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COX-2 mediates PM2.5-induced apoptosis and
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Abstract: Emerging evidence demonstrated that particulate matter 2.5 (PM2.5) exposure served as an important
risk factor of cardiovascular diseases. Some studies also reported that COX-2/mPGES-1/PGE2 cascade played a
pathogenic role in vascular injury. However, the relationship between the PM2.5 exposure and the activation of
COX-2/mPGES-1/PGE2 cascade in endothelial cells is still unknown. In the present study, mouse aorta endothelial
cells were exposed to PM2.5. Strikingly, following the PM2.5 treatment, we observed dose- and time-dependent up-
regulation of COX-2 at both protein and mRNA levels as determined by Western blotting and qRT-PCR, respectively.
However, COX-1 mRNA expression was not affected by PM2.5 treatment. Next, we examined mPGES-1 expression.
As expected, mPGES-1 protein was markedly increased by PM2.5 exposure in line with a significant increment of
PGE2 release in medium. At the same time, we observed a dose-dependent upregulation of another two PGE2
synthases of mPGES-2 and cPGES determined by gRT-PCR. Inhibition of COX-2 by using a specific COX-2 inhibitor
NS-398 markedly blocked cell apoptosis, inflammation, and PGE2 secretion. Taken together, these results sug-
gested that PM2.5 could activate inflammatory axis of COX-2/PGES/PGE2 in vascular endothelial cells to promote

cell apoptosis and inflammatory response.
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Introduction

It is known that ambient air pollution has
become an important insult of many human
diseases in the world, including respiratory and
cardiovascular diseases [1]. According to the
World Health Organization (WHO) report, of
the 17.5 million cardiovascular diseases (CVD)-
related deaths in 2012, 3.7 million deaths was
associated with ambient air pollution, account-
ing for 6.7% of total deaths worldwide. Air pol-
lutant is a complex mixture containing gases,
particulate matter (PM), semi-volatile and vola-
tile organics, and other pollutants. The United
State Environmental Protection Agency (USEPA)
defined PM as “a complex mixture of extremely
small particles and gases which includes acids,
organic chemicals, metals, soils and dust”.
According to aerodynamic diameter, PM is clas-
sified into four categories: total suspended par-
ticulate (TSP<100 ym, PM100); coarse particu-

late matter (TSP<10 um, PM10); fine particulate
matter (TSP<2.5 ym, PM2.5), and ultrafine par-
ticles (TSP<0.1 ym, PMO0.1). Particulate matter
comes mainly from human activities and natu-
ral phenomena (e.g. wildfires, volcanoes, and
land dust) [2]. In both, human-generated sourc-
es including emissions from industrial produc-
tion, biomass burning, and vehicle exhaust are
the main contributors [3]. PM contains many
toxic heavy metals, including chromium, lead,
arsenic, cadmium, and nickel which are harmful
to human health [4]. The smaller aerodynamic
diameter, the larger adsorption area, and the
higher risk to human health [5]. Compared with
PM10, PM2.5 have smaller size and lighter
quality, which can enter into respiratory tract
and vascular system, leading to the pulmonary
and systemic inflammation and oxidative stress,
activating coagulation system, disturbing auto-
nomic nerve and vascular endothelium function
[6-9].
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Epidemiological studies have revealed both
short- and long-term exposure to high concen-
tration of PM2.5 significantly increased morbid-
ity and mortality [10]. In cardiovascular system,
exposure to PM2.5 was associated with a vari-
ety of cardiovascular diseases, including myo-
cardial infarction [11, 12], arrhythmias [13, 14],
heart failure exacerbations [15], coronary heart
disease [16, 17], arterial wall thickening and
atherosclerosis [18, 19]. Recently, the patho-
genic mechanisms involved in the CVD related
to PM2.5 were chiefly documented as: (1)
Oxidative stress [20-22]; (2) Pulmonary and
systemic inflammatory response [23, 24]; (3)
Endothelial Dysfunction [25-28]; (4) Autonomic
Dysfunctions [29-31]; (5) Abnormal activation
of coagulation [32, 33]; and (6) Genotoxic Eff-
ects [34, 35].

As mentioned above, inflammatory response
served as an important contributor in PM2.5-
related cardiovascular diseases. A recent study
reported that cyclooxygenase-2 (COX-2) expres-
sion was upregulated in mice myocardial tissue
after co-exposure to SO,, NO,, and PM2.5 [24].
COX-2 is the dominant source of prostaglandin
(PG), including prostaglandin E2 (PGE2) which
is mainly synthesized by prostaglandin E syn-
thase (PGES) [36]. In the past decade, three
forms of PGE synthases have been found and
characterized: including microsomal prosta-
glandin E synthase-1 (MPGES-1), microsomal
prostaglandin E synthase-2 (mPGES-2) and
cytosolic PGES (cPGES). mPGES-1 is the best-
characterized PGE synthase [37, 38]. Many
studies have demonstrated that COX-2/mPGES-
1/PGE2 cascade activation is involved in car-
diovascular disease, including neointimal hy-
perplasia after vascular injury, aortic aneurysm,
and atherosclerosis [39-42]. Thus, we hypoth-
esized that PM2.5 could activate inflammatory
cascade of COX-2/mPGES-1/PGE2 in endo-
thelial cells (ECs) to cause the cell injury and
inflammation. To prove this hypothesis, mouse
aorta endothelial cells were exposed to PM2.5
and the activation and the role of this cascade
were examined.

Materials and methods
Materials
Mouse aorta endothelial cells (MAECs) were

obtained from ATCC. Prostaglandin E2 (PGE2)
EIA kit, COX-2 (catalog no. 160106) and mPGES-
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1 (catalog no. 160140) antibodies were pur-
chased from Cayman Chemicals (Ann Arbor,
MlI). BAX (catalog no. 50599-2) and Bcl2 (cata-
log no. 12789-1) antibodies were from Prote-
intech. Trizol was obtained from Takara. Dul-
becco’s modified Eagle’s medium (DMEM) and
Fetal bovine serum were obtained from Gibco.
Cell culture dishes were obtained from Corning.
COX-2 inhibitor NS-398 (catalog no. s1772) was
from Beyotime (Shanghai, China). PM2.5 was
kindly provided by Dr. Zhengdong Zhang from
School of Public Health, Nanjing Medical Uni-
versity, Nanjing, China, collected from Wuhan
China.

Cell culture and PM2.5 exposure

MAECs were cultured in DMEM supplemented
with 10% FBS, and 1% penicillin/streptomycin
in a 5% CO, atmosphere at 37°C. All cell expo-
sure experiments were performed at 80-90%
cell confluence with viability > 90% determined
by the trypan blue staining. The cells were
digested with 0.25% trypsin and sub-cultured
into 6-wells plates or 12-wells plates for 24 h
with DMEM supplemented 10% FBS. Then
using serum-free medium instead of previous
culture medium, and the cells were incubated
with freshly dispersed PM2.5 at final concen-
trations of 25, 50, 100 yg/ml for 12, 24 h at
37°C with or without a pretreatment of NS-398
(COX-2 inhibitor).

Western blotting analysis

After the exposure to PM2.5, MAECs were col-
lected and lysed using RIPA buffer supplement-
ed with protease and phosphatase inhibitors at
4°C for 30 min. Whole cell lysates were collect-
ed using centrifugation at 12,000 g for 15 min
at 4°C, and protein concentration was deter-
mined with BCA Protein Assay Kit (Beyotime).
Then proteins were subjected to 10% or 5%
sodium dodecyl sulfate-polyacrylamide gel ele-
ctrophoresis (SDS-PAGE). The proteins were
transferred to a polyvinylidene difluoride (PVDF)
membrane by wet electrophoretic transfer at
300 mA for 60 min. The PVDF membranes were
then blocked in 5% Skim milk at room tempera-
ture for 1 h and then incubated with the prima-
ry antibodies diluted (1:2000) in 5% milk for
overnight at 4°C, and then incubated with the
secondary antibody diluted (1:3000) at room
temperature for 2 h. After completion of incuba-
tion; the membranes were washed with TBST
for five times. Immuno-reactive bands were
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Figure 1. PM2.5 dose-dependently induced COX-2 expression in endothe-
lial cells. Mouse aorta endothelial cells were treated with different doses of
PM2.5 (0, 25, 50, 100 pg/ml) for 24 h. A. Western blotting analysis of COX-2.
B. Densitometric analysis of COX-2 Western blots. C. COX-2 mRNA expres-
sion in endothelial cells was determined by gRT-PCR. The values represent
the means + SD (n=6 in each group). *p<0.05 vs. Control group. **p<0.01
vs. Control group. ***p<0.001 vs. Control group.
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Figure 2. PM2.5 time-dependently induced COX-2 expression in endothelial
cells. Mouse aorta endothelial cells were treated with PM2.5 (50 pg/ml) at
different time points (0, 12, and 24 h). A. Western blotting analysis of COX-2.
B. Densitometric analysis of COX-2 Western blots. C. COX-2 mRNA expres-
sion in endothelial cells was determined by gRT-PCR. The values represent
the means + SD (n=6 in each group). *p<0.05 vs. Control group. **p<0.01
vs. Control group. ***p<0.001 vs. Control group.

detected with ECL reagents using Gel imager
(Bio-Rad). Densities of target protein bands
were determined with Quantity One 4.4.1 (Bio-
Rad). The internal control GAPDH was used to
normalize loading variations.
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Quantitative real-time PCR
(QRT-PCR)

Total RNA was extracted with
TRIZOL according to the proto-
col of the manufacturer. Olig-
onucleotides were designed
by using Primer 5 software
and the sequences are [3-
actin: 5-GCTCTGGCTCCTAGC-
ACCAT-3’ (sense) and 5-GCC-
ACCGATC CACACAGAGT-3’ (an-
tisense); COX-1: 5’-CATTGCAC-
ATCCATCCACTC-3’ (sense) and
5’-CCAAAGCGGACACAGACAC
-3’ (antisense); COX-2: 5-AG-
GACTCTGCTCACGAAGGA-3’
(sense) and 5-TGACATGGAT-
TGGAACAGCA-3’ (antisense);
mPGES-2: 5-GCTGGGGCTGT-
ACCACAC-3’ (sense) and 5'-
GATTCACCTCCACCACCTGA-3’
(antisense); cPGES: 5-GGTA-
GAGACCGCCGGAGT-3’ (sense)
and 5-TCGTACCACTTTGCAGA-
AGCA-3’ (antisense); Mouse
IL-6: 5-GCTTAGGCATAACGCA-
CT-3' (sense) and 5- GGA-
AATCGTGGAAATGAG-3' (anti-
sense); Mousell-1B: 5-AGGC-
TCCGAGATGAACAA-3’ (sense)
and 5- GAAGGCATTAGAAACA-
GTCC-3’ (antisense); Mouse
TNF-o: 5-CTGTGAAGGGAATG-
GGTGTT-3’ (sense) and 5’-CAG-
GGAAGAATCTGGAAAGGT-3’
(antisense); Mouse MCP-1: 5'-
ACCACAGTCCATGCCATCAC
(sense) and 5-TTGAGGTGG-
TTGTGGAAAAG-3’ (antisense);
Mouse ICAM-1: 5-CGCTTCCG-
CTACCATCAAC-3’ (sense) and
5’-GGCGGCTCAGTATCTCCTC
-3’ (antisense); Mouse VCAM-
1: 5-GGAGAGACAAAGCAGAA-
GTGG-3’ (sense) and 5-AAC-
ACAAGCGTGGATTTGG (antise-
nse); Real-time PCR was car-
ried out using SYBR Green

(Vazyme). The PCR cycle was as follows: initial
denaturant at 95°C for 5 min, followed by 40
cycles of denaturant at 95°C for 30 s, anneal-
ing at 60°C for 30 s and extension at 72°C for
30 s. The amount of target genes was analyzed
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Figure 3. PM2.5 exposure did not change COX-1
expression in endothelial cells. Mouse aorta endo-
thelial cells were treated with PM2.5 (50 pg/ml) at
different time points (0, 12, and 24 h). COX-1 mRNA
expression in endothelial cells was determined by
gRT-PCR. The values represent the means + SD (n=6
in each group).
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Figure 4. PM2.5 induced mPGES-1 expression in
endothelial cells. Mouse aorta endothelial cells
were treated with PM2.5 (50ug/ml) at different time
points (0, 12, and 24 h). A. Western blotting analysis
of mPGES-1. B. Densitometric analysis of mPGES-1
Western blots. The values represent the means +
SD (n=6 in each group). *p<0.05 vs. Control group.
**p<0.01 vs. Control group.

using the 2”-ACt method following the normal-
ization through B-actin.
Apoptosis assay

MAECs were treated and stained with FITC
annexin V and propidium iodide according to
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the instruction of manufacturer. The stained
cells were analyzed by using a BD FACSCalibur
flow cytometer (Bedford, MA) and the data anal-
ysis was performed with FlowJo software.

EIA assay

Cell culture medium was collected after PM2.5
exposure with or without a pretreatment of
NS-398 (COX-2 inhibitor), and the PGE2 levels
were determined using an EIA kit (Cayman
Chemical Company) according to the manufac-
turer’s instructions.

Statistical analysis

All results obtained were expressed as means
+ standard deviation (SD) of three independent
experiments. Data were analyzed using analy-
sis of variance (ANOVA) statistical analysis fol-
lowed by a post-hoc t test or unpaired Student’s
t-test. Statistical significance was set at P <
0.05.

Results

PM2.5 exposure upregulated COX-2 expres-
sion in mouse aorta endothelial cells

COX-2 has a known role in mediating inflamma-
tory response in many diseases including car-
diovascular complications. However, whether
PM2.5 could affect COX-2 expression in vascu-
lar endothelial cells was not reported. In the
present study, we treated mouse aortic endo-
thelial cells with PM2.5 and found that PM2.5
at the concentration of 25 yg/ml and 50 pg/mi
for 24 h moderately but significantly enhanced
COX-2 protein expression (Figure 1A, 1B).
Further increment of PM2.5 concentration to
100 pg/ml led to a more robust induction of
COX-2 protein expression by 3 folds (Figure 1A,
1B). Then we examined COX-2 mRNA expres-
sion in endothelial cells following treatment
with PM2.5. Similarly, COX-2 mRNA level was
dose-dependently enhanced as compared with
the control group (Figure 1C). To observe
whether PM2.5 has a time-dependent effect on
regulating COX-2 expression, we treated endo-
thelial cells with PM2.5 at different time po-
ints (O h, 12 h, and 24 h). As shown by Figure
2A, 2B, PM2.5 time-dependently upregulated
COX-2 protein expression. For the mRNA regula-
tion, 12-h PM2.5 exposure led to a maximal
COX-2 induction in the cells (Figure 2C).

Am J Transl Res 2017;9(9):3967-3976
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Figure 5. PM2.5 upregulated the mRNA expressions of mPGES-2 and cPGES
in endothelial cells. Mouse aorta endothelial cells were treated with differ-
ent doses of PM2.5 (0, 25, 50, 100 pg/ml) for 24 h. A. mMPGES-2 mRNA
expression in endothelial cells was determined by qRT-PCR. B. cPGES mRNA
expression in endothelial cells was determined by qRT-PCR. The values rep-
resent the means + SD (n=6 in each group). *p<0.05 vs. Control group.

*%*p<0.01 vs. Control group.
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Figure 6. COX-2 inhibitor blocked PM2.5-induced
PGE2 release in endothelial cells. Mouse aorta en-
dothelial cells were pretreated with COX-2 inhibitor
NS-398 (10 uM) for 1 hour and then were treated
with PM2.5 (50 pg/ml) for 24 h. PGE2 levels in the
medium were examined by EIA assay. The values
represent the means + SD (n=6 in each group).
*%*%*p<0.001 vs. DMSO or PM2.5 group.

In general, COX-1 served as an enzyme for
the generation of baseline prostaglandins and
could not be regulated under many pathologi-
cal conditions. As expected, PM2.5 at a dose of
50 pg/ml did not affect the mRNA expression
of COX-1 in a time course study (Figure 3).
These results demonstrated that PM2.5 has a
potent and selective role in upregulating COX-2
expression in vascular endothelial cells.
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PM2.5 upregulated mPGES-1
expression in mouse aorta
endothelial cells

mPGES-1 served as an in-
ducible PGE2-generating en-
zyme under many pathological
conditions. Thus, we exam-
ined mMPGES-1 expression via
Western blotting and observed
a robust upregulation by more
than 4 folds following PM2.5
exposure for 12 h at a dose
of 50 ug/ml (Figure 4A, 4B).
This result demonstrated that
PM2.5 is a potent stimulant of
mPGES-1 in vascular endothe-
lial cells.
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PM2.5 upregulated mPGES-2 and cPGES ex-
pression in mouse aorta endothelial cells

In general, among three PGE synthases,
mPGES-1 was proven as an inducible enzyme
and responsible for the production of induced
PGE2. However, mPGES-2 and cPGES were
thought to be mainly responsible for the main-
tenance of baseline PGE2. In the present study,
we also examined the mPGES-2 and cPGES
expressions in endothelial cells exposed to
PM2.5 at different doses (25 ug/ml, 50 ug/ml,
and 100 pg/ml) for 24 h. As shown by the data,
PM2.5 dose-dependently increased the expres-
sions of MPGES-2 and cPGES as determined by
gRT-PCR (Figure 5A, 5B). These results demon-
strated that both mPGES-2 and cPGES could
be upregulated by PM2.5 in vascular endothe-
lial cells.

Inhibiting COX-2 significantly blocked PM2.5-
induced PGE2 production

In agreement with the upregulation of COX-2
and PGE2 synthases, we observed a marked
increase of PGE2 production following PM2.5
treatment (Figure 6). Strikingly, such an induc-
tion of PGE2 was abolished by a specific COX-2
inhibitor NS-398 (Figure 6).

Inhibiting COX-2 significantly blocked PM2.5-
induced MAEC apoptosis

To further evaluate the effect of COX-2 on
PM2.5-induced MAEC injury, we detected the
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Figure 7. COX-2 inhibitor blocked
PM2.5-induced apoptosis in en-
dothelial cells. Mouse aorta endo-
thelial cells were pretreated with
COX-2 inhibitor NS-398 (10 uM )
for 1 hour and then were treated
with PM2.5 (50 pg/ml) for 24 h. A.
Analysis of endothelial cell apop-
tosis. B. Western blotting analysis
of BAX and Bcl2. C. Densitometric
analysis of BAX and Bcl2 Western
blots. The values represent the
means + SD (n=6 in each group).
*p<0.05 vs. DMSO or PM2.5
group. **p<0.01 vs. DMSO or
PM2.5 group. ***p<0.001 vs.
DMSO or PM2.5 group.

and morbidity. A recent res-
earch proved that episodic
exposure to PM2.5 was asso-
ciated with elevated circulat-
ing endothelial microparticles
indicating the endothelial cell
apoptosis and endothelial in-
jury, and enhanced inflamma-
tory cytokines indicating a
systemic inflammation [43].
Although systemic inflamma-
tion and endothelial dysfunc-
tion induced by PM2.5 have
been observed and recog-
nized by the researchers, the
exact mechanism mediating
such effects remains unclear.
In consideration of a known
role of COX-2/PGES/PGE2 ax-
is in mediating inflammatory

apoptotic response in MAECs after the PM2.5
administration. The results demonstrated that
PM2.5 could induce the apoptosis in MAECs
which was completely blocked by inhibiting
COX-2 (Figure 7A). Meantime, the increment of
BAX and the decrement of Bcl2 were largely
normalized following COX-2 inhibition (Figure
7B, 7C). These results suggested a detrimen-
tal role of COX-2 in mediating PM-2.5-induced
endothelial cell apoptosis.

Inhibiting COX-2 significantly attenuated
PM2.5-induced inflammation in MAECs

Inflammation plays an important role in the
onset and progression of cardiovascular dis-
eases. COX-2/PGES/PGE2 pathway is known
as a potent inflammatory cascade. Thus, we
examined the inflammatory markers including
IL-6, IL-1B, TNF-a, MCP-1, ICAM-1, and VCAM-1
in MAECs (Figure 8A-F). As expected, PM2.5
significantly enhanced the expressions of the-
se inflammatory markers, which was markedly
ameliorated by the treatment of a specific
COX-2 inhibitor. These data indicated that
COX-2 mediated an inflammatory response
induced by PM2.5 in endothelial cells.

Discussion
Accumulating evidence demonstrated that

PM2.5 inhalation is associated with the in-
creased risk of CVD, as well as the mortality
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response, we performed ex-

periments to define the effect
of PM2.5 on regulating endothelial COX-2/
PGES/PGE2, as well as the role of this axis in
mediating the inflammation and endothelial
cell apoptosis.

COX-2 is responsible for the formation of five
major prostanoids. Emerging evidence demon-
strated that COX-2 was upregulated in inflamed
vascular regions and played a pathogenic role
in the atherosclerosis, aneurysm, and balloon-
induced artery injury [44-46]. In the present
study, we found that COX-2 was robustly upreg-
ulated in response to the PM2.5 exposure.
Considering the known role of COX-2 contribut-
ing to the inflammation and inflammatory vas-
cular diseases, we could speculate that COX-2
induction in endothelial cells might contribute
to the PM2.5-associated local and systemic
inflammation and vascular injury. To prove this
hypothesis, we treated vascular endothelial
cells with a specific COX-2 inhibitor prior to the
PM2.5 treatment. As expected, inhibition of
COX-2 not only entirely blocked cell apoptosis
but also attenuated inflammatory response,
suggesting a potent role of COX-2 in mediating
PM2.5-induced cell apoptosis and inflamma-
tion.

mPGES-1 is the best characterized PGE2 syn-
thase and has an established role in mediating
inflammation [36]. Some groups reported that
the deficiency of mPGES-1 could prevent the
formation of atherosclerosis, neointimal hyper-

Am J Transl Res 2017;9(9):3967-3976
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Figure 8. COX-2 inhibitor blocked PM2.5-induced inflammatory response in endothelial cells. Mouse aorta endothe-
lial cells were pretreated with COX-2 inhibitor NS-398 (10 uM) for 1 hour and then were treated with PM2.5 (50 ug/
ml) for 24 h. IL-6, IL-10, TNF-a, MCP-1, ICAM-1 and VCAM-1 mRNA expression in endothelial cells were determined
by qRT-PCR. The values represent the means + SD (n=4 in each group). **p<0.01 vs. DMSO or PM2.5 group.

**%*p<0.001 vs. DMSO or PM2.5 group.

plasia after vascular injury and the formation of
aortic aneurysm induced by angiotensin Il [39,
41, 42], indicating a detrimental role of mPGES-
1 in mediating the inflammatory vascular dis-
eases. In this study, we found PM2.5 strikingly
enhanced the expression of mPGES-1 in line
with the COX-2 induction and PGE2 release in
vascular endothelial cells, suggesting that
MPGES-1 might contribute to the PM2.5-
related vascular inflammatory injury coupling
with COX-2.

In the current study, we also observed the
induction of mMPGES-2 and cPGES. Although
these two enzymes have been thought as the
contributor of baseline PGE2 generation, recent
studies from KO animals did not support this
notion. The mPGES-2 is a Golgi membrane-
associated protein. Its maturation relies on the
spontaneous cleavage of the N-terminal hydro-
phobic domain [47]. Systemic mPGES-2 dele-
tion in mice did not reduce the basal PGE2 lev-
els in different organs [48]. The cPGES is
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abundantly expressed in the cytosol of various
types of cells [49] .Similar as the findings from
systemic mPGES-2 KO mice, deletion of cPGES
did not lower the PGE2 levels in various organs
[50]. These reports suggested that although
both mPGES-2 and cPGES were upregulated
by PM2.5 at mRNA levels, they were unlikely
involved in the PGE2 production in this experi-
mental setting.

In summary, using mouse aortic endothelial
cells, we observed a striking effect of PM2.5 on
activating COX-2/mPGES-1/PGE2 axis which
might serve as the pathogenic mechanism in
PM2.5-induced endothelial cell apoptosis and
inflammation. Thus, targeting COX-2/mPGES-
1/PGE2 axis might be an effective strategy in
preventing PM2.5-associated cardiovascular
complications.
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