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Bisphenol A (BPA), a widely used environmental endocrine disruptor, has been reported to disrupt

glucose homeostasis. BPA exposure may be a risk factor for type 2 diabetes. In this study, we investi-

gated the effects of early-life BPA exposure on metabolic syndrome in rat offspring fed a normal diet

and a high-fat diet. Pregnant Wistar rats were exposed to BPA (50, 250, or 1250 �g/kg � d) or corn

oil throughout gestation and lactation by oral gavage. Offspring were fed a normal diet or a

high-fat diet after weaning. Body weight, parameters of glucose and lipid metabolism, morphol-

ogy, and function of �-cells were measured in offspring. On a normal diet, perinatal exposure to

50 �g/kg � d BPA resulted in increased body weight, elevated serum insulin, and impaired glucose

tolerance in adult offspring. On a high-fat diet, such detrimental effects were accelerated and

exacerbated. Furthermore, severe metabolic syndrome, including obesity, dyslipidemia, hyper-

leptindemia, hyperglycemia, hyperinsulinemia, and glucose intolerance, was observed in high-

fat-fed offspring perinatally exposed to 50 �g/kg � d BPA. No adverse effect of perinatal BPA

exposure at 250 and 1250 �g/kg � d was observed no matter on a normal diet or a high-fat diet. These

results suggest that perinatal exposure to BPA at reference dose, but not at high dose, impairs

glucose tolerance in adult rat offspring on a normal diet and predisposes offspring to metabolic

syndrome at adult on a high-fat diet. High-fat diet intake is a trigger that initiates adverse met-

abolic effects of BPA. (Endocrinology 152: 3049–3061, 2011)

Obesity and type 2 diabetes represent a serious threat

to the health of the population of almost every coun-

try in the world, and a growing number of people are being

diagnosed with obesity-related type 2 diabetes (1, 2). Also

increasing is the incidence of metabolic syndrome, a com-

plex condition linked to obesity that is characterized by a

cluster of risk factors, including hyperinsulinemia, hyper-

lipidemia, hypertension, and glucose intolerance (rather

than hyperinsulinemia alone) (3, 4). The potential role of

early-life chemical exposure in metabolic syndrome gains

much less interest than the factors such as heredity, diet,

lifestyle, and socioeconomic status (5, 6). However, in-

creasing evidence suggests that such early-life chemical

exposure has a significant impact on the origins of meta-

bolic disorders. As just one example, it has been proven

that prenatal exposure to nicotine leads to obesity and

alters the development of pancreas in the offspring (7, 8).

Attention also has been turned to the endocrine-dis-

rupting chemicals (EDC), which can be found in food

packages or insecticide residues on vegetable crops, etc.

and to which many people are exposed (9). There are ep-

idemiological evidence for the association between EDC
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exposure and metabolic disorders (10, 11). The subpopu-

lations that have the highest rates of obesity or diabetes are

also those that have greater exposure to EDC such as p,p�-

dichlorodiphenyltrichloroethane, bisphenol A (BPA), or

dioxins (12–14).

BPA, one of the highest volume EDC produced world-

wide (9, 15), is used as the monomer to manufacture many

food and beverage containers. It is reported that BPA is

found in 92.6% of the urine samples from 2500 partici-

pants of the National Health and Nutrition Examination

Survey (9). BPA exposure has been associated epidemio-

logically with type 2 diabetes, cardiovascular disease, and

liver enzyme abnormalities (12). Animal studies are also

mounting in support of the concept that BPA exposure

disrupts pancreatic �-cells function and the whole-body

blood glucose homeostasis. One and 10 nM BPA has been

reported to induce increases of insulin content in isolated

islets compared with vehicle-exposed islets (16). Signifi-

cantly higher insulin secretion after the long-term expo-

sure to BPA for 24 h in 16.7 mM glucose is also observed

in isolated islets than that without exposure (17). Addi-

tionally, administration of 100 �g/kg � d BPA for 4 d in

healthy male mice can lead to postprandial hyperinsulin-

emia and insulin resistance (18).

The relationship between BPA exposure and the impact

on metabolism is more important when exposure occurs

during the critical period of development. Male mice off-

spring exposed to 10 �g/kg � d BPA in utero [gestational

day (GD) 9–16] show altered blood parameters, impaired

glucose tolerance, and insulin resistance as well as en-

hanced insulin secretion, altered calcium signaling, and

reduced incorporation of 5-bromo-2�-deoxyuridine, al-

though �-cells mass is unaltered (19). Perinatal exposure

to approximate 70 �g/kg � d BPA via drinking water has

been shown to alter early adipogenesis and increase body

weight (20). Perinatal exposure to BPA at 0.25 �g/kg � d

via the mother’s diet has also been reported to increase

growth around the time of weaning in CD-1 mice off-

spring, but this effect does not translate to increase body

weight and impair glucose regulation, even when the mice

are fed a high-fat diet later in life (21).

In the present study, we address whether perinatal BPA

exposure would contribute to metabolic syndrome in rat

offspring and whether metabolic disrupt effects of BPA

was exacerbated under high-fat feeding condition.

Materials and Methods

Maintenance and treatment of animals
All of the animal experiments in this study followed the guide-

lines for the care and use of animals established by Tongji Med-
ical College (Huazhong University of Science and Technology,

Wuhan, China) and were approved by the Ethics Committee of
Tongji Medical College.

Virgin female (270–300 g) and male (350–400 g) genitor
Wistar rats (Hubei Research Center of Laboratory Animal,
China) were housed in special pathogen-free condition, with ad
libitum access to food and water in an environmentally con-
trolled room maintained on a 12-h light, 12-h dark cycle. Glass
water bottles and polypropylene cages were used in this study.
The morning when sperm-positive smears appeared was de-
clared GD 0. Pregnant rats were assigned to four groups and were
subjected to the following treatments from GD 0 to the weaning
at postnatal day (PND) 21 by oral gavage: 1) corn oil (Sigma-
Aldrich, St. Louis, MO; CAS no. 8001-30-7); 2) 50 �g/kg � d of
BPA (Sigma-Aldrich; purity � 99%, CAS no. 80-05-7) dissolved
in corn oil; 3) 250 �g/kg � d of BPA dissolved in corn oil; and 4)
1250 �g/kg � d of BPA dissolved in corn oil. Dosages were ad-
justed daily for body weight changes of pregnant rats (2.0 ml/kg
body weight).

Pregnant rats were monitored daily until spontaneous deliv-
ery. At delivery, offspring were culled to 10 per lactating dam
(five male and five female when possible) and kept with their
mothers until PND21. Offspring were weighed on PND 1, 5 10,
15, and 21. On PND 21, litters with less than five male pups or
five female pups were excluded from the following study. The
remaining pups were sexed and weaned. Thirty-two male and 32
female pups (four pups per litter) from each group (eight litters
per group) were chosen randomly and received either a normal
diet or a high-fat diet (two pups per litter per group). The normal
diet contains 12.05% fat, 24.93% protein, and 63.02% carbo-
hydrates, with energy of 14.43 kJ/g. The high-fat diet contains
28.53% fat, 22.33% protein, and 49.14% carbohydrates, with
energy of 17.36 kJ/g. Body weight was measured from wk 3 to
wk 26. Food intake was measured from wk 11 to wk 20.

To control for litter effects, we ensured that each experimen-
tal condition described below included offspring from different
litters in each treatment group (except for the measurement of
body weight, fasting blood glucose and serum insulin in which all
animals are represented). Moreover, differences in litter size were
accommodated by including it as a cofactor in all statistical
analyses.

Determination of blood parameters
Blood parameters were determined after 16 h overnight

fast using the handheld commercial glucose meter (ACCU-
CHEK Active; Roche, Mannheim, Germany). Serum triglyc-
erides (TG), total cholesterol (TC), high-density lipoprotein
(HDL), and low-density lipoprotein (LDL) were determined
with automatic blood analyzer (Hitachi 747 autoanalyzer;
Tokyo, Japan). Insulin and leptin concentrations were deter-
mined by commercially available RIA kits (Linco Research,
Millipore, Billerica, MA).

Oral glucose tolerance test (OGTT) and insulin

tolerance test (ITT)
For the OGTT test, offspring were fasted for 16 h and ad-

ministered 2.0 g/kg body weight glucose by oral gavage. Blood
glucose and serum insulin concentration were determined at var-
ious time points (0, 15, 30, 60, and 120 min). Glucose and insulin
responses during the OGTT were calculated by the area under
the curve (AUC) using the trapezoidal method. For the ITT test,
offspring were fasted for 6 h and injected ip with 0.75 U/kg body
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weight biosynthetic human insulin (Novolin R; Novo Nordisk

AIS, Bagsvaerd, Denmark). Blood glucose was measured at var-

ious time points as described above.

Transmission electron microcopy

At wk 3 and 27, portions of the splenic region of pancreas

were collected and processed for electron microscopy as de-

scribed (22, 23). Sections were examined with FEI Tecnai 12G2

transmission electron microscope (FEI, Eindhoven, Nether-

lands). �-Cells were identified by the presence of a round or

spherical core of the vesicles with the surrounding the limiting

membrane (24). Secretory granules in �-cells were classified as

filled (dense core), immature (light gray core), or empty (22, 25)

and were manually quantified. Manual quantifications were per-

formed on 15 sections from eight islets per rat (n � 3 per group).

Mitochondrial swelling was assessed by the average mitochon-

drial area and OD, which were determined by manually circling

a minimum of 100 mitochondria within the �-cells per rat (n �

3 per group) and was analyzed using Image Pro Plus version 6.0

software (Media Cybernetics, Silver Spring, MD).

Light microscopy and immunocytochemistry

At wk 27, the whole pancreas was removed from offspring

and weighed. For immunohistochemistry, part of the splenic re-

gion of the pancreas (n � 3 per group) were fixed in 4% para-

formaldehyde and embedded in paraffin. Sections of 5 �m thick

were prepared and incubated with antiinsulin (Millipore, Bil-

lerica, MA) and antiglucagon (Abcam, Cambridge, UK) anti-

bodies. �-Cell areas were calculated by in-
sulin-positive cells in sections (26). �-Cells
mass was calculated by multiplying the cor-
responding pancreatic weight by the per-
centage of islet area as described (27). De-
tection was performed in 10 sections (5 �m)
separated by 200 �m per rat and was also
analyzed using Image Pro Plus version 6.0
software (Media Cybernetics).

At wk 27, white adipose tissue from go-
nadal fat pads were collected and weighed
and then fixed in 4% paraformaldehyde
and embedded in paraffin (n � 3 per group).
Five-micrometer sections were mounted
and stained with hematoxylin and eosin.
Morphometric measurements were per-
formed on five serial sections per rat in each
group and about 30–50 adipocytes were
measured in each section.

Glucose-stimulated insulin

secretion (GSIS)
Islets were isolated from pancreas of off-

spring by collagenase type V (Sigma-Al-
drich) digestion and Ficoll step density gra-
dient separation as described (28–30).
Groups of 20 islets of similar size were cul-
tured in media containing 3.0, 5.8, or 16.7
mmol/liter glucose for 1 h. Insulin secreted
in the media was assayed by RIA (31).

RNA preparation and mRNA quantification

Total RNA was extracted from isolated rat islets using Trizol

reagent (Invitrogen, Carlsbad, CA). The expression of the

mRNA was determined by quantitative real-time PCR using an

Applied Biosystems model 7900HT fast real-time PCR system.

Relative gene expression was calculated by the 2-‚‚CT method

with 36B4 as an endogenous reference gene. The primers are

listed in Supplemental Table 1, published on The Endocrine So-

ciety’s Journals Online web site at http://endo.endojournals.org.

Statistical analysis

Data were expressed as mean � SEM and were analyzed using

SPSS 13.0 (SPSS, Chicago, IL). Litter size, sex ratio, and the body

weight of the offspring during lactation were analyzed using

one-way ANOVA followed by least significant differences and

Dunnett’s T3 test. The remaining data were analyzed using the

appropriate analysis of covariance (ANCOVA) model, with lit-

ter size as the covariate, followed by the Bonferroni test. Differ-

ences between the two groups were analyzed using an indepen-

dent two-tailed t test. A P � 0.05 was considered significant.

Results

Effects of BPA on body weight and energy intake

Offspring perinatally exposed to BPA at 50 �g/kg � d

had more weight gain than the control starting in wk 19

FIG. 1. Body weight and food intake of male (A and B) and female offspring perinatally

exposed to 50 �g/kg � d BPA. A, Body weight in male offspring [repeated-measure (RM)

ANCOVA: P (litter size) � 0.05]. B, Body weight in female offspring [RM ANCOVA: P (litter

size) � 0.05] (n � 16, 3–12 wk; n � 11, 13–20 wk; n � 6, 21–27 wk per group). C, Food

intake in male offspring [ANCOVA: P (litter size) � 0.05]. D, Food intake in female offspring

[ANCOVA: P (litter size) � 0.05] (n � 10 per group). Results are expressed as mean � SEM.

HFD, High-fat diet; ND, normal diet. *, P � 0.05 compared with control HFD group; **, P �

0.01compared with control HFD group; #, P � 0.05 compared with control ND group; ##,

P � 0.01compared with control ND group.

Endocrinology, August 2011, 152(8):3049–3061 endo.endojournals.org 3051

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
n
d
o
/a

rtic
le

/1
5
2
/8

/3
0
4
9
/2

4
5
7
2
3
1
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



(male) and 17 (female) (Fig. 1, A and B), although no

difference was observed in body weight, litter size, sex

ratio at birth, and weight gain during lactation between

controls and BPA-exposed offspring (Supplemental Table

2 and Supplemental Fig. 1). On a high-fat diet, male and

female offspring exposed to BPA weighed more than the

control as early as wk 7 and 9 (Fig. 1, A and B). Cumulative

energy intake was comparable between BPA-treated

groups and controls during growth (Fig. 1, C and D). Litter

size was not associated with body weight and energy in-

take in either sex (P � 0.05).

Effects of BPA on glucose homeostasis

On a normal diet, no difference in fasting blood glucose

levels was observed between controls and 50 �g/kg � d

BPA-treated offspring (Fig. 2, A and B). Serum insulin was

elevated at wk 15 in male offspring (Fig. 2C) and at wk 26

in females (Fig. 2D). On a high-fat diet, fasting blood glu-

cose and serum insulin levels were elevated by 50 �g/kg �

d BPA exposure as early as wk 9 in male offspring (Fig. 2,

A and C) and wk 15 in females (Fig. 2, B and D).

Glucose tolerance in offspring perinatally exposed to

50 �g/kg � d BPA was tested at wk 3, 6, 9, 15, and 26, and

no significant difference was observed between controls

and BPA-treated offspring from wk 3 to wk 9 (data not

shown). On a normal diet, no significant effect of BPA on

glucose clearance was detected in male offspring at wk 15

(Fig. 3A), but insulin AUC was higher in BPA-treated male

offspring compared with controls (Fig. 3B). There was no

difference in OGTT between female BPA-treated off-

spring and controls on a normal diet (Fig. 4, A and B) at

wk 15. At the age of 26 wk, both male and female BPA-

treated offspring on a normal diet had greater glucose and

insulin AUC compared with controls (Figs. 3, D and E, and

4, D and E). On a high-fat diet, BPA exposure evoked

glucose intolerance at wk 15 in both male and female

offspring, characterized by significantly higher blood glu-

cose and serum insulin levels in response to OGTT (Figs.

3, A and B, and 4, A and B). In male BPA-treated offspring

fed a high-fat diet, blood glucose levels was also signifi-

cantly elevated throughout the 120-min OGTT (Fig. 3D).

Serum insulin was significantly decreased at 15 min after

glucose loading, although the elevated insulin level during

basal period was still evident (Fig. 3E). Blood glucose and

serum insulin level at each time point retained significantly

higher in female BPA exposed offspring on a high-fat diet

at wk 26 (Fig. 4, D and E).

A 120-min pilot ITT was performed to evaluate insulin

sensitivity at wk 15 and 26. On a normal diet, no apparent

FIG. 2. Effects of perinatal exposure to 50 �g/kg � d BPA on fasting blood glucose and fasting serum insulin in male (A and C) and female (B and

D) offspring. A and B, Blood glucose [ANCOVA: P (litter size) � 0.05]. C and D, Serum insulin [ANCOVA: P (litter size) � 0.05] (n � 16, 3–12 wk;

n � 11, 13–20 wk; n � 6, 21–26 wk per group). Results are expressed as mean � SEM. HFD, High-fat diet; ND, normal diet. *, P � 0.05 compared

with control HFD group; **, P � 0.01compared with control HFD group; #, P � 0.05 compared with control ND group; ##, P � 0.01 compared

with control ND group.
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difference was displayed between 50 �g/kg � d BPA-treated

male offspring and controls at wk 15 in the whole-body

insulin sensitivity (Fig. 3C). At wk 26, blood glucose de-

crease was less pronounced in BPA-treated male offspring

at 30 min after administration of insulin than that in con-

trols (Fig. 3F), confirming a mild reduction of insulin sen-

sitivity in BPA-treated male offspring. Response during

the ITT was unaltered in BPA-treated female offspring up

to wk 26 (Fig. 4, C and F). On a high-fat diet, the glucose-

lowering effect of insulin was significantly attenuated in

BPA-treated male and female offspring compared with

controls starting in wk 15, characterized by much lower

fractional fall in blood glucose after insulin administration

(Figs. 3, C and F, and 4, C and F). Litter size was not

associated with blood glucose, serum insulin, glucose tol-

erance, and insulin tolerance in either sex (P � 0.05).

Effects of BPA on mitochondrial structure and

insulin granule characteristics in �-cells

Relative to controls (Fig. 5A), swollen mitochondria

and dilated of rough endoplasmic reticulum were ob-

served in �-cells of 50 �g/kg � d BPA-treated male offspring

at weaning (Fig. 5B). The average area and OD of the

mitochondria in �-cells of BPA-treated male offspring

were increased compared with controls (Fig. 5, C and D).

A mild increase in empty granules was observed in male

BPA-treated offspring (Fig. 5E).

At wk 27, structure abnormalities including hypertro-

phy mitochondria and rough endoplasmic reticulum were

also evident in �-cells of BPA-treated male offspring (Fig.

5G) compared with the control (Fig. 5F) on a normal diet.

Average area and OD of the mitochondria in BPA-exposed

�-cells remained significantly higher than controls (Fig. 5,

J and K). Reduction in filled granules was observed in

BPA-treated male offspring fed a normal diet (Fig. 5L). On

a high-fat diet, markedly degenerative �-cells were ob-

served in male offspring, characterized by almost com-

pletely absent of secretory granules, well-dilated mito-

chondria, hypertrophied rough endoplasmic reticulum,

and karyopyknosis (Fig. 5I). There was no difference in the

average area of mitochondria, but the density of the mi-

tochondria was significantly higher in �-cells of BPA-

treated male offspring fed a high-fat diet (Fig. 5, J and K).

Asignificant reduction in thenumberof filledgranules and

a significant increasing in the number of empty granules

were exhibited in �-cells of BPA-treated male offspring

(Fig. 5L). Litter size was not associated with the area and

the density of mitochondria (P � 0.05). Adverse effect on

glucose homeostasis in BPA-treated female offspring was

FIG. 3. Glucose tolerance test (2.0 g/kg, oral gavage) and ITT (0.75 IU/kg, ip) for male offspring exposed to 50 �g/kg � d BPA at wk 15 (A–C) and

wk 26 (D–F). A and D, Blood glucose before and after oral administration of glucose [repeated-measure (RM) ANCOVA: P (litter size) � 0.05].

Insets (A and D) represent the mean total glucose AUC [ANCOVA: P (litter size) � 0.05]. B and E, Serum insulin before and after oral

administration of glucose [RM ANCOVA: P (litter size) � 0.05]. Insets (B and E) represent the mean total insulin AUC. The integrated AUC was

determined using the trapezoidal method [ANCOVA: P (litter size) � 0.05]. C and F, Blood glucose levels before and after ip injection of insulin

[RM ANCOVA: P (litter size) � 0.05]. Blood glucose levels were normalized to those at t � 0 min (100%). Results are expressed as mean � SEM.

HFD, High-fat diet; ND, normal diet. *, P � 0.05 compared with control HFD group; **, P � 0.01compared with control HFD group; #, P � 0.05

compared with control ND group; ##, P � 0.01compared with control ND group.
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present but less severe than males; thus, analysis was

shown only in males (data for females was present in Sup-

plemental Fig. 2).

Effects of BPA on �-cells morphometry and mass

On a normal diet, 50 �g/kg � d BPA-treated offspring

had mild dilated or large elongated islets (Fig. 6A). When

the islets were separated by area into large (�10,000

�m2), medium (1000–10000 �m2), or small islets

(�1,000 �m2), the frequency of medium and large islets

were higher in BPA-treated offspring (Fig. 6, B and C). The

calculated mean area and mass of �-cells in male BPA-

exposed offspring were larger than that in controls, and no

differences was observed in females (Fig. 6, D and E). In

offspring fed a high-fat diet, islets were markedly hyper-

trophied and less organized characterized by dispersed

staining (Fig. 6A). Consequent to the significant increases

in large islets (Fig. 6, B and C), significantly higher mean

area of �-cells were observed in BPA-treated male and

female offspring (Fig. 6D). �-Cell mass was increased in

female BPA-treated offspring on a high-fat diet. In males,

�-cell mass tended to be lower after BPA exposure but did

not reach statistical significance (Fig. 6E). Litter size was

not associated with the average area and the mass of

�-cells in either sex (P � 0.05).

Effects of BPA on �-cells functions islets function

was measured by GSIS

On a normal diet, islets of offspring perinatally ex-

posed to 50 �g/kg � d BPA showed greater insulin se-

cretion than the control when stimulated by 16.7 mmol/

liter glucose in either sex (Fig. 6, F and G). On a high-fat

diet, BPA exposure induced insulin secretory in re-

sponse to glucose was quite different between male and

female offspring. Islets isolated from male offspring

tended to release more insulin in response to 3.0 or 5.8

mmol/liter glucose stimulus but exhibited a significantly

diminished ability to secrete insulin in response to 16.7

mmol/liter glucose stimulus (Fig. 6F). On the other hand,

BPA exposure significantly increased insulin secretion in

females when islets exposed to 5.8 and 16.7 mmol/liter

glucose (Fig. 6G). Litter size was not associated with GSIS

in either sex (P � 0.05).

Effects of BPA on the expression of mRNA in islets

Expression of islet-associated transcription factors

were dramatically reduced, including pancreatic and du-

odenal homeobox-1 (Pdx-1) and Nkx6.1, in 50 �g/kg � d

BPA-treated offspring, no matter whether fed a normal or

a high-fat diet. Similarly, reduced levels of glucose trans-

porter 2 (Glut2; also known as Slc2a2) and Gck were also

FIG. 4. Glucose tolerance test (2.0 g/kg, oral gavage) and ITT (0.75 IU/kg, ip) for female offspring exposed to 50 �g/kg � d BPA at wk 15 (A–C)

and wk 26 (D–F). A and D, Blood glucose before and after oral administration of glucose [repeated-measure (RM) ANCOVA: P (litter size) � 0.05].

Insets (A and D) represent the mean total glucose AUC [ANCOVA: P (litter size) � 0.05]. B and E, Serum insulin before and after oral

administration of glucose [RM ANCOVA: P (litter size) � 0.05]. Insets (B and E) represent the mean total insulin AUC. The integrated AUC was

determined using the trapezoidal method [ANCOVA: P (litter size) � 0.05]. C and F, Blood glucose levels before and after ip injection of insulin

[RM ANCOVA: P (litter size) � 0.05]. Blood glucose levels were normalized to those at t � 0 min (100%). Results are expressed as mean � SEM.

HFD, High-fat diet; ND, normal diet. *, P � 0.05 compared with control HFD group; **, P � 0.01compared with control HFD group; #, P � 0.05

compared with control ND group; ##, P � 0.01compared with control ND group.
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observed in BPA-treated offspring. Additionally, expres-

sion of Ldha, a gene involved in lactate metabolism and

transport, was markedly increased in BPA-treated off-

spring fed a high-fat diet. Levels of uncoupling protein 2

(Ucp2) were significantly increased in BPA-treated off-

spring fed either a high-fat diet or a normal diet (Table 1).

Litter size was not associated with the expression of

mRNA in either sex (P � 0.05).

Effects of BPA on lipid homeostasis

As shown in Fig. 7, A–D, BPA exposure resulted in a

higher body fat percentage and significantly greater size of

adipocytes in normal-diet or high-fat fed offspring of both

genders. Litter size was significantly associated with the

size of adipocytes in the high-fat-fed female offspring (P �

0.05) but was not significantly related to that in males (P �

0.05). Among both males and females, the litter size did

not predict the body fat percentage (P � 0.05).

Higher TG level and lower HDL, but comparable TC

and LDL, were observed in BPA-treated male offspring fed

a normal diet (Fig. 7, E–H). No significant difference in

these parameters was displayed in females. On a high-fat

diet, BPA exposure resulted in significantly higher serum

TC, TG, LDL levels and dramatically lower HDL levels in

both male and female offspring (Fig. 7, E–H). Serum leptin

levels were significantly higher in BPA-treated offspring of

both genders than that in controls, no matter whether fed

a normal or a high-fat diet (Fig. 7I). Litter size was not

associated with the serum leptin, TC, TG, LDL, and HDL

in either sex (P � 0.05).

Effects of BPA exposure at 250 and 1250 �g/kg � d

Perinatal BPA exposures at 250 and 1250 �g/kg � d did

not have any impact on body weight, blood parameters,

glucose tolerance, and insulin sensitivity in the offspring,

FIG. 5. �-Cell morphological analysis in male offspring perinatal exposure to 50 �g/kg � d BPA (n � 3 per group). Representative electron

microscopy photomicrographs of control (A, F, and H) and BPA-exposed �-cells (B, G, and I) at wk 3 (A and B) and wk 27 (F–I) illustrated the

typical insulin granules and mitochondria pattern. N, Nucleus; Gr, secrete granulation. Swollen mitochondria were indicated by black boxes. Black

arrowheads showed immature secretory granules, and black arrows showed empty granules. Photographs were taken at �13,500 magnification.

Mitochondria were quantified within the �-cells and presented as the average mitochondrial area (C and J) and the average mitochondrial OD (D

and K) at wk 3 (C and D) and wk 27 (J and K) [ANCOVA: P (litter size) � 0.05]. Higher OD values (a measure of brightness) were an indication of

organelle swelling. E and L, Manual quantifications of the percentage of total number of granules (filled, immature, and empty) at 3 (E) and 27 (L)

wk of age [ANCOVA: P (litter size) � 0.05]. Results are expressed as mean � SEM. HFD, High-fat diet; ND, normal diet. *, P � 0.05 compared with

control HFD group; **, P � 0.01compared with control HFD group; #, P � 0.05 compared with control ND group; ##, P � 0.01compared with

control ND group.
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no matter whether fed a normal diet or a high-fat diet

(Supplemental Figs. 3–10).

Discussion

The potential role of BPA in increasing the risk of metabolic

abnormalities has been indicated in some epidemiological

andanimal studies (12,18,19).Herewereport thatperinatal

BPA exposure at 50 �g/kg � d results in impaired glucose

tolerance and insulin sensitivity in adult rat offspring; more-

over, male offspring develop insulin resistance in adulthood.

In addition, we first found that the ultrastructure of �-cells in

BPA-treated offspring had been damaged at weaning before

the onset of glucometabolic disorders, which got progres-

sively worse as the offspring became older.

FIG. 6. Immunofluorescent staining of pancreas-stimulated insulin secretion and GSIS ex vivo in offspring at wk 27 (n � 3 per group). A,

Representative pancreatic sections immunostained with antiinsulin (green) and antiglucagon (red) antibodies at �20 magnification. B and C, The

distribution of �-cell area in male (B) and female (C) offspring [ANCOVA: P (litter size) � 0.05]. Black arrows highlight the preponderance of larger

islet areas in BPA-exposed offspring. D, Measurement of mean �-cell area for male and female offspring [ANCOVA: P (litter size) � 0.05]. E,

Measurement of �-cell mass for male and female offspring [ANCOVA: P (litter size) � 0.05]. Results are expressed as mean � SEM. Islets from male

(F) and female (G) offspring exposed to 50 �g/kg � d BPA were incubated with the indicated glucose concentrations for 1 h, and the accumulated

amount of insulin was determined. Results are expressed as mean � SEM of six replicates from three independent isolations. HFD, High-fat diet;

ND, normal diet. *, P � 0.05 compared with control HFD group; **, P � 0.01compared with control HFD group; #, P � 0.05 compared with

control ND group; ##, P � 0.01compared with control ND group.
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We chose three maternal doses of BPA, and the meta-

bolic reprogramming effects occurred just at 50 �g/kg � d

but not at 250 or 1250 �g/kg � d. This intriguing finding

is consistent with an excellent study demonstrating that

offspring exposed to 100 �g/kg � d BPA present milder

glucose intolerance than that exposed to 10 �g/kg � d BPA

(19). Perinatal exposure to approximate 70 �g/kg � d BPA

has also been reported to alter early adipogenesis and el-

evate body weight but not impair glucose tolerance in rat

offspring (20). These reports and our results propose a

nonmonotonic dose response that low doses of BPA are

more effective than high doses in altering metabolic ho-

meostasis. In a well-designed study, Ryan et al. (21) re-

ported that CD-1 mice offspring perinatally exposed to

approximately 0.25 �g/kg � d BPA via the mother’s diet do

not accelerate body weight or impair glucose regulation in

adulthood, even when exposed to a high-fat diet later in

life. This study included large numbers of animals from

a large number of litters and controlled for the litter

effects by including only one animal of each sex from

each litter to participate in each experimental condi-

tion, which proves the negative findings technically and

raises the possibility that 0.25 �g/kg � d BPA may be

considered as a dose lower than that elicits adverse ef-

fects on glucose metabolism.

To mimic the most common route of exposure to BPA

in human and wildlife, we chose an oral route of BPA

administration and continued BPA exposure throughout

the period of lactation because both fetal and neonatal life

is critical to pancreas development in rodents. In addition,

consumption of high-energy foods is prevalent all over the

world, so we evaluate the effects of switching the offspring

to a high-fat diet after weaning, looking specifically for

whether early-life BPA exposure would initiate type 2 di-

abetes in rats weaned onto a high-fat diet. As anticipated,

we confirmed that the postweaning high-fat diet acceler-

ates and exacerbates the development of metabolic syn-

drome induced by perinatal BPA exposure. A recent study

reported that mice offspring perinatally exposed to 0.25

�g/kg � d BPA increase growth around the time of weaning,

but BPA-exposed offspring do not develop to metabolic

syndrome in adulthood when they eat a high-fat diet be-

ginning at 9 wk of age (21). It would be therefore inter-

esting to address whether mice offspring perinatally ex-

posed to BPA at 0.25 �g/kg � d would contribute to

metabolic disorders in adulthood if they eat a high-fat diet

as soon as weaning.

The postweaning body weight curves of perinatal BPA-

exposed offspring were steeper than those of the control in

this study, which is in line with previous results demon-

strating increased body weight in rat offspring perinatally

exposed to 100 �g/kg � d BPA (32). We also observed that

the increased body weight in adult rat offspring was as-

sociated with an increase of white adipose tissue size as

well as an increase of body fat percentage. All these find-

ings are in agreement with a prior paper in which early

adipogenesis is altered and body weight in adulthood is

increased in Sprague Dawley rat offspring exposed to 70

�g/kg � d BPA from GD6 throughout the period of lacta-

tion (20) but is distinct from other works reporting no

alteration in body weight in mice offspring exposed to 10

�g/kg � d BPA only during pregnancy (19). One possible

explanation for the difference in the alteration of body

weight is that different periods of administration of BPA

influence the results observed in these studies. White ad-

ipose tissue formation begins before birth, but its differ-

entiation or expansion mainly takes place in postnatal life

(33); as a result, the combination of prenatal BPA expo-

sure together with postnatal exposure are more likely to

increase body weight in adult offspring.

In this study, serum leptin was elevated in BPA-treated

offspring at wk 26, which is different from a published

data showing no alterations in serum leptin levels in 10 or

100 �g/kg � d BPA-exposed male offspring at 6 months of

age. Leptin is secreted by mature adipocytes, and serum

leptin concentrations are most closely correlated with the

percentage of body fat (34). Data reported here indicate

that increases in serum leptin is, in part, attributable to

TABLE 1. Comparison of islet-associated transcription factor and �-cell function mRNA levels in islets from
offspring perinatally exposed to 50 �g/kg � d BPA

Male (n � 3) Female (n � 3)

ND HFD ND HFD

Pdx-1 0.794 � 0.011a 0.379 � 0.011b 0.810 � 0.017a 0.574 � 0.025b

Nkx6.1 0.783 � 0.013a 0.440 � 0.022b 0.735 � 0.021a 0.601 � 0.014b

Glut2 0.714 � 0.018a 0.385 � 0.018b 0.840 � 0.014a 0.494 � 0.019b

Gck 0.706 � 0.019a 0.386 � 0.020b 0.826 � 0.028a 0.531 � 0.020b

Ldha 1.234 � 0.023 2.105 � 0.047b 1.168 � 0.019 1.741 � 0.027b

Ucp-2 1.519 � 0.029a 1.967 � 0.051b 1.447 � 0.023a 1.645 � 0.031b

Results are expressed as mean � SEM determined by three replicates (n � 3 per group). Each gene was normalized to the 36B4 internal control,
and gene expression values were normalized to control islet values �ANCOVA: P (litter size) � 0.05�. ND, Normal diet; HFD, high-fat diet.
a P � 0.05 compared with control ND group; b P � 0.01compared with control HFD group.
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neonatal life BPA exposure-associated up-regulation of

adipocyte synthesis in addition to the presence of insulin

resistance or hyperinsulinemia. Notably, leptin in turn in-

hibits the production of insulin in the pancreas (35); thus,

the significantly increased leptin may contribute to the

subsequent development of diabetes in perinatal BPA-ex-

posed individuals.

Alterations in body weight and body fat percentage also

led to elevated levels of TG, TC, and LDL as well as de-

clined levels of HDL in our study. These adverse effects of

BPA exposure are exacerbated when offspring are fed a

high-fat diet. Considerable evidence has been accumu-

lated that both LDL and HDL affect the function and

survival of pancreatic �-cells (36, 37). Furthermore, ad-

ditional evidence is emerging that HDL regulates fat stor-

age in adipocytes, energy expenditure, and insulin sensi-

tivity (38, 39). Hence, our study confirms that perinatal

BPA exposure is involved in the development of obesity

and the compromises of lipid metabolism, thereby initi-

ating a vicious cycle, which further aggravates insulin re-

sistance and favors �-cell failure.

Obesity is usually associated with other comorbid con-

ditions, such as insulin resistance or type 2 diabetes. In our

study, the first observed that alteration related to glucose

homeostasis is abnormal �-cell ultrastructure in offspring

at weaning, characterized by swollen mitochondria, di-

lated rough endoplasmic reticulum, and a modest degran-

ulation of �-cells, whereas at that time, the fasted blood

glucose, serum insulin, and glucose tolerance in offspring

were not changed. Mitochondria are critical for regulation

of �-cell mass and maintenance of �-cell function through

the coupling of a glucose stimulus to insulin release (40–

42). Thus, we suggest that BPA-induced mitochondria and

rough endoplasmic reticulum damage would have further

FIG. 7. Effects of perinatal exposure to 50 �g/kg � d BPA on lipid homeostasis in offspring. A and B, Representative histologic sections of adipocytes

from male (A) and female (B) offspring at wk 27 (n � 3 per group). C, Body fat percentage measured at wk 27 [ANCOVA: P (litter size) � 0.05]. D,

Average adipocyte area measured at wk 27 [ANCOVA: among males, P (litter size) � 0.05; among females, P (litter size) � 0.05]. E, Serum TC measured

at wk 27 [ANCOVA: P (litter size) � 0.05]. F, Serum TG measured at wk 27 [ANCOVA: P (litter size) � 0.05]. G, Serum HDL measured at wk 27

[ANCOVA: P (litter size) � 0.05]. H, Serum LDL measured at wk 27 [ANCOVA: P (litter size) � 0.05]. I, Serum leptin measured at wk 27 [ANCOVA: P (litter

size) � 0.05] (n � 6 per group). Results are expressed as mean � SEM. HFD, High-fat diet; ND, normal diet. *, P � 0.05 compared with control HFD

group; **, P � 0.01compared with control HFD group; #, P � 0.05 compared with control ND group; ##, P � 0.01compared with control ND group.
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consequences for �-cell function and play an important

role in the development of glucose intolerance or type 2

diabetes. In addition, the weaning period is a critical win-

dow for pancreatic development because offspring change

from a constant milk diet to an omnivorous diet (43).

BPA-treated offspring weaned onto a high-fat diet would

further impair pancreatic development and thereby alter

�-cell function, which lasts into the adulthood and has

harmful lifetime consequences.

As anticipated, observed mitochondria defects progres-

sively got worse, even though BPA exposure was discon-

tinued at weaning. Offspring perinatally exposed to BPA

on a normal diet exhibited increased serum insulin and

�-cell mass and glucose intolerance at adulthood, which

suggests that compensatory changes occurring in �-cells

induce increased insulin production. But dilatate and hy-

peractive �-cells would entrain �-cells to fail in later life,

when type 2 diabetes occurs. When offspring were weaned

onto a high-fat diet, an adverse impact of BPA on glucose

homeostasis was much more pronounced, characterized

by elevated blood glucose and insulin and a decrease in

glucose use. Insulin insensitivity was clear in BPA-treated

offspring fed a high-fat diet, indicating peripheral insulin

resistance would underline glucose intolerance. Female

offspring exposed to BPA exhibited insulin hypersecretion

during an OGTT, which suggests that the decreased in

glucose use is due to an alteration of peripheral insulin

sensitivity rather than a defect in insulin production or

secretion. Significantly higher blood glucose but lower in-

sulin was detected at 15 min after glucose loading in male

BPA-treated offspring on a high-fat diet. The reduced first-

phase insulin secretion could have been due to the mild

reduction of �-cell mass or to the evident degranulation of

�-cells. Ex vivo analysis of insulin secretion also demon-

strated that, on a high-fat diet, islets of BPA-exposed male

offspring showed higher insulin secretion at low glucose

concentrations (3.0–5.8 mmol/liter) and moreover signif-

icantly reduced insulin secretion in response to 16.7 mmol/

liter glucose compared with controls. All these data sug-

gest that compensatory changes in islets of male BPA-

treated offspring could not overcome the requirement of

insulin according to the continuous hyperglycemia. Met-

abolic phenotype of adult male BPA-treated offspring is

highly similar to the prediabetic situation (44), a patho-

logical status associated with a mild reduction in �-cells

mass and during which hypersecretion of insulin is not

sufficient to compensate for peripheral insulin resistance.

In addition, male offspring tend to be more sensitive than

females to BPA exposure, which may be partly due to the

protective effect of physiological estrogens in females

against diabetes (45).

In this study, we also show that BPA-induced �-cell

dysfunction is associated with a global disruption of gene

expression with the induction of several normally sup-

pressed genes and decreased expression of genes that op-

timize �-cell function. Pdx-1 is a key component that is

essential for normal glucose-induced insulin secretion and

is correlated with �-cell mass (46, 47). The reduction in

Pdx-1 seems to be a critical threshold for causing a de-

crease in insulin, Glut2, and glucokinase genes, which are

also important for normal �-cell function (48). In addition

to the transactivation of genes, Pdx-1 also regulates mi-

tochondrial function in mature �-cells (16). Therefore,

BPA exposure-induced �-cell dysfunction and mitochon-

drial damage are partly due to the decreased expression of

Pdx-1. Additionally, Ucp2 is considered to have negative

influence on �-cell function (49, 50). Hyperinsulinemia,

hyperglycemia, and impaired GSIS exhibited in BPA-

treated offspring are associated with increased Ucp2

mRNA levels.

In conclusion, our results overwhelmingly point to met-

abolic dysregulation as a consequence of perinatal BPA

exposure at reference dose (50 �g/kg � d) in adulthood,

characterized by an impairment in glucose tolerance in

normal diet-fed offspring and moreover metabolic syn-

drome in high-fat-fed offspring. These detrimental effects

on metabolism become more severe as the animals become

older. Interestingly, data in this study suggest that a low

dose of BPA (50 �g/kg � d) is more effective than a high

dose, such as 250 and 1250 �g/kg � d, in disrupting glucose

homeostasis in offspring and predisposing offspring to

metabolic syndrome. Perinatal exposure to BPA at the ref-

erence dose represents a new risk factor in offspring for

developing metabolic syndrome in adulthood.
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