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Abstract
Acute exposure to air pollution is associated with an increasing risk of death and cardiovascular disorders. Nonetheless, the 
impact of chronic exposure to air pollution on the circulatory system is still debated. Here, we review the links of chronic 
exposure to outdoor air pollution with mortality and most common cardiovascular diseases, in particular during the coro-
navirus disease 2019 event (COVID-19). We found that recent studies provide robust evidence for a causal effect of chronic 
exposure to air pollution and cardiovascular mortality. In terms of mortality, the strongest relationship was noted for fine 
particulate matter, nitrogen dioxide, and ozone. There is also increasing evidence showing that exposure to air pollution, 
mainly fine particulate matter and nitrogen dioxide, is associated with the development of atherosclerosis, hypertension, 
stroke, and heart failure. However, available scientific evidence is not strong enough to support associations with cardiac 
arrhythmias and coagulation disturbances. Noteworthy, for some pollutants, the risk of negative health effects is high for 
concentrations lower than the limit values recommended by the European Union and Word Health Organization. Efforts to 
diminish exposure to air pollution and to design optimal methods of air pollution reduction should be urgently intensified 
and supported by effective legislation and interdisciplinary cooperation.
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Introduction

Most cardiovascular diseases have a multifactorial etiopatho-
genesis combining genetic predisposition, aging, lifestyle, 
infections, and environmental factors. There is growing evi-
dence that air pollution not only exacerbates the course of 
cardiovascular diseases, but also contributes to their devel-
opment. In addition to cardiovascular complications, air 
pollution has been implicated in a broad spectrum of other 
clinical entities, with previous studies reporting links with 
an increased incidence of respiratory diseases, malignan-
cies, immune dysfunction, endocrine and neurodegenerative 
disorders, and fetal complications (Almetwally et al 2020). 
In particular, humans with known cardiovascular disease, 

diabetes, patients with pulmonary disorders, the elderly, and 
pregnant women are vulnerable to the harmful effects of air 
pollution (Franklin et al 2015).

Furthermore, air pollution is known to increase all-cause 
and cardiovascular mortality. While the actual number of 
deaths due to pollutants is difficult to assess, the World 
Health Organization estimates that at least 7 million prema-
ture deaths per year can be attributed to the adverse effects of 
both outdoor ambient and indoor air pollution (World Health 
Organization 2020). The vast majority of these deaths are 
caused by cardiovascular complications (World Health 
Organization 2020) (Fig. 1).

The cardiovascular response to air pollution is modu-
lated by the chemical composition of the pollutants as 
well as exposure concentration, duration of exposure, 
comorbidities, individual vulnerability, and changes in 
atmospheric conditions such as humidity, temperature, 
and ambient pressure. Moreover, the chemical compo-
sition of air pollutants significantly varies by emission 
source (Konduracka 2019). Importantly, not all air pol-
lutants are being monitored. In fact, there are countless 
potential pollutants, and new chemicals are constantly 
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emerging as a result of interactions between the existing 
ones. Therefore, most pollutants have never been assessed 
for their toxicity and risk to human health (Briggs 2003; 
Konduracka 2019).

Air pollutants are composed of gaseous components 
and particulate matter. The most commonly monitored 
chemicals among gaseous pollutants are nitrogen oxides 
(i.e., nitric oxide and nitrogen dioxide), sulfur dioxide, 
carbon monoxide, benzene, and ozone. On the other 
hand, particulate matter components consist of elemen-
tal and organic carbon particles, transition metals, sul-
fates, nitrates, polycyclic aromatic hydrocarbons, furans, 
alkanes, alkenes, dioxins, microbes, lipopolysaccharides 
(endotoxins), and other chemicals (Brook et al. 2010; 
Newby et al. 2015; Samek et al. 2020). Previous stud-
ies have shown that combustion processes and traffic are 
among the largest sources of air pollution emissions in 
the world.

This narrative review focuses on the most common 
cardiovascular diseases that are related to chronic expo-
sure to outdoor air pollution in the adult population. It 
also discusses the potential mechanisms underlying the 
observed associations between long-term exposure to 
air pollutants and clinical outcomes. The article is an 
abridged version of the chapter published by Konduracka 
and Rostoff (2021) in the series “Environmental Chemis-
try for a Sustainable World 65”.

Mechanisms of chronic outdoor exposure 
to air pollution on the cardiovascular system

The direct route of exposure to air pollutants is through 
the respiratory system and eye conjunctiva (Briggs 2003; 
Brook et al. 2010; De Brouwere et al. 2012; Chin 2015). 
The gastrointestinal tract may also be involved, although 
the exact proportion of contaminants that enter the body 
by this route has not yet been identified (Briggs 2003; 
Brook et al. 2010; De Brouwere et al. 2012; Chin 2015). 
Some air pollutants can pass from the air into the water, 
soil, plants, and animals, thus getting into the human body 
with food, where they may accumulate and affect the car-
diovascular system. The main routes of human exposure 
to air pollution are shown in Fig. 2.

Although the exact mechanisms of the effects of air 
pollutants on the cardiovascular system through the res-
piratory tract are still under investigation, it is currently 
accepted that a potential mechanism is related to the abil-
ity of fine particulate matter (PM2.5, aerodynamic diam-
eter < 2.5 μm), ultrafine particulate matter (aerodynamic 
diameter ≤ 0.1 μm), and some gaseous chemicals to pen-
etrate from the lungs into the bloodstream (Brook et al. 
2010; Newby et al. 2015; Chin 2015). Ultrafine partic-
ulate matter is particularly hazardous to health because 
of its large reactive surface area, greater ability to bind 
harmful chemicals, very high deposition in the alveoli, its 

Fig. 1   Adverse effects of air pollution on human health
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potential to activate inflammatory cells which can enter 
the bloodstream, and its accumulation in peripheral organs 
(Ohlwein et al. 2019). Importantly, the ultrafine particu-
late matter concentration is not routinely measured by all 
air-quality monitoring stations in the world. Furthermore, 
air pollutants include also other chemicals that are not 
routinely evaluated (e.g., endotoxins) and that may interact 
with particulate matter and gaseous components, making it 
difficult to assess health effects (Rajagopalan et al. 2018; 
Miller and Newby 2020).

Based on experimental animal and human studies as well 
as epidemiological studies, the following pathomechanisms 
are postulated to underlie the unfavorable effects of air pol-
lution on the cardiovascular system:

1.	 Activation of local inflammatory responses in the lungs 
by particulate matter and gaseous pollutants, resulting 
in cytokine-mediated systemic inflammation (Ghio et al. 
2000; Terzano et al. 2010; Brook et al. 2010; Newby 
et  al. 2015; Jiang et  al. 2016; Lopez-Campos et  al. 
2016).

2.	 Promotion of systemic inflammation by fine particulate 
matter and certain gaseous chemicals that can penetrate 
from the lungs into the bloodstream and activate inflam-
mation, endothelial dysfunction, prothrombotic state, 
and thrombosis (Brook et al. 2010; Rich et al. 2012; 
Newby et al. 2015; Hamanaka and Mutlu 2018).

3.	 Stimulation of sensory receptors in the lungs, which 
leads to an imbalance of the autonomic nervous sys-
tem and predominant sympathetic activation, result-
ing in vasoconstriction and heart rhythm disturbances. 
However, there are substantial inconsistencies between 
studies in terms of the variables analyzed and the results 
obtained (Brook et al. 2010; Barbosa et al. 2012; Rich 

et al. 2012; Newby et al. 2015; Buteau and Goldberg 
2016; Hamanaka and Mutlu 2018).

4.	 Activation of oxidative stress, formation of reactive 
oxygen species in cells and tissues, and oxidative DNA 
damage (Sun et al. 2005; Vinzents et al. 2005; Novotna 
et al. 2007; Rossner Jr et al. 2007; Ha et al. 2007; Araujo 
et al. 2008; Bai et al. 2011; Min et al. 2011; Lind and 
Lind 2012; Li et al. 2019).

5.	 Direct interactions of fine particulate matter with target 
cells and tissues (e.g., vessel wall and cardiac tissues), 
although this pathomechanism remains controversial 
(Hamanaka and Mutlu 2018).

6.	 Elevated levels of selected stress hormones (including 
epinephrine, norepinephrine, and cortisol) and increased 
insulin resistance (Li et al. 2017).

7.	 Modification of gut microbiota composition, which may 
promote inflammation, atherosclerosis, and metabolic 
disorders such as obesity, metabolic syndrome, and dia-
betes (Zhang et al. 2015; Wang et al. 2018).

8.	 Swelling and increased permeability of the respiratory 
mucosa, which facilitating the penetration of potential 
cardiotropic micro-organisms into the body.

Figure 3 shows the postulated pathomechanisms under-
lying the adverse cardiovascular effects of air pollution.

All of these mechanisms are considered to potentially 
contribute to the development and progression of ath-
erosclerosis, heart failure, arterial hypertension, stroke, 
and cardiac arrhythmias, ultimately leading to death. The 
analysis of the available studies indicates mainly the car-
diovascular consequences of exposure to air pollution.

Fig. 2   Main routes of human 
exposure to air pollution. 
PM2.5: fine inhalable particle 
matter, with diameter generally 
2.5 micrometers and smaller 
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Long‑term exposure to air pollution 
and mortality

Strong epidemiological evidence from available cohort stud-
ies conducted primarily in Europe, the USA, and Canada 
supports the conclusion that there is a causal relationship 
between long-term exposure to fine particulate matter and 
all-cause mortality as well as cardiovascular mortality (ISA 
ES EPA 2019; U.S. EPA. Supplement EPA 2021).

Reevaluation results of the American Cancer Society and 
Harvard Six 23 Cities cohorts as well as new cohorts con-
sisting of Medicare participants revealed additional evidence 
of 25 positive associations between long-term PM2.5 expo-
sure and total mortality in areas with annual average concen-
trations below 20 µg/m3 and, in some cases, below 12 µg/m3 
(Pope III et al. 2004; ISA ES EPA 2019). Positive relation-
ships were observed regardless of the exposure assignment 
with ambient monitors or using modeled or remote sens-
ing data or combination of this methods. Other studies have 
conducted analyses to examine the impact of confounding 
pollutants and revealed the relatively unchanged positive 
associations between long-term PM2.5 exposure and total 
mortality, particularly for O3, with fewer studies examining 
NO2 and PM2.5 (2019 PM ISA).

Among the numerous cohort studies, it is worth men-
tioning the results of the multicenter European study of 

cohorts of air pollution effects (ESCAPE), a 13-nation pro-
ject involving 367,251 participants, which demonstrated 
an increased hazard ratio for all-cause mortality of 1.07 
(95% confidence interval, 1.02–1.13) for every 5 μg/m3 
increase in PM2.5 concentrations (Beelen et al. 2014). In 
this study, the effect of PM2.5 on all-cause mortality was 
about twice as large as in previous estimates. The link 
between PM2.5 levels and mortality remained significant 
even when PM2.5 concentrations were lower than the Euro-
pean annual mean limit value of 25 μg/m3 (hazard ratio, 
1.06; 95% confidence interval, 1.00–1.12) and even when 
they were below 20 μg/m3 (hazard ratio 1.07; 95% confi-
dence interval, 1.01–1.13). Interestingly, the study showed 
no significant association with cardiovascular mortality 
(Beelen et al. 2014).

A number of epidemiological studies found a positive 
relationship between long-term exposure to fine particulate 
matter and cardiovascular mortality. Most of these studies 
included a wide spectrum of potential confounders, and the 
observed results remained unchanged or even increased in 
co-pollutant models adjusted for NO2, ozone, or SO2.

In the time-series analysis in 272 major cities in China, 
Liu et al. (2018) revealed an association between carbon 
monoxide concentrations and cardiovascular mortality and 
did not find a concentration below which carbon monoxide 
exposure had no effect on cardiovascular system.

Fig. 3   Postulated pathomechanisms underlying the adverse cardiovascular effects of air pollution
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In the Woman’s Health Initiative study of nearly 66,000 
healthy postmenopausal women from 36 cities in the USA, 
a 10 μg/m3 increase in long-term fine particulate matter 
exposure was related to a 24% (hazard ratio, 1.24; 95% 
confidence interval, 1.09–1.41) and 76% (hazard ratio, 
1.76; 95% confidence interval, 1.25–2.47) increase in the 
risk of cardiovascular events and cardiovascular mortality, 
respectively (Miller et al. 2007).

Another large Canadian national-level cohort study 
demonstrated that long-term PM2.5 exposure was associ-
ated with cardiovascular mortality (Crouse et al. 2012). 
The estimated hazard ratio for ischemic heart disease-
related mortality was 1.31 (95% confidence interval, 
1.27–1.35) for each increase in PM2.5 by 10 μg/m3. These 
associations were observed with exposure to PM2.5 at 
concentrations that were mostly lower (mean, 8.7 μg/
m3) than those reported previously (Crouse et al. 2012). 
Similar findings were reported in the 2001 Canadian Cen-
sus Health and Environment Cohort study (Pinault et al. 
2017). In this study, the hazard ratio for mortality due to 
cardiovascular disorders was 1.25 (95% confidence inter-
val, 1.19–1.31); ischemic heart disease, 1.36 (95% confi-
dence interval, 1.28–1.44); cardiometabolic disease, 1.27 
(95% confidence interval, 1.21–1.33); and chronic obstruc-
tive pulmonary disease, 1.24 (95% confidence interval, 
1.11–1.39).

On the other hand, the NIH-AARP Diet and Health Study 
of 517,043 people—a collaboration between the National 
Institutes of Health (NIH) and AARP (formerly known as 
the American Association of Retired Persons)—showed that 
a chronic fine particulate matter exposure was associated 
with higher cardiovascular mortality by 10% (per 100 μg/m3 
increase), despite low fine particulate matter concentrations 
(10–13 μg/m3) (Thurston et al. 2016). This study also dem-
onstrated that long-term exposure to fine particulate matter 
was significantly related to all-cause (hazard ratio, 1.03; 95% 
confidence interval, 1.00–1.05) and cardiovascular (hazard 
ratio 1.10; 95% confidence interval, 1.05–1.15) mortality.

Similarly, the Aphekom-improving knowledge and com-
munication for decision making on air pollution and health 
in Europe project confirmed that the major health burden in 
25 European cities can be attributed to the effects of long-
term exposure to PM2.5 (Pascal et al. 2013). It is estimated 
that the adherence to the World Health Organization guide-
lines for PM2.5 (annual mean < 10 μg/m3) would result in a 
median increase in life expectancy at the age of 30 years of 
5.8 months.

A meta-analysis by Hoek et al. (2013) demonstrated that a 
10-μg/m3 increase in the annual PM2.5 concentration results 
in an average increase in all-cause mortality by 6% (95% 
confidence interval, 4–8) and in cardiovascular mortality by 
11% (95% confidence interval, 5–16). Another meta-analy-
sis by Bourdrel et al. (2017) showed that air pollution with 

PM2.5 most strongly correlated with mortality associated 
with coronary artery disease (Bourdrel et al. 2017).

Kioumourtzoglou et al. (2016) were the first to demon-
strate a positive relationship between the effects of tempera-
ture, chronic PM2.5 exposure, and mortality. A study of a 
large population of more than 35 million Medicare enroll-
ees from 207 American cities found a stronger relationship 
between long-term PM2.5 exposure and mortality in cities 
with higher average temperatures. Furthermore, the authors 
found that temperature may indicate varying particle com-
position, because it influences the size and composition of 
particulate matter in urban air. In addition to PM2.5, long-
term exposure to gaseous co-pollutants was also shown to be 
related to all-cause and cardiovascular mortality.

Hoek et al. (2013) demonstrated that all-cause mortal-
ity was significantly associated with ambient air nitrogen 
dioxide concentrations (pooled estimate per 10 μg/m3, 5%; 
95% confidence interval, 3–8). A meta-analysis by Faus-
tini et al. (2014) found that long-term exposure to nitrogen 
dioxide also significantly impacts all-cause mortality, inde-
pendently of PM2.5 levels. They reported a 13% increase 
in cardiovascular mortality related to a 10-μg/m3 increase 
in annual nitrogen dioxide concentrations (Faustini et al. 
2014). The detrimental effects of chronic exposure to ozone 
appear to be less evident (Bourdrel et al. 2017). Several 
studies showed a modest increase in cardiopulmonary mor-
tality in response to chronic exposure to ozone; however, 
this was observed only during the warm season and not in 
the annual analysis (Bourdrel et al. 2017; Atkinson et al. 
2016). This can be partly explained by the fact that ozone 
pollution tends to occur on warm and sunny days, because 
its formation requires photochemical reactions (Bourdrel 
et al. 2017). It was shown that for every 10-ppb increase in 
chronic warm-season exposure to ozone, the hazard ratios 
for cardiovascular and respiratory deaths were 1.01 (95% 
confidence interval, 1.00–1.02) and 1.03 (95% confidence 
interval, 1.01–1.05), respectively (Atkinson et al. 2016). 
Finally, long-term exposure to sulfur dioxide was strongly 
related to respiratory mortality, but the results for the effect 
on cardiovascular deaths were inconclusive (Bourdrel et al. 
2017).

The present cohort studies extend our knowledge about 
the relationship between long-term exposure to ozone and 
cardiovascular mortality; however, the study results are 
inconsistent (US EPA. ISA for Ozone and Related Photo-
chemical Oxidants, 2020). The strongest evidence for this 
relationship was reported in a cohort study published by 
Jerrett et al. (2009); Turner et al. (2016).

There is insufficient evidence on the health effects of 
exposure to pollutant concentrations lower than the current 
limits set by the European Union and World Health Organi-
zation guidelines. A recent meta-analysis of six large Euro-
pean administrative cohorts within the effects of low-level 
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air pollution: a study in Europe (ELAPSE) project, includ-
ing almost 27 million participants contributing more than 
240 million person-years, revealed that exposure to PM2.5, 
nitrogen dioxide, and black carbon was significantly posi-
tively associated with natural, respiratory, cardiovascular, 
and lung cancer mortality. These associations remained sig-
nificant at low levels: below 10 μg/m3 for PM2.5 and below 
20 μg/m3 for nitrogen dioxide. Two-pollutant models with 
black carbon and nitrogen dioxide remained significantly 
associated with mortality in two-pollutant models with 
PM2.5 and ozone. The PM2.5 hazard ratio reduced two-pol-
lutant model with nitrogen dioxide (Rodopoulou et al. 2021).

Air pollution and coronary artery disease

There is growing evidence that chronic exposure to air pol-
lutants contributes to the pathogenesis of coronary artery 
disease. The current state of knowledge indicates that 
among air pollutants, PM2.5 and nitrogen oxides play the 
most important role in the pathophysiology of coronary dis-
ease (Brook et al. 2010; Newby et al. 2015; Robertson and 
Miller 2018; Integrated Science Assessment for Particulate 
Matter 2019. United States Environment Protection Agency 
website; Health Canada. Human health risk assessment for 
coarse particulate matter 2016).

A number of epidemiological studies showed that chronic 
exposure to air pollution, particularly to PM2.5, favors pre-
mature atherosclerosis and is associated with cardiovascular 
events (Cesaroni et al. 2014; Kaufman et al. 2016; Bourdrel 
et al. 2017; Ljungman et al. 2019).

A prospective 10 years cohort study of Kaufman et al. 
(2016), which included 6795 participants of the multi-ethnic 
study of atherosclerosis and air pollution (MESA Air study) 
in six metropolitan areas in the USA, found that exposure to 
PM2.5 and traffic-related air pollutants was associated with 
an increased coronary artery calcium score. It was dem-
onstrated that an elevation in PM2.5 levels by every 5 μg/
m3 increased the coronary calcium score by 4.1 Agatston 
units per year (95% CI, 1.4–6.8). Moreover, an increase in 
nitrogen oxide concentrations by every 40-ppb enhanced the 
coronary calcium score by 4.8 Agatston units per year (95% 
CI, 0.9–8.7) (Kaufman et al. 2016). Similar results has been 
presented in another cohort study (Hoffmann et al. 2007) and 
cross-sectional analysis of the Heinz Nixdorf Recall study 
(Kälsch et al. 2014).

In turn, Tonne et al. (2012) reported that exposure to 
coarse particulate matter was related to a 5.0% (95% confi-
dence interval, 1.9%–8.3%) increase in carotid intima-media 
thickness even after adjustment for covariates. However, it 
should be noted that none of those studies found a relation-
ship between chronic exposure to outdoor air pollution 
(including PM2.5, coarse particulate matter, and gaseous 

co-pollutants) and subclinical atherosclerosis (Kim et al. 
2014; Perez et al. 2015; Dorans et al. 2016).

There is strong evidence for a significant association of 
chronic exposure to air pollution with the risk of acute myo-
cardial infarction (Bourdrel et al. 2017; Rajagopalan et al. 
2018). Many studies, but not all, have shown the effect of 
chronic exposure to various air pollutants on the increased 
incidence of acute coronary syndromes, including acute 
myocardial infarction.

A longitudinal cohort study of all physical workers in 
the Swedish National Census of 1,725,671 subjects demon-
strated that occupational exposure to both small (adjusted 
hazard ratio, 1.12; 95% confidence interval, 1.09–1.15) 
and to large (adjusted hazard ratio, 1.14; 95% confidence 
interval, 1.10–1.18) particles was related to the incidence 
of acute myocardial infarction (Wiebert et al. 2012). The 
risk associated with exposure to small particles (< 1 μm) 
was increased in women (hazard ratio, 1.30; 95% confidence 
interval, 1.12–1.51) compared with men (hazard ratio, 1.10; 
95% confidence interval, 1.07–1.14).

A previous longitudinal cohort study of Seoul residents, 
which used data from 136,094 health insurance claims, 
found that chronic exposure to PM2.5 (adjusted hazard 
ratio, 1.36; 95% confidence interval, 1.19–1.56 per 1 μg/
m3), coarse particulate matter (adjusted hazard ratio, 2.14; 
95% confidence interval, 2.02–2.27 per 1 μg/m3), nitro-
gen dioxide (adjusted hazard ratio, 1.81; 95% confidence 
interval, 1.46–2.25 per 18.4 ppb), sulfur dioxide (adjusted 
hazard ratio, 1.82; 95% confidence interval, 1.52–2.19 per 
2.54 ppb), and carbon monoxide (adjusted HR, 2.12; 95% 
confidence interval, 1.72–2.61 per 0.25 ppm), but not ozone, 
was related to the occurrence of myocardial infarction (Kim 
et al. 2017).

A prospective cohort study and meta-analysis of 11 Euro-
pean cohorts from the European study of cohorts for air pol-
lution effects (ESCAPE) revealed that an annual increase of 
5 μg/m3 in PM2.5 concentrations and of 10 μg/m3 in coarse 
particulate matter concentrations was associated with an 
increase in the risk of acute myocardial infarction of 13% 
(hazard ratio, 1.13, 95% confidence interval, 0.98–1.30) 
and 12% (HR, 1.12, 95% confidence interval, 1.01–1.25), 
respectively (Cesaroni et al. 2014). Of note, the relation-
ships observed in this study were also present at air pollutant 
concentrations below the current annual European threshold 
of 25 μg/m3 for PM2.5 (hazard ratio, 1.18; 95% confidence 
interval, 1.01–1.39 for a 5-μg/m3 increase in PM2.5) and 
below the threshold of 40 μg/m3 for coarse particulate mat-
ter (hazard ratio, 1.12; 95% confidence interval, 1.00–1.27 
for a 10-μg/m3 increase in coarse particulate matter).

Finally, the results of a pooled analysis of six Euro-
pean cohorts within the effects of low-level air pollution: a 
study in Europe (ELAPSE) of 137,148 participants with a 
mean age at baseline of 54 years and median follow-up of 



2977Environmental Chemistry Letters (2022) 20:2971–2988	

1 3

17.2 years indicated that the incidence of coronary artery 
disease was associated with exposure to nitrogen dioxide 
(hazard ratio, 1.04; 95% confidence interval, 1.01–1.07) 
but not to PM2.5. Concentration–response curves revealed 
no evidence of a threshold below which air pollutant con-
centrations are save for health. Negative effect estimates for 
nitrogen dioxide were elevated even for concentrations lower 
than the European Union limit values of 40 μg/m3 (Wolf 
et al. 2021).

Effect of chronic air pollution on blood 
pressure and arterial hypertension

In the latest years, a numerous studies have shown that expo-
sure to higher concentrations of PM2.5 and some gaseous air 
pollutants (nitrogen oxides, sulfur dioxide, and ozone) can 
also result in arterial hypertension and increased blood pres-
sure (ISA ES EPA 2019; U.S. EPA. Supplement EPA 2021; 
ISA ED EPA for ozone 2020; US. EPA. ISA for Oxides of 
Nitrogen 2016).

Chronic exposure to particulate matter

Several studies showed a positive association between 
chronic PM2.5 exposure and either systolic or diastolic blood 
pressure or both. (Chuang et al. 2011; Dong et al. 2013).

In contrast, a meta-analysis by Fuks et al. (2014), which 
included 113,926 participants from 15 international cohorts 
of the European study of cohorts for air pollution effects 
(ESCAPE), found no significant association between PM2.5 
concentrations and blood pressure. Similar conclusions were 
drawn from a meta-analysis by Cai et al. (2016), who also 
found no relationship between chronic PM2.5 exposure and 
the risk of hypertension.

Few years later in new meta-analysis, involving seven 
cohorts from the European study of cohorts for air pollution 
effects (ESCAPE), Fuks et al. (2017) found a significant 
association between higher PM2.5 levels and the incidence 
of self-reported hypertension (relative risk, 1.22; 95% confi-
dence interval, 1.08–1.37 per each 5 μg/m3 increase).

In a cross-sectional study of 13,975 population, Liu 
et al. (2017) observed that systolic blood pressure increased 
by 0.60 mmHg (95% confidence interval, 0.05–1.15) per 
41.7 μg/m3 increase in PM2.5 levels. The annual average 
exposure to PM2.5 for all study participants was 72.8 μg/
m3. In contrast, in a cross-sectional study of 2552 subjects, 
Pitchika et al. (2017) demonstrated an increase in diastolic 
blood pressure by 0.7% (95% confidence interval, 0.2–1.2) 
per a 1 μg/m3 increase in PM2.5 levels.

In a study by Liu et al. (2017), the odds ratio of hyper-
tension per a 41.7 μg/m3 increase in chronic average PM2.5 
levels was 1.11 (95% confidence interval, 1.05–1.17). It was 

also found that an interquartile range increase in the annual 
average PM2.5 concentration (by 1 μg/m3) was significantly 
associated with a 15% higher prevalence of arterial hyper-
tension (95% confidence interval, 2.5–28.0).

A recent large prospective cohort study—the China 
prediction for atherosclerotic cardiovascular disease risk 
(China-PAR) project involving 119,388 individuals—pro-
vided the first evidence that chronic exposure to PM2.5 was 
independently associated with the occurrence of hyperten-
sion at relatively high levels of ambient PM2.5 (mean annual 
concentrations, 58.4 μg/m3) (Huang et al. 2019). Study 
participants in the highest quartile of PM2.5 levels had an 
increased risk of hypertension with a hazard ratio of 1.77 
(95% confidence interval, 1.56–2.00), compared with those 
in the lowest quartile. Each 10 μg/m3 increase in the PM2.5 
level resulted in an 11% increased risk of hypertension (haz-
ard ratio 1.11; 95% confidence interval, 1.05–1.17) (Huang 
et al. 2019).

Long‑term exposure to ozone

Few cohort studies showed an association between chronic 
exposure to ozone and elevation of blood pressure or the 
prevalence of hypertension (Chuang et al. 2011; Dong et al. 
2013).

A significant relation between ozone concentrations and 
hypertension was also found by Coogan et al. (2017). In this 
study, the estimated hazard ratio of arterial hypertension per 
a 6.7 ppb increase in ozone levels was 1.09 (95% confidence 
interval, 1.00–1.18).

However, the strength of the association between chronic 
ozone exposure and blood pressure remains unclear. Scien-
tific evidence are suggestive of, but not sufficient to infer, 
a causal relationship. (Integrated Science Assessment for 
Ozone and Related Photochemical Oxidants, 2020; https://​
www.​epa.​gov/​isa/​integ​rated-​scien​ce-​asses​sment-​isa-​ozone-​
and-​relat​ed-​photo​chemi​cal-​oxida).

Long‑term exposure to nitrogen dioxide

The impact of chronic exposure to nitrogen dioxide on 
blood pressure was evaluated in the study by Chuang et al. 
(2011), which showed that a 12.83 ppb increase in nitrogen 
dioxide concentrations was related to an increase in systolic 
blood pressure by 14.40 mmHg (95% confidence interval, 
10.98–17.82) and diastolic blood pressure by 12.43 mmHg 
(95% confidence interval, 10.63–14.23). The similar positive 
relationship between exposure to nitric oxide and nitrogen 
dioxide and elevation of diastolic blood pressure was shown in 
a Chinese cross-sectional study on a cohort of 27,752 partici-
pants aged > 65 years (Chen et al. 2015). The average annual 
levels of nitric oxide and nitrogen dioxide in this study were 
38.4 ± 15.3 and 23.7 ± 5.8 μg/m3, respectively. However, other 

https://www.epa.gov/isa/integrated-science-assessment-isa-ozone-and-related-photochemical-oxida
https://www.epa.gov/isa/integrated-science-assessment-isa-ozone-and-related-photochemical-oxida
https://www.epa.gov/isa/integrated-science-assessment-isa-ozone-and-related-photochemical-oxida
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single studies (Sorensen et al. 2012; Dong et al. 2013; Fuks 
et al. 2014; Pitchika et al. 2017) and large multi-cohort meta-
analyses of the European study of cohorts for air pollution 
effects (ESCAPE) (Fuks et al. 2014, 2017) did not confirm 
the relationship between nitrogen dioxide levels and elevation 
of blood pressure.

Long‑term exposure to sulfur dioxide

There are a limited number of studies evaluating the effects 
of sulfur dioxide on blood pressure or arterial hypertension 
(Chuang et al. 2011; Dong et al. 2013). Chuang et al. (2011) 
showed a significant positive relationship between an increase 
in sulfur dioxide concentrations by 20 μg/m3 and an eleva-
tion in systolic blood pressure by 0.80 mmHg (95% confi-
dence interval, 0.46–1.14) and diastolic blood pressure by 
0.31 mmHg (95% confidence interval, 0.10–0.51). In this 
study, the odds ratio for hypertension was 1.11 (95% confi-
dence interval, 1.04–1.18). In contrast, no association between 
increased mean sulfur dioxide levels (54.42 ± 14.33 mg/m3) 
and elevated blood pressure was found by Dong et al. (2013). 
Similarly, no such relationship was observed in a Serbian study 
(Stanković et al. 2018).

While most of the cited studies showed a positive link 
between ambient air pollutants (particularly PM2.5) and blood 
pressure or hypertension, it should be noted that they were not 
without limitations. First, in the majority of the studies, there 
was no appropriate adjustment for confounding or effect modi-
fication by other variables (including treatment of hyperten-
sion and other comorbidities, emotional/psychosocial stress, 
diet, obesity, temperature, traffic noise, and the synergistic 
effect of a mixture of pollutants). Furthermore, some of the 
confounding factors are difficult to measure. The studies used 
various lag patterns of exposure to assess immediate, delayed, 
or late effects of exposure. They also differed in their statistical 
analysis and methods of blood pressure measurement (Wang 
et al. 2017). In addition, most studies did not evaluate indi-
vidual exposure to ambient air pollutants and had different 
methods of measurement of pollutants. In estimating the health 
effects of chronic long-term exposure, detailed information is 
needed on past and lifetime exposure levels, the age at which 
exposure occurred, and pre-exposure health status, whereas 
most studies did not have such information. Finally, although 
all those studies suggested that long-term exposure to ambient 
air pollution is associated with alterations in blood pressure 
in distinct subpopulations, the results remain conflicting and 
inconclusive.

Effect of chronic exposure to air pollution 
on heart failure

Several studies showed a positive relationship of long-term 
exposure to particulate matter and selected gaseous pol-
lutants with the risk of death or hospitalization from heart 
failure. There is a general consensus that the pathomecha-
nisms underlying heart failure worsening associated with 
exposure to air pollution have not been fully elucidated. 
It is possible that chemical pollutants irritate the lower 
airways, consequently enhancing pulmonary vasoconstric-
tion and increasing right ventricular diastolic filling pres-
sures. This, in turn, can result in pressure overload, which 
may be which may be fundamental for the deterioration of 
heart failure. Moreover, when selected pollutants enter the 
bloodstream, they can increase peripheral vascular resist-
ance and blood pressure, thus leading to increased cardiac 
afterload, prothrombotic state, and secondary hypoxia. All 
of these pathomechanisms can contribute to the exacerba-
tion of heart failure.

The relationship between long-term exposure to ambi-
ent air pollution and heart failure has been confirmed 
in several, mostly cohort, studies. In a large cohort of 
836,557 patients aged 40–89 years and registered in gen-
eral practices in England, Atkinson et al. (2013) found a 
positive correlation between air pollutant exposure and 
incidence of heart failure. After adjusting for confound-
ers, a 3 μg/m3 increase in coarse particulate matter and a 
10.7 μg/m3 increase in nitrogen dioxide resulted in a haz-
ard ratio for heart failure of 1.06 (95% confidence interval, 
1.01–1.11). Of note, the study follow-up was 5 years, and 
the mean 1 year average concentrations of coarse particu-
late matter and nitrogen dioxide were 19.7 and 22.5 μg/m3, 
respectively (Atkinson et al. 2013).

The association between long-term exposure to 
ultrafine particulate matter and nitrogen dioxide and an 
increased incidence of heart failure was also reported in 
another cohort study by Bai et al. (2019a). The authors 
found that each interquartile range increase in exposure to 
ultrafine particulate matter, nitrogen dioxide was related 
to an increased incidence of heart failure (hazard ratio, 
1.03; 95% confidence interval, 1.02–1.05 and hazard 
ratio, 1.04; 95% confidence interval, 1.03–1.06, respec-
tively). Danesh Yazdi et al. (2019), in a large cohort of 
11,084,660 subjects from the USA aged 65 years or older, 
showed that chronic exposure to PM2.5 and ozone led to 
a higher rate of hospitalizations for exacerbation of pre-
existing heart failure. In this study, each 1-μg/m3 increase 
in PM2.5 concentration resulted in a 5.3% increase in first 
hospital admissions for heart failure. The hazard ratio for 
hospitalization due to heart failure was 1.053 (95% con-
fidence interval, 1.052–1.054) for long-term exposure to 
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PM2.5 and 1.023 (95% confidence interval, 1.022–1.024) 
for ozone. There were also substantial health effects for 
average annual PM2.5 concentrations below 12 μg/m3 and 
ozone concentrations below 70 ppm. However, an impor-
tant limitation of the study was the method used to esti-
mate the time of exposure to air pollutants, as exposure 
was imputed using the participant’s zip code, which could 
result in a measurement error depending on how much 
time the participant spent in a certain area. In addition, 
the study did not assess the effect of other confounders, 
primarily the risk factors of heart failure exacerbation. In 
a large cohort study of 5,000,000 population conducted 
in Canada, Bai et  al. (2019b) also found a significant 
association between chronic exposure to PM2.5, nitrogen 
dioxide, and ozone and the occurrence of heart failure 
and acute myocardial infarction. Each interquartile range 
increase in exposure to PM2.5, nitrogen dioxide, and ozone 
was related to a higher incidence of heart failure (hazard 
ratio, 1.05; 95% confidence interval, 1.04–1.05 for PM2.5; 
hazard ratio, 1.02; 95% confidence interval, 1.01–04 for 
nitrogen dioxide; and hazard ratio, 1.03; 95% confidence 
interval, 1.02–1.03 for ozone) (Bai et al. 2019b). A more 
recent analysis of data on female nurses from the Danish 
Nurse Cohort (aged > 44 years) performed by Lim et al 
(2021) revealed an enhanced risk of heart failure inci-
dence in persons exposed to high levels of two pollut-
ants (PM2.5, nitrogen dioxide) and concomitant road traffic 
noise during the mean time exposure of about 3 years. 
The hazard ratios were 1.17 (95% confidence interval, 
1.01–1.36), 1.10 (95% confidence interval, 0.99–1.22), and 
1.12 (95% confidence interval, 0.99–1.26) per an increase 
of 5.1  µg/m3  in PM2.5,  8.6  µg/m3  in nitrogen dioxide, 
and 9.3 dB in road traffic noise, respectively. The asso-
ciations were more evident in smokers and nurses with 
hypertension.

It is important to note that the majority of studies show-
ing an association between chronic exposure to ambient 
air pollution and the risk of hospitalization and death due 
to heart failure have a number of limitations. Data on the 
diagnosis of heart failure were derived from death cer-
tificates, autopsy documentation, or hospital discharge 
records, in which heart failure was very frequently listed 
as a secondary and direct cause of death, regardless of 
the primary cause. However, even in patients with a pre-
vious diagnosis of chronic heart failure, it is often chal-
lenging to identify the cause of heart failure exacerbation 
and death (e.g., progression of myocardial ischemia, coex-
isting infection, overexertion, or excessive salt and fluid 
intake). In the above studies, none of these confounders 
were included in the analysis. Furthermore, these stud-
ies did not reflect individual exposure to air pollutants. 
Therefore, all these ambiguities and limitations caused by 
the misclassification of exposure as well as the presence of 

confounders make interpretation of the available evidence 
difficult.

Chronic exposure to air pollution and stroke

Data from the World Health Organization show that approx-
imately 20% of air pollution-related deaths are due to 
ischemic stroke (www.​who.​int/​health-​topics/​air-​pollu​tion). 
Another report revealed a downward trend in the mortal-
ity rate from ischemic stroke attributed to exposure to air 
pollution; however, the data varied by region of the world 
(Babatola 2018). The link between chronic exposure to air 
pollution and stroke incidence or stroke-related mortality 
has been assessed predominantly in cohort studies. Most of 
them showed a positive relationship, although the results 
were not consistent.

Yuan et al. (2019) conducted a meta-analysis of 16 cohort 
studies from Europe, North America, and Asia, involving 
more than 2.2 million participants and more than 49,149 
endpoint events. They investigated the association between 
chronic PM2.5 exposure and incident stroke and stroke-
related death. The pooled hazard ratio for each 5 μg/m3 
increase in PM2.5 levels was 1.11 (95% confidence interval, 
1.05–1.17) for incident stroke and 1.11 (95% confidence 
interval, 1.05–1.17) for stroke-related death. Of note, a 
significant relationship between PM2.5 levels and incident 
stroke was found in Europe (hazard ratio, 1.07; 95% con-
fidence interval, 1.05–1.10) and North America (hazard 
ratio, 1.09; 95% confidence interval, 1.05–1.14), whereas 
the pooled result for Asia was not significant (hazard ratio, 
2.31, 95% confidence interval, 0.49–10.95). Surprisingly, the 
results among current smokers were not significant, although 
smoking is an independent risk factor for all cardiovascular 
diseases.

A recent analysis of a prospective cohort of 4,105 sub-
jects aged 45–76 at baseline, including 52.5% of women, 
from the Heinz Nixdorf Recall study conducted in Germany 
revealed that exposure to traffic-specific particulate matter 
had a more potent effect on the risk of stroke than indus-
try-specific PM2.5 during 14 years follow-up (hazard ratio, 
2.53; 95% confidence interval, 1.07–5.97 and hazard ratio, 
1.27; 95% confidence interval, 1.03–1.56, respectively, per 
1 μg/m3 increase) (Rodins et al. 2020). This study included 
numerous confounders, which improves its quality.

The analysis of six European cohorts within the effects of 
low-level air pollution: a study in Europe (ELAPSE) project 
showed that long-term exposure to air pollution was associ-
ated with stroke occurrence even at pollutant concentrations 
lower than the current limit values (Wolf et al 2021). Impor-
tantly, the definition of stroke in this study comprised the 
principal diagnosis of ischemic, hemorrhagic, or unspeci-
fied stroke and out-of-hospital deaths from cerebrovascular 

http://www.who.int/health-topics/air-pollution
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diseases. The incidence of stroke was associated with PM2.5 
(hazard ratio, 1.10; 95% confidence interval, 1.01–1.21 per 
5 μg/m3 increase), nitrogen dioxide (hazard ratio, 1.08; 95% 
confidence interval, 1.04–1.12 per 10 μg/m3 increase), and 
black carbon (hazard ratio, 1.06; 95% confidence interval, 
1.02–1.10 per 0.5 10−5/m increase). The results of the effects 
of low-level air pollution: a study in Europe (ELAPSE) pro-
ject support the role of nitrogen dioxide or correlated pollut-
ants as an important risk factor for stroke (Wolf et al 2021).

The assessment of the above cohort studies and meta-
analyses suggests that among the evaluated air pollutants, 
particulate matter and nitrogen dioxide have the strongest 
association with the risk of stroke. This particularly con-
cerns subjects over 60 years of age. However, there are some 
discrepancies between the studies related to geographical 
region. In addition, most investigators focused on ischemic 
stroke failed to provide a clear distinction between the differ-
ent types of stroke (hemorrhagic vs. ischemic), or provided 
an incorrect definition of stroke. The studies underestimated 
the major confounders of stroke, and the authors themselves 
indicated a misclassification of exposure and substantial het-
erogeneity for most pollutants. Thus, the existing evidence 
on the association between air pollution and stroke is insuf-
ficient and requires further research.

Air pollution and the coagulation system

The effects of air pollutants on coagulation disorders are still 
under investigation. The vast majority of studies focused on 
the direct or indirect ability of particulate matter to activate 
coagulation and impair fibrinolytic activity. However, most 
studies investigated short-term exposure, and more data are 
required on the effects of chronic exposure.

Studies on long-term exposure to air pollution did not 
find a significant relationship between ambient air pollution 
and fibrinogen levels (Dadvand et al. 2014; Viehmann et al. 
2015). Of note, studies described in previous sections also 
provided conflicting results with regard to changes in plasma 
levels of coagulation factors other than fibrinogen.

Results from several experimental studies suggested 
a link between hypercoagulability and exposure to PM2.5 
and an immediate effect of soluble metal compounds (e.g., 
sulfate and nitrates) that can activate a number of human 
prothrombotic factors (Sangani et al. 2010; Gray et al. 2015; 
Pun et al. 2015; Tinkov et al. 2018; Signorelli et al. 2019). 
All metal sulfates except nickel were proven to shorten the 
whole-blood coagulation time. Another possible patho-
mechanism of hypercoagulability is the induction of gene 
hypomethylation resulting in inflammation and secondary 
venous thrombosis (Tarantini et al. 2013).

Tang et al. (2016) conducted a meta-analysis of eight 
prospective cohort, case-crossover, case–control, and 

time-series studies performed in Western countries, where 
the median PM2.5 level is lower than 20 μg/m3, in contrast 
to Central and Eastern Europe as well as Asia, where the 
median PM2.5 levels are much higher. The analysis of long-
term exposure did not confirm a positive association between 
traffic-related air pollutants (particulate matter, carbon 
monoxide, sulfur dioxide, ozone, and nitrogen dioxide) and 
the risk of incident venous thromboembolism. Therefore, 
the relationship between ambient air pollution and venous 
thromboembolism cannot be confirmed as yet.

Chronic exposure to air pollution 
and cardiac arrhythmias

The association between air pollution and cardiac arrhyth-
mias is still under investigation. The available papers report 
conflicting results depending on the study design, the 
strength of statistical relationships between the investigated 
air pollutants, the levels of air pollutants at which a harmful 
health effect is observed, and definition of outcomes.

In their paper, Tsai et al (2009) described a significant 
positive relationship between a single pollutant model of 
long-term exposure to nitrogen dioxide, ozone, and partic-
ulate matter regardless of air temperature and emergency 
room visits for arrhythmias in inhabitants of a subtropical 
city in Taiwan. For a two-pollutant model, the results were 
significant for ozone and nitrogen dioxide. The results of 
another cohort study—the Danish diet cancer and health 
study involving 57,053 participants aged 50–64 years—also 
showed a proarrhythmic effect of long exposure to nitrogen 
dioxide and nitrogen oxides and higher risk of atrial fibrilla-
tion (Monrad et al. 2017). Some investigators suggested that 
nitrogen dioxide is a surrogate for PM2.5 rather than exerting 
a causal direct effect on the heart (Billionnet et al. 2012).

Some studies indicated positive associations between 
long-term exposure to PM2.5 and increased risk of 
supraventricular arrhythmias. A nationwide cohort study 
of 432,587 population from the Korean National Health 
Insurance Service National Sample Cohort reported a link 
between long-term exposure to air pollution and atrial fibril-
lation. A 10-μg/m3 increase of PM2.5 was associated with a 
17.9% increase in the risk of atrial fibrillation (p < 0.001). 
Effects were more profound in men, obese individuals, par-
ticipants aged ≥ 60 years, and those with previous myocar-
dial infarction (Kim et al. 2019).

Another cohort study of 5,071,956 subjects aged 
35–85 years conducted in Canada demonstrated that long-
term exposure to PM2.5 was positively associated with the 
incidence of atrial fibrillation even at very low levels (Shin 
et al. 2019). On the other hand, Kwon et al. (2019) revealed 
no significant evidence for a link between ambient air pollu-
tion and cardiac arrhythmias in long-term exposure.
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Although most of these studies included potential con-
founding factors (such as weather conditions or the presence 
of coronary artery disease and hypertension), they are not 
without limitations. First, they did not consider all substrates 
for arrhythmia or the severity of arrhythmia and concomitant 
pharmacotherapy. Furthermore, they failed to assess trig-
gers of arrhythmia such as recurrent myocardial ischemia, 
physical exertion, emotional stress, electrolyte imbalance, 
elevation in blood pressure, alcohol consumption, or tobacco 
smoking. Although the assessment of arrhythmia triggers 
is difficult in everyday practice, particularly in retrospec-
tive studies, both substrates and triggers are more important 
contributors to arrhythmia than ambient air pollution. Some 
patients with atrial fibrillation or nonsustained ventricular 
tachycardia can be asymptomatic, and some arrhythmic 
events may go unnoticed in the absence of an arrhythmia 
monitoring device. A number of studies did not require 
independent confirmation by a cardiologist that cardio-
verter-defibrillators were activated by ventricular tachycar-
dia (i.e., appropriate interventions). Finally, all these studies 
are inherently limited by an individual exposure estimation 
error. In summary, the existing evidence is insufficient to 
support a strong effect of ambient air pollution on the inci-
dence of cardiac arrhythmias.

Associations between chronic ambient 
air pollution and cardiovascular diseases 
in the era of COVID‑19

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) first appeared in December 2019 in Wuhan, China, 
and then spread worldwide within 2–3 months, causing 
the COVID-19 pandemic, the largest pandemic on record 
since 1918 (Chen et al. 2021; Dutta et al. 2021; Han et al. 
2020; Khan et  al. 2021; Parczewski and Ciechanowicz 
2021; Sławiński and Lewicka 2020). Data from the World 
Health Organization indicate that as of December 27, 2021, 
nearly 280 million COVID-19 cases and more than 5 mil-
lion COVID-19 deaths have been documented worldwide 
(WHO 2021a).

There is an increasing evidence for an association 
between chronic air pollution, SARS-CoV-2 infection, and 
cardiovascular diseases. Because we are still in the midst of 
the COVID-19 pandemic at the time of writing this paper 
(December 2021), it is challenging to draw definitive con-
clusions on how COVID-19-related changes in air pollution 
have affected cardiovascular morbidity and mortality. The 
effect of COVID-19 on the relationship between ambient air 
pollution and cardiovascular diseases appears to be bidirec-
tional. On the one hand, there are reports that both indoor 
and outdoor air pollution increase the risk of SARS-CoV-2 
infection and its cardiovascular complications (Ali and Islam 

2020). On the other hand, there is evidence that preventive 
measures to reduce the spread of SARS-CoV-2 can be a 
source of environmental pollution, including air pollution, 
and have adverse health effects (Akter et al. 2021; Ufnalska 
and Lichtfouse 2021).

The SARS-CoV-2 transmission can occur via direct, 
indirect, or close contact with infected individuals, through 
infected secretions including saliva and respiratory secre-
tions or their respiratory droplets (> 5–10 μm in diameter) 
that are expelled when an infected patient coughs, sneezes, 
talks, or sings (WHO 2021b). Despite some previous contro-
versy (WHO 2021b; Chen et al. 2021; Wang Q et al. 2021), 
airborne transmission has recently been confirmed as a pos-
sible route of COVID-19 transmission.

It was postulated that ambient air pollution may play an 
important role in the airborne transmission of SARS‐CoV‐2 
(Ali et al. 2020). The studies by Setti et al. provided the first 
evidence that SARS-CoV-2 RNA can be present on outdoor 
particulate matter under some conditions of atmospheric sta-
bility and at elevated coarse particulate matter levels (Setti 
et al. 2020). In several countries, the presence of SARS-
CoV-2 in the air was directly correlated with the presence 
of high particulate matter concentrations, which resulted in 
increased mortality (Dutta et al. 2021). Although studies on 
the association between long-term exposure to PM2.5 and 
COVID-19 infections as well as COVID-19-related deaths 
have been limited and their results was inconsistent, it has 
been shown that PM2.5 exposure impairs host defenses and, 
in particular, alters macrophage function, which facilitates 
respiratory infection by SARS-CoV-2 (U.S. EPA. 2021). 
There is also evidence that exposure to PM2.5 may lead to 
decreases in an individual’s immune response, which in 
turn may promote replication of many respiratory viruses, 
probably including SARS-CoV-2 (Bourdrel et al. 2021; U.S. 
EPA. 2021). However, these studies have some methodologi-
cal limitations (e.g., studies performed during an ongoing 
pandemic before COVID-19 had reached many parts of the 
country, failing to account for other key factors that could 
have a major impact on the spread of SARS-CoV-2); there-
fore, their results should be interpreted with caution.

The relationship between long-term exposure to PM2.5 
and COVID-19 outcomes, including COVID-19-related 
deaths, has recently been evaluated in several large, primar-
ily ecological studies (Chakrabarty et al. 2021; Liang et al. 
2020; Stieb et al. 2020; Wu et al. 2020). Although positive 
associations have been observed in some of these studies, 
there is limited evidence at this stage of the COVID-19 pan-
demic to conclude whether long-term exposure to PM2.5 or 
other air pollutants significantly affects the spread of SARS-
CoV-2 or susceptibility to infection in humans (U.S. EPA. 
2021).

The possible association of long-term exposure to air pol-
lution, including high concentrations of nitrogen dioxide and 
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particulate matter, with high rates of SARS-CoV-2 infection 
in some patient populations may be partly explained by air 
pollution-induced overexpression of angiotensin-converting 
enzyme 2, an 805 amino-acid transmembrane monocarboxy-
peptidase, on human airway epithelial cell surfaces (Paital 
and Agrawal 2020). In addition to its key physiological role 
in the renin–angiotensin–aldosterone system and regulation 
of the plasma kallikrein-kinin system, angiotensin-convert-
ing enzyme 2 serves as a host receptor for coronaviruses 
that is recognized by the S protein of the SARS-CoV-2, 
which enables fusion of the virus with the cell membrane 
of the infected cell and subsequent viral life cycle. Such 
overexpression of angiotensin-converting enzyme 2 has 
been proven to occur under chronic exposure to ambient air 
pollutants such as nitrogen dioxide and PM2.5 (Paital and 
Agrawal 2020). Paital and Agrawal (2020) demonstrated 
a relationship between nitrogen dioxide emissions, PM2.5 
levels, angiotensin-converting enzyme 2 expression and the 
severity of COVID-19 infection.

Finally, there is increasing evidence that preventive 
measures to limit the spread of SARS-CoV-2, which are 
used widely during the COVID-19 pandemic, have direct 
and indirect effects on the environment (Akter et al. 2021; 
Boroujeni et al. 2021; Gorrasi et al. 2020). This has been 
shown to occur through various mechanisms including:

1.	 reductions in fossil fuel consumption, resource deple-
tion, and waste disposal; reductions in transport and 
industrial activity; and reductions in tourism as a result 
of lockdowns, travel restrictions, and slowed economic 
activities;

2.	 an increase in medical and municipal waste, haphaz-
ard disposal of personal protective equipment, hindered 
recycling activities due to the widespread use of per-
sonal protective equipment and pressure in hospitals;

3.	 an increment in energy consumption and increased liq-
uid and solid waste from large-scale use of vaccinations 
(Akter et al. 2021; Ufnalska and Lichtfouse 2021).

An indirect beneficial effect of the COVID‐19 lockdown 
in 2020 was a substantial reduction in the emission of air 
pollutants and improvement in air quality globally. This 
was particularly noticeable in India, China, and Europe, 
where PM2.5 concentrations decreased by 64.7, 30, and 17%, 
respectively (Wolhuter et al. 2021). The cumulative effects 
of the lockdown have resulted in a 20–30% reduction in the 
global emission of nitrogen dioxide, the main product of 
fossil fuel combustion (Wolhuter et al. 2021). Despite this, 
a regional severe haze was still observed in some areas of 
the world (Li et al. 2021a, b). Furthermore, during the strict 
lockdown resulting in a 30% reduction in PM2.5 levels in 
China, PM2.5 concentrations in 95 Chinese cities, although 
lower than before the pandemic, were still fourfold higher 

than those considered safe by the World Health Organization 
(Wolhuter et al. 2021).

A study by Zheng et al. (2021) comparing air pollution 
data in Wuhan from 2020 with previous years showed that 
particulate matter and nitrogen dioxide levels were strongly 
reduced, carbon monoxide levels were less reduced owing 
to ongoing power industries, sulfur dioxide levels first 
decreased and then increased to exceed the 2018–2019 val-
ues due to coal combustion, and, finally, ozone concentra-
tions were even higher as a result of lower nitrogen oxide 
air pollution and the weekend effect. Similarly, Wang et al. 
(2020) showed that during the lockdown, the average daily 
concentrations in urban areas decreased by 47.9% for coarse 
particulate matter, 42.7% for PM2.5, 58.4% for nitrogen diox-
ide, 28.6% for sulfur dioxide, and 22.3% for carbon monox-
ide as compared to the same period in 2019.

There are also interesting findings from epidemiological 
studies conducted in Italy. The COVID-19 pandemic had 
dramatic consequences for the population of the industri-
alized and economically developed northern part of Italy, 
while it did not heavily affect the inhabitants of the southern 
regions. Roviello and Roviello (2020) found that pandemic 
severity was generally lower in the evergreen-rich southern 
regions, especially those with more than 0.3 hectares of for-
est per capita.

In conclusion, although the association between chronic 
exposure to air pollution and cardiovascular diseases is 
well-established, further studies are needed to delineate 
the precise mechanistic relationship between ambient air 
pollution and the course of SARS-CoV-2 infection with 
its serious cardiovascular complications and to explain the 
effect of long-term exposure to air pollution on differences 
in COVID-19-related outcomes.

Conclusion

Data from the literature show that exposure to fine particu-
late matter and some gaseous pollutants is a major contribu-
tor to cardiovascular mortality and morbidity. The strongest 
evidence exists for the effects of air pollution on all-cause 
and cardiovascular mortality. An alarmingly increasing 
number of studies indicates that negative health impact of 
air pollution persists even at pollutant concentrations lower 
than the limits set by the European Union and World Health 
Organization. This suggests a wide range of individual sus-
ceptibility in the global population to exposure to emerg-
ing contaminants present in air. However, studies vary in 
terms of data reliability and provide inconsistent results. 
Discrepancies among studies are due to the variety of phys-
ical and chemical properties of particulate matter (size, 
mass, reactivity), emission sources, and concomitant gase-
ous pollutants. Moreover, studies differ in population and 
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statistical methods, exposure assessment, and adjustment 
for confounding or modifying factors. It is also challeng-
ing to assess general individual exposure and susceptibility, 
whereas these seem to be the most important factors deter-
mining response to environmental pollution. Furthermore, 
because there is a vast spectrum of individual susceptibility, 
for many air pollutants there is no evidence on a safe level 
below which no unfavorable health effects occur. Other chal-
lenges involve the reliability of the methods used to analyze 
the relationships between ambient air pollutants and adverse 
health effects; the necessity to identify the causal pathways 
that can help establish preventive strategies; the need to 
evaluate the properties of air pollutants that change over 
time and space and to determine the consequences of these 
variations for the human population; the identification of 
individuals who are particularly vulnerable to air pollution; 
defining the extent to which confounding factors mask the 
actual health effects of air pollution; and assessing whether 
the interventions taken to improve air quality have beneficial 
health effects.

Healthcare professionals should play a key role in edu-
cating politicians and citizens about the harmful effects of 
air pollution. It is also essential to combine the existing 
knowledge with practical opportunities to control emission 
sources. Only interdisciplinary collaboration can help pro-
tect the environment, ensure the human right to preserve 
health, and develop the optimal methods for reducing air pol-
lution with subsequent evaluation of the achieved outcomes.

Methods

The available literature published over the preceding 
30  years was reviewed to evaluate the relationships of 
chronic outdoor air pollution with cardiovascular morbidity 
and mortality, and to summarize the potential mechanisms 
underlying these associations identified in experimental 
and human studies. Publications were found by searching 
PubMed, EBSCO, Cochrane, and Science Direct databases, 
using the following MESH terms: air pollution, chronic or 
long-time exposure, particulate matter, and gaseous air pol-
lutants. In addition, the following keywords were used: all-
cause mortality, cardiovascular mortality, coronary artery 
disease, cardiac arrhythmias, hypertension, stroke, and 
coagulation system. Our eligibility criteria were defined 
following the PECOS approach: population, adults chroni-
cally exposed to single or cumulative outdoor air pollutants 
(i.e., particulate matter and gaseous pollutants); compara-
tor, unexposed individuals; outcome, all-cause mortality, 
cardiovascular morbidity and mortality; and study design, 
experimental studies if available (controlled human expo-
sure and/or animal studies), epidemiological studies includ-
ing cohort, case-cohort, case–control, and cross-sectional 

studies, intervention studies, and meta-analyses and sys-
tematic reviews published (or accepted for publication, i.e., 
in press) between January 1990 and October 2021 in peer-
reviewed journals and written in English. Studies involving 
children and those focusing on indoor exposure and expo-
sure to persistent organic chemicals, gray literature, confer-
ence abstracts, conference papers, notes, editorials, letters, 
and unpublished data were excluded from the analysis. After 
the initial analysis of about 540 articles, 123 articles were 
included in the review.
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