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A B S T R A C T

Aims: Bisphenol A (BPA), an endocrine disruptor used in industrial applications, has been detected in both
placenta and milk. We studied the effects of BPA exposure during pregnancy and lactation on body composition,
palatable food intake, biochemical, hormonal and behavioral profiles of young and adult Wistar rat offspring.
Main methods: Female rats were divided into: control, BPA10 (10 μg/kg/day) and BPA50 (50 μg/kg/day). BPA
was administered by gavage to dams from gestation until the end of lactation. Euthanasia occurred at weaning
[postnatal day (PN) 21] or adulthood (PN180).
Key findings: At weaning, BPA10 female pups had higher plasma cholesterol and triacylglycerol. BPA10 male
pups showed lower plasma T3. BPA10 pups of both sexes had higher plasma progesterone, testosterone and
estradiol. At adulthood, females of both BPA groups had lower food intake and higher insulinemia, whereas
males had lower visceral fat, lower progesterone and testosterone concentrations. BPA10 females and males had
lower T4 levels, while only males showed lower estradiol. BPA50 females showed lower fat mass, higher lean
mass and lower corticosteronemia, while males had lower food intake. In the feeding study, BPA10 males ate
more fat at 30min, while BPA10 females and males ingested less fat after 12 h. BPA10 females showed hy-
peractivity while both groups showed less exploration.
Significance: Maternal exposure to BPA during gestation and lactation, even at low doses, induces life-long
changes in the regulation of metabolic homeostasis of the progeny, affects sex steroids and thyroid hormones
levels, compromises behavior, but does not lead to obesity or dyslipidemia.

1. Introduction

Adverse events during the intrauterine and postnatal periods can
modify gene expression and lead to permanent changes in metabolism
and hormonal regulation [1,2]. Maternal exposure, during pregnancy
and breastfeeding, to insults such as inadequate nutrition, social stress
and environmental pollutants can induce obesity and its comorbidities
later in life [3–5]. Studies in humans have identified that environmental
pollutants are potential risk factors in the development of several dis-
eases [6,7]. Substances defined as endocrine disrupting chemicals
(EDCs) or “exogenous agents” have been associated with numerous
health problems, such as reproductive dysfunction, obesity, diabetes,
among others disturbances [8].

Bisphenol A (BPA) is one of the most used EDCs worldwide since it
is a starting material for the synthesis of plastics (such as toys, tools,
flame retardants, antioxidants and pesticides). It has bioaccumulation
characteristics [8–10] and an annual production that exceeds 3.5 mil-
lion tons [11]. The U.S. Environmental Protection Agency (EPA) and
the U.S. Food and Drug Administration (FDA) established a BPA re-
ference dose of 50 μg/kg BW/day [12,13], while the European Food
Safety Authority (EFSA) estimated as tolerable a daily intake (TDI) of
4 μg BPA/kg BW/day [14].

BPA is considered a xenoestrogen, capable of binding to endogenous
estrogen receptors [15,16]. Besides, it can bind to receptors of testos-
terone [17,18], thyroid hormones [19,20] and glucocorticoids [21].
BPA has been detected in amniotic fluid, neonatal blood, placenta,
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umbilical cord blood and breast milk, showing that this compound can
pass from mother to child in pre- and postnatal life [22]. Exposure to
BPA during pregnancy induces increased body mass in the offspring
during infancy and at adulthood [23]. In the rat offspring exposed to
1mg/l BPA, alterations in the expression of adipogenic genes were
observed at PN21 [24]. BPA exposure during gestation and lactation
induces a greater expression of UCP1 (uncoupling protein 1) and lipid
accumulation in the brown adipose tissue (BAT) in the offspring [25].
In the liver, Rönn et al. [26] identified increased hepatic lipid content
after maternal exposure to BPA associated with a fructose diet. Also in
rats, the exposure to low doses of BPA during the critical period of
development impairs growth, fertility, hormone levels, behavioral and
neural functions [27,28].

Despite all the data that are already available concerning the effects
of BPA, no previous study has been designed to evaluate the short- and
long-term effects of exposure of BPA specifically during the period
encompassing both gestation and breastfeeding; most studies use a
continuous BPA exposure protocol that lasts until the animals are eu-
thanized. Here, we investigated the short and long-term effects of
perinatal exposure to low doses of BPA on several parameters: body
mass, body composition, palatable food preference, hormonal, bio-
chemical and behavioral. We also investigated, for the first time, the
mechanism by which food intake may be altered in terms of palatable
food preference. Our results elucidate the effects of BPA on tissues and
systems not previously investigated, and highlight the importance of
eliminating this substance from the manufacture of plastic products.

2. Materials and methods

2.1. Animals

Experiments were carried out in accordance with the protocols ap-
proved by the Animal Care and Use Committee of the Biology Institute
of the State University of Rio de Janeiro and in accordance with the
Brazilian Law no. 11.794/2008. Wistar rats were housed in a tem-
perature-controlled room (23 ± 1 °C) with artificial dark–light cycles
(lights on at 7:00 a.m., lights off at 7:00 p.m.), with free access to water
and standard chow. During the entire experimental period, the rats, as
well as all material used during the experiments and analyses, were
kept on polysulfone cages (BPA-free).

2.2. Experimental model of BPA administration during perinatal life

Thirty adult nulliparous female rats were mated with male ones
(2:1). The estrous cycle was monitored in order to allow for the iden-
tification of pregnancy. Pregnant dams were placed in individual cages
and randomly assigned into one of three groups: 1) CON (control,
n= 9): dams in this group received water with ethanol 0.1%; 2) BPA10
(n=9): dams in this group received 10 μg/kg/day of bisphenol A
(Sigma Aldrich, Sao Paulo, Brazil) diluted in ethanol 0.1%; 3) BPA50
(n=12): dams in this group received 50 μg/kg/day. Treatment fluids
were administered by gavage during the gestation and breastfeeding
periods.

At birth, considered as postnatal day 1 (PN1), litters were adjusted
to eight pups per dam (four females and four males per litter). The
dams' body masses and food intake were recorded daily during preg-
nancy and lactation. The offspring's body masses were monitored every
four days from birth to euthanasia. From weaning (PN21) onwards, all
offspring received standard diet for rodents (Nuvilab, Sogorb, São
Paulo, Brazil). The offspring's chow consumption was monitored every
fourth day from PN21 to PN180. The estrous cycle of the adult female
offspring was evaluated every morning from PN150 to PN180: All fe-
males showed a regular estrous cycle and they were euthanized during
diestrous.

2.3. Milk collection and analysis

At PN20, dams were separated from the pups for 2 h and milk
samples were collected. To induce milk secretion, synthetic oxytocin
(5 UI/ml, UCB, Jaboticabal, São Paulo, Brazil) was administered and
10min later, dams were lightly anesthetized with xylazine (Xilazin®,
7 mg/kg BW) and ketamine (Cetamin®, 70mg/kg BW). Milk was col-
lected in a microtube by manually massaging the thoracic and ab-
dominal teats. Milk samples were used for the quantification of car-
bohydrates, total protein and total fat [29]. Carbohydrate content was
measured by a colorimetric method using picric acid (Vetec Química
fina LTDA, Rio de Janeiro, Brazil). Lactose content was quantified by a
colorimetric method using the standard curve of synthetic lactose
(Sigma-Aldrich Co, St. Louis, MO, EUA). Total protein content was es-
timated by the colorimetric method described by Peterson [30], using
bovine serum albumin (Sigma, St. Louis, MO, USA) as a standard. Total
lipid content was determined by a colorimetric method using a com-
mercial kit according to manufacturer's instructions (Bioclin, BH, Minas
Gerais, Brazil). Milk energy was calculated using the calories from each
macronutrient: Carbohydrates and total protein were multiplied by 4
and fat was multiplied by 9 to obtain the caloric value in Kcal and KJ.

2.4. Behavioral tests – EPM and OF

The elevated plus maze (EPM) was performed to assess anxiety-like
behavior at PN160, following a previously reported protocol [31]; an-
imals were tested between 2:00 p.m. and 6:00 p.m. The EPM is shaped
like a plus sign and consists of two “open” arms (OA, 50 cm
long×10 cm wide, no walls) and two “closed” arms (CA, 50 cm
long×10 cm wide, with 40 cm high walls) arranged perpendicularly
and elevated 40 cm above the floor. Each test began with the animal
being placed on the center of the equipment facing an open arm. Ani-
mals were allowed 5min to explore. All tests were video-recorded and
the recorded images were used to assess the animals' behavior. The total
time spent in and the number of entries into the open and closed arms,
and the central area (CN) of the maze were noted. The percentage of
time spent in the open arms [%Time OA: Time OA / (Time OA+Time
CA)] and the percentage of open arms entries [%Entries OA: Entries
OA / (Entries OA+Entries CA)] were used as anxiety measures. Etho-
logically derived measures were also evaluated: 1) The number of CA
entries (Entries CA) was used as a measure of locomotor activity; 2) the
percentage of time spent in the center of the maze (%Time CN: Time
CN / total time) was used as a measure of decision-making; 3)
stretching was used as a measure o risk assessment; 4) head-dipping
was used as a measure of exploration. The EPM was cleaned with paper
towels soaked in 50% ethanol and dried before each trial.

The open field (OF) was performed at PN161, using a previously
reported protocol [32]. The OF was used to assess locomotor activity
and consisted of a white wooden box (57 cm long×57 cm
wide×59 cm high). Its floor was divided by lines into 16 same-sized
squares (14.25× 14.25 cm; 12 outer and 4 inner) that allowed the
definition of central and peripheral areas. The OF tests were carried out
24 h after the EPM. At the beginning of the session, each rat was placed
in the periphery of the arena and its activity was recorded for 5min.
The locomotor activity was quantified on the basis of the number of
rectangles crossed by the animals in the center (CN) and in the per-
iphery (P). A valid crossing was considered when the animal crossed the
line with all four paws. The OF was cleaned with paper towels soaked in
50% ethanol and dried before each trial.

2.5. Feeding behavior study

At PN178, animals were submitted to the food challenge test with a
high sugar and a high fat diet, respectively HSD and HFD. Males and
females were fasted from 8:00 a.m. until 8:00 p.m. The palatable food
was offered at night, during the rat's active period, and the animals
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could freely self-select between the two palatable diets. The HSD had a
38% higher content of sucrose when compared to the standard chow
and the HFD had a 20% higher content of saturated fat when compared
to the standard chow. In each cage, the food bin was divided in two
same-sized sides by a barrier; the HSD was placed on one side, and the
HFD was placed on the other side. After a 12 h-fasting period, the pa-
latable chows were offered continuously for 12 h. The consumption
evaluations were performed 30min and 12 h after the palatable chows
were initially placed in the bins. The diets consumption was considered
to be the difference between the initial and final weight of the chows
present in each cage [33].

2.6. Oral glucose tolerance test – OGTT

At PN170, one female and one male offspring per litter per group
were fasted overnight (12 h) and a basal blood sample was harvested
from the tail tip (T=0). Then, rats received 2 g/kg glucose 50% (Pró-
químicos, Rio de Janeiro, Brazil) dissolved in saline solution (0.9%
NaCl) by gavage. Additional blood samples were obtained at 15, 30, 60
and 120min. Plasma glucose concentrations were recorded using a
handheld glucometer (ONETOUCH ULTRA®, Johnson & Johnson, São
Paulo, Brazil) [34].

2.7. Intraperitoneal pyruvate tolerance test – iPTT

At PN173, the same animals that were submitted to the OGTT were
used for the iPTT. After 12 h of fasting, basal glycemia was determined.
Then, sodium pyruvate 50% (Pró-químicos, Rio de Janeiro, Brazil)
dissolved in saline solution (0.9% NaCl) was intraperitoneally ad-
ministered (2 g/kg BW), and blood was collected 15, 30, 60 and
120min after the injection [35]. Plasma glucose concentration was
recorded.

2.8. In vivo body composition evaluation – nuclear magnetic resonance
(NMR)

The total fat mass and the total lean mass (free-fat mass) of PN180
offspring (both sexes) were evaluated by using a NMR equipment
(Minispec LF90 TD-NMR, Bruker, Rheinstetten, Germany) for small
animals. A quality control check of internal voltages, temperature,
magnets, and parameters was performed using a standard provided by
the manufacturer. Non-anesthetized rats were placed in a clear, plastic
cylinder and kept immobile by insertion of a tight-fitting plunger into
the cylinder. Then, the tube was inserted in the chamber of the NMR for
approximately 2min (duration of the scan). The technician was blind as
to group assignment. Results are shown as grams (g) of fat mass and g of
lean mass.

2.9. Euthanasia

At weaning (PN21), one female and one male offspring from each
litter were killed after 2 h of fasting. The respective dam was killed after
8 h of fasting. The remaining offspring (three females and three males
per litter) were killed at PN180: The animals were anesthetized with a
non-lethal dose of a 2:1 solution of xylazine (Xilazin®, 100mg/kg BW)
and ketamine (Cetamin®, 50mg/kg BW) and then killed by cardiac
puncture. The blood was collected in heparinized tubes and centrifuged
(1500×g/20min, 4 °C) to obtain plasma, which was kept frozen
(−20 °C) until assaying. The tissues were dissected out and im-
mediately frozen (−80 °C). The central adiposity was quickly de-
termined by weighing the mesenteric, epididymal and retroperitoneal
depots (visceral fat mass, VFM). Data were expressed in percent of
100 g of body mass.

2.10. Plasma determinations

At the end of lactation, fasting glycemia was measured in the dams
and two pups (one male and one female). Also, at PN180, the fasting
glycemia of the remaining offspring was measured. Plasma glucose
concentrations were measured from blood obtained from the tail tip in
the day of euthanasia by the use of a handheld glucometer (ONETOUCH
ULTRA®, Johnson & Johnson, São Paulo, Brazil). The plasma obtained
after the euthanasia was used to measure triacylglycerol (TAG) and
cholesterol (CHOL) concentrations by using Biosystem® commercial test
kits (Bioclin, Belo Horizonte, Brazil), following the manufacturer's in-
structions. The plasma concentrations of each hormone (dams and
offspring) were determined by radioimmunoassay (RIA). Samples were
measured in a single assay. Progesterone, testosterone, estradiol, total
T4, free T3, insulin and corticosterone were determined by RIA kits
according to the manufacturer's instructions (MP Biomedicals, LLC, NY,
USA), with the range of detection between 0.15 and 80 ng/ml, 0.1 and
10.0 ng/ml, 10 and 3000 pg/ml, 0.3 and 11 ng/dl, 50 and 800 ng/dl,
5.5 and 310 μIU/ml, 25 and 1000 ng/ml, respectively.

2.11. Lipids analysis

Liver samples (1mg) were subjected to lipid extraction by the
method of Bligh and Dyer [36], with modifications. Briefly, after in-
cubation with intermittent shaking for 1 h in chloroform-methanol-
water solution (2:1:0.8, v/v), samples were centrifuged (1500×g for
20min at 4 °C). Then, the supernatant was collected, and chloroform
and water (1:1 v/v) were added and mixed. After centrifugation
(1500×g for 20min at 4 °C), the organic phase (containing the lipids)
was removed and dried by nitrogen storm. Total neutral lipids were
developed by High-Performance Thin Layer Chromatography (HPTLC)
using a DC Silica gel 60 plate (Merck Millipore, HE, Germany). Lipids
were revealed submerging the plates in a Charring solution (3% CuSO4

and 8% H3PO4 v/v) for 10 s, and then drying and heating to 110 °C for
10min [37]. HPTLC plates were analyzed by densitometry using the
Image Master software (TotalLab, Auckland, New Zealand).

2.12. Statistical analysis

All data were compiled as means and standard errors of the means
(SEM). The comparisons between the groups were carried out by Graph
Pad Prism 6.0 for Windows statistical software (GraphPad Software,
Inc. San Diego, CA, USA): One-way ANOVAs were followed by
Bonferroni's multiple comparison tests. Based on the non-monotonic
dose-response effect of BPA, values for each BPA group were in-
dividually compared with the control group. Male and female offspring
metabolic programming effects were evaluated separately. Differences
were considered significant at p < 0.05. For the EPM and OF results,
the Kolmogorov–Smirnov one sample test (K–S) was used to assess the
normality of the distributions of each of the variables. ANOVAs were
used to analyze the offspring's behavior in the EPM and OF: Treatment
was used as the between-subjects factor. Fisher Protected Least
Significant Difference tests were used post hoc. Significance was as-
sumed at the level of p < 0.05. For the analysis of the feeding beha-
vior, HSD and HFD were evaluated separately by one-way ANOVAs
followed by Bonferroni's multiple comparison tests.

3. Results

3.1. Dams during gestation and lactation

During BPA exposure, dams had no change in body mass and food
intake either during gestation or lactation. Dams' VFM showed no al-
teration at the end of lactation (Table 1). At weaning, the dams' gly-
cemia and TAG content were similar among the groups, but the BPA50
group showed higher plasma CHOL (27% vs. CON; Table 1). Table 1
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also describes the milk biochemical composition. The groups did nei-
ther differ in terms of lipid, carbohydrate, and protein contents, nor in
milk energy at the end of lactation period. At the end of the breast-
feeding period, dams had no change in plasma progesterone, testos-
terone, estradiol, thyroid hormones, insulin and corticosterone con-
centrations (Table 2). In the HPTLC analyses, we observed an increase
in liver free (both BPA groups) and esterified CHOL (BPA50 group), and
a reduction in TAG (BPA10 group) and free fatty acids (both BPA
groups) (Table 3).

3.2. Offspring at weaning

3.2.1. Females
Female offspring had no alterations in the daily body mass of fe-

males during lactation (Fig. 1A), and in VFM and glycemia at weaning
(respectively Fig. 1B, C). However, plasma CHOL (25% vs. CON;
Fig. 1D) and TAG were increased in the BPA10 group at PN21 (59% vs.
CON; Fig. 1E). Both BPA groups showed higher hepatic esterified CHOL
and TAG, while the BPA50 group had lower hepatic free fatty acids

(Table 3). As depicted in Table 6, at weaning, the BPA10 female off-
spring had higher plasma progesterone (1.7-fold increase vs. CON),
testosterone (2.4-fold increase vs. CON) and estradiol (1.7-fold increase
vs. CON) concentrations. However, plasma T3, T4, insulin and corti-
costerone levels were similar among the groups at PN21.

3.2.2. Males
No changes were observed in daily body mass of males during lac-

tation (Fig. 2A). VFM, glycemia and plasma lipid profile were also si-
milar among groups (respectively Fig. 2B, C, D, E). In the liver
(Table 3), free CHOL was reduced in the BPA50 group, while TAG and
free fatty acids were increased in the BPA10 group. Both BPA groups
showed lower hepatic esterified CHOL. In Table 6, at weaning, the male
offspring had higher plasma progesterone (1.6 fold-increase vs. CON),
testosterone (70% vs. CON) and estradiol concentrations (42% vs.
CON). In addition, male pups of the BPA10 group had lower plasma T3
concentration (−29% vs. CON), with no changes in plasma T4, insulin
and corticosterone concentrations among the groups at PN21.

3.3. Offspring at adulthood

3.3.1. Females
The ANOVAs failed to indicate differences between the control and

BPA (both concentrations) females concerning the main variables de-
rived from the open field (Locomotor Activity; Fig. 3A) and elevated
plus maze (%Time OA and %Entries OA; Fig. 3C and E) tests. As for the
ethological variables in the EPM (Table 4), locomotor activity
(F2,24= 3.9, p=0.035) and head-dipping (F2,24= 5.6, p=0.010)
were affected by bisphenol-exposure in females: BPA10 animals showed
more Entries CA than CON ones (p=0.038), and both BPA10 and
BPA50 animals showed less head-dipping events than CON ones
(p=0.026 and p=0.03, respectively). Adult female offspring had no
alterations in fasting glycemia before OGTT or iPTT as well as at 15, 30,
60 and 120min after the administration of glucose (Fig. 4A) and so-
dium pyruvate (Fig. 4C), respectively. Concerning the feeding study in
adult females, all female groups ingested more HFD than HSD. After
30min, the BPA10 group consumed more HSD and less HFD that of the
CON ones, while the BPA50 group consumed more HSD and HFD diets
that of the CON ones (Fig. 5A). After 12 h, HSD consumption was re-
duced in the BPA50 group and remained lower in BPA10 group
(Fig. 5B). At PN180, the female offspring had no change in body mass
(Table 5). BPA50 females showed lower fat mass (−19% vs. CON;
Table 5) and higher lean mass (3% vs. CON; Table 5), although the VFM
was similar among the groups (Table 5). Female offspring of both BPA
groups had lower chow consumption (BPA10: −6% vs. CON; BPA50:
−5% vs. CON; Table 5), but no changes in plasma CHOL and TAG were
detected (Table 5). The plasma concentrations of progesterone, testos-
terone and estradiol showed no change among the experimental groups
at PN180 (Table 6). Plasma T3 levels showed no change in the adult
female offspring (Table 6), but T4 levels of the BPA10 group was lower
(−51% vs. CON; Table 6). Both BPA groups had higher concentration of
plasma insulin (BPA10: 102% vs. CON; BPA50: 1.3-fold increase vs.
CON; Table 6). Corticosterone concentration was lower in the BPA50
group (−65% vs. CON; Table 6).

3.3.2. Males
The ANOVAs failed to indicate significant differences between the

control males and both BPA groups regarding the open field and ele-
vated plus maze (Fig. 3B Table 4). At adulthood, the glycemia of male
offspring showed no changes before and after glucose (Fig. 4B) and
sodium pyruvate (Fig. 4D) administration at OGTT and iPTT, respec-
tively. At PN178, during the 30-min period of the palatable diets study,
all male groups ingested more HFD than HSD. At 30min, the BPA10
group consumed more HSD and HFD diets than the CON group
(Fig. 5C). At 12 h, the profile was maintained only for the consumption
of HSD diet (Fig. 5D). PN180 male offspring had no alterations in body

Table 1
Dams' biometric, plasma and milk parameters of dams.

CON BPA 10 BPA 50

Dams during gestation
AUC body mass (g) 5194 ± 375 5559 ± 272 5553 ± 231
AUC food intake (g) 440 ± 22 418 ± 16 434 ± 17

Dams at the end of lactation
AUC body mass (g) 5993 ± 141 5727 ± 200 5940 ± 130
AUC food intake (g) 1012 ± 25 931 ± 33 994 ± 28
Visceral fat mass (g/

100 g BW)
1.6 ± 0.3 1.7 ± 0.2 1.6 ± 0.1

Dams' plasma at the end of lactation
Glycemia (mg/dl) 77.0 ± 3.3 80.7 ± 1.4 78.8 ± 3.3
TAG (mg/dl) 14.4 ± 1.1 12.6 ± 0.8 11.8 ± 1.0
CHOL (mg/dl) 74.0 ± 4.3 88.3 ± 6.2 97.0 ± 6.6#

Dams' milk at the end of lactation
Lipid (g/100ml) 44.2 ± 5.6 38.1 ± 4.2 31.4 ± 5.2
Carbohydrate (g/

100ml)
3.8 ± 0.2 3.2 ± 0.4 3.9 ± 0.2

Protein (g/100ml) 13.1 ± 0.4 14.7 ± 1.0 12.9 ± 0.6
Kcal 465.2 ± 50.0 412.1 ± 38.6 350.2 ± 46.6
KJ 1946.0 ± 209.3 1724.0 ± 161.7 1465.0 ± 194.9

AUC: area under the curve, CHOL: cholesterol, TAG: triacylglycerol. Groups:
CON – Dams who received water with ethanol (0.1%) by intragastric gavage;
BPA 10 – Dams who received BPA diluted in ethanol 0.1% (10 μg/kg BW/day,
gavage); BPA 50 – Dams who received BPA diluted in ethanol 0.1% (50 μg/
kg BW/day, gavage) during gestation and lactation. Values represent
means ± SEM of 9–12 dams/group. One-way ANOVA followed by Bonferroni
post-test.

# p < 0.05 BPA 50 vs. CON.

Table 2
Dams' hormone profile at weaning.

CON BPA 10 BPA 50

Progesterone (ng/ml) 59.6 ± 12.8 68.1 ± 25.0 72.7 ± 17.0
Testosterone (ng/ml) 0.8 ± 0.12 0.7 ± 0.20 0.7 ± 0.05
Estradiol (pg/ml) 82.1 ± 6.0 71.0 ± 4.1 70.2 ± 3.7
T3 (ng/dl) 62.5 ± 9.6 52.1 ± 4.4 62.2 ± 5.7
T4 (ng/dl) 0.7 ± 0.1 0.6 ± 0.1 0.6 ± 0.1
Insulin (μIU/ml) 27.2 ± 6.3 31.1 ± 2.2 26.4 ± 2.5
Corticosterone (ng/ml) 1125.0 ± 314.3 1362.0 ± 585.9 570.0 ± 213.9

Groups: Control – Dams who received water with ethanol (0.1%) by intragastric
gavage; BPA10 – Dams who received BPA diluted in ethanol 0.1% (10 μg/
kg BW/day, gavage); BPA50 – Dams who received BPA diluted in ethanol 0.1%
(50 μg/kg BW/day, gavage) during gestation and lactation. Values represent
means ± SEM of 9–12 dams/group.
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mass, fat mass and lean mass. The VFMs of both the BPA10 and BPA50
animals were lower (respectively −28% vs. CON, −27% vs. CON;
Table 5), however, only the BPA50 group showed lower food intake
(−5% vs. CON; Table 5). Plasma CHOL and TAG content of the male
offspring were similar among all experimental groups (Table 5). Re-
garding the plasma hormones of the adult male offspring at PN180
(Table 6), both BPA groups had lower progesterone (−50% vs. CON)
and testosterone (−36% vs. CON) concentrations, but only the BPA10
group showed lower estradiol levels (−25% vs. CON). The BPA10
group had lower plasma T4 concentration (−60% vs. CON). Circulating
levels of T3, insulin and corticosterone had no alterations in the male
offspring.

4. Discussion

Several studies suggest that lifelong exposure to BPA favors the
emergence of diseases such as obesity and diabetes, as well as induces
behavioral and reproductive changes [38]. The harmful effects of BPA
exposure during critical periods of development, such as pregnancy and
lactation, on the reproductive function are also evident. For this reason,
BPA use has been banned from a number of children's products [39].
Here, we investigated the effects of maternal exposure to BPA on male
and female rat offspring at different stages of life (PN21 and PN180).
We identified changes in lipids (increased TAG and serum CHOL),
hormones (progesterone, testosterone, estradiol, thyroid hormones,
insulin, and corticosterone) and behavior (food preference for fatty
diet, hyperactivity and reduced exploration), which occur in a sex-
specific dependent manner, even after BPA withdrawal at PN21.

Maternal BPA exposure during pregnancy and lactation changes the
composition of breast milk, reducing or increasing the milk lipid com-
position at doses of 0.6 and 52 μg BPA/kg/day, respectively [40]. We
did not find changes in milk composition (lipids, proteins and carbo-
hydrates) or in their caloric value, corroborating data from Santos-Silva
et al. [41], who exposed Wistar rats to either 5 or 50 μg BPA/kg/day
exclusively during lactation and did not observe changes in milk com-
position.

The influence of BPA exposure on body mass, adiposity and food
intake is still controversial. Some authors have reported that BPA ex-
posure in any stage of life is correlated to increased body mass [42,43].
However, other researchers have suggested that perinatal BPA exposure
does not alter the body mass of the offspring at weaning or at adulthood

[44–46]. Santos-Silva et al. [41] observed lower food intake and body
mass in the adult male offspring of BPA-exposed rats only during lac-
tation. Here, we did not observe changes in body mass, although both
male and female offspring had lower food intake. We also did not find
alterations in adipose mass in either the dams or the young offspring.
However, the adult female offspring showed lower total adiposity, but
with normal VFM, indicating a relative decrease in subcutaneous fat
mass. Considering that the increase in the ratio of VFM/SAT is sug-
gestive of metabolic syndrome, these animals could be at risk. Con-
versely, BPA males had lower VFM, without changes in total fat, sug-
gesting a lower VFM/SAT ratio. Our data corroborate that of Anderson
et al. [47], who also observed lower adiposity in the adult female off-
spring of rats exposed to BPA (50 μg BPA/kg/BW). Santos-Silva et al.
[41] observed a reduction in VFM/SAT in the adult male offspring of
rats exposed to the same dose of BPA exclusively during lactation.

BPA exposure at doses either below or above the recommended dose
of 50 μg/kg during early life has been correlated with high levels of
TAG and free fatty acids in male and female rodent offspring [39].
Adult mice exposed to BPA (doses of 50 and 500 μg/kg/day) showed
increased expression of lipogenic enzymes (acetyl-CoA carboxylase and
fatty acid synthase), and, as a consequence, accumulation of hepatic
TAG [48]. Recently, Gao et al. [49] demonstrated that perinatal BPA
exposure induces dyslipidemia in both male and female offspring, with
regulation of hepatic and adipose genes. In the human cell line HepaRG,
by using a protocol that simulates perinatal exposure to BPA, an in-
duction of steatosis and accumulation of TAG was observed [50]. In our
model of perinatal exposure, we also observed higher levels of plasma
CHOL and TAG in rats exposed to the higher dose of BPA (BPA50) and
also in the BPA10 PN21 female offspring. We detected an increase in
TAG, free and esterified CHOL in the liver of the dams and female
offspring (PN21). In the male offspring, the observed increase in TAG
and free fatty acids also reinforces this hypothesis. These changes are
compatible with the dyslipidemia of these animals and suggest the
development of hepatic steatosis. Thus, we confirmed that perinatal
exposure to BPA is capable of inducing dyslipidemia, probably through
molecular changes in the adipose and liver tissues. The mechanisms
resulting from this anomaly require further investigation, since it may
be occurring due to: increased lipid biosynthesis, decreased lipolysis, or
a defect in the lipid transport carried out by lipoproteins. Since, at
adulthood, neither BPA group showed alterations in serum lipids, we
decided not to evaluate hepatic TAG and CHOL.

Table 3
Hepatic lipid profile at weaning.

CON BPA 10 BPA 50

Dams
Free cholesterol 0.01122 ± 0.0003 0.02820 ± 0.0006⁎⁎ 0.02636 ± 0.002⁎⁎

Esterified cholesterol 0.1439 ± 0.04 0.1717 ± 0.01 0.3018 ± 0.01⁎⁎

Triacylglycerol 0.04931 ± 0.0007 0.03153 ± 0.003⁎ 0.04323 ± 0.003
Free fatty acids 0.04367 ± 0.005 0.02614 ± 0.002⁎⁎ 0.06066 ± 0.002⁎⁎

Female offspring
Free cholesterol 0.01075 ± 0.0005 0.01061 ± 0.0009 0.009297 ± 0.0003
Esterified cholesterol 0.1092 ± 0.006 0.1322 ± 0.008⁎⁎ 0.1781 ± 0.008⁎⁎

Triacylglycerol 0.005037 ± 0.0005 0.01098 ± 0.0009⁎⁎ 0.01310 ± 0.0008⁎⁎

Free fatty acids 0.01006 ± 0.0006 0.009835 ± 0.0007 0.007748 ± 0.0004⁎⁎

Male offspring
Free cholesterol 0.1028 ± 0.005 0.1032 ± 0.003 0.08033 ± 0.007⁎

Esterified cholesterol 0.1502 ± 0.01 0.09098 ± 0.003⁎⁎ 0.1148 ± 0.01⁎⁎

Triacylglycerol 0.02411 ± 0.0006 0.02937 ± 0.0011⁎⁎ 0.02329 ± 0.0016
Free fatty acids 0.06638 ± 0.002 0.07843 ± 0.004⁎⁎ 0.05685 ± 0.003

Hepatic lipids profile (μg/μg protein). Groups: Control – Dams and pups of dams who received water with ethanol (0.1%) by intragastric gavage; BPA 10 – Dams
and pups of dams who received BPA diluted in ethanol 0.1% (10 μg/kg BW/day, gavage); BPA 50 – Dams and pups of dams who received BPA diluted in ethanol
0.1% (50 μg/kg BW/day, gavage) during gestation and lactation. Values represent mean ± SEM of 2–6 dams or pups/group. One-way ANOVA followed by
Bonferroni post-test.

⁎ p < 0.05 BPA10 or BPA50 vs. CON.
⁎⁎ p < 0.001 BPA10 or BPA50 vs. CON.
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Wei et al. [51] did not find glycemic alterations after oGTT and iPTT
in adult male and female offspring of rats exposed to 250 or 1250 μg/
kg/BW of BPA during gestation and lactation. In our study, with lower
doses of BPA, we did not observe changes in the fasting glycemia, and
in the glycemia after the oGTT and iPTT. Only the adult female off-
spring had increased serum insulin, which suggests that the BPA action
on the secretion of this hormone is sex-dependent. Besides, the increase
in insulin levels in the female offspring (PN180) in both BPA groups
was followed by hypophagia, corroborating the anorexigenic effect of
insulin, which has already been described in the literature [52]. Adult
BPA50 males also had hypophagia, however, with no change in circu-
lating insulin, which suggests a mechanism of food intake regulation
that is different from that observed in BPA females.

Different studies described that BPA exposure in rodents and hu-
mans during gestation and/or childhood interacts with the develop-
ment of the central nervous system of the offspring of both sexes at
different ages, causing behavioral changes, such as attention deficit,
hyperactivity, depression, anxiety and aggressive behavior [53–59].
Male and female rodents whose dams were exposed to BPA exhibit
depressive-like behavior as well as reduced exploratory behavior
[60–63] and impairment in learning and memory [64]. Mice exposed
exclusively in utero to BPA (2, 20 and 200 μg/kg/day) exhibited changes

in DNA methylation in genes expressed in the brain in a dose-dependent
manner, resulting in anxiety and dysfunction in reproductive behaviors
[65]. Adriani et al. [66] observed that after perinatal exposure to BPA
(40 μg/kg), adolescent male and female offspring show hyperactivity
and low compulsive behavior, and that only the female offspring shows
lower exploration. In our model, with adult rats, there were no changes
in the male offspring, while the female offspring showed higher loco-
motion (hyperactivity) and lower exploration.

Regarding feeding behavior, we did not observe changes in the total
dietary intake of lactating dams and their BPA-exposed offspring. The
feeding behavior is influenced by the biological rhythm (throughout the
24 h of the day) and by different environmental factors [82]. In addi-
tion, insults during the perinatal period are able to modulate the off-
spring's eating behavior [83–85], which can induce metabolic dis-
orders. In our model, the food preference demonstrated that the lower
dose of BPA is able to modulate the food preference of the offspring in a
sex-dependent way. In the female offspring, BPA induced lower intake
of HFD throughout the test but, in the male offspring, HFD intake was
higher during the initial 30min of the test, without changes when the
entire testing period is considered (12 h). These findings suggest that
homeostatic mechanisms (hormonal regulators such as leptin, ghrelin
and insulin) or hedonic (reward circuit) [86,87] can be regulated by the

Fig. 1. Effects of oral BPA administration during gestation and breastfeeding on biometric and plasma parameters of the female rat offspring at weaning. Area under
the curve (AUC) of daily body mass (A) pups during breastfeeding (PN1–PN21). Visceral fat mass (B), glycemia (C), cholesterolemia (D) and triglyceridemia (E) of
female offspring at PN21. Groups: CON (black bar), BPA10 (gray bar) and BPA50 (white bar). Values are given as means ± SEM; n= 9–12 offspring/group. One-
way ANOVA followed by Bonferroni post-test. *p < 0.05 - BPA10 vs. CON; **p < 0.01 - BPA10 vs. CON.
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BPA in a sex-dependent manner. In addition, the higher HSD and HFD
consumption at 30min in males indicates a compulsive behavior for
palatable foods. A modulation of the dopaminergic system in our model
is possible, since it is directly related to food reward [67]. Narita et al.
[68] observed that perinatal BPA exposure induces reward effects
through dopamine in mice.

Studies have associated BPA exposure with changes in sex hormones
and reproductive disorders [69,70]. In humans [46] and rodents
[71,72], exposure to different BPA doses during gestation and/or lac-
tation reduces serum testosterone. The reduction in testosterone levels
observed here in the male offspring (PN180) corroborates already re-
ported data, although, at weaning, both male and female offspring had
higher levels of testosterone. Such findings demonstrate that the effects
of BPA on testosterone occur both at short- and long-term, even long
after the end of the exposure to the compound. Thus, for the first time,
we show higher concentrations of the three sex steroids in weaned rats.

Several studies have also identified the estrogenic action of BPA
[69]. In our model, we identified higher serum levels of progesterone
and estradiol in both the male and female offspring (BPA10) at PN21,
and reduced serum progesterone levels in the male offspring (BPA10
and BPA50 groups) at PN180, while the adult female offspring had no
changes in sex steroid levels. Ma et al. [72] have also identified higher
levels of estradiol in adolescent (both sexes) BPA-exposed rats (50, 500

and 2500mg/kg/day), and Santamaría et al. [73] have found higher
levels of progesterone in the adult female offspring of rats exposed to
BPA (0.5 or 50 μg/kg/day) during the same critical period.

Changes observed in our model indicate again that the exposure
period and sex of the offspring are decisive regarding the modulation of
sex hormones by BPA. Although changes in sex hormones were ob-
served predominantly in the offspring at PN21, we showed that females
have regular estrous cycles. Besides, ovary, uterus and testis masses
increased at PN180 only in the BPA10 group (data not shown). These
results suggest that hormonal changes during early life, which could
influence the development of these tissues, may reflect in morpholo-
gical changes at adulthood. The mechanism by which BPA affects sex
hormones is not yet clear, but studies show that perinatal exposure to
BPA has an important influence on hormonal and/or molecular changes
occurring in the adult offspring. This interferes directly with fertility,
both in males and females [27], highlighting the importance of pro-
gramming models to better understand these changes.

Most studies report that exposure to BPA induces hypothyroidism in
mammals (rodents, sheep and humans) [41,74–77]. Our results corro-
borate these studies since we have also observed a decrease in T3 and
T4 levels in the male offspring (BPA10 group - PN21 and PN180, re-
spectively) and a reduction in T4 in the female offspring (BPA10 group -
PN180). Our study suggests that the hypothyroidism could already be

Fig. 2. Effects of oral BPA administration during gestation and breastfeeding on biometric and plasma parameters of the male rat offspring at weaning. Area under
the curve (AUC) of daily body mass (A) pups during breastfeeding (PN1–PN21). Visceral fat mass (B), glycemia (C), cholesterolemia (D) and triglyceridemia (E) of
male offspring at PN21. Groups: CON (black bar), BPA10 (gray bar) and BPA50 (white bar). Values are given as means ± SEM; n= 9–12 offspring/group.
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present at weaning and last until adulthood, possibly impairing ade-
quate neurological maturation of the offspring, since thyroid hormones
are essential for proper brain development [78], a finding that could
explain, at least in part, the behavioral changes.

At adulthood (PN180), the female offspring had lower levels of

corticosterone. However, Panagiotidou et al. [79] demonstrated that, in
rats, perinatal exposure to BPA (40 μg/kg/BW) induces an increase in
serum corticosterone only in the adolescent female offspring. These
data show that maternal exposure to BPA modulates serum corticos-
terone only in the female offspring and that this modulation varies
according to the age of the offspring.

Previous studies have also shown that 25 (OH) D levels are reduced
in pregnant women after environmental exposure to BPA [80]. How-
ever, no study has been done on the effects of BPA exposure on pro-
gramming models. Our study demonstrated, for the first time in ro-
dents, that perinatal exposure to BPA does not induce changes in 25
(OH) D levels in either dams or offspring.

5. Conclusion

Our results lend support to the hypothesis that BPA transfer between
mothers and offspring can adversely affect, in a sex-dependent way, the
phenotype of the offspring. We have shown that maternal oral BPA
exposure induces several short- and long-term biochemical, hormonal
and behavioral changes in the offspring. Our study reinforces the con-
cept that exposure to BPA is harmful even if it is restricted to the ge-
station and lactation periods. Currently, in some countries, BPA is
banned from children's products [81]. However, our data suggest that
the use of BPA should also be substituted in products used by pregnant

Fig. 3. Behavioral measures in female and male rat offspring at PN180. Locomotor activity assessed in the Open Field (OF: A and B) and anxiety-like behaviors
assessed in the Elevated Plus Maze (EPM: C, D, E and F) in females and males. Groups: CON (black bar), BPA10 (gray bar) and BPA50 (white bar). Values are given as
means ± SEM; n= 9–12 offspring/group.

Table 4
Additional behavioral measures in female and male rat offspring at PN180 in
the Elevated Plus Maze.

Number of
entries CA

% time CN Number of
stretchings

Number of head-
dips

Female offspring
CON 4.1 ± 0.9 9.9 ± 2.7 7.8 ± 1.2 6.4 ± 1.4
BPA 10 8.1 ± 1.6⁎ 12.5 ± 1.4 7.2 ± 1.2 2.9 ± 0.9⁎

BPA 50 3.6 ± 0.7 5.7 ± 1.3 6.6 ± 1.1 1.3 ± 0.7⁎⁎

Male offspring
CON 1.7 ± 0.4 16.3 ± 6.9 5.5 ± 1.3 5.5 ± 1.3
BPA 10 3.0 ± 1.2 9.5 ± 1.5 6.2 ± 1.2 3.6 ± 0.9
BPA 50 3.6 ± 1.1 14.6 ± 2.9 5.9 ± 1.3 3.8 ± 1.0

Groups: Control – Pups of mothers of control group dams; BPA 10 – Pups of
mothers of BPA 10 group dams; BPA 50 – Pups of mothers of BPA 50 group
dams. Values represent means ± SEM.

⁎ p < 0.05 BPA10 or BPA50 vs. CON.
⁎⁎ p < 0.01 BPA10 or BPA50 vs. CON.
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and lactating women, particularly when considering its impact on lipid
metabolism, hormone levels and behavior of the offspring. This sub-
stitution may be an efficient strategy to prevent the incidence of me-
tabolic and reproductive disorders that may be directly related to BPA
exposure.
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