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ABSTRACT: Ambient fine particulate matter (PM2.5)
could induce cardiovascular diseases (CVD), but the
mechanism remains unknown. To investigate the roles
of epidermal growth factor receptor (EGFR) and NOD-
like receptors (NLRs) in PM2.5-induced cardiac injury,
we set up a BALB/c mice model of PM2.5-induced
cardiac inflammation and fibrosis with intratracheal
instillation of PM2.5 suspension (4.0 mg/kg b.w.) for
5 consecutive days (once per day). After exposure, we
found that mRNA levels of CXCL1, interleukin (IL)-
6, and IL-18 were elevated, but interestingly, mRNA
level of NLRP12 was significant decreased in heart tis-
sue from PM2.5-induced mice compared with those of
saline-treated mice using real-time PCR. Protein lev-
els of phospho-EGFR (Tyr1068), phospho-Akt (Thr308),
NLRP3, NF-κB-p52/p100, and NF-κB-p65 in heart tis-
sue of PM2.5-exposed mice were all significantly in-
creased using immunohistochemistry or Western blot-
ting. Therefore, PM2.5 exposure could induce cardiac
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inflammatory injury in mice, which may be involved
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INTRODUCTION

Particulate matter (PM) with an aerodynamic di-
ameter less than 2.5 μm (also known as PM2.5) is the
main component of smog in China [1, 2]. So far, health
effects of smog have been attributed to PM2.5 that can
penetrate deeply into alveolar regions of the lung and
even transmit through blood into circulation, includ-
ing heart [1–3]. Documented evidence from epidemio-
logical studies have demonstrated that PM2.5 exposure
is associated with increased cardiopulmonary morbid-
ity and mortality, especially in susceptible populations
(such as children, elders, and patients with preexisting
cardiopulmonary diseases) [4–8]. It has been reported
that a 10 μg/m3 increase of PM2.5 concentration is asso-
ciated with a 0.63% increase in cardiovascular disease
(CVD) mortality in China [9].

Cardiac inflammation and fibrosis are major
pathological characteristics of CVD [10–13]. Short-term
exposure to ambient PM2.5 contributes to acute coro-
nary events, especially among patients with coro-
nary artery disease, which may be associated with
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PM2.5-inducedmatory effect [14, 15]. A study on di-
abetic individuals has confirmed that ambient PM2.5
exposure causes cardiovascular effects [16]. Further-
more, a large number of experimental studies with an-
imal models revealed that PM2.5 exposure led to acute
cardiac inflammatory injury, and inhalation of PM2.5
induced cardiac inflammation and fibrosis [17, 18].
Although there are close relationships between PM2.5
exposure and adverse cardiovascular effects based on
abundant human and animal studies, the underlying
mechanisms remain unknown.

The epidermal growth factor receptor (EGFR) ac-
tivation and its signaling pathway have been proposed
to play a critical role in inflammation [19]. The EGFR
is a transmembrane tyrosine kinase that belongs to the
HER/ErbB protein family [20]. Ligands binding and
other mediators (such as c-Src) directly or indirectly
activate EGFR and its downstream signaling, which
regulates a plethora of physiological and pathological
processes, for instance, mitogenesis, protein excretion,
apoptosis, cell motility, and inflammatory responses
[19–23]. Protein kinase B (Akt), a kinase of the down-
stream of EGFR signaling, can be triggered by an in-
creasing phosphorylation of EGFR [22], which regu-
lates proinflammatory cytokines including CXCL1 by
activating nuclear factor-kappa B (NF-κB) signaling
[24].

The NOD-like receptors (NLRs) are a group of in-
tracellular PRRs of the innate immune system that has
been increasingly associated with various aspects of in-
nate and adaptive immune system regulation, inflam-
mation, and autoimmunity [25]. A subset of NLR fam-
ily proteins (such as NLRP3) control inflammasome
assembly that results in Caspase-1 activation and, in
turn, interleukin (IL)-1β and IL-18 production [26]. For
NLRP3 inflammasome, it has been reported to be in-
volved in the pathologic process of heart diseases [27].
NLRP12 is originally suggested to form an inflamma-
some with ASC [28]. However, a recent study reveals
that NLRP12 has been characterized as a negative reg-
ulator of inflammation through inhibiting NF-κB sig-
naling [29], which regulates a variety of inflammatory
cytokines that may directly contribute to inflammation
[30]. However, it is still unclear whether EGFR and
NLRs are involved into PM2.5-induced cardiac diseases.

In the present study, we established a mouse model
of PM2.5-induced cardiac inflammation and fibrosis,
and determined total super oxide dismutase (T-SOD)
and malondialdehyde (MDA) which are the biomark-
ers of oxidative stress in mice serum. Moreover,
histological and morphological alterations, expres-
sion of pro-inflammatory and NLRP inflammasome-
associated genes and proteins, and the activation of the
EGFR/Akt signaling pathway in heat tissues of mice
were examined to explore the mechanisms of PM2.5-
induced cardiac injury.

MATERIALS AND METHODS

Animals

Thirty 6–8-week-old BALB/c mice (SPF degree,
half male and female, 20–30 g in weight) were bought
from the Medical Animal Center, Zhengzhou Univer-
sity, Henan Province, China, and raised in stainless
steel cages in the Medical Animal Center located in
the College of Public Health of Zhengzhou University
(temperature 20–24°C, humidity 40%–60%, lights on
8 a.m.–8 p.m.). All experimental procedures were ap-
proved by the Life Sciences Institutional Review Board
of Zhengzhou University and performed strictly in ac-
cordance with the Guidelines of Zhengzhou University
for Animal Experiments.

PM2.5 Collection and Preparation

The sampling site was located in a major city
of central China during November, 2014. The quartz
fiber filters (QFFs) (20.3 × 25.4 cm2; Pall Corporation,
New York, USA) wrapped by aluminum foil were pre-
baked at 450°C for 4 h and balanced at 25°C in des-
iccators. PM2.5 samples were collected on QFFs for
24 h/d using a PM2.5 high-volume air sampler (KC-
1000; Laoshan Mountain Electronic Instrument Fac-
tory Company, Qingdao, China) with a pump flow
rate of 1.13 m3/min. There are three options of cut-
ter bars on the high-volume air sampler, which are the
total suspended particulates (TSP), PM10 and PM2.5.
Particulates with a diameter less than 2.5 μm can
be collected on QFFs at the condition of PM2.5 cut-
ter bar, the other particulates (greater than 2.5 μm
in diameter) were stopped and blocked by a spe-
cial filter. The QFFs were packed in aluminum foil
and stored at −20°C. Chemical analyses of metal ele-
ments and polycyclic aromatic hydrocarbons (PAHs) of
PM2.5 were performed as described in previous studies
[31, 32].

Particles were recovered from filters by sequential
sonications (four cycles of 20 min each) in sterile wa-
ter; detached particles were concentrated by vacuum
freeze-drying and weighed. Physiological saline was
then added to the freeze-dried product to the concen-
tration of 2.0 mg/mL. The PM2.5 suspension was stored
at 4°C and sonicated just before intratracheal instilla-
tion into mice.

Intratracheal Instillation of PM2.5

Thirty mice were anesthetized with isoflurane dur-
ing intratreacheal instillation. The dose of instilled
PM2.5 (4.0 mg/kg b.w.) used in this study was deter-
mined by reference to the dose employed in the previ-
ously published study [17]. Instillation was performed
once a day for 5 consecutive days.
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Assay of T-SOD and MDA in Serum

The blood of mice was collected and centrifuged
at 684g for 10 min at 4°C to obtain serum. Levels of
T-SOD (Cu, Zn, and Mn) activity and MDA in serum
were determined using assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The analysis
was performed with a V-5800 (PC) Visible Spectropho-
tometer (Selon, Shanghai, China).

Examination of Cardiac Histological
and Morphological Alterations

Heart tissues of mice were fixed in 10%
paraformaldehyde at 4°C overnight. After fixation,
paraffin-embedded heart sections of 5 μm in thick-
ness were stained with hematoxylin and eosin (HE) and
Masson’s Trichrome. As described previously [18, 33],
extent of lung fibrosis was evaluated by measurement
of area of fibrosis (%) using Image-Pro Plus 6.0 soft-
ware. Extent of cardiomyocyte hypertrophy was quan-
tified by determination of individual cardiomyocyte
area using Image-Pro Plus 6.0 software.

RNA Isolation and RT-PCR

Twenty-four hours after last PM2.5 instillation,
mice were sacrificed and heart tissues stored at −80°C.
Total RNA was extracted from cardiac tissue using
Trizol (TaKaRa, Tokyo, Japan) RNA Isolation Proto-
col. The first-strand cDNA was synthesized using
PrimeScriptTM RT reagent kit (TaKaRa, Tokyo, Japan)
according to the manufacturer’s protocols. cDNA prod-
uct was stored at −20°C until use. mRNA transcription
of IL-6, IL-1β, IL-18, CXCL1, IL-10, and NLRP12 was
assessed by Mx3000P QPCR System (Stratagene, Cal-
ifornia, USA) with the SYBR

R©
Premix Ex TaqTM (Tli

RNaseH Plus) kit (TaKaRa, Tokyo, Japan) and gene-
specific primers (Sangon Biotech, Shanghai, China).
All values were normalized to the transcription of the
housekeeping gene β-actin. The primer sequences of
the tested genes and β-actin are listed in Table 1.

Immunohistochemical Staining

Expression of NLRP3, Caspase-1, NF-κB-p65, and
NF-κB-p52/p100 in heart tissues was determined by
immunohistochemical staining. Briefly, heart tissue
sections were first blocked with goat serum for 30 min
at room temperature, and incubated with rabbit anti-
mouse NLRP3 (Wuhan Boster, Wuhan, China; 1:200
dilution), Caspase-1 (Wuhan Boster, Wuhan, China;
1:200 dilution), NF-κB-p65 (Beijing Biosynthesis, Bei-
jing, China; 1:200 dilution), or NF-κB-p52/p100 (Bei-

jing Biosynthesis, Beijing, China; 1:200 dilution) mon-
oclonal antibody over night at 4°C, respectively, fol-
lowed by incubation with biotinylated goat anti-
rabbit immnunoglobulin at a concentration of 1:100
at 37°C for 30 min. Positive IHC staining was re-
flected as brown staining in the cytoplasm and quan-
tified by average optical density (AOD) in 10 high
power vision fields using Image-Pro Plus 6.0 soft-
ware (AOD = Integrated Optical Density (IOD) SUM/
Area SUM).

Western Blotting

Twenty-four hours after PM2.5 instillation, heart
tissues were lysed with protein lysis buffer (CWbio,
Beijing, China). Protein concentration was measured
using BCA Protein Assay Kit (Tiangen Biotechnology,
Beijing, China). Protein samples were mixed with load-
ing buffer and boiled for 5 min. Proteins were separated
by SDS-PAGE and transferred to polyvinylidene fluo-
ride membrane. Membranes were blocked by 5% milk
in TBS/0.1% Tween 20 for 1 h at room temperature, then
incubated overnight at 4°C with 1:3000 rabbit mon-
oclonal antibody to mouse phospho-EGFR (Tyr1068)
(Cell Signaling, Boston, USA), or 1:2000 rabbit mono-
clonal antibody to mouse phospho-Akt (Thr308) (Bei-
jing Biosynthesis) or 1:1000 rabbit monoclonal antibody
to mouse GAPDH (CWbio) in 3% milk in TBS/0.1%
Tween 20 . After that, the membranes were incubated
with the corresponding secondary antibodies at room
temperature for 1 h. Bands were detected by ECL en-
hanced Chemiluminescence Kit (Vazyme Biotech, Nan-
jing, China) plus Amersham Imager 600 western blot-
ting detection system (Amersham, Uppsala, Sweden).

Statistical Analysis

Results were expressed as mean ± SE. To compare
differences between saline and PM2.5 group, two-tailed
Student’s t-test was conducted using SPSS21.0 (IBM,
RTP, NC, USA). A two-tailed p value < 0.05 was con-
sidered statistically significant.

RESULTS

Composition of PM2.5

PM2.5 is a mixture containing lots of components
that are thought to be associated with adverse car-
diopulmonary effects. In this study, we analyzed the
composition (metal elements and PAHs) of PM2.5 sus-
pension using inductively coupled plasma–mass spec-
trometry and gas chromatography–mass spectrometry.
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TABLE 1. Primers Used for RT-PCR

Target Gene Forward Primer (5′ to 3′) Reverse Primer (5′ to 3′) Source

IL-6 TCTGCAAGAGACTTCCATCCA AGTCTCCTCTCCGGACTTGT PrimerBank
IL-1β AAGATGAAGGGCTGCTTCCA AAGGTCCACGGGAAAGACAC PrimerBank
IL-18 TGCAGACTGGTTGGCATCAA CTGATGCTGGAGGTTGCAGA PrimerBank
CXCL1 ACCCAAACCGAAGTCATAGCC TTGTCAGAAGCCAGCGTTCA PrimerBank
IL-10 GGTTGCCAAGCCTTATCGGA GAGAAATCGATGACAGCGCC PrimerBank
NLRP12 CTGGTGAGGGTCACTCCAAAT GCTCAGGTTCACACATTCGC PrimerBank
β-Actin GAGATTACTGCTCTGGCTCCTAG TCATCGTACTCCTGCTTGCTG PrimerBank

FIGURE 1. PM2.5 exposure induces oxidative stress in circulatory
system. The activity of T-SOD (A) and MDA levels (B) in serum of
the mice exposed to saline or PM2.5 (4.0 mg/kg b.w., 5d) was mea-
sured with assay kits. Data are expressed as mean ± SEM. *p < 0.05,
versus saline (n = 5). These data are representatives of two similar
experiments.

It was shown that PM2.5 contained 38.6% of aluminum
(Al), 25.7% of zinc (Zn), and 21.0% of iron (Fe). More-
over, PM2.5 also contained diverse PAHs including
38.3% of phenanthrene (PHE), 9.7% of benzo(a)pyrene
(BaP), and 8.4% of benzo(b)fluoranthene (BbFA).

PM2.5 Exposure Reduces T-SOD Activity
and Increases MDA Levels in Serum

As shown in Figure 1, the activity of T-SOD in the
serum of mice exposed to PM2.5 suspension (4.0 mg/kg
b.w.) was reduced significantly compared with that of
saline controls (p < 0.05). The levels of MDA in the
serum of PM2.5-exposed mice, an indicator of lipid per-
oxidation (LPO), were significantly higher than that
of saline mice (p < 0.05). These results indicated that
PM2.5 exposure significantly induces oxidative stress in
circulatory system of mice.

Histological and Morphological Alterations
of Heart Tissue

Masson’s Trichrome stained and HE stained heart
sections showed characteristic histological and mor-
phological alterations. As shown in Figure 2A, blue

staining representing collagen fiber and phlegm in car-
diac tissues of mice was observed. To quantify the
extent of fibrosis in saline and PM2.5-exposed mice,
the area of fibrosis (%) (Figure 2C-a) was evaluated
with Image-Pro Plus 6.0 software. It was shown that
area of fibrosis (%) in cardiac tissues of PM2.5-exposed
mice was larger in comparison with saline-exposed
mice (p < 0.05). Infiltration of inflammatory cells
in cardiac tissues and cardiomyocyte hypertrophy in
heart tissue of PM2.5-exposed mice were observed in
Figure 2B. In order to measure the degree of cardiomy-
ocyte hypertrophy, myocyte area (μm3) was quantified
with Image-Pro Plus 6.0 software. Myocyte area in heart
tissue of the mice exposed to PM2.5 was larger than
that in saline controls (p < 0.05) (Figure 2C-b). Taken
together, these results suggest that PM2.5 exposure in-
duces significant fibrosis, inflammation, and cardiomy-
ocyte hypertrophy in mouse heart.

Effects of PM2.5 Exposure on mRNA
Transcription in Cardiac Tissues

As shown in Figure 3, CXCL1, IL-6, IL-18 mRNA
levels in PM2.5-exposed mouse hearts were signifi-
cantly elevated compared with those of saline controls
(p < 0.05). However, there was no significant difference
in mRNA levels of IL-1β or IL-10 between heart tis-
sues of PM2.5-induced and control mice. Interestingly,
mRNA levels of NLRP12 in heart tissues of PM2.5-
exposed mice was reduced compared with those of
control mice (p < 0.05).

Effects of PM2.5 on Caspase-1, NLRP3,
NF-κB-p52/p100, and NF-κB-p65 Expression
in Mouse Heart

Expression of Caspase-1, NLRP3, NF-κB-
p52/p100, and NF-κB-p65 proteins in cardiac tissues
was examined using immunohistochemical staining
of fixed heart specimens (Figure 4A) from saline-
and PM2.5-exposed mice. As shown in Figure 4B,
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FIGURE 2. PM2.5 exposure induces cardiac fibrosis, inflammation, and cardiomyocyte hypertrophy. Cardiac fibrosis (A) from saline or PM2.5-
induced mice (4.0 mg/kg b.w., 5d) was examined by Masson’s Trichrome staining (40×). Blue staining represents collagen fiber and phlegm of
fibrosis. Pathological changes of cardiac tissues and morphological alteration of cardiomyocyte (B) of mice exposed to saline or PM2.5 (4.0 mg/kg
b.w.) for 5d were determined by HE staining. Red arrows show infiltration of inflammatory cells in cardiac tissues of PM2.5-exposed mice. Areas
of fibrosis (%) (C-a) or myocytes (C-b) were quantified with Image-Pro Plus 6.0 software. Data are expressed as mean ± SEM. *p < 0.05, versus
saline (n = 5). Data shown are representative of two separate experiments.

FIGURE 3. Effects of PM2.5 exposure on transcription of pro-
inflammatory mediators in cardiac tissues. Expression of CXCL1,
IL-1β, IL-18, IL-6, IL-10, and NLRP12 mRNA in cardiac tissues of the
mice exposed to saline or PM2.5 (4.0 mg/kg b.w., 5d) was evaluated
by RT-PCR. Mean transcription in cardiac tissues of PM2.5-instilled
mice is shown as increase/decrease compared with that in saline con-
trols (used as baseline value 1). Data are expressed as mean ± SEM.
*p < 0.05, versus saline (n = 5). Data shown are representative of two
separate experiments.

PM2.5 exposure increased the expression of NLRP3,
NF-κB-p52/p100, and NF-κB-p65 in cardiac tissues
(p < 0.05). However, there was no significant difference
in the expression of Caspase-1 between saline- and
PM2.5-induced mice.

PM2.5 Exposure Induces EGFR and Akt
Activation in Cardiac Tissues

Phosphorylation of specific residues on EGFR and
Akt is the indicator of activation of these signal-
ing molecules. Phospho-EGFR (Tyr1068) and phospho-
Akt (Thr308) in cardiac tissues was examined in
saline and PM2.5-exposed mice using Western blot-
ting. As shown in Figure 5, an increase in lev-
els of phospho-EGFR (Tyr1068) and phospho-Akt
(Thr308) in cardiac tissues was observed in PM2.5-
exposed mice. These results indicate PM2.5 exposure
potently activates EGFR and its downstream signal
pathway.

DISCUSSION

Urban PM2.5 is a complicated mixture containing
different chemical and microbial components, origi-
nating from different sources, and a major determi-
nant of adverse health effects on the public [34]. In
this study, chemical analysis of PM2.5 samples re-
vealed abundant metals such as Al, Zn, Fe, as well
as PAHs. These components can deposit in terminal
bronchioles, and then penetrate into blood circulation
[1, 3]. It has been reported that Zn compound are

J Biochem Molecular Toxicology DOI 10.1002/jbt
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FIGURE 4. PM2.5 exposure induces NLRP3, NF-κB-p52/p100 and NF-κB-p65 protein expression in cardiac tissues. (A) Expression of caspase-1,
NLRP3, NF-κB-p52/p100, and NF-κB-p65 protein in cardiac tissues from saline- and PM2.5-exposed mice (4.0 mg/kg b.w., 5d). (B) Levels of
caspase-1, NLRP3, NF-κB-p52/p100, and NF-κB-p65 protein expression in cardiac tissues were evaluated by AOD in 10 high power vision fields
using Image-Pro Plus 6.0 software. Data are expressed as mean ± SEM. *p < 0.05, versus saline (n = 5). Data shown are representative of two
separate experiments.

positively associated with increasing CVD mortality
rate in the United States and PM-associated Zn at-
tributes to cardiac injury in rats [35, 36]. As for PAHs,
it has been demonstrated to be associated with heart
diseases [37].

Activity of anti-oxidative enzymes, such as SOD,
may be impaired under oxidative stress, leading to
increased levels of MDA, a typical product of LPO

[38]. In this study, SOD activity decreased but MDA
levels elevated in the serum of PM2.5-exposed mice.
Therefore, PM2.5-induced oxidative stress can be con-
sidered as an important event of PM2.5-mediated heart
injury.

The area of fibrosis (%) in hearts of PM2.5-
exposed mice was increased compared with that of
controls, which was consistent with the results from the

J Biochem Molecular Toxicology DOI 10.1002/jbt
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FIGURE 5. PM2.5 instillation induces EGFR and Akt activation in cardiac tissues. (A) Western blotting showed phospho-EGFR (Tyr1068),
phospho-Akt (Thr308), and GAPDH levels in three pieces of cardiac tissues from PM2.5- and saline-exposed mice. Relative density of phospho-
EGFR (Tyr1068) (B-a) and phospho-Akt (Thr308) (B-b) were evaluated using Image-Pro Plus 6.0 software. Data are expressed as mean ± SEM.
*p < 0.05, versus saline (n = 5). Data shown are representative of two separate experiments.

previous study [18]. Myocyte area represents the degree
of cardiomyocyte hypertrophy. Herein, we observed an
increased area of myocyte in hearts of the mice instilled
with PM2.5 than those of controls. Cardiomyocyte hy-
pertrophy is characterized by complex multicellular al-
terations and associated with cardiac inflammation and
fibrosis [39]. In addition, chronic cardiac inflammation
promotes cardiac fibrosis and remodeling [40]. To de-
fine whether the heart injury induced by PM2.5 asso-
ciates with increased inflammatory activity, we mea-
sured transcription of CXCL1, IL-1β, IL-18, IL-6, and
IL-10 mRNA in cardiac tissues. The products of these
genes have been shown to be involved in the patho-
genesis of heart diseases [41, 42]. Our results from this
study demonstrated that the PM2.5 exposure increased
CXCL1, IL-18, and IL-6 mRNA transcription in cardiac
tissues.

Increased expression of NLRP3 and IL-18 mRNA
in cardiac tissues of PM2.5-exposed mice were detected.
These results suggest that NLRP3 inflammasome may
be involved in PM2.5-induced cardiac inflammation in
mice. Interestingly, decreased level of NLRP12 mRNA
in cardiac tissues of the mice exposed to PM2.5 was dis-
covered (Figure 3). NLRP12 has been reported to be a
negative regulator of both canonical and noncanonical
NF-κB signaling that involves NF-κB-p65 (canonical)
and NF-κB-p52/p100 (noncanonical) [29, 43]. In sup-
port of this notion, we found that expression levels of
NF-κB-p52/p100 and NF-κB-p65 protein in cardiac tis-

sues of PM2.5-induced mice were elevated compared
with those of controls. NF-κB regulates a variety of
inflammatory cytokines, such as CXCL1, IL-6, and IL-
10, which may directly contribute to cardiac inflamma-
tion and pathogenesis of CVD [30]. From this study,
it is assumed that NLRP12 may participate in PM2.5-
induced cardiac inflammation through regulating NF-
κB-p52/p100 and NF-κB-p65.

Levels of phospho-EGFR (Tyr1068) and phospho-
Akt (Thr308) in hearts of the mice exposed to
PM2.5 were higher than those of controls, implying
that the EGFR/Akt signal pathway was involved
in PM2.5-induced cardiac inflammation. This is in
line with the previous observation showing that the
EGFR/PI3K/Akt signal pathway triggers inflamma-
tory response in human cardiac fibroblasts [44]. Taken
together, the EGFR/Akt signaling may mediate PM2.5-
or its component-induced cardiac inflammation in mice
through modulation of CXCL1 expression.

Cardiac injury induced by PM2.5 exposure in mice
may associate with EGFR/Akt signaling, NLRP3 and
NLRP12.

REFERENCES

1. Guarnieri M, Balmes JR. Outdoor air pollution and
asthma. Lancet 2014;383(9928):1581–1592.

2. van Donkelaar A, Martin RV, Brauer M, Kahn R,
Levy R, Verduzco C, Villeneuve PJ. Global estimates
of ambient fine particulate matter concentrations from

J Biochem Molecular Toxicology DOI 10.1002/jbt



8 JIN ET AL. Volume 00, Number 0, 2016

satellite-based aerosol optical depth: development and
application. Environ Health Perspect 2010;118(6):847–
855.

3. Brook RD, Rajagopalan S, Pope CA, 3rd, Brook JR, Bhat-
nagar A, Diez-Roux AV, Holguin F, Hong Y, Luepker RV,
Mittleman MA, Peters A, Siscovick D, Smith SC Jr, Whit-
sel L, Kaufman JD. Particulate matter air pollution and
cardiovascular disease: An update to the scientific state-
ment from the American Heart Association. Circulation
2010;121(21):2331–2378.

4. Pope CA, 3rd, Burnett RT, Thun MJ, Calle EE, Krewski
D, Ito K, Thurston GD. Lung cancer, cardiopulmonary
mortality, and long-term exposure to fine particulate air
pollution. JAMA 2002;287(9):1132–1141.

5. Gehring U, Gruzieva O, Agius RM, Beelen R, Custovic
A, Cyrys J, Eeftens M, Flexeder C, Fuertes E, Heinrich J,
Hoffmann B, de Jongste JC, Kerkhof M,Klümper C, Korek
M, Mölter A, Schultz ES, Simpson A, Sugiri D, Svarten-
gren M, von Berg A, Wijga AH, Pershagen G, Brunekreef
B. Air pollution exposure and lung function in children:
the ESCAPE project. Environ Health Perspect 2013;121
(11–12):1357–1364.

6. Yang C, Peng X, Huang W, Chen R, Xu Z, Chen B, Kan H.
A time-stratified case-crossover study of fine particulate
matter air pollution and mortality in Guangzhou, China.
Int Arch Occup Environ Health 2011;85(5):579–585.

7. Lee BJ, Kim B, Lee K. Air pollution exposure and cardio-
vascular disease. Toxicol Res 2014;30(2):71–75.

8. Atkinson RW, Kang S, Anderson HR, Mills IC, Walton
HA. Epidemiological time series studies of PM2.5 and
daily mortality and hospital admissions: a systematic re-
view and meta-analysis. Thorax 2014;69(7):660–6665.

9. Lu F, Xu D, Cheng Y, Dong S, Guo C, Jiang X, Zheng
X. Systematic review and meta-analysis of the adverse
health effects of ambient PM2.5 and PM10 pollution in
the Chinese population. Environ Res 2015;136:196–204.

10. Lindner D, Zietsch C, Tank J, Sossalla S, Fluschnik N, Hin-
richs S, Maier L, Poller W, Blankenberg S, Schultheiss HP,
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