Original Article

Acta Cardiol Sin 2017;33:637-645
doi: 10.6515/ACS20170518A

Cardiac Pharmacology

Statin Attenuated Myocardial Inflammation
Induced by PM2.5 in Rats

Hongmei Yao and Jiyuan Lv

Background: Here, the study aims to explore the effect of PM2.5 exposure on atherosclerosis in rats.

Materials and Methods: 32 Wistar rats were selected in our study. An atherosclerosis model was established. All
rats were evenly divided into four groups, including normal control group (NC), model control group (MC), model
PM2.5 group (PM2.5) and model Atorvastatin group (Atorvastatin). The rats in NC and model control group were
treated with saline 1 ml/kg body weight by tail intravenous injection, while the rats in PM2.5 group were exposed
to PM2.5 suspension. The rats in atorvastatin group were given atorvastatin by gavage with 10 mg-kg'l-per day for
12 weeks until PM2.5 injection. After 24 h, all rats in each group were sacrificed. Pathological analysis,
immunohistochemistry (IHC) and electrophoretic mobility shift assays (EMSA) were carried out.

Results: PM2.5 exposure significantly reduced the levels of triglyceride (TG), high density lipoprotein (HDL) and
superoxide dismutase (SOD), but promoted the levels of total cholesterol (TC), low density lipoprotein (LDL),
atherosclerosis index (Al), malondialdehyde (MDA), tumor necrosis factor-o. (TNF-a) and high-sensitivity C-reactive
protein (hs-CRP) in the rats of PM2.5 group than MC group (p < 0.05). PM2.5 group showed activated nuclear
factor-kappa B (NF-kB), seriously damaged myocardial coronary branches and the highest nuclear translocation rate.
Atorvastatin significantly improved the levels of TG, HDL, SOD, interleukin-6 (1L-6), and reduced the levels of TC, LDL, Al,
MDA, TNF-a., hs-CRP, oxidized low-density lipoprotein (ox-LDL) and blood pressure, even the nuclear translocation rate.
Conclusions: PM2.5 exposure contributes to atherosclerosis in rats, which correlate with the levels of cholesterol,
oxidative stress and inflammatory response. Atorvastatin could attenuate myocardial inflammation caused by

PM2.5 exposure in rats.
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INTRODUCTION

As the largest developing country in the world,
China is now facing a severe air pollution problem. In-
creasing epidemiologic evidences suggests that partic-
ulate air pollution is associated with an increased risk
of human mortality and morbidity, especially that
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caused by cardiopulmonary diseases in the urban envi-
ronment.” Particulate matter (PM) with a mean aero-
dynamic diameter of < 10 um (PMyg) has been associ-
ated with a range of effects on human health due to
cardiovascular and respiratory illnesses.’ Increasing ev-
idence has also shown that smaller particles may cause
more severe adverse health effects, in particular fine
particles such as PM2.5.2 PM2.5 infiltration efficiency
is defined as the fraction of outdoor concentration that
penetrates indoors and remains suspended, and it has
been reported to vary between communities and
homes.®

Although increasing epidemiological evidence indi-
cates that ambient PM can promote cardiovascular in-
jury and atherosclerosis, the mechanisms of the car-
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diovascular injury and proatherogenic effects are un-
clear. Atherosclerosis is a lifelong process involving a
range of mechanisms including lipid peroxidation and
inflammation affecting the vascular wall.” In China, the
incidence of the disease is increasing every year. In ath-
erosclerosis, fatty streaks develop on the inner arterial
wall and cause obstruction of blood flow.® The progres-
sion of atherosclerotic plaque may be caused by un-
controlled cholesterol and lipid accumulation in macro-
phages and smooth muscle cells during atherosclero-
sis,” and exposure to ambient air pollution may con-
tribute to the acceleration of the development of ath-
erosclerosis.”*® For example, a prospective cohort study
reported a close correlation between long-term resi-
dential exposure to high traffic levels of PM2.5 and cor-
onary atherosclerosis.*!

Epidemiological studies have also shown that even
under concentrations below the air quality standards,
an increasing concentration of PM2.5 is correlated with
increases in the incidence of heart and lung disease and
mortality, especially in individuals suffering from respi-
ratory and cardiovascular diseases and the elderly.****
Daily mortality has also been reported to be significantly
correlated with PM2.5."*** Short-term exposure to PM2.5
can cause a reduction in healthy heart rate variability,
suggesting that PM2.5 is potentially toxic to the cardio-
vascular system."® The incidence of acute myocardial in-
farction has also been positively correlated with ambi-
ent air pollution 2-24 hours before the onset.” In China,
PM2.5 reportedly caused 1.2 million premature deaths
in 2010, accounting for almost 40% of the total global
death."

Numerous animal models have been established to
study disease susceptibility to PM pollution, including
models of lung-disease,™® hypertension,™® bronchitis,°
emphysema,®! and asthma,?” and they have been shown
to be a useful research method to further explore the
pathogenesis and risk factors of atherosclerosis. In the
present study, a rat coronary atherosclerosis model
was established. Rats were exposed to PM2.5 suspen-
sion through tail intravenous injections, and ator-
vastatin was then applied to explore the effect on ath-
erosclerosis. Lipid metabolism, inflammatory cytokines,
and enzyme activities of malondialdehyde (MDA) and
superoxide dismutase (SOD) were analyzed. Histological
examinations were carried out by analyzing coronary
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arteries. Immunohistochemistry and electrophoretic
mobility shift assay (EMSA) were used to analyze nu-
clear transcription factor-kappa B (NF-kB) nuclear trans-
location rates.

MATERIALS AND METHODS

Subjects

Thirty-two healthy male Wistar rats weighing 180-
220 g (Animals Certificate Number scxy 2015-001) were
provided by the animal center of Shanxi Medical Univer-
sity. All of the rats were raised in a laboratory with a
room temperature of 25 + 2 °C and relative humidity of
50 + 10%. The rats were fed with standard laboratory
chow (wheat flour 30%, 15% soybean meal, corn 40%,
wheat bran 8%, 5% fish meal, bone meal 1%, salt 1%)
and water ad libitum. All of the animal procedures con-
formed to the National Institutes of Health (NIH) guide-
lines and were approved by the Local Ethics Committee
of Shanxi Medical University Animal Center.

PM2.5 samples were provided by Dr. Wang of the
National Institute of Environmental Health Sciences (The
label #2783, NIST, US), and consisted of a PM2.5 suspen-
sion with a concentration of 40 mg/ml and used imme-
diately when injection. Atorvastatin was purchased from
Pfizer Company (Lot Number 65837008, New York, US).
Vp3 was purchased from Shanghai General Pharmaceuti-
cal Co., Ltd. (Lot Number 050506, Shanghai, China).

Grouping and establishment of the atherosclerosis
model

All the rats were fed adaptively for 1 week, and then
used to establish the atherosclerosis model. The rats
were evenly divided into four groups, including a normal
control group (NC), model control group (MC), model
PM2.5 group (PM2.5) and model Atorvastatin group
(Atorvastatin).

To establish the atherosclerosis model, all of the rats
were raised for another 12 weeks. The NC group were
fed with standard laboratory chow as before, and given
total saline 2 m/kg body weight per day by intraperi-
toneal injection for the first three days. Twelve weeks
later, the rats were given saline 1 ml/kg body weight by
intravenous injection. The rats in the MC and PM2.5
groups were given new fodder based on the standard
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laboratory chow, containing 4% cholesterol, 10% lard,
5% sucrose, 0.5% sodium cholate, 0.2% propylthiouracil
and 80.3% basal diet. The rats in both groups were
treated with Vps 2 ml/kg (60,000 IU/kg) (Lot Number
050506, Shanghai General Pharmaceutical Co., Ltd.,
Shanghai, China) body weight per day by intraperitoneal
injection for the first three days. Twelve weeks later, the
rats in the MC group were given saline 1 ml/kg body
weight by intravenous injection, and the rats in the
PM2.5 group were given PM2.5 injections. As with the
rats in the MC and PM2.5 groups, the rats in the Ator-
vastatin group were given new fodder and Vp3; and also
atorvastatin 10 mg/kg per day by gavage for 12 weeks
until PM2.5 injection.

Exposure to PM2.5 was achieved through suspen-
sion injections in this study. Compared with aerosol in-
halation, suspension injections are lossless and time-
saving, and through this method PM2.5 can directly en-
ter the blood. Thus, the effect of PM2.5 on atheroscle-
rosis can be induced within a short time. In aerosol in-
halation, the PM2.5 particles first enter pulmonary alve-
oli though the respiratory tract and then enter the
blood. Some PM2.5 particles may remain on the pulmo-
nary alveoli, thereby decreasing the concentration of
PM2.5 in the blood making it difficult to quantify the
amount of PM2.5 particles. Moreover, serious air pollu-
tion via respiratory tract inhalation in the real world may
last for several days or even several weeks, increasing
the potential for the destructive effects of PM2.5. The
degree of PM2.5 exposure with suspension injections
may be 100 times higher than in the real world, or doz-
ens of times higher than aerosol inhalation, thereby al-
lowing for the investigation of the effect of PM2.5 on ath-
erosclerosis in a rat model.

Sampling and biochemical variables

Twenty-four hours after the PM2.5 injection, the
rats in each group were anaesthetized by intraperitoneal
injection of 25% urethane per 4 ml/kg body weight. Ve-
nous blood was collected from the orbital venous plexus
of each rat. The rats were then placed in the supine po-
sition with the head and limbs fixedon the operating ta-
ble, and cut from the middle of the abdomen. The ab-
dominal aorta was separated and arterial blood was col-
lected by a syringe. The heart was then exposed via
thoracotomy, and the heart and aorta were quickly re-

moved and washed in pre-chilled HEPES buffer. Portions
of the heart and aorta were immediately frozen in liquid
nitrogen, and the rest were fixed in 10% neutral forma-
lin solution for further testing. After 30 minutes, the
blood samples were centrifuged at 3000 rpm for 20 min-
utes. The supernatant was preserved at -20 °C for fur-
ther testing.

Total cholesterol (TC), triglyceride (TG), high density
lipoprotein (HDL), and low density lipoprotein (LDL)
were measured using kits (BIOSINO Biotechnology Com-
pany, Beijing, China). MDA content was measured by
TBA, and SOD content was measured using the xanthine
oxidase method. Interleukin-6 (IL-6) and tumor necrosis
factor-a (TNF-a) were measured using an RIA Kit (Tech-
nology Development Center of PLA General Hospital,
Beijing, China). High-sensitivity C-reactive protein
(hs-CRP) and oxidized low-density lipoprotein (ox-LDL)
were measured by enzyme linked immunosorbent assay
(ELISA) (Dalian Fanbang Reagent Company, Dalian,
China). Blood pressure (BP) was recorded using a multi-
channel polygraph (CR Bard Inc., NJ, US), and athero-
sclerosis index (Al) was calculated using the formula: Al
_ TC-HDL
~ HDL

Histological examination and immunohistochemistry
(IHC)

As described previously, the heart and aorta of the
rats in each group were separated. Myocardial tissue
blocks were cut into 5-um sections, fixed with formalin
and embedded in paraffin. For pathological analysis, the
paraffin sections were stained with hematoxylin and
eosin (Jimei, Beijing, China) and observed under an ordi-
nary optical microscope (OLYMPUS BX51, OLYMPUS, To-
kyo, Japan). For IHC, samples were first incubated with
NF-kB p65 monoclonal antibody (Santa Cruz, California,
US), and then incubated with a biotinylated secondary
antibody using a two-step Immunohistochemical Detec-
tion Kit (Zhongshan Golden Bridge Biotech Co., Ltd.,
Beijing, China). All stained sections were examined un-
der a light microscope at 400 x magnification.

EMSA

NF-kB nucleoproteins were extracted from the myo-
cardial tissue of the rats using a nuclear protein extrac-
tion kit (KEYGEN Biotech Co., Ltd., Nanjing, China). The
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concentration of nucleoprotein was measured using a
Coomassie brilliant blue protein assay kit (Lot number
20070111, Jiancheng Institute of Biotechnology, Nan-
jing, China). The probes were labeled using annealing
biotin-labeled oligonucleotides, and the oligonucleo-
tides used for EMSA were amplified using the primers
5’-AGTTGAGGGGACTTTCCCAGGC-3’ and 5’-GCCTGGG
AAAGTCCCCTCAACT-3'. Of the templates, 100 ng were 5’
end-labeled with T4 polynucleotide kinase (Fermentas,
Hanover, MD, US) and [y-gzP]-ATP (GE Healthcare, Pis-
cataway, PA, US). The labeled fragments were purified
from the unincorporated nucleotides using Sephadex
G-50 columns (GE Healthcare), and the final DNA con-
centration assuming 100% recovery was 22 nM in the
stock solution. The labeled and purified DNA was then
incubated for 30" at 30 °C with different amounts of the
protein in a BB buffer containing 12 mM HEPES, 12%
glycerol, 100 mM Tris-HCI, pH 7.9, 0.5 mM NaCl, 10 mM
DTT, 10 mM EDTA, 0.001 mg/ml dI/dC and 0.06 mg/ml
BSA in a volume of 25 ml, where the final DNA concen-
tration was 1 nM. Approximately 10 ug of purified NF-kB
protein was used for each EMSA reaction. Activated
NF-kB was quantitatively analyzed using a Bl 2000 medi-
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Figure 1.

cal image analysis system (Thai Union Technology Co.,
Ltd., Chengdu, China).

Statistical analysis

Statistical analysis was conducted using SPSS 17.0.
Data are expressed as means = SD. Comparisons among
groups were conducted using one-way analysis of vari-
ance (ANOVA) followed by the LSD test. A p value of < 0.05
or < 0.01 was taken to indicate a significant difference.

RESULTS

Biochemical variable analysis

Figure 1 shows that the levels of biochemical vari-
ables including TC, TG, LDL, Al, MDA, SOD, TNF-a, hs-
CRP, ox-LDL and BP were significantly increased in the
MC group compared to the NC group (p < 0.05), where-
as the levels of HDL and IL-6 were significantly de-
creased in the MC groups compared to the NC group (p
< 0.05). After PM2.5 injection, the levels of TG, HDL and
SOD were significantly decreased, and the levels of TC,
LDL, Al, MDA, TNF-a. and hs-CRP were significantly in-
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Comparison of biochemical variables among four groups, including normal control group (NC), model control group (MC), model PM2.5

group (PM2.5) and model atorvastatin group (Atorvastatin). Error bars correspond to the standard deviation of the mean + SD of three replicates.
The letters above the bars indicate a statistically significant difference (p < 0.05) between groups with different letters and no difference between

groups with the same letters.
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creased in the PM2.5 group compared to the MC group
(p < 0.05). In the atorvastatin group, atorvastatin signifi-
cantly increased levels of TG, HDL, SOD and IL-6, and de-
creased levels of TC, LDL, Al, MDA, TNF-a,, hs-CRP, ox-
LDL and BP compared to the PM2.5 group (p < 0.05).

Morphology analysis

Morphology analysis illustrated that the smooth
muscle cells were spindle-shaped and arranged regu-
larly, and that the lumen were regular and intact in the
myocardial coronary branch of the NC group (Figure 2).
In the MC group, the myocardial coronary branch showed
missing and damaged endothelial cells, a large number
of lipid droplets, thinned tunica media, and irregular
smooth muscle cells and lumen. In addition, the lumen
in the PM2.5 group was narrower and more irregular,
and the inner membrane was damaged with missing en-
dothelial cells. Furthermore, the inner elastic lamina
was broken, the smooth muscle cells were arranged dis-
orderly, and smooth muscle hyperplasia was obvious. In
the Atorvastatin group, no fat cells were observed in the
myocardial coronary branch, although the endothelial
cells were damage and the internal elastic lamina struc-
ture was unclear to some extent.
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Figure 2. Histopathological analysis of coronary branch (400x). HE
staining was carried out. (A) NC group, (B) MC group, (C) PM2.5 group,
(D) Atorvastatin group. Red arrows indicate the elastic plate; yellow ar-
rows indicate lumen, and blue arrows indicate smooth muscle cells.

NF-xB transcriptional activity analysis in the rats
IHC was performed to elucidate the NF-kB trans-
criptional activity in the rats (Figure 3). NF-kB was found
to exist in the cytoplasm in an inactivated state under
normal conditions, and blue stained nuclei and yellow
particles were distributed in the cytoplasm in the NC
group. When NF-xB is activated, it enters the nucleus
from the cytoplasm (i.e. nuclear translocation). The nu-
clei of the NF-kB-positive cells showed light to dark
brown on the basis of blue, and the number of yellow
particles in the cytoplasm was obviously decreased in
the PM2.5 group. The nuclear translocation rate was
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Figure 3. Immunohistochemistry analysis of NF-xB (400x). (A) NC

group, (B) MC group, (C) PM2.5 group, (D) Atorvastatin group, (E) The
rate of NF-xB nuclear translocation. The letters above the bars indicate
a statistically significant difference (p < 0.05) between groups with dif-
ferent letters and no difference between groups with the same letters.
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consistent with the IHC results. The PM2.5 group had
the highest nuclear translocation rate. Compared to the
NC group, the nuclear translocation rate was signifi-
cantly higher in the rats with atherosclerosis (p < 0.05).
Moreover, atorvastatin markedly reduced the nuclear
translocation rate in the Atorvastatin group compared to
the PM2.5 group (p < 0.05).

The EMSA results demonstrated that the PM2.5
group had the highest NF-kB concentration and that NC
group had the lowest NF-kB concentration (Figure 4).
NF-kB could be activated in this atherosclerosis model.
Atorvastatin markedly reduced the NF-kB concentration
in the Atorvastatin group compared to the PM2.5 group,
which was consistent with IHC results.

DISCUSSION

PM2.5 is a mixture of various substances. The spa-
tial and temporal variation in the chemical composi-
tion of PM2.5 has been widely studied, and has been
shown to vary according to district and climate.*®??
Major contributors to PM2.5 mass include elemental
carbon, organic carbon,?* sulfate (5042'), nitrate (NO3’),
and several metal ions such as iron, nickel, and zinc.2?®
Although epidemiological evidence has demonstrated
an association between PM2.5 and cardiovascular
morbidity, the mechanism between exposure to PM2.5
and atherosclerosis is still unclear. In the present
study, we studied the effect of PM2.5 on atherosclero-
sis in rats exposed to PM2.5 suspension by tail intra-
venous injections. The related parameters of choles-
terol, oxidative stress and inflammatory response were
measured.

Hyperlipidemia has been shown to promote throm-
bosis through increasing superoxide anion (0%) produc-
tion.” In acute coronary syndrome (ACS), LDL is oxidized
to ox-LDL*® which has been associated with vulnerable
plaque, which can both induce apoptosis of smooth
muscle cells and also promote levels of cytokines such
as IL-6 and TNF-o..”° Elevated levels of ox-LDL have been
reported to be positively associated with the severity of
ACS.*° HDL is an antioxidant that can inhibit the expres-
sion of adhesion molecules and protease.’® In the pre-
sent study, the levels of TC, LDL and ox-LDL showed a
similar pattern to the level of TNF-a but a contrasting
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Electrophoretic Mobility Shift Assay (EMSA). White arrows
indicate the locations of the bands.

PM2.5 Atorvastatin

Figure 4.

pattern to the level of IL-6. Atherosclerosis significantly
increased the levels of cholesterol in rats, such as TC, TG
and LDL. In contrast, HDL significantly decreased the
level of LDL in the MC group compared to the NC group.
Meanwhile, PM2.5 exposure significantly reduced the
level of HDL but promoted the accumulation of the LDL.
In addition, the levels of ox-LDL were higher levels in the
MC and PM2.5 groups compared to the NC group, which
is consistent with a previous study.’® The Al was also
highest in the PM2.5 group. Interestingly, morphology
analysis illustrated that the myocardium of the rats in
the MC group showed damaged endothelial cells, a
large number of lipid droplets, thinned tunica media, ir-
regular smooth muscle cells and lumen, and that PM2.5
exposure exacerbated the severity of damage to the
myocardium. Our findings provide evidence that PM2.5
exposure can affect cholesterol levels and thereby regu-
late atherosclerosis.*

IL-6 and TNF-a are known to promote atheroscle-
rosis disease, which is also closely correlated to an in-
creased risk of coronary heart disease.**** TNF-o can
induce endothelial cell procoagulant activity, increase
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its permeability, promote plaque formation and the ex-
pression of metal matrix proteinase in monocytes and
macrophages, and activate T lymphocytes, all of which

3436 As a sensitive marker

contribute to atherosclerosis.
of nonspecific inflammatory responses, hs-CRP can be
promoted during infection and inflammatory dis
eases.” In the current study, levels of hs-CRP showed a
similar pattern to TNF-o, but a contrasting pattern to
IL-6 and HDL, which is consistent with previous studies.
Some studies have reported that hs-CRP is negatively
correlated with increased levels of HDL during the acute
phase of atherosclerosis.*® A positive linear correlation
has also been reported between peak levels of plasma
IL-6 and hs-CRP in patients with acute myocardial in-
farction.* Inflammatory cytokines have been reported
to stimulate hs-CRP production by human coronary ar-
tery smooth muscle cells.”® In the current study, PM2.5
exposure significantly increased levels of TNF-a and
hs-CRP and reduced levels of IL-6 in the PM2.5 group
compared to the MC group (p < 0.05). The severity of
damage to the myocardium was also correlated with
the levels of inflammatory cytokines. A previous study
suggested that the PM2.5-mediated enhancement of
atherosclerosis is likely due to its pro-oxidant and
pro-inflammatory effects, involving multiple organs,
different cell types, and various molecular mediators.**
Our results demonstrated that PM2.5 exposure may af-
fect inflammatory cytokines and thereby regulate ath-
erosclerosis.

NF-kB has been shown to be a vital transcription
factor involved in inflammatory responses and oxida-
tive stress in atherosclerosis.*> PM2.5 exposure can ac-
tivate NF-kB and inducethe expression of cytokines
such as IL-6 and IL-8.* In the current study, NF-kB was
activated in our atherosclerosis model, and the nuclear
translocation rate was highest in the PM2.5 group,
which was consistent with the pattern of TC, LDL,
ox-LDL, Al, TNF-a. and hs-CRP. Moreover, the levels of
MDA and SOD were significantly promoted by PM2.5
exposure. Morphology analysis and EMSA both showed
damage to the myocardial coronary branch in the PM2.5
group. Epidemiological studies, animal experiments
and cellular data support the association between air
pollutants and systemic oxidative stress, inflammation,
and atherosclerosis.** Further, our findings illustrated
that PM2.5 exposure may affect oxidative stress and

643

. . 41,44
the regulation of atherosclerosis.™™

Atorvastatin has been widely used to regulate cho-
1.**> Our findings demonstrated that atorvastatin
significantly reduced levels of TC, LDL and ox-LDL, and
promoted levels of TG and HDL. In addition, BP was sig-
nificantly decreased after atorvastatin treatment. More-
over, the levels of TNF-o. and hs-CRP, the concentration
of MDA and NF-kB nuclear translocation rate were also
significantly decreased in the rats in the Atorvastatin

lestero

group. These results demonstrated consistencies be-
tween the histological, IHC and EMSA results, and that
atorvastatin could effectively reduce inflammatory
responses and oxidative stress.

CONCLUSIONS

PM2.5 exposure has potential cardiac toxicity, which
may induce the occurrence and aggravate the severity
of atherosclerosis. PM2.5 exposure may activate NF-kB,
alter the levels of cholesterol, oxidative stress and in-
flammatory responses in the regulation of atherosclero-
sis in rats. Atorvastatin could effectively attenuate the
myocardial inflammation induced by PM2.5 in the rats
in this study.
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