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Abstract. – OBJECTIVE: Numerous stud-
ies show association of particular matter (PM) 
in air pollution with cardiovascular dysfunc-
tion, and increased morbidity and mortality. The 
main mechanisms of this adverse effect involve 
increasing oxidative stress, inflammatory re-
sponses, and genotoxicity. Several recent stud-
ies investigated the ability of PM2.5 to cause 
myocardial injury in animal models using vari-
ous methods, such as intratracheal instillation, 
intraperitoneal injection or tail vein injection. The 
purpose of this study is to explore the PM2.5-in-
duced myocardial inflammatory reaction in rats 
through the new technology of multi-functional 
aerosol concentration and enrichment system.

MATERIALS AND METHODS: Thirty Wistar rats 
were divided into two groups, 15 in each group. In 
the exposure group, PM2.5 multi-functional aero-
sol concentration and enrichment system was 
used for PM2.5 online oral and nasal exposure (5 
times a week, 4 hours exposure, for the duration 
of 3 months). Histopathological examination of the 
left ventricular myocardial tissue of both groups 
was done using hematoxylin and eosin (H&E) stain-
ing. Ultrastructural changes of the heart specimens 
were assessed using electron microscopy. The lev-
els of CRP and ICAM-1 were detected by immuno-
histochemistry.

RESULTS: Compared with the control group, 
myocardial tissue of the exposure group exhib-
ited edema, widened myocardial space and infil-
tration of inflammatory cells. There was nuclear 
pyknosis, mitochondrial membrane and spinal 
fusion, rough endoplasmic reticulum expansion, 
degranulation and cell swelling in the exposed 
group. The area of CRP positive staining in the ex-
posed group was 3.7-fold higher than that in the 
control group (p < 0.05), and the ICAM-1 positive 
staining area of the exposed group was 12-fold 
higher than that of the control group (p < 0.05). 

CONCLUSIONS: Prolonged exposure to PM2.5 
inhalation promotes significant upregulation of 
ICAM-1 and CRP expression in myocardial tis-
sues, ultrastructural alterations in myocardial 
cells, and influx of inflammatory cells. 
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Introduction

Air pollution caused by industrial development 
and climate change, emerges as a leading problem 
for environmental health that is strongly associat-
ed with increased morbidity and mortality1-3. In 
1971, the US Environmental Protection Agency 
(EAP) formulated the air quality standard, for the 
first time focusing on the harmful ambient par-
ticles of 25-45 um in diameter, defined particulate 
matter (PM). In terms of their potential influence 
on health, PMs are further classified based on 
their diameter as PM2.5 and PM10 subgroups. 
PM10 are defined as inhalable coarse particles 
with a diameter of 2.5 to 10 um. PM2.5 are de-
fined as inhalable fine particles with diameter less 
than or equal to 2.5 um4. PM are considered the 
main contributors to the detrimental effect of air 
pollution on pulmonary and cardiovascular sys-
tems5-10 and are responsible for 3.15 million deaths 
per year11,12. Exposure to PM elicits adverse car-
diovascular responses both by direct crossing into 
the pulmonary and systemic circulations, or in-
directly, through the release of mediators by the 
affected lung tissue, and subsequent oxidative 
stress and inflammatory response13.  PM expo-
sure is associated with activation of endothelial 
adhesion molecules including ICAM-1, increased 
platelet aggregation and thrombus formation 
both in arteries and veins14, and elevated levels 
of circulating pro-inflammatory cytokines such 
as C-reactive protein (CRP), IL-6, IL-8 and IL-
1β15-17. These pathogenic mechanisms may lead 
to a variety of acute and chronic cardiovascular 
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conditions, such as myocardial infarction, ar-
rhythmia, heart failure, heart rate variability, and 
autonomic nervous disorder7.

Numerous in vitro and in vivo studies18-23 ad-
dressed the effect of particulate matter on vascu-
lar tone, inflammation and oxidative stress with 
inconsistent results, due to variation in experi-
mental models, animal age, as well as mode and 
duration of the exposure. However, most of the 
existing animal studies used intratracheal instilla-
tion and injection of pollutants as a mode of PM2.5 
delivery. In the current study, we used an aerosol 
concentration enrichment system, combined with 
oral inhalation as a mean of PM2.5 exposure by 
inhalation in rats. Histopathological changes and 
expression levels of inflammation marker CRP 
and endothelial adhesion molecule ICAM-1 in the 
myocardial tissue of animals exposed to PM2.5 
inhalation and the control group were compared. 

Materials and Methods

Animals and Experimental Groups
Male Wistar rats (pathogen-free, wild-type, 6-8 

weeks old, 233 ± 30 g) were purchased from the 
animal center of Peking University and reared in 
the laboratory for 2 weeks before the experiment. 
All animal experiments were approved by the Re-
search Ethics Committee of the Second Hospital 
of Hebei Medical University (no.2017-r045). An-
imals were reared under air purification, 24°C ± 
2°C and 50% ± 5% humidity for 12 hours under 
light and 12 hours under dark conditions. Thirty 
rats were randomly divided into two groups with 
15 rats in each group.

Rats in the control group breathed air in the 
air purification system, 5 times a week, 4 hours 
each time, for 3 months. Animals in the exposure 
group were exposed to PM2.5 online enrichment 
system (Beijing Huironghe Technology Co., Ltd., 
China) 4 hours a day, 5 days a week for 3 consec-
utive months.  

Histopathological Observation 
of Myocardial Tissue with HE Staining

Rats were fasted for 12 hours and anesthe-
tized with sodium pentobarbital (i.p. 40 mg/kg). 
Left ventricular myocardium was immediate-
ly removed and placed in 4% neutrally buffered 
formaldehyde for subsequent histopathological 
examination. Tissues were trimmed, embedded 
in paraffin, and routinely processed for light mi-
croscopy. Sections were stained with hematoxy-

lin and eosin (H&E) (Sigma-Aldrich, St. Louis, 
MO, USA), observed under the light microscope 
(ZEISS, Germany) at 40-times magnification, and 
captured using the digital camera (ZEISS, Ger-
many).

Examination of Myocardial Samples by 
Transmission Electron Microscopy (TEM)

Samples of myocardial tissue were trimmed into 
approximately 1-mm3 strips and placed into 2.5% 
glutaraldehyde solution to reduce the activity of 
enzymes and prevent cell autolysis. The samples 
were postfixed in 1% osmium tetroxide, rinsed 
in distilled water, and dehydrated in a series of 
graded alcohols followed by acetone. Finally, the 
samples were embedded in Epon-812 epoxy resin 
(Electron Microscopy Sciences, Hatfield, PA) and 
left to polymerize overnight at 60°C. After the 
polymerization, the blocks were trimmed, and 0.5 
m thick sections were cut, stained with 1% Tolu-
idine blue (Sigma-Aldrich, St. Louis, MO, USA), 
and observed and positioned under the light mi-
croscope. Finally, the results were observed by 
electron microscope (Hitachi Global H-7500, Ja-
pan), photographed, and recorded. 

Immunohistochemical Detection of 
ICAM-1 in Rats

Tissue paraffin-embedded slices were initially 
baked for 1hr at 60°C before being deparaffinized 
in xylene and rehydrated in graded alcohols. The 
sections were then boiled in 1× citrate buffer an-
tigen retrieval solution (pH 6.0) for 60min. After 
cooling for 60 min, sections were circled with a 
Pap pen and rinsed with 1× phosphate buffer sa-
line with Tween 20 (TPBS) 3 times. Blocking was 
done using goat serum (Sigma-Aldrich, St. Louis, 
MO, USA) for 40 minutes at room temperature. 
The samples were incubated with anti-ICAM or 
anti-CRP (Abcam, Cambridge, UK) antibod-
ies and PBS solution (negative control) at 4°C 
overnight in the humidification chamber. After a 
high-volume wash with TPBS, sections were in-
cubated in goat anti-rabbit biotinylated secondary 
antibody (Abcam, Cambridge, UK) for 45 min fol-
lowed by another high-volume wash with TPBS. 
The sections were then incubated for 30 min, 
37°C, with horseradish peroxidase (HRP)-con-
jugated streptavidin (ORIGENE, ZSGB-BIO, 
Beijing, China) and washed in a large volume of 
TPBS for 10 min. The sections were then incubat-
ed with diaminobenzidine (DAB) for 5 min. After 
being rinsed in distilled deionized water, sections 
were counterstained with hematoxylin, rinsed in 
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distilled water, and dehydrated in hydrochloric 
acid, ammonia water and graded alcohols before 
being coverslipped and mounted with Permount 
(Thermo Fisher Scientific, Waltham, MA, USA). 
Immunohistochemistry was analyzed by ImageJ 
software (https://imagej.nih.gov/ij/).

Results

Histological Analysis of Myocardial Cells
The movement of inflammatory cells into tis-

sues is indicative of the occurrence of an inflam-
matory response. To investigate histopathological 
changes and immune cell infiltration, fixed myo-
cardial tissues of Wistar rats that were exposed 
to regular air through the air purification system 
(control group) or to PM2.5 particles through on-
line enrichment system (PM2.5 exposure group) 
for 3 consecutive months, were examined by 
H&E staining. No pathological changes were de-
tected in the control group (Figure 1A). Howev-
er, myocardial tissue of the PM2.5-treated group 
exhibited tissue edema, expanded myocardial gap 
(Figure 1B), and inflammatory cell infiltration 
(Figure 2C).

As further shown by Transmission electron mi-
croscopy (TEM) (Figure 2) and as compared to 
control tissue (Figure 2 A, B), PM2.5 exposure was 
associated with mitochondrial membrane ridge fu-
sion, blurred rough endoplasmic reticulum expan-
sion, degranulation, and cell swelling. Overall, the 
difference in mitochondrial swelling, and the ap-
pearance of the cytoplasm were markedly different 
compared to controls (Figure 2C, D). 

PM2.5 Exposure Induces Markers of 
Endothelial Function and Inflammation

ICAM-1 is an adhesion molecule that mediates 
monocyte binding to epithelial cells during the 

development of pulmonary diseases24. To test the 
effects of long-term (3 months) PM2.5 inhalation 
on the expression of ICAM-1 in vivo, myocardi-
al tissues of control and PM2.5-treated rats were 
examined by immunohistochemical staining. As 
shown in Figure 3, PM2.5 inhalation exposure 
significantly induced the expression of ICAM-1 in 
myocardial tissue, resulting in a 12-fold increase 
in ICAM-1 levels in myocardial cells as compared 
to control group (Figure 3).

C-reactive protein (CRP) is a clinical marker of 
presence and intensity of inflammation and is di-
rectly linked to cardiovascular health25. Myocar-
dial tissues of Wiston rats, exposed to long-term 
inhalation of PM2.5 led to markedly increased 
tissue expression of CRP (Figure 4), a 3.7-fold 
higher than in control (Figure 4).

Discussion

With the rapid development of the modern 
economy, poor air quality is becoming an increas-
ingly important health concern26. Numerous stud-
ies27-30 have demonstrated the association between 
acute PM2.5 exposure and increased morbidity and 
mortality of cardiovascular diseases, with about 
80% premature deaths, related to PM2.5 exposure 
being due to heart diseases or stroke31. Particulate 
air pollution has been associated with triggering 
of myocardial infarctions and increased cardio-
vascular mortality5,32. Therefore, understanding 
the molecular mechanisms behind this effect of 
PM may help in developing strategies to mitigate 
cardiovascular effects of air pollution.

Most in vivo studies30,33-36 of the effect of 
PM2.5 on cardiovascular system establish a PM2.5 
exposure via intratracheal instillation by insert-
ing a needle into the mouth and throat of mouse, 
rat or hamster animal model. While intratracheal 

Figure 1. H&E staining of left ventricular tissue (LVT) of Wistar rats, exposed to purified air (control group) or to PM2.5 
(exposure group). A, H&E staining of the normal left ventricular tissue; B, Tissue edema and widened myocardial gap in 
LVT of the exposure group; C, Influx of inflammatory cells in the LVT of the exposure group. All images were taken at 400X 
magnification.
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instillation allows greater control over the con-
centrations and location of the particles, its main 
limitation is its non-physiological nature and the 
fact that it bypasses the upper respiratory tract36.  
PM2.5 particles are usually obtained by high vol-
ume air sampler collection, ultrasonic elution and 
vacuum freeze drying. Variability in any of these 
steps may have a direct impact on the composi-
tion of PM2.5 obtained37.

Intratracheal inhalation is a more physiological 
method of exposure to PM2.5, that promotes even 
distribution of PM2.5 particles in the lung lobes 
and affects the whole respiratory tract. Concen-
tration and enrichment of PM2.5 aerosol combined 
with the oral-inhalation or whole-body exposure 
system may be the best model for simulating hu-
man exposure. In recent years, an emerging tech-
nology has appeared, combing versatile aerosol 
concentration enrichment system with oral-inha-
lation system, where PM2.5 is collected directly 
from the air and concentrated for the required ex-
posure concentration37. 

In our current study, we used aerosol concen-
tration enrichment system with oral inhalation to 
deliver concentrated PM2.5 particles as a mode of 
exposure. Previous studies35,38,39 showed that PM 
inhalation in animal models resulted in upregula-
tion of proinflammatory cytokines in the lungs, 
accompanied by vascular endothelial dysfunction 
and cardiovascular events40,41. Our results demon-
strated evident histopathological alterations of the 
heart tissue after 3 months of PM2.5 exposure, 
such as tissue edema, expanded myocardial gap, 
and infiltration of inflammatory cells into the 
myocardial tissue. These results indicate that 
PM2.5 exposure by inhalation produced systemic 
inflammatory response in the rat model. 

Previous studies42,44 showed that proinflamma-
tory effects of air pollutants may involve circulat-
ing plasma proteins and markers of coagulation43,44 
and inflammation (such as CRP)42. Moreover, 
generation of reactive oxygen species (ROS) as a 
result of PM exposure, is associated with the ac-
tivation of the NF-κB pathway, which contributes 

Figure 2. Photomicrographs of ultrastructural features of myocardial tissue of control (A, B) and PM2.5-treated Wistar rats 
(C, D), demonstrating pyknosis, widened perinuclear space, mitochondrial membrane, ridge fusion, blurred, rough endoplas-
mic reticulum expansion, degranulation and cell swelling (magnification was marked in figures)
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to ICAM-1 expression and monocyte adhesion to 
endothelial cells45-47. An increase in the levels of 
these markers has been associated with increased 
risk of adverse cardiovascular events45-80. Our 
results demonstrated a marked increase in the 
levels of ICAM-1 and CRP in myocardial tissue 
of Wistar rats, exposed to 3 months of concen-
trated PM2.5 inhalation. As indicated by numer-
ous studies39,51,52. endothelial dysfunction, as well 
as upregulation of vasoconstrictor pathways by 
exposure to PM may result in sustained hyper-
tension, and eventually, in left ventricular hyper-
trophy and myocardial fibrosis52. The potential 
sources of PM-induced ROS production may in-
clude the mitochondria, cell membranes, phago-
somes of inflammatory cells with NADPH oxi-
dase activation, and the endoplasmic reticulum53. 
In study by Golomb et al54, acute PM exposure 
in rat models by intratracheal instillation resulted 
in myocardial mitochondrial functional impair-
ment that was associated with ultrastructural al-
terations in mitochondria, such as characterized 
by cristae shrinkage/breakage and swelling of the 
inner mitochondrial membrane54. In the current 
study, we exposed the animals to PM2.5 particles 
using a multi-functional aerosol concentration 

and enrichment system, as opposed to less phys-
iological intratracheal instillation. Our results 
demonstrated for the first time that the extended 
exposure of rat models to PM2.5 by inhalation 
leads to marked changes in the appearance of the 
cytoplasm and endoplasmic reticulum. Moreover, 
we were able to demonstrate that the exposure to 
PM2.5 led to changes in mitochondrial integrity 
in myocardial cells, such as mitochondrial swell-
ing and mitochondrial membrane ridge fusion. 
The development of giant mitochondria and me-
gamitochondria was associated with certain types 
of cardiomyopathy55. Our results, therefore, may 
provide a causal relationship between inhalation 
of PM2.5 and cardiac impairment.

Conclusions

This study demonstrated that prolonged (3 
months) exposure of rats to PM2.5 particles via 
multi-functional aerosol concentration and en-
richment with oral and nasal exposure resulted 
in significant upregulation of ICAM-1 and CRP 
expression in myocardial tissues. We show that 
PM2.5 exposure is associated with systemic in-

Figure 3. The levels of ICAM-1 expression in myocardial tissues of control (400X magnification) and PM2.5-exposed ani-
mals (400X magnification) were examined by immunohistochemical staining, ICAM-1 positive area (%) was measured using 
ImageJ software, p<0.05.
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flammation, as indicated by the influx of inflam-
matory cells in the myocardial tissue. Our results 
show for the first time that prolonged inhalation 
of PM2.5 particles leads to ultrastructural alter-
ations in myocardial cells. 
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