aso2.19� 10� 7M in vitro culture studies.24,25

In this study, the effects of BPA on cell viability were first

determined by the MTT assay, which showed that BPA

significantly reduced INS-1 cell viability in a dose- and time-

dependent manner. We next examined GSIS and found that

Figure 5 BPA induces the release of cytochrome c from the mitochondria to the cytosol. INS-1 cells were cultured in the presence or absence of BPA (0.0020–2.0mM) for
48 h. (a) Representative western blot for protein expression of cytochrome c in mitochondria. VDAC served as a loading control. (b) Representative western blot for protein
expression of cytochrome c in the cytosol. GAPDH served as a loading control. All data are presented as the mean±S.E.M. of duplicates from three independent
experiments. **Po0.01; ***Po0.001 compared with untreated control cells

Figure 6 BPA triggers apoptosis through a caspase-dependent mitochondrial pathway. INS-1 cells were cultured in the presence or absence of BPA (0.0020–2.0mM) for
48 h. (a) Western blot analysis of Bax and Bcl-2 expression in cell lysates. (b) Western blot analysis of Apaf-1, cleaved caspase-9, and cleaved caspase-3 in cell lysates. All
protein expression levels were normalized relative to a b-actin loading control. The data are presented as the mean±S.E.M. of duplicates from three independent
experiments. *Po0.05; **Po0.01; ***Po0.001 compared with untreated control cells
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cells exposed to 0.20 or 2.0mM BPA exhibited a significantly

diminished ability to secrete insulin in response to glucose

stimulation, even though insulin secretion was slightly

increased after exposure to 0.0020 or 0.020 mM BPA. The

reactive insulin stimulatory effects induced by exposure to

lower doses of BPA could be considered cellular adaptive

responses to BPA stimulus. However, INS-1 cells were

unable to compensate for higher levels of BPA, resulting in

significant declines in GSIS as well as decreased mRNA and

protein expression of insulin. These observations are in

agreement with a prior report that environmentally relevant

doses of BPA (1 nM) could stimulate GSIS in human and

mouse islets14 and are highly consistent with a recent study

showing that short-term exposure (24 h) to 0.11 or 1.1mMBPA

reduced insulin secretion and insulin content in isolated rat

islets.19 A nonlinear dose–response relationship may exist

between BPA and the impairment of GSIS, but this remains to

be elucidated in our future research.

In b cells, glucose is transported by Glut2, phosphorylated

by Gck, and converted to pyruvate by glycolysis. In the

mitochondria, pyruvate enters the TCA cycle and activates

ATP formation, which promotes the closure of ATP-sensitive

K (KATP) channels and the depolarization of the plasma

membrane and stimulates insulin secretion.26,27 Impaired

GSIS can bemediated by reduced glucose sensing, disrupted

mitochondrial metabolism, or a combination of both. In this

study, we did not find evidence that exposure to lower

concentrations of BPA (0.0020 or 0.020 mM) altered the

expression of Glut2 and Gck in INS-1 cells, despite the fact

that treatment with 0.20 or 2.0mM BPA downregulated both

genes at the mRNA level. Thus, it was not clear whether BPA

impaired GSIS mainly through regulating the rate of glucose

uptake and glycolysis. The downregulation of Gck and Glut2

in INS-1 cells treated with the highest concentrations (0.20 or

2.0 mM) of BPA was most likely a consequence rather than a

cause of the impaired GSIS observed in BPA-exposed cells.

On the other hand, treatment with 0.0020mMBPAmoderately

increased the expression of the KATP channel subunits Kir6.2

and Sur, which may account, at least in part, for the elevated

insulin secretion observed in INS-1 cells exposed to BPA at

this concentration. Conversely, the expression levels of these

two genes were suppressed in INS-1 cells after incubation

with as little as 0.020 mM BPA, and this effect was

accompanied by a significant depletion of ATP. Because it

has been estimated that 98% of the ATP in b cells is produced

by mitochondrial oxidative metabolism,28 we hypothesized

that BPA-induced mitochondrial damage might play a critical

role in the development of b-cell dysfunction.

Indeed, a recent study indicated that Wistar rat offspring

perinatally exposed to 50 mg/kg/day BPA present profound

mitochondrial structural defects in b cells that precede any

observable alterations in glucose homeostasis.18 Moreover,

exposure of isolated rat islets to 0.11 mM BPA has also been

reported to cause mitochondrial swelling, to alter the expres-

sion of typical mitochondrial genes, to decrease the activity of

the mitochondrial respiratory enzyme COX IV, and to reduce

ATP content.19 In line with these results, we found that several

key events involved in the regulation of mitochondrial function

and metabolism were damaged by BPA in INS-1 cells. MTG

fluorescence showed that BPA destroyed mitochondrial

structural integrity and decreased mitochondrial mass in a

dose-dependent manner in INS-1 cells. These profound

structural defects were accompanied by changes in the

regulation of genes that are central to mitochondrial function

and energetic metabolism. For example, the expression of

Atp6 (subunit 6 of the mitochondrial ATP synthase) and

Citrate synthase (one of the genes coding for enzymes

involved in rate-limiting steps of the TCA cycle) was

significantly decreased in cells exposed to 0.020–2.0 mM

BPA, partly explaining the decrease in the capacity of the

mitochondria to generate ATP after BPA treatment. Mean-

while, downregulation ofOgdh and upregulation ofUcp2were

observed in BPA-exposed cells.Ogdh encodes a rate-limiting

enzyme in the mitochondrial TCA cycle, and Ucp2 has been

reported to negatively regulate the sensitivity of insulin

secretion to glucose stimulation and the metabolic efficiency

of mitochondrial ATP production in b cells.29–31 Observed

changes in the expression of these genes are therefore likely

to contribute to the BPA-induced defects in ATP production

and GSIS. Tfam encodes a mitochondrial transcription factor

that provides a molecular basis for the connection between

environmental stimuli and mitochondrial biogenesis.32 The

reduction in the expression of Tfam observed in BPA-exposed

cells thus further underlined a negative effect of BPA on

mitochondrial function.

One potential consequence of mitochondrial dysfunction is

the increase in apoptosis. It has been well documented that

BPA can trigger apoptosis in various cells and tissues through

Figure 7 A proposed signaling pathway for BPA-induced b-cell dysfunction and
apoptosis. Mitochondrial damage is triggered by BPA that either directly damages
the mitochondria or alters the levels of pro- and anti-apoptotic Bcl-2 family proteins.
On the one hand, BPA damages the mitochondrial electron respiratory chain
complexes, resulting in the depletion of ATP and the impairment of GSIS in b cells.
On the other hand, damaged mitochondria release cytochrome c to the cytosol.
Cytochrome c consequently triggers the formation of apoptosomes, the activation of
caspases, and finally, the execution of apoptosis in b cells. Arrows in the figure
represent stimulative effects, and T lines represent inhibitory effects
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mitochondrial signaling pathways.24,33 For instance,

pubertal BPA exposure resulted in germ cell apoptosis in

the testes through not only the Fas/FasL signaling

pathway but also the mitochondrial apoptotic pathway.34 A

low dose of BPA was also reported to induce apoptosis in

cultured ovarian granulosa cells through the regulation

of Bcl-2 family proteins.35 In the present study, we found that

BPA exposure caused apoptosis in INS-1 cells via activation

of the mitochondrial apoptotic pathway, that is, the Bcl-2

family and caspases. The Bcl-2 family, including pro-apoptotic

and anti-apoptotic members, has been reported to be a

central regulator in the mitochondria-dependent apoptotic

pathway. Bax is a typical pro-apoptotic protein that can

induce mitochondrial membrane permeability and promote

cell death by releasing apoptogenic factors from the

mitochondria. In contrast, Bcl-2 is an anti-apoptotic protein

that can maintain the integrity of the mitochondrial outer

membrane.36,37 In the current study, we found that BPA

induced the upregulation of Bax expression and the

downregulation of Bcl-2 expression, leading to altered

mitochondrial membrane permeability, reduced Dc, the

release of mitochondrial cytochrome c to the cytosol and

the subsequent activation of caspases (Figure 7). The

caspase family is a class of cysteine proteases. After being

processed into their active forms in cells undergoing

apoptosis, caspases play a crucial role in the transduction of

apoptotic signals.38 Relevant caspases include the initiator

caspases (caspases-8, -9, and -10) and the effector caspases

(caspases-3, -6, and -7). When INS-1 cells received BPA

stimulus, the cells were responsive to Apaf-1 activation in a

dose-dependent fashion. Apaf-1 interacts with cytochrome c

in the cytoplasm to form an apoptosome complex, which in

turn activates the caspases that are responsible for the

execution of cell death.39 Consistent with this hypothesis,

BPA triggered the activation of pro-caspase-9, as evidenced

by a significant increase in the expression of cleaved

(active) caspase-9 in INS-1 cells. Activated caspase-9

remained with the apoptosome as a holoenzyme to maintain

its catalytic activity and activated caspase-3, one of the

effector caspases involved in the execution of the majority

of cellular apoptotic events.39,40 All of these findings indicated

that the mitochondria-mediated apoptotic signaling pathway

was involved in the apoptotic process triggered by BPA

in INS-1 cells.

In summary, data from the current study overwhelmingly

indicate that BPA affects the viability and function of normal

b cells and accelerates the rate of apoptosis in INS-1 cells in a

dose-dependent manner. Importantly, we suggest that mito-

chondrial defects and mitochondria-dependent apoptotic

signals play vital roles in BPA-induced apoptosis in INS-1

cells (Figure 7). BPA is an important environmental risk factor

for diabetes, and precisely defining the mechanisms involved

in underlying the toxic action of BPA in b cells requires further

investigation.

Materials and methods
Cell culture and treatments. The INS-1 cells derived from rat insulinoma
were purchased from Biohermes (Shanghai, China) and were grown in RPMI 1640
medium supplemented with 10% FBS, 5.6 mM glucose, 25mM HEPES, 2 mM
L-glutamine, 50mM b-mercaptoethanol, 100 U/ml penicillin, and 100mg/ml

streptomycin at 37 1C in a humidified atmosphere containing 95% air and 5%
CO2. INS-1 cells were used because they are highly responsive to changes in the
glucose concentration and have been widely used to evaluate b-cell function
in vitro.20 Culture medium, FBS, and supplements were purchased from Invitrogen
(Carlsbad, CA, USA).
For experiments, INS-1 cells were seeded at a density of 6.0� 103/well in

96-well plates, 2.5� 105/well in 24-well plates, or 6.0� 105 cells/well in six-well
plates. After 24 h, the medium was removed, and the cells were incubated with fresh
medium containing serial dilutions of BPA (0, 0.0020, 0.020, 0.20, or 2.0mM) for a
designated period of time. BPA was dissolved in dimethyl sulfoxide (DMSO)
because of its poor water solubility. The final concentration of DMSO in medium was
0.1%, v/v.

MTT viability assay. INS-1 cells were seeded in 96-well plates and
stimulated with BPA. At the end of the treatment, the medium was removed, and
MTT (0.5 mg/ml) was added to each well for at least 4 h. The purple formazan
precipitate was dissolved with DMSO, and the color intensity was measured at
550 nm with a SpectraMAX M5 microplate reader (Molecular Devices, Sunnyvale,
CA, USA).

Glucose-stimulated insulin secretion. INS-1 cells were seeded in 24-
well plates and exposed to BPA for 48 h. Insulin secretion in response to glucose
was assessed as described previously.18 Briefly, the treated cells were first
preincubated with Krebs-Ringer bicarbonate HEPES buffer (KRBH: 115mM NaCl,
5 mM KCl, 1 mM MgCl2, 24 mM NaHCO3, 2.5 mM CaCl2, 10 mM HEPES)
supplemented with 0.5% BSA and a low level of glucose (3.0 mM) for 1 h.
Afterward, the cells were incubated in KRBH buffer containing 5.6 or 16.7mM
glucose for 1 h. The supernatants were collected for the determination of insulin
secretion. Insulin concentrations were measured using a Rat Insulin ELISA kit
(Millipore, Billerica, MA, USA). The levels of secreted insulin were normalized to
the protein content, which was determined with the BCA Protein Assay Kit
(Thermo Scientific, Rockford, IL, USA).

ATP assay. INS-1 cells were seeded in six-well plates and incubated with BPA
for 48 h as described above. At the end of the treatment, the cells were collected,
and cellular ATP concentrations were determined using an ATP luminometric
assay kit (Beyotime Inst. Biotech, Peking, China) following the manufacturer’s
instructions. Briefly, the cells were mixed with luciferase, which were centrifuged at
10 000� g for 2 min at 4 1C. The resulting supernatant was then mixed with
luciferase reagent, which catalyzed the light production from ATP and luciferin.
Luminance (RLU) was linearly related to the ATP concentration and was
measured using a SpectraMAX M5 microplate reader. ATP levels were expressed
as nmol/mg protein.

Measurements of mitochondrial morphology and mass. After
treatment, the cells were mixed with 100 nM MTG fluorescent probe (MTG,
Beyotime Inst. Biotech) for 30min at 37 1C. The probe can be taken up into the
mitochondria and will then produce a fluorescence signal. Fluorescence images of
cells were obtained with an LSM 710 Laser Scanning Confocal Microscope (Zeiss,
Jena, Germany) using a 490-nm laser for excitation and a 510-nm filter for
emission. The fluorescence intensity of cells was analyzed with a SpectraMAX M5
microplate reader.

Determination of mitochondrial membrane potential (Dwm). The
Dcm in INS-1 cells was measured using 5,50,6,60-tetrachloro-1,10,3,30-tetra-
ethylimidacarbocyanine iodide fluorescent probe (JC-1) (Cayman Chemical,
Ann Arbor, MI, USA). The treated cells in six-well plates were harvested and
incubated with JC-1 at 37 1C for 15–20min. Next, the staining solution was removed.
The cells were washed and resuspended in phosphate-buffered saline (PBS) and
then analyzed with a flow cytometer (Quanta SC, Beckman Coulter, Brea, CA, USA).
The loss of Dcm was reflected by the increased green fluorescence from JC-1
monomers as well as the loss of red fluorescence from JC-1 aggregates.

Apoptosis assay. An Annexin V-fluorescein isothiocyanate (FITC) staining
assay was performed to measure apoptosis in INS-1 cells. The cells were seeded
in six-well plates and exposed to BPA for 48 h. The cells were then collected by
trypsinization, washed with PBS, and stained with Annexin V-FITC and PI
(BioVision, Mipitas, CA, USA) for 15min at room temperature. Positive cells were
detected with flow cytometry.
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Total RNA preparation and real-time PCR. INS-1 cells were cultured
and treated as described above. Total RNA was extracted using the High Pure
RNA kit (Roche, Mannheim, Germany) and was reverse transcribed using
PrimeScript TM RT-PCR Kit (Takara, Dalian, China) according to the manual.
Real-time PCR was carried out using SYBR Premix Ex Taq II kit (Takara) following
the manufacturer’s instructions on a LightCycler 480 Instrument (Roche Applied
Science). All quantifications were performed with 36B4 as an internal standard,
and the relative amount of mRNA was calculated using the 2�DDCT method. The
primer sequences are shown in Table 1.

Western blot analysis. After treatment, INS-1 cells were quickly harvested,
rinsed thoroughly with PBS, and then lysed in ice-cold RIPA lysis buffer (50mM
Tris-HCl pH 7.4, 150mM NaCl, 0.1% SDS, 1 mM EDTA, 1% Triton X-100, 1mM
phenylmethylsulfonyl fluoride) for 30–60min. The lysates were collected and
centrifuged at 13 000 r.p.m. for 10min at 4 1C. The supernatants were transferred
to a new tube, and protein concentrations were measured using a BCA Protein
Assay Kit described above. To separate the mitochondrial and cytosolic fractions,
a Mitochondria/Cytosol Fractionation Kit (Beyotime Inst. Biotech) was used
according to the manufacturer’s instructions. For western blots, equal amounts of
protein (40mg) were resolved with SDS-PAGE and transferred to PVDF
membranes (Bio-Rad, Hercules, CA, USA). The immunoblot membranes were
incubated with blocking solution consisting of 5% milk in TBST for 2 h at room
temperature and then incubated at 4 1C on a shaker overnight with the primary
antibodies. The next day, the primary antibodies were removed, and the
membranes were incubated with 1 : 2000 horseradish peroxidase-conjugated
secondary antibodies (Cell Signaling Technology, Beverly, MA, USA) at 37 1C for
1–2 h. Antibody-binding bands were visualized with enzyme-catalyzed chemilu-
minescence (ECL, Beyotime Inst. Biotech). The density of the bands were
quantified with Image Pro Plus version 6.0 software (Media Cybernetics,
Bethesda, MD, USA) and normalized against a loading control. The following
primary antibodies (Cell Signaling Technology or Santa Cruz Biotechnology, Santa
Cruz, CA, USA) and dilutions were used: Insulin (sc-9168, 1 : 500), Bax (#2772,
1 : 2000), Bcl-2 (#2876, 1 : 2000), Apaf-1 (#8723S, 1 : 1000), caspase-9 (#9506,
1 : 1000), caspase-3 (#9662, 1 : 1000), cytochrome c (#4272, 1 : 1000), b-actin
(#4976, 1 : 2000), GAPDH (#2118 : 1 : 2000) and VDAC (#4866 : 1 : 2000).

Statistical analyses. All data are expressed as the mean±S.E.M. The
differences between the untreated control and BPA-exposed groups were
analyzed by one-way analysis of variance (ANOVA) followed by Dunnett’s T3 test.
Differences with Po0.05 (*), Po0.01 (**), or Po0.001 (***) considered
statistically significant. Analyses were conducted with SPSS (Statistical Package
for the Social Sciences) software v.17.0 (SPSS Inc., Chicago, IL, USA).
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