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Abstract

Bisphenol A (BPA), an environmental endocrine-disrupting compound, has drawn a great

attention for its adverse effect on behavioral development. Maternal exposure to this com-

pound has been reported to induce anxiety and depression in offspring, but the effect of its

paternal exposure is rarely discussed. This study investigated whether preconception pater-

nal BPA exposure can affect the emotions of male rats and their offspring. Eighteen adult

male rats (F0) received either a vehicle or 50 μg/kg/day BPA diet for 21 weeks and were

then mated with non-exposed females to produce offspring (F1). The affective behaviors of

F0 and F1 rats were evaluated in the open-field test, the elevated-plus maze and the forced

swimming test, and their serum corticosterone were then examined. BPA exposure induced

increased anxiety behaviors along with increased serum corticosterone in F0 rats. This

paternal exposure also led to increased anxiety behaviors in F1 females and aggravated

depression behaviors in both sexes of F1 rats. Furthermore, only F1 females exhibited

increased serum corticosterone. Overall, these data indicate that preconception paternal

exposure to a low dose of BPA may induce transgenerational sex-specific impairments in

the affection of adult rats.

Introduction

Bisphenol A (BPA), member of a class of endocrine disrupting chemicals (EDCs), has been

widely used in food containers and packages for many years, and human beings are widely
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exposed to BPA[1]. Oral exposure is thought to be the primary route of BPA exposure in the

general population[2]; for example, BPA was detected at nanogram levels in food in China in

our previous study (e.g., the mean value was 7.708 ng/g fresh weight in cereals and cereal prod-

ucts)[3].

As a kind of xenoestrogen, BPA exhibits a very high affinity for estrogen-related receptor γ
[4], which is expressed at higher levels in fetal brains than estrogen receptor α or estrogen

receptor β[5, 6]. Moreover, BPA can cross the blood-brain barrier, cross the placenta, and

enter breast milk[7]; thus, the effect of BPA on human brain and behavior interests many

researchers. Prenatal and early-life stage exposure to BPA have both been reported to induce

adverse behavioral problems including hyperactivity, inattention, conduct problems and

increased levels of anxiety and depression in children[8]. In addition, evidence indicating BPA

exerts adverse effects at low doses is mounting. A dose of 50 μg/kg/day has been thought to be

a safe dose according to the current USEPA’s reference(http://www.epa.gov/iris/subst/0356.

htm). BPA exposure at low levels (below 50 μg/kg/day) has also been reported to induce behav-

ioral changes[9–12], cognitive deficits[13–15]and increased anxiety behavior[15]. Special con-

cern has been raised regarding BPA exposure in pregnant women and children; BPA is

banned in food packing and containers for babies in many countries, and pregnant women are

reminded to be cautious when using plastics.

Compared with maternal and childhood exposure, the effect of paternal exposure to BPA is

less discussed. However, evidence shows that paternal exposure to BPA could affect the off-

spring generation and is associated with decreased birth size, increased gestational age[16],

reduced sperm quality[17] and spatial memory impairments[18]. However, whether paternal

exposure to a low dose of BPA can affect behavior remains unclear. Here, we investigated the

affective levels in F1 offspring to assess the consequences of paternal BPA exposure at a dose of

50 μg/kg/day. We examined the anxiety behaviors by the open-field test and the elevated-plus

maze, while assessed the depression behaviors by the forced swimming test. Finally, we ana-

lyzed the serum corticosterone, a key marker of hypothalamic–pituitary–adrenal (HPA) axis

[19, 20], before and after the final behavioral test in order to gain further insight into the

underlying mechanisms.

Materials & methods

Animals

Eighteen 60-day-old Wistar male rats (F0) were obtained from Hubei Research Center of Lab-

oratory Animals, China. Animals were maintained in accordance with the Guidelines for the

Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National

Academies Press, Washington DC, 1996). The animals were housed individually in polypro-

pylene cages in special pathogen-free conditions in an environmentally controlled room (tem-

perature, 21 ± 1˚C; relative humidity, 60 ± 10%). Glass water bottles were used and a 12-h

light/dark cycle (lights off from 18:00 to 06:00) and ad libitum access to food and water were

maintained. F0 rats were randomly assigned to receive either a control or a BPA-containing

diet every day for 21 weeks. Then, each male rat was mated to two unexposed female Wistar

rats. The breeding procedure was repeated 3 times. Successful mating was determined when a

vaginal plug was observed. The day of delivery was recorded as postnatal day (PND) 0. The lit-

ter size of each dam was randomly standardized to 8 pups(four/sex/litter) on PND 5. Pups

were weaned on postnatal day (PND) 25 and then housed in pairs. BPA treatment had no

effect on body weight, litter size or sex ratios for all rats (data not shown). Ethical approval was

granted by the Ethics Committee of Tongji Medical College, Huazhong University of Science

and Technology, Wuhan, China.
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Diet and BPA treatment

A semi-purified, phytoestrogen-free powdered formula (AIN-93G, Test Diet) was purchased

from Beijing HFK Bio-Technology Co., Ltd., China, and used as the basal diet. Corn oil

was dissolved with BPA from Sigma-Aldrich (CAS no. 80-05-7, purity 99%) to make a BPA

stock solution. Description as our previous study[18], an automated algorithm calculated

the necessary volume of stock solution based on the daily body weight of each rat. This solu-

tion was diluted in corn oil to form a total volume of 0.5 ml, which was then directly added

into a 5g basal powder diet and mixed. Finally, the mixture was placed into a robust ceramic

jar in the home cage of each BPA rat. The control group received a basal diet mixed with the

same volume of corn oil as the BPA group. Basal chow was supplied after the rats ate 5g of

chow.

Behavioral tests

The F0 rats underwent an open-field test at two weeks after mating. The F1 rats underwent an

open-field test, an elevated-plus maze and a forced swimming test on PND 56. The apparatus

was cleaned after each test. Water was changed after every 4th rat in the forced swimming test.

All data were recorded with a computer-based tracking system (EthoVision1, NOLDUS). All

tests were conducted between 9:00 and 10:30 to minimize circadian effects.

The open-field test (OFT). Each rat was placed at the same spot in the square field

(80 × 56 × 40 cm) apparatus at the beginning of the test. Each rat could move freely in the

apparatus for 5 min. The percentage of time spent in the center zone was evaluated as an index

of anxiety, and the moving distance was recorded as an index of locomotor activity.

The elevated-plus maze (EPM). The elevated-plus maze consisted of a 10 × 10 cm center

area with 2 open arms (50 × 10 cm) and 2 closed arms (50 × 10 cm). Each rat was placed in the

center square facing a closed arm at the beginning of the test and then allowed to move freely

for 5 min. The duration and entry times in the open arms were recorded as negatively corre-

lated indicators of anxiety behavior, and the total moving distance was evaluated as an index of

locomotor activity.

The forced swimming test (FST). Each rat was put into a cylindrical water tank (50 cm

high, 30 cm in diameter) filled with 30 cm of tap water (24 ± 1˚C). To help rats adjust to the

water, we allowed the rats 5 min in the water and then dried them and put them back into

their cages on the first day. On the second day, the rats spent another 5 min in the water, and

the latency to immobility, immobility and resting episodes were recorded as indexes of depres-

sion behaviors.

Serum corticosterone. To detect the changes of serum corticosterone level, tail blood was

collected one day before and about 30 min after the final behavioral tests. The blood samples

were centrifuged in an Eppendorf centrifuge at 4000rpm for 10minutes. Serum was aliquoted

and frozen at −80˚C until analysis. Each serum sample was analyzed in duplicate with ELISA

kits (Nanjing Jiancheng Bioengineering Institute), following the manufacturer’s protocols.

Statistics

All data were analyzed using GraphPad Prism (GraphPad Software) and represented as the

mean ± the S.E.M. After confirming that data were normally distributed using the Kolmogo-

rov–Smirnov test, comparisons between two groups were made using t-tests in F0 rats. The

two-way ANOVA with post-hoc LSD tests were used for F1 rat data. Statistical differences

were considered significant when the P value was below 0.05.

Paternal BPA exposure induces sex specific anxiety behavior and depression behavior
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Results

BPA increased the anxiety behaviors of F0 rats in an OFT

To investigate the effect of BPA on anxiety behaviors of F0 rats, we evaluated their perfor-

mances in an OFT after 23 weeks of BPA exposure (n = 9, each). The results showed that BPA

rats spent less time in the central zone than the control animals (P< 0.01). No difference was

observed in the moving distance between the two groups (Fig 1). These data suggest that BPA

induces increased anxiety behaviors but not a locomotor-derived change.

BPA induced aggravated changes in serum corticosterone in F0 rats after

an OFT

To determine if BPA might change the serum corticosterone, we examined the tail blood sam-

ple from F0 rats one day before and about 30 min after OFT (n = 9, each). The serum cortico-

sterone showed no difference for the baseline level, but increased significantly after OFT

(P< 0.05) in both groups. Meanwhile, BPA rats had significantly higher serum corticosterone

after OFT as compared with the controls (P< 0.05) (Fig 2).

Paternal BPA exposure induced sex-specific anxiety behaviors in F1 rats in

an OFT

The anxiety levels of F1 BPA rats were also evaluated in an OFT on PND 56 (n = 9, each).

F1 BPA females but not males spent less time in the center zone than did the same-sex controls

(P<0.01). No difference was observed in moving distance between same-sex groups. In

addition, there were no sex differences in any parameter within each group (Fig 3). These

data suggest that paternal BPA exposure can increase anxiety behaviors in females but not in

males.

Fig 1. Effects of BPA exposure in F0 rats in an OFT. The OFT was performed by adult male rats who had received either a vehicle or a

50 μg/kg/day BPA diet for 23 weeks. (A) BPA-treated rats showed less time in the center of the box in an open field. (B) There were no

significant differences in moving distance between BPA and control group. Mean ± S.E.M., n = 9, �P< 0.05, ��P< 0.01, F0 control vs. F0

BPA.

https://doi.org/10.1371/journal.pone.0192434.g001
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Paternal BPA exposure induced sex-specific anxiety behaviors in F1 rats in

an EPM

We also estimated anxiety behaviors in F1 rats by EPM (n = 9, each). Consistent with the

above results, F1 BPA females but not males showed less time spent in (P< 0.01) and entering

(P< 0.01) the open arms compared with the same-sex controls. There was no difference

Fig 2. Effects of BPA exposure in F0 rats in the serum corticosterone level. The serum corticosterone level was

detected by Elisa kit one day before and about 30 min after OFT. All rats showed increased level of serum

corticosterone after OFT. F0 BPA rats showed increased level of serum corticosterone after OFT as compared with the

controls. Mean ± S.E.M., n = 9, # P< 0.05 pre-test vs. post-test; � P< 0.05, ��P< 0.01, F0 control vs. F0 BPA.

https://doi.org/10.1371/journal.pone.0192434.g002

Fig 3. Effects of paternal BPA exposure on F1 rats in an OFT. The OFT was performed in F1 rats on PND 56. (A) F1 BPA females spent less

time in the center of OFT than did the same-sex controls. (B) There was no difference in moving distance for all groups. Mean ± S.E.M., n = 9,
�P< 0.05, ��P< 0.01, F1 control vs. F1 BPA.

https://doi.org/10.1371/journal.pone.0192434.g003
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between different sexes within the groups for any parameter (Fig 4). These data indicate that

paternal BPA exposure may induce higher anxiety level in females but not in males.

Paternal BPA exposure increased depression behaviors in both sexes of F1

rats in an FST

As shown in Fig 5 (n = 9, each), both sexes of F1 BPA rats showed decreased latency to immo-

bility (P< 0.05) and increased immobility (P< 0.05) and resting episodes (P<0.05) during

the FST compared with same sex controls. There were no sex differences within each group

for any parameter. These data suggest that paternal BPA exposure may induce higher depres-

sion behaviors in both sexes of F1 rats.

Paternal BPA exposure induced sex-specific changes in serum

corticosterone in F1 rats after behavioral tests

We tested the serum corticosterone one day before and about 30 min after the final FST (n = 9,

each). As shown in Fig 6, the serum corticosterone was increased significantly after FST

(P< 0.05) in both sexes of F1 rats. However, after the final FST, F1 BPA females showed signif-

icantly higher serum corticosterone than the same-sex controls (P< 0.01) (Fig 6A), whereas,

the males had no difference between two groups (Fig 6B).

Fig 4. Effects of paternal BPA exposure on F1 rats in an EPM. The EPM was performed in F1 rats on PND 57. F1 BPA females spent less time

staying (A) and entering (B) in the open arms of the maze than did the same-sex controls. (C) There was no difference in moving distance for all

the groups. Mean ± S.E.M., n = 9, � P< 0.05, ��P< 0.01, F1 control vs. F1 BPA.

https://doi.org/10.1371/journal.pone.0192434.g004

Fig 5. Effects of paternal BPA exposure on F1 rats in an FST. The FST was performed in F1 rats on PND 59. Both sexes of F1 BPA rats showed

lower latency to immobility (A) but more time in immobility (B) and resting episodes (C) than the same-sex controls. Mean ± S.E.M., n = 9,
�P< 0.05, ��P< 0.01 F1 control vs. F1 BPA.

https://doi.org/10.1371/journal.pone.0192434.g005
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Discussion

In the current study, exposure to BPA at 50μg/kg/day in adult male rats: (a) increased anxiety

level, (b) aggravated changes in serum corticosterone, (c) transmitted higher anxiety and

depression behaviors to F1 offspring in a sex-specific manner, (d) increased serum corticoste-

rone only in F1 females. As far as we know, this is the first study to investigate the effect of

paternal BPA on affective behaviors in rats.

In this study, the increased anxiety behaviors were expected based on results that F0 BPA

rats spent less time in the central zone without locomotor change. Meanwhile, F0 BPA rats

had higher serum corticosterone than the controls after the OFT. Some studies have showed

that BPA increase rats anxiety behavior[21, 22]. These effects were partly interpreted as due to

alterations in the hypothalamic–pituitary–adrenal (HPA) axis, such as increased corticoste-

rone, adrenaline, et al[21, 23]. In line with these results, our data suggest that BPA may

increase anxiety behaviors by modulating HPA axis in adult rats.

Interestingly, our data shows that the changes of emotion reaction induced by BPA were

transmitted to the offspring in a sex-specific manner. As shown in Fig 3 and Fig 4, increased

anxiety behaviors were documented only in F1 BPA females but not in males. Differently, both

sexes of F1 rats showed increased depression behaviors during swimming in FST (Fig 5). Fur-

thermore, the serum corticosterone was only increased in F1 BPA females, but no in males.

This result suggests that paternal BPA may increase the susceptibility to anxiety response only

in females but impair depression reaction in both sexes, which is not entirely due to the HPA

axis. Anxiety and depression are two different emotions although based on some crossover

mechanisms. BPA has been shown to induce stress hyperactive behaviors and higher depres-

sion responses in EMP and FST, through the dopaminergic and NMDA systems[24–26].

Therefore, in the present study, besides HPA axis it is also possible that F1 BPA rats had

changes in the other neurochemical systems involved in the affective response. Similar to our

results, previous reports have acknowledged sex-specific dimorphic results after maternal BPA

exposure in human. There are cohort studies showing an association between maternal urine

BPA levels and anxiety and depression in girls, while some researchers found an association

Fig 6. Effects of paternal BPA exposure on the serum corticosterone level in F1 rats. The serum corticosterone level was detected by

Elisa kit one day before and about 30 min after the final FST. (A)The serum corticosterone was increased after behavior tests in two

groups, F1 BPA females had higher serum corticosterone than the same-sex controls after behavior tests; (B) The serum corticosterone

was increased after behavior tests within the groups, there was no difference at the point of post-test between the groups. Mean ± S.E.M.,

n = 9, # P< 0.05, ##P< 0.01 pre-test vs. post-test; � P< 0.05, F1 control vs. F1 BPA.

https://doi.org/10.1371/journal.pone.0192434.g006
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between maternal BPA exposure and anxiety and depression only in boys[27–29]. In addition,

different behavioral outcomes in males and females caused by prenatal BPA exposure have

been documented in animal experiments[30]. For example, prenatal exposure to bisphenol A

impairs sexual differentiation of exploratory behavior and increases depression behavior in

rats[31, 32]. Our previous study also showed that paternal BPA exposure can induce worse

spatial memory impairments and higher stress response only in F1 females[18]. Although the

underlying mechanisms of the paternal effects differ from that of maternal lineage, similar sex-

specific effects may have occurred as early as the zygotic stage by epigenetic changes. It is well

known that BPA can upregulate cluster in prostate and single strand DNA breaks in spermato-

zoa in adult male rodents[33]. As a result, some effects on the F1 rats must have been pro-

grammed into the genes in their germ cells and lead to deficits in brain and behaviors[34, 35].

However, more studies are needed to confirm this hypothesis.

In conclusion, our data suggest that preconception paternal exposure to a low dose of BPA

could induce sex-specific changes in anxiety and depression behaviors in F1 rats, which maybe

by modulating HPA axis. These results provide a new perspective in the study of BPA-related

behavioral alterations.

Author Contributions

Conceptualization: Ying Fan, Xin Jin, Maoshu Zhu.

Data curation: Ying Fan, Shibin Ding.

Formal analysis: Maoshu Zhu.

Funding acquisition: Maoshu Zhu.

Investigation: Ying Fan, Dongliang He, Jian Liu, Nannan Wu, Maoshu Zhu.

Methodology: Qilin Liu, Xianyue Zhen, Hui Zhang, Shibin Ding.

Project administration: Qilin Liu.

Resources: Liangneng Zhou, Taibiao Li.

Software: Qilin Liu, Xianyue Zhen, Hui Zhang.

Supervision: Yun Zhang.

Validation: Hui Zhang, Taibiao Li, Yun Zhang, Anne Manyande.

Writing – original draft: Chong Tian, Liangneng Zhou.

Writing – review & editing: Chong Tian, Beibei Zhang.

References
1. Vandenberg LN, Chahoud I, Heindel JJ, Padmanabhan V, Paumgartten FJ, Schoenfelder G. Urinary,

circulating, and tissue biomonitoring studies indicate widespread exposure to bisphenol A. Cien Saude

Colet. 2012; 17(2):407–34. PMID: 22267036.

2. von Goetz N, Wormuth M, Scheringer M, Hungerbuhler K. Bisphenol a: how the most relevant exposure

sources contribute to total consumer exposure. Risk Anal. 2010; 30(3):473–87. https://doi.org/10.1111/

j.1539-6924.2009.01345.x PMID: 20136739.

3. He D, Ye X, Xiao Y, Zhao N, Long J, Zhang P, et al. Dietary exposure to endocrine disrupting chemicals

in metropolitan population from China: a risk assessment based on probabilistic approach. Chemo-

sphere. 2015; 139:2–8. https://doi.org/10.1016/j.chemosphere.2015.05.036 PMID: 26025473.

4. Tohme M, Prud’homme SM, Boulahtouf A, Samarut E, Brunet F, Bernard L, et al. Estrogen-related

receptor gamma is an in vivo receptor of bisphenol A. FASEB J. 2014; 28(7):3124–33. https://doi.org/

10.1096/fj.13-240465 PMID: 24744145.

Paternal BPA exposure induces sex specific anxiety behavior and depression behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0192434 February 8, 2018 8 / 10

http://www.ncbi.nlm.nih.gov/pubmed/22267036
https://doi.org/10.1111/j.1539-6924.2009.01345.x
https://doi.org/10.1111/j.1539-6924.2009.01345.x
http://www.ncbi.nlm.nih.gov/pubmed/20136739
https://doi.org/10.1016/j.chemosphere.2015.05.036
http://www.ncbi.nlm.nih.gov/pubmed/26025473
https://doi.org/10.1096/fj.13-240465
https://doi.org/10.1096/fj.13-240465
http://www.ncbi.nlm.nih.gov/pubmed/24744145
https://doi.org/10.1371/journal.pone.0192434


5. Matsushima A, Kakuta Y, Teramoto T, Koshiba T, Liu X, Okada H, et al. Structural evidence for endo-

crine disruptor bisphenol A binding to human nuclear receptor ERR gamma. J Biochem. 2007; 142

(4):517–24. https://doi.org/10.1093/jb/mvm158 PMID: 17761695.

6. Hermans-Borgmeyer I, Susens U, Borgmeyer U. Developmental expression of the estrogen receptor-

related receptor gamma in the nervous system during mouse embryogenesis. Mech Dev. 2000; 97(1–

2):197–9. PMID: 11025225.

7. Ye X, Kuklenyik Z, Needham LL, Calafat AM. Measuring environmental phenols and chlorinated organic

chemicals in breast milk using automated on-line column-switching-high performance liquid chromatog-

raphy-isotope dilution tandem mass spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci.

2006; 831(1–2):110–5. https://doi.org/10.1016/j.jchromb.2005.11.050 PMID: 16377264.

8. Perez-Lobato R, Mustieles V, Calvente I, Jimenez-Diaz I, Ramos R, Caballero-Casero N, et al. Expo-

sure to bisphenol A and behavior in school-age children. Neurotoxicology. 2016; 53:12–9. https://doi.

org/10.1016/j.neuro.2015.12.001 PMID: 26654821.

9. Farabollini F, Porrini S, Della Seta D, Bianchi F, Dessi-Fulgheri F. Effects of perinatal exposure to bis-

phenol A on sociosexual behavior of female and male rats. Environ Health Perspect. 2002;110 Suppl

3:409–14. PMID: 12060837; PubMed Central PMCID: PMCPMC1241191.

10. Dessi-Fulgheri F, Porrini S, Farabollini F. Effects of perinatal exposure to bisphenol A on play behavior

of female and male juvenile rats. Environ Health Perspect. 2002;110 Suppl 3:403–7. PMID: 12060836;

PubMed Central PMCID: PMCPMC1241190.

11. Porrini S, Belloni V, Della Seta D, Farabollini F, Giannelli G, Dessi-Fulgheri F. Early exposure to a low

dose of bisphenol A affects socio-sexual behavior of juvenile female rats. Brain Res Bull. 2005; 65

(3):261–6. https://doi.org/10.1016/j.brainresbull.2004.11.014 PMID: 15811590.

12. Xu X, Liu X, Zhang Q, Zhang G, Lu Y, Ruan Q, et al. Sex-specific effects of bisphenol-A on memory and

synaptic structural modification in hippocampus of adult mice. Horm Behav. 2013; 63(5):766–75.

https://doi.org/10.1016/j.yhbeh.2013.03.004 PMID: 23523742.

13. Xu X, Ye Y, Li T, Chen L, Tian D, Luo Q, et al. Bisphenol-A rapidly promotes dynamic changes in hippo-

campal dendritic morphology through estrogen receptor-mediated pathway by concomitant phosphory-

lation of NMDA receptor subunit NR2B. Toxicol Appl Pharmacol. 2010; 249(2):188–96. https://doi.org/

10.1016/j.taap.2010.09.007 PMID: 20858508.

14. Poimenova A, Markaki E, Rahiotis C, Kitraki E. Corticosterone-regulated actions in the rat brain are

affected by perinatal exposure to low dose of bisphenol A. Neuroscience. 2010; 167(3):741–9. https://

doi.org/10.1016/j.neuroscience.2010.02.051 PMID: 20219646.

15. Tian YH, Baek JH, Lee SY, Jang CG. Prenatal and postnatal exposure to bisphenol a induces anxiolytic

behaviors and cognitive deficits in mice. Synapse. 2010; 64(6):432–9. https://doi.org/10.1002/syn.

20746 PMID: 20169576.

16. Smarr MM, Grantz KL, Sundaram R, Maisog JM, Kannan K, Louis GM. Parental urinary biomarkers of

preconception exposure to bisphenol A and phthalates in relation to birth outcomes. Environ Health.

2015; 14:73. https://doi.org/10.1186/s12940-015-0060-5 PMID: 26362861; PubMed Central PMCID:

PMCPMC4567813.

17. Dobrzynska MM, Gajowik A, Radzikowska J, Tyrkiel EJ, Jankowska-Steifer EA. Male-mediated F1

effects in mice exposed to bisphenol A, either alone or in combination with X-irradiation. Mutat Res

Genet Toxicol Environ Mutagen. 2015;789–790:36–45. https://doi.org/10.1016/j.mrgentox.2015.06.015

PMID: 26232256.

18. Fan Y, Ding S, Ye X, Manyande A, He D, Zhao N, et al. Does preconception paternal exposure to a

physiologically relevant level of bisphenol A alter spatial memory in an adult rat? Horm Behav. 2013; 64

(4):598–604. https://doi.org/10.1016/j.yhbeh.2013.08.014 PMID: 24005185.

19. Harris AP, Holmes MC, de Kloet ER, Chapman KE, Seckl JR. Mineralocorticoid and glucocorticoid

receptor balance in control of HPA axis and behaviour. Psychoneuroendocrinology. 2013; 38(5):648–

58. https://doi.org/10.1016/j.psyneuen.2012.08.007 PMID: 22980941.

20. Rivier C. Role of hypothalamic corticotropin-releasing factor in mediating alcohol-induced activation of

the rat hypothalamic-pituitary-adrenal axis. Front Neuroendocrinol. 2014; 35(2):221–33. https://doi.org/

10.1016/j.yfrne.2013.10.005 PMID: 24211830.

21. Chen F, Zhou L, Bai Y, Zhou R, Chen L. Hypothalamic-pituitary-adrenal axis hyperactivity accounts for

anxiety- and depression-like behaviors in rats perinatally exposed to bisphenol A. J Biomed Res. 2015;

29(3):250–8. https://doi.org/10.7555/JBR.29.20140058 PMID: 26060449; PubMed Central PMCID:

PMCPMC4449493.

22. Zhou R, Chen F, Feng X, Zhou L, Li Y, Chen L. Perinatal exposure to low-dose of bisphenol A causes

anxiety-like alteration in adrenal axis regulation and behaviors of rat offspring: a potential role for meta-

botropic glutamate 2/3 receptors. J Psychiatr Res. 2015; 64:121–9. https://doi.org/10.1016/j.jpsychires.

2015.02.018 PMID: 25812946.

Paternal BPA exposure induces sex specific anxiety behavior and depression behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0192434 February 8, 2018 9 / 10

https://doi.org/10.1093/jb/mvm158
http://www.ncbi.nlm.nih.gov/pubmed/17761695
http://www.ncbi.nlm.nih.gov/pubmed/11025225
https://doi.org/10.1016/j.jchromb.2005.11.050
http://www.ncbi.nlm.nih.gov/pubmed/16377264
https://doi.org/10.1016/j.neuro.2015.12.001
https://doi.org/10.1016/j.neuro.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26654821
http://www.ncbi.nlm.nih.gov/pubmed/12060837
http://www.ncbi.nlm.nih.gov/pubmed/12060836
https://doi.org/10.1016/j.brainresbull.2004.11.014
http://www.ncbi.nlm.nih.gov/pubmed/15811590
https://doi.org/10.1016/j.yhbeh.2013.03.004
http://www.ncbi.nlm.nih.gov/pubmed/23523742
https://doi.org/10.1016/j.taap.2010.09.007
https://doi.org/10.1016/j.taap.2010.09.007
http://www.ncbi.nlm.nih.gov/pubmed/20858508
https://doi.org/10.1016/j.neuroscience.2010.02.051
https://doi.org/10.1016/j.neuroscience.2010.02.051
http://www.ncbi.nlm.nih.gov/pubmed/20219646
https://doi.org/10.1002/syn.20746
https://doi.org/10.1002/syn.20746
http://www.ncbi.nlm.nih.gov/pubmed/20169576
https://doi.org/10.1186/s12940-015-0060-5
http://www.ncbi.nlm.nih.gov/pubmed/26362861
https://doi.org/10.1016/j.mrgentox.2015.06.015
http://www.ncbi.nlm.nih.gov/pubmed/26232256
https://doi.org/10.1016/j.yhbeh.2013.08.014
http://www.ncbi.nlm.nih.gov/pubmed/24005185
https://doi.org/10.1016/j.psyneuen.2012.08.007
http://www.ncbi.nlm.nih.gov/pubmed/22980941
https://doi.org/10.1016/j.yfrne.2013.10.005
https://doi.org/10.1016/j.yfrne.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24211830
https://doi.org/10.7555/JBR.29.20140058
http://www.ncbi.nlm.nih.gov/pubmed/26060449
https://doi.org/10.1016/j.jpsychires.2015.02.018
https://doi.org/10.1016/j.jpsychires.2015.02.018
http://www.ncbi.nlm.nih.gov/pubmed/25812946
https://doi.org/10.1371/journal.pone.0192434


23. Chen F, Zhou L, Bai Y, Zhou R, Chen L. Sex differences in the adult HPA axis and affective behaviors

are altered by perinatal exposure to a low dose of bisphenol A. Brain Res. 2014; 1571:12–24. https://

doi.org/10.1016/j.brainres.2014.05.010 PMID: 24857958.

24. Xu X, Hong X, Xie L, Li T, Yang Y, Zhang Q, et al. Gestational and lactational exposure to bisphenol-A

affects anxiety- and depression-like behaviors in mice. Horm Behav. 2012; 62(4):480–90. PMID:

23240141.

25. Komada M, Itoh S, Kawachi K, Kagawa N, Ikeda Y, Nagao T. Newborn mice exposed prenatally to bis-

phenol A show hyperactivity and defective neocortical development. Toxicology. 2014; 323:51–60.

https://doi.org/10.1016/j.tox.2014.06.009 PMID: 24953688.

26. Zhou R, Bai Y, Yang R, Zhu Y, Chi X, Li L, et al. Abnormal synaptic plasticity in basolateral amygdala

may account for hyperactivity and attention-deficit in male rat exposed perinatally to low-dose bisphe-

nol-A. Neuropharmacology. 2011; 60(5):789–98. https://doi.org/10.1016/j.neuropharm.2011.01.031

PMID: 21277317.

27. Braun JM, Kalkbrenner AE, Calafat AM, Yolton K, Ye X, Dietrich KN, et al. Impact of early-life bisphenol

A exposure on behavior and executive function in children. Pediatrics. 2011; 128(5):873–82. https://doi.

org/10.1542/peds.2011-1335 PMID: 22025598; PubMed Central PMCID: PMCPMC3208956.

28. Roen EL, Wang Y, Calafat AM, Wang S, Margolis A, Herbstman J, et al. Bisphenol A exposure and

behavioral problems among inner city children at 7–9 years of age. Environ Res. 2015; 142:739–45.

https://doi.org/10.1016/j.envres.2015.01.014 PMID: 25724466; PubMed Central PMCID:

PMCPMC4545741.

29. Harley KG, Gunier RB, Kogut K, Johnson C, Bradman A, Calafat AM, et al. Prenatal and early childhood

bisphenol A concentrations and behavior in school-aged children. Environ Res. 2013; 126:43–50.

https://doi.org/10.1016/j.envres.2013.06.004 PMID: 23870093; PubMed Central PMCID:

PMCPMC3805756.

30. Evans SF, Kobrosly RW, Barrett ES, Thurston SW, Calafat AM, Weiss B, et al. Prenatal bisphenol A

exposure and maternally reported behavior in boys and girls. Neurotoxicology. 2014; 45:91–9. https://

doi.org/10.1016/j.neuro.2014.10.003 PMID: 25307304; PubMed Central PMCID: PMCPMC4362616.

31. Fujimoto T, Kubo K, Nishikawa Y, Aou S. Postnatal exposure to low-dose bisphenol A influences vari-

ous emotional conditions. J Toxicol Sci. 2013; 38(4):539–46. PMID: 23824010.

32. Fujimoto T, Kubo K, Aou S. Prenatal exposure to bisphenol A impairs sexual differentiation of explor-

atory behavior and increases depression-like behavior in rats. Brain Res. 2006; 1068(1):49–55. https://

doi.org/10.1016/j.brainres.2005.11.028 PMID: 16380096.

33. Bale TL. Epigenetic and transgenerational reprogramming of brain development. Nat Rev Neurosci.

2015; 16(6):332–44. https://doi.org/10.1038/nrn3818 PMID: 25921815.

34. Chianese R, Troisi J, Richards S, Scafuro M, Fasano S, Guida M, et al. Bisphenol A in reproduction: epi-

genetic effects. Curr Med Chem. 2017. https://doi.org/10.2174/0929867324666171009121001 PMID:

28990514.

35. Mileva G, Baker SL, Konkle AT, Bielajew C. Bisphenol-A: epigenetic reprogramming and effects on

reproduction and behavior. Int J Environ Res Public Health. 2014; 11(7):7537–61. https://doi.org/10.

3390/ijerph110707537 PMID: 25054232; PubMed Central PMCID: PMCPMC4113893.

Paternal BPA exposure induces sex specific anxiety behavior and depression behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0192434 February 8, 2018 10 / 10

https://doi.org/10.1016/j.brainres.2014.05.010
https://doi.org/10.1016/j.brainres.2014.05.010
http://www.ncbi.nlm.nih.gov/pubmed/24857958
http://www.ncbi.nlm.nih.gov/pubmed/23240141
https://doi.org/10.1016/j.tox.2014.06.009
http://www.ncbi.nlm.nih.gov/pubmed/24953688
https://doi.org/10.1016/j.neuropharm.2011.01.031
http://www.ncbi.nlm.nih.gov/pubmed/21277317
https://doi.org/10.1542/peds.2011-1335
https://doi.org/10.1542/peds.2011-1335
http://www.ncbi.nlm.nih.gov/pubmed/22025598
https://doi.org/10.1016/j.envres.2015.01.014
http://www.ncbi.nlm.nih.gov/pubmed/25724466
https://doi.org/10.1016/j.envres.2013.06.004
http://www.ncbi.nlm.nih.gov/pubmed/23870093
https://doi.org/10.1016/j.neuro.2014.10.003
https://doi.org/10.1016/j.neuro.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25307304
http://www.ncbi.nlm.nih.gov/pubmed/23824010
https://doi.org/10.1016/j.brainres.2005.11.028
https://doi.org/10.1016/j.brainres.2005.11.028
http://www.ncbi.nlm.nih.gov/pubmed/16380096
https://doi.org/10.1038/nrn3818
http://www.ncbi.nlm.nih.gov/pubmed/25921815
https://doi.org/10.2174/0929867324666171009121001
http://www.ncbi.nlm.nih.gov/pubmed/28990514
https://doi.org/10.3390/ijerph110707537
https://doi.org/10.3390/ijerph110707537
http://www.ncbi.nlm.nih.gov/pubmed/25054232
https://doi.org/10.1371/journal.pone.0192434

