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ARTICLE INFO ABSTRACT

Over-activation of microglia disrupts the physiological homeostasis of the brain, and induces inflammatory
response and other processes which are implicated in neurodegenerative diseases. Therefore, theoretically,
suppression of neuroinflammation would slow the progression of neurodegenerative disease. In this study, we
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Betfl‘m(a)pyrene investigated the possible protective effects of Ferulic acid (FA) against benzo(a)pyrene (BaP)-induced microglial
EINT:I?;:;IE activation using BV2 cells as the model system. Exposure of BV2 cells to BaP (10 uM) significantly increased DNA

damage and the production of pro-inflammatory mediators, including nitric oxide (NO), inducible nitric oxide
synthase (iNOS), cyclooxygenase-2 (COX-2), reactive oxygen species (ROS), malondialdehyde (MDA), and cy-
tokines (interleukins-1 and —6). On the other hand, when BaP-treated BV2 cells were further incubated with
FA (10, 20, 40, or 80 mg/mL) for another 24 h, a significant reduction in BaP-induced DNA damage and the
release of multiple pro-inflammatory and cytotoxic factors (including interleukin-1pf, interleukin-6, NO, and
ROS) was observed in a dose-dependent manner. Further study revealed that the microglial NOD-like receptor
(NLR) family pyrin domain-containing 3 (NLRP3) signaling pathway was involved in the protective effect of FA.
Taken together, these results suggested that FA suppressed BaP-induced toxicity in microglia, and thus may exert
neuroprotective effects by inhibiting microglia-mediated pro-inflammatory response.

NOD-like receptor (NLR) family pyrin domain-
containing 3

1. Introduction regulate the production of various neurotoxic pro-inflammation med-
iators, including cytokines, chemokines, and prostaglandins [1,2]. The

Neuroinflammation is termed as the chronic inflammation within generated pro-inflammatory cytokines then can directly affect the CNS,

the brain, which can lead to certain neurodegenerative events such as
dystrophic neuronal growth. One of the characteristics associated with
neuroinflammation is the activation of glial cells, most notably micro-
glial cells. Microglial cells, the resident macrophage cells of the central
nervous system (CNS), play pivotal roles in innate immune regulation
and neuronal homeostasis. It has been shown that microglial cells grow
larger and assume an ameboid shape upon activation, which in turn up-

eventually leading to functional alteration of the brain and behavioral
changes [3-5]. For instance, it has been reported that neuroin-
flammation induced by the activation of glial cells can cause neuronal
death and impair memory [6-8], while the overproduction of in-
flammatory cytokines is implicated in the progression of neurodegen-
erative diseases such as Alzheimer’s disease and Parkinson’s disease [9].

Many factors can lead to inflammation in the CNS, including tissue
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damage, trauma, infection, and exposure to environmental toxic agents
such as Benzo(a)pyrene (BaP). BaP is a well-studied member of the
polycyclic aromatic hydrocarbon (PAH) family, and a well-known
Group 1 carcinogen classified by the International Agency for Research
on Cancer (IARC) [10]. As a lipophilic compound, BaP can easily cross
the blood-brain barrier (BBB) and thereby gaining direct access to the
CNS [11-13]. Indeed, exposure to BaP had been reported to induce
behavioral deficits in rat and human, indicating the neurotoxicity of
BaP [14-17]. Further mechanistic study revealed that BaP-induced pro-
inflammatory cytokines, including tumor necrosis factor-a (TNF-a),
interleukin-1f3 (IL-1p), IL-6, etc., are involved in these events [18-20].
Interestingly, BaP can act synergistically with TNF-a to further ag-
gravate the inflammatory responses, including the generation/activa-
tion of the inducible isoforms of NO synthase (iNOS), cyclooxygenase-2
(COX-2), prostaglandin E2 (PGE2), as well as IL-6 and the p38 kinase
[21].

BaP can be metabolized to form reactive intermediates such as BaP-
quinones, which can lead to the generation of reactive oxygen species
(ROS) and are associated with the oxidative alteration of DNA, proteins,
and anti-oxidant enzymes [22,23]. It is also well documented that ex-
cessive expression of iNOS is associated with chronic inflammatory
diseases by promoting NO production [24,25]. Similarly, COX-2 is an-
other well-documented important proinflammatory mediator, which is
involved in PGE2 generation and eventually resulted in neurodegen-
erative diseases [26]. Such claim has been supported by recent studies
that neurotoxicity could be enhanced by excessive production of COX-
2-mediated PGE2 from microglia; furthermore, a selective COX-2 in-
hibitor, celecoxib, can significantly reduce systemic brain inflammation
and white matter injury in neonatal rats, and the underlying mechanism
is contributed to the suppression of PGE2 production [27,28]. Based on
these observations, it is proposed that the attenuation of proin-
flammatory mediators such as NO and PGE2, as well as the expression
of their representative genes such as iNOS and COX-2 in microglial
cells, could be an important therapeutic strategy for the prevention of
neuronal inflammation and the pathological consequences.

IL-1f is regarded as one of the most important pro-inflammatory
cytokines, and the multiprotein complex NOD-like receptor (NLR) fa-
mily pyrin domain-containing 3 (NLRP3) inflammasome is responsible
for the release of IL-1f3 and IL-18 from innate cells. NLRP3 recruits and
activates caspase-1 through the adaptor protein ASC (apoptosis-asso-
ciated speck like protein containing a CARD domain), leading to the
cleavage and activation of IL-1f3 and IL-18 precursors. Many factors can
activate the NLRP3 inflammasome, including whole live bacteria,
fungal and viral pathogens, as well as various pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) [29]. In addition, NLRP3 inflammasome can also be active by
cellular stress triggered by factors such as oxidative stress or lysosomal
damage [30], and ROS generation had been proposed as a crucial step
for the activation process [9].

As stated above, it is clear that the reduction/inhibition of in-
flammatory mediators could attenuate the severity of neurodegenera-
tive diseases [5], thus the suppression of microglial activation and
subsequent down-regulation of neurotoxic pro-inflammatory mediators
would be a useful therapeutic approach. Ferulic acid (FA) is an im-
portant component of many widely used medicinal herbs, which be-
longs to the family of hydroxycinnamic acid. It has structural resem-
blance to curcumin, and the pure form of FA is a yellowish powder
(Fig. 1). FA can be found in high abundance in the leaves and seeds of
many plants, especially in cereals made from brown rice, whole wheat,
and oats. Many studies have shown that FA has valuable pharmacolo-
gical properties such as neuronal progenitor cell proliferation, anti-in-
flammatory, antioxidant, and neuroprotective activities [31-35]. In
particular, the neuroprotective effect of FA has been reported in many
studies including brain injury, spinal ischemia, and Alzheimer-like pa-
thology [36-38]. Nonetheless, the underlying molecular mechanisms
are still not fully understood.
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Therefore, in the present study, we intended to determine whether
the anti-inflammatory effect of FA contributed to its protective effect.
As reported here, while BaP could induce oxidative stress and DNA
damage, as well as the expression of many factors involved in pro-in-
flammatory response in microglia BV2 cells, FA protected BV2 from
BaP-induced DNA damage and suppressed the pro-inflammatory re-
sponse. Further detailed study revealed that the possible anti-in-
flammatory mechanisms of FA might involve the NLRP3 pathway in
microglial cells.

2. Materials and methods
2.1. Reagents and antibodies

Hanks Balanced Salt Solution, (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) (HEPES), ethanol, dimethyl sulfoxide
(DMSO), benzo(a)pyrene (BaP), and 96 well plates were all purchased
from Sigma-Aldrich Co. (St. Louis, MO). Dulbecco's Eagle's Medium
(DMEM), fetal bovine serum (FBS), penicillin, streptomycin, and
trypsin/EDTA were purchased from Hyclone (Logan, UT). ELISA Set of
IL-1B, IL-6, and a 3,3,5,5-Tetramethylbenzidine (TMB) Substrate
Reagent Set were purchased from BD Biosciences (Franklin Lakes, SD).
Antibodies against iNOS, COX-2, Pro-IL-1f, IL-1f, caspase-1, Pro-cas-
pase-1, and NLRP3 were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibody against [-actin and the secondary anti-
bodies were obtained from Bioworld Technology (Nanjing, China).
RNeasy Mini extraction kit, RT? first Strand Kit, SYBR Green Fluor PCR
Mastermix were purchased from Qiagen (Manchester, UK), PCR primers
were synthesized at GenePharma (Shanghai, China). Malondialdehyde
(MDA) assay kit and the total nitrate assay kit were obtained from
Beyotime (Shanghai, China). All other chemicals used were of analy-
tical grade.

2.2. Cell culture and treatment

BV2 cells were obtained from the American Type Culture Collection
(ATCC, Manassas, VA) and maintained in DMEM supplemented with
10% heat-inactivated FBS and 100 uM of 2-Mercaptoethanol. BV-2 cells
were cultured and treated as described earlier [39]. Briefly, cells were
seeded at the density of 5 x 10* cells/ml, pretreated for 1 h with 10 uM
BaP before incubation in medium containing various concentrations of
FA (2.5, 5, 10, 20, 40, and 80 mg/mL). For cell treatments, a stock
solution of FA was prepared freshly prior to use, with dimethylsulfoxide
(DMSO) as the solvent, and the final concentration of DMSO in the
incubation mixture never exceeded 0.1%.

2.3. Determination of cell viability

Cell viability was analyzed using a Cell Counting Kit-8 according to
the manufacturer's instructions (Dojindo Kumamoto, Japan). Briefly,
1 x 10* cells were inoculated into 96-well plates, then treated with BaP
(0.01-50 uM) or FA (2.5, 5, 10, 20, 40, and 80 mg/mL) for 24 h. To
evaluate the effects of FA on BaP-treated cells, cells were first treated
with BaP for 1h, then FA was added to cells (with BaP still in the
medium) and incubated for another 24 h. After various treatments,
90 ul of medium and 10 pl of CCK-8 solution were added to each well.
The cells were then incubated at 37 °C for 2h. After incubation, the
absorption at 450 nm was measured using an Infinite M200 Microplate
Reader (Tecan, Switzerland). Cell viability was calculated as the ab-
sorbance of treated cell/control X 100%.

2.4. Alkaline comet assay and quantification of DNA damage
The alkaline comet assay was conducted as described by Yu et al.

[40]. A 24-h time course was first conducted to determine the best
observation time for the different treatments. In short, after FA or BaP
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Fig. 1. FA and BaP do not affect BV2 cell viability. (A) Structure of FA. After BV2 cells were treated with BaP (0.01-50 uM) (B), or FA (2.5, 5, 10, 20, 40, 80, 160 mg/
mL) (C), or treated with BaP (10 umol L™1) for 1 h followed by FA treatment (D) for 24 h, cell viability was determined by CCK-8 assay.

treatment, BV2 cells were trypsinized and centrifuged. Then cell pellets
were mixed with 70 ul of 0.7% low melting point agarose at 37 °C and
placed on microscope slides pre-coated with a thin layer of 0.5%
normal melting agarose. After cooling at 4 °C for 5min, slides were
covered with another layer of low-melting agarose. After solidification
at 4 °C for 5 min, slides were immersed in a cold, freshly prepared lysing
solution for 60 min. After that, the slides were removed and placed
close together in a horizontal gel electrophoresis tank filled with fresh
alkaline buffer (1 mM disodium EDTA and 300 mM NaOH, pH13) for
20 min at 4°C. Electrophoresis was conducted at 4°C at 25V and
300 mA for 20 min. Then the slides were washed in distilled water, and
Tris buffer (0.4 M Tris, pH 7.5) was added to neutralize excess alkali.
After washing, the slides were allowed to dry at room temperature prior
to staining with ethidium bromide. The whole procedure was carried
out in dim light to prevent additional DNA damage. Fifty cells of each
sample (25 from each end of the slide) were randomly picked and
analyzed using Komet 4.0.2 imaging software (Kinetic Imaging Ltd,
Liverpool, UK). The Olive tail moment was calculated as [(tail mean-
head mean) x (tail % DNA/100)] and used as the parameter for mea-
suring DNA damage.

2.5. NO assay

NO production by BV2 cells was determined using Griess reagent kit
(Invitrogen, Frederick, MD). Briefly, Griess reagent was prepared by
mixing equal amounts of sulfanilic acid and N-(1-naphthyl) ethylene-
diamine. After 30 min incubation with samples, absorbance was read at
540 nm using a microplate reader.

2.6. Measurement of intracellular ROS generation

Production of intracellular reactive oxygen species (ROS) in BV2
cells was determined based on the oxidation of DCFH-DA (S0033,
Beyotime Company, Shanghai, China). Fluorescence emission at
525 nm following excitation at 488 nm was measured using a micro-
plate reader. The cellular fluorescence intensity was expressed as the
fold change relative to the level observed in the control cells.

2.7. Determination of MDA levels

Lipid peroxidation MDA assay kit (Beyotime, Nantong, China) was
used to measure the MDA level according to the manufacturer's in-
structions. Cells were lysed with lysis buffer (1:10) (Beyotime, Nantong,
China) on the ice and centrifuged at 1600 rpm for 10 min for the su-
pernatant. BCA Protein Assay Kit (Pierce Biotechnology, USA) was used
to measure the protein concentrations. TBA storage solution and TBA
dilution were prepared to make MDA working solution. Then, MDA
level was detected.

2.8. Immunoblot analysis

Total cellular extracts were prepared by lysing cells in ice-cold RIPA
buffer (10 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1%
deoxycholate, 0.1% SDS, 355mM EDTA, protease inhibitor cocktail
(Complete Mini protease inhibitor cocktail, Roche), phosphatase in-
hibitor cocktail (PhosStop, Roche), 1mM [-mercaptoethanol.
Equivalent protein extracts (40-60 ug) were denatured by boiling in
SDS and (-mercaptoethanol before being separated by SDS-PAGE and
transferred onto PVDF membranes (Bio-Rad Laboratories). The blots
were blocked with 5% nonfat dry milk in TBS-0.1% Tween20 (TBS-T),
and incubated overnight at 4°C with respective primary antibodies
(1:1000 dilution). Membranes were then washed with TBS-T and in-
cubated with secondary IRDye 680LT Goat anti-rabbit or IRDye 680LT
Goat anti-mouse (1:20,000) at room temperature for 1h. Bands were
visualized using the Li-Cor Odyssey Infrared Imaging System (Li-Cor,
USA). Immunoblots shown in the figures are representative images of at
least three independent experiments.

2.9. Quantitative real-time polymerase chain reaction (qQRT-PCR)

For qRT-PCR, BV2 cells were seeded in six-well culture plates
(5 x 10°/well) and cultured overnight. After various treatments, total
RNA was isolated using RNeasy Mini extraction kit (Qiagen, Cat#
74104) and then first-strand ¢cDNA was synthesized using RT? first
Strand Kit (Qiagen, Cat.# 330401) following the manufacturer's
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protocol. PCR amplification was performed using RT> SYBR Green Fluor
PCR Mastermix (Qiagen, Cat.# 330510). Amplification was performed
using an Applied Biosystems 7500 Real-Time PCR System.
Oligonucleotide primers are: 3-actin (F 5-CGT GAC ATT AAG GAG AAG
CTG-3’; R 5’-CTA GAA GCA TTT GCG GTG GAC-3"); NLRP3 (F 5-CTT
CCT TTC CAG TTT GCT GC-3’; R 5-TAT CTC CAT TGC CAT TCA-3).
From each sample 25 |1l PCR product was used to run the RT? Profiler
PCR array (Qiagen, PAMM-150A-2) according to the manufacturer’s
protocol. The PCR thermal cycling programs were: denaturation at
95 °C for 10 min, followed by 40 cycles at 95 °C for 15, 60 °C for 1 min.
Data analysis was performed using RT? Profiler PCR array data analysis
on line software (http://www.sabiosciences.com/pcrarraydataanalysis.
php).

2.10. Measurement of IL-1f3 and IL-6

The Enzyme-Linked ImmunoSorbent Assay (BD, Franklin Lakes, SD)
kits were used to quantify cytokine levels in BV-2 cell culture super-
natants. BV-2 cells (3 x 10°cells per well in a 12-well plate) were ex-
posed to BaP with or without FA for 24 h. The supernatant of the cul-
ture medium from the various treatments was then collected and levels
of IL-13 and IL-6 were measured using the ELISA kits according to
manufacturers’ instructions.

2.11. Statistical analysis

Data were presented as mean *+ SD. Statistical analysis was per-
formed using ANOVA or Student's t test when appropriate. Significance
was defined as p < 0.05. All experiments were repeated at least three
times.

3. Results
3.1. Cytotoxicity of FA and BaP in microglia BV2 cells

Possible cytotoxic effects of FA and BaP on BV2 cells were de-
termined by measuring the cell viability using the CCK-8 assay. As
shown in Fig. 1B and 1C, the viability of BV2 cells was not significantly
affected by treatment with FA (2.5, 5, 10, 20, 40, or 80 mg/ml) or BaP
(0.01-50 pM) compared to DMSO-treated controls. Additionally, BaP
(10 uM) pretreatment for 1 h followed by FA treatment (2.5, 5, 10, 20,
40, or 80 mg/ml) for another 24 h also did not significantly affect BV2
cell viability (Fig. 1D). These results indicated that FA and BaP did not
induce significant cytotoxicity in BV2 cells, at least with the doses used
in this study for the 24 h period. Therefore, in most of the following
experiments, BaP at 10 uM and FA at no higher than 80 mg/ml were
used.

3.2. FA protects against BaP-induced DNA damage in BV2 cells

As a classical genotoxic agent, we first assessed the extent of DNA
damage in BV2 cells caused by BaP exposure using the comet assay. No
comet tail was observed in untreated BV2 (Fig. 2A). In contrast, bright
comets of fragmented DNA were detected in BaP-treated BV2, with
mean% of total DNA in the tail and olive moment being significantly
increased in a dose-dependent manner (Fig. 2A). Interestingly, DNA
fragmentation was significantly diminished when FA was added to BV2
after stimulation with BaP for 1 h, indicating that FA could protect BV2
cells from BaP-induced DNA damage (Fig. 2B).

3.3. FA attenuates BaP-induced expression of NO, iNOS, and COX-2 in
BV2 cells

Treatment of BV2 cells with BaP significantly increased the gen-
eration of NO compared to the controls. On the other hand, treatment of
cells with FA significantly attenuated BaP-induced generation of NO

International Immunopharmacology 77 (2019) 105980
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Fig. 2. FA protects BV2 cells from BaP-induced DNA damage. BV2 cells were
treated with BaP (0.001-50 uM) for 6 h (A), or first with BaP (10 uM) for 1 h
followed by FA (2.5, 5, 10, 20, 40, and 80 mg/mL) for 12h (B). DNA damage
was assessed by single-cell electrophoresis (comet assay). Hydrogen peroxide
(H,0,, 50 mM) was used as positive control. Data are shown as mean + SD of
at least 100 cells counted on duplicate slides. #P < 0.05, compared to control
group; *P < 0.05, compared to BaP-treatment alone.

(Fig. 3A). Similarly, while treatment of BV2 cells with BaP resulted in
significantly elevated expression of iNOS, an enzyme responsible for the
production of NO, FA treatment significantly decreased BaP-induced
expression of iNOS (Fig. 3B and C). The expression levels of COX-2
enzyme, which is responsible for the production of PGE2, were also
examined. As shown in Fig. 3B and D, increased expression of COX-2 by
BaP exposure was significantly attenuated by FA.

3.4. FA inhibits BaP-induced ROS generation and lipid peroxidation in BV2
cells

ROS has been implicated in many of the effects of BaP, and there-
fore, we measured the generation of ROS by BaP exposure. As shown in
Fig. 4A, BaP (10 uM) readily increased intracellular level of ROS in BV2
cells. Nonetheless, FA could inhibit BaP-induced ROS generation in a
dose-dependent manner (Fig. 4A). One of the consequences of oxidative
stress is lipid peroxidation, which can be reflected by cellular level of
MDA. Indeed, our results showed that BaP exposure increased cellular
level of MDA, while FA could inhibit such effect (Fig. 4B).

3.5. FA attenuates BaP-induced cytokine production in BV2 cells

The possible inhibitory effects of FA on the production of pro-in-
flammatory cytokines stimulated by BaP exposure were evaluated.
Stimulation of BV2 cells with BaP significantly increased the production
of cytokines, such as IL-6 and IL-1p (Fig. 5A and B). However, when FA
was added to the cells, levels of both cytokines were significantly re-
duced in a dose-dependent manner (Fig. 5A and B), indicating that FA
could inhibit the pro-inflammatory response induced by BaP.
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Fig. 3. FA attenuates BaP-induced expres-
sion of NO, iNOS, and COX-2 in BV2 cells.
BV2 cells were treated with BaP (10 uM)
alone for 24 h, or BaP treatment for 1 h fol-
lowed by FA (10, 20, 40, and 80 mg/mL) for
24 h(with BaP still in the medium). (A)
Generation of NO in culture supernatants
was determined using the Griess reagent. (B)
Protein expression of iNOS and COX-2 was
examined by Western blot analysis.
Corresponding densitometry data were
shown in (C) and (D). Data were presented
as the mean = SD of three independent
experiments. #P < 0.05, compared to con-
trol group; *P < 0.05, compared to BaP-
treatment alone.
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3.6. FA attenuates BaP-induced activation of NLRP3 inflammasome in BV2
cells

Previous studies have reported that the production of IL-1f in mi-
croglia is mediated by the activation of NLRP3 inflammasome complex,
which then induces the cleavage of procaspase-1 in the presence of ASC,
one of the components of NLRP3 inflammasome [41]. In accordance
with these findings, the results of our RT-PCR and Western blot analysis
showed that BaP induced the mRNA and protein expression levels of
NLRP3 (Fig. 6A-C). The protein expression of active caspase-1 was also
markedly increased in response to BaP stimulation (Fig. 6B and D).
However, treatment with FA significantly reduced BaP-induced ex-
pression of NLRP3 and the active form of caspase-1 (Fig. 6B-D). The
expression of pro-IL-13 and IL-1B also exhibited the same pattern
(Fig. 6B, E, and F).

4. Discussion

As a potent phenolic antioxidant [42,43], many studies have de-
monstrated the protective effect of FA against DNA damage induced by
various stimuli including chemicals and radiation in different cell or
animal models [44-48]. For example, Maurya et al showed that FA
protected plasmid DNA from irradiation in vitro, as well as peripheral
blood leukocytes and bone marrow cells in vivo when FA was ad-
ministered 1h prior to 4 Gy gamma-radiation exposure. It can also
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enhances the DNA repair process in the peripheral blood leucocytes of
mice in vivo [49]. Sudheer et al also found that FA exerts protective
effect against nicotine toxicity both in vitro and in vivo [50,51]. How-
ever, the effects of FA on chemical-induced DNA damage in microglial
cells had not been reported, and thus, in the present study, we con-
ducted experiments to examine the effect of FA on BaP-induced DNA
damage in BV2 microglial cells. In consistent with previous reports, it
was found that FA could also protect BV2 cells against BaP-induced
DNA damage in a dose-dependent manner (Fig. 2), which was likely
mediated by the regulation of ROS levels (Fig. 4).

In agreement with its genotoxic effect, BaP also exerts neurotoxicity,
probably through the induction of many pro-inflammatory factors in-
cluding cytokines, NO, PGE2, etc. Since microglia is regarded as a major
player in the immune response of CNS, we then evaluated the response
of BV2 cells after exposure to BaP. Indeed, it was shown that BaP in-
duced the generation of IL-1p, IL-6, NO, as well as increased expression
of iNOS and COX-2 in BV2 cells (Figs. 3 and 5), indicating that mi-
croglia activation is involved in the neurotoxicity of BaP. This ob-
servation is similar to a report by Dutta et al, in which they had shown
that BaP can activate microglia and eventually lead to neuronal death
in mouse[52]. On the other hand, we also demonstrated that FA could
counteract BaP-induced inflammation response in BV2 cells, thus ex-
erting its potential neuroprotective effect.

Accumulating evidences have shown that the NLRP3 inflammasome
is involved in the progression of neurodegenerative diseases such as PD

Fig. 4. FA inhibits BaP-induced ROS gen-
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Fig. 5. Inhibitory effect of FA on BaP-in-

# duced production of pro-inflammatory cy-
tokines. BV2 cells were incubated with BaP

* (10 uM) for 24 h, or BaP for 1 h followed by
FA treatment (10, 20, 40, or 80 mg/mL) for

24 h (with BaP still in the medium), release

x of the proinflammatory cytokines, IL-1f3 (A)
and IL-6 (B), into the supernatants was ex-
amined by ELISA method. Data were pre-
sented as mean + SD. #P < 0.05, com-
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[53-55]. NLRP3 was originally hypothesized as a cytosolic receptor,
which could be activated by a broad range of stimuli. ROS can be in-
duced by many known activators of the NLRP3 inflammasome, and it
has been considered as a critical mechanism for triggering NLRP3 in-
flammasome formation and activation [56,57]. NLRP3 protein levels
have been shown to be a limiting step in inflammasome activation
[58,59]. Although BaP is known to induce ROS generation, however, to
date there had been no report showing the direct activation of NLRP3
inflammasome. In this study, we found that BaP could increase the
expression of NLRP3 at both mRNA and protein levels in BV2 cells,

T T T T T pared to control group; *P < 0.05,

* * * * + compared to BaP-treatment alone.
- 10 20 40 80

providing the first piece of evidence for the activation of NLRP3 in-
flammasome by BaP (Fig. 6).

Two signals are required for NLRP3 inflammasome-mediated IL-1(
production. The first signal induces the activation of nuclear tran-
scription factor-kB (NF-kB), which in turn leads to increased expression
of NLRP3 and pro-IL-1f3, a prerequisite for inflammasome activation.
The second signal then directly activates the NLRP3 inflammasome to
induce the cleavage of caspase-1, which is responsible for the matura-
tion of IL-1f. On the other hand, it has been shown that FA can interfere
with the activation of NLRP3 inflammasome. For instance, FA can
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Fig. 6. FA inhibits BaP-induced NLRP3 inflammasome activation in BV2 microglia. BV2 cells were incubated with BaP (10 uM) alone, or BaP for 1 h followed by FA
treatment (10, 20, 40, and 80 mg/mL) for 24 h, mRNA level of NLRP3 was measured by RT-PCR, (A), protein expression levels of NLRP3, pro-IL-1p, pro-caspase-1,
cleaved caspase-1, and IL-1P in cell lysates were measured by Western blot and densitometry analysis (B-F). The data were generated from three independent
experiments. Data were presented as mean + SD. #P < 0.05, compared to control group; *P < 0.05, compared to BaP-treatment alone.
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suppress monosodium urate crystal-induced inflammation, including
NLRP3 mRNA expression in rats [60]. Also, FA can inhibit NLRP3 in-
flammasome activation in mice under chronic unpredictable mild stress
[61]. In order to determine the effect of FA on BaP-induced NLRP3
inflammasome activation, we examined the expression of the several
key components during NLRP3 inflammasome activation. It was found
that FA reduced the expression of NLRP3 and pro-IL-1f in BV2 mi-
croglia, and suppressed the activation of caspase-1 and the maturation
of IL-1P induced by BaP (Fig. 6). Thus, our data further confirmed the
anti-inflammatory function of FA.

In a recent study, Rehman et al reported that FA can also rescue
lipopolysaccharide (LPS)-induced neurotoxicity via regulating the Toll-
like receptor 4 (TLR4) in mouse hippocampus [62]. They have shown
that FA can directly target TLR4, thus inhibiting the activation of glial
cells, as well as the down-stream signaling molecules, including iNOS,
COX2, TNF-a, and IL-1P. These observations are in agreement with our
results, suggesting that the inflammatory response might be a shared
common feature for cellular response to environmental stimuli, re-
gardless of chemical or biological factors. However, they focused on the
NF-kB and JNK pathways instead of the NLRP3 pathway.

In conclusion, in the present study, we have shown that the en-
vironmental genotoxin BaP could activate microglia cells and induce
ROS generation, which was accompanied by the activation of NLRP3
inflammasome, as well as the production of many pro-inflammatory
factors. In contrast, FA inhibited the toxic effects of BaP, and the ROS
and NLRP3 inflammasome might be its targets. Taken together, our
data suggest that FA could protect cells against oxidative stress and
cytotoxicity caused by certain chemicals, and may be even beneficial in
the treatment of neurodegenerative diseases.
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