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Abstract

Purpose—Environmental stressors are disturbing our ecosystem at an accelerating rate. An 

increasingly relevant stressor are air pollutants, whose levels are increasing worldwide with threats 

to human health. These air pollutants are associated with increased mortality and morbidity from 

cardiovascular diseases. In this review we discuss environmental stressors focusing mainly on the 

various types of air pollutants, their short-term and long-term cardiovascular effects, and providing 

the epidemiological evidence associated with adverse cardiovascular outcomes. Direct and indirect 

pathophysiological mechanisms are also linked with cardiovascular complications such as 

thrombosis, fibrinolysis, hypertension, ischemic heart diseases and arrhythmias.

RESULTS—Evidence to date suggests that humans are constantly being exposed to unhealthy 

levels of environmental toxicants with the potential of serious health conditions. Environmental 

stressors adversely affect the cardiovascular system and pose an increased risk for cardiovascular 

diseases for those who reside in highly polluted areas.

CONCLUSION—People with existing risk factors and those with established cardiovascular 

disease have increased susceptibility to environmental stressors. The literature reviewed in this 

article thus support public health policies aimed at reducing pollutant exposure to benefit public 

health.
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Introduction

Pollution levels continue to remain a major public issue, resulting in approximately 200,000 

deaths each year in the United States alone. This is due in large part to emissions from 

transportation and power generation but also multiple industrial sectors and seasonal 

fluctuations. Moreover, studies showed that premature mortality will increase due to rises in 

these sectors on a global scale. Despite global efforts to address air pollution, such as the 

Paris Climate Accords, over 5.5 million deaths a year have still been reported [1].

The World Health Organization models that 92% of the world’s population live in areas that 

exceed recommended limits for air pollution allowing it to be linked to one out of every nine 

deaths worldwide [2]. Air pollution has both short and long-term effects and has been 

implicated in many non-communicable and congenital diseases all over the world. Current 

lines of research aim to understand the pathophysiological consequences and mechanisms of 

air pollution and its epidemiology in efforts to refine environmental policies and 

recommendations. There are numerous studies and reviews that have documented the role of 

particulate matter (PM) pollution in the pathogenesis of cardiac diseases, which has 

considerable morbidity and mortality and continues to be the leading cause of death in the 

world. However, few studies explore the underlying mechanisms and pathophysiology of air 

pollutant-induced cardiac diseases. Therefore, the purpose of this article is to review the 

pathophysiology of the cardiovascular system as a result of particulate matter exposure.

Environmental Stressors

Ambient air pollution is commonly recognized as a heterogeneous mixture of gas, liquid, 

and solid particles. Among the harmful components of air pollution, here, we focus mainly 

on PM since it is associated widely with the incidence of cardiopulmonary diseases. PM 

refers to the solid particles and liquid droplets of varying size found in air pollution that 

result from both human and natural activities [3]. It assembles into the air once emitted from 

both mobile and stationary sources. Based on differing sources of emission, PM is 

subdivided into primary and secondary particles. Primary particles are directly emitted into 

the air via automobiles, industrial equipment, forest fires, and burning other related 

materials. Crustal material, which is emitted by various construction and industrial 

operations, is a commonly found component of primary particles (U.S. EPA 2014). 

Secondary particles are those dispersed into the air via reactions involving precursor 

chemicals such as sulfates, nitrates, and carbon. The carbon of secondary particles is found 

in the form of a reactive organic gas emitted from many of the same sources of primary 

particles (U.S. EPA 2014). These secondary particles can potentially have both synergistic 

and antagonistic effects that are not completely understood. PM components are further 

classified according to their aerodynamic diameters: coarse (PM10), fine (PM2.5), and 

ultrafine (PM0.1).
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PM10, known as coarse particles, have a diameter between 2.5 and 10 μm. Human activities 

that lead to PM10 production include road and agricultural dust, tire wear emissions, and 

construction sites. PM10 can also be naturally emitted by wildfires and movement of dust. 

After inhalation, the coarse fraction cannot travel beyond the bronchi. Fine particulate matter 

(PM2.5) includes particles with a diameter less than 2.5 μm that is predominantly found in 

traffic and industry fuel combustion from power plants and oil refineries [3]. Compared to 

the larger PM10, a significant amount of research has proven that PM2.5 can travel further 

along the respiratory tract into the pulmonary endothelium and blood stream leading to more 

adverse health effects [4]. Ultrafine particulate matter (PM0.1) are particles that are less than 

0.1 μm in diameter [3]. PM0.1 is commonly found in the mobile emissions via the tailpipe 

and can further penetrate through the respiratory tract and can even incorporate into remote 

organs [3]. Recent evidence has shown that PM0.1 can aggregate into larger particles about 

the size of PM2.5.

Particulate Matter Exposure and Cardiovascular Morbidity and Mortality

Short-term effects: Short-term exposure to PM results in acute effects such as changes in 

heart rate (HR) and heart rate variability (HRV), blood pressure, vascular tone, and blood 

coagulability. A recent report demonstrated that short-term exposure to increased levels of 

air pollutants increases the hospital admissions for heart and respiratory diseases [5]. Liang 

et al. showed that for every 10μg/m3 increase in PM2.5 lead to a 0.371% and 0.199% 

increase in cardiovascular mortality for men and women, respectively [6]. Furthermore, a 

recent study conducted in Yazd, Iran demonstrated that 4.988% of all deaths were due to 

short term exposure to increased PM concentrations [7]. PM exposure can also act as a 

trigger for MI as it was demonstrated that short term exposure to high levels of PM2.5 and 

PM10 were associated with death from MI [8]. Long-term effects: Prolonged exposure 

(long-term) to PM, on the other hand, increases the concentration of particles in systemic 

circulation leading to serious conditions such as atherosclerosis. Various cohort studies 

provide useful information on serious adverse effects of PM exposure. Increased morbidity 

is well-established after prolonged exposure to increased levels of air pollutants [9]. There is 

an escalated increase in cardiovascular mortality from heart failure, ischemic heart disease 

(IHD), and cardiac arrest after long term exposure to PM [10]. Regardless of duration of 

exposure, clinical and pre-clinical studies undeniably indicate that air pollution is major 

factor for increased morbidity and mortality in the general population.

Particulate Matter Exposure and Cardiovascular Events

Exposure to ambient particulate matter leads to increases in systolic pressure, arterial BP, 

and hypertension [11]. It has also been shown that an increase in PM10 leads to an increased 

risk of acute heart failure [5]. A meta-analysis concluded that there was a positive 

association between short-term increases in PM and an increased risk of hospitalization or 

death from congestive heart failure [5]. Recent studies have connected PM2.5 exposure with 

risk for STEMI (ST-segment elevation myocardial infarction), but not NSTEMI (non-ST-

segment elevation myocardial infarction) [8]. Long term exposure was correlated with 

higher incidences of myocardial infarction, coronary artery disease (CAD), and 

atherosclerosis [12]. Short term exposure to PM10 leads to increases in coronary artery 
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calcification and progression of atherosclerosis [13]. All of these studies undeniably indicate 

that air pollution poses a large threat to human cardiovascular health.

Pathophysiological Mechanisms of PM-induced Adverse Effects

Upon inhalation, PM particles translocate into the blood stream and travel to remote organs, 

thus eliciting “direct” pathophysiological mechanisms. On the other hand, PM particles 

deposited into lung alveoli also trigger an “indirect” cascade of inflammation, oxidative 

stress and interaction with autonomic nervous system, which in turn exert effects on remote 

organs including the heart (Figure 1).

Direct Mechanisms

Preclinical studies have reported that PM can translocate into the blood stream and into 

specific organs causing cumulative toxicity. The circulating PM can directly cause 

cardiovascular dysfunction by: (1) oxidative stress and (2) deregulation of calcium levels/

channels. Calcium regulation and reactive oxygen species (ROS) production are strictly 

interdependent. ROS is fundamental in reshaping local and global calcium signal amplitudes 

and kinetics in both physiological and pathological conditions.

Oxidative stress

An important role of cellular homeostasis is maintenance of the balance between ongoing 

ROS generation and antioxidant defense. The redox-signaling pathways which ensue 

following ROS production play a role in the expression of proinflammatory cytokines, 

chemokines, and adhesion molecules. Researchers proposed a hierarchical oxidative stress 

model in which incremental PM doses induce both protective and deleterious effects [14]. 

According to this model, PM exposure leads to activation of antioxidant response element 

(ARE) through Nrf2, resulting in the expression of antioxidant enzymes. An escalated 

increase in oxidative stress leads to activation of MAPK, cytokine/chemokine production, 

and inflammation. Alterations in the mitochondrial permeability transition pore (MPTP) and 

electron transfer chain occur at the maximum level of oxidative stress resulting in cell death. 

The two identified ROS involved are superoxide and hydrogen peroxide, the latter also 

affects sarcoplasmic reticulum calcium release.

Dysregulation of calcium levels/channels

ROS regulate cell function through redox modification of target proteins one being the L-

type Ca2+ channel. Reports have demonstrated regulation of Ca2+ influx by local oxidative 

stress, thereby promoting enhanced L-type Ca2+ channel activity resulting in increased Ca2+ 

influx and contraction[15]. The activity of sarco/endoplasmic reticulum Ca2+-ATPase is also 

known to be modified by tyrosine nitration or cysteine oxidation by ROS generation [16]. 

Peroxides produced by PM can also affect calcium regulation of (Ca(2+))/calmodulin 

(CaM)-dependent protein kinase II (CaMKII) mediated oxidation and phosphorylation of 

regulatory proteins such as the Na+- Ca2+ exchanger [17]. The resulting imbalance in 

intracellular calcium concentration is known to mediate a variety of CVDs, such as 

contractile dysfunction, susceptibility to arrhythmogenic after depolarizations and 

ventricular polymorphic arrhythmias and heart failure. The increased Ca2+ levels also lead to 
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the opening of the MPTP, resulting in reduced membrane depolarization [18]. Further, 

chemicals which are absorbed onto the surface of PM can affect the MPTP resulting in 

mitochondrial damage leading to cardiac dysfunction [19]. Together, both ROS and 

increased Ca2+ levels open the MPTP leading to deleterious effects on mitochondria such as 

membrane swelling and rupture, inhibition of oxidative phosphorylation and cytochrome c 

release [20].

Vascular Dysfunction

The endothelium is one of the major targets of oxidative stress. Impaired endothelial 

function in the vascular bed has been shown to be associated with an increased risk of acute 

cardiovascular events. Superoxide radicals combine with nitric oxide (NO) to form 

peroxynitrite, which inhibits nitric oxide synthase resulting in reduced NO bioavailability in 

the vessel wall and increased vasoconstriction, as demonstrated previously [21]. On the 

contrary, studies have also demonstrated an increase in the expression of endothelial NO 

synthase and plasma nitrate and nitrite concentrations in rat and humans [22], suggesting 

alterations in NO. Furthermore, superoxide inhibits the activity of guanylyl cyclase and 

cGMP-dependent protein kinase in vascular smooth muscle cells, resulting in reduced 

endothelium-dependent and -independent NO-mediated vasodilation [23]. Endothelin-1, 

produced by vascular endothelial cells, is a potent endogenous vasoconstrictor that has also 

shown to be increased after PM exposure, thereby contributing to vascular endothelial 

dysfunction [24].

Indirect Mechanisms

The indirect mechanisms are initiated after prolonged inhalation of ambient particulate 

matter resulting in the activation of pulmonary inflammation and oxidative stress. Another 

indirect mechanism is known to be mediated through the autonomic nervous system (ANS).

Pulmonary Inflammation and oxidative stress

Upon inhalation, the airway epithelium is first exposed to PM and it has been shown that this 

exposure causes altered cytokine/chemokine gene expression and increased production of 

interleukin (IL)-1β, IL-6, IL-8 and tissue necrosis factor (TNF) α [25]. Next, PM enters the 

lung epithelium through alveolar epithelial lining and initiates ROS production leading to 

release of inflammatory mediators from respiratory macrophages. Surface proteins, such as 

toll-like receptor 4 (TLR4) and scavenger protein A found on macrophages, are known to be 

responsible for detecting foreign molecules. Once inhaled, PM can also oxidize the 

surfactant molecules in the alveoli which binds to TLR4 and amplifies the activation of 

respiratory macrophages [26].

Exposure of healthy individuals as well as those with coronary artery disease to PM has 

been shown to increase the serum levels of IL-6 and its transcriptional target, C-reactive 

protein [27]. IL-6 expression increases the transcriptional activity of HIF-1α by promoting 

its translocation to the nucleus [28]. Inside the nucleus, HIF-1α acts to decrease cell 

proliferation and increase the permeability of the vascular endothelium. Once the 

inflammatory cascade begins, production of ROS ensues. Circulating IL-1 triggers 

neutrophilic superoxide production. In the bronchial epithelial cells, ROS activation induces 
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the expression of intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion 

molecule-1 (VCAM-1) in capillary endothelial cells [29].

This accelerates the further infiltration of leukocytes and lymphocytes into the airway 

system leading to exaggerated local and systemic inflammation. PM2.5 inhalation is 

associated with reduced oxygen saturation, which in turn, is associated with pulmonary and 

systemic inflammation.

Autonomic Nervous System

When stimulated (either mechanically or chemically), afferent fibers send signals to the 

central nervous system (CNS) resulting in either excitatory or inhibitory effects. Any 

perturbation in the functioning of the autonomic nervous system (ANS) contributes to the 

increased CVD risk and susceptibility.

HR and HRV are controlled by the ANS which influence the sympathetic and vagal input to 

the heart, thus affecting cardiac output. Mordukhovich et al. showed that PM exposure 

affects HRV suggesting that PM exposure and ANS functioning are closely related [30]. 

Studies also demonstrated that a decrease in HRV is due to a decrease in parasympathetic 

action on the heart [31] leading to compensatory activation of sympathetic input and 

increased cardiovascular morbidity and mortality. It has also been hypothesized that 

combined features of the CNS and ANS indirectly elicit cardiovascular responses. 

Furthermore, it can also be hypothesized that PM alters the ANS, which can lead to a 

predominance of sympathetic nerve activity (SNA). Oxidative stress and the activation of 

transient receptor potential cation channel subfamily V member 1 (TRPV1) receptors on 

vagal afferent C-fibers in the lungs are responsible for a reflex-increase in cardiac SNA in 

response to PM2.5 exposure. Further, transient receptor potential ankyrin 1 (TRPA1) 

receptors and autonomic imbalance characterized by a shift toward parasympathetic 

modulation is also shown to be involved in arrhythmic episodes and cardiac dysfunction 

[32].

Combined Effects of the Direct and Indirect Mechanisms of PM Exposure 

on the Heart

The involvement of direct and indirect mechanisms following inhalation of ambient PM 

particles is complex as it is difficult to elucidate whether they operate independently and in 

which order, or if it is a simultaneous involvement of both mechanisms. The following are 

the cardiovascular complications which occur following PM exposure due to activation of 

these mechanisms.

Thrombosis

Alveolar inflammation as a result of particle inhalation results in increased blood 

coagulation and accentuated risk of cardiovascular events. PM exposure also releases 

extracellular vesicle-packed miRNA associated with increased coagulation as reported by 

Pergoli and coworkers [33]. PM promotes clot formation shortly after entering systemic 

circulation whereas prolonged exposure promotes pulmonary inflammation, leading to 
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thrombosis. In vivo intra-tracheal instillation of particulate matter increases arterial 

thrombosis associated with platelet activation [34]. Pope and colleagues suggested that 

cytokine release, macrophage activation and pulmonary inflammation are the necessary 

initial steps for PM-induced pro-thrombotic changes [35]. In addition to inflammatory 

reaction, particulate particles reach the circulation and directly enhance thrombus formation 

and increases cardiovascular mortality.

Fibrinolysis

Tissue plasminogen activator (tPA) found on endothelial cells is a major enzyme responsible 

for clot breakdown and is a critical determinant of cardiovascular outcomes. Impaired 

fibrinolytic activity is shown to be associated with atherothrombosis and MI. Rückerl et al. 

have demonstrated associations between ambient air pollutants and markers of coagulation/

fibrinolysis in susceptible populations which may aggravate atherosclerotic diseases and 

induce multi-organ damage [36].

The PM induced oxidative stress and inflammation have been observed in the arterial wall of 

animals causing augmented vasoconstriction and blunted vasorelaxation responses [37].

Atherosclerosis

There is strong evidence that PM-induced systemic inflammation can accelerate 

atherosclerotic processes. Dai and colleagues demonstrated that exposure to environmentally 

relevant PM causes endothelial dysfunction and increases vascular plaque burden, thus 

accelerating the progression of atherosclerosis [38]. In addition, oxidative stress induced 

activation of IL-12 cytokine family is shown to be involved in the regulation of regulatory T 

cells (Tregs) in the process of atherogenesis [39]. These events also result in atheromatous 

plaque destabilization and rupture. As a result of ROS generation, low-density lipoproteins 

(LDLs) also get oxidized.

Subendothelial macrophages phagocytize these oxidized LDLs and become foam cells that 

contribute to plaque instability [40]. These events increase the risk of stroke and MI, which 

has been observed in populations residing in high PM areas [3].

Hypertension

Data from epidemiological studies demonstrate an association between short-term exposures 

to PM with elevated blood pressure (BP). Lu and colleagues put forward the mechanistic 

link between Nox4-induced ROS/RhoA/ROCK pathway and hypertension [41]. It has been 

shown that PM affects blood pressure by modifying the expression of miRNAs [42]. IL-13 

and IL-17A are also reported to be inducers of inflammation and associated hypertension in 

response to PM inhalation [43]. In addition, PDGF signaling has been demonstrated to be a 

major mediator of vascular remodeling responsible for causing pulmonary arterial 

hypertension in rodents [44].

Ischemic heart disease

Ischemic heart disease is a condition associated with narrowing of the coronary vessels, 

which leads to reduced blood supply to the heart. Systemic inflammation, endothelial 
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dysfunction, and thrombosis are key mechanisms by which PM causes ischemic injury [3]. 

Further, it can be hypothesized that because PM is linked with hemodynamic and hemostatic 

alterations, there is a possibility this association might trigger ischemic events. The link 

between ambient particulate levels and mortality and morbidity due to IHD is also 

established by Pope et al. by demonstrating an increased risk of ST segment elevation in 

subjects with existing seriously diseased coronary arteries [45].

Arrhythmias

Numerous studies have linked air pollution to cardiac arrhythmias and sudden 

cardiovascular mortality. Carll and colleagues demonstrated prolonged PR-interval, heart 

rate variability (HRV) parameters of parasympathetic tone and atrioventricular block 

arrhythmias after post PM exposure [46]. In aged patients, PM exposure alters the duration 

of the QT interval [47]. In addition, exposure to individual pollutants or the combination 

increases T-wave Alternans (TWA) [48]. TWA provides information on repolarizing currents 

(specifically calcium cycling) and is considered an index of arrhythmic susceptibility. 

Dysregulation in cardiac sodium channels and carotid body sensitivity is also found to 

mediate PM-induced pathophysiology of cardiac arrhythmias [49]. Another study by Kim et 

al suggested that oxidative stress and CaMKII activation caused by PM induces APD 

prolongation, EAD and ventricular arrhythmia [50].

Conclusion

This article summarizes data obtained from epidemiological, clinical and preclinical studies 

on the effects of ambient PM on cardiovascular complications. There is still much unknown 

about harmful effects of ambient PM and the mechanistic pathways responsible for 

triggering adverse cardiovascular health effects. Necessary interventions to limit air 

pollution should be adopted to prevent harmful effects. Besides interventions, studying the 

epidemiology and understanding of mechanisms by which air pollution imparts adverse 

effects on the cardiovascular system is equally important. The caveats in existing knowledge 

needs to be fulfilled in order to increase the effectiveness of environmental research across 

the globe.
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Figure 1. 
Direct and indirect mechanisms of PM cardiovascular (CV) dysfunction
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