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Recently, environmental chemicals have appeared in daily human life, and these chemicals have been
incidentally taken in by humans. The serum concentrations of some of these chemicals have been
found to be associated with the onset and incidence rate of diabetes mellitus. It has been suggested that
one of the environmental chemicals, bisphenol A (BPA), has hormone-like activity. It has also been
demonstrated that some hormones affect insulin resistance and fat distribution in the body. To study
the effects of these environmental chemicals on glucose metabolism, the effect of BPA on glucose
transport in mouse 3T3-F442A adipocytes was investigated. The 3T3-F442A adipocytes were
incubated with various concentrations of BPA in a medium. Deoxyglucose uptake assay was
performed with and without insulin. Immunoblot analysis was performed with a glucose transporter
(GLUT) 4-specific antibody and antiphosphotyrosine antibody. The BPA treatment enhanced basal
and insulin-stimulated glucose uptake, and caused an increased amount of GLUT4 protein. Thus, the
enhanced glucose uptake resulting from the BPA treatment was at least partially due to the increased
amount of GLUT4. Tyrosine phosphorylation of insulin receptor substrate-1 with insulin stimulation
was not significantly affected. In conclusion, it was demonstrated that BPA, one of the chemicals that
we intake incidentally, affects the glucose transport in adipocytes, and also that the environmental
chemicals may be identified as one of the environmental factors that affect diabetes and obesity.
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Introduction

Type II diabetes mellitus is a phenotypically and genetically
heterogeneous disorder. This disease results from defects
in insulin secretion and insulin action on its target tissues,
such as muscles, adipose tissue, and the liver (Weir & Leahy,
1994). The development of type II diabetes is strongly
influenced by genetic and environmental factors. Many
environmental factors are described, such as the over-intake
of food and drinks, a sedentary life, and obesity (Weir &
Leahy, 1994).

Recently, there has been an increased exposure to environ-
mental chemicals in daily human life and these chemicals have
incidentally been taken in by humans. The serum concentra-
tions of some of these chemicals have been found to be
associated with the onset and incidence rate of diabetes
(Longnecker & Michalek, 2000).
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Some industrial chemicals are reported to affect animal
physiology by mimicking the effects of endogenous hormones
(Sonnenschein & Soto, 1998). Several of these compounds
have been shown to have estrogenic activity in in vitro and
in vivo bioassays (Krishnan et al., 1993; Soto et al., 1995;
Ashby & Tinwell, 1998). One of those potential endocrine-
disrupting chemicals, bisphenol A (BPA), is used to manu-
facture polycarbonate resin, and is detected in the coatings of
food and beverage containers (Brotons et al., 1995), as well as
in materials commonly used in dentistry (Olea et al., 1996).
Exposure to BPA has been reported to accelerate puberty in
female rats (Ashby & Tinwell, 1998) and produce constant
estrus in adult ovariectomized rats, suggesting that BPA
has estrogenic activity (Sonnenschein & Soto, 1998). It has also
been demonstrated that estrogens affect insulin resistance
and fat distribution in the body (Faustini-Fustini et al.,
1999; Collison et al., 2000; Heine et al., 2000). However,
it is not known whether BPA affects insulin action or
glucose metabolism. In this study, the effects of BPA on
glucose transport in mouse 3T3-F442A adipocytes were
investigated.



210 K. Sakurai et a/

Bisphenol A on glucose transport in adipocytes

Methods
Materials

BPA was purchased from Wako Pure Chemical Industries
(Osaka, Japan). Its purity was no less than 99.0%. Estradiol
and ICI 182,780 were purchased from Sigma Chemical
(St Louis, MO, U.S.A.) and Tocris Cookson Limited (Avon-
mouth, U.K.), respectively. A monoclonal anti-glucose trans-
porter (GLUT) 4 antibody was obtained from Genzyme-
TECHNE (Minneapolis, MN, U.S.A.). An antiphospho
tyrosine monoclonal antibody and anti-insulin receptor substrate
(IRS)-1 antibody were obtained from Upstate Biotechnology
(Lake Placid, NY, U.S.A)). [*H-]deoxy-D-glucose was pur-
chased from NEN Life Science Products (Boston, MA,
U.S.A.). ECL™ Western blotting detection reagent, an
enhanced chemiluminescence reagent, was obtained from
Amersham Pharmacia Biotech (Uppsala, Sweden). All other
routinely used reagents were of analytical grade and were
purchased from Sigma Chemical (St Louis, MO, U.S.A.) or
Wako Pure Chemical Industries (Osaka, Japan).

Cell culture

The 3T3-F442A cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum,
penicillin (100 U ml~") and streptomycin (100 ugml=") in a 5%
humidified CO, atmosphere at 37°C. The cells were differ-
entiated in this medium with 5ugml™' insulin (Saad et al.,
1994) and used between 12 and 14 days after differentiation.
The cells had acquired the characteristic adipocyte morpho-
logy before use. The cells were also incubated in a medium
without insulin for 2 days before BPA exposure. Then, the cells
were incubated with the indicated concentrations of BPA or
estradiol with or without ICI 182,780 in a medium for 24 h in
six multiwell plates. Before deoxyglucose uptake assay, the
cells were washed with serum-free DMEM, and then incubated
in serum-free DMEM with or without BPA or other
compounds for 2 h.

Deoxyglucose uptake assay

Deoxyglucose uptake assay was performed as described
previously (Frost & Lane, 1985), with some modifications.
The cell monolayers cultured in six multiwell plates
were rapidly washed three times with Krebs—Ringer phos-
phate buffer (KRP) at pH 7.4 (128 mM NaCl, 4.7mM KClI,
1.25mMm CaCl,, 1.25mM MgSO,, 5.0 mM Na,HPO,). The cells
were incubated at 37°C in KRP for up to 10 min, at which
time insulin (100 nM) was added. After 10 min, glucose uptake
was initiated by the addition of 0.2mm [*H-]-2-deoxy-D-
glucose (92.5kBqml~") for 10 min. The uptake was terminated
by the addition of cold KRP with 100 uM phloretin, and
then the cells were washed, using KRP with 100 uM phloretin.
The washed cells were dissolved in 0.1% sodium dodecyl
sulfate (SDS), and radioactivity was measured by a liquid
scintillation counter. Nonspecific binding of [*H-]-2-deoxy-D-
glucose was detected by means of incubation with 100 uM
phloretin.

Immunoblotting of GLUTH4

Protein extraction and immunoblot analysis were performed
according to a method reported previously (Toyoda et al.,
1999), with some modifications. The 3T3-F442A adipocytes
grown in six multiwell plates were incubated in a medium with
indicated concentrations of BPA with or without ICI 182,780
for 24 h. After this incubation, the cells were homogenized and
dissolved in a buffer containing 42 mM HEPES, 150 mM NaCl,
5mM EDTA, 0.5% Triton-X 100, 0.3mgml~' phenylmethyl-
sulfonyl fluoride (PMSF), 2mM Na;VOy,, 10 ug ml~! aprotinin,
10 ug ml~" leupeptin, 10 ugml™" pepstatin, pH 7.6, and rotated
for 1h at 4°C. The lysates were centrifuged to remove the
insoluble materials. The supernatants (25 ug of protein) were
then separated by 5-20% linear gradient gel SDS—polyacryl-
amide gel electrophoresis (PAGE), and transferred onto
nitrocellulose membranes. The membranes were blocked in a
buffer containing 10 mM Tris-HCI, 150 mM NaCl, 0.2% NP-
40, 5% nonfat milk and pH 7.5 for 2h at room temperature.
The membranes were then probed with an anti-GLUT4
antibody for 16 h at 4°C. After the membranes were washed,
the blots were incubated with a horseradish peroxidase-linked
second antibody, followed by an enhanced chemiluminescence
detection using an ECL™ reagent, according to the manufac-
turer’s instructions. The intensity of the bands was quantified
by LAS1000 (Fuji Film Co., Fuji, Japan).

Tyrosine phosphrylation of IRS-1

The 3T3-F442A adipocytes grown in six multiwell plates were
incubated in a medium with indicated concentrations of BPA
for 24h. After this incubation, the cells were washed with
serum-free DMEM, and incubated in serum-free DMEM with
BPA for 2h. Then, 100nM insulin was added to each well.
After 5min, the cells were homogenized and dissolved for
immunoprecipitation with an anti-IRS-1 antibody, followed
by immunoblotting with the antiphosphotyrosine antibody.
An amount of 250 ug of protein was used for immuno-
precipitation. The membrane was reprobed by an anti-IRS-1
antibody. The intensity of the bands was measured by
LAS1000 (Fuji Film). The ratio of intensities between an
antiphosphotyrosine antibody image in insulin stimulation and
an anti-IRS-1 antibody image was used for the analysis of
tyrosine phosphorylation of IRS-1.

Statistical analysis

Data were expressed as mean (+s.e.m.). The pairwise
differences were computed by Student’s r-test. StatView-J
version 5.0 (SAS Institute Inc., Cary, NC, U.S.A.) was used
for the statistical analysis.

Results
Deoxyglucose uptake

Differentiated mouse 3T3-F442A adipocytes were used to
mimic the adipocyte function in a controlled environment, in
order to determine whether BPA has any effects on glucose
transport in adipocytes. We set out to examine the effect of
BPA on glucose uptake as a model system. The cells were
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incubated with various concentrations of BPA or a vehicle
(ethanol) for 24 h. Then, basal glucose uptake was assessed as
described in the Methods section. As shown in Figure la,
10~*M of BPA treatment significantly enhanced basal glucose
uptake (0.224+0.031 vs 0.45+0.056 nmolmin~' mg protein~,
P<0.05, control vs 107*M). There was no change in
morphology in the cells during this treatment. Next, the
insulin-stimulated glucose uptake was examined (Figure 1b). It
was found that the insulin-stimulated glucose uptake also
increased due to the BPA treatment. Both 107¢ and 10~*M of
BPA significantly increased the insulin-stimulated glucose
uptake (0.4440.050 vs 0.51+0.059, 0.824+0.16 nmol min~' mg
mg protein~!, P<0.05, control vs 107%, 10~*M). These data
show that BPA enhances basal and insulin-stimulated glucose
uptake.

To determine whether the effects of BPA on glucose uptake
are mediated by estrogen receptor, 3T3-F442A adipocytes
were incubated with 107*M of BPA and 10~°M of ICI 182,780
before assays. Although ICI 182,780 is one of the estrogen
receptor inhibitors, ICI 182,780 could not inhibit the effects of
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Figure 1 Effect of BPA on 2-deoxy-D-glucose transport by 3T3-

F442A adipocytes. (a,b) show [*H]-2-deoxy-glucose uptake in the
absence (a) or presence (b) of 100 nM insulin. Treatment of 10~*M
BPA for 24h caused a significant increase of 2-deoxy-D-glucose
transport in the absence of 100 nM insulin. Treatment of 10~¢ and
107*M BPA for 24h caused a significant increase of 2-deoxy-D-
glucose transport in the presence of 100 nM insulin. The values are
means+s.e.m. from three or four independent experiments.
*Denotes P<0.05 vs control (0M BPA), using paired #-test.
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Figure 2 Effect of estrogen receptor antagonist on increased 2-
deoxy-D-glucose transport induced by BPA. Treatment of 10~*M
BPA (BPA), 10~°M ICI 182,780 (ICI) and their combination (B +1)
for 24 h was performed. ICI 182,780 could not inhibit the effect of
BPA on 2-deoxy-D-glucose transport in the absence (a) or presence
(b) of 100 nM insulin. Values are means +s.e.m. from three or four
independent experiments. *Denotes P<0.05 vs control (0 M BPA),
using paired #-test.

BPA on deoxyglucose uptake (Figure 2). Estradiol also did not
show significant effects on deoxyglucose uptake (Figure 3).

Effect on GLUT4 protein

To determine whether the enhancement of GLUT activity was
due to an increase in the transporter number, immunoblot
analysis (Figure 4a) was performed using a GLUT4-specific
antibody. The treatment with 107 and 10~*M BPA caused an
increased amount of GLUT4 protein significantly (Figure 4b).
Thus, the enhanced glucose uptake resulting from the BPA
treatment was at least partially due to the increased amount of
GLUT4.

Incubation with ICI 182,780 did not have any significant
effect on increase of GLUT4 protein by BPA (Figure 5).

Tyrosine phosphorylation of IRS-1

To examine the effects of BPA on the insulin signal
transduction, tyrosine phosphorylation of IRS-1 induced by
insulin was investigated. As shown in Figure 6, each

British Journal of Pharmacology vol 141 (2)
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Figure 3 Effect of estradiol (E2) on increased 2-deoxy-D-glucose
transport. Treatment of indicated concentrations of E2 did not
affect 2-deoxy-D-glucose transport in the absence (a) or presence (b)
of 100nM insulin. Values are means+s.e.m. from three or four
independent experiments.

a
0 10° 10% 107 106 104

b

(% control)

200 %

- *

100 = =

0 L] T L] Ll T T
0 10° 108 107 10 10

BPA (M)

Figure 4 GLUT4 protein levels after incubation with BPA in 3T3-
F442A adipocytes. Cells were treated with BPA, as described in
Methods. Treatment of 107 and 10~*M BPA caused a significant
increase of GLUT4 protein in 3T3-F442A adipocytes. (a) Immuno-
blot analysis with a typical experiment of five independent
experiments. (b) Chemiluminescent intensity of GLUT4 measured
by LAS 1000. Data are represented as a percentage of the control
(vehicle), and are expressed as mean +s.e.m. from five independent
experiments. *Denotes P<0.05 vs control, using paired r-test.
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Figure 5 Effect of estrogen receptor antagonist on increased
GLUT4 expression induced by BPA. Cells were treated with
10~*M BPA (BPA), 10~°M ICI 182,780 (ICI) and their combination
(B+1), as described in Methods. ICI 182,780 could not inhibit the
increased expression of GLUT4 expression induced by BPA.
Chemiluminescent intensity measured by LAS 1000 was used for
data calculation. (a) Immunoblot analysis with a typical experiment
of three independent experiments. (b) Chemiluminescent intensity of
GLUT4 measured by LAS 1000. Data are represented as a
percentage of the control (vehicle), and are expressed as mean+
s.e.m. from three independent experiments. *Denotes P<0.05 vs
control, using paired z-test.

concentration of BPA did not significantly affect the insulin-
induced tyrosine phosphorylation of IRS-1 (Figure 6b). The
IRS-1 expression level also did not show significant changes
with BPA treatment (Figure 6c¢).

Discussion

BPA was detected in the serum of a man who had been leading
an ordinary life, at a concentration level of 0-0.16ngml™'
(Sajiki et al., 1999). Although the concentration level in that
report was low compared with the one in our study, the
authors did not mention about the exposure condition of the
subjects to BPA and the concentration level of BPA in adipose
tissue as well. It has been reported that orally administrated
BPA arrived at the adipose tissue and was detected in a
nonconjugated form (Snyder et al., 2000). However, the direct
effects of BPA on glucose metabolism in adipose tissue have
not yet been clarified.

In this study, the effects of BPA on 3T3-F442A adipocytes
in cultures resulted in an increased basal- and insulin-
stimulated glucose transport. An examination of the effects
of BPA on GLUT4 protein expression was attempted and the
results suggested that enhanced glucose uptake may be caused
by an increased amount of GLUT4 protein. BPA has
estrogenic activity (Sonnenschein & Soto, 1998), and the
expression of the estrogen receptor alpha and beta was
identified in 3T3-F442A adipocytes by reverse transcription

British Journal of Pharmacology vol 141 (2)
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Figure 6 Effect of BPA on the tyrosine phosphorylation of IRS-1.
Each concentration of BPA had no significant effect on insulin-
stimulated IRS-1 phosphorylation and IRS-1 expression. (a)
Immunoblot analysis with a typical experiment of four independent
experiments. (b) Chemiluminescent intensity measured by LAS
1000. Data are calculated as ratios of anti-PY with insulin
stimulation/anti-IRS-1 intensity, and are represented as a percentage
of the control (vehicle). (¢) Chemiluminescent intensity of IRS-1
measured by LAS 1000. Data are represented as a percentage of the
control (vehicle), and are expressed as the mean +s.e.m. from three
independent experiments.

PCR (RT-PCR) (data not shown). It is possible that the effect
of BPA is brought about via estrogen receptors. However, high
doses of estrogens reportedly reduced the mRNA of GLUT4
(Sugaya et al., 2000), and the stimulative effect of glucose
uptake by BPA cannot be fully explained by the binding of
BPA to the estrogen receptors. Moreover, in this study,
biologically effective concentration of estradiol (Tremblay
et al., 1998; Sugaya et al., 2000; Jensen et al., 2003) did not
affect glucose transport. Although 107°M of ICI 182,780 had
been reported to inhibit the estrogen receptor signal (Tremblay
et al., 1998; Jensen et al., 2003), it had no significant inhibitory
effects on the increase of glucose transport with and without
insulin stimulation, caused by BPA in 3T3-F442A adipocytes.
These results suggested that the effects of BPA on glucose
transport were not mediated by estrogen receptor directly. ICI

182,780 showed no significant inhibition on the increase of
GLUT4 protein expression caused by BPA in 3T3-F442A
adipocytes, and it was suggested that the upregulation of
GLUT4 protein by BPA was not mediated by estrogen
receptor directly. The other possibility is that BPA binds to
other nuclear receptors, such as human steroid and xenobiotic
receptor (Takeshita er al., 2001). Some other factors may
mediate these results caused by the BPA treatment. It was
reported that the BPA treatment changes the expression of an
orphan receptor NR4A1 in a Leydig tumor cell line (Song
et al., 2002). It is possible that an increased amount of GLUT4
may be caused by the change of such nuclear receptor
expressions and activities induced by BPA.

Insulin signaling involves a complex array of molecules that
function in a tightly regulated fashion both spatially and
temporally (Saltiel, 1996; Inoue et al., 1998). The activated
insulin receptor phosphorylates several target proteins, nota-
bly IRS-1, which function as docking sites for the integration
of subsequent cellular responses (Saltiel, 1996; Inoue et al.,
1998). IRS-1 is a key molecule for the insulin signal pathway to
GLUTH4 translocation (Hill et al., 1999). An investigation on
whether tyrosine phosphorylation of IRS-1 was changed by
the BPA treatment was conducted. The results showed that the
BPA treatment might not have a significant effect on tyrosine
phosphorylation of IRS-1 induced by insulin. It is suggested
that an increased insulin-stimulated glucose uptake by the
BPA treatment could not be caused by the upregulation of
insulin signaling through IRS-1. In the study of GLUT4
transgenic mice, an increased amount of GLUT4 causes
increased basal- and insulin-stimulated glucose uptake in
adipocytes (Deems et al., 1994). Therefore, an increased
amount of GLUT4 caused by the BPA treatment could
increase glucose uptake in adipocytes, without changing the
tyrosine phosphorylation of IRS-1.

It was described that the GLUT4 expression increases
in adipocyte differentiation (Macdougald & Lane,
1995). Recently, it was reported that BPA accelerates
the conversion of 3T3-L1 fibroblasts to adipocytes (Masuno
et al., 2002). In that paper (Masuno et al., 2002), 3T3-L1
preadipocytes were used and demonstrated that BPA in
combination with insulin accelerates the differentiation. One
of the derivatives of BPA, BPA diglycidyl ether (BADGE)
affects the adipocyte differentiation through peroxisome
proliferator-activated receptor-y (PPAR-y) (Wright et al.,
2000). BPA may have an influence on the differentiation of
3T3-F442A cells.

BPA is one of the constituent substances used to coat food
and beverage containers (Brotons et al., 1995), and the results
of this experiment suggest that environmental chemicals which
are taken into the human body continuously with food or
drinks may influence the glucose metabolism of differentiated
adipocytes. In conclusion, BPA, one of the chemicals which we
intake constantly, affects glucose transport in matured
adipocytes, and that these environmental chemicals may be
identified as one of the environmental factors which affect
diabetes and obesity.
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