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Air pollution affects 90% of the world’s population and has caused 9 million deaths in 2015, becoming the most
important cause of premature deaths in the world. Exposure to fine particulate matter, a major component of
urban air pollution, has been associated with an increase in cardiovascular risk and associated mortality. Impact
of fine particles on the cardiovascular system includes inflammation, activation of prothrombotic pathways, oxi-
dative stress, vascular dysfunction and remodeling, and neurological dysfunction. Genetic and epigenetic factors
might also increase the susceptibility to air pollution. Consequently, epidemiologic studies have identified corre-
lations between air particulate matter concentrations and acute coronary events, ischemic cardiomyopathy,
acute heart failure, and stroke. Interestingly, these effects are present even for fine particulate matter concentra-
tions below current US and EU regulatory standards, and seems to be more harmful in the most fragile popula-
tion such as low-income or elderly subjects, or patients with previous cardiovascular disease.

This review aims to summarize recent data on the pathophysiology and epidemiology of cardiovascular dis-
ease after particulate matter exposure. It will also discuss potential strategies to reduce the impact of air pol-

lution on current and future populations' health.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Due to urbanization, >90% of the world's population is exposed
to air pollution levels exceeding World Health Organization Air
quality guidelines [1] and especially to fine particulate matter (PM).
As a result, air pollution has become a major public health concern
for populations both in developed and developing countries. PM
are constituted of a complex mixture of solid and liquid particles
and of organic and inorganic substances suspended in the air. Sour-
ces may emit PM directly into the environment or emit precursors
such as sulfur dioxide, nitrogen dioxide, and volatile organic com-
pounds, which are transformed through atmospheric chemistry to
form PM. Particles are generally classified by size into PM10
(<10 wum mean aerodynamic diameter), coarse (<10wm and
>2.5 wm diameter), fine (PM2.5; <2.5 wm diameter), and ultrafine
(UFP; <0.1 wm diameter) fractions (Fig. 1). Air pollution due to
PM, is generally caused by dust, mining, construction, brake wear
and road dust. These particles exhibit a short lifetime and travel
small distances (inferior to 10 km). On the opposite, fine particle
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(PMy5) can last days or weeks, and travel up to 106 km. These
particles are mainly generated by combustion, biomass and fossil
fuel burning. Upon inhalation, particles <10 wm in diameter can
deposit in the airways and lungs. Finest particle can reach pulmo-
nary alveoli, enter the blood circulation and cause local and sys-
temic inflammation [2].

The World Health Association estimates that air pollution was
responsible for 9 million premature deaths in 2015 — 16% of all
deaths worldwide —, with PM, 5 being the cause of 1.2 million death
[3,4]. Indeed, environmental pollution has become the current largest
cause of reversible death and disability due to cardiovascular disease
or cancer [5]. Moreover, populations are not equal regarding the
impact of air pollution since 92% of these premature deaths involved
populations of low and middle-income countries. These data illus-
trate the importance of a better understanding of the pathophysiol-
ogy of PM inhalation on the cardiovascular system. Research and
policy interventions to reduce environmental pollution are also
urgently needed to limit morbidity and mortality associated with air
pollution.

2. Pathophysiological mechanisms

Exposure to air pollution elicits cardiovascular diseases through sev-
eral pathophysiological pathways that have not yet been completely
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Fig. 1. Size categorization of airborne pollutants.

elucidated (Fig. 2). It's important to note that air pollution is more
harmful for vulnerable subjects such as elderly people or patients with
previous cardiovascular diseases.

2.1. Systemic inflammatory response

Several animal studies identified an association between air
pollution and increased systemic inflammation biomarkers such

as C-reactive protein or proinflammatory cytokines [2,5]. This
proinflammatory effect of PM is activated even after short-term
exposure, as illustrated by a study conducted during the Beijing
2008 Olympics. Pollutants and multiple biomarkers such as CRP,
fibrinogen, von Willebrand factor, and white blood cell count,
were measured daily in 125 healthy young adults before, during,
and after the games. Lower levels of air pollution resulting from
strict restriction of emission during the Olympics were associated
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Fig. 2. Pathophysiological pathways leading to cardiovascular diseases after exposure to air pollution.
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with a significant and rapid reduction in these biomarkers of
inflammation and thrombosis [6].

2.2. Prothrombotic response

In parallel to this inflammatory response, PM increase fibrinogen
concentration [6] and plasma viscosity, leading to a higher suscepti-
bility to cardiovascular events. Acute exposure to diesel exhaust also
significantly increased ex vivo thrombus formation, platelet activa-
tion [7] and hematocrit [8] in healthy subjects. Additionally, brief
exposure to dilute diesel exhaust promoted myocardial ischemia and
inhibited endogenous fibrinolytic capacity in men with stable coro-
nary heart disease [9].

2.3. Oxidative stress

Inhalation of PM, 5 stimulates reactive oxygen species production
in the epithelial lining fluid of the human respiratory tract, reaching
similar levels than those observed in respiratory diseases [10]. This
increased pulmonary oxidative stress could elicit inflammation and
insulin-vascular resistance, thus favoring cardiovascular disease even
with short-term PM, 5 exposure [11]. Recent studies also suggested
that up-regulation of the pulmonary anti-oxidant barrier could pro-
tect from vascular effects of air pollution, illustrating the role of pul-
monary oxidative stress in this setting [11,12].

2.4. Vascular dysfunction and remodeling

Several studies identified air pollution as a risk factor of endothe-
lium and microvascular dysfunction. In particular, diesel exhaust
encountered in urban environment impaired the regulation of vascu-
lar tone and endogenous fibrinolysis in healthy volunteers [7]. It has
been associated with an acute endothelial response leading to endo-
thelin-1 release and vasoconstriction [13]. Short exposure to PM, 5
also induced vascular injury and the depletion of circulating endothe-
lial progenitor cell [14]. In accordance with these observations, recent
studies identified an association between PM,s exposure and the
development of hypertension [15—17].

2.5. Impact on central nervous system and autonomic dysfunction

Pulmonary receptors exposed to environmental pollution activate
an autonomic reflex leading to increased blood pressure and heart
rate, suggesting sympathetic predominance activation [18]. Experi-
mental animal studies have also linked the development of hyperten-
sion in response to PM,s exposure to increased hypothalamic
inflammation [19].

2.6. Genetic and epigenetic factors

There is growing evidence that genetic and epigenetic factors [20]
are associated with increased susceptibility to air pollution. Genes
involved in oxidative stress and inflammatory pathways are potential
candidates. For example, a significant two-way gene-air pollution inter-
action has been shown between glutathione S-transferase P (GSTP1) an
enzyme regulating oxidative stress and PM10 on the risk of childhood
asthma [21] and acute myocardial infarction [22]. Similarly, variant
alleles of Toll-like receptor 2 and 4 genes influence the susceptibility to
adverse effects of traffic-related air pollution on childhood asthma [23].

3. Effects on all-cause mortality

Due to its impact on the cardiovascular system and on lung
inflammation, air pollution is responsible for the most important pro-
portion of reversible death worldwide. Deaths related to PM, 5 expo-
sure have increased from 3 million in 1990 to 4.2 million in 2015 [3]

and are mostly encountered in low or middle-income countries [24].
In the most severely affected countries, air pollution can be responsi-
ble for more than one in four deaths [4].

Impact of PM; 5 on mortality also varies according to population
socioeconomic status. A cohort of all Medicare beneficiaries in United
States highlighted that effects were more pronounced in low income
populations [25]. In addition, this study showed that all-cause mor-
tality increased by 7.3% per 10 pg/m? increase in long-term exposure
to PM, 5 and that an increased risk existed even at levels below cur-
rent standards defined by the National Ambient Air Quality Standard.
Vulnerable subjects such as elderly people were at even higher risk
of death when exposed to PM, 5 [26—28].

4. Cardiovascular diseases and associated mortality
4.1. Myocardial infarction

Short-term exposures to fine particulate air pollution are predom-
inantly associated with the onset of acute ischemic events (myocar-
dial infarction and stroke) suggesting that some inhaled pollutants
act as a trigger within hours of exposure. According to a meta-analy-
sis of 34 studies, all air pollutants (with the exception of ozone) were
identified as potential contributing factors of myocardial infraction,
with a daily relative risk increase of 0.7% (p <0.001) and 1.7%
(p=0.03) per 10 pg/m? increase in PM;, and PM, s, respectively [29].
Consequently, air pollution could be responsible for 5% of all acute
myocardial infarction worldwide [30].

Long-term exposure to air pollution has also been associated with
chronic ischemic heart disease and heart failure [31], especially in
patients with preexistent coronary artery disease [32]. An observa-
tional study based on 65,893 postmenopausal women showed that
each increase of 10 wg/m3 in PM, s annual exposure was associated
with a 24% increase in the risk of a cardiovascular event and a 76%
increase in the risk of death from cardiovascular disease [33]. A
meta-analysis of 11 European cohorts confirmed these results and
identified a positive association between PM, s and coronary events
even with levels below the current European limit value of 25 pg/m>
[34]. Accelerated coronary calcification, which has been associated
with higher concentrations of PM;5 in a 10-years retrospective CT
cohort study of 6795 participants may play a major role in this setting
[35]. Lastly, roadway proximity was associated with elevated (8%
increase per 100 m closer) and statistically significant risks of sudden
cardiac death and fatal coronary heart disease, even after controlling
for other cardiovascular risk factors [36].

4.2. Cardiac arrhythmias

Higher risk of atrial fibrillation when exposed to air pollutant such
as PM, s was reported in a systematic review including 461,441 sub-
jects [37]. Data associating air pollution and ventricular arrhythmia
are less obvious [5,38]. An observational study conducted in London
suggested an association between air pollutant and activation of
implantable cardioverter defibrillator [39]. T-wave alternans, which
is a marker of cardiac electrical instability, was also increased after
short-term exposure to traffic exhausts in patients with preexisting
ischemic cardiopathy [40].

4.3. Heart failure

In a meta-analysis of 35 studies, rates of heart failure hospitalization
or death increased by 2% per 10 pwg/m> in PM, 5 concentration, with
strongest associations seen on the day of exposure. It was estimated
that a mean reduction in PM, 5 of 3.9 p.g/m> would prevent 7978 heart
failure hospitalizations and save a third of a billion US dollars a year
[41]. A recent observational study conducted in 26 Chinese cities
between 2014 and 2015 found similar results [42]. In addition to global
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heart failure, right ventricular structure and function is also altered by
air pollution. Magnetic resonance imaging of right ventricular structure
of patients included in the multicenter prospective cohort study MESA
(Multi-ethnic Study of Atherosclerosis) suggested an association
between levels of NO, exposure and increased right ventricular mass
and larger right ventricular end-diastolic volume [43].

4.4. Cerebrovascular diseases

The Women's Health Initiative Observational Study performed in
United States first reported one of the largest cohort that allowed an
estimation of stroke and death due to cerebrovascular disease, and
identified a correlation between PM, s exposure and concentration
and stroke [33]. In a meta-analysis of 94 studies from 28 countries,
including 6.2 million of stroke events, increase in PM,s and PM;q
concentrations was associated with hospital admission and mortality
[44]. Similar association was identified with proximity to major road-
ways and poverty [45,46]. Older people may be at greater risk of cere-
brovascular disease. In the ESCAPE cohort, there was a 40% increase
in stroke per 5pg/m® increase exposure to PM,s in subjects
>60 years of age [47]. Again, this increased risk was present at lower
concentrations than set by the current air quality limit value [47].

4.5. Insulin resistance and diabetes

In a meta-analysis of cohort studies involving >2 million participants,
the relative risk for incident type 2 diabetes mellitus increased by 39%,
34% and 11% per 10 wg/m? increment of concentrations of PM, s, PM;o
and NO2, respectively [48]. Similar results were reported in a meta-
analysis of 13 studies conducted in Europe or North America [49].

5. Interventions to reduce the cardiovascular impact of air
pollution

Several studies have suggested that reducing exposure to outdoor
air pollutant could lead to a significant decrease in cardiovascular
morbidity and mortality. As already mentioned above, air pollution
reduction during the 2008 Beijing Olympics led to a significant
decrease in systemic inflammation and thrombosis [6], and oxidative
stress [50]. Recently, the Lancet Commission on Pollution and Health
reported a series of activities and interventions at different levels sus-
ceptible to reduce pollution and decrease mortality [4]. Societal and
governmental interventions should include a reduction of traffic
emission through transportation reform and shifting to clean fuel,
urban landscape reform, and emission trading programs. Alterna-
tively, personal interventions such as face mask and air purifiers [51],
exercise and healthy diet may also mitigate the effects of pollution
and particulate matter [52].

These activities should be led by multiple organizations and agen-
cies involved in public health strategies in partnership with adminis-
trations. Populations and governments of low and middle-income
countries should receive specific support and attention because of
the impact of air pollution affects mainly their populations.

6. Conclusion

Air pollution is one of the most important cause of cardiovascular
disease and premature death in the world and its impact continues
to progress. Less-favored populations in low and middle-income
countries and low socioeconomic level populations are at the higher
risk of pollution-associated morbidity and mortality. Aggressive poli-
cies aiming at the reduction of fossil fuel consumption to decrease
fine particle emission and global warming should be on the top list of
the world leaders' agenda. However, these initiatives frequently face
major economic and politic obstacles that might ultimately endanger
the health of current and future world populations [53].
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