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PM2.5, a main particulate air pollutant, poses a serious hazard to human health. The exposure to PM2.5 increases
mortality and morbidity of many respiratory diseases such as asthma, chronic obstructive pulmonary diseases
and even lung cancer. The contribution of reactive oxygen species (ROS) in the PM2.5-induced acute lung injury
process was conﬁrmed in our previous research, but the molecular mechanism based for it remains unclariﬁed.
In this research, ROS-induced lung injury after exposure to PM2.5 was explored in vivo and in vitro. The in vivo
study indicated that N-acetyl-L-cysteine (NAC) could attenuate the accumulation of inﬂammatory cells, the
thickening of alveolar wall and the degree of lung injury. Furthermore, we found ROS could regulate the intracellular Ca2+ level, expression of the Transient Receptor Potential Melastatin 2 (TRPM2), NLRP3 and its
downstream inﬂammatory factors in vivo. In vitro experiments with A549 cells and primary type II alveolar
epithelium cells (SD cells) showed that ROS induced by PM2.5 exposure could mediate intracellular Ca2+ mobilization via TRPM2, with a subsequent activation of NLRP3. In our present study, we demonstrated the contribution of the ROS-TRPM2-Ca2+-NLRP3 pathway in PM2.5-induced acute lung injury and oﬀered a potential
therapeutical target valid for related pathology.

1. Introduction
The exposure to PM2.5, particles with an aerodynamic diameter less
than 2.5 micrometers (μm), can increase the morbidity and mortality of
respiratory and circulatory diseases [1,2]. The composition of PM2.5 is
complex, mainly including organic and inorganic carbon, heavy metals,
aromatic hydrocarbons, and biological components [3–5]. PM2.5 can
escape from the barriers of respiratory tract and invade into the human
body, and such invasion is associated with asthma, chronic obstructive
pulmonary disease (COPD), pulmonary ﬁbrosis and even lung cancer
[6,7].
Some studies, including our previous studies, have suggested the
important role of oxidative stress in PM2.5-induced lung injury [8–11].
As oxidative stress could damage DNA directly and lead to cell death
[12]. Excessive ROS could also aggravate lung injury in COPD patients
by stimulating the production of inﬂammatory cytokines [13]. After
synthesis and assembling in the cytoplasm, a cytoplasmic multiprotein
complex of NACHT, LRR and PYD domains-containing protein 3
(NLRP3) inﬂammasome could induce the secretion of IL-1β and the

activation of caspase-1 [14]. Some studies have also suggested the
possible relationship between ROS and NLRP3, nonetheless the underlying mechanism is still poorly understood.
Our previous studies demonstrated that PM2.5 could potentially increase the concentration of Ca2+ within cardiac muscle cells, causing
the imbalance of Ca2+ homeostasis, thereby leading to heart injury
[15]. Traﬃc-related PM2.5 exposure could increase the Ca2+ concentration within immunocytes and further disturb the secretion of IL-2
and TNF-α, thus damaging the immune system and causing immune
diseases [16]. Some in vitro studies using human epithelial cells also
implicated the role of Ca2+ in PM-induced inﬂammatory response [17].
Transient Receptor Potential Melastatin 2 (TRPM2) is a non-selective
and redox-sensitive cation channel, highly expressed in the lung and
some other organs [18,19]. TRPM2 will be activated after binding with
ADPR (poly ADP-ribose), resulting in the increase of Ca2+ within the
cells, and through which altering the production of cytokines, releasing
the insulin, activating the cells as well as promoting the apoptosis
[20–22]. However, the exact role and mechanism of the Ca2+ and
TRPM2 in the lung injury caused by the acute PM2.5 exposure are still
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Fig. 1. PM2.5 induced acute lung injury. Mice lung tissue was obtained at Day 7 after administration of PM2.5. (A) The morphological characteristics of lung tissue
in group 1 (saline group) and group 2 (PM2.5 group), slides were stained by H&E. (B-E) Total cells, macrophages, lymphocytes and neutrophils in BALF were
calculated by ﬂow cytometry (n = 4). (F) RT-PCR analyze mRNA levels of NLRP3, caspase-1, IL-1β, IL-18, IL-6 and TNF-α in lung tissue (n = 3). (G) The SD cells
were exposed to 100 μg/mL PM2.5 or saline for 12 h, and the mRNA of NLRP3, caspase-1, IL-1β, IL-18, IL-6 and TNF-α in the cells was assayed by RT-PCR (n = 3). (H)
A549 cells were treated with 100 μg/mL PM2.5 or saline for 12 h and mRNA was extracted from the indicated groups, and mRNA levels of NLRP3, caspase-1, IL-1β, IL6 and TNF-α in the cells were determined through RT-PCR analysis (n = 3). Results are represented as mean ± SEM, *P < 0.05 and **P < 0.01.

2.2. Animals

unclear.
Based on the evidences above, it is hypothesized that PM2.5 can
induce lung injury and inﬂammatory responses by the accumulation of
ROS, during which TRPM2 and the imbalance of intracellular Ca2+ play
crucial roles. In this study, we investigated and unveiled the role of ROS
and TRPM2 in the lung injury caused by acute PM2.5 exposure in a mice
model, as well as discussing the mechanism in vivo and in vitro.

A total of 24 male C57BL/6 mice (8-week-old) were purchased from
the SPF center in Dalian Medical University (China). Mice were randomly divided into four groups of six mice each. During the Days 0, 2
and 4, Group 1 (saline group), mice were instilled with 20 μl saline;
Group 2 (PM2.5 group), with 20 μl PM2.5 suspension (0.5 mg); Group 3
(PM2.5+PBS), with PM2.5 as described in group 2 and intraperitoneally
injected with PBS 1 h before PM2.5 exposure; Group 4 (PM2.5+NAC),
the mice were treated in the same way as described in group 3 while the
PBS was replaced by 150 mg/kg NAC. In animal study, mice were sacriﬁced at Day 7 for the later experiments. Mice were housed in the SPF
facility with 24 h regulated light-dark cycle (from 7am to 7 pm) at room
temperature (24 ± 1 °C). Food and water were freely available. All
animal procedures and welfare were carried out according to the
National Institutes of Health Guidelines for the Care and Use of
Experimental Animals and were approved by the Experimental Animal
Care and Use Committee of Dalian Medical University. This study was
approved by the Ethics Committees of Dalian Medical University (No.
AEE17045).

2. Materials and methods
2.1. Preparation of PM2.5
The four-stage multinozzle cascade impactor (MCI) (Tokyo Dylec
Corp., Tokyo, Japan) was adopted to collect PM2.5 in Dalian (Liaoning
Province, China) in the winter of 2016. The PM2.5 was extracted following the same protocol we used previously [11]. The ﬁnal concentration of PM2.5 was normalized at 25 mg/mL and the suspension
was homogenized by vortexing before every intratracheal administration in animals.
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Fig. 2. Oxidative stress and NLRP3 pathway decreased after NAC treatment in PM2.5 exposed mice model. (A, B) MDA content and SOD activity in the lung
tissue were measured (n = 4). (C, D) The concentration of ROS within the lung of C57BL/6 mice was detected by ﬂow cytometry (n = 3). (E, F) Mice were exposed to
PM2.5 or saline for 12 h and received intraperitoneal injection of 150 mg/kg NAC or PBS for 1 h before the PM2.5 exposure, and the concentration of ROS within the
lung of C57BL/6 mice were detected by ﬂow cytometry (n = 3). (G) The mRNA from lung tissue of group 3 (PM2.5+PBS group) and group 4 (PM2.5+NAC group) was
extracted, and the mRNA levels of NLRP3, caspase-1, IL-1β and IL-18 were assayed by RT-PCR assay (n = 3). Results are represented as mean ± SEM, *P < 0.05 and
**P < 0.01.

2.3. The detection of cells in bronchoalveolar lavage ﬂuid (BALF) by ﬂow
cytometry

et al. [25], on rats IgG plates at 37 °C in a 5 % CO2 air incubator. SD
cells were cultured with standard methods in RPMI containing 10 %
FBS (GIBCO, CA, USA) and supplemented with 100 U/mL penicillin and
100 U/mL streptomycin.
A549 cells were cultured in RPMI containing 10 % FBS (GIBCO, CA,
USA) and supplemented with 100 U/mL penicillin and 100 U/mL
streptomycin.

In this work, BALF was collected by cannulating the trachea and
then injecting and retrieving 1.0 mL cold PBS for 3 times. All samples
were centrifuged at 4℃, 1200 g for 10 min. The cell pellet was collected
and re-suspended in PBS. The BALF cells, mainly comprising monocytes, neutrophils and lymphocytes [11], were eﬀectively separated
through ﬂow cytometry as they fall into diﬀerent locations on the
scatter plot, forming unique cell subpopulations (Supp. Fig. 1) [23], and
ﬂow cytometry data were analyzed by the NovoExpress software.

2.5. Cell study
For A549 cells, a total of six groups, were used and each group received their assigned treatments for 6 h or 12 h before testing. Cells
were treated respectively with: saline (Group I: saline group), 100 μg/
mL PM2.5 (Group II: PM2.5 group), PBS 1 h prior to PM2.5 (Group III:
PM2.5+PBS 1 h group), NAC (5 mM) 1 h prior to PM2.5 (Group IV:
PM2.5+NAC group), PBS 30 min prior to PM2.5 (Group V: PM2.5+PBS
30 min group), (p-Amylcinnamoyl)-anthranilic acid (ACA) (10 mM) 30
min prior to PM2.5 (Group VI: PM2.5+ACA group).
For SD cells, the grouping and corresponding treatments were exactly the same as for A549 cells.

2.4. Cell extraction and cell culture
Two cell lines were used in this study: A549 cells and primary type
II alveolar epithelium cells from neonatal Sprague Dawley (SD) rats (SD
cells).
SD cells were harvested from the lung of neonatal SD rats and extracted following the protocol previously described [24]. Brieﬂy, lung
tissue was dissected from neonatal SD rats, minced into slurry, and
digested in a complete medium (GIBCO, CA, USA) containing Collagenase I (1 mg/mL) and DNase I (250 KU unit) at 37 °C for 30 min.
Afterward cell suspensions were ﬁltered through 75 μm nylon cell
strainers and then centrifuged, and pellets were re-suspended into RPMI
supplemented with 10 % FBS (fetal bovine serum, GIBCO, CA, USA). To
avoid the interference by red blood cells (RBC), red blood cell lysis
buﬀer (RBCL) was used to lyse RBC. After ablating RBC, the SD cells
were selected by diﬀerential adhesion method as described by Dobbs

2.6. Pathological analyses
Lung tissue of mice was ﬁxed in 4 % paraformaldehyde, dehydrated,
embedded in paraﬃn blocks and sectioned into 4 μm thick. The tissue
slides were stained with hematoxylin and eosin (H&E), and the histological changes were observed under a light microscope. The lung tissue
of each animal was assessed based upon six random non-coincident
3
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Fig. 3. PM2.5-induced ROS production and NLRP3 pathway relieved after NAC treatment in vitro. (A-C) A549 cells grown on 60-mm dishes were challenged
with PM2.5 (100 μg/mL) or saline for 6 h or 12 h, and the concentration of ROS within the cells was detected by ﬂow cytometry. (D-F) A549 cells were challenged
with PM2.5 (100 μg/mL) for 6 h or 12 h with or without NAC (5 mM), and the concentration of ROS within cells was inspected, then (G) the levels of NLRP3 mRNA,
caspase-1 and IL-1β were also assayed by RT-PCR in the cells pretreated with or without NAC (5 mM) after exposing to PM2.5 for 12 h. Results are represented as
mean ± SEM, n = 3, *P < 0.05 and ** P < 0.01.

microscopic ﬁelds of vision performed by three independent researchers blindly.

accomplished with the PrimeScript RT Kit (RR037A; Takara, Dalian,
China) using T100 thermal cycler (Applied BIO-RAD, Hercules City, CA,
USA), and performed by incubating the samples at 37 °C for 15 min
followed by 85 °C for 5 s. The primers were designed with Primer 5
software. RT-PCR was performed using SYBR Premix Ex Taq II
(TliRNaseH Plus) Kit (RR820A; Takara, Dalian, China). The experiment
was done in duplicate. The diﬀerences in ampliﬁcation eﬃciency between target and housekeeper genes were identiﬁed by comparing the
diﬀerent slopes to the standard curve. RT-PCR was performed using
TP800 thermal cycler (Applied Real-Time System) according to the
following program: 95 °C for 30 s, 40 cycles of 95 °C for 5 s, and 60 °C
for 30 s. Target RNA levels were normalized to GAPDH mRNA, and
each sample was run in triplicate. The 2−ΔCT method was used to calculate the mRNA levels. Primer information for A549 cells (Supp. table.
1), C57BL/6 mice (Supp. table. 2) and SD rats (Supp. table. 3) is shown
in the supplementary material.

2.7. Measurement of intracellular ROS level by ﬂow cytometry
Intracellular ROS were measured with the ﬂuorescent probe 2′, 7′Dichloroﬂuorescin diacetate (DCFH-DA, Sigma, USA). After exposure to
PM2.5, C57BL/6 mice lung tissues were digested into single cells, followed by a triple washing with PBS, resuspended and incubated in PBS
with 5 μM DCFH-DA for 20 min at 37 °C without light. After incubation,
cells were washed, resuspended into PBS again, and then the ﬂuorescence intensity of DCF was detected by ﬂow cytometry (ACEA
Biosciences, China).
2.8. Measurement of intracellular Ca2+ level by ﬂow cytometry
The measurement of intracellular Ca2+ level was performed according to the manufacturer’s instruction. Brieﬂy, after PM2.5 exposure,
C57BL/6 mice lung tissues were digested into single cells, then washed
and incubated in 5 μM Fluo-3 AM (Beyotime biotechnology, shanghai,
China) for 40 min at 37 °C without light. Subsequently, cells were
washed with PBS for 3 times, resuspended and incubated in PBS for 20
min at 37 °C to ensure that the Fluo-3 AM was completely converted
into Fluo-3. Finally, the ﬂuorescence intensity of intracellular Fluo-3
was assessed by ﬂow cytometry (ACEA Biosciences, China).

2.10. Measurement of Superoxide Dismutase (SOD) and Malondialdehyde
(MDA) level in the lung tissue of mice
The lung tissue was weighed and homogenized in 0.9 % cold saline.
The homogenate was centrifuged at 2500 rpm for 10 min and the supernatant was collected for measuring the activity of SOD and the
concentration of MDA via diﬀerent commercial Colorimetric Detection
Kits (Nanjing Jiancheng Bioengineering Institute, China, A001-3 and
A003-1).

2.9. RNA extraction and real-time reverse transcription (RT)-polymerase
chainreaction (PCR)

2.11. Statistical analysis

Total RNA extracted from lung tissue and cells were performed
using TRIzol reagent following the manufacturer's instruction
(Invitrogen, Carlsbad, CA, USA). Reverse transcription was

Statistical analysis was performed with SPSS software (version 20.0,
SPSS, Chicago, IL, USA). The data was analyzed by independent-samples t-test, or by Mann-Whitney rank-sum test if data was not normally
4
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Fig. 4. PM2.5 increased intracellular Ca2+ and TRPM2 in mice model. (A, B) The concentration of Ca2+ within the lung of C57BL/6 mice was detected by ﬂow
cytometry. (C-E) A549 cells and (F-H) SD cells were challenged with PM2.5 (100 μg/mL) or saline for 6 h or 12 h, and the concentration of Ca2+ within cells was
detected. (I) Levels of TRPM2 in lung tissue from treated mice at Day 7 were assayed by RT-PCR. (J) A549 cells and (K) SD cells grown on 60-mm dishes were
challenged with PM2.5 (100 μg/mL) or saline for 12 h, and the TRPM2 mRNA expression was detected by RT-PCR. Results are represented as mean ± SEM, n = 3,
*P < 0.05 and **P < 0.01.

3.2. Activation of NLRP3 depending on PM2.5-induced ROS production

distributed. All data are expressed as mean ± SEM. The statistical signiﬁcance was deﬁned as P < 0.05.

To validate whether the PM2.5 exposure could induce oxidative
stress, the activity of SOD and the content of MDA within the mice lung
tissue were examined. PM2.5 was able to substantially decrease the
activity of SOD and increase the content of MDA (Fig. 2A and B).
C57BL/6 mice exposed to PM2.5 showed a signiﬁcant increase of the
intracellular ﬂuorescence intensity in the lung tissue indicating that
PM2.5 promoted the production of ROS (Fig. 2C and D). To investigate
the role of ROS in the lung damage induced by PM2.5 exposure, NAC, a
ROS scavenger was applied and the eﬃciency was also validated
(Fig. 2E and F). NAC treatment eﬀectively alleviated the decrease of
SOD and the increase of MDA induced by PM2.5 (Fig. 2A and B).
Meanwhile, NAC down-regulated the increase of NLRP3, caspase-1, IL1β and IL-18 caused by PM2.5 exposure (Fig. 2G). Taken together, our
results further illustrated that PM2.5 could increase the expression of
NLRP3, caspase-1 and IL-1β through ROS dependent pathway.
Our hypothesis was further consolidated in vitro. PM2.5 stimulated
A549 cells for 6 h and 12 h respectively, and ROS was elevated as
shown in Fig. 3A–C. The peak responds occurred at 6 h suggested that
PM2.5 stimulated the cells to produce ROS in a time dependent manner.
The expression of inﬂammatory factors in cells treated with NAC was
assessed to explore the relationship between the inﬂammation and the
oxidative stress induced by PM2.5. These results conﬁrmed that NAC
distinctively relieved the increase of ROS induced by PM2.5 (Fig. 3D–F).
In the meanwhile, the expression of NLRP3, caspase-1 and IL-1β were
signiﬁcantly decreased after scavenging the PM2.5-induced ROS by NAC
(Fig. 3G). Accordingly, these results veriﬁed that the increased secretion of NLRP3, caspase-1, and IL-1β depended on the ROS induced by
PM2.5 exposure.

3. Results
3.1. PM2.5 induced the lung injury by activating NLRP3
Mice were sacriﬁced at Day 7 to investigate the eﬀects of short-term
PM2.5 exposure on the lungs. Pathological changes in the lung tissue
were assessed by H&E staining (Fig. 1A). No obvious abnormalities
were observed in the control group treated with saline, as no inﬂammatory cell inﬁltration, or no thickening of the alveolar wall were
observed. A typical reticular structure was retained with uniform alveolar size and the bronchial structure was intact. In contrast, PM2.5
induced inﬁltration of inﬂammatory cells into the lung tissue, destruction of the alveolar wall as well as swelling of the bronchi. The
number of total cells, macrophages, lymphocytes and neutrophils in
BALF were increased after PM2.5 exposure, most notably, the neutrophils had an eightfold increase (Fig. 1B–E). Furthermore, molecular
analysis showed that PM2.5 also increased the expression of NLRP3 and
its downstream factors like caspase-1, IL-1β and IL-18 signiﬁcantly
(Fig. 1F). Moreover, the expression of pro-inﬂammatory factors IL-6
and TNF-α were also markedly increased (Fig. 1F).
PM2.5 increased the mRNA level of NLRP3, caspase-1, IL-1β and IL18 in vitro. The expressions of IL-6 and TNF-α were also obviously increased in SD cells (Fig. 1G). A549 cells exposed to PM2.5 exhibited an
increase of mRNA level of NLRP3, caspase-1 and IL-1β, as well as the
expressions of IL-6 and TNF-α within the cells (Fig. 1H).
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Fig. 5. The concentration of intracellular Ca2+ and TRPM2 expression after NAC treated in vitro. (A, B) Mice were exposed to PM2.5 or saline for 12 h and
intraperitoneal injection of 150 mg/kg NAC or PBS was administrated for 1 h before PM2.5 exposure, and the concentration of Ca2+ within the lung of C57BL/6 mice
was detected by ﬂow cytometry. (C) The expression of TRPM2 in the mice lung tissue from group 3 (PM2.5+PBS group) and group 4 (PM2.5+NAC group) were
assayed by RT-PCR. (D-F) A549 cells were exposed to PM2.5 (100 μg/mL) for 6 h or 12 h on 60-mm dishes with or without NAC (5 mM), and the intracellular Ca2+
was also identiﬁed for comparison between groups. (G) A549 cells were incubated in the presence of PM2.5 with and without NAC for 12 h, and the TRPM2 mRNA
expression in cells detected by RT-PCR. Results are represented as mean ± SEM, n = 3, *P < 0.05 and **P < 0.01.

by PM2.5 exposure. A549 cells pretreated with TRPM2 inhibitor ACA for
30 min before PM2.5 exposure signiﬁcantly inhibited the over-expression of TRPM2 and the imbalance of intracellular Ca2+ induced by
PM2.5 exposure (Fig. 6A–C). The results denoted that TRPM2 plays a
crucial role in PM2.5-induced imbalance of intracellular Ca2+ homeostasis.
Subsequently, we looked into the role of TRPM2 in the activation of
NLRP3 after PM2.5 exposure. A549 cells were supplemented with ACA
to inhibit the expression of TRPM2 before PM2.5 exposure. The downregulation of intracellular Ca2+ was identiﬁed. The results manifested
that ACA could also signiﬁcantly inhibit the expression of NLRP3, IL-1β
and caspase-1 (Fig. 6D). In parallel, SD cells results showed very similar
responses (Fig. 6E). Above results suggested that the activation of
NLRP3 induced by PM2.5 exposure is associated with TRPM2-induced
Ca2+ inﬂux.

3.3. ROS produced from PM2.5 exposure inducing the activation of TRPM2
After PM2.5 exposure, the intracellular Ca2+ levels were increased in
C57BL/6 mice lung tissue, which indicated that PM2.5 induced a signiﬁcant increase of intracellular Ca2+ (Fig. 4A and B). Increased Ca2+
was also seen in A549 cells (Fig. 4C–E) and SD cells (Fig. 4F–H) after
PM2.5 exposure. The expression of TRPM2, a Ca2+-permeable channel,
was also increased in the mice lung tissue after PM2.5 exposure (Fig. 4I).
In vitro experiments evidenced an increased expression of TRPM2 in SD
cells and A549 cells after PM2.5 exposure (Fig. 4J and K). These results
demonstrated that PM2.5 induce the over-expression of TRPM2 and
cause the imbalance of intracellular Ca2+ homeostasis.
To explore whether the activation of TRPM2 after PM2.5 exposure
was achieved through PM2.5-induced ROS, pretreatment with NAC was
utilized to remove PM2.5-induced ROS. PM2.5-induced intracellular
Ca2+ was signiﬁcantly reduced after NAC treatment in C57BL/6 mice
lung tissue (Fig. 5A and B). Besides, NAC also alleviated the over-expression of TRPM2 induced by PM2.5 exposure (Fig. 5C). A549 cells pretreated with NAC turned out a similar result showing the NAC inhibited
both the increase of Ca2+ and the over-expression of TRPM2 induced by
PM2.5 exposure (Fig. 5D–G). Our results conﬁrmed the perception that
the activation of TRPM2 depended on the ROS induced by PM2.5 exposure.

3.5. Elimination of ROS or inhibition of TRPM2 alleviating the lung injury
induced by PM2.5 exposure
Our experiments demonstrated that exposure to PM2.5 led to inﬂammatory cell inﬁltration and enhanced expression of pro-inﬂammatory cytokines IL-6 and TNF-α in mice lung tissue.
Administration of NAC alleviated inﬂammatory cells inﬁltration, destruction of the alveolar wall and alveolar wall thickening through
eliminating PM2.5-induced ROS (Fig. 7A). Similarly, inﬁltration of
neutrophils, lymphocytes and macrophages in alveolar lavage ﬂuids
was also relieved (Fig. 7B–E). At the same time, we found that NAC

3.4. NLRP3 activation requiring TRPM2-induced intracellular Ca2+ inﬂux
Then we investigated the role of TRPM2 in Ca2+ imbalance induced
6
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Fig. 6. Intracellular Ca2+concentration, TRPM2 and NLRP3 related factors expression after ACA treatment. (A-C) A549 cells were challenged with PM2.5 (100
μg/mL) for 6 h or 12 h with ACA (10 mM) or PBS, and the concentration of Ca2+ within cells was detected. (D) A549 cells were challenged with PM2.5 (100 μg/mL)
for 12 h with ACA and PBS, the mRNA expressions of TRPM2, NLRP3, caspase-1, and IL-1β in cells were assayed by RT-PCR. (E) SD cells exposed to PM2.5 (100 μg/
mL) for 12 h with ACA and PBS, and the levels of NLRP3, caspase-1, IL-1β and IL-18 in cells were assayed by RT-PCR. Results are represented as mean ± SEM, n = 3,
*P < 0.05 and **P < 0.01.

stimulated by external factors, and results in the production of a large
quantity of ROS. Some researchers have reported an increased production of ROS in the lung tissue after PM exposure, which could oxidize lipids, proteins and DNA, cause direct damage to the functions of
epithelial cells, and result in lung dysfunction [36–38]. The results of
this study elucidated that PM2.5 exposure lead to an increased production of ROS and a strengthened oxidative stress reaction. After NAC
treatment, ROS induced by PM2.5 exposure was eﬀectively inhibited,
the over-expression of NLRP3 related pathway and its downstream
factors were also eﬀectively alleviated. Therefore, we believe that ROS
induced by PM2.5 exposure could lead to an increased expressions of
Caspase-1, IL-1β and IL-18 through activating NLRP3, resulting in an
increased lung inﬂammatory response in this model.
Our previous studies showed that PM2.5 exposure induced a massive
production of ROS in myocardial cells and a signiﬁcant change of intracellular Ca2+ concentration within the cells, which contributed to
the heart damage caused by PM2.5 [15]. Based on that, we suspected
that the Ca2+ level and related channel proteins played crucial roles in
this model. TRPM2, a member of the Transient Receptor Potential ion
channel super family, is a non-selective Ca2+ channel contributing to a
variety of cellular physiological activities. ROS induced by H2O2 could
activate TRPM2 as well as cause the inﬂux of Ca2+ [39,40]. Our study
also suggested that NAC for eliminating the ROS induced by PM2.5 can
signiﬁcantly inhibit the activation of TRPM2 and alleviate the accumulation of intracellular Ca2+ [41]. Our research veriﬁed that the activation of TRPM2 and the inﬂux of Ca2+ had a close relationship with
the ROS induced by PM2.5.
Activated TRPM2 could cause the Ca2+ inﬂux in pulmonary vascular endothelial cells [42]. Some studies suggested the vital role of
intracellular Ca2+ in the activation of NLRP3 [43–45]. Therefore, we
assumed that the ROS-induced TRPM2 and intracellular Ca2+ were
possibly responsible for the lung inﬂammation of mice after PM2.5 exposure. Throughout our research, we realized that inhibition of the

prevented the expression of IL-6 and TNF-α induced by PM2.5 (Fig. 7F).
In vitro experiment showed that the expressions of IL-6 and TNF-α were
both decreased in A549 cells and SD cells (Fig. 7G and H). Besides,
inhibiting the expression of TRPM2 by pretreating SD cells and A549
cells with ACA diminished the expression of IL-6 and TNF-α (Fig. 7I and
J). Considering all of the evidence, our study elucidated that ROS and
TRPM2 play important roles in PM2.5-induced lung injury.

4. Discussion
At present time, PM2.5 has become a dominating environmental
health-threatening factor coupled with growing public concern worldwide, especially in China. As the most threatening air pollutant, the
participation of PM2.5 in lung injuries and the progression of multiple
diseases have been conﬁrmed by a large amount of studies [26–28].
The pathological changes and the increased expression of TNF-α
and IL-6 in vivo and in vitro directly signaled the acute lung injury and
validated our models at the same time [29,30]. Similar results of increased macrophages, lymphocytes and neutrophils in BALF, as reported from previous studies about the inﬂammatory responses in mice
lung tissue after exposure to other particles, are also observed after
PM2.5 exposure in this study [31,32]. From previous researches, we
noticed that NLRP3 and MAPK participated in the lung inﬂammation
induced by PM2.5 exposure [11,30]. NLRP3 is a multiprotein complex
assembled by the intracytoplasmic pattern recognition receptor (PRRs)
[33]. Upon NLRP3 activation, the pro-inﬂammatory protease caspase-1
was recruited and activated, and the activated caspase-1 can slice proIL-1β and pro-IL-18, producing corresponding mature cytokines
[34,35]. The in vivo and in vitro results in Figs. 1 and 2 demonstrated the
participation of NLRP3, Caspase-1, IL-1β and IL-18 in the lung inﬂammatory process induced by acute PM2.5 exposure.
Oxidative stress is a result of the imbalance between the oxidative
capacity and the anti-oxidative capacity when an organism is
7
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Fig. 7. The lung injury was alleviated after NAC or ACA treatment. (A) The morphological characteristics of lung tissue from group 3 (PM2.5+PBS group) and
group 4 (PM2.5+NAC group), slides were stained by H&E. Mice lung tissue were obtained at Day 7 after administration by PM2.5. (B-E) Total cells, macrophages,
lymphocytes and neutrophils in BALF were calculated by ﬂow cytometry (n = 4). (F) The mRNA levels of IL-6 and TNF-α in lung tissue were assayed by RT-PCR (n =
3). A similar protocol was also performed on (G) A549 cells and (H) SD cells, while the diﬀerences were that cells were exposed to PM2.5 at 100 μg/mL for 12 h and
pretreated with NAC or PBS for 1 h before PM2.5 exposure (n = 3). (I) A549 cells and (J) SD cells were pretreated with ACA (10 mM) or PBS, then exposed to 100 μg/
mL PM2.5 for 12 h, ﬁnally the levels of IL-6 and TNF-α were assayed (n = 3). Results are represented as mean ± SEM, *P < 0.05 and **P < 0.01.

Liaoning Province (Grant No. LZ2019065); the Special Grants for
Scientiﬁc and Techological Innnovation of Dalian (2017RQ123); the
Special Grants of Liaoyang Thrombus Hospital.

expression of TRPM2 by ACA not only down-regulated the intracellular
Ca2+ level, but also signiﬁcantly inhibited the activation of NLRP3, in
addition, the expressions of downstream factors including Caspase-1,
IL-1β and IL-18 were all correspondingly decreased. The combined
results suggested that the activation of the NLRP3 pathway was associated with TRPM2-induced Ca2+ inﬂux in this model.
These results reminded us that the activation of TRPM2 induced the
inﬂux of Ca2+, subsequently activated the expression of NLRP3 and its
downstream factors. The elimination of ROS and the inhibition of
TRPM2 activation eﬀectively alleviated the lung injury induced by
PM2.5. It should also be noted that the number of animals was limited.
However, all the data showed statistically signiﬁcant diﬀerences, and
the tendency was consistent in vivo and in vitro.
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5. Conclusion
In the present study, we showed that PM2.5 could induce acute lung
injury via ROS-TRPM2-Ca2+-NLRP3 signaling pathway. This study
elucidated a mechanism of acute mice lung injury caused by PM2.5
exposure, providing a novel potential therapeutic target for the treatment and prevention of pulmonary diseases related with PM2.5 exposure.
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