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Bisphenol A disrupts inflammatory 
responses via Nod‑like receptor protein 3 
pathway in macrophages
Hee‑Weon Lee1,2*  , Sang Keun Ha1,3 and Yoonsook Kim1

Abstract 

Bisphenol A (BPA) is a harmful endocrine disruptor that is found in polycarbonate plastics such as plastic food contain‑
ers and in epoxy resins such as dental resins. In the current study, we investigated the effect of BPA on function of 
inflammatory responses involving activation of Nod-like receptor protein 3 (NLRP3) inflammasome. Treatment with 
BPA decreased nitric oxide (NO) production and expression levels of inducible NO synthase (iNOS), prostaglandin E2 
(PGE2), and cyclooxygenase (Cox)-2 in RAW 264.7 macrophages. BPA also suppressed activation of mitogen-activated 
protein kinases (MAPKs) and nuclear factor-kappa B activity (NF-κB). BPA significantly down-regulated the secretion of 
pro-inflammatory cytokines including tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β, and IL-18. The decreased 
production of IL-1β and IL-18 induced by BPA was associated with inactivation of the activity of the NLRP3 inflamma‑
some. Collectively, these data suggested that BPA could act as a disruptor of the inflammation activity by regulating 
the NF-κB/MAPK pathways and NLRP3 inflammasome activation.
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Introduction
In recent years, it has been shown that many environ-
mental chemicals can disrupt the action of hormones. 
These chemicals are referred to as endocrine-disrupting 
chemicals (EDCs) or endocrine disruptors [1] and they 
mimic the role of endocrine hormones and interfere 
with their function. Therefore, the endocrine function 
of the body is changed by such an endocrine like dis-
ruptor. Although many studies have focused on meta-
bolic abnormalities such as obesity through blocking of 
hormonal action and disruption of biological activity by 
endocrine disruptors, there are few studies on the mech-
anism of inflammation, which is an important factor 
causing various metabolic diseases. In addition, numer-
ous studies have found that EDCs can affect immune 

cells in hormone-related diseases including rheumatoid 
arthritis, atherosclerosis, and diabetes [2, 3].

Bisphenol A (BPA) is representative endocrine hor-
mone-like disruptor, which is widely used in the produc-
tion of polycarbonate plastic, dental materials, medical 
devices and containers.

Inflammation is an innate immune response to harm-
ful substances, immune cells, and tissue injury. It acts as 
an important regulator in the signaling pathways of many 
diseases and disorders pathogenesis, including metabolic 
disorders, cancer, and bacterial infections. Inflammatory 
responses are mediated by several different immune cells 
which are known to play essential roles in host defense, 
inflammatory responses, and immune responses. For 
example, macrophages are immune cells, which have a 
crucial role in defending against invading factors and 
maintaining homeostasis in the body [4, 5].

Macrophages have a pivotal role in regulating inflam-
matory disorders by producing pro-inflammatory 
cytokines including pro-inflammatory cytokines through 
immune responses with T cells and B cells. In addition, 
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macrophages maintain the balance in the body by regu-
lating inflammatory mediators including ROS produc-
tion regulation in immune dysfunction. Macrophages 
can elicit either pro-inflammatory or anti-inflammatory 
responses and in this way can contribute to either tissue 
damage or regeneration. Modulation of the macrophage 
inflammatory response may be one way to treat inflam-
matory diseases [6].

Inflammasomes are important factors that mediate 
inflammation in the immune response of macrophages. 
Therefore, many studies have been researched on the 
formation and regulation of inflammation caused by 
inflammasomes in various diseases. NLRP3 inflamma-
some is molecular complexes composed of NLRP3 sensor 
protein, ASC adapter protein, and pro-caspase 1 protein 
units. Among the inflammasome components, the char-
acteristics and roles of the inflammasome depending on 
the type of sensor protein [7–9].

NLRP3 inflammasomes are essential components 
of the mechanisms of immune signaling that regulates 
the maturation of pro-caspase 1 and the release of pro-
inflammatory cytokines IL-1β and IL-18 in response 
to pathogen and molecular damages. Nevertheless, 
the abnormal activity of the NLRP3 inflammasome is 
involved in various inflammatory diseases, including cry-
opyrin-related periodic syndrome, cancer, metabolic dis-
eases and rheumatoid arthritis. NLRP3 inflammasomes 
are stimulated by various stimuli such as a variety of 
intracellular events, such as mitochondrial dysfunction, 
free radical production, and lysosomal damage. However, 
it is not fully understood how the inflammatory response 
of NLRP3 is caused by an endocrine disruptor [10, 11].

In the present study, we investigated the effect of BPA 
on inflammation mechanisms of macrophages. Spe-
cifically, we evaluated whether BPA affected the MAPK/
NF-κB signaling pathways and the NLRP3 inflammasome 
activity.

Materials and methods
Chemical reagents and antibodies
Bisphenol A was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Dulbecco’s modified Eagle’s medium 
(DMEM), and fetal bovine serum (FBS) were obtained 
from Gibco (BRL, Carlsbad, USA). Almost chemicals, 
including MAPK inhibitors, and NF-κB inhibitor, were 
obtained from Sigma Chemical Co. unless otherwise 
stated. BPA was dissolved in distilled water and diluted 
at the indicated concentrations. Antibodies against 
target molecules were purchased from Cell signaling 
(Danvers, MA, USA): iNOS (D6B6S), TNF-α (D2D4), 
IL-6 (D5W4V), IL-1β (D6D6T), IL-18 (E8P5O), NLRP3 
(D4D8T), ASC (D2W8U), Caspase-1 (ASP296), p-p65 
(93H1), IκBα (44D4), β-actin (8H10D10) and Santa Cruz 

Biotechnology (Santa Cruz, CA, USA): COX-2 (29), p65 
(F-6).

Cell culture
The murine macrophage cell line was purchased from 
ATCC (Manassas, VA, USA). Macrophages were sus-
tained in DMEM supplemented with 10% heat-inacti-
vated FBS. RAW 264.7 macrophages were incubated at 
37 °C in a humidified incubator containing 5% CO2, and 
the cells were sub-cultured once every two days. Mac-
rophages were stimulated with BPA for several lengths 
of time (4–24 h). After treatment, the macrophages were 
lysed with radioimmunoprecipitation assay buffer or 
homogenization buffer.

Cell viability
This is a test method using the principle that mitochon-
dria reduce MTT to insoluble formazan. Cell viability 
was evaluated over a period of 2 h using the MTT quan-
titative colorimetric assay to detect the mitochondrial 
activity in living cells. By dehydrogenase action, the sol-
uble substrate MTT tetrazolium penetrates into the liv-
ing cell and becomes purple in the mitochondria. The 
formazan crystal is dissolved in an organic solvent such 
as dimethyl sulfoxide (DMSO) and the absorbance is 
investigated by a microplate reader (Molecular Devices, 
Carlsbad, CA, USA). At this time, the absorbance of the 
formazan dye is around 540 nm.

Determination of NO production
NO was measured by the reduction in the stable nitrite 
form was measured using griess reagent System. Mac-
rophages were incubated with indicated concentrations 
(0.1–10 μg/mL) of BPA for 24 h in a 5% CO2 incubator. 
After stimulation of BPA for 1 day, supernatant was col-
lected and reacted with Griess reagent at room tempera-
ture, and then measured with an absorbance of 540 nm. 
The measured value was expressed as % in terms of 
NO production rate. The absorbance at 540  nm was 
determined using a ELISA reader. The concentration 
of NO2

− was calculated from a NaNO2 standard curve. 
The levels of NO2

− were indicative of the amount of NO 
production.

Western blotting
Macrophages were incubated with indicated doses of 
BPA (0.1–10  μg/mL). After stimulation, the activated 
cells were rinsed in PBS and lysed in a homogenizer lysis 
buffer. The lysate was pelleted after centrifugation for 
15  min at 15,000×g at 4  °C. The protein concentration 
was determined using a DC protein assay kit (Bio-Rad). 
Quantitative proteins were analyzed by 6–15% poly-
acrylamide gel and transferred to the NC membrane. The 



Page 3 of 10Lee et al. Appl Biol Chem           (2020) 63:78 	

protein-transferred membrane was blocked in 0.05%/
Tris-buffered saline containing 5% skim milk powder for 
50 min, and reacted with the primary and secondary anti-
bodies. These blots were developed using an enhanced 
chemiluminescence kit. The expression amount of each 
proteins was quantified using an image J program. The 
measured value was expressed as the average value of 3 
repeated experiments and was performed in a concentra-
tion range not causing toxicity.

Quantitative real time‑PCR
Macrophages were stimulated in the presence or absence 
with BPA (0.1–10  µg/mL) for 24  h. After BPA stimula-
tion, total RNA was isolated from cultured cells using 
RNA extraction kit (Kusatsu, St. Shiga, Japan) and used 
for cDNA synthesis. After cDNA synthesis, 10  μL of 
SYBR green premix (BioRad), 8  μL of sterile water, and 
1  μL each of forward and reverse primer was mixed to 
adjust the total volume to 20 μL. Fluorescence was meas-
ured at each cycle. The RT-PCR primer sequences to find 
the expression of cytokines were indicated in Table 1.

RNA interference
Macrophages were cultured using suitable media into 
6-well plates, and the macrophages were gently treated 
with buffer mixed with NLRP3 siRNA (Genolution) and 
siRNA transfection reagent (iNtRON) for transfection 
of NLRP3 gene. In order to efficiently knock down the 
NLRP3 gene in cells, the cells were checked with vari-
ous incubation times and concentrations. The most effi-
cient conditions were confirmed, and NLRP3 siRNA was 
knocked down at 50 nM for 20 h. (Table 2).

Statistical analyses
For each experiment, results were performed in tripli-
cate and are reported as means ± SEM. Comparisons of 
means between BPA-treated cells and untreated control 
cells were made using Student’s t-test and ANOVA using 
the SigmaPlot 10.0 software. Significant values are indi-
cated by an asterisk (*p < 0.05).

Results
Effect of BPA on RAW 264.7 macrophage proliferation
We first assessed if Bisphenol A (BPA) could affect 
cell proliferation under our experimental conditions 
(Fig. 1a). Macrophages were stimulated with the various 

Table 1  Primer sequences and real-time PCR conditions

Gene Forward primer (5′ → 3′) Reverse primer (5′ → 3′)

TNF-α CCC TCA CAC TCA GAT CAT CTT CT GCT ACG ACG TGG GCT ACA G

IL-6 CCA CGG CCT TCC CTA CTT C TTG GGA GTG GTA TCC TCT GTG A

IL-1β TTG ACG GAC CCC AAA AGA TG TGG ACA GCC CAG GTC AAA G

IL-18 CTG AAG AAA ATG GAG ACC TGG AA TCC GTA TTA CTG CGG TTG TAC AGT​

GAPDH TGC ATC CTG CAC CAC CAA​ TCC ACG ATG CCA AAG TTG TC

Table 2  Sequence of  siRNA used for  knockdown 
of the NLRP3 gene

siRNA Sequence (5′ → 3′)
siNLRP3

Sense GGU​GAA​AUG​UAC​UUA​AAU​CUU​

Antisense GAU​UUA​AGU​ACA​UUU​CAC​CUU​

a

b

Fig. 1  Chemical structure and the effect of BPA on cell proliferation 
in RAW 264.7 macrophages. a Chemical structure of BPA. b RAW 264.7 
macrophages were exposed to various concentrations of BPA for 24 h. 
Macrophage viability was measured using the MTT assay. Data are 
expressed as the mean ± S.E.M of three independent experiments. 
*p < 0.05, significantly different from the untreated group
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concentrations (1–200 μg/mL) of BPA for 24 h. Cell via-
bility was then examined using an MTT assay. BPA at 
concentrations from 1 to 200 μg/mL did not significantly 
affect macrophage proliferation (Fig. 1b). Thus, we used 
concentrations of less than 200 μg/mL in all subsequent 
experiments.

Effect of BPA on NO and PGE2 production in RAW 264.7 
macrophages
To evaluate the effect of BPA on nitric oxide (NO) pro-
duction in BPA treated macrophages, we determined 
nitrite levels using Griess reagents. Macrophages were 
activated with 0.1–10 μg/mL BPA for 24 h. As shown in 
Fig.  2a, treatment with BPA decreased NO production 
in a concentration-dependent manner. In keeping with 
this finding, BPA also significantly suppressed the expres-
sion of inducible NO synthase (iNOS) (Fig. 2b). We also 
assessed the effect of BPA on prostaglandin E2 (PGE2) 

production and cyclooxygenase-2 (COX-2) levels in BPA 
treated macrophages. The level of PGE2 and the expres-
sion level of COX-2 were markedly diminished by BPA in 
a concentration-dependent manner (Fig.  2c, d). Collec-
tively, our finding indicate that BPA can affect the func-
tion of macrophages by down-regulating the production 
of inflammatory mediators.

Effect of BPA on cytokine production in RAW 264.7 
macrophages
We next examined the effects of BPA on the generation 
of several cytokines in RAW 264.7 macrophages. Mac-
rophages were incubated with BPA at 0.1–10 μg/mL for 
24 h. BPA significantly decreased the release of inflamma-
tory cytokines such as TNF-α, IL-6, IL-1β, and IL-18 in a 
concentration-dependent manner (Fig. 3a). Moreover, we 
evaluated whether BPA could affect cytokine expression 
at the transcriptional level using qRT-PCR analysis. As 

a b

c d

Fig. 2  Effect of BPA on the production of NO and PGE2 in RAW 264.7 macrophages. Macrophages were treated with different concentrations of BPA 
(0.1–10 μg/mL) for 24 h. a The amount of nitrite in the medium was investigated using the Griess reaction. Expression levels of b iNOS, c PGE2, and 
d COX-2 were determined by Western blot assay. β-actin protein levels were used as an internal control. Data are expressed as the mean ± S.E.M of 
three independent experiments. *p < 0.05, significantly different from the untreated group
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a

b

Fig. 3  Effect of BPA on the protein and mRNA expression levels of TNF-α, IL-6, IL-1β, and IL-18 in RAW 264.7 macrophages. RAW 264.7 macrophages 
were treated with the indicated concentrations of BPA (0.1–10 μg/mL) for 24 h. a The protein levels of TNF-α, IL-6, IL-1β, and IL-18 were examined 
by immunoblot assay. b The mRNA expression levels of TNF-α, IL-6, IL-1β, and IL-18 were investigated by RT-PCR. Data are expressed as the 
mean ± S.E.M of three independent experiments. *p < 0.05, significantly different from the untreated group
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shown in Fig. 3b, treatment of cells with BPA attenuated 
the mRNA expression levels of TNF-α, IL-6, IL-1β, and 
IL-18 compared to control cells (no BPA treatment).

Effect of BPA on the activation of NLRP3 inflammasome 
in RAW 264.7 macrophages
NLRP3 inflammasome is activated by the micro-organ-
isms and endogenous indicators of cellular stimuli, 
including ATP and leads to the generation of cytokines 
maturation. To determine the effect of BPA on NLRP3 
inflammasome activity, we stimulated macrophages 
with BPA and ATP to prime NLRP3 activation. We then 
examined the protein expression levels of NLRP3, ASC, 
caspase-1, IL-1β, and IL-18 using a Western blot analysis 
(Figs. 4a–d). Treatment with BPA attenuated the expres-
sion level of NLRP3 in a concentration-dependent man-
ner. Moreover, ASC expression levels were decreased 
following treatment with BPA and ATP. BPA treatment 
also attenuated the release of caspase-1 and the produc-
tion of IL-1β in BPA/ATP-incubated macrophages. In 
addition, we determined the effect of siNLRP3 in BPA-
incubated RAW 264.7 macrophages (Fig. 4e). The level of 
secretion cytokines was increased by knockdown of the 
NLRP3 gene. These data demonstrate that BPA can dis-
rupt IL-1β and IL-18 release by down-regulating NLRP3 
activation and caspase-1 expression.

Effect of BPA on NF‑κB activation and MAPK 
phosphorylation in RAW 264.7 macrophages
We next examined the effect of BPA on the stimulation 
of NF-κB activity in RAW 264.7 macrophages. A west-
ern blot analysis indicated that BPA suppressed NF-κB 
p65 translocation from cytosol to the nucleus (Fig.  5a). 
We also examined whether BPA affected the degrada-
tion of IκBα. As expected, incubation with BPA induced 
a significant concentration-dependent inhibition of IκBα 
degradation (Fig.  5b). However, the decreased levels of 
cytokines were markedly increased by pre-incubation 
with an NF-κB inhibitor followed by BPA treatment. 
Taken together, these results demonstrate that BPA can 
decrease the activation of NF-κB, leading to the inhi-
bition of the production of inflammatory mediators 
(Fig. 5d).

MAPKs activated by lipopolysaccharide are known 
to act an essential role in the secretion of inflammatory 
mediation factors and the translocation of p65. Therefore, 

we determined the effect of BPA on the activation of 
MAPKs. Macrophages were activated with 0.1–10 μg/mL 
BPA for 20  min and activation of the different MAPKs 
assessed by determining their phosphorylation levels 
by western blotting. Treatment with BPA attenuated 
the phosphorylation of both p38 and ERK in a concen-
tration-dependent manner. However, activation of JNK 
was not affected by BPA (Fig. 5c). To determine whether 
MAPK signaling pathways are associated with NLRP3 
activity and pro-inflammatory cytokine expression in 
LPS-incubated macrophages, we used the p38 MAPK 
inhibitor SB203580, the ERK1/2 inhibitor PD98059, and 
the JNK inhibitor SP600125 to determine their effects 
on the BPA-induced regulation of NLRP3 inflamma-
some and pro-inflammatory cytokine level. As shown in 
Fig. 5e, pre-incubation of RAW 264.7 macrophages with 
these inhibitors for 2  h before BPA exposure increased 
the expression levels of both NLRP3 and pro-inflamma-
tory cytokines. MAPK phosphorylation was remarkably 
suppressed by BPA in RAW 264.7 macrophages. These 
finding indicate that activation of MAPKs is related to 
the production of inflammatory cytokines.

Discussion
Bisphenol A is well known that it affects neurological dis-
eases as well as cancer, obesity and diabetes. However, the 
immunosuppressive effects of BPA on immune responses 
in various diseases are not well known. Therefore, this is 
the first report finding the immunosuppressive effects of 
BPA that inhibits the activation of inflammation factors 
by suppression MAPK and NF-κB pathway and NLRP3 
inflammasome regulation the immune response by inhib-
iting MAPK and NLRP3.

Inflammation is an immune response involving vari-
ous signaling pathways. The inflammatory response 
is a necessary and beneficial mechanism for respond-
ing to diseases. It can however also cause several dis-
eases including asthma, arteriosclerosis, and cancer 
[12, 13]. Therefore, it is very important to control 
the immune response appropriately. Inflammatory 
responses in macrophages have an important func-
tion in the overall immune response [14]. When mac-
rophages are confronted with stimuli such as PAMPs 
and DAMPs, they initiate an immune response by pro-
ducing pro-inflammatory cytokines, as well as inflam-
matory mediators [15–17]. These pro-inflammatory 

(See figure on next page.)
Fig. 4  Effect of BPA on ATP-primed NLRP3 inflammasome activation and the expression of IL-1β and IL-18 in RAW 264.7 macrophages. a 
Macrophages were treated with various concentrations of BPA (0.1–10 μg/mL) for 7 h and then treated with ATP for 1 h. b–d RAW 264.7 
macrophages were treated with several concentrations of BPA for 23 h and incubated with ATP for 1 h. Whole cell lysates were investigated by 
western blot assay. e RAW 264.7 macrophages were transfected with siNLRP3 and treated with BPA for 23 h and then incubated with ATP for 1 h. 
Data are expressed as the mean ± S.E.M of three independent experiments. *p < 0.05, significantly different from the untreated group
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cytokines have a critical role in the host innate and 
adaptive immune responses. MAPKs and NF-κB are 
known to have essential roles in the production of NO 
and PGE2 as well as in the release of pro-inflammatory 
cytokines such as TNF-α, IL-6, IL-1β, and IL-18 [18, 
19]. For these reasons, we examined effect of BPA on 
the mediation of inflammatory factors and cytokines in 
macrophages. We also assessed the effect of BPA on the 
activation of the NLRP3 inflammasome in the inflam-
matory response.

Our data suggest that BPA significantly decreases the 
production of NO and PGE2 in RAW 264.7 macrophages 
by inhibiting the expression of iNOS and COX-2. These 
data suggest that BPA can block inflammatory response 
mediated by inflammatory mediators including NO 
and PGE2. In addition, the production of inflamma-
tory cytokines was decreased by BPA treatment. MAPK 
signaling pathway is known to be essential for many 
metabolic processes such as cell differentiation and cell 
division [20, 21]. It is also very important in mediating 
inflammatory responses. The NF-κB signaling pathway 
is downstream of the MAPK signaling pathway and is a 
central mediator of pro-inflammatory gene induction and 
responses [22]. We found that phosphorylation of MAPK 
is inhibited by BPA, leading to a decreased degradation 
of IkBα and the subsequent down-regulation of p65 acti-
vation in RAW 264.7 macrophages. These data confirm 
that MAPK acts upstream of NF-κB in the inflammatory 
response in macrophages.

The formation of the inflammasome complex is trig-
gered through pathogen-related molecular patterns 
(PAMPs) or danger-associated molecular patterns 
(DAMPs) recognized by the cell. Inflammasomes are 
well-assembled platforms for inflammation signal-
ing containing platform, adaptor, and effector protein. 
When macrophages are caused inflammatory reac-
tion by a stimulation, specific receptor recruits ASC 
containing the caspase activation and recruitment 
domain (CARD) and pro-caspase 1. At this time, the 
pyrin domains of the platform protein and the adaptor 

protein form a bond, and then the CARD of the effec-
tor protein is bound to them [6, 11]. The mature of 
pro-caspase 1 results in the production and proteolytic 
activity of IL-1β and IL-18. Specially, IL-1 β is known as 
a gatekeeper cytokine that acts more specifically on the 
activity and mediation of inflammation [23].

The NLRP3 inflammasome can be stimulated through 
various stimuli as part of the inflammatory response in 
immune cells. For example, in macrophages, the NLRP3 
inflammasome is primed by several stimuli including 
microorganisms, crystal, and ROS. It is well known that 
ATP is required for the activity of the NLRP3 inflammas-
ome [7, 8]. Our data show that treatment with BPA down-
regulates the activation of the NLRP3 inflammasome. 
Furthermore, BPA decreases the activation of caspase-1 
in stimulated Macrophages. As a result of the suppressed 
expression of NLRP3 and the maturation of caspase-1, 
IL-1β and IL-18 are not released. Therefore, we confirmed 
that the phosphorylation of caspase-1 through activation 
of the NLRP3 inflammasome regulates cytokine release, 
especially of IL-1β and IL-18. In general, it is important to 
find the optimal balance between inflammatory activation 
and inflammation inhibition for the appropriate moment 
and an adequate degree of inflammatory response [10, 
24]. This depends on the overall inflammation regulation 
mechanism, and inflammasomes also regulate the activity 
of the inflammatory mechanism through structural and 
functional differences.

In summary, these finding suggest that BPA has a 
profound effect in disturbing the immune responses of 
macrophages. It can attenuate the release of pro-inflam-
matory cytokines and inflammatory mediators by the 
MAPK and NF-κB signaling pathways in macrophages. 
In addition, BPA changes the effect on the inflammatory 
response by regulating the activation of inflammasomes. 
Thus, our finding demonstrate that BPA plays a critical 
disturbing role in immune responses of macrophages.

Fig. 5  Effect of BPA on NF-κB activation and MAPK phosphorylation in RAW 264.7 macrophages. a Cells were activated with BPA (0.1–10 μg/mL) for 
4 h. The phosphorylation levels of p65 were detected by western blot assay to analyze the translocation of NF-κB. b Macrophages were incubated 
with various concentrations of BPA for 4 h. Whole cell lysates were investigated by western blot assay using an anti-IκBα antibody. c RAW 264.7 
macrophages were treated with indicated concentrations of BPA (0.1–10 μg/mL) for 20 min. The phosphorylation levels of MAPK were detected by 
western blot assay. d RAW 264.7 macrophages were incubated with the NF-κB inhibitor Bay 11-7082 for 2 h and then stimulated with BPA for 4 h. 
e RAW 264.7 macrophages were treated with BPA for 20 min in the absence or presence of the p38 MAPK inhibitor SB203580 (10 μM), the ERK1/2 
inhibitor PD98059 (20 μM), and the JNK inhibitor SP600125 (10 μM). Whole cell lysates were analyzed by western blot assay. β-Actin protein levels 
were used as an internal control. Data are expressed as the mean ± S.E.M of three independent experiments. *p < 0.05, significantly different from 
the untreated group

(See figure on next page.)
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