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Abstract
Purpose of Review During the past century, exposure to particulate matter (PM) air pollution < 2.5 μm in diameter (PM2.5) has
emerged as an all-pervading element of modern-day society. This increased exposure has come at the cost of heightened risk for
cardiovascular (CV) morbidity and mortality. Not only can short-term PM2.5 exposure trigger acute CV events in susceptible
individuals, but longer-term exposure over years augments CV risk to a greater extent in comparison with short-term exposure.
The purpose of this review is to examine the available evidence for how ambient air pollution exposure may precipitate events at
various time frames.
Recent Findings Recent epidemiological studies have demonstrated an association between ambient PM2.5 exposure and the
presence and progression of atherosclerosis in humans. Multiple animal exposure experiments over two decades have provided
strong corroborative evidence that chronic exposure in fact does enhance the progression and perhaps vulnerability characteristics
of atherosclerotic lesions.
Summary Evidence from epidemiological studies including surrogates of atherosclerosis, human translational studies, and
mechanistic investigations utilizing animal studies have improved our understanding of how ambient air pollution may potentiate
atherosclerosis and precipitate cardiovascular events. Even so, future research is needed to fully understand the contribution of
different constituents in ambient air pollution–mediated atherosclerosis as well as how other systems may modulate the impact of
exposure including adaptive immunity and the gut microbiome. Nevertheless, due to the billions of people continually exposed to
PM2.5, the long-term pro-atherosclerotic effects of this ubiquitous air pollutant are likely to be of enormous and growing global
public health importance.
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Introduction

Anthropogenic pollution is a pervasive element of modern-day
society and historically an obligate byproduct of every facet of
daily living: everything from cooking and commuting to indus-
try. Air pollution is a heterogeneous amalgam of gases,

particulate matter (PM), and miscellaneous constituents (e.g.,
metals, organic and elemental carbon compounds, nitrates, sul-
fates) in both particulate and gaseous phase [1]. While both par-
ticulate pollutants and gaseous components are linked to human
disease, the evidence is strongest for the PM component and
especially for cardiovascular (CV) risk. The particles range in
aerodynamic diameter from less than 0.1 μm in diameter (ultra-
fine PM; 0.001–0.1 μm) to particles up to 10 μm in size (coarse
PM; PM10) (Fig. 1). The greatest body of evidence to date has
implicated PM < 2.5 μm (PM2.5; fine PM) in diameter, about
1/50th the size of a human hair and roughly 20 times the size of
the coronavirus disease 2019 (COVID-19) viral particle with CV
risk [2–4]. This review summarizes some of the controversies
and questions in the area of air pollution and atherosclerosis,
particularly around the time scales of exposure that are relevant,
the human epidemiological evidence, the underlying biological
mechanisms and concludes with a discussion on the challenges
and opportunities in the field.
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What Are Air Pollution Regulation Thresholds
and Sources Responsible for CV Events?

It has been 57 years since the US Congress passed the first
Clean Air Act in 1963 with the National Ambient Air Quality
Standards (NAAQS) being enacted in 1970. The NAAQS,
last updated in 2010, specify standards for multiple pollutants
including particulate matter, both PM10 and PM2.5. The cur-
rent NAAQS threshold for PM2.5 is 12 μg/m3 for annual av-
erage concentrations, and 35 μg/m3 for daily averages (Fig. 1)
[5]. Multiple studies however continue to show robust health
effects even at levels well below the NAAQS. Among the
gaseous pollutants, ozone has well-established health effects
[1, 4, 6••, 7]. Although the current NAAQS is 70 ppb averaged
over 8 hours, several epidemiological studies have reported an
increased risk of cardiopulmonary disease and mortality at
levels < 70 ppb [8, 9].

The NAAQS sets standards for pollutants for which there is
adequate evidence of a relationship to human disease.
However, the strength of association to human disease is

facilitated by the ease of measurement of the pollutant, with
bias towards less evidence for particles that are more difficult
to characterize. One of the reasons for the abundant literature
on fine PM2.5 is therefore the fact that these particles are easy
to measure given their stability over an extended penumbra,
encompassing large geographic regions [3, 4, 10]. Recently,
there is burgeoning evidence that ultrafine PM (PM between
0.001 and 0.1 μm in size), typically arising from traffic and
diesel emissions, may pose significant hazards to cardiovas-
cular (CV) health. However, the fact that these particles are
short lived, typically existing only within a few hundred me-
ters of a combustion source, has made exposure-response
studies challenging [1].

The chemical composition is important to consider in rela-
tion to oxidative stress potential, solubility, lung deposition,
and stability. Primary pollutants, released into the troposphere,
form secondary pollutants in the atmosphere. Ultrafine PM
typically originates from combustion sources, whereas coarse
PM (PM between 2.5 and 10 μm in size; PM10) may derive
from non-combustion sources such as agriculture or erosion.

Fig. 1 A Particulate matter air pollution and National Ambient Air
Quality Standards (NAAQS). The world map represents a heat map of
deaths per 100,000 attributable to PM2.5 air pollution in 2019. Data from
Global Burden of Disease Study 2019. The Institute of Health Metrics
and Evaluation, Seattle WA, 2020. B Exposure-response relationship for
stroke and ischemic heart disease modeled for a 50-year-old adult. The
response function represents a meta-regressed Bayesian, regularized,
trimmed (MR-BRT) curve derived by relaxing the log-linear
assumption using cubic splines (extracted from the Institute for Health

Metrics and Evaluation (IHME). GBD Compare. Seattle, WA: IHME,
University of Washington, 2015). Available from http://vizhub.
healthdata.org/gbd-compare. (accessed February 12, 2021) [59]. C
Average population-weighted PM2.5 concentrations in the USA, China,
and India. PM2.5 estimates are derived using a blended model that
combines satellite observations, global chemical transport models, and
ground level data from 10,408 monitors representing urban and rural
data in 116 countries. To derive population-weighted averages, PM2.5

levels adjusted by population size
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Ozone (O3) is the most common secondary pollutant, but oth-
er volatile and semi-volatile organic compounds can be found
in either gas or particle phase. Several lines of existing evi-
dence support that transition metals, secondary organic aero-
sols, semi-quinones, and other components of PM2.5 are likely
relevant in relation to oxidative stress potential and promotion
of CV events. A recent study found that secondary inorganic
components, crustal material, and secondary biogenic organic
aerosols control the mass concentration of particulate matter.
By contrast, oxidative potential concentration is associated
mostly with anthropogenic sources, in particular with
fine-mode secondary organic aerosols largely from residential
biomass burning and coarse-mode metals from vehicular
non-exhaust emission [11]. Characteristics of UFP such as
high surface area, particle number, metal, and organic carbon
content suggest that theymay confer higher CV risk even after
short-term exposure, although definitive evidence is lacking
[12]. While the preponderance of research has focused on size
fractions, which is reflected in national pollution standards,
source information could be quite impactful for formulating
effective air quality policies. A sizeable portion of the world’s
population, for example, lives close (within 500 m) to roads
and automotive traffic and is therefore exposed to elevated
concentrations. Human behavior also impacts exposure since
the average resident of Western countries above the age of 15
spends 55 minutes each day traveling in motor vehicles [13].
Additional sources that could be of regional importance in-
clude agricultural emissions including crop burning in certain
parts of the world. Recently, climate-related extreme events
have become sources of high levels. Wildfires, for instance,
may have contributed to a recent observed increase in pollu-
tion levels in the USA, a reversal of a decades long trend of
decreasing ambient air pollution [14].

What Is the Relationship Between Air
Pollution Levels and Cardiovascular Events?

Over the past three decades, numerous publications world-
wide have shown that exposure to PM2.5 is associated with
an increased risk for myocardial infarction, stroke, and CV
mortality (Fig. 1). In time series and case-crossover studies
in the USA, Canada, and Europe, short-term elevations at
levels < 35μg/m3 translate to a ≈0.25–1% elevation in relative
risk for CV-related mortality/10 μg/m3 of PM2.5 [1, 15] At
daily levels > 35 μg/m3, a meta-analysis of 7 studies in China
showed an increase of 0.35%/10 μg/m3 in risk for CV mor-
tality [16]. Chronic exposure studies have generally shown
much more robust estimates consistent with the idea that cu-
mulative exposure to PM2.5 confers magnified effects, analo-
gous to exposure to classic risk factors like LDL-C or smoking
over long periods. In the American Cancer Society (1.2 mil-
lion people in the USA) after adjustment of 44 variables, each

10 μg/m3 increment in annual PM2.5 was associated with 15%
relative increase in ischemic heart disease (IHD) deaths (HR
1.15, 1.11–1.20) [17]. Much more robust estimates are seen at
low exposure levels in Canada (mean PM2.5 of 8.7 μg/m3,
31% relative increase in IHD death (HR 1.31/10 μg/m3 incre-
ment in annual PM2.5) [18]. Similar estimates are seen in
China at dramatically higher levels suggesting continuing ro-
bust effects at extreme doses of PM2.5 [19]. In fact, a recent
integrated exposure response function suggests a near linear
relationship [6••]. However, despite the possibility that risk
could accrue over a lifetime, in practice, much of the attribut-
able risk in epidemiologic studies of chronic exposure is in the
first 1–2 years. This is likely due to the fact that air pollution
levels in the years prior to an event are likely highly correlated
with exposures over many years, and thus a year of exposure
may be enough to understand the risk over decades.

Both time series and case-crossover studies have shown an
association between PM2.5 exposure and the risk of non-fatal
MI (ESM Table 1) [4]. The evidence is stronger for STEMI
compared to NSTEMI. Additionally, patients with angio-
graphic evidence of coronary artery disease appear to be more
susceptible to PM2.5 exposure [20]. In a meta-analysis of 34
studies, every 10 μg/m3 of PM2.5 (lag 0 day) was associated
with a 2.5% relative risk for MI (RR, 1.025; 95% CI: 1.015–
1.036) with risk associations noted for other gaseous
co-pollutants [21]. A 2019 meta-analysis of 80 studies found
a 1% increase in stroke per 10 μg/m3 increment of short-term
PM2.5 exposure and a 14% increase with chronic exposure.
Associations were strongest for ischemic and hemorrhagic
stroke [22].. Heart failure hospitalizations and death have also
been well associated in a meta-analysis of 35 studies showing
a 2.12% increase after short-term exposure to 10 μg/m3 (95%
CI: 1.42–2.82) [23]. In a recent study among 23,302 heart
failure patients examining health effects in a hospitalized pop-
ulation in North Carolina, a 1 μg/m3 increase in annual PM2.5

was associated with an elevated risk of all-cause mortality
(hazard ratio 1.13; 95% CI, 1.10–1.15). Individuals living in
areas above the NAAQS threshold had nearly 2-fold higher
risk for mortality when compared with those below the thresh-
old [24]. These relationships appear to remain true even when
accounting for socioeconomic status, and in fact, associations
may be stronger in lower socioeconomic status communities
[25, 26, 27•].

In contrast to PM2.5, the association between long-term
ozone exposures and cardiovascular mortality is modest and
lower than other causes of mortality, including COPD [28]. In
the National Particle Component Toxicity (NPACT)
Initiative, fossil fuel combustion source categories were most
consistently associated with both short- and long-term adverse
effects of PM2.5 exposure [29]. Sulfates, organic carbon, and
nitrate components from fossil fuel combustion seem to have
the most consistent association with increased cardiovascular
risk [30]. An analysis of 445,860 adults enrolled in the
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American Cancer Society Cancer Prevention Study II
(ACS-CPS II) showed that association between coal combus-
tion PM2.5 was five times stronger than overall PM2.5 mass for
IHD mortality [31].

What Do Surrogate Studies in Atherosclerosis
Tell Us?

Multiple surrogates of atherosclerosis including carotid
intima-media thickness, coronary artery calcium, coronary ar-
tery computed tomography angiography (CTA), and abdom-
inal calcium can provide a window into the association be-
tween air pollution exposure and atherosclerotic disease and
can be used to address mechanisms (ESM Table 2). Such
studies primarily utilize a cross-sectional design, and thus
their findings should be interpreted with caution, given the
many limitations inherent to this type of analysis, which in-
clude significant potential for confounding variables.
Nevertheless, errors in long-term exposure estimation or as-
signment have been shown to typically cause a bias towards
the null hypothesis, rather than a positive association. The
majority of published works do show a link between air pol-
lution exposure and surrogates for atherosclerosis.

Coronary artery calcification (CAC) is perhaps the best direct
surrogate for atherosclerosis and has been shown by multiple
studies to be a strong predictor for future cardiovascular events,
in contrast to other surrogates such as CIMT, abdominal aortic
calcium, and endothelial function [32]. The best longitudinal
analysis of PM2.5 exposure and its association with CAC is from
the Multi-Ethnic Study of Atherosclerosis (MESA). In
MESA-Air, coronary artery calcium change by CT measured
in 6795 participants throughout the MESA study on 2 or more
occasions in subjects aged 45–84 years in six metropolitan areas
in the USAwere correlated with air pollutant measurements. For
each 5 μg PM2.5/m

3, coronary calcium progressed by 4.1
Agatston units/year (95% CI 1.4–6.8) and for each 40 ppb nitro-
gen oxides (NOx), coronary calcium progressed by 4.8 Agatston
units per year (0.9–8.7). At baseline, coronary artery calcium
scores were 145 Agatston units, with calcium score increasing
by 24Agatston units per year (SD 58) [33]. These estimateswere
robust and given the exceptional characterization of patients in
MESA, likely reliable. Even in such a well-characterized cohort,
residual confounding is, however, hard to exclude. Though CAC
was strongly associated with CV events, the increase in coronary
calcium is a surrogate for other features of plaque vulnerability
such as thin fibrous cap, lipid core, inflammation, presence of
healed disruptions, and plaque angiogenesis. Plaques with high
calcium tend to progress faster and thus may be identified by the
burden of atherosclerosis or its progression. Thus, even a robust
surrogate such as CAC progression may not accurately represent
a mechanism by which risk of PM2.5 for CVD is mediated, but
rather is a signpost for other mechanisms. A recent paper from

South Korea characterized plaque development using coronary
computed tomography angiography performed at least 2 years
apart. An increase in PM2.5 concentration was associated with
increased risk of developing high-risk plaque (defined by atten-
uation, calcium, and remodeling) with an adjusted hazard ratio of
1.62 (95% CI: 1.22–2.15). PM2.5 was also associated with the
development of fibrofatty or necrotic core components in addi-
tion to greater plaque volume [34•].

What Do Time Scales of Exposure Tell Us
About the Mechanisms of Air
Pollution–Mediated Cardiovascular Events?

Air pollution exposure is ubiquitous and indeed occurs over a
lifetime of chronic steady exposure in most parts of the world.
Within this background of ubiquitous chronic exposure, are
short-term fluctuations within days to weeks even pertinent?
The commonly used approach in air pollution epidemiology is
to link metrics of long-term: yearly or short-term, daily/weekly
exposures with events. These time windows are chosen partly
because they are convenient and readily available. Lifelong ex-
posure windows currently are not feasible, at least in the USA as
the Environmental Protection Agency started maintaining air
pollution exposure inventories that include PM2.5 only since
1998, which would provide a temporal window of 22 years of
exposure at best. Clearly, even if one were to be born in 1998,
this may not be an adequate time frame for vulnerable plaque to
develop within the background of atherosclerosis for individuals
with a lipoprotein and risk factor profile similar to most North
Americans.

Epidemiological associations between CV events and
PM2.5 exposure have difficulty differentiating the effect of
short-term and long-term exposures since individuals exposed
to high levels of air pollution for short periods of time are
more likely to experience chronically elevated PM2.5 levels.
Nevertheless, chronic exposure may promote the develop-
ment of an underlying disease state that enhances future risk
for CV events, which may then precipitate with short-term
elevations in PM2.5. Hypertension is a common risk factor that
may behave similarly to long-term PM2.5 exposures. Chronic
increases in blood pressure are well known to increase risk for
future coronary heart disease. However, there is an equally
strong epidemiology of blood pressure–mediated short-term
events, whereby even small elevations in acute blood pressure
can trigger coronary and cerebrovascular events.

From a biologic standpoint, chronic exposure windows may
indeed be highly relevant in terms of progression of atheroscle-
rosis and indeed may work like other conventional risk factors in
increasing the risk for acute events. However, a chronic window
of steady exposure may also facilitate components of vulnerabil-
ity. The whole concept of vulnerability mandates that a series of
events spatially clustered around a singular time point collude to
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determine a stochastic event. In the case of air pollution, this
would typically mean an acute variation or spike in air pollution
level over and above chronic persistent levels (Fig. 2). Thus, it is
the acute spike in air pollution over hours or days that may be
causally related to the acute event, but this does not preclude the
importance of chronic exposure in the genesis of the very lesion
that became “vulnerable.” The association seen with time series
analysis or case-crossover studies where acute alterations in air
pollution levels over hours or days closely correlate with acute
myocardial infarction is illustrative of the strong causal role of air
pollution in acute myocardial infarction or cardiovascular death.

WhoAre Susceptible to Air Pollution’s Effects?
A Contemporary Reinterpretation
of Harvesting in Air Pollution Studies

The concept of “harvesting” is often invoked in air pollution
studies to suggest exposure may preferentially cause the old
and infirm to die. Prior statistical experiments were conducted
to support the concept that air pollution does notmerely affect the
elderly and infirm but may indeed catastrophically strike individ-
uals who were previously not thought to be at “risk.” Air pollu-
tion may indeed contribute to “harvesting” in the sense that it
may affect asymptomatic (not only old and infirm) but younger
at-risk individuals. This may include those with subclinical car-
diovascular disease or multiple risk factors who may succumb to
an episode of acute elevation in PM2.5 (Fig. 2). Thus, it is indeed
correct to state that sub-acute variations in air pollution exposure
prior to an incipient event may really be the time window that
matters from a biologic standpoint for acute events and what
accounts for the preponderant portion of the risk. This does not
mean that chronic timewindows are not relevant in the genesis of
the atherosclerosis in response to chronic PM2.5 exposure, or

indeed in the genesis of the lesion that leads to an acute event.
In support of these findings, multiple animal studies comparing
filtered air to particulate matter exposure have corroborated that
chronic PM exposures enhance the progression and vulnerability
of atherosclerotic lesions (ESM Table 1) [1, 9–13]. Hence, it is
possible that long-term exposure to ambient concentrations of
PM2.5 may facilitate the transition to more vulnerable lesion for-
mation in humans that may account for magnified risks.

How Can Intervention Studies Inform Us
on What Exposure Time Windows Are
Relevant?

There are a myriad number of factors that may confound stud-
ies designed to explore what time frames are relevant for ex-
posure in the development of CV disease. Thus, alternate
ways of approaching study design may be warranted. An
acute controlled intervention by reducing air pollution levels
using personal devices such as air pollution filters in vulnera-
ble high-risk patients may be one way to test this hypothesis
but would require strict adherence to any exposure reduction
intervention. A reduction in events in short-term intervention
trials can readily imply that short-term time exposure win-
dows are causally related to events. Long-term cohort studies
with better surrogate markers of atherosclerosis progression or
imaging-based measures of vulnerability (FDG-PET or Na-F
imaging) can further shed light on the importance of chronic
exposure in facilitating progression of plaque or transition to a
vulnerable phase. We and others have articulated the need for
such trials from a public health perspective especially with the
ready availability of devices to lower exposure levels both
indoors and outdoors [35–37]. Indeed COVID-19 has vastly
increased the social acceptability of masks and in most

Fig. 2 Conceptual model
demonstrating how acute and
chronic exposures enhance
potential for cardiovascular
events. Chronic exposure of
decades may result in progression
of atherosclerosis and the
development of vulnerable
disease state while acute rises in
air pollution levels themselves
may precipitate events. Adapted
from Bevan GH, Al-Kindi S,
Brook RD, Münzel T and
Rajagopalan S. Ambient air
pollution and atherosclerosis:
insights into dose, time, and
mechanisms. Arterioscler
Thromb Vasc Biol. 2020:
Atvbaha120315219 [3]
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environments, now it may be practically challenging to design
an outdoor mask intervention to lower PM2.5 levels given the
ubiquitous use of mask for COVID-19 prevention. A recently
published proceedings of a National Institutes of Health sym-
posium reviewed the necessary considerations for intervention
trials including sample size and effect estimates to demon-
strate an effect [37].

What Insights on Mechanisms Have Been
Gleaned from Controlled Exposure Studies?

Air pollution exposure has been implicated in multiple stages
of the atherosclerosis process including early changes in vas-
cular tone through redox alterations, inflammatory migration
of subpopulations of innate immune cells, activation of im-
mune responses, modification of cholesterol resulting in their
uptake by innate immune cell populations, and finally pro-
gression of atherosclerosis including facilitation of
pro-thrombotic responses (Fig. 3). A number of animal studies
have provided mechanistic insight into how PM2.5 potentiates
atherosclerotic disease (ESM Table 3).

Oxidant Stress and Alterations in Vascular Tone

Diminished exposure to PM2.5 and ultrafine particles such as
diesel exhaust has been shown to alter nitric oxide bioavail-
ability and increase vascular redox stress in both animals and
humans [38]. Air pollution has also been shown to be associ-
ated with increased arterial stiffness, impaired conduit artery
flow–mediated dilation, resistance in arteriolar dysfunction,
and retinal artery changes [39]. In the majority of
controlled-exposure human studies, short-term inhalational
exposure to concentrated PM2.5 or diesel exhaust has been
shown to result in reversible endothelial dysfunction in hours,
reflected by reduction in flow or agonist-mediated vasodila-
tion and release of vasoconstrictor factors such as
endothelin-1 and matrix metalloproteinases [38, 39]. These
early alterations indeed alter vascular hemodynamics and re-
sult in redox tone changes that could be pro-thrombogenic. In
patients with coronary artery disease, exercise-induced ST
segment depression and ischemic burden were also observed
to be significantly higher during diesel exhaust exposure com-
pared with filtered air exposure [40]. Another mechanism of
vascular dysfunction may relate to depletion of endothelial
progenitor cells, which could explain the vascular remodeling
effects of long-term exposure to PM and has been described in
both animals and human panel studies [41, 42]..

Inflammation

Exposure to PM2.5 causes enhanced inflammation through
a number of different mechanisms. There are several

experimental studies demonstrating an effect of lung mac-
rophages in contributing to the elicitation of a systemic
innate inflammatory response through the release of in-
flammatory cytokines and chemokines into the circulation
[43, 44]. Indeed bone marrow efflux of inflammatory
Ly6hi+ monocytes has been demonstrated in response to
chronic PM2.5 exposure which may result in infiltration of
organs such as adipose and vasculature [45]. Toll-like
receptor 4 (TLR4) appears to be critical to sensing
PM2.5, as deficiency of TLR4 diminished the effect of
PM2.5 in elicitation of these cells and abolition of tissue
infiltration [44]. Several human cohort studies have also
demonstrated a release of several inflammatory markers
(e.g., C-reactive protein, interleukin-6, and tissue necrosis
factor-alpha), but this has not always been consistent
[46–49]. C-C chemokine receptor type 2 (CCR2) and che-
mokine (C-X-C motif) receptor 3 appear to be involved in
the inflammatory response to chronic PM2.5 through dis-
tinct monocyte and T-cell-mediated pathways. CCR2-/-

mice demonstrated a reduction in adipose inflammation,
improved whole-body insulin resistance, and hepatic lipid
accumulation in the liver [50].

Oxidatively Modified Pro-atherogenic Products

Oxidized phospholipids and cholesterol products have
been shown to mediate inflammatory effects PM2.5

inhalation and may play a role in potentiation of athero-
scleros is [51] . Oxidized phosphol ipids such as
1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine
may facilitate recruitment of inflammatory cells, synthesis
of cytokines, and enhancement of oxidative stress in the
vasculature through established TLR4, NADPH-oxidase
(NOX2), and neutrophil cytosolic factor 1 (NCF1) path-
ways, disruption of which reduces vascular inflammation
in response to PM2.5 inhalation [44]. CD36 may be an
important pathway in PM2.5-related vascular inflammation
as 7-ketocholesterol forms in response to PM2.5 exposure
and functions as an important mediator of endothelial dys-
function, thrombosis, and atherosclerosis [51]. Though
clearly the lungs interface with pollution inhalation, the
gastrointestinal tract may also be important as peroxida-
tion product formation in intestines and the gastrointesti-
nal tract in response to ultrafine PM could also induce
inflammation and potentiate other pathways [52]. The
contribution of biologic intermediates in inflammation
resolution in response to air pollution in helping minimize
inflammation remains an area of knowledge deficiency.

Progression of Atherosclerosis

Progression of atherosclerosis has been noted in a number of
susceptible models including LDL receptor knockout (LDLR-/-)
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and apolipoprotein E knockout (ApoE-/-) [53–55]. The effects of
PM2.5 appear to be comparable to those of secondhand smoke, at
least in one study [56]. Atherosclerosis progression in susceptible
models is characterized by an increase in innate immune response,
extensive protein nitration, and increased lipid content (ESM
Table 2). The effects of ultrafine particles appear to be stronger
than those of PM2.5 [10]. In one study, 7-ketocholesterol (7-KC)
content was increased in the plasma intermediate-density
lipoprotein/low-density lipoprotein fraction and in aortic plaque,
concomitant with progression of atherosclerosis and increased
CD36 expression in plaque macrophages from PM2.5-exposed

mice. Macrophages isolated from PM2.5-exposed mice displayed
increased uptake of oxidized lipids through a CD36-dependent
pathway without alterations in their efflux capacity.
Atherosclerosis progression in response to PM2.5 was attenuated
by CD36 deficiency in hematopoietic cells suggesting a critical
role for CD36 in uptake of 7-KC [51]. Figure 3 provides cellular
and subcellular pathways relevant in atherosclerosis and have
been previously summarized in other reviews [3, 38, 45].
Recent evidence supports widespread circadian disruption with
PM2.5 exposure which may represent an integrated pathway for
atherosclerotic risk [57].

Fig. 3 Cellular and subcellular mechanisms involved in air pollution–
mediated atherosclerosis. NLR, nod-like receptors; TLR, toll-like
receptors; IRAK, interleukin-1 receptor–associated kinases; HPA axis,
hypothalamic-pituitary-adrenal axis; CNS, central nervous system;
DAMP, damage-associated molecular pattern; ROS, reactive oxygen
species; RNS, reactive nitrogen species; EPC, endothelial progenitor
cell; HDL, high-density lipoprotein; eNOS, endothelial nitric oxide

synthase; TRIF, TIR-domain containing adaptor inducing interferon-β;
TBK, TANK-binding kinase 1; MAPK, mitogen-activated protein
kinase; IKB, inhibitor of nuclear factor kappa-B kinase subunit beta;
NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells;
AP1, activator protein 1; IRF3, interferon regulatory factor 3; IL-1β,
interleukin-1 beta; MMP, matrix metalloproteinase
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What Are the Unanswered Questions in Air
Pollution–Mediated Atherosclerosis?

There has indeed been an immense amount of understanding on
air pollution–mediated cardiovascular events through careful an-
imal experiments in susceptible models and in well-designed
mechanistic studies in humans that have corroborated epidemio-
logic findings. The mechanistic evidence is supportive of a gen-
eral paradigm of pro-atherogenic effects much akin to other con-
ventional risk factors and employing stereotypic pathways of
oxidant stress, vascular inflammation, and atherosclerosis pro-
gression [3]. Despite these advances, there still continues to re-
main multiple questions that could further advanced our under-
standing. From a compositional perspective, the role of specific
components of air pollution that are most pro-atherogenic is im-
portant to address. This may help identify sources of air pollution
that are higher priorities. The role of specific cellular components
of inflammation including the role of adaptive immunity is not
yet completely understood. Gut-derivedmediators and the role of
the central nervous system in modulating air pollution–mediated
inflammation are not understood [58]. Finally, there is a need to
understand homeostatic pro-resolution pathways that are opera-
tional in response to air pollution that could be bolstered by
dietary or therapeutic manipulation to mitigate air pollution ef-
fects [38].

From a clinical perspective, there is a need for clinical trials
that demonstrate benefit of air pollution reduction on major ad-
verse cardiovascular events [35, 36]. Such a trial would be huge-
ly beneficial from a societal perspective. A recently concluded
National Institutes of Health workshop identified 4 main

categories of issues for evaluation to inform an air pollution
intervention trial [37]. The workshop further expounded on the
clinical trial design considerations including populations, sample
size, trial duration, exposure considerations, and potential inter-
ventions (Fig. 4).

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11883-021-00958-9.
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