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The most prevalent cause of mortality and morbidity worldwide is acute coronary syndrome (ACS) and its consequences.
Exposure to particulate matter (PM) from air pollution has been shown to impair both. Various plausible pathogenic
mechanisms have been identified, including microRNAs (miRNAs), an epigenetic regulator for gene expression. Endogenous
miRNAs, average 22-nucleotide RNAs (ribonucleic acid), regulate gene expression through mRNA cleavage or translation
repression and can influence proinflammatory gene expression posttranscriptionally. However, little is known about miRNA
responses to fine PM (PM2.5, PM10, ultrafine particles, black carbon, and polycyclic aromatic hydrocarbon) from air pollution
and their potential contribution to cardiovascular consequences, including systemic inflammation regulation. For the past
decades, microRNAs (miRNAs) have emerged as novel, prospective diagnostic and prognostic biomarkers in various illnesses,
including ACS. We wanted to outline some of the most important studies in the field and address the possible utility of
miRNAs in regulating particulate matter-induced ACS (PMIA) on inflammatory factors in this review.

1. Introduction

Air pollution has been considered a major public health
threat and has caused about seven million deaths every year,
according to the World Health Organization (WHO) [1].
The complex mixture of air pollutants arises from particu-
late matter (PM), chemical substances, and biological mate-
rials which are emitted from a natural process (volcano,
oceans, forest, etc.) or anthropogenic activities (industry or
transportation) [2]. With the increasing demands of global
energy, the generation of the combustion of fossil fuels,
including coal, diesel fuel, gasoline, and natural gas for
electricity, heating, industry, and transportation, is also
increased [3]. This has resulted in the higher release of air
pollutants whereby air pollution was a major burden to an
individual, especially to those living in the growing eco-

nomic countries [4]. Of these, it is greatly important to
address air pollution issues where reducing air pollution will
meet the Sustainable Development Goals (SDG) proposed
by the United Nation (UN) in SDG 3, for good health and
well-being [5]. Increased PM from air pollution contributes
to the occurrence of acute coronary syndrome (ACS) in sev-
eral studies [6]. MicroRNAs (miRNAs), a short noncoding
RNA, have been observed in few studies to be dysregulated
in inflammatory modulation in cardiovascular disorder
exposed to PM [7–9]. The aim of this review is to look at
the potential role of miRNAs in the regulation of inflamma-
tory factors in particulate matter-induced ACS (PMIA).

The references of this narrative review paper were
searched through PubMed and Google Scholar. The key-
words used were particulate matter, air pollution, acute
coronary syndrome, miRNA, and inflammation.
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1.1. Common Air Pollutants. There is growing awareness of
health outcomes related to air pollution from short- and
long-term exposure to air pollutants. Many studies have
reported the adverse health effects linked with heart diseases
from these exposures [10–13]. This showed how crucial the
air pollutants’ role is in cardiovascular events and outcomes.
PM can be differentiated by ranging size of aerodynamic
diameter (AD) from 2.5 to 10μm (including PM2.5 and
PM10) and chemical composition (including black carbon,
polycyclic aromatic hydrocarbon, and trace metals). Organic
aerosol is mainly the result of anthropogenic emissions such
as vehicle emissions, residential fuel combustion, and wild-
fires, representing a large proportion of PM. It is estimated
that 180,000 (117,000 to 389,000) premature deaths were
prevented from reducing anthropogenic organic aerosol
between 1990 and 2012 [14]. Table 1 shows the summary
of the sources of PM2.5, PM10, ultrafine particle (UFP, AD
less than 0.1μm), black carbon (BC), and polycyclic aro-
matic hydrocarbons (PAHs). According to a study con-
ducted in a medium-sized Dutch city, UFP and BC
concentrations in transportation zones more than doubled
between 8 a.m. and 10 a.m. compared to those recorded at
an urban background location [15]. In PM2.5 containing
the ultrafine fraction, PAH concentrations were 12-fold
higher than M2.5-0.3, which may be explained by combustion
processes that produce ultrafine particles containing high
concentrations of PAHs [16, 17]. Among the most signifi-
cant ultrafine particle (UFP) sources in urbanised areas are
diesel combustion and solid biomass combustion [18]. Bio-
markers associated with inflammation (CCXL2, EPGN,
GREM1, IL-1α, IL-1β, IL-6, IL-24, EREG, and VEGF) and
transcription factors (NFE2L2, MAFF, HES1, FOSL1, and
TGIF1) relevant for cardiovascular and lung disease are
secreted in response to diesel UFP exposure [19]. According
to one in vitro study, PM2.5 increased gene alteration, DNA
damage, cytotoxicity, and reactive oxygen species (ROS) in
the A549 cell line, most likely due to CYP enzyme activation
in response to polycyclic aromatic hydrocarbons (PAHs)
adsorbed to the particle surface [20].

Air pollution is also composed of gaseous pollutants
including nitrogen dioxide (NO2), ozone (O3), sulphur diox-
ide (SO2), volatile organic compounds (VOCs), and carbon
monoxide (CO). However, these gaseous pollutants except
for NO2 [21, 22] are not widely reported about their acute
or chronic effect relationship with cardiovascular health
compared to particulate matters (PM). Ambient NO2 is
known as a good proxy for traffic-related air pollution along-
side the presence of particulate pollutants such as PM2.5 and
PM10 [23]. NO2 is part of reactive gas of nitrogen oxides
(NOx) and produced from combustion processes such as traf-
fic emissions and power plant in the outdoor environment,
whereas NO2 is generated from unvented heaters and gas
stoves in the indoor environment [24]. O3 forms from a pho-
tochemical reaction between sunlight with the presence of its
precursors such as NO2 and VOCs which derived it as a
secondary gaseous pollutant. Study from ninety largest cities
in the United States by the National Morbidity, Mortality,
and Air Pollution Study (NMMAPS) observed that
cardiopulmonary-related mortality rose by the increment of

PM10 within a 24-hour period [25]. In another study, daily
concentration of PM10 was significantly having an impact on
ACS incidence, higher on elderly with the highest impact on
older men [6]. Moreover, increase in PM10 pollution was
noted to have relation to rise in frequency of percutaneous
coronary interventions (PCIs) in ACS patients [26].

1.2. ACS. Cardiovascular disease (CVD) is one of the main
causes of mortality and morbidity [27]. One of the impor-
tant causes of mortality and morbidity related to CVD is
acute coronary syndrome (ACS). The estimated incidence
of ACS is 141 per 100,000 population per year, and the inpa-
tient mortality rate is approximately 7% [28, 29]. The figures
are similar to many developed countries. ACS is a syndrome
due to decreased blood flow in the coronary arteries that
leads to ischaemia, reduction in heart function, and myocar-
dium cell death [30]. The most common symptom is chest
pain, often radiating to the left shoulder or angle of the jaw
(crushing, central) and associated with nausea and sweating
[31]. ACS is commonly associated with three clinical mani-
festations, named according to the appearance of the electro-
cardiogram (ECG): ST elevation myocardial infarction
(STEMI, 30%), non-ST elevation myocardial infarction
(NSTEMI, 25%), or unstable angina (38%) [32, 33].

ACS occurs due to atherosclerotic plaque (atheroma)
rupture, fissure, or ulceration with superimposed thrombosis
and coronary vasospasm. Depending on the acuteness, the
degree of occlusion, and the presence of collaterals, patients
can present as having UA (unstable angina), NSTEMI, or
STEMI. In those who have ACS, atheroma rupture is the
most found compared to atheroma erosion [34], thus caus-
ing the formation of thrombus which blocks the coronary
arteries. The diagnosis of ACS requires at least two of the
following: ischemic symptoms, diagnostic ECG changes,
and serum cardiac marker elevation [35]. ACS often reflects
a degree of damage to the coronaries by atherosclerosis. Pri-
mary prevention of atherosclerosis is controlling the risk fac-
tors: healthy eating, exercise, treatment for hypertension and
diabetes, avoiding smoking, and controlling cholesterol
levels [36]. The management in ACS includes medication
such as antiplatelet, betablocker, ACE inhibitor, lipid lower-
ing agent, anticoagulant, thrombolytic treatment, and inva-
sive percutaneous coronary intervention [37]. Hazard from
the exposure to particulate matters has shown to have strong
association with ACS that leads to severe detrimental effects
on the cardiovascular system through numerous mecha-
nisms including increased inflammation response, oxidative
stress, endothelial injury, cell apoptosis, and mitochondrial
dysfunction [38]. A study reported that significant 18%
increase in the risk of STEMI was linked to each 7.1 g/m3 rise
in PM2.5 concentration before the onset of ACS [39]. Micro-
RNAs have been shown to contribute as biomarkers in ACS
[40]. One study showed, in plasma of myocardial infarction
patients, the cardiac myocyte-associated miRNAs, and miR-
208b and miR-499 were significantly elevated. Both miRNAs
were positively correlated with plasma troponin T, indicat-
ing that the release of both was from injured cardiomyocytes
[41]. The studies may suggest that miRNAs and PM regulate
the cellular pathophysiology of ACS.
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1.3. miRNAs. miRNAs are estimated to regulate more than
60% of human protein-coding genes at the translational level
[42]. These single-stranded nucleotides are the noncoding
RNAs, binding to the 3′untranslated region (3′UTR), 5′
untranslated region (5′UTR), protein-coding sequence, or
gene promoters that lead to degradation or repression of
the mRNAs at the posttranscriptional level [43]. miRNAs
are involved in various physiological processes including cell
cycle, cell proliferation, and apoptosis [43]. Some of the
miRNAs are reported in pathological dysregulation includ-
ing cancer [44], diabetes mellitus [45], and hypertension
[46]. In cardiovascular disorder, miRNAs were linked to var-
ious pathological events including ACS [40, 47, 48].

In recent years, there is substantial interest on epigenetic
regulatory mechanisms at the cellular level and their associ-
ation with air pollution including miRNAs [49–51]. miRNA,
as one of the main epigenetic regulators, has been proposed
to modulate the cellular event affected in those who were
exposed to PM [7, 8, 52, 53]. The studies suggested that there
are changes in miRNA expression in people that are exposed
to particulate matter (PM) in air pollution. On top of that,
these miRNAs are shown to have association with the genes
involved in cardiovascular morbidity [8, 54, 55].

2. miRNA Profiles of Air Pollution in ACS

2.1. miRNAs and PM. PM2.5 exposure from few hours to sev-
eral weeks can stimulate morbidity and mortality due to car-
diovascular disease. In contrast, reductions in PM levels are
associated with declines in cardiovascular mortality [56].

A randomised crossover study was designed towards 55
healthy young adults, comparing reduced or ambient levels
of indoor PM2.5 for 2-week duration; expression of miRNA,
mRNA, and protein of 10 serum cytokines was measured.
Further analysis showed that higher PM2.5 exposure was
negatively associated with miR-1-3p, miR-146a-5p, miR-
187-3p, miR-199a-5p, and miR-21-5p [7].

In another study, the exposure length was limited to 24
hours. Strong evidence of high expression of let-7d-5p,
miR-24-3p, miR-425-5p, miR-4454, miR-4763-3p, miR-
502-5p, and miR-505-3p was found after exposure to
PM2.5 [52].

Turning now to the experimental evidence on myocar-
dial toxicity involvement, Feng et al. reported that PM2.5
could contribute to toxicity via miR-205, by negatively regu-
lating the IRAK2/TRAF6/NF-κB signalling pathway [55].

Furthermore, exposure to ambient PM2.5 revealed
increase level of miR-223-3p expressed in the extracellular
vesicle from serum samples [57]. miR-223 was shown to be
involved in endovascular inflammation and platelet activa-
tion. This serum-derived miRNAs in circulation were identi-
fied as cardiovascular mortality predictors in coronary artery
disease (CAD) [58].

Li et al. reported that let-7a, miR-146a-5p, and miR-155-
5p were highly expressed in respondents exposed to the ele-
vated level of PM exposure and decreased level of
interleukin-6 (IL-6) and toll-like receptor 2 (TLR2) mRNAs
[9]. However, this study did not specify the type of PM and
their specific changes in miRNA and mRNA expression. The
experiment utilised benzo[a]pyrene-r-7,t-8,t-9,c-10-tetrahy-
dotetrol-albumin (BPDE-Alb) adducts in serum as the inter-
nal exposure biomarker of PM in general.

Similar to the previous experiment, PM2.5 exposure
upregulated miR-146a, miR-155, and other miRNAs (miR-
146b, miR-139, miR-129, miR-340, miR-691, miR-181a,
miR-21-3p, and miR-21-5p), and the experiment was set
up through intratracheal installation of PM2.5 in mice. Fur-
thermore, interleukin-4 (IL-4) was decreased. In contrast,
interferon gamma (IFN-γ) was increased, and the IL-4/
IFN-γ ratio was inclined to Th1 shifting. This study con-
cluded that the acute exposure to PM2.5 increased the men-
tioned miRNAs and correlates with T lymphocyte immune
imbalance that stimulates Th1-biased immune response [59].

2.2. miRNAs and UFP (Ultrafine Particle). UFP is the ultra-
small and lightweight particle that has been reported to be
one of occupational inhalation risks. UFP sizes range from
0.0001 to 0.1μm [60]. The accumulation of UFP to the lung
and various organs could lead to various morbidities includ-
ing thrombosis, ischaemia, and cardiovascular disease [61,
62]. Acute exposure to UFP in vivo demonstrated increase
in inflammation parameters and nitrate stress level, such as
serum IL-6, monocyte chemoattractant protein 1 (MCP-1),

Table 1: Summary of particulate matter (PM) and its composition sources.

Particulate matter (PM) Main source of emission Reference

PM2.5

Traffic emissions (brake and vehicle exhaust)
Industrial emissions released from power plant and oil refinery

Secondary organic and inorganic aerosol

[11] ([104]; [105];
[14])

PM10

Road dust and tire wear
Construction activities

Wildfires and windblown dust
([106]; [107])

Ultrafine particles (UFP) Tailpipe emissions from vehicle exhaust, diesel combustion, and solid biomass burning
([106]; [11]; [18];

[108]; [88])

Black carbon (BC) Combustion process (vehicle exhaust emissions and cookstoves) ([109]; [106])

Polycyclic aromatic
hydrocarbons (PAHs)

Incomplete combustion of fossil fuels, natural combustion (forest fires and volcanic
eruption), anthropogenic cause (wood, coal burning, vehicle exhaust emissions, heat and

power generation)

([110]; [16]; [111];
[17])
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p47phox (known as NCF1 (neutrophil cytosolic factor 1)),
and 3-NT (nitration marker). Furthermore, both of the
in vivo and in vitro studies revealed upregulations of miR-
301b-3p and let-7c-1-3p with the downstream targets,
SMAD2, SMAD3, and transforming growth factor β1
(TGFβ1), indicating higher risk of atherosclerosis following
UFP exposure [63]. Another study reported that exposure
to UFP among school children was positively associated with
increased miR-222 from saliva samples [64]. miR-222 was
shown to protect pathological cardiac remodelling and nec-
essary for exercise-induced cardiomyocyte growth and pro-
liferation [65]. It was reported that exposure to UFP for 72
hours significantly downregulates let-7a, let-7b, let-7d, let-
7e, miRNA-16, and miRNA-34 with 10-fold upregulation
of miR-24 and 6-fold increase in miR-27 and miR-155
expression, respectively [60].

2.3. miRNAs and BC (Black Carbon). The mortality and
morbidity related to a BC-related cardiovascular event are
reported to be stronger than those due to PM2.5 [66]. High
concentration of BC was observed to have relation with
increased major adverse cardiovascular events in ACS
patients [66]. Exposure to BC nanoparticles leads to marked
increase in miR-135b and subtle changes in miR-21 and
miR-146b, with RT-PCR validation [67]. miR-135b has been
shown to stimulate apoptosis and inflammation, reduce cell
proliferation, and inhibit macrophage function. Moreover,
miR-135b inhibition was reported to increase atherosclerotic
plaque development [68]. miR-21 showed increased plaque
stability in ACS [69]. This miRNA also showed to have sig-
nificant elevation in stable and unstable angina and as com-
pared to control subject thus may play an important role for
a new biomarker for this disease along with a strong correla-
tion with aging [70]. Exogenous miR-21 was reported to
drastically inhibit cardiomyocyte and endothelial cell apo-
ptosis thus leading to significant improvement of cardiac
function [71]. The expression of miR-146b was demon-

strated to be downregulated in a myocardial infarction
model in vivo as compared to the control group, whereas
the in vitro experiment showed that the downregulation of
miR-146b led to increased inflammatory factors and apopto-
sis of the vascular cells and was suggested to be associated
with the PI3K/Akt/NF-κB pathway [72]. In contrast to ear-
lier findings, however, no evidence of miRNA changes was
detected through black carbon exposure through intratra-
cheal instillation in C57BL/6 mice (Julie A [73]).

2.4. miRNA and PAHs (Polycyclic Aromatic Hydrocarbons).
miR-155 expression was upregulated in human umbilical
cord vein cells (HUVECs) exposed to PAH treatment. The
putative gene target for miR-155 was shown to be linked to
Wingless/Integrated (Wnt) and epidermal growth factor
(ErbB) signalling which is important for vasculature devel-
opment, thus proposing involvement of miRNA for a novel
target for cardiovascular-related therapy [8]. In one study,
exposure to PAHs showed significant increase in lower expres-
sion of miR-24-3p, miR-27a-3p, miR-142-5p, and miR-28-5p,
through analysis of urinary 4-hydroxyphenanthrene and/or
plasma BPDE-Alb. On the other hand, urinary 1-hydroxy-
naphthalene, 2-hydroxynaphthalene, 2-hydroxyphenan-
threne, and the sum of monohydroxy-PAHs were associated
with high level of miR-150-5p expression [74]. In PAH-
induced hepatocarcinogenesis, miR-181a, miR-181b, and
miR-181d were significantly upregulated through p38 MAPK
activation [75]. The summary of specific particulate matter
and related miRNAs is shown in Table 2.

3. PM Exposure and Cardiac
Inflammatory Mediators

PM exposure is known to exacerbate inflammatory response
through mRNA mediation [63, 76, 77], some of it through
miRNA modulation [7–9]. The summary of particulate mat-
ter (PM) and related cardiac inflammatory mediators is

Table 2: Summary of particulate matter (PM) and related miRNAs.

Particulate matter (PM) miRNAs Reference

PM2.5

miR-129, miR-139, miR-146a, miR-146b, miR-155, miR-340, miR-691, miR-181a, miR-21-
3p, and miR-21-5p

[59]

miR-1-3p, miR-146a-5p, miR-187-3p, miR-199a-5p, and miR-21-5p [7]

let-7d-5p, miR-24-3p, miR-425-5p, miR-4454, miR-4763-3p, miR-502-5p, and miR-505-
3p

[52]

miR-205 [55]

miR-223-3p [57]

PM (general) let-7a, miR-146a-5p, and miR-155-5p [9]

Ultrafine particle (UFP)

miR-222 [64]

let-7a, let-7b, let-7d, let-7e, miRNA-16, miR-155, miR-24, miR-27, and miRNA-34 [60]

miR-301b-3p and let-7c-1-3p [63]

Black carbon (BC) miR-135b, miR-146b, and miR-21 [67]

Polycyclic aromatic hydrocarbons
(PAHs)

miR-181a, miR-181b, and miR-181d [75]

miR-24-3p, miR-27a-3p, miR-142-5p, and miR-28-5p and miR-150-5p [74]

miR-155 [8]
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shown in Table 3. In one experiment, exposure to daily PM10
of overweight and obese patients showed an inverse associa-
tion of DNA methylation of inflammatory genes, in particu-
lar cluster of differentiation antigen 14 (CD14) and toll-like
receptor 4 (TLR4), but not in tumour necrosis factor-α
(TNF-α) [78]. Through in vitro study, PM2.5 was shown to
decrease cell viability and increased the expression of NF-
kB1 family gene mRNA and inflammatory mediators
including C-reactive protein (CRP), cyclooxygenase-2
(COX-2), interleukin-1β (IL-1β), interleukin-8 (IL-8),
interleukin-12 (IL-12), and TNF-α (J. [79]). In a meta-
analysis finding, short-term exposure to PM2.5 and PM10
had a significant association with inflammation and blood
coagulation markers, TNF-α, and fibrinogen; however, the
long-term exposure to both PM2.5 and PM10 was not signif-
icant [80]. In another study, it was reported that the smaller
the size of the PM, the more significant the association of
PM exposure to inflammation markers, for example, IL-1β,
IL-6, and TNF-α [81]. Exposure to PM2.5 was also associated
with increased level of proinflammatory cytokines MCP-1,
macrophage inflammatory protein 1α/β (MIP-1α/β), IL-6,
and IL-1β and increased level of inflammatory response,
for example, CD4+, CD8+, CD14+, and CD16+ [82].
MCP-1 acts through the CCR2 receptor and is increased
by chronic inflammatory condition which stimulates the

adherence of monocytes to the subendothelial region of the
atherogenic arterial wall [83]. This finding is supported by
a Mendelian randomisation study, indicating the linkage of
MCP-1 to an increased risk of coronary artery disease
(CAD), myocardial infarction (MI), and ischemic stroke
[84]. In several atherosclerotic studies, the inhibition of the
CCR2 receptor reduced inflammatory monocyte recruit-
ment, reduced neointimal hyperplasia, and reduced the size
of atherosclerotic plaque [85–87]. One study among healthy
nonsmokers exposed to ambient PM2.5 for 24 hours demon-
strated significant increase in proinflammatory cytokines
(IL-6 and IL-1β) and antiangiogenic agent (TNF-α) that
may contribute to endothelial dysfunction, inflammation,
and platelet activation. PM2.5 induced reactive oxygen spe-
cies (ROS), increased cardiomyocyte apoptosis, stimulated
inflammatory cell infiltration, and enhanced the inflamma-
tory factors in AC16 cells and heart tissue [55]. The regula-
tion is through PM2.5-induced downregulation of miR-205
activating the TNF receptor-associated factor 6 (TRAF6)/
nuclear transcription factor-B (NF-κB) signalling pathway,
which further activated the signalling network. In the higher
PM2.5 exposure, the result showed a positive association
with IL-1, IL-6, and TNF [7].

Exposure to UFPs was reported to have a significant link
to cardiovascular disease, such as atherosclerosis (AS) [63].

Table 3: Summary of particulate matter (PM) and related cardiac inflammatory mediators.

Particulate matter (PM) Cardiac inflammatory mediators Effect Reference

PM2.5 IL-1β, IL-8, IL-12, TNF-α, CRP, COX
Decrease cell viability and increase

inflammatory mediators
[79]

TNF-α
Increase inflammation and blood

coagulation markers
[80]

CD4+, CD8+, CD14+ and CD16+, IL-6,
IL-1β, MCP-1, MIP-1α/β, TNF-α

Increased endothelial cell apoptosis,
proinflammatory cytokines, and

antiangiogenic activity contribute to
pathogenic atherogenesis
and acute coronary events

[82]

TRAF6, NF-κB

Increased reactive oxygen species (ROS),
increased cardiomyocyte apoptosis,

stimulated inflammatory cell infiltration,
and enhanced inflammatory factors in AC16

cells and heart tissue

[55]

EDN1, F3, IL-1, IL-6, TNF, TLR2
Involved in systemic inflammation,
coagulation, and vasoconstriction

[7]

Smaller PM size IL-1β, IL-6, TNF-α Increase inflammation marker [81]

PM10 CD14 and TLR4
Inverse association of DNA methylation
of inflammatory genes in overweight and

obese patients
[78]

TNF-α
Increase inflammation and blood

coagulation markers
[80]

Ultrafine particle

3-NT, CCXL2, EPGN, EREG, FOSL1,
GREM1, HES1, IL-1α, IL-1β, IL-6, IL-24,
NFE2L2, MAFF, MCP-1, p47phox, TGIF1,

VEGF

Biological dysregulation in atherosclerosis,
increase inflammation

[19]; [63])

Black carbon (BC) F3, ICAM-1 Inflammation and thrombosis [76]

Polycyclic aromatic hydrocarbons
(PAHs)

IL-1β, IL-6, IL-10, TNF-α, IFN-γ,
and hs-CRP

Inflammation and atherogenesis [77]
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Mice were given an acute dose of UFPs for six days, after
which they were sacrificed few days later. Postacute exposure
revealed increased inflammation responses and nitrate
stress, with elevated IL-6, MCP-1, p47phox, and 3-NT levels
in the mouse serum compared to the untreated control. In
an in vitro study, exposure to diesel UFP increased the levels
of IL-6 and vascular endothelial growth factor (VEGF) in
lung epithelial cells, whereas treatment of endothelial cells
with diesel UFP media increased the levels of vascular cell
adhesion protein 1 (VCAM-1) and intercellular adhesion
molecule 1 (ICAM-1) in endothelial cells [88].

Black carbon (BC) is a traffic-related particle that is
formed as a combustion by-product and has been linked to
several cardiovascular adverse events, stronger than the
effect of fine PM2.5 [89]. However, this study contrasts with
that of Bourdon et al.’s finding few years before who stated
that intrathecal instillation of carbon black nanoparticles
had no effect on cardiac gene expression [73]. This finding
was supported by Dominguez-Rodriguez et al. who argue
that the major adverse cardiovascular events (MACE) were
detected in other PM exposure, except BC [90]. Neverthe-
less, BC exposure was linked to methylation of genes

Table 4: Target inflammatory genes and miRNAs.

Target inflammatory
genes

miRNAs Related cell/organ/disease Author

CD14
miR-199a-3p, miR-199a-5p, and

miR-21-5p

RAW264.7 macrophage cell line, lipopolysaccharide-
(LPS-) induced proinflammatory cytokine release, and

LPS-induced septic shock
[91]

EDN1 (putative target of
miRNA

miR-199
Liver sinusoidal endothelial cells (rLSEC) derived from

ethanol-fed rats
[94]

IL-1β miR-448 Autoimmune diseases [95]

IL-6 miR-181c INS-1 cells [96]

IL-6 miR-410
Lupus nephritis, systemic lupus erythematosus (SLE) in kidney

tissue of MRL/lpr mice
[97]

MCP-1 miR-124a Synoviocytes from rheumatoid arthritis [98]

TLR2 miR-146a
BLP-stimulated human THP-1 promonocytic cells, innate

immune response to infection
[99]

TLR2 miR-105
Primary human keratinocytes, challenge with

Porphyromonas gingivalis (a Gram-negative bacterium
that triggers TLR-2 and TLR-4)

[100]

TLR2 miR19a/b
Rheumatoid fibroblast-like synoviocytes,

rheumatoid arthritis (RA)
[101]

TNF-α miR-181a-5p Dendritic cells [102]

Figure 1: The summary of the mode of action of PMIA through miRNA-mRNA regulation. ACS = acute coronary syndrome; BC= black
carbon; miRNA=microRNA; mRNA=messenger RNA; PAH=polycyclic aromatic hydrocarbon; PM=particulate matter;
PMIA= particulate matter-induced ACS; UFP= ultrafine particle.
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implicated in inflammation and endothelial function,
through decreased coagulation factor III (F3) and ICAM-1
methylation [76].

1-Hydroxypyrene (1-OHP) is a biomarker for traffic-
related air pollution exposure to polycyclic aromatic hydro-
carbons (PAHs). In one study, urinary 1-OHP levels were
higher in taxi drivers than in nonoccupationally exposed
people, and it was linked to proinflammatory cytokines, for
example, IL-1β, IL-6, IL-10, TNF-α, IFN-γ, and hs-CRP
[77]. These higher inflammatory biomarkers were linked to
the key indicators of cardiovascular morbidity.

4. miRNAs and PM-Induced
Inflammation Mediators

Even though study on PM-induced cardiac inflammation
mediators is limited, other experiments were performed uti-
lising the similar genes or mediators in other system rather
than focusing on the cardiovascular system. Regardless,
these mediators are similar and involved in many parts of
the ACS cellular pathological mechanism. For example,

CD14 gene silencing was reported to significantly change
the expression of 199a-3p, miR-199a-5p, and miR-21-5p in
the RAW264.7 macrophage cell line [91]. Endothelin-1
(ET-1) is a peptide encoded by the ET-1 gene (EDN1).
Endothelin-1 (ET-1) is a 21-amino acid polypeptide that is
mainly generated by endothelial cells of the vascular system
and has been shown to participate in a variety of biological
processes, including inflammation, fibrosis, proliferation of
vascular smooth muscle, and cardiovascular hypertrophy
[92]. ET-1 is a potent vasoconstrictor in cardiac, renal, and
nervous system vasculature and known to be attenuated by
miRNA regulation [93]. In one study, overexpression of
miR-199 inhibited ethanol-induced EDN1, and on the other
hand, inhibiting miR-199 levels led to increase in ET-1 pro-
tein with the presence of ethanol [94]. IL-1 is a cumulative
IL-1α and IL-1β and a potent inducer of inflammatory pro-
tein, and miR-448 reportedly enhanced the production of
proinflammatory cytokine including IL-1β [95]. IL-6 is a
proapoptotic and proinflammatory cytokine, secreted by
inflammatory cells in response to inflammation. In IL-6-
treated cells, miR-181c was significantly downregulated as

Particulate matter PM2.5

Cardiac
inflammatory

mediators

PM10 UFP BC PAH

CD4+, CD8+, CD14+,
CD16+, COX, CRP,

EDN1, F3, IL-1, IL-1𝛽,
IL-6, IL-8, IL-12, MCP-1,

MIP-1𝛼/𝛽, NF-𝜅B,
TLR2, TNF-𝛼, TRAF6

Effects
Decrease cell viability and increase inflammatory mediators, thrombosis, ROS, blood co-agulation

markers, endothelial cell & cardiomyocytes apoptosis, atherosclerosis,
proinflammatory cytokines, antiangiogenic, increase stimulate inflammatory cell

infiltration, enhance the inflammatory factors in AC16 cells and heart tissue, involve in
systemic inflammation, coagulation and vasoconstriction. All these activities contribute to

pathogenic atherogenesis and acute coronary events.

CD14,
TLR4,
TNF-𝛼

3-NT, CCXL2, CD14,
EPGN, EREG, FOSL1,
GREM1, HES1, IL-1𝛼,

IL-1𝛽, IL-6, IL-24,
MAFF, MCP-1, NFE2L2,
p47phox, TGIF1, TLR4,

TNF-𝛼, VEGF

F3,
ICAM-1

hs-CRP, IFN-𝛾,
IL-1𝛽, IL-6, IL-10,

TNF-𝛼

Acute coronary syndrome

Figure 2: The mode of action of PM in inducing ACS. The PM stimulates the production cardiac inflammatory mediators that might lead to
ACS. 3-NT=nitration marker; ACS = acute coronary syndrome; CCXL2= chemokine genes; CD14 = differentiation antigen 14; CD14
+= cluster of differentiation 14 (monocyte differentiation antigen); CD16+= cluster of differentiation 16 (monocyte differentiation
antigen); CD4+= cluster of differentiation 4 (monocyte differentiation antigen); CD8+= cluster of differentiation 8 (monocyte
differentiation antigen); COX= cyclooxygenase; CRP=C-reactive protein; EDN1= endothelin 1 (protein-coding gene); EPGN= epithelial
mitogen (protein-coding gene); EREG= epiregulin (protein-coding gene); F3 = coagulation factor III, tissue factor (protein-coding gene);
FOSL1 = FOS like 1, AP-1 transcription factor subunit (protein-coding gene); GREM1= gremlin 1, DAN family BMP antagonist
(protein-coding gene); HES1 =Hes family BHLH transcription factor 1 (protein-coding gene); hs-CRP= high-sensitivity C-reactive
protein; ICAM-1 = intercellular adhesion molecule 1; IFN-γ= interferon gamma; IL-1 = interleukin-1; IL-10 = interleukin-10; IL-
12 = interleukin-12; IL-1α= interleukin-1α; IL-1β= interleukin-1β; IL-24 = interleukin-24; IL-6 = interleukin-6; IL-8 = interleukin-8;
MAFF=MAF BZIP transcription factor F (protein-coding gene); MCP-1 =monocyte chemoattractant protein 1; MIP-1α/β=macrophage
inflammatory protein-1 alpha/beta; NFE2L2 = nuclear factor erythroid 2-like 2 (protein-coding gene); NF-κB=nuclear factor kappa B;
p47phox = neutrophil cytosolic factor 1 protein, encoded by NCF1; PM=particulate matter; TGIF1 =TG-interacting factor 1;
TLR2 = toll-like receptor 2; TLR4 = toll-like receptor 4; TLR4= toll-like receptor 4; TNF-α= tumour necrosis factor-α; TRAF6 =TNF
receptor-associated factor 6; VEGF= vascular endothelial growth factor.
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compared to control cells [96]. Other study found that miR-
410 targets the 3′untranslated region (3′UTR) of IL-6; thus,
increase in miR-410 reduces the IL-6 levels [97]. miR-124a is
reported to bind at the 3′UTR of MCP-1 mRNA, and the
upregulation of this miRNA supressed the MCP-1 protein
levels [98]. Toll-like receptor 2 (TLR2) plays an important
role in the activation of innate immunity, activation of the
macrophage, and promotion of apoptosis. Some study
reported that miR-146a [99] and miR-105 [100] downregu-
lated the expression of TLR2. On the other hand, miR19a/b
upregulated the TLR2 expression, and the increased expres-
sion of miR-19a/b by mimics significantly reduced TLR2
protein and inhibited the TLR2-triggered cytokine and
kinase activities [101]. TNF-α is a proinflammatory cyto-
kine. Luciferase reporters confirm the in silico algorithms
of miR-181a-5p target 3′UTR of TNF-α, in which the
miR-181a-5p mimic suppressed the TNF-α levels and the
miR-181a-5p inhibitor increased its level [102]. The sum-
mary of inflammatory genes and related miRNAs is shown
in Table 4.

5. Discussion and Conclusion

miRNAs bind to a specific sequence in the 3′UTR, 5′UTR,
and coding sequence of their target mRNAs, resulting in
translational repression, mRNA deadenylation, and decap-
ping of the target mRNAs, respectively [103]. Therefore,
we may take various viewpoints on PM exposure to miRNA
and mRNA involved in inflammation and ACS (Figure 1).
Firstly, this paper might suggest that PM could deter the
level of mRNA involved in cardiac inflammation
(Figure 2). For example, PM2.5 was reported to increase
TNF-α, CD14+, and TLR2. These mRNAs and others
(Table 3) might have a significant potential role for future
applications in ACS screening and biomarkers. Secondly,
we would suggest specific miRNA that could be used as ther-
apeutic tools to treat ACS. We identify several studies indi-
cating significant miRNA functions to downregulate
several inflammatory factors, such as miR-146a-5p, miR-
181a, miR-199a-5p, and miR-21-5p, which target TRL2,
TNF-α, and CD14, respectively (Table 4). An increase in
the stated miRNAs could downregulate the genes involved
in cardiac inflammation and grant future experiments and
validation. Therefore, a common pathway in PMIA regu-
lated by the miRNAs could be investigated in the future.

The findings presented here have established that PMIA
has a major impact on miRNAs and vice versa. For preven-
tion and management of ACS, PM and other hazardous
substances from air pollution should be considered
significant modifiable risk factors. Policymakers should
strengthen the effort to reduce air pollution exposure
through suitable and effective legislation significantly. The
use of miRNA and mRNA in novel clinical settings offers
promising potentials. Currently, multiple clinical trials are
exploring miRNA profiles in various illness conditions for
prognostic or diagnostic reasons. Since one miRNA can tar-
get several different mRNAs, it is important to be cautious
when attributing miRNA effects to a specific mRNA. miR-

NAs have been well established to play a role in the regula-
tion of inflammatory factors in ACS. However, little is
known on how these miRNAs directly contribute to the
modulation of PMIA. Further study should be conducted
to determine the best techniques for air pollution reduction
and to document the effects of these techniques on the inci-
dence of ACS and its relationship to morbidity and mortal-
ity. It seems prudent to predict that future research
investigating PMIA on miRNAs will adopt more compre-
hensive technology.

Abbreviations

1-OHP: 1-Hydroxypyrene
3′UTR: 3′untranslated region
3-NT: Nitration marker
5′UTR: 5′untranslated region
ACS: Acute coronary syndrome
AD: Aerodynamic diameter
Akt: Protein kinase B (PKB)
BC: Black carbon
BPDE-Alb: Benzo[a]pyrene-r-7,t-8,t-9,c-10-tetrahydote-

trol-albumin
CAD: Coronary artery disease
CCR2: C-C chemokine receptor type 2
CCXL2: Chemokine genes
CD14: Differentiation antigen 14
CD14+: Cluster of differentiation 14 (monocyte differ-

entiation antigen)
CD16+: Cluster of differentiation 16 (monocyte differ-

entiation antigen)
CD4+: Cluster of differentiation 4 (monocyte differen-

tiation antigen)
CD8+: Cluster of differentiation 8 (monocyte differen-

tiation antigen)
CO: Carbon monoxide
COX: Cyclooxygenase
COX-2: Cyclooxygenase-2
CRP: C-reactive protein
CVD: Cardiovascular disease
CYP: Cytochrome P450
DNA: Deoxyribonucleic acid
ECG: Electrocardiogram
EDN1: Endothelin 1 (protein-coding gene)
EPGN: Epithelial mitogen (protein-coding gene)
ErbB: Epidermal growth factor (EGF)
EREG: Epiregulin (protein-coding gene)
ET-1: Endothelin 1
F3: Coagulation factor III, tissue factor (protein-

coding gene)
FOSL1: FOS kike 1, AP-1 transcription factor subunit

(protein-coding gene)
GREM1: Gremlin 1, DAN family BMP antagonist (pro-

tein-coding gene)
HES1: Hes family BHLH transcription factor 1 (pro-

tein-coding gene)
hs-CRP: High-sensitivity C-reactive protein
HUVECs: Human umbilical cord vein cells

8 Mediators of Inflammation



ICAM-1: Intercellular adhesion molecule 1
IFN-γ: Interferon gamma
IL-1: Interleukin-1
IL-12: Interleukin-12
IL-1α: Interleukin-1α
IL-1β: Interleukin-1β
IL-24: Interleukin-24
IL-4: Interleukin-4
IL-6: Interleukin-6
IL-8: Interleukin-8
IL-10: Interleukin-10
IRAK2: Interleukin-1 receptor-associated kinases
MACE: Major adverse cardiovascular events
MAFF: MAF BZIP transcription factor F (protein-cod-

ing gene)
MAPK: Mitogen-activated protein kinase
MCP-1: Monocyte chemoattractant protein 1
MI: Myocardial infarction
MIP-1α: Macrophage inflammatory protein-1 alpha
MIP-1β: Macrophage inflammatory protein-1 beta
miRNAs: MicroRNAs
mRNA: Messenger RNA
NFE2L2: Nuclear factor erythroid 2-like 2 (protein-cod-

ing gene)
NF-κB: Nuclear factor kappa B
NMMAPS: National Morbidity, Mortality, and Air Pollu-

tion Study
NO2: Nitrogen dioxide
NOx: Nitrogen oxides
NSTEMI: Non-ST elevation myocardial infarction
O3: Ozone
p47phox: Neutrophil cytosolic factor 1 (NCF1)
PAHs: Polycyclic aromatic hydrocarbons
PI3K: Phosphatidyl-inositol-3-kinase
PM: Particulate matter
PMIA: Particulate matter-induced ACS
RNA: Ribonucleic acid
ROS: Reactive oxygen species
RT-PCR: Real-time polymerase chain reaction
SDG: Sustainable Development Goals
SMAD2: SMAD family member 2
SMAD3: SMAD family member 3
SO2: Sulphur dioxide
STEMI: ST elevation myocardial infarction
TGFβ1: Transforming growth factor β1
TGIF1: TG-interacting factor 1
Th1: T helper type 1
TLR2: Toll-like receptor 2
TLR4: Toll-like receptor 4
TNF-α: Tumour necrosis factor-α
TRAF6: TNF receptor-associated factor 6
UA: Unstable angina
UFP: Ultrafine particle
UN: United Nation
VCAM-1: Vascular cell adhesion protein 1
VEGF: Vascular endothelial growth factor
VOCs: Volatile organic compounds
WHO: World Health Organization
Wnt: Wingless/Integrated.

Conflicts of Interest

The authors declared that they have no conflicts of interest.

References

[1] WHO, 7 million premature deaths annually linked to air pol-
lution, 2014, https://www.who.int/mediacentre/news/
releases/2014/air-pollution/en/.

[2] EPA, U, Greenhouse gas (GHG) emissions, 2020, https://www
.epa.gov/ghgemissions.

[3] C. Pénard-Morand and I. Annesi-Maesano, “Air pollution:
from sources of emissions to health effects,” Breathe, vol. 1,
no. 2, pp. 108–119, 2004.

[4] A. J. Cohen, M. Brauer, R. Burnett et al., “Estimates and 25-
year trends of the global burden of disease attributable to
ambient air pollution: an analysis of data from the Global
Burden of Diseases Study 2015,” Lancet, vol. 389, no. 10082,
pp. 1907–1918, 2017.

[5] United Nations, Sustainable Development Goals, 2015,
https://www.un.org/sustainabledevelopment/health/.

[6] M. Ravljen, T. Hovelja, and D. Vavpotič, “Relationship
between particulate matter pollution and acute coronary syn-
drome incidence,” Atmosphere, vol. 10, no. 3, p. 103, 2019.

[7] C. Renjie, H. Li, J. Cai et al., “Fine particulate air pollution and
the expression of microRNAs and circulating cytokines rele-
vant to inflammation, coagulation, and vasoconstriction,”
Environmental Health Perspectives, vol. 126, no. 1, article
017007, 2018.

[8] X. He, Y. Chen, C. Zhang, W. Gong, X. Zhang, and S. Nie,
“Polycyclic aromatic hydrocarbons from particulate matter
2.5 (PM2.5) in polluted air changes miRNA profile related
to cardiovascular disease,” Medical Science Monitor, vol. 24,
pp. 5925–5934, 2018.

[9] J. Li, T. Wang, Y. Wang et al., “Particulate matter air pollu-
tion and the expression of microRNAs and pro-
inflammatory genes: association and mediation among chil-
dren in Jinan, China,” Journal of Hazardous Materials,
vol. 389, article 121843, 2020.

[10] R. W. Atkinson, I. M. Carey, A. J. Kent, T. P. van Staa, H. R.
Anderson, and D. G. Cook, “Long-term exposure to outdoor
air pollution and incidence of cardiovascular diseases,” Epide-
miology, vol. 24, no. 1, pp. 44–53, 2013.

[11] Y. Du, X. Xu, M. Chu, Y. Guo, and J. Wang, “Air particulate
matter and cardiovascular disease: the epidemiological, bio-
medical and clinical evidence,” Journal of Thoracic Disease,
vol. 8, no. 1, pp. E8–e19, 2016.

[12] A. Peters, D. W. Dockery, J. E. Muller, and M. A. Mittleman,
“Increased particulate air pollution and the triggering of
myocardial infarction,” Circulation, vol. 103, no. 23,
pp. 2810–2815, 2001.

[13] C. A. Pope III, R. T. Burnett, M. J. Thun et al., “Lung cancer,
cardiopulmonary mortality, and long-term exposure to fine
particulate air pollution,” JAMA, vol. 287, no. 9, pp. 1132–
1141, 2002.

[14] D. A. Ridley, C. L. Heald, K. J. Ridley, and J. H. Kroll, “Causes
and consequences of decreasing atmospheric organic aerosol
in the United States,” Proceedings of the National Academy of
Sciences, vol. 115, no. 2, pp. 290–295, 2018.

[15] M. Zuurbier, G. Hoek, M. Oldenwening et al., “Commuters'
exposure to particulate matter air pollution is affected by

9Mediators of Inflammation

https://www.who.int/mediacentre/news/releases/2014/air-pollution/en/
https://www.who.int/mediacentre/news/releases/2014/air-pollution/en/
https://www.epa.gov/ghgemissions
https://www.epa.gov/ghgemissions
https://www.un.org/sustainabledevelopment/health/


mode of transport, fuel type, and route,” Environmental
Health Perspectives, vol. 118, no. 6, pp. 783–789, 2010.

[16] Y. Kawanaka, Y. Tsuchiya, S.-J. Yun, and K. Sakamoto, “Size
distributions of polycyclic aromatic hydrocarbons in the
atmosphere and estimation of the contribution of ultrafine
particles to their lung deposition,” Environmental Science &
Technology, vol. 43, no. 17, pp. 6851–6856, 2009.

[17] Y. Landkocz, F. Ledoux, V. André et al., “Fine and ultrafine
atmospheric particulate matter at a multi-influenced urban
site: physicochemical characterization, mutagenicity and
cytotoxicity,” Environmental Pollution, vol. 221, pp. 130–
140, 2017.

[18] L. Eleonora, G. Maurizio, C. Laura et al., “Physico-chemical
properties and biological effects of diesel and biomass parti-
cles,” Environmental Pollution, vol. 215, pp. 366–375, 2016.

[19] A. Grilli, R. Bengalli, E. Longhin et al., “Transcriptional pro-
filing of human bronchial epithelial cell BEAS-2B exposed to
diesel and biomass ultrafine particles,” BMC Genomics,
vol. 19, no. 1, p. 302, 2018.

[20] G. Maurizio, L. Eleonora, M. Michela et al., “Gene expression
profiling of A549 cells exposed to Milan PM2.5,” Toxicology
Letters, vol. 209, no. 2, pp. 136–145, 2012.

[21] R. W. Atkinson, B. K. Butland, H. R. Anderson, and R. L.
Maynard, “Long-term concentrations of nitrogen dioxide
and mortality: a meta-analysis of cohort studies,” Epidemiol-
ogy, vol. 29, no. 4, pp. 460–472, 2018.

[22] P. Collart, D. Dubourg, A. Levêque, N. B. Sierra, and
Y. Coppieters, “Short-term effects of nitrogen dioxide on hos-
pital admissions for cardiovascular disease in Wallonia, Bel-
gium,” International Journal of Cardiology, vol. 255,
pp. 231–236, 2018.

[23] J. R. Brook, R. T. Burnett, T. F. Dann et al., “Further interpre-
tation of the acute effect of nitrogen dioxide observed in
Canadian time-series studies,” Journal of Exposure Science
& Environmental Epidemiology, vol. 17, Supplement 2,
pp. S36–S44, 2007.

[24] EPA, U, Nitrogen dioxide (NO2) pollution, 2016, https://www
.epa.gov/no2-pol lut ion/bas ic- information-about-
no2#What%20is%20NO2.

[25] A. M. Francesca Dominici, M. Daniels, S. L. Zeger, and J. M.
Samet, Mortality among residents of 90 cities, 2003, https://
www.researchgate.net/profi le/Antonella-Zanobetti/
publication/230651495_Mortality_and_morbidity_among_
eldery_residents_of_cities_with_daily_PM_measurements/
links/00b7d513f5ce2f4197000000/Mortality-and-morbidity-
among-eldery-res idents-o f-c i t ies-with-dai ly-PM-
measurements.pdf#page=19.

[26] R. Januszek, B. Staszczak, Z. Siudak et al., “The relationship
between increased air pollution expressed as PM10 concen-
tration and the frequency of percutaneous coronary interven-
tions in patients with acute coronary syndromes—a seasonal
differences,” Environmental Science and Pollution Research,
vol. 27, no. 17, pp. 21320–21330, 2020.

[27] MOH, National Health and Morbidity Survey 2015 (NMRR –
14-1064-21877), 2015, https://www.moh.gov.my/moh/
resources/nhmsreport2015vol2.pdf.

[28] MOH, National Cardiovascular Disease Database (NCVD),
2015, https://www.malaysianheart.org/files/5d1998d5b6248
.pdf.

[29] B. Norsa'adah and C. M. Che-Muzaini, “Association of Co-
morbidity and treatment with the complications of acute cor-

onary syndrome in young patients less than 45 years,”Malay-
sian Journal of Medical Sciences, vol. 25, no. 1, pp. 42–52,
2018.

[30] E. A. Amsterdam, N. K. Wenger, R. G. Brindis et al., “2014
AHA/ACC guideline for the management of patients with
non-ST-elevation acute coronary syndromes: a report of the
American College of Cardiology/American Heart Association
Task Force on Practice Guidelines,” Journal of the American
College of Cardiology, vol. 64, no. 24, pp. e139–e228, 2014.

[31] S. Goodacre, P. Pett, J. Arnold et al., “Clinical diagnosis of
acute coronary syndrome in patients with chest pain and a
normal or non-diagnostic electrocardiogram,” Emergency
Medicine Journal, vol. 26, no. 12, pp. 866–870, 2009.

[32] E. D. Grech and D. R. Ramsdale, “Acute coronary syndrome:
unstable angina and non-ST segment elevation myocardial
infarction,” BMJ, vol. 326, no. 7401, pp. 1259–1261, 2003.

[33] M. Torres and S. Moayedi, “Evaluation of the acutely dys-
pneic elderly patient,” Clinics in Geriatric Medicine, vol. 23,
no. 2, pp. 307–325, 2007.

[34] J. F. Bentzon, F. Otsuka, R. Virmani, and E. Falk, “Mecha-
nisms of plaque formation and rupture,” Circulation
Research, vol. 114, no. 12, pp. 1852–1866, 2014.

[35] S. A. Achar, S. Kundu, and W. A. Norcross, “Diagnosis of
acute coronary syndrome,” American Family Physician,
vol. 72, no. 1, pp. 119–126, 2005, https://www.aafp.org/afp/
2005/0701/afp20050701p119.pdf.

[36] D. K. Arnett, R. S. Blumenthal, M. A. Albert et al., “2019
ACC/AHA guideline on the primary prevention of cardiovas-
cular disease: a report of the American College of Cardiology/
American Heart Association Task Force on Clinical Practice
Guidelines,” Circulation, vol. 140, no. 11, pp. e596–e646,
2019.

[37] E. Braunwald, E. M. Antman, J. W. Beasley et al., “ACC/AHA
guidelines for the management of patients with unstable
angina and non–ST-segment elevation myocardial infarction:
executive summary and recommendations,” Circulation,
vol. 102, no. 10, pp. 1193–1209, 2000.

[38] X. Meng, Y. Zhang, K.-Q. Yang, Y.-K. Yang, and X.-L. Zhou,
“Potential harmful effects of PM2.5 on occurrence and pro-
gression of acute coronary syndrome: epidemiology, mecha-
nisms, and prevention measures,” International Journal of
Environmental Research and Public Health, vol. 13, no. 8,
p. 748, 2016, https://www.mdpi.com/1660-4601/13/8/748.

[39] B. Gardner, F. Ling, P. K. Hopke et al., “Ambient fine partic-
ulate air pollution triggers ST-elevation myocardial infarc-
tion, but not non-ST elevation myocardial infarction: a
case-crossover study,” Particle and Fibre Toxicology, vol. 11,
no. 1, 2014.

[40] F. Ahlin, J. Arfvidsson, K. G. Vargas, S. Stojkovic, K. Huber,
and J. Wojta, “MicroRNAs as circulating biomarkers in acute
coronary syndromes: a review,” Vascular Pharmacology,
vol. 81, pp. 15–21, 2016.

[41] M. F. Corsten, R. Dennert, S. Jochems et al., “Circulating
microRNA-208b and microRNA-499 reflect myocardial
damage in cardiovascular disease,” Circulation. Cardiovascu-
lar Genetics, vol. 3, no. 6, pp. 499–506, 2010.

[42] R. C. Friedman, K. K. Farh, C. B. Burge, and D. P. Bartel,
“Most mammalian mRNAs are conserved targets of micro-
RNAs,” Genome Research, vol. 19, no. 1, pp. 92–105, 2009.

[43] D. P. Bartel, “MicroRNAs: genomics, biogenesis, mechanism,
and function,” Cell, vol. 116, no. 2, pp. 281–297, 2004.

10 Mediators of Inflammation

https://www.epa.gov/no2-pollution/basic-information-about-no2#What%20is%20NO2
https://www.epa.gov/no2-pollution/basic-information-about-no2#What%20is%20NO2
https://www.epa.gov/no2-pollution/basic-information-about-no2#What%20is%20NO2
https://www.researchgate.net/profile/Antonella-Zanobetti/publication/230651495_Mortality_and_morbidity_among_eldery_residents_of_cities_with_daily_PM_measurements/links/00b7d513f5ce2f4197000000/Mortality-and-morbidity-among-eldery-residents-of-cities-with-daily-PM-measurements.pdf#page=19
https://www.researchgate.net/profile/Antonella-Zanobetti/publication/230651495_Mortality_and_morbidity_among_eldery_residents_of_cities_with_daily_PM_measurements/links/00b7d513f5ce2f4197000000/Mortality-and-morbidity-among-eldery-residents-of-cities-with-daily-PM-measurements.pdf#page=19
https://www.researchgate.net/profile/Antonella-Zanobetti/publication/230651495_Mortality_and_morbidity_among_eldery_residents_of_cities_with_daily_PM_measurements/links/00b7d513f5ce2f4197000000/Mortality-and-morbidity-among-eldery-residents-of-cities-with-daily-PM-measurements.pdf#page=19
https://www.researchgate.net/profile/Antonella-Zanobetti/publication/230651495_Mortality_and_morbidity_among_eldery_residents_of_cities_with_daily_PM_measurements/links/00b7d513f5ce2f4197000000/Mortality-and-morbidity-among-eldery-residents-of-cities-with-daily-PM-measurements.pdf#page=19
https://www.researchgate.net/profile/Antonella-Zanobetti/publication/230651495_Mortality_and_morbidity_among_eldery_residents_of_cities_with_daily_PM_measurements/links/00b7d513f5ce2f4197000000/Mortality-and-morbidity-among-eldery-residents-of-cities-with-daily-PM-measurements.pdf#page=19
https://www.researchgate.net/profile/Antonella-Zanobetti/publication/230651495_Mortality_and_morbidity_among_eldery_residents_of_cities_with_daily_PM_measurements/links/00b7d513f5ce2f4197000000/Mortality-and-morbidity-among-eldery-residents-of-cities-with-daily-PM-measurements.pdf#page=19
https://www.researchgate.net/profile/Antonella-Zanobetti/publication/230651495_Mortality_and_morbidity_among_eldery_residents_of_cities_with_daily_PM_measurements/links/00b7d513f5ce2f4197000000/Mortality-and-morbidity-among-eldery-residents-of-cities-with-daily-PM-measurements.pdf#page=19
https://www.moh.gov.my/moh/resources/nhmsreport2015vol2.pdf
https://www.moh.gov.my/moh/resources/nhmsreport2015vol2.pdf
https://www.malaysianheart.org/files/5d1998d5b6248.pdf
https://www.malaysianheart.org/files/5d1998d5b6248.pdf
https://www.aafp.org/afp/2005/0701/afp20050701p119.pdf
https://www.aafp.org/afp/2005/0701/afp20050701p119.pdf
https://www.mdpi.com/1660-4601/13/8/748


[44] Y. Peng and C. M. Croce, “The role of microRNAs in human
cancer,” Signal Transduction and Targeted Therapy, vol. 1,
no. 1, p. 15004, 2016.

[45] J. Feng, W. Xing, and L. Xie, “Regulatory roles of microRNAs
in diabetes,” International Journal of Molecular Sciences,
vol. 17, no. 10, p. 1729, 2016.

[46] X. Li, Y. Wei, and Z. Wang, “MicroRNA-21 and hyperten-
sion,” Hypertension Research, vol. 41, no. 9, pp. 649–661,
2018.

[47] J. Y. Barraclough, M. Joan, M. V. Joglekar, A. A. Hardikar,
and S. Patel, “MicroRNAs as prognostic markers in acute cor-
onary syndrome patients-a systematic review,” Cell, vol. 8,
no. 12, 2019.

[48] M. Horváth, V. Horváthová, P. Hájek et al., “MicroRNA-331
and microRNA-151-3p as biomarkers in patients with ST-
segment elevation myocardial infarction,” Scientific Reports,
vol. 10, no. 1, p. 5845, 2020.

[49] R. Alfano, Z. Herceg, T. S. Nawrot, M. Chadeau-Hyam,
A. Ghantous, and M. Plusquin, “The impact of air pollution
on our epigenome: how far is the evidence? (a systematic
review),” Curr Environ Health Rep, vol. 5, no. 4, pp. 544–
578, 2018.

[50] M. D. Patsouras and P. G. Vlachoyiannopoulos, “Evidence of
epigenetic alterations in thrombosis and coagulation: a sys-
tematic review,” Journal of Autoimmunity, vol. 104, article
102347, 2019.

[51] M. Tsamou, K. Vrijens, N. Madhloum, W. Lefebvre,
C. Vanpoucke, and T. S. Nawrot, “Air pollution-induced pla-
cental epigenetic alterations in early life: a candidate miRNA
approach,” Epigenetics, vol. 13, no. 2, pp. 135–146, 2018.

[52] F. R. Mancini, J. E. Laine, S. Tarallo et al., “MicroRNA expres-
sion profiles and personal monitoring of exposure to particu-
late matter,” Environmental Pollution, vol. 263, no. Part B,
article 114392, 2020.

[53] Y. Wang and M. Tang, “Integrative analysis of mRNAs, miR-
NAs and lncRNAs in urban particulate matter SRM 1648a-
treated EA.hy926 human endothelial cells,” Chemosphere,
vol. 233, pp. 711–723, 2019.

[54] J. Dai, W. Chen, Y. Lin, S. Wang, X. Guo, and Q. Q. Zhang,
“Exposure to concentrated ambient fine particulate matter
induces vascular endothelial dysfunction via miR-21,” Inter-
national Journal of Biological Sciences, vol. 13, no. 7,
pp. 868–877, 2017.

[55] L. Feng, J. Wei, S. Liang, Z. Sun, and J. Duan, “miR-205/
IRAK2 signaling pathway is associated with urban airborne
PM2.5-induced myocardial toxicity,” Nanotoxicology,
vol. 14, no. 9, pp. 1198–1212, 2020.

[56] R. D. Brook, S. Rajagopalan, C. A. Pope III et al., “Particu-
late matter air pollution and cardiovascular disease: an
update to the scientific statement from the American Heart
Association,” Circulation, vol. 121, no. 21, pp. 2331–2378,
2010.

[57] R. S. Rodosthenous, B. A. Coull, Q. Lu, P. S. Vokonas, J. D.
Schwartz, and A. A. Baccarelli, “Ambient particulate matter
and microRNAs in extracellular vesicles: a pilot study of older
individuals,” Particle and Fibre Toxicology, vol. 13, no. 1,
2015.

[58] C. Schulte, S. Molz, S. Appelbaum et al., “miRNA-197 and
miRNA-223 predict cardiovascular death in a cohort of
patients with symptomatic coronary artery disease,” PLoS
One, vol. 10, no. 12, article e0145930, 2015.

[59] T. Hou, J. Liao, C. Zhang, C. Sun, X. Li, and G. Wang, “Ele-
vated expression of miR-146, miR-139 and miR-340 involved
in regulating Th1/Th2 balance with acute exposure of fine
particulate matter in mice,” International Immunopharma-
cology, vol. 54, pp. 68–77, 2018.

[60] B. Arpit, S. Anushi, B. Neha et al., “Exposure to ultrafine par-
ticulate matter induces NF-κβmediated epigenetic modifica-
tions,” Environmental Pollution, vol. 252, no. Part A, pp. 39–
50, 2019.

[61] W. E. Cascio, E. Cozzi, S. Hazarika et al., “Cardiac and Vasu-
lar changes in mice after exposure to ultrafine particulate
matter,” Inhalation Toxicology, vol. 19, supplement 1,
pp. 67–73, 2007.

[62] G. S. Downward, E. van Nunen, J. Kerckhoffs et al., “Long-
term exposure to ultrafine particles and incidence of cardio-
vascular and cerebrovascular disease in a prospective study
of a Dutch cohort,” Environmental Health Perspectives,
vol. 126, no. 12, article 127007, 2018.

[63] K. Li, J. Yan, S. Wang et al., “Acute exposure of atmospheric
ultrafine particles induced inflammation response and dys-
regulated TGFβ/Smads signaling pathway in ApoE−/−
mice,” Cardiovascular Toxicology, vol. 21, no. 5, pp. 410–
421, 2021.

[64] A. Vriens, T. S. Nawrot, N. D. Saenen et al., “Recent exposure
to ultrafine particles in school children alters miR-222
expression in the extracellular fraction of saliva,” Environ-
mental Health, vol. 15, no. 1, 2016.

[65] X. Liu, J. Xiao, H. Zhu et al., “miR-222 is necessary for
exercise-induced cardiac growth and protects against patho-
logical cardiac remodeling,” Cell Metabolism, vol. 21, no. 4,
pp. 584–595, 2015.

[66] A. Dominguez-Rodriguez, S. Rodríguez, P. Abreu-Gonzalez,
P. Avanzas, and R. A. Juarez-Prera, “Black carbon exposure,
oxidative stress markers and major adverse cardiovascular
events in patients with acute coronary syndromes,” Interna-
tional Journal of Cardiology, vol. 188, pp. 47–49, 2015.

[67] J. A. Bourdon, A. T. Saber, S. Halappanavar et al., “Carbon
black nanoparticle intratracheal installation results in large
and sustained changes in the expression of miR-135b in
mouse lung,” Environmental and Molecular Mutagenesis,
vol. 53, no. 6, pp. 462–468, 2012.

[68] B. W. Wu, Y. Liu, M. S. Wu et al., “Downregulation of
microRNA-135b promotes atherosclerotic plaque stabiliza-
tion in atherosclerotic mice by upregulating erythropoietin
receptor,” IUBMB Life, vol. 72, no. 2, pp. 198–213, 2020.

[69] W. He, L. Zhu, Y. Huang et al., “The relationship of
microRNA-21 and plaque stability in acute coronary syn-
drome,” Medicine, vol. 98, no. 47, article e18049, 2019.

[70] M. S. Ali Sheikh, “Diagnostic role of plasma microRNA-21 in
stable and unstable angina patients and association with
aging,” Cardiology Research and Practice, vol. 2020, Article
ID 9093151, 7 pages, 2020.

[71] Y. Song, C. Zhang, J. Zhang et al., “Localized injection of
miRNA-21-enriched extracellular vesicles effectively restores
cardiac function after myocardial infarction,” Theranostics,
vol. 9, no. 8, pp. 2346–2360, 2019.

[72] L. Zhao, X. R. Yang, and X. Han, “MicroRNA-146b induces
the PI3K/Akt/NF-κB signaling pathway to reduce vascular
inflammation and apoptosis in myocardial infarction by tar-
geting PTEN,” Experimental and Therapeutic Medicine,
vol. 17, no. 2, pp. 1171–1181, 2018.

11Mediators of Inflammation



[73] J. A. Bourdon, A. T. Saber, N. R. Jacobsen et al., “Carbon
black nanoparticle intratracheal instillation does not alter
cardiac gene expression,” Cardiovascular Toxicology, vol. 13,
no. 4, pp. 406–412, 2013.

[74] Q. Deng, S. Huang, X. Zhang et al., “Plasma microRNA
expression and micronuclei frequency in workers exposed
to polycyclic aromatic hydrocarbons,” Environmental Health
Perspectives, vol. 122, no. 7, pp. 719–725, 2014.

[75] S. Mi-Kyung, P. Yong-Keun, and R. Jae-Chun, “Polycyclic
aromatic hydrocarbon (PAH)-mediated upregulation of
hepatic microRNA-181 family promotes cancer cell migra-
tion by targetingMAPK phosphatase-5, regulating the activa-
tion of p38 MAPK,” Toxicology and Applied Pharmacology,
vol. 273, no. 1, pp. 130–139, 2013.

[76] M. A. Bind, J. Lepeule, A. Zanobetti et al., “Air pollution and
gene-specific methylation in the Normative Aging Study:
association, effect modification, and mediation analysis,” Epi-
genetics, vol. 9, no. 3, pp. 448–458, 2014.

[77] N. Brucker, A. M. Moro, M. F. Charão et al., “Biomarkers of
occupational exposure to air pollution, inflammation and
oxidative damage in taxi drivers,” Science of The Total Envi-
ronment, vol. 463-464, pp. 884–893, 2013.

[78] C. Laura, I. Simona, T. Letizia et al., “Particulate matter expo-
sure is associated with inflammatory gene methylation in
obese subjects,” Environmental Research, vol. 152, pp. 478–
484, 2017.

[79] J. Zhu, Y. Zhao, Y. Gao et al., “Effects of different components
of PM2.5 on the expression levels of NF-κB family gene
mRNA and inflammatory molecules in human macrophage,”
International Journal of Environmental Research and Public
Health, vol. 16, no. 8, p. 1408, 2019.

[80] H. Tang, Z. Cheng, N. Li et al., “The short- and long-term
associations of particulate matter with inflammation and
blood coagulation markers: a meta-analysis,” Environmental
Pollution, vol. 267, article 115630, 2020.

[81] R. Chen, Z. Zhao, Q. Sun et al., “Size-fractionated particulate
air pollution and circulating biomarkers of inflammation,
coagulation, and vasoconstriction in a panel of young adults,”
Epidemiology, vol. 26, no. 3, pp. 328–336, 2015.

[82] C. A. Pope 3rd, A. Bhatnagar, J. P. McCracken,
W. Abplanalp, D. J. Conklin, and T. O'Toole, “Exposure to
fine particulate air pollution is associated with endothelial
injury and systemic inflammation,” Circulation Research,
vol. 119, no. 11, pp. 1204–1214, 2016.

[83] J. Lin, V. Kakkar, and X. Lu, “Impact of MCP-1 in atheroscle-
rosis,” Current Pharmaceutical Design, vol. 20, no. 28,
pp. 4580–4588, 2014.

[84] M. K. Georgakis, D. Gill, K. Rannikmäe et al., “Genetically
determined levels of circulating cytokines and risk of stroke,”
Circulation, vol. 139, no. 2, pp. 256–268, 2019.

[85] I. Bot, N. V. Ortiz Zacarías, W. E. de Witte et al., “A novel
CCR2 antagonist inhibits atherogenesis in apoE deficient
mice by achieving high receptor occupancy,” Scientific
Reports, vol. 7, no. 1, 2017.

[86] C. Combadière, S. Potteaux, M. Rodero et al., “Combined
inhibition of CCL2, CX3CR1, and CCR5 abrogates Ly6Chi
and Ly6Clo monocytosis and almost abolishes atherosclero-
sis in hypercholesterolemic mice,” Circulation, vol. 117,
no. 13, pp. 1649–1657, 2008.

[87] E. A. Liehn, A. M. Piccinini, R. R. Koenen et al., “A new
monocyte chemotactic protein-1/chemokine CC motif

ligand-2 competitor limiting neointima formation and myo-
cardial ischemia/reperfusion injury in mice,” Journal of the
American College of Cardiology, vol. 56, no. 22, pp. 1847–
1857, 2010.

[88] B. Rossella, L. Eleonora, M. Sara, C. P. Maria, B. Cristina,
and C. Marina, “The role of IL-6 released from pulmonary
epithelial cells in diesel UFP- induced endothelial activa-
tion,” Environmental Pollution, vol. 231, Part 2, pp. 1314–
1321, 2017.

[89] D. E. Newby, P. M. Mannucci, G. S. Tell et al., “Expert posi-
tion paper on air pollution and cardiovascular disease,” Euro-
pean Heart Journal, vol. 36, no. 2, pp. 83–93, 2015.

[90] A. Dominguez-Rodriguez, P. Abreu-Gonzalez, S. Rodríguez,
P. Avanzas, and R. A. Juarez-Prera, “Short-term effects of
air pollution, markers of endothelial activation, and coagula-
tion to predict major adverse cardiovascular events in
patients with acute coronary syndrome: insights from AIRA-
COS study,” Biomarkers, vol. 22, no. 5, pp. 389–393, 2017.

[91] L. Du, H. Rong, Y. Cheng et al., “Identification of microRNAs
dysregulated in CD14 gene silencing RAW264.7 macrophage
cells,” Inflammation, vol. 37, no. 1, pp. 287–294, 2014.

[92] M. Beghetti, S. M. Black, and J. R. Fineman, “Endothelin-1 in
congenital heart disease,” Pediatric Research, vol. 57, 5 Part 2,
pp. 16R–20R, 2005.

[93] M. E. Jacobs, C. S. Wingo, and B. D. Cain, “An emerging role
for microRNA in the regulation of endothelin-1,” Frontiers in
Physiology, vol. 4, 2013.

[94] S. Yeligar, H. Tsukamoto, and V. K. Kalra, “Ethanol-induced
expression of ET-1 and ET-BR in liver sinusoidal endothelial
cells and human endothelial cells involves hypoxia-inducible
factor-1alpha and microrNA-199,” Journal of Immunology,
vol. 183, no. 8, pp. 5232–5243, 2009.

[95] V. Salvi, V. Gianello, L. Tiberio, S. Sozzani, and D. Bosisio,
“Cytokine targeting by miRNAs in autoimmune diseases,”
Frontiers in Immunology, vol. 10, no. 15, 2019.

[96] Y. S. Oh, G. D. Bae, E. Y. Park, and H. S. Jun, “MicroRNA-
181c inhibits Interleukin-6-mediated Beta cell apoptosis by
targeting TNF-α expression,” Molecules, vol. 24, no. 7,
p. 1410, 2019.

[97] D. Liu, N. Zhang, J. Zhang, H. Zhao, and X. Wang, “miR-410
suppresses the expression of interleukin-6 as well as renal
fibrosis in the pathogenesis of lupus nephritis,” Clinical and
Experimental Pharmacology and Physiology, vol. 43, no. 6,
pp. 616–625, 2016.

[98] Y. Nakamachi, S. Kawano, M. Takenokuchi et al., “Micro-
RNA-124a is a key regulator of proliferation and monocyte
chemoattractant protein 1 secretion in fibroblast-like syno-
viocytes from patients with rheumatoid arthritis,” Arthritis
and Rheumatism, vol. 60, no. 5, pp. 1294–1304, 2009.

[99] E. M. Quinn, J. H. Wang, G. O'Callaghan, and H. P. Red-
mond, “MicroRNA-146a is upregulated by and negatively
regulates TLR2 signaling,” PLoS One, vol. 8, no. 4, article
e62232, 2013.

[100] M. R. Benakanakere, Q. Li, M. A. Eskan et al., “Modulation of
TLR2 protein expression by miR-105 in human oral ker-
atinocytes∗,” The Journal of Biological Chemistry, vol. 284,
no. 34, pp. 23107–23115, 2009.

[101] L. Philippe, G. Alsaleh, G. Suffert et al., “TLR2 expression is
regulated by microRNA miR-19 in rheumatoid fibroblast-
like synoviocytes,” Journal of Immunology, vol. 188, no. 1,
pp. 454–461, 2012.

12 Mediators of Inflammation



[102] J. Zhu, F.-L. Wang, H.-B. Wang et al., “TNF-αmRNA is neg-
atively regulated by microRNA-181a-5p in maturation of
dendritic cells induced by high mobility group box-1 pro-
tein,” Scientific Reports, vol. 7, no. 1, p. 12239, 2017.

[103] W. Xu, A. San Lucas, Z. Wang, and Y. Liu, “Identifying
microRNA targets in different gene regions,” BMC Bioinfor-
matics, vol. 15, Supplement 7, pp. 1–11, 2014.

[104] S. Decesari, J. Allan, C. Plass-Duelmer et al., “Measurements
of the aerosol chemical composition and mixing state in the
Po Valley using multiple spectroscopic techniques,” Atmo-
spheric Chemistry and Physics, vol. 14, no. 22, pp. 12109–
12132, 2014.

[105] B. A. Nault, D. S. Jo, B. C. McDonald et al., “Secondary
organic aerosols from anthropogenic volatile organic com-
pounds contribute substantially to air pollution mortality,”
Atmospheric Chemistry and Physics, vol. 21, no. 14,
pp. 11201–11224, 2021.

[106] F. Costabile, H. Alas, M. Aufderheide et al., “First results of
the “Carbonaceous Aerosol in Rome and Environs (CARE)”
experiment: beyond current standards for PM10,” Atmo-
sphere, vol. 8, no. 12, p. 249, 2017.

[107] B. Z. Simkhovich, M. T. Kleinman, and R. A. Kloner, “Air
pollution and cardiovascular injury: epidemiology, toxicol-
ogy, and mechanisms,” Journal of the American College of
Cardiology, vol. 52, no. 9, pp. 719–726, 2008.

[108] A. Nemmar, J. A. Holme, I. Rosas, P. E. Schwarze, and
E. Alfaro-Moreno, “Recent advances in particulate matter
and nanoparticle toxicology: a review of the in vivo and
in vitro studies,” BioMed research international, vol. 2013,
Article ID 279371, 22 pages, 2013.

[109] T. C. Bond, “A technology-based global inventory of black
and organic carbon emissions from combustion,” Journal of
Geophysical Research, vol. 109, D14, 2004.

[110] X. Bi, G. Sheng, P. Peng, Y. Chen, Z. Zhang, and J. Fu, “Dis-
tribution of particulate- and vapor-phase n -alkanes and
polycyclic aromatic hydrocarbons in urban atmosphere of
Guangzhou, China,” Atmospheric Environment, vol. 37,
no. 2, pp. 289–298, 2003.

[111] P. Rajput, M. M. Sarin, R. Rengarajan, and D. Singh, “Atmo-
spheric polycyclic aromatic hydrocarbons (PAHs) from post-
harvest biomass burning emissions in the Indo-Gangetic
Plain: isomer ratios and temporal trends,” Atmospheric Envi-
ronment, vol. 45, no. 37, pp. 6732–6740, 2011.

13Mediators of Inflammation


	Particulate Matter-Induced Acute Coronary Syndrome: MicroRNAs as Microregulators for Inflammatory Factors
	1. Introduction
	1.1. Common Air Pollutants
	1.2. ACS
	1.3. miRNAs

	2. miRNA Profiles of Air Pollution in ACS
	2.1. miRNAs and PM
	2.2. miRNAs and UFP (Ultrafine Particle)
	2.3. miRNAs and BC (Black Carbon)
	2.4. miRNA and PAHs (Polycyclic Aromatic Hydrocarbons)

	3. PM Exposure and Cardiac Inflammatory Mediators
	4. miRNAs and PM-Induced Inflammation Mediators
	5. Discussion and Conclusion
	Abbreviations
	Conflicts of Interest

