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Abstract

Bisphenol A (BPA) is a widely used monomer of polycarbonate plastics and epoxide resin 

that has been implicated in asthma pathogenesis when exposure occurs to the developing fetus. 

However, few studies have examined the relationship between perinatal BPA exposure and asthma 

pathogenesis in adulthood. This study used an isogenic mouse model to examine the influence of 

perinatal BPA exposure via maternal diet on inflammatory mediators associated with asthma in 

6-month-old adult offspring by measuring bone marrow-derived mast cell (BMMC) production of 

lipid mediators (cysteinyl leukotrienes and prostaglandin D2), cytokines (interleukin [IL]-4, IL-5, 

IL-6, IL-13, and tumor necrosis factor [TNF]-α), and histamine. Global DNA methylation levels 

in BMMCs from adult offspring were determined to elucidate a potential regulatory mechanism 

linking perinatal exposure to mast cell phenotype later in life. Four BPA exposure doses were 

tested: low (50 ng BPA/kg diet, n = 5), medium (50 μg BPA/kg diet, n = 4), high (50 mg BPA/kg 

diet, n = 4), and control (n = 3). Following BMMC activation, increases in cysteinyl leukotriene 

(p < 0.01) and TNFα (p < 0.05) production were observed in all BPA-exposure groups, and 

increases in prostaglandin D2 (p < 0.01) and IL-13 (p < 0.01) production were observed in the 

high exposure group. Additionally, BMMCs from adult mice in all exposure groups displayed a 

decrease in global DNA methylation compared to control animals. Thus, perinatal BPA exposure 

displayed a long-term influence on mast cell-mediated production of pro-inflammatory mediators 

associated with asthma and global DNA methylation levels, suggesting a potential for mast cell 

dysregulation, which could affect pulmonary inflammation associated with allergic airway disease 

into adulthood.
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Introduction

There is an accumulating body of literature supporting the developmental origins of adult 

asthma and other lung diseases (Duijts, 2012; Harding and Maritz, 2012; Henderson and 
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Warner, 2012). For example, the worldwide prevalence of asthma, a chronic inflammatory 

disease of the airways characterized by wheezing, coughing, chest tightness, and airway 

obstruction (Murdoch and Lloyd, 2010), has been steadily increasing over the past 40 years 

(Lai et al., 2009; Anandan et al., 2010; To et al., 2012); current estimates suggest nearly 

300 million individuals are diagnosed with asthma globally (WHO, 2007; Holgate et al., 

2007). Furthermore, observational reports revealing that asthma prevalence is highest among 

industrialized countries suggest that one or more byproducts of industrialization present in 

the environment may be contributing to asthma pathogenesis, thus stressing the important 

role that environmental influences can have on disease status (Masoli et al., 2004; Anandan 

et al., 2010; Asher et al., 2010; To et al., 2012).

Bisphenol A (BPA), a monomer of polycarbonate plastics and epoxide resin, is a 

high production-volume chemical that has been implicated in asthma pathogenesis when 

exposure occurs to the developing fetus (Midoro-Horiuti et al., 2010; Nakajima et al., 2012). 

BPA routinely leaches into the food and water supply from consumer products including 

food and liquid storage containers, baby bottles, and linings of aluminum cans. While the 

main route of human exposure to BPA is through indigestion of contaminated food and 

water, possible exposure through inhalation and dermal routes may exist due to the presence 

of BPA in dental sealants and thermal paper (Vandenberg et al., 2007; Marquet et al., 2011). 

Human exposure to BPA is widespread with National Health and Nutrition Examination 

Survey (NHANES) data revealing detectable amounts of BPA in the urine of 95% of 

study participants (Calafat et al., 2005; Vandenberg et al., 2012). Quantifications of BPA in 

infant cord blood (Vandenberg et al., 2007), amniotic fluid (Edlow et al., 2012), placenta 

(Schonfelder et al., 2002), and fetal liver tissues (Nahar et al., 2013) have indicated that 

fetal samples contain higher quantities of free BPA than seen in adult samples. The higher 

fetal burden of estrogenic BPA may result from the developing liver’s altered capacity for 

detoxification, enterohepatic recirculation, and elimination of xenobiotics (Ginsberg et al., 

2004; Vandenberg et al., 2009).

Asthma pathogenesis arises from a complex interplay of genetic susceptibility and 

environmental exposures (Holgate et al., 2007), resulting in abnormal inflammatory 

responses led by T-helper type 2 (TH2) lymphocytes. Mast cells play an unequivocal 

role in the pathogenesis of atopic asthma and other allergic diseases, and contribute to 

airway and lung tissue inflammation by secreting cytokines (tumor necrosis factor [TNF]-α, 

interleukin [IL]-4, IL-5, IL-6, and IL-13) and vasoactive agents such as histamine and lipid 

mediators (leukotrienes and prostaglandins). Observational epidemiologic studies indicate 

that mast cells are sensitive to activation or dysregulation by estradiol (E2) (Bonds and 

Midoro-Horiuti, 2013), and it has long been known that asthma prevalence is two to three 

times higher in women than in men (Vink et al., 2010; Leynaert et al., 2012). More recent 

studies have shown that peaks in E2 during ovulation (Vrieze et al., 2003; Thornton et al., 

2012) or hormone replacement therapy (Barr et al., 2004; Dratva, 2010) are associated with 

worsened asthma symptoms in women. Additionally, E2 (Zaitsu et al., 2007; Jensen et al., 

2010), progesterone (Jensen et al., 2010), and other xeno-estrogens (Narita et al., 2007; Lee 

et al., 2011; Kennedy et al., 2012) are capable of activating human or rat mast cell lines in 
vitro in the absence of IgE crosslinking.
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It has been suggested that heightened sensitivity to industrialization exposures, such as 

BPA, during critical windows of development may influence the pathogenesis of asthma 

or other allergic airway diseases in the exposed individual through altering important 

epigenetic mechanisms such as DNA methylation (Ahmed, 2000; Teitell and Richardson, 

2003; Clayton et al., 2011). Perinatal exposures to BPA have resulted in altered Th2 

allergic responses using the ovalbumin-induced asthma model in mice (Midoro-Horiuti et 

al., 2010; Bauer et al., 2012; Nakajima et al., 2012). Additionally, at μM levels, BPA has 

been demonstrated to increase the release of TNFα, IL-6, and histamine in both HMC-1 

cells (human mast cell line) (Lee and Lim, 2010) and RBL-2H3 cells (rat mast cell line) 

(Lee et al., 2012). Using an isogenic mouse model, this study sought to determine if 

exposures to BPA through the maternal diet increase pro-inflammatory cytokine and lipid 

mediator production and alter global DNA methylation levels in bone marrow-derived 

mast cells (BMMCs) from adult mouse offspring. Interestingly, it was observed that 

cysteinyl leukotrienes (CysLTs), prostaglandin D2 (PGD2), TNFα, and IL-13 production 

were increased at 6 mo-of-age following perinatal BPA exposure. A decrease in global 

DNA methylation levels in BMMCs from BPA-exposed animals was also observed. Thus, 

perinatal exposure to BPA results in enhanced pro-inflammatory mediator synthesis and 

altered DNA methylation in BMMCs from adult mice.

Materials and Methods

Animals

Breeders were obtained from a University of Michigan Avy breeding colony maintained 

on a genetically identical C57BL/6 and C3H/HeJ background (Waterland and Jirtle, 2003; 

Anderson et al., 2012). At 6 wk-of-age, virgin female breeders with an a/a genotype were 

randomly assigned to one of four modified phytoestrogen-free BPA-supplemented diets with 

7% corn oil substituted for 7% soybean oil (Harland, Madison, WI): 50 ng BPA/kg diet (low 

dose, diet 09798), 50 μg BPA/kg diet (medium dose, diet 09797), 50 mg BPA/kg diet (high 

dose, diet 09518), or BPA-free control diet (diet 95092). All diet ingredients were supplied 

by Harland, except for BPA (National Toxicology Program standard). Female breeders were 

maintained on the assigned diet for two wk before being paired with a heterozygous Avy/a 
male. Dams and offspring remained on the assigned diet throughout gestation and lactation 

until weaning on postnatal day 21. At weaning, all offspring were group-housed by sex and 

fed the BPA-free control diet and subsequently aged to 6 months. Offspring generated from 

the mating paradigm were 50% a/a and 50% Avy/a, though only a/a offspring were used in 

this study to avoid bias introduced by the Avy retroelement, which induces ectopic Agouti 
expression and varies dramatically among isogenic Avy/a mice (Miltenberger et al., 1997; 

Waterland and Jirtle, 2003).

In this study, the control, 50 ng BPA/kg diet, 50 μg BPA/kg diet, and 50 mg BPA/kg diet 

groups each had 3, 5, 4, and 4 subjects, respectively. Due to experimental limitations, all 

animals in both the 50 ng BPA/kg diet group and the 50 μg BPA/kg diet group were female, 

while all animals in the 50 mg BPA/kg diet group were male, and animals in the control 

group were one male and two females. Additionally, offspring in the control, 50 ng BPA/kg 
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diet, 50 μg BPA/kg diet, and 50 mg BPA/kg diet groups were generated from 1, 4, 2, and 3 

litters, respectively.

All animals were housed in a University of Michigan animal facility in rooms maintained 

at 70°C and a 25-30% relative humidity with a 12-hr light-dark cycle. All mice had ad 
libitum access to assigned chow and filtered water throughout the study. Animals were 

treated according to National Institutes of Health guidelines for the use of experimental 

animals, and with approval of the University of Michigan Committee for the Use and Care 

of Animals.

Generation and culture of BMMC

Following euthanasia with CO2 inhalation, femurs were obtained from mice and lavaged 

with RPMI (Life Technologies, Invitrogen, Carlsbad, CA). Primary BMMC were generated 

by culturing bone marrow cells in RPMI containing 10% fetal bovine serum (Invitrogen) 

and 1% penicillin/streptomycin (Invitrogen) supplemented with 10 ng/ml murine IL-3 

and 10 ng/ml murine stem cell factor (Sigma, St. Louis, MO) at 37°C in 5% CO2. 

Throughout incubation, culture media and culture flasks were changed once weekly. After 

4 wk in culture, cells were transferred onto glass slides using a cytocentrifuge (STAT 

SPIN, Norwood, MA), and the mast cell phenotype was confirmed when 95% of the cells 

were positive for c-kit. During immuno-cytostaining, c-kit was probed using an anti-c-kit 
antibody produced in rabbit (Cell Signaling, Beverly, MA), secondarily probed using a 

goat anti-rabbit avidin biotin complex kit (Vector, Burlingame, CA), and visualized using a 

diaminobenzidine kit (DAB; Vector) according to manufacturer instructions.

Stimulation of BMMC for pro-inflammatory mediator production

BMMC were pelleted by centrifugation, re-suspended in RPMI, enumerated using a 

hemocytometer, and plated in 96-well plates (Corning Life Sciences, Tewksbury, MA) at 

a concentration of 2.0 × 105 cells/well. BMMC were cultured with vehicle (0.001% ethanol) 

alone (as a control) or with 100 ng/ml anti-DNP IgE antibody (Sigma) for 1 hr at 37°C 

with 5% CO2 before the addition of 10 ng/ml DNP-BSA (Sigma) for 30 min to activate the 

cells via IgE crosslinking (Narita et al., 2007). After stimulation, cell culture media were 

collected and stored at −80°C until analysis.

CysLT and PGD2 determinations

Levels of CysLT and PGD2 (measured after methoximation [PGD2-MOX]) produced by 

mast cells following stimulation were determined using commercial enzyme immunoassay 

(EIA) kits (Cayman Chemical, Ann Arbor, MI), according to manufacturer instructions.

Cytokine determinations

Analyses of cytokines TNFα, IL-4, IL-5, IL-6, and IL-13 in cell culture supernatants were 

conducted by the University of Michigan Immunology Core Facility using commercial EIA 

kits (DuoSet, R&D Systems, Minneapolis, MN), according to manufacturer instructions.
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Histamine determination

Analysis of histamine was conducted according to the protocol previously described 

by Zhao et al. (2001). Briefly, 30 μl from collected supernatants were distributed on 

384-well plates (Corning Life Sciences). 6 μl of 1 M NaOH and 1.5 μl of 10 mg/ml 

o-phthaldialdehyde (Sigma) prepared in methanol were added to each sample to induce 

histamine derivatization. After incu-bation at room temperature for 4 min, 5 μl of 3 M HCl 

were added to each well to halt histamine derivatization. Fluorescence was read at 530 

nm (360 nm excitation, 450 nm emission) using a SpectraMax Gemini M2e fluorometer 

(Molecular Devices, Sunnyvale, CA). Values were expressed as % histamine release of 

vehicle control (“% histamine release” in figure).

Global DNA methylation determination

Unstimulated BMMC obtained from culture were collected by centrifugation, washed twice 

in cold PBS, and stored at −80°C. Frozen cells were thawed, and DNA was extracted using 

a DNeasy Blood and Tissue Kit for purification of total DNA according to manufacturer 

instructions (Qiagen, Valencia, CA). Samples were processed by the automated QIAcube 

platform (Qiagen). Isolated DNA was quantified using a micro-volume nucleic acid 

spectrophotometer NanoDrop2000 (Thermo Fisher Scientific, Waltham, MA). Analysis of 

global DNA methylation was conducted on 50 ng of isolated sample using a commercial 

EIA kit that detects 5-methyl-cytosine (5-mC) (Epigentek, Farmingdale, NY), according to 

manufacturer instructions.

Statistical analyses

Data analyses were conducted using a one-way analysis of variance with a post-hoc 
Bonferroni test for separation of the means in Prism Graph Software (GraphPad Software, 

Inc., La Jolla, CA). In all cases, a p-value of < 0.05 was considered statistically significant.

Results

Perinatal BPA exposure increases adult BMMC CysLT and PGD2 levels after IgE 
crosslinking

To test whether perinatal exposure to BPA up-regulates the production of pro-inflammatory 

lipid mediators known to contribute to the pathogenesis of allergic airway disease, BMMC 

secretion of eicosanoids CysLT and PGD2 following IgE crosslinking was assessed (Figure 

1). Following activation, 3- to 4-fold increases in the secretion of CysLT from the low (p = 

0.013), medium (p = 0.005), and high (p = 0.036) BPA exposure groups compared to the 

control group were observed, with no differences between BPA exposure groups (Figure 1a). 

Additionally, a 2-fold increase in production of PGD2 in the high BPA exposure group (p = 

0.009), without increased PGD2 levels in the low (p = 0.542) and medium (p = 0.120) BPA 

exposure groups, was observed (Figure 1b).
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Perinatal BPA exposure enhances adult BMMC IL-13 and TNFα production after IgE 
crosslinking

The impact of BPA exposure on IgE crosslinking-induced BMMC cytokine release was 

next assessed (Figure 2). In these experiments, levels of TNFα, IL-4, IL-5, IL-6, and 

IL-13 were determined as these mast cell-derived cytokines contribute to allergic airway 

inflammation (Walls et al., 2001; Boyce, 2003; Bradding et al., 2006; Amin, 2012). IgE-

mediated activation resulted in a 3- to 4-fold increase in BMMC secretion of TNFα from 

low (p = 0.018), medium (p = 0.008), and high (p = 0.019) BPA exposure groups compared 

with the control group (Figure 2a). Furthermore, IL-13 release was also up-regulated in the 

high BPA exposure group (p = 0.0005) (Figure 2b). However, there were no differences in 

IL-4, IL-5, or IL-6 levels between the control group and BPA exposure groups following 

BMMC stimulation (Figures 2c, 2d, 2f).

Effect of perinatal BPA exposure on adult BMMC histamine release

The effect of BPA exposure on IgE crosslinking-induced histamine release was measured 

(Figure 3). Compared to controls, there was no difference is histamine release among then 

BMMC of BPA-exposed animals. However, mean % histamine release was ≈ 2-fold higher 

in the low (p = 0.213) and medium (p = 0.333) BPA groups, as compared to the control 

group.

Perinatal BPA exposure decreases global DNA methylation in adult BMMC

The observed increases in pro-inflammatory mediator secretion from BMMCs of adult 

animals exposed to BPA perinatally suggest increased gene transcription of cytokines 

and proteins involved in the synthesis of eicosanoids, which may be regulated by DNA 

methylation changes (Richter et al., 2007). To test this hypothesis, the relative concentrations 

of 5-mC in DNA extracts from BMMC of BPA-exposed and control animals were 

determined by EIA. As shown in Figure 4, global DNA methylation levels in extracts of 

BMMC from the BPA-exposed animals were decreased compared to controls, although, 

statistical significance was observed only in the low BPA exposure group (p = 0.014).

Discussion

Since little is known regarding the long-term effects of perinatal BPA exposure on mast cell 

function, the current study measured mediator production from BMMC obtained from 6-mo-

old mice exposed perinatally to four doses of BPA (low, medium, high, and control) through 

the maternal diet. Enhanced lipid mediator synthesis (CysLT and PGD2) and cytokine 

release (TNFα and IL-13) following BMMC activation via IgE crosslinking were observed. 

In association with these increases in pro-inflammatory mediator production, a decrease 

in global DNA methylation was observed. Thus, these results highlight the potential for 

persistent epigenetic modification by the endocrine-active monomer BPA, resulting in 

lasting consequences on mast cell-mediated pro-inflammatory lipid mediator and cytokine 

production in adulthood that could potentially worsen inflammation associated with allergic 

airway disease. Furthermore, the results from the current study align with previous reports 

demonstrating enhanced asthma pathogenesis in juvenile mice with perinatal BPA exposure 

(Midoro-Horiuti et al., 2010; Nakajima et al., 2012).
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An important and novel finding of this study is that the increases in pro-inflammatory 

mediator production and changes in DNA methylation states were observed in cells obtained 

from adult animals that were exclusively exposed to BPA perinatally. Thus, effects of 

BPA exposure persisted for over 5 mo following termination of exposure, supporting a 

role for early environmental exposures in mast cell dysregulation of pro-inflammatory 

mediator production. Several previous reports have demonstrated long-term effects from 

early exposures to BPA (Richter et al., 2007), especially when dealing with reproductive 

physiology (Markey et al., 2005; Newbold et al., 2009; Edlow et al., 2012). Additionally, 

there have been significant findings in newly focused epigenetic studies directed toward 

trans-generational outcomes in the F3 generation and beyond following an environmental 

exposure in the F0 generation (Skinner and Guerrero-Bosagna, 2009; Skinner et al., 2010). 

However, few in vivo studies have investigated long-term effects on mast cell function, or 

other immune functions for that matter, after perinatal BPA exposure from an epigenetic 

standpoint as the current study has done.

CysLT and PGD2 are arachidonic acid metabolites, with CysLT being generated via 

the 5-lipoxygenase (5-LO) pathway and PGD2 via cyclooxygenase-1 and -2 (COX1/2) 

pathways. While data from this study indicate that perinatal BPA exposure resulted in 

increased CysLT and PGD2 release from BMMC of adult animals, a clear mechanism 

explaining increased CysLT and PGD2 release has yet to be determined. The observed 

global hypo-methylation in BPA exposure groups compared to the control group may 

lead to increased transcription of genes whose promoter regions were less methylated 

following exposure (Dolinoy et al., 2007; Anderson et al., 2012). Dysregulation of the 

mitogen-activated protein kinase (MAPK) pathway, which is upstream of where 5-LO and 

COX1/2 pathways converge, may explain the observed responses. Yi and Krieg (1998) 

demonstrated that DNA demethylation resulted in increased c-Jun, p38, MAPK, and 

activator protein-1 (AP-1) activation. Additionally, Lee et al. (2006) showed in head and 

neck cancer cell lines that silencing of suppressor of cytokine signaling-1 (SOCS-1) by 

DNA hyper-methylation resulted in increased downstream activation of signal transducer 

and activator of transcription 3 (STAT3) through activation of Janus kinases 1 and 2 

(JAK1/2) and extra-cellular signal-regulated kinase (ERK). Future work examining gene-

specific methylation changes to promoter regions of the genes described here will be needed 

to identify the specific gene-regulation mechanisms that explain increased BMMC lipid 

mediator secretion following perinatal BPA exposure.

Following perinatal BPA exposure, the current study also observed an increase in BMMC 

release of the cytokines IL-13, which contributes to eosinophil recruitment and IgE 

production in the asthmatic lung, and TNFα, which increases airway hyper-responsiveness 

and sputum neutrophils (Chung and Barnes, 1999). However, increases in IL-4, -5, and -6 

levels were not observed, suggesting that BPA can selectively promote mast cell-derived 

cytokine production. Future work will focus on identifying possible DNA methylation 

changes to the promoter regions of the IL13 gene, which may explain increased BMMC 

IL-13 production. Recently, Yu et al. (2012) demonstrated in a model of constitutive 

DNA methyltransferase 3a (Dnmt3a) and 3b (Dnmt3b) knockout (KO) mice that IL-13 

cytokine production is modifiable depending on gene methylation state, with increased 

IL-13 production observed in KO mice compared to wild-type mice. Likewise, future work 
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will examine the methylation state of the Tnf promoter to help explain BMMC increases 

in TNFα production. Several reports have described age-related or disease-related CpG 

methylation changes to the Tnf promoter (Gowers et al., 2011; Han et al., 2011; Wang 

et al., 2012), and Kamei et al. (2010) observed that over-expression of Dnmt3a in white 

adipose tissue of mice fed a high-fat diet increased TNFα gene expression compared to 

wild-type mice fed a high-fat diet. In addition to the cytokines examined in this report, 

future research should also examine the T-helper cell type 1 (TH1) cytokine interferon 

(IFN)-γ and the TH2 cytokine IL-4. Yoshino et al. (2004) showed that fetal exposure to BPA 

through maternal consumption of 300 μg BPA/kg BW/day from days 0 to 17 of gestation 

resulted in increased production of IFNγ and IL-4 in stimulated splenocytes. Likewise, Yan 

et al. (2008) demonstrated similar results by showing that maternal exposure to 100 nM BPA 

in drinking water 2 wk before mating and during the first week of gestation increased adult 

offspring production of IL-4 and IFNγ from stimulated splenocytes.

It is important to note that limitations to the exposure model used in the current study 

are the number, litter distribution, and sex of animals included as test subjects. Animals 

observed in this study were generated from a larger heterozygous breeding scheme of Avy 

mice (Anderson et al., 2012, 2013) and were selected based on a/a genotype and age. 

Heterozygous Avy/a offspring were not included in the study group due to the inheritance 

of metabolic disorders, obesity, and tumorigenesis (Miltenberger et al., 1997; Morgan 

et al., 1999). Thus, the animals examined in this study represent skewed sex and litter 

distributions described in the Materials and Methods section. In terms of pro-inflammatory 

mediator production from cells, some studies suggest sex differences in cellular production 

of TH2 cytokines, specifically TNFα, and CysLT. Spitzer (1999) reported increased TNFα 
production from female rat alveolar macrophages and Kupffer cells following in vivo 
ethanol treatment compared to males. Bouman et al. (2004) also reported that production 

of TNFα, IL-12, and IL-1β was increased in healthy males compared to healthy females, 

but suggested that higher cytokine quantity in males was the result a higher initial number 

of circulating monocytes in the study participants. Similarly, Pergola and colleagues reported 

a decrease in leukotriene production from peripheral monocytes, neutrophils, and whole 

blood of healthy males compared to healthy females, which was attributed to lower 

baseline expression of 5-LO in cells from males and inhibition of phospholipase D by 

5α-dihydrotestoste-rone (Pergola et al., 2008, 2011). In the current study, robust CysLT 

and TNFα up-regulation from BMMC in all BPA exposure groups was observed compared 

to the control group, with no significance between exposure groups. Thus, it is suspected 

that sex differences in cytokine production are minimal, if present, for CysLT and TNFα 
production in this model. On the other hand, possible mitigating influences of sex with 

IL-13 and PGD2 production cannot be ruled out. For these makers, significant IL-13 

and PGD2 increases were observed only in the highest BPA exposure group, which is a 

group composed entirely of male animals. Future research should examine possible baseline 

differences in cytokine and lipid mediator production between sexes in mice and humans.

Ideally, sera BPA levels in dams or neonate offspring used in this study would be quantified 

to validate BPA dosing through the supplemented diets. However, the study design and 

limited subjects precluded these measurements. A study conducted by Jasarevic et al. 

(2013) reported conjugated and unconjugated (free) BPA levels in sera of deer mice dams 
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chronically (~12 months) fed the same high BPA diet (50 mg BPA/kg diet) used in the 

current study. Conjugated BPA levels ranged from 1.6 - 157 ng/ml with a mean of ~60 

ng/ml, while free BPA levels ranged from 0.79 - 19.3 ng/ml with a mean of ~5.5 ng/ml - 

values within the range seen in human exposure (Vandenberg et al., 2007). Comparatively, 

dams fed the control diet had conjugated or free BPA sera levels ranging from the limit 

of detection (0.1 ng/ml) to 0.79 ng/ml (Jasarevic et al., 2013). Those investigators also 

noted that, based on the linear response curves for BPA pharmacokinetics (Doerge et al., 

2010, 2011; Taylor et al., 2011), dams chronically fed the medium or low BPA diets were 

expected to have free BPA sera levels below the limit of detection. BPA levels in the livers 

of 22-day-old offspring generated from this breeding scheme have been reported previously 

(Anderson et al., 2012). In that 2012 study, offspring exposed to the high BPA diet displayed 

a mean conjugated BPA level of 278 ng/g and a mean free BPA level of 164 ng/g. However, 

offspring in the medium and low exposure groups had much lower mean conjugated BPA 

(0.3 and 1.0 ng/g, respectively) and mean free BPA (1.8 and 1.8 ng/g, respectively) levels 

that did not differ from controls (conjugated: 0.6 ng/g, unconjugated 3.7 ng/g), but, were 

within the range of human exposure.

Conclusions

While the debate regarding removal of BPA from consumer products persists, a strength 

of this study is its focus on levels of BPA relevant to human exposure using an exposure 

model that includes low (50 ng BPA/kg diet), medium (50 μg BPA/kg diet), and high 

(50 mg BPA/kg diet) doses, where the medium dose is the closest to the consumption 

levels seen in humans (Anderson et al., 2012, 2013). It is important to note that significant 

increases in pro-inflammatory mediator secretion were observed at the lowest BPA dose, 

which is well below the average human consumption levels, indicating the necessity of 

continuing relevant BPA research, especially at low doses (Volkel et al., 2002; Tominaga 

et al., 2006). The current report has established a novel association between perinatal BPA 

exposure through maternal diet and mast cell dysregulation in adulthood, as evidenced by 

increased CysLT, PGD2, TNFα, and IL-13 release from BMMCs of adult offspring with 

perinatal BPA exposures. These responses occurred in conjunction with decreased global 

DNA methylation in BMMC, indicating a possible regulatory mechanism through altered 

DNA methylation profiles. Due to the important role of mast cells in the development of 

atopic asthma, BPA-induced mast cell dysregulation could have implications on asthma 

pathogenesis. Future studies focusing on the developmental origins of asthma will help to 

lay a better groundwork for reduction of environmental exposures to the developing fetus.
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Figure 1. 
Levels of (A) CysLT and (B) PGD2 secreted after IgE crosslinking from BMMC of animals 

exposed perinatally to BPA. Concentrations of CysLT and PGD2 were determined from cell 

culture supernatants collected after 30 min of cellular activation. Bars represent mean (± 

SEM) for n = 3-5 mice per group. **p < 0.01 compared to control.
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Figure 2. 
Levels of (A) TNFα, (B) IL-13, (C) IL-4, (D) IL-5, and (E) IL-6 secreted after IgE 

crosslinking from BMMC of animals exposed perinatally to BPA. Concentrations of TNFα, 

IL-13, IL-4, IL-5, and IL-6 were determined from cell culture supernatants collected after 30 

min of cellular activation. Bars represent mean (± SEM) for n = 3-5 mice per group. *p < 

0.05 and **p < 0.01 compared to control.
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Figure 3. 
Percentage of histamine release secreted after IgE crosslinking from BMMC of animals 

exposed perinatally to BPA, as compared to IgE-free control. Relative fluorescence units 

were determined from cell culture supernatants collected after 30 min of cellular activation. 

Bars represent mean (± SEM) for n = 3-5 mice per group.
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Figure 4. 
Decreased levels of global DNA methylation in BMMC from adult animals which had 

perinatal BPA exposure. DNA was isolated from cultured BMMC of adult animals, and 

5-mC concentration was measured. Bars represent mean arbitrary OD units (± SEM) for n = 

3-5 mice per group. **p < 0.01 compared to control.
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