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Abstract

Bisphenol A (BPA) is commonly used in the manufacturing of a wide range of consumer products, 

including polycarbonate plastics, epoxy resin that lines beverage and food cans, and some dental 

sealants. Consumption of food and beverages containing BPA represents the primary route of 

human BPA exposure, which is virtually ubiquitous. An increasing number of studies have 

evaluated the effects of BPA on immune responses in laboratory animals that have reported a 

variety of effects some of which have been contradictory. To address the divergent findings 

surrounding BPA exposure, a comprehensive chronic treatment study of BPA was conducted in 

Sprague-Dawley rats, termed the Consortium Linking Academic and Regulatory Insights on 

Toxicity of BPA (CLARITY-BPA). As a participant in the CLARITY-BPA project, our studies 

evaluated the effects of BPA on a broad range of immune function endpoints using spleen cells 

isolated from BPA or vehicle treated rats. This comprehensive assessment included measurements 

of lymphoproliferation in response to mitogenic stimuli, immunoglobulin production by B cells, 

and cellular activation of T cells, NK cells, monocytes, granulocytes, macrophages and dendritic 

cells. In total, 630 different measurements in BPA treated rats were performed of which 35 

measurements were statistically different from vehicle controls. The most substantive alteration 

associated with BPA treatment was the augmentation of lymphoproliferation in response to 

pokeweed mitogen stimulations in 1 year old male rats, which was also observed in the reference 

estrogen ethinyl estradiol treated groups. With the exception of the aforementioned, the 

statistically significant changes associated with BPA treatment were mostly sporadic and not dose-
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dependent with only one out of five BPA dose groups showing a statistical difference. In addition, 

the observed BPA-associated alterations were mostly moderate in magnitude and showed no 

persistent trend over the one-year time period. Based on these findings, we conclude that the 

observed BPA-mediated changes observed in this study are unlikely to alter immune competence 

in adults.
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1. Introduction

Immune responses to pathogens are well-orchestrated processes that involve coordination 

between the innate and adaptive arms of the immune system. Innate immune cells serve as 

the first line of defense and identify pathogens by recognizing common repetitive molecular 

structures associated with microorganisms known as pathogen-associated molecular patterns 

(PAMP), such as lipopolysaccharide, lipoteichoic acid and flagellin. The binding of PAMPs 

to toll-like receptors or other pattern recognition receptors activates innate immune cells to 

initiate immune responses (Kumar et al. 2011). Activated macrophages and DCs upregulate 

MHCII and co-stimulatory molecules (CD80, CD86) to enhance antigen presenting and 

hence lead to the activation of adaptive immune system (Hume 2008; Leon and Ardavin 

2008).

The major cell-types involved in adaptive immune response are B and T lymphocytes, which 

undergo proliferation and differentiation to exert effector cell functions in response to 

activation. Activated T cells express elevated levels of cell surface CD25, which is also 

known as interleukin 2 receptor (IL2R) alpha chain, an essential component of high affinity 

IL2R (Boyman and Sprent 2012). Signaling through IL2R is critical for T cell proliferation 

and differentiation into effector cells that participate in direct killing of altered (i.e., infected 

or neoplastic) target cells and regulation of immune responses (Bachmann and Oxenius 

2007). By contrast, effector B cells produce copious amounts of immunoglobulin assist in 

the elimination of pathogens (Boes 2000). All the aforementioned are critical events in 

maintaining immune competence and providing host defense against infectious pathogens.

The immune system is a sensitive target for modulation by a variety of drugs, chemicals, and 

environmental contaminants. Recent studies reported alterations in immune responses in 

laboratory animals treated with bisphenol A (BPA). BPA is an extensively characterized 

compound that binds the estrogen receptor. BPA is produced in a massive volume worldwide 

and is commonly used in the manufacturing of a wide range of consumer products, including 

polycarbonate plastics, epoxy resin that lines beverage and food cans, and some dental 

sealants. Consuming foods and beverages containing BPA that leaches from plastic 

containers or epoxy resin represents a major route of human exposure, which is virtually 

ubiquitous (Calafat et al. 2008; Sun et al. 2004; Yamada et al. 2002).

There is a growing number of studies that have evaluated the effects of BPA on immune 

responses with contradictory findings and little consensus (Rogers et al. 2013). For instance, 
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lymphocyte proliferative responses have been reported to be either enhanced (Goto et al. 

2004; Yoshino et al. 2003; Youn et al. 2002) or suppressed (Jontell et al. 1995; Sakazaki et 

al. 2002; Yamazaki et al. 2000) by BPA treatment. Additionally, the reported effects of BPA 

on CD4+ T cell differentiation are inconsistent with some studies reporting BPA treatment 

led to Th1 biased responses (Yoshino et al. 2004; Youn et al. 2002) while others reported 

Th2 polarized responses (Guo et al. 2010; Lee et al. 2003). Moreover, some studies 

demonstrated that BPA exerted inhibitory effects on macrophage function by suppressing the 

production of nitric oxide and tumor necrosis factor alpha (Byun et al. 2005; Kim and Jeong 

2003). In contract, stimulatory effects of BPA on macrophage function were also reported as 

evidenced by increased production of nitric oxide and elevated expression of costimulatory 

molecules and MHCII (Hong et al. 2004; Kuan et al. 2012). In addition, the reported effects 

of BPA on humoral immune responses have been inconsistent, as some studies found 

enhancement of antibody responses by BPA treatment (Han et al. 2002; Yoshino et al. 2003; 

Yurino et al. 2004) while others showed no effects (Takahashi et al. 2002). The reported 

contradictory effects of BPA on immune responses can putatively be attributed, at least in 

part, to one or more of the following explanations: 1) differences in biological models 

spanning a variety of animal species, strains, and cell lines; and 2) differences in 

concentrations/doses of BPA, duration of exposure, and developmental stages when the 

exposure occurs. In fact, many of the aforementioned studies were conducted using high 

BPA concentrations/doses that greatly exceed estimated exposure experienced by people 

(EFSA Panel on Food Contact Materials Enzymes Flavourings and Processing Aids 2015; 

US Food and Drug Administration 2017). Due to the above limitations, it has been 

challenging to establish a comprehensive immunotoxicological profile for BPA.

To comprehensively evaluated the effects of BPA exposure, a chronic toxicity study was 

conducted using Sprague-Dawley rats in collaboration with regulatory agencies and 

academic research laboratories, termed the Consortium Linking Academic and Regulatory 

Insights on Toxicity of BPA (CLARITY-BPA) (Heindel et al. 2015). As a participant in the 

CLARITY-BPA project, our studies focused on comprehensively assessing the effects of 

BPA on the immune system. Toward this end, spleens from a total of 484 rats were assayed 

after being continuously dosed with BPA or vehicle from gestation day 6 for up to one year. 

The five dose levels of BPA (2.5 to 25000 μg/kg bw/day) employed in this study not only 

cover the low doses that are relevant to estimated human exposure, but also span the wide 

range of doses over which BPA-induced effects have been previously reported (Heindel et al. 

2015). Splenocytes isolated from BPA or vehicle treated rats were comprehensively assessed 

for the effects of BPA on immune responses, including lymphoproliferation, 

immunoglobulin production by B cells, and cellular activation of T cells, NK cells, 

monocytes, granulocytes, macrophages and dendritic cells.

2. Materials and Methods

2.1 Study Design and Animal Husbandry

Heindel et al. has extensively described the study design, including animal husbandry, diet 

characterization, dose formulation and euthanization (Heindel et al. 2015). Briefly, Sprague-

Dawley rats were treated with vehicle (0.3% aqueous carboxymethylcellulose (CMC)), BPA 
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(2.5, 25, 250, 2,500 or 25,000 μg/kg bw/day), or reference estrogen ethinyl estradiol (EE2) 

(0.05 or 0.5 μg/kg bw/day). Animals were randomly allocated to treatment groups, dosed by 

oral gavage continuously and were euthanized on postnatal day (PND) 21, 90, 6 month and 1 

year. Comprehensive evaluations of the toxicokinetic of BPA across life stages in Sprague 

Dawley rats has been reported previously (Churchwell et al. 2014; Doerge et al. 2011). In 

the present study, spleens on PND 90, 6 month, and 1 year were collected and transferred 

overnight on ice from the FDA’s National Center for Toxicological Research (NCTR) to 

Michigan State University in 1640 RPMI medium (Gibco Invitrogen, Carlsbad, CA) 

supplemented with 5% bovine calf serum (BCS; HyClone, Logan, UT) and penicillin (100 

U/ml)/streptomycin (100 g/ml; Gibco Invitrogen) and processed the following day. All 

tissues were blinded to the respective treatment group.

2.2 Cell culture and activation

Splenocytes were isolated by mechanical disruption and made into single cell suspensions in 

RPMI 1640 medium supplemented with 10% BCS and penicillin/streptomycin. Red blood 

cells were lysed using Zap-oglobin prior to counting splenocytes on a Beckman Coulter 

Counter following manufacturer’s instructions with a size threshold of 4.0 μm. Splenocytes 

were then cultured at 1 × 106 cells/well in 96 well plates (for proliferation assay) or 2.5 × 

106 cell/well in 48 well plates (for ELISA and flow cytometry analyses). Cells were treated 

with 15 μg/ml LPS (S. typhosa, Sigma Aldrich, St. Louis, MO), 15 μg/ml PWM (Sigma 

Aldrich), or 1 μg/ml anti-CD3 (clone 145-2C11, Biolegend, San Diego, CA) plus 10 μg/ml 

anti-CD28 (clone 37.51, Biolegend). For anti-CD3/CD28 treatment, culture plates were 

coated overnight with 1 μg/ml anti-CD3 at 4 °C, washed twice with 1640 RPMI, and then 

seeded with cells and 10 μg/ml anti-CD28. Cells were culture at 37 °C with 5% CO2 for up 

to 72 hours.

Post-activation, cells were harvested by centrifugation at 500 × g for 5 minutes. Supernatants 

were collected for IgM ELISA, and cells were washed in Hank’s Balanced Salt Solution and 

stained for flow cytometry.

2.3 ELISA

IgM responses using activated splenocytes were characterized by ELISA. ELISA 96-well 

plates (Immulon 4 HBX strips, Thermo Scientific, Milford, MA) were coated with 1 μg/ml 

purified mouse anti-rat IgM primary antibody (clone G53-238, BD Biosciences, San Jose, 

CA) in 0.1 M NaHCO3 buffer (pH 9.6) at 4°C overnight. Culture supernatants collected 

from splenic B cell culture were incubated over primary antibody-coated plates for 1 hour at 

37°C. Plates were then washed with PBS containing 0.05 % tween-20 and incubated with 

3% BSA-PBS at room temperature for 1–2 hours. Plates were washed again as described 

and samples incubated at 37°C for 1–1.5 hours. Plates were washed three times and 

incubated with 1 μg/ml of biotin mouse anti-rat IgM secondary antibody (clone G53-238, 

BD Biosciences) for 1.5 hours. Plates were washed following incubation and developed with 

1 mg/ml ABTS buffer (Riche, Branford, CT). Samples were read using BioTek Synergy HT 

plate reader (BioTek, Winooski, VT) at 405 nm every minutes for 1 hour on kinetic mode.
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2.4 Proliferation Assay

Splenocytes were activated with 15 μg/ml LPS, PWM, or 1 μg/ml anti-CD3 and 10 μg/ml 

anti-CD28 in 96-well plates. Cells were pulsed with [3H]-thymidine (1 μCi/well) 48 hours 

after activation. Cells were harvested on filter paper 72 hours after activation. The 

incorporation of [3H]-thymidine into chromosomal DNA during cell proliferation was 

quantified using Ultima Gold liquid scintillation cocktail (PerkinElmer, Waltham, MA) and 

Tri-Carb 2100 TR scintillation counter (PerkinElmer).

2.5 Flow Cytometry

Cells were washed using 1X Hank’s Balanced Salt Solution (HBSS, pH 7.4, Invitrogen) and 

stained using LIVE/DEAD Fixable Near-IR Dead Cell Stain (Gibco Invitrogen) to assess 

cell viability, according to the manufacturer’s instructions. Cell surface FcRs were blocked 

with purified mouse anti-rat CD32 (BD Biosciences, San Jose, CA). Cells were incubated in 

FACS buffer (1× HBSS containing 1% BSA and 0.1% sodium azide) and stained for surface 

proteins using the following antibodies from BD Biosciences or Biolegend: AF647-CD3 

(clone 1F4), PE/Cy7-CD4 (clone W3/25), PerCP-CD8 (clone OX-8), FITC-CD11b/c (clone 

OX-42), FITC-CD25 (clone OX-39), PE-CD80 (clone 3H5), APC-CD86 (clone 24F), FITC-

CD161α (clone 10/78), PE-CD172α (clone OX-41), FITC-IgM (clone G53-238), PerCP-

MHCII (clone OX-6). Cells were incubated with the antibodies for 30 min, washed three 

times with FACS buffer, and fixed by incubating with Cytofix (BD Biosciences) for 10 min. 

To measure intracellular IgM, cells were washed and incubated with 1x Perm/Wash solution 

(BD Biosciences) for 30 minutes, then incubated with mouse anti-rat IgM for 30 minutes. 

Cells were washed and resuspended in FACS buffer. In all cases, flow cytometric analyses 

were performed on a FACS Canto II cell analyzer (BD Biosciences) and data were analyzed 

using FlowJo v8.8.6 (Tree Star, Ashland, OR) software.

2.6 Data evaluation and Statistical Analysis

All tissue samples were de-identified with respect to treatment group until results were 

submitted to a centralized data repository. Statistical analyses were performed using 

GraphPad Prism version 4.0a (GraphPad Software, La Jolla, CA). Samples were excluded 

from analysis when the integrity of samples was judged unacceptable in cases where the cell 

viability upon tissue delivery was less than one standard deviation of the mean. To determine 

statistically significant changes between the treatment groups and vehicle control within 

male and female rats, a two-way ANOVA with Dunnett’s posttest was used. The mean ± SE 

is displayed in all bar graphs. At the 6 month PND time point, treatments were compared to 

the vehicle-overlap group, due to insufficient number of vehicle control animals.

During the chronic CLARITY-BPA study, the potential for unintentional exposure of vehicle 

control rats to BPA, termed “overlap” was acknowledged and evaluated (Heindel et al. 

2015). It was hypothesized that the unintentional exposure resulted from housing of 

CLARITY-BPA control rats in the same room as those dosed with 250,000 μg BPA/kg bw/

day. These vehicle control and potentially BPA-exposed rats were identified and tracked 

throughout the study. To eliminate any possibility of confounders and for the purpose of 

complete transparency, all vehicle control group rats potentially exposed to BPA were 

excluded from the data analysis, except for the vehicle group at 6 months. The 6-month rats 
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were not excluded because all of vehicle treated female rats at 6 months of age were 

identified as potential overlap. Therefore, only at the 6-month time point were the vehicle 

overlap rats included in our analysis but were analyzed as a separate group and identified as 

“vehicle-overlap” (VH-Ov). At the six-month PND time point, treatments in female rats 

were compared to the vehicle-overlap group, due to the insufficient number of vehicle 

control animals.

3. Results

3.1 Characterization of the effects of BPA on lymphoproliferative responses using spleen 
cells

The spleens of rats continuously administered with vehicle (0.3% aqueous 

carboxymethylcellulose (CMC)), BPA (2.5, 25, 250, 2500 or 25000 μg/kg bw/day) or EE2 

(0.05 or 0.5 μg/kg bw/day) were harvested on postnatal day (PND) 90, PND 180 (6 month) 

or PND 365 (1 year). Splenocytes were isolated and treated with lipopolysaccharide (LPS), 

pokeweed mitogen (PWM) or anti-CD3/CD28 to induce lymphoproliferation. Lymphocyte 

proliferation was quantified using [3H]-thymidine incorporation at 72 hours post treatment. 

The effects of EE2 and BPA on lymphoproliferation are summarized in Table 1.

The LPS-induced proliferative response was decreased by EE2 in female rats at PND 90, but 

increased in 6 month-old female rats and 1 year-old male rats (Figure 1. A, B, D). Consistent 

with the EE2 effects, BPA increased LPS-induced splenocyte proliferation in one-year old 

male rats at doses of 2.5, 2500 and 25000 μg/kg bw/day (Figure 1. D). Likewise, the 

proliferative response was also increased in female rats at 1 year of age in the 2500 μg 

BPA/kg bw/day dose group (Figure 1. C). No significant differences in LPS-induced 

splenocyte proliferation were observed in the BPA-treated groups at PND 90 and 6 month as 

compare to vehicle controls (Table 1 and Supplement Figure 1).

For PWM-induced splenocyte proliferative responses, BPA (25000 μg/kg bw/day) and EE2 

(0.05 μg/kg bw/day) decreased lymphoproliferation at PND 90 in female and male rats, 

respectively (Figure 2. A, B). In addition, proliferative responses were enhanced by EE2 

(0.05 μg/kg bw/day) and BPA (25 and 2500 μg/kg bw/day) in 6 month-old female rats, but 

decreased in male rats by both EE2 (0.5 μg/kg bw/day) and BPA (25, 250 and 2500 μg/kg 

bw/day) treatment (Figure 2. C, D). In female rats at 1 year of age, 0.05 μg EE2/kg bw/day 

treatment diminished the PWM-induced splenocyte proliferation, whereas BPA produced no 

effects on the cellular proliferation at any doses compared to the vehicle control (Figure 2. 

E). By contrast, both EE2 (0.05 and 0.5 μg/kg bw/day) and BPA (2.5, 25, 2500 and 25000 

μg/kg bw/day) significantly augmented the PWM-induced spleen cell proliferation in male 

rats at 1 year of age (Figure 2. F).

The proliferative response of splenic T cells was stimulated using anti-CD3/CD28 treatment. 

Administration of 0.5 and 0.05 μg EE2/kg bw/day decreased anti-CD3/CD28 induced T cell 

proliferation in spleen cells from 6 month-old male rats and 1 year-old female rats, 

respectively (Figure 3. A, B). Likewise, cellular proliferation was also decreased in female 

rats at 1 year of age in the 2.5 μg BPA/kg bw/day dose group (Figure 3. B). With the 
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exception of the aforementioned changes, BPA and EE2 produced no effect on the anti-CD3/

CD28-induced proliferation responses (Table 1, Supplement Figure 2).

3.2 Quantification of the BPA effects on IgM responses of splenic B cell

To assess the effects of BPA on IgM responses, splenocytes were stimulated with LPS or 

PWM to induce IgM responses in B cells. The level of intracellular IgM was quantified at 72 

hours post treatment using flow cytometry (Table 2). The LPS-induced increase in the 

proportion of intracellular IgMhigh cells was further augmented in female rats at PND 90 in 

the 2500 μg BPA/kg bw/day dose group (Figure 4. A), but reduced in male rats in the 2.5 μg 

BPA/kg bw/day dose group (Figure 4. B). Moreover, 25000 μg BPA/kg bw/day treatment 

increased the percentage of intracellular IgMhigh cells as compared to the control after PWM 

activation in female rats at PND90 (Figure 4. C). In addition to intracellular IgM 

measurements, IgM secretion by splenic B cell in response to LPS or PWM activation was 

also quantified using ELISA (Table 2). Compared to the vehicle control groups, the amount 

of secreted IgM was increased in male rats at PND 90 in the 0.05 μg EE2/kg bw/day dose 

group and in female rats at 6 month of age in the 0.5 μg EE2/kg bw/day dose group (Figure 

5). With the exception of the aforementioned changes, neither BPA nor EE2 produced any 

effects at any doses compared to the vehicle controls in IgM responses of splenic B cells at 

any of the time points (Table 2, Supplement Figure 3–8).

3.3 Evaluation of the effects of BPA on splenic T cell activation

Splenocytes were treated with anti-CD3/CD28 to activate splenic T cells. The expression of 

CD25 on T cells represents cell activation induced by anti-CD3/CD28 stimulation. The 

percentage of CD25+ T cells as well as the average expression level of CD25, represented as 

mean fluorescence intensity (MFI), were quantified using flow cytometry at 48 hours after 

activation. The effects of BPA and EE2 on splenic T cell activation are summarized in Table 

3. Specifically, the percentage of CD25+ T cells was decreased in female rats at 1 year of 

age in the 0.05 μg EE2/kg bw/day dose group (Figure 6. A). By contrast, both EE2 (0.05 and 

0.5 μg/kg bw/day) and BPA (2.5, 2500 and 25000 μg/kg bw/day) increased the percentage of 

CD25+ T cells in male rats at 6 month of age (Figure 6. B). In addition, BPA treatment 

increased MFI of CD25 in 6 month-old female rats at the 2.5 μg/kg bw/day dose (Figure 7. 

A), and in male rats at the 2500 and 25000 μg/kg bw/day doses (Figure 7. B). At the PND 1 

year time point, the MFI of CD25 was decreased in female rats in the 0.05 μg EE2/kg 

bw/day and 25 μg BPA/kg bw/day dose groups (Figure 7. C), but increased in male rats in 

the 0.5 μg EE2/kg bw/day and 25000 μg BPA/kg bw/day dose groups (Figure 7. D). With the 

exception of aforementioned changes, neither BPA nor EE2 produced any effects on splenic 

T cell activation at any of the time points (Table 3, Supplement Figure 9 and 10).

3.4 Quantification of the effects of BPA on natural killer (NK) cell activation

Splenocytes were treated with LPS to activate CD161a+ NK cells. The expression of 

costimulatory molecules CD80 and CD86 on cell surface represents NK cell activation. The 

percentage of CD80+ or CD86+ cell populations within CD161a+ cells was quantified using 

flow cytometry at 24 and 48 hours after LPS treatment. The effects of EE2 and BPA on LPS-

induced activation of NK cells are summarized in Table 4. Specifically, the percentage of 

CD80+ NK cells was decreased in 6-month-old female rats at 24 hours post LPS activation 
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in the 0.5 μg EE2/kg bw/day and 25000 μg BPA/kg bw/day dose groups (Figure 8. A), but 

increased in male rats in the 0.5 μg EE2/kg bw/day and 25 μg BPA/kg bw/day dose groups 

(Figure 8. B). In addition, the percentage of CD86+ population in NK cells was increased at 

24 hours post LPS activation in the 25000 μg BPA/kg bw/day dose group in both 6 month 

and 1 year old male rats (Figure 9. A, B). Likewise, an increase in the percentage of CD86+ 

NK cells was also observed at 48 hours post LPS activation in the 25 μg BPA/kg bw/day 

dose group in 1 year-old male rats (Figure 9. B). With the exception of aforementioned 

changes, no significant differences in NK cell activation were observed with BPA or EE2 

treatment at any time points when compared to vehicle controls (Table 4, Supplement Figure 

11 and 12).

3.5 Characterization of the BPA effects on the cellular activation of spleen-associated 
myeloid cell lineages

Splenocytes were treated with LPS to activate spleen-associated myeloid cell lineages, 

including CD172α+ cells (monocytes/macrophages/granulocytes) and CD11b/c+ cells 

(macrophages/dendritic cells). The expression of MHCII and costimulatory molecule CD86 

on cell surface is indicative of cell activation. The percentage of CD86+ or MHCII+ cell 

populations within CD172α+ or CD11b/c+ cells was quantified using flow cytometry at 24 

and 48 hours after LPS treatment. The effects of EE2 and BPA on LPS-induced activation of 

CD172α+ cells are summarized in Table 5. Specifically, the percentage of CD86+ cells was 

decreased in 6 month-old male rats in the 2500 μg BPA/kg bw/day dose group at 48 hours 

post activation (Figure 10. A), and increased in 1 year-old male rats in the 0.5 μg EE2/kg 

bw/day dose group at 24 hours post activation (Figure. 10B). Moreover, 2500 μg BPA/kg 

bw/day treatment decreased the percentage of MHCII+ cell population within CD172α+ 

cells in 6 month-old male rats at 48 hours post LPS-activation (Figure 11. A). An increase in 

the percentage of MHCII+ cells was observed in 1 year-old female rats in the 0.5 μg EE2/kg 

bw/day dose group (Figure 11. B). In addition, the effects of EE2 and BPA on LPS-induced 

activation of CD11b/c+ cells are summarized in Table 6. The only observed changes 

compared to the vehicle controls were the increases in MHCII+ cell population in female 

rats at PND 90 in the 250 and 25000 BPA μg/kg bw/day dose groups at 48 hours post LPS 

activation (Figure 12). With the exception of aforementioned changes, neither BPA nor EE2 

produced any effects on CD172α+ or CD11b/c+ cell activation at any of the time points 

(Table 4, 5, Supplement Figure 13–20).

4. Discussion

As a participant in the CLARITY-BPA project, the objective of our studies was to evaluate 

the effects of BPA on the immune system. To our knowledge, this is the first study to 

evaluate the immunotoxicity of chronic BPA exposure on such a large and comprehensive 

scale. In this paper we describe the effects of BPA on a broad range of immune function 

endpoints using spleen cells isolated from Sprague-Dawley rats. A total of 484 rats were 

assayed after being continuously dosed with BPA or vehicle from gestation day 6 for up to 

one year. The five dose levels of BPA (2.5 to 25000 μg/kg bw/day) employed in this study 

not only cover the low doses that are relevant to estimated human exposure, but also span the 

wide range of doses over which BPA-induced effects have been previously reported (Heindel 
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et al. 2015). Additionally, two dose levels of EE2, which served as a positive control for 

estrogen, were also included in this study.

Splenocytes isolated from BPA or vehicle treated rats were comprehensively evaluated for 

lymphoproliferation, immunoglobulin production by B cells, and induction of cellular 

activation of T cells, NK cells, monocytes, granulocytes, macrophages and dendritic cells. 

As illustrated in the table 7, male and female rats were continuously administrated one of 

five doses of BPA for up to 1 year, which gives rise to a total of 30 experimental conditions. 

For each experimental condition, 21 endpoints were assessed in this immunotoxicological 

evaluation of BPA, which represents a total of 630 measurements. Within these 630 

measurements, only 35 showed a statistical difference due to BPA treatment compared to 

vehicle controls. The most consistent alterations associated with BPA treatment was the 

augmentation of cell proliferation in response to LPS or PWM stimulations in 1-year-old 

male rats, which was also observed in the EE2 treated groups (Table 1). However, neither 

dose-dependent responses nor persistent trends over time were observed. In fact and by 

contrast, at the 6-month time point, BPA treatment was associated with a decrease in cell 

proliferation in response to PWM stimulations in male rats (Table 1). Additionally, enhanced 

expression of CD25 on T cells in response to anti-CD3/CD28 activation was observed in 

BPA and EE2 treated 6-month-old male rats (Table 3, Figure 6); however, the alterations 

were moderate in magnitude and were not dose-dependent. With the exception of the 

aforementioned, the effects of BPA on all of the immune function endpoints were mostly 

sporadic with only one out of five BPA dose groups showing statistical differences.

In the measurement of MHCII expression on CD172α+ cells (monocytes/macrophages/

granulocytes) and CD11b/c+ cells (macrophages/dendritic cells), we noticed that the 

percentage of MHCII+ cells was decreased at 24 and 48 hr after LPS activation as compared 

to 0 hr naive cells (Figure 11 and 12). This decrease in the MHCII+ cell population after LPS 

activation could be attributable to several factors. One possibility is that BPA treatment 

prevents the upregulation of MHCII in CD172α+ cells and CD11b/c+ cells in response to 

LPS activation. However, since a similar decrease was also observed in vehicle control 

groups, it is unlikely that the decrease in MHCII+ population results from BPA treatment. 

The second possibility is that increased cell death after LPS activation leads to the decrease 

in MHCII+ cell population. This possibility is also unlikely as the cell viability was 

monitored using Live/Dead staining and no increase in cell death after LPS activation was 

observed. A third possibility is that CD172α+ cells and CD11b/c+ cells became much more 

adherent after LPS activation and attached to the culture plate, which leads to poor recovery 

of activated MHCII+ cells. We believe the third possibility is the most likely explanation.

It is noteworthy to convey that due to the large number of animals employed in this study 

coupled with the sacrifice of all female rats were terminated at the same period within their 

estrus cycle, lymphoid tissues were harvested from rats and shipped to our laboratory over 

the period of 15 months in a staggered manner. Evaluations of immune endpoints were 

conducted as tissue were received, which occurred on different days even for tissues derived 

from the same dose groups. To control for potential day-to-day variability as well as 

variations introduced by shipment, extra control samples were included in each shipment, 

which were identified as controls and not included in the overall analysis of data. These 
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controls were only used to insure that control responses fell within the historical range. In 

addition, samples were excluded from analysis when the cell viability upon tissue delivery 

was less than one standard deviation of the mean. Based on the staggered nature on how 

tissues were received and assayed, it is quite remarkable how consistent the various immune 

responses were within treatment groups.

In summary, this study comprehensively evaluated the effects of chronic BPA exposure on 

immune responses of rat splenocytes. In total, of the 630 measurements in BPA treated rats, 

35 measurements were statistically different from vehicle controls, which were mainly 

associated with the augmentation of cell proliferation in response to LPS or PWM 

stimulations in 1-year-old male rats. With the exception of the aforementioned, the 

statistically significant changes associated with BPA treatment were mostly sporadic and not 

dose-dependent with only one out of five BPA dose groups showing statistical difference. In 

addition, the observed BPA-associated alterations were mostly moderate in magnitude and 

showed no persistent trend over the one-year time period. Based on these findings, we 

conclude that the observed BPA-mediated changes observed are unlikely to compromise 

immune competence in adults.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Quantification of LPS-induced spleen cell proliferation by treatment group and sex
Female (A, B, C) and male (D) rats were administrated vehicle (VH, 0.3% aqueous 

carboxymethylcellulose), BPA or estrogen ethinyl estradiol (EE2) at the indicated dose level 

by oral gavage daily and sacrificed at postnatal day (PND) 90 (A), 6 month (B), and 1 year 

(C, D). Splenocytes were isolated and treated with LPS for 48 h after a 24 h pulse with [3H]-

thymidine. Cells were harvested and quantified for [3H]-thymidine incorporation using a 

Tri-Carb 2100 TR scintillation counter, which is represented as counts per minute (CPM),. 

Results are presented as mean ± SE. n = 6–10 rats/treatment group/sex. * p < 0.05, ** p < 

0.01, **** p < 0.0001 when compared to respective vehicle control (VH-Ov for female rats 

at PND 6 month) by a two way ANOVA with Dunnett’s posttest. For more details about VH-

Ov, please see the Statistical Analysis section in the Materials and Methods.
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Figure 2. Quantification of pokeweed mitogen (PWM)-induced splenocyte proliferation by 
treatment group and sex
Female (A, C, E) and male (B, D, F) rats were administrated vehicle (VH, 0.3% aqueous 

carboxymethylcellulose), BPA or estrogen ethinyl estradiol (EE2) at the indicated dose level 

by oral gavage daily and sacrificed at postnatal day (PND) 90 (A, B), 6 month (C, D), and 1 

year (E, F). Splenocytes were isolated and treated with PWM for 48 h after a 24 h pulse with 

[3H]-thymidine. Cells were harvested and quantified for [3H]-thymidine incorporation using 

a Tri-Carb 2100 TR scintillation counter, which is represented as counts per minute (CPM), 

Results are presented as mean ± SE. n = 2–10 rats/treatment group/sex, n = 2 rats in PND 1 

year 250μg BPA/kg/day treated male group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001 when compared to respective vehicle control (VH-Ov for female rats at PND 6 

month) by a two way ANOVA with Dunnett’s posttest. For more details about VH-Ov, 

please see the Statistical Analysis section in the Materials and Methods.
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Figure 3. Quantification of anti-CD3/28-induced splenocyte proliferation of rats by treatment 
group and sex
Male (A) and female (B) rats were administrated vehicle (VH, 0.3% aqueous 

carboxymethylcellulose), BPA or estrogen ethinyl estradiol (EE2) at the indicated dose level 

by oral gavage daily and sacrificed at postnatal day (PND) 6 month (A) and 1 year (B). 

Splenocytes were isolated and treated with anti-CD3/CD28 for 48 h after a 24 h pulse with 

[3H]-thymidine. Cells were harvested and quantified for [3H]-thymidine incorporation using 

a Tri-Carb 2100 TR scintillation counter, which is represented as counts per minute (CPM), 

Results are presented as mean ± SE. n = 4–10 rats/treatment group/sex. * p < 0.05, ** p < 

0.01 when compared to respective vehicle control by a two way ANOVA with Dunnett’s 

posttest. For more details about VH-Ov, please see the Statistical Analysis section in the 

Materials and Methods.
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Figure 4. Percentage of intracellular IgMhigh splenic B cells by treatment group and sex
Female (A, C) and male (B) rats were administrated vehicle (VH, 0.3% aqueous 

carboxymethylcellulose), BPA or estrogen ethinyl estradiol (EE2) at the indicated dose level 

by oral gavage daily and sacrificed at postnatal day (PND) 90 day. Splenocytes were isolated 

and treated with LPS (A, B) or PWM (C) for 72 h. The percentage of IgMhigh B cells was 

quantified by flow cytometry. Results are presented as mean ± SE. n = 1–10 rats/treatment 

group/sex, n = 1 rat in PWM treated 2500μg BPA/kg/day female group. * p < 0.05, ** p < 

0.01 when compared to respective vehicle control by a two way ANOVA with Dunnett’s 

posttest.
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Figure 5. Quantification of pokeweed mitogen (PWM)-induced IgM secretion by splenic B cells 
by treatment group and sex
Male (A) and female (B) rats were administrated vehicle (VH, 0.3% aqueous 

carboxymethylcellulose), BPA or estrogen ethinyl estradiol (EE2) at the indicated dose level 

by oral gavage daily and sacrificed at postnatal day (PND) 90 day (A) and 6 month (B). 

Splenocytes were isolated and treated with PWM for 72 h. Post activation, supernatants were 

collected and the levels of secreted IgM were quantified by ELISA. Results are presented as 

mean ± SE. n = 2–10 rats/treatment group/sex, n = 2 rats in PWM treated 0.05μg EE/kg/day 

male group. * p < 0.05, ** p < 0.01 when compared to respective vehicle control (VH-Ov 

for female rats at PND 6 month) by a two way ANOVA with Dunnett’s posttest. For more 

details about VH-Ov, please see the Statistical Analysis section in the Materials and 

Methods.
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Figure 6. Percentage of CD25+ T cells post anti-CD3/28 activation by treatment group and sex
Female (A) and male (B) rats were administrated vehicle (VH, 0.3% aqueous 

carboxymethylcellulose), BPA or estrogen ethinyl estradiol (EE2) at the indicated dose level 

by oral gavage daily and sacrificed at postnatal day (PND) 1 year (A) and 6 month (B). 

Splenocytes were isolated and treated with anti-CD3/28 for 48 h. The percentage of CD25+ 

cells within splenic T cells was quantified by flow cytometry. Results are presented as mean 

± SE. n = 4–10 rats/treatment group/sex. * p < 0.05, ** p < 0.01, **** p < 0.0001 when 

compared to respective vehicle control by a two way ANOVA with Dunnett’s posttest.
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Figure 7. Quantification of the CD25 expression level on T cells post anti-CD3/28 activation by 
treatment group and sex
Female (A, C) and male (B, D) rats were administrated vehicle (VH, 0.3% aqueous 

carboxymethylcellulose), BPA or estrogen ethinyl estradiol (EE2) at the indicated dose level 

by oral gavage daily and sacrificed at postnatal day (PND) 6 month (A, B) and 1 year (C, 
D). Splenocytes were isolated and treated with anti-CD3/28 for 48 h. The expression levels 

of CD25 on splenic T cells, represented as mean fluorescence intensity (MFI), were 

quantified by flow cytometry. Results are presented as mean ± SE. n = 2–10 rats/treatment 

group/sex, n = 2 rats in PND 1 year 250μg BPA/kg/day male groups. * p < 0.05, ** p < 0.01, 

**** p < 0.0001 when compared to respective vehicle control (VH-Ov for female rats at 

PND 6 month) by a two way ANOVA with Dunnett’s posttest. For more details about VH-

Ov, please see the Statistical Analysis section in the Materials and Methods.
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Figure 8. Percentage of CD80+ cells within the NK cell population post LPS activation from by 
treatment group and sex
Female (A) and male (B) rats were administrated vehicle (VH, 0.3% aqueous 

carboxymethylcellulose), BPA or estrogen ethinyl estradiol (EE2) at the indicated dose level 

by oral gavage daily and sacrificed at postnatal day (PND) 6 months. Splenocytes were 

isolated and treated with LPS for up to 48 h. The percentage of CD80+ cells within CD161a
+ NK cells was quantified by flow cytometry. Results are presented as mean ± SE. n = 3–10 

rats/treatment group/sex. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 when 

compared to respective vehicle control (VH-Ov for female rats at PND 6 month) by a two 

way ANOVA with Dunnett’s posttest. For more details about VH-Ov, please see the 

Statistical Analysis section in the Materials and Methods.
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Figure 9. Percentage of CD86+ cells within the NK cell population post LPS activation by 
treatment group and sex
Male rats were administrated vehicle (VH, 0.3% aqueous carboxymethylcellulose), BPA or 

estrogen ethinyl estradiol (EE2) at the indicated dose level by oral gavage daily and 

sacrificed at postnatal day (PND) 6 months (A) and 1 year (B). Splenocytes were isolated 

and treated with LPS for up to 48 h. The percentage of CD86+ cells within CD161a+ NK 

cells was quantified by flow cytometry. Results are presented as mean ± SE. n = 3–10 rats/

treatment group/sex. * p < 0.05, ** p < 0.01 when compared to respective vehicle control by 

a two way ANOVA with Dunnett’s posttest.
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Figure 10. Percentage of CD86+ monocyte/macrophage/granulocytes post LPS activation by 
treatment group and sex
Male rats were administrated vehicle (VH, 0.3% aqueous carboxymethylcellulose), BPA or 

estrogen ethinyl estradiol (EE2) at the indicated dose level by oral gavage daily and 

sacrificed at postnatal day (PND) 6 months (A) and 1 year (B). Splenocytes were isolated 

and treated with LPS for up to 48 h. The percentage of CD86+ cells within CD172a+ 

monocyte/macrophage/granulocytes was quantified by flow cytometry. Results are presented 

as mean ± SE. n = 2–10 rats/treatment group/sex, n = 2 rats in PND 1 year 250μg 

BPA/kg/day male groups. * p < 0.05 when compared to respective vehicle control by a two 

way ANOVA with Dunnett’s posttest.
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Figure 11. Percentage of MHCII+ monocyte/macrophage/granulocytes post LPS activation by 
treatment group and sex
Male (A) and female (B) rats were administrated vehicle (VH, 0.3% aqueous 

carboxymethylcellulose), BPA or estrogen ethinyl estradiol (EE2) at the indicated dose level 

by oral gavage daily and sacrificed at postnatal day (PND) 6 months (A) and 1 year (B). 

Splenocytes were isolated and treated with LPS for up to 48 h. The percentage of MHCII+ 

cells within CD172a+ monocyte/macrophage/granulocytes was quantified by flow 

cytometry. Results are presented as mean ± SE. n = 4–10 rats/treatment group/sex. * p < 

0.05 when compared to respective vehicle control by a two way ANOVA with Dunnett’s 

posttest.
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Figure 12. Percentage of MHCII+ macrophage/dendritic cells post LPS activation by treatment 
group and sex
Female rats were administrated vehicle (VH, 0.3% aqueous carboxymethylcellulose), BPA 

or estrogen ethinyl estradiol (EE2) at the indicated dose level by oral gavage daily and 

sacrificed at postnatal day (PND) 90. Splenocytes were isolated and treated with LPS for up 

to 48 h. The percentage of MHCII+ cells within CD11b/c+ macrophage/dendritic cells was 

quantified by flow cytometry. Results are presented as mean ± SE. n = 6–10 rats/treatment 

group/sex. * p < 0.05 when compared to respective vehicle control by a two way ANOVA 

with Dunnett’s posttest.
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