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Abstract The confluent cultures of 3T3-L1 fibroblasts
were treated with or without bisphenol A (BPA) for 2 days
and subsequently treated with insulin (INS) alone for 9
days. When BPA was absent during the first 2-day treatment
period, the cultures contained 1.6 

 

�

 

g/

 

�

 

g DNA of triacyl-
glycerol (TG), 202 mU/mg DNA of lipoprotein lipase (LPL)
activity, and 462 nmol/min/mg DNA of glycerol-3-phos-
phate dehydrogenase (GPDH) activity. The presence of
BPA during the same period caused a 150% increase in the
TG content, a 60% increase in the LPL activity, and a 500%
increase in the GPDH activity. Thus, BPA by itself can trig-
ger 3T3-L1 fibroblasts to differentiate into adipocytes.
Next, the confluent cultures were treated with BPA for 2
days and subsequently treated with a combination of INS
and BPA for 9 days. The simultaneous presence of BPA with
INS caused a 370% increase in the TG content, a 200% in-
crease in the LPL activity, and a 225% increase in the GPDH
activity compared with the cultures treated with INS alone.

 

The amount of [

 

3

 

H]thymidine incorporated into DNA was
lower in the cultures treated with INS in the presence of
BPA than in those treated with INS alone, indicating that
BPA has an anti-proliferative activity on 3T3-L1 cells.
Taken together, our results indicate that BPA in combina-
tion with INS can accelerate the adipocyte conversion.

 

—
Masuno, H., T. Kidani, K. Sekiya, K. Sakayama, T. Shiosaka,
H. Yamamoto, and K. Honda.
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Bisphenol A (BPA) is an environmental endocrine dis-
rupting chemical that affects reproduction in wildlife (1,
2). BPA is a monomer of polycarbonate plastics and a con-
stituent of epoxy and polystyrene resins, which are used in
the food packing industry. BPA contained in lacquer coat-
ings of food cans is found as a contaminant not only in the
liquid of the preserved foods, but also in the water auto-

 

claved in the cans (3). This chemical is also released from
polycarbonate flasks during autoclaving (4). Moreover, it
has been reported that significant amounts of BPA were
detected in the saliva of dental patients treated with fis-
sure sealants (5).

BPA has been shown to mimic the actions of estrogens
(6). Estrogens are known to affect lipid metabolism in ad-
ipose tissue. In the rat, the administration of estrogens in-
duced a depletion of the triacylglycerol (TG) stores (7).
This estrogen-induced depletion of TG has been ex-
plained by a decreased activity of adipose tissue lipopro-
tein lipase (LPL) (7, 8), an enzyme which plays a key role
in TG accumulation in adipocytes. Thus, estrogens regu-
late body weight and adiposity by acting on the processes
controlling the TG mass. However, there have been very
few reports on the effect of BPA on lipid metabolism in
adipose tissue. A recent report showed that BPA diglycidyl
ether (BPADGE), but not BPA, decreased TG accumula-
tion in cultured adipocytes (9).

Green et al. (10–12) have clonally isolated a cell line of
mouse fibroblasts (3T3-L1 cells) that can differentiate
into adipocytes. This cell line offers an excellent model
system for the study of differentiation processes (10–18).
A variety of reagents that trigger these fibroblasts to differ-
entiate into adipocytes have been identified. These trig-
gers include insulin (INS) (12, 13, 15), dexamethasone
(DEX) (14), 1-methyl-3-isobutylxanthine (MIX) (13, 15),
prostaglandin F2

 

�

 

 (PG F2

 

�

 

) (12, 13, 15), prolactin (13),
and sodium butyrate (16). The most efficient means to
trigger the differentiation is to treat the confluent cul-
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tures of 3T3-L1 fibroblasts with a combination of INS,
DEX, and MIX for 2 days (14, 17, 18).

In the present study, we determined whether the envi-
ronmental endocrine disrupting chemicals, especially BPA,
affect the conversion of 3T3-L1 fibroblasts to adipocytes.

MATERIALS AND METHODS

 

Materials

 

BPA, bisphenol A diacetate (BPADA), bisphenol A bis(chloro-

 

formate) (BPABCF), and bisphenol A diglycidyl ether (BPADGE)
were from Tokyo Kasei Co., Tokyo, Japan. Bovine insulin, dexa-
methasone, and 3-isobutyl-1-methylxanthine were from Sigma.

 

[

 

3

 

H]thymidine and enhanced chemifluorescence (ECF) substrate
were from Amersham Pharmacia Biotech. Mouse monoclonal anti-
body to proliferating

 

 

 

cell nuclear antigen (PCNA) was from DAKO
Japan Co., Kyoto, Japan. Alkaline phosphatase-conjugated goat
anti-mouse IgG was from ICN Phrmaceuticals, Inc. Polyvinylidene
difluoride

 

 

 

(PVDF) membrane was from Bio-Rad Laboratories. A kit
for TG was from Wako Pure Chemicals Co., Osaka, Japan. All other
chemicals were highest quality commercially available.

 

Cell culture treatment

 

3T3-L1 fibroblasts were grown to confluence in a culture me-

 

dium containing 10% (v/v) FBS, 100 U/ml penicillin, 100 

 

�

 

g/ml
streptomycin, and 0.25 

 

�

 

g/ml amphotericin B in DMEM, on a 60-
mm plate. Confluent cells were cultured in the absence or presence
of 20 

 

�

 

g/ml BPA for 2 days. The medium was then replaced with a
culture medium containing either 5 

 

�

 

g/ml INS alone or a combi-
nation of 5 

 

�

 

g/ml INS and 20 

 

�

 

g/ml BPA and changed every 2
days. Nine days later, the cells were harvested in 1.2 ml of 50 mM

 

NH

 

4

 

Cl/NH

 

4

 

OH buffer (pH 8.2) containing 20 

 

�

 

g/ml heparin and
2% (w/v) BSA and sonicated briefly at 0

 

�

 

C for preparation of ace-
tone/ether powders and measurements of DNA and TG.

Cultures that were cultured for 2 days in the presence of a
combination of 10 

 

�

 

g/ml INS, 1 

 

�

 

M DEX, and 0.5 mM MIX af-
ter confluence and then treated for 9 days with 5 

 

�

 

g/ml INS
alone were used as the positive control cultures.

 

Lipid staining of cells

 

The cultures were fixed with 10% (v/v) formalin in Dulbecco’s
PBS, and then stained with Oil Red O as described by Kuri-Har-
cuch and Green (19). To quantitate the percentage of lipid-positive
cells in the cultures, at least 1,000 cells/60-mm plate were counted.

 

Assay of LPL activity

 

The cell-associated LPL activity was measured in aqueous ex-
tracts of acetone/ether powders of cells (20). The extract was
made by adding the powder to ice-cold 50 mM NH

 

4

 

Cl/NH

 

4

 

OH
buffer (pH 8.2) containing 20 

 

�

 

g/ml heparin, letting the mix-
ture stand at 0

 

�

 

C for 1 h, sonicating briefly at 0

 

�

 

C, centrifuging,
and decanting the supernatant for assay.

A stock emulsion containing 1.13 mmol triolein, 60 mg phos-

 

phatidylcholine, and 9 ml glycerol was prepared (20). A mix-
ture of 1 volume of the stock emulsion, 19 vol of 3% (w/v) BSA
in 0.2 M Tris/HCl buffer (pH 8.2), and 5 vol of heat inactivated
(56

 

�

 

C, 10 min) serum from starved rats was incubated at 37

 

�

 

C for
15–30 min. For assay, 100 

 

�

 

l of this activated substrate mixture
was added to 100 

 

�

 

l of the diluted extract of the powder, and the
mixture was incubated for 30 min at 37

 

�

 

C. The reaction was ter-
minated by adding 3 ml of a 1:1 (v/v) mixture of chloroform and
heptane containing 2% (v/v) methanol. The free fatty acids pro-
duced were measured as described previously (21). Briefly, the
mixture was shaken for 10 min and centrifuged at 2,000 

 

�

 

 

 

g

 

 for 5

min. The upper aqueous phase was removed by suction, and 1
ml of copper reagent prepared by the method of Zepf (22) was
added to the lower organic phase. The mixture was shaken for
10 min and centrifuged at 2,000 

 

�

 

 

 

g

 

 for 10 min. An aliquot of
the upper organic phase was mixed with the same volume of
0.1% (w/v) bathocuproin in chloroform containing 0.05% (w/
v) 3-

 

tert

 

-butyl-4-hydroxyanisole and its absorbance was measured
at 480 nm. One milliunit of lipolytic activity was defined as that
releasing 1 nmol of fatty acid/min at 37

 

�

 

C.

 

Assay of glycerol-3-phosphate dehydrogenase activity

 

The cells were washed once with ice-cold PBS, harvested in
ice-cold 25 mM Tris-HCl buffer (pH 7.5) containing 1 mM
EDTA, and sonicated briefly at 0

 

�

 

C. The homogenate was centri-
fuged at 8,000 

 

�

 

 

 

g

 

 for 20 min at 4

 

�

 

C. The supernatant was as-
sayed for glycerol-3-phosphate dehydrogenase (GPDH) activity
at 23

 

�

 

C by measuring the oxidation of NADH in the presence of
dihydroxyacetone phosphate as described by Kozak and Jensen
(23) and modified by Wise and Green (24).

 

DNA replication assay by [

 

3

 

H]thymidine incorporation

 

Confluent 3T3-L1 fibroblasts were cultured in the presence of
20 

 

�

 

g/ml BPA for 2 days. The medium was then replaced with a
culture medium containing either 5 

 

�

 

g/ml INS alone or a com-
bination of 5 

 

�

 

g/ml INS and 20 

 

�

 

g/ml BPA. Three days later,
the plates were replenished with a fresh medium containing the
appropriate additive and incubated for 30 min. Then, 1 

 

�

 

Ci of
[

 

3

 

H]thymidine (25.0 Ci/mmol) was added to each plate. Thirty
minutes later, the cells were harvested in 1.8 ml of PBS contain-
ing 0.1% SDS and 1 mM EDTA. Measurement of acid-insoluble
radioactivity was performed by trichloroacetic acid precipitation
as described by Smulson et al. (25).

 

Western blot analysis of proliferating cell nuclear antigen

 

An aliquot of diluted extracts (19.6 

 

�

 

g DNA/ml) of acetone/
ether powders was mixed with an equal volume of 0.125 M Tris/
HCl buffer (pH 6.8) containing 4% (w/v) SDS, 10% (v/v) 2-mer-
captoethanol, 20% (v/v) glycerol, and 0.002% (w/v) bromophe-
nol blue, and heated for 5 min at 95

 

�

 

C. Proteins in the extracts
were separated by SDS-PAGE in a Laemmli type system (26) with
15% (w/v) acrylamide resolving gel and 3% (w/v) acrylamide
stacking gel. The separated proteins were then transferred elec-
trophoretically to a PVDF membrane. Nonspecific binding was
blocked by incubating the membranes with 5% (w/v) skim milk
for 1 h. The blot was then incubated for 1 h with mouse monoclo-
nal antibody to proliferating cell nuclear antigen (PCNA). Immu-
noreactivity was visualized with alkaline phosphatase-conjugated
goat anti-mouse IgG and ECF substrate, and the enhanced chemi-
fluorescence intensity was detected using a FluorImager, Fluores-
cence Imaging Analyzer (Amersham Pharmacia Biotech).

 

Chemical analysis

 

DNA was measured fluorometrically by the method of Hine-
gardner (27) using calf thymus DNA as standard. TG was mea-
sured using a kit for TG.

 

Statistical analysis

 

A Student’s 

 

t

 

-test was used to compare mean values. For all the
statistical analyses, the criterion of significance was 

 

P

 

 

 

�

 

 0.05.

 

RESULTS

 

Dose-response relationship between BPA and LPL activity

 

The confluent cultures of 3T3-L1 fibroblasts were
treated with 0–100 

 

�

 

g/ml BPA for 2 days and subse-
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quently treated with a combination of 5 

 

�

 

g/ml INS and
BPA at the corresponding concentrations for 9 days.
When BPA was absent throughout the 11 days, the cul-
tures contained 176 mU/mg DNA of LPL activity. The ad-
dition of BPA to the cultures caused a dose-dependent in-
crease in the LPL activity (

 

Fig. 1

 

). The presence of 2 

 

�

 

g/
ml BPA caused a considerable increase in the LPL activity.
BPA at 10 and 20 

 

�

 

g/ml increased the LPL activity by
170% and 560%, respectively. However, BPA at the con-
centrations of 

 

�

 

40 

 

�

 

g/ml was toxic to these cells. Based
on these results, the following experiments were per-
formed using 20 

 

�

 

g/ml BPA.

 

Can BPA trigger 3T3-L1 fibroblasts to differentiate
into adipocytes?

 

Whether BPA by itself can enhance the expression of
phenotypic markers was determined. When no additive
was present throughout the 11 days after confluence, the
cultures contained 1.7 

 

�

 

g/

 

�

 

g DNA of TG and 149 mU/
mg DNA of LPL activity. The presence of BPA alone dur-
ing this period caused a 46% decrease in the TG content,
but a 106% increase in the LPL activity (

 

Fig. 2

 

). The per-
centage of lipid-positive cells in the cultures was less than
2% (data not shown).

Next, the confluent cultures were treated with or with-
out BPA for 2 days and subsequently treated with INS
alone for 9 days. When BPA was absent during the first
2-day treatment period, the cultures contained 1.6 

 

�

 

g/

 

�

 

g
DNA of TG, 202 mU/mg DNA of LPL activity, and 462
nmol/min/mg DNA of GPDH activity (

 

Table 1

 

). Numer-
ous small lipid droplets were observed surrounding the
nucleus, but the percentage of lipid-positive cells in the
cultures was less than 10% (

 

Fig. 3A

 

). The presence of BPA
during this period caused a 150% increase in the TG con-
tent, a 60% increase in the LPL activity, and a 500% in-
crease in the GPDH activity (Table 1). The lipid droplets
coalesced and became larger, and the intensity of staining
of the individual cells increased (Fig. 3B). The percentage
of lipid-positive cells in the cultures also increased to ap-
proximately 28%. Thus, the 2-day treatment of confluent
cultures with BPA enhanced the expression of phenotypic
markers.

 

Can BPA accelerate adipocyte conversion?

 

The confluent cultures were treated with BPA alone for
2 days and subsequently treated with INS in the absence or
presence of BPA for 9 days. When no additive was present
during the latter 9-day treatment period, the cultures con-
tained 1.2 

 

�

 

g/

 

�

 

g DNA of TG and 502 mU/mg DNA of
LPL activity. The presence of INS alone during this period
caused a 200% increase in the TG content, but did not al-
ter the LPL activity, while the simultaneous presence of
BPA with INS caused a 1,300% increase in the TG content
and a 190% increase in the LPL activity (

 

Table 2

 

). The
GPDH activity of the cultures treated with a combination
of INS and BPA also was 3.3-times higher than that of the
cultures treated with INS alone (Table 1). The percentage
of lipid-positive cells in the cultures was approximately
83% (Fig. 3C). These molecular and morphological prop-
erties of the cultures were very similar to those of the posi-
tive control cultures, which were treated with a combina-

Fig. 1. Dose-response relationship between PBA and LPL activity.
The confluent cultures were treated with bisphenol A (BPA) at the
indicated concentrations for 2 days and subsequently treated with a
combination of 5 �g/ml insulin (INS) and BPA at the correspond-
ing concentrations for 9 days. The cells were harvested, sonicated
briefly at 0�C, and used to make acetone/ether powders. LPL activ-
ity in aqueous extracts of the powders was measured. Values given
are the mean � SD for four plates. *P � 0.01 (compared with the
value obtained from the cultures treated in the absence of BPA
throughout 11 days).

Fig. 2. Effect of BPA on triacylglycerol (TG) content and LPL ac-
tivity. The confluent cultures of 3T3-L1 fibroblasts were treated for
11 days without or with 20 �g/ml BPA. The cells were harvested
and sonicated briefly at 0�C. A: An aliquot of the homogenate was
used to measure TG content. B: Another aliquot was used to make
an acetone/ether powder and LPL activity in aqueous extracts of
the powders was measured. The DNA content of the cultures
treated without BPA was 39.1 � 2.3 �g/plate and that of the cul-
tures treated with BPA was 22.1 � 1.6 �g/plate. Values given are
the mean � SD for four plates. *P � 0.01 (compared with the value
obtained from the cultures treated in the absence of BPA through-
out 11 days).
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tion of INS, DEX, and MIX for 2 days and subsequently
treated with INS alone for 9 days (Table 2 and Fig. 3D).

The TG content and LPL activity in the cultures treated
with a combination of INS, DEX, and MIX in the pres-
ence of BPA during the first 2-day treatment period were
50% and 47%, respectively, of those in the positive control
cultures (Table 2).

The DNA content of the cultures in which no additive
was present during the latter 9-day treatment period was
37 

 

�

 

g/plate. The presence of INS alone during this pe-
riod caused an 80% increase in the DNA content, but the
simultaneous presence of BPA with INS did not change it
(Table 2).

 

Effect of chemicals relevant to BPA on
adipocyte conversion

The confluent cultures were treated with a chemical rel-
evant to BPA for 2 days and subsequently treated with a
combination of INS and the corresponding chemical. The
presence of either BPA or BPADA in combination with
INS caused a 194% and 62%, respectively, increase in the
TG content and a 115% and 30%, respectively, increase in
the LPL activity, compared with those of the cultures
treated with BPA for 2 days followed by the 9-day treat-
ment with INS alone (Table 3). The presence of a combi-
nation of INS and BPABCF caused a 53% increase in the
TG content but did not alter the LPL activity, but the pres-
ence of a combination of INS and BPADGE altered nei-
ther the TG content nor LPL activity.

BPADA and BPABCF caused a 25% and 31%, respec-
tively, decrease in the DNA content similar to BPA (Table
3). BPADGE did not affect the DNA content.

Time courses of cell proliferation, TG accumulation, and 
development of LPL activity

The DNA content of the cultures was measured to mon-
itor cell proliferation. The confluent cultures (day 0) con-

tained 28 �g/plate of DNA. The DNA content of the cul-
tures did not change during the 2-day treatment of the
confluent cultures with BPA alone. It then increased
slightly during the first 5-day treatment with a combina-
tion of INS and BPA and increased to 45 �g/plate during
the next 4-day treatment period (Fig. 4A). In the positive
control cultures, the DNA content increased to 39 �g/
plate during the 2-day treatment of the confluent cultures

TABLE 1. Effect of BPA on triggering the differentiation of 3T3-L1 fibroblasts into adipocytes

Trigger Treatment DNA Content TG Content LPL Activity GPDH Activity

�g/plate �g/�g DNA mU/DNA nmol/min/mg DNA
Exp. I
No additive INS 93.0 � 2.6 1.63 � 0.09 201.9 � 38.8 n.d.a
BPA INS 82.4 � 7.8 4.09 � 0.28* 324.1 � 46.7** n.d.

Exp. II
No additive INS 51.3 � 1.8 n.d. n.d. 462 � 20
BPA INS 53.1 � 1.4 n.d. n.d. 2769 � 282*
BPA INS	BPA 38.9 � 0.5* n.d. n.d. 9027 � 1834**

The confluent cultures of 3T3-L1 fibroblasts were treated with or without 20 �g/ml BPA for 2 days and subse-
quently treated with either 5 �g/ml INS or a combination of 5 �g/ml INS and 20 �g/ml BPA for 9 days.

Exp. I. The cells were harvested in ice-cold 50 mM NH4Cl/NH4OH buffer (pH 8.2) containing 2% (w/v) BSA
and 20 �g/ml heparin and sonicated briefly at 0�C. Aliquots of the homogenate were used to measure DNA and
TG contents and another aliquot was used to make an acetone/ether powder. LPL activity in aqueous extracts of
the powders was measured. Values given are the mean � SD for four plates. 

Exp. II. The cells were harvested in ice-cold 25 mM Tris-HCl buffer (pH 7.5) containing 1 mM EDTA, and son-
icated briefly at 0�C. The homogenate was centrifuged at 8,000 g for 20 min at 4�C. The supernatant was assayed
for GPDH activity at 23�C by measuring the oxidation of NADH in the presence of dihydroxyacetone phosphate.
Values given are the mean � SD for three plates.

a n.d., not determined.
* P � 0.01, ** P � 0.05 (compared with the value obtained from the cultures treated without BPA during the

first 2-day treatment period).

Fig. 3. Oil Red O staining of 3T3-L1 adipocytes. A: The confluent
cultures were treated in the absence of BPA for 2 days and subse-
quently treated with 5 �g/ml INS alone for 9 days. B: The conflu-
ent cultures were treated with 20 �g/ml BPA for 2 days and subse-
quently treated with 5 �g/ml INS alone for 9 days. C: The
confluent cultures were treated with 20 �g/ml BPA for 2 days and
subsequently treated with a combination of 5 �g/ml INS and 20
�g/ml BPA for 9 days. D: The confluent cultures were treated with
a combination of 10 �g/ml INS, 1 �M DEX, and 0.5 mM MIX for 2
days, and subsequently treated with 5 �g/ml INS alone for 9 days.
At the end of the experiments, the cells were fixed with 10% forma-
lin and then stained with Oil Red O. The representative of three
plates is shown. Magnification �100.
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with a combination of INS, DEX, and MIX, and increased
linearly to 62 �g/plate during the subsequent 5-day treat-
ment with INS alone, and then became a plateau (Fig. 4A).

Next, the expression of PCNA in cells, which appears in
the nuclei of proliferating cells (28–33), was estimated by
a Western blot analysis (Fig. 5). In the cells of the conflu-
ent cultures (day 0), a mouse monoclonal antibody to
PCNA identified a band corresponding to PCNA (Mr 

36,000). In the positive control cultures, the expression of
PCNA on day 2 was slightly higher than that on day 0, but
then it became lower. The band on day 11 was very faint.
In the cultures treated with BPA for 2 days followed by the
9-day treatment with a combination of INS and BPA, the
band was detectable but was fainter than that on the cor-
responding days of the positive control cultures.

The TG content of the cultures was 0.8 �g/�g DNA on
day 0 and did not significantly change during the subse-
quent 2-day treatment with BPA alone. It increased
slightly during the first 3-day treatment with a combina-
tion of INS and BPA and increased more than 16-fold to

16 �g/�g DNA during the next 6-day treatment period
(Fig. 4B). The TG content of the positive control cultures
also increased in a similar manner.

The LPL activity of the cultures was 11 mU/mg DNA on
day 0 and increased slightly to 19 mU/mg DNA during
the subsequent 2-day treatment with BPA alone. It in-
creased more than 3-fold to 88 mU/mg DNA during the
first 3-day treatment with a combination of INS and BPA
and increased more than 40-fold to 845 mU/mg DNA
during the next 6-day treatment period (Fig. 4C). The
LPL activity of the positive control cultures also developed
in a similar manner.

Effect of BPA on DNA replication
The confluent cultures, which had been treated with

BPA for 2 days and subsequently treated with either INS
alone or a combination of INS and BPA for 3 days, were
incubated for 30 min with [3H]thymidine and the amount
of radioactivity incorporated into DNA was measured. In
the cultures treated with INS alone during the latter 3-day
treatment period, the amount of 3H in DNA was 8,927
cmp/plate and the DNA content of the cultures was 62.6
�g/plate (Table 4). The simultaneous presence of BPA
with INS during this period caused a 46% decrease in the
amount of 3H in DNA and a 12% decrease, but not signifi-
cantly, in the DNA content of the cultures. The ratios of
the amount of 3H in DNA to the DNA content of the cul-
tures were 142 cpm/�g DNA in the cultures treated with
INS alone and 86 cpm/�g DNA in the cultures treated
with a combination of INS and BPA. This result indicates
that BPA inhibited DNA replication.

DISCUSSION

In the present study, we showed that the environmental
endocrine disrupting chemicals, especially BPA, in combina-
tion with INS can accelerate the conversion of 3T3-L1 fibro-
blasts to adipocytes. The chronological events occurring dur-
ing the conversion of fibroblasts to adipocytes have been
investigated in cultures (34). The time course of the changes

TABLE 2. Effect of BPA alone, INS alone, and a combination of INS and BPA on adipocyte conversion

Trigger Treatment DNA Content TG Content LPL Activity

�g/plate �g/�g DNA mU/DNA

BPA No additive 37.0 � 3.0 1.22 � 0.10 502.3 � 85.4
BPA INS 66.4 � 2.6* 3.66 � 0.16* 480.6 � 14.2
BPA INS	BPA 37.8 � 2.1 17.12 � 2.11* 1442.3 � 98.6*
INS	DEX	MIX INS 56.2 � 2.0* 13.50 � 0.74* 1522.3 � 201.9*
INS	DEX	MIX	BPA INS 53.9 � 1.8* 6.73 � 0.93* 720.9 � 198.9

The confluent cultures of 3T3-L1 fibroblasts were treated for 2 days with 20 �g/ml BPA and subsequently
treated for 9 days with the following additive; i) no additive, ii) 5 �g/ml INS alone, iii) 5 �g/ml INS plus 20 �g/ml
BPA. In another series of experiments, the confluent cultures were treated for 2 days with a combination of 10 �g/
ml INS, 1 �M DEX, and 0.5 mM MIX in the absence or presence of 20 �g/ml BPA and subsequently treated for 9
days with 5 �g/ml INS alone. The cells were harvested and sonicated briefly at 0�C. Aliquots of the homogenate
were used to measure DNA and TG contents and another aliquot was used to make an acetone/ether powder. LPL
activity in aqueous extracts of the powders was measured. Values given are the mean � SD for four plates.

* P � 0.01 (compared with the value obtained from the cultures in which no additive was present during the
latter 9-day treatment period).

TABLE 3. Effect of chemicals relevant to BPA on adipocyte conversion

Trigger Treatment DNA Content TG Content LPL Activity

�g/plate �g/�g DNA mU/DNA

BPA INS 59.0 � 2.2 3.07 � 0.06 472.8 � 7.5
BPA INS	BPA 41.1 � 3.8* 9.04 � 0.51* 1015.9 � 35.8*
BPADA INS	BPADA 44.5 � 1.9* 4.99 � 0.12* 616.7 � 19.1*
BPABCF INS	BPABCF 41.0 � 0.9* 4.69 � 0.17* 563.2 � 65.3
BPADGE INS	BPADGE 55.2 � 2.0 3.54 � 0.30 497.7 � 55.4

The confluent cultures of 3T3-L1 fibroblasts were treated with 20
�g/ml chemicals for 2 days and subsequently treated with either 5 �g/
ml INS alone or a combination of 5 �g/ml INS and 20 �g/ml of the
corresponding chemicals for 9 days. Then cells were harvested and son-
icated briefly at 0�C. The DNA and TG contents in aliquots of the ho-
mogenates were measured. Another aliquot was used to make an ace-
tone/ether powder. LPL activity in aqueous extract of the powder was
measured. Values given are the mean � SD for three plates.

BPADA, bisphenol A diacetate; BPABCF, bisphenol A bis(chloro-
formate); BPADGE, bisphenol A diglycidyl ether.

* P � 0.01 (compared with the value obtained from the cultures
treated with BPA for 2 days followed by the 9-day treatment with INS
alone).
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in phenotypic markers during adipocyte conversion is as fol-
lows: i) LPL appears early at confluence before TG accumu-
lation in cells occurs; ii) GPDH appears later and TG accu-
mulation occurs. Once 3T3-L1 fibroblasts reach confluence,
they become epithelioid in shape and synthesize LPL within
1 day after confluence (13, 35). In this study, we used two cri-
teria for adipocyte conversion; i) expression of LPL and
GPDH activities and ii) TG accumulation in cells.

Although fibroblasts are converted spontaneously to ad-
ipocytes after confluence, this process takes 2–4 weeks
(10). A variety of compounds that can retract the conver-
sion process by rapidly and irreversibly triggering fibro-
blasts to differentiate into adipocytes have been reported
(12–18). In the first set of experiments, we determined
whether BPA was able to trigger the differentiation of fi-
broblasts into adipocytes. When BPA was absent during
the 2-day treatment of confluent cultures, not only were
the TG content and LPL and GPDH activities of the cul-
tures low (Table 1), but also the lipid droplets in individ-
ual cells remained small (Fig. 3A), regardless of the pres-
ence of INS alone during the subsequent 9-day treatment
period. However, the presence of BPA during the first
2-day treatment period caused an increase in the TG con-
tent from 1.6 to 4.1 �g/�g DNA, an increase in the LPL
activity from 202 to 324 mU/mg DNA, and an increase in
the GPDH activity from 462 to 2,769 nmol/min/mg DNA
(Table 1). In addition, the lipid droplets in the individual
cells of these cultures coalesced and became larger with
time, and the percentage of lipid-positive cells in the cul-
tures also increased from �10% to 28% (Fig. 3B). Thus,
the 2-day treatment of confluent cultures with BPA stimu-
lated the expression of phenotypic markers. These results
are similar to the finding of Russell and Ho (15) that
short-term (1 to 2 days) treatment of confluent 3T3-L1 fi-
broblasts with either MIX or PGF2� stimulated lipid accu-
mulation in cells cultured subsequently with INS alone.
They concluded that these reagents triggered the differ-
entiation process by rapidly programming 3T3-L1 fibro-
blasts to differentiate into adipocytes. Although the most
effective trigger is a combination of INS, DEX, and MIX,
the continuous presence of this combination is not re-
quired for lipid accumulation (14, 17, 18). Based on these
findings, we concluded that BPA had the ability to trigger
the differentiation of 3T3-L1 fibroblasts into adipocytes.

In the second set of experiments, we determined
whether BPA was able to stimulate the adipocyte conver-
sion process. Although INS alone stimulated the expres-
sion of phenotypic markers in the cultures treated with
BPA during the first 2-day treatment period, the levels of
the TG content and LPL activity of such cultures were
27% and 32%, respectively, of those of the positive control
cultures (Table 2). The appearance of lipid-positive cells
in the cultures also was about one third of that in the posi-
tive control cultures (Fig. 3B); however, the simultaneous
presence of BPA with INS, instead of INS alone, caused an
increase in the TG content from 3.7 to 17.1 �g/�g DNA
and an increase in the LPL activity from 481 to 1,442 mU/
mg DNA (Table 2). The percentage of lipid-positive cells
in the cultures also increased from 28% to 83% (Fig. 3C).
These molecular and morphological properties of the cul-
tures were very similar to those of the positive control cul-
tures (Table 2 and Fig. 3D). Similarly, the GPDH activity
was higher in the cultures treated with a combination of
INS and BPA than in those treated with INS alone (Table
1). These results indicate that BPA in combination with
INS can accelerate the adipocyte conversion. Other chem-
icals relevant to BPA, except for BPADGE, also had a simi-

Fig. 4. Changes in DNA (A) and TG (B) contents and LPL activ-
ity (C) during adipocyte conversion. The confluent cultures (day 0)
were treated with 20 �g/ml BPA for 2 days (closed circle). On day 2
(arrow), the medium was replaced with the medium containing a
combination of 5 �g/ml INS and 20 �g/ml BPA and changed every
2 days. The confluent cultures were treated with a combination of
10 �g/ml INS, 1 �M DEX, and 0.5 mM MIX (open circle). On day
2, the medium was replaced with the medium containing 5�g/ml
INS alone and changed every 2 days. At the indicated intervals, cells
were harvested and sonicated briefly at 0�C. Aliquots of the homog-
enates were used for measurements of DNA and TG. Another ali-
quot was used to make acetone/ether powders and then LPL activ-
ity in aqueous extracts of the powders was measured. Values given
are the mean � SD for three plates. *P � 0.01 (compared with the
value in the positive control cultures).
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lar effect on adipocyte conversion (Table 3). The order of
their potency to stimulate the expression of phenotypic
markers was as follows: BPA �� BPADA � BPABCF.

3T3-L1 fibroblasts have been reported to be capable of
converting to adipocytes after they stop proliferating (10–
12, 16). Therefore, in the final set of experiments, we ex-
amined the effect of BPA on cellular proliferation. 3T3-L1
cells replicated at a lower proliferative rate when they
were cultured in the presence of BPA (Fig. 4A). Table 2
showed that BPA inhibited the increasing effect of INS on
the DNA content of the cultures. Other chemicals, except
for BPADGE, also had a similar effect on the DNA content
(Table 3). These findings suggest that the environmental
endocrine disrupting chemicals, which had the ability to
stimulate the expression of phenotypic markers, had an
anti-proliferative activity on 3T3-L1 cells. The finding that
the amount of [3H]thymidine incorporated into DNA was
lower in the cultures treated with a combination of INS
and BPA than in those treated with INS alone confirms it
(Table 4).

A Western blot analysis of PCNA showed that BPA de-
creased PCNA production in cells (Fig. 5). Expression of
PCNA in cells is closely linked to the cell cycle (28, 29).
The level of PCNA in the nucleus begins to increase dur-
ing the late G1 phase immediately before the onset of
DNA synthesis, becomes maximal during the S phase, and
decreases again during the G2 and M phases. Therefore,
PCNA is often used as a marker of proliferating cells (28–
33). Taken together, our results indicate that BPA inhibits
DNA synthesis by arresting 3T3-L1 cells in the G1 phase.

The reentry of growth-arrested 3T3-L1 fibroblasts into
cell cycle, termed mitotic clonal expansion, has been re-
ported to be necessary for optimal adipocyte differentia-
tion (36, 37). A combination of INS, DEX, and MIX, the
most effective trigger of the differentiation, induces reen-
try of these cells into the cell cycle. The simultaneous
presence of BPA with this combination during the first
2-day treatment period of the confluent cultures caused a
marked decrease in the expression of phenotypic markers
compared with the positive control cultures (Table 2).
This result suggests that BPA might inhibit the combina-
tion-induced mitotic clonal expansion. However, a possi-
bility that BPA had the ability to induce reentry of growth-
arrested 3T3-L1 fibroblasts into the cell cycle cannot be
excluded, because BPA has been reported to increase the
expression of c-Fos gene, a growth-associated gene, in the
uterus and vagina of ovariectomized rats (38).

The TG content of the cultures treated with BPA alone
throughout 11 days after confluence was very low (Fig. 2),
indicating that BPA by itself did not have the ability to
stimulate TG accumulation in cells. However, BPA poten-
tiated the ability of INS to accumulate TG in the cells ca-
pable of expressing the differentiated phenotype (Table
2). The mechanism by which BPA stimulated the INS-
induced TG accumulation is unclear. INS increases the in-
corporation of glucose and fatty acids into TG in 3T3-L1
cells (12, 13). Mackall et al. (39) and Grimaldi et al. (40)
reported that the activities of several enzymes involved in
fatty acid synthesis increased in 3T3-L1 cells treated with
INS after confluence. BPA may potentiate these INS-medi-
ated metabolic activities to stimulate TG accumulation in
cells. It is unlikely that the BPA-stimulated TG accumula-
tion was as a result of the activation of peroxisome prolif-
erator-activated receptor r (PPARr), which is abundantly
expressed in adipocytes and function as a key regulator of
adipocyte conversion (9, 41–44), by BPA, because BPA has
been reported to be unable to bind to this receptor (9).
However, a possibility that BPA modulates PPARr gene ex-
pression, directly or indirectly, cannot be excluded. Fu-
nabashi et al. (45) reported that administration of BPA to
ovariectomized rats caused an increase in progesterone
receptor mRNA level in mediobasal hypothalamus and
anterior pituitary.

Obesity is one of the greatest concerns in public health.
Obesity is the result of an increase in body fat mass pro-
duced by either an enlargement of fat cells (fat cell hyper-
trophy) or an increased number of these cells (fat cell hy-
perplasia) or both. Since BPA was able to enter fibroblasts in
the differentiation process and enhance the adipocyte con-

Fig. 5. Western blot of proliferating cell nuclear anti-
gen (PCNA). The Western blot analysis of PCNA was
performed in the extracts of acetone/ether powders of
cells prepared in Fig. 4. Samples containing 30 ng DNA
were loaded to each lane on SDS-PAGE. The represen-
tative of three experiments is shown. C, the confluent
cultures; POS, the positive control cultures; BPA, the
cultures treated with BPA for 2 days after confluence
followed by the 9-day treatment with a combination of
INS and BPA.

TABLE 4. Effect of BPA on the incorporation of [3H]thymidine
into DNA

Trigger Treatment DNA Content [3H]thymidine Incorporated into DNA 

�g/plate cpm/plate

BPA INS 62.6 � 1.1 8927 � 617
BPA INS	BPA 55.4 � 3.1 4853 � 139*

The confluent cultures of 3T3-L1 fibroblasts were treated with 20
�g/ml BPA for 2 days and subsequently treated with either 5 �g/ml
INS alone or a combination of 5 �g/ml INS and 20 �g/ml BPA for 3
days. The cells were pulse-labeled for 30 min with [3H]thymidine, and
the acid-insoluble radioactivity was then measured by trichloroacetic
acid precipitation and liquid scintillation counting. In this experiment,
we used six plates for each treatment and divided them into two
groups. Three plates were used for the [3H]thymidine incorporation
study and the others were used for the DNA measurement. Values
given are the mean � SD for three plates.

* P � 0.01 (compared with the value obtained from the cultures
treated with INS alone during the latter 3-day treatment period).
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version in combination with INS, this suggests that in vivo
prolonged exposure to BPA might increase body fat mass
and involve the development of obesity. BPA is present ubiq-
uitously in the environment. For example, BPA is used com-
mercially in the products of polycarbonate plastics and
leaches from them when subjected to high temperatures
(4). Microgram amounts of BPA have also been found in
the liquid of preserved vegetables in cans (3) and in the sa-
liva of patients treated with dental sealants (5). Thus, hu-
mans have been exposed chronically to BPA. Therefore, it
will be important to examine the relationship between
chronic exposure to BPA and development of obesity.
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