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Abstract

Air pollution is consistently linked with elevations in cardiovascular disease (CVD) and CVD-

related mortality. Particulate matter (PM) is a critical factor in air pollution-associated CVD. PM 

forms in the air during the combustion of fuels as solid particles and liquid droplets and the 

sources of airborne PM range from dust and dirt to soot and smoke. The health impacts of PM 

inhalation are well documented. In the US, where CVD is already the leading cause of death, it is 

estimated that PM2.5 (PM < 2.5 μm in size) is responsible for nearly 200,000 premature deaths 

annually. Despite the public health data, definitive mechanisms underlying PM-associated CVD 

are elusive. However, evidence to-date implicates mechanisms involving oxidative stress, 

inflammation, metabolic dysfunction and dyslipidemia, contributing to vascular dysfunction and 

atherosclerosis, along with autonomic dysfunction and hypertension. For the benefit of susceptible 

individuals and individuals who live in areas where PM levels exceed the National Ambient Air 

Quality Standard, interventional strategies for mitigating PM-associated CVD are necessary. This 

review will highlight current state of knowledge with respect to mechanisms for PM-dependent 

CVD. Based upon these mechanisms, strategies for intervention will be outlined. Citing data from 

animal models and human subjects, these highlighted strategies include: 1) antioxidants, such as 

vitamins E and C, carnosine, sulforaphane and resveratrol, to reduce oxidative stress and systemic 

inflammation; 2) omega-3 fatty acids, to inhibit inflammation and autonomic dysfunction; 3) 

statins, to decrease cholesterol accumulation and inflammation; 4) melatonin, to regulate the 

immune-pineal axis and 5) metformin, to address PM-associated metabolic dysfunction. Each of 

these will be discussed with respect to its potential role in limiting PM-associated CVD.
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1. Introduction

Cardiovascular disease (CVD) and its associated events like myocardial infarction and stroke 

remain the number one cause of death in the US and in many developed countries (Lozano 

et al., 2012). Lifestyle choices, including high-fat diets and sedentary behaviors, contribute 

to the prevalence and progression of CVD, but the environment is also an important 

contributor (Cosselman et al., 2015).

The etiology of CVD is complex in nature, involving a series of cellular events occuring 

within the vascular wall. In normal vascular homeostasis, a single layer of endothelial cells 

in intimate contact with the blood maintains the vessel in a dilated state through its 

production of vasodilating factors such as nitric oxide and prostacyclin (van Hinsbergh, 

2001). These agents act in a paracrine manner to impact signaling pathways within vascular 

smooth muscle cells, relaxing the layers of smooth muscle that form the majority of the 

vascular wall (Radonnski et al., 1993; Vane et al., 2003). A functional endothelium also 

provides a barrier against the entry of blood components such as lipids and lipoproteins, as 

well as inflammatory cells, thus protecting the vasculature from pathological insult 

(Michiels, 2003). However, when endothelial cells become injured or inflamed, this 

homeostasis is disrupted, culminating in lesion formation within the wall that can eventually 

occlude the vessel and impede blood flow to tissues (Molitoris et al., 2004). There are 

several theories for how these lesions develop. Chief among these is the "response to injury" 

hypothesis (Ross et al., 1977), positing that atherosclerosis begins with injury to the 

endothelial layer. This endothelial injury disrupts the vessel's barrier function, allowing for 

increased permeability to lipoproteins and their lipid cargo. These dysfunctional and injured 

endothelial cells begin to increase their expression of chemokines that promote the 

recruitment of monocytes and other inflammatory cells from the blood to the endothelium. 

Their increased expression of adhesion molecules promotes the adherence of these 

monocytes to the cell layer and their subsequent migration into the sub-endothelial space 

(Walpola et al., 1995). There, the monocytes differentiate into macrophages and begin to 

accumulate lipoprotein, eventually forming foam cells (Moore et al., 2013). The 

accumulation of foam cells and their eventual apoptosis culminates in the apoptosis and 

necrosis of neighboring smooth muscle cells (Hegyi et al., 1996). This cascade of cell death 

leads to the formation of a lipid-rich milieu often referred to as the "necrotic core.” Finally, 

the injured endothelial cells and resident inflammatory cells produce growth factors and 

cytokines that stimulate smooth muscle cell migration from the media to the intima, where 

they proliferate. The resulting expansion of the intimal layer, a process known as neointimal 

hyperplasia, culminates in a narrowing of the diseased artery to restrict blood flow (Hui, 

2008). Blockages due to atherosclerosis, if left unchecked, can result in catastrophic clinical 

events such as stroke or myocardial infarction (Hollander et al., 2003). Given the complexity 

of atherogensis and the involvement of numerous cell types, toxicants have to potential to 

intervene at a number of cellular events to exacerbate the progression of atherosclerosis.

Air pollution promotes CVD initiation and progression and likely contributes to the 

pervasiveness of CVD (Seaton, et al., 1995). Although air pollution is a complex mixture of 

gases, liquids and particulate matter (PM), a wealth of scientific literature to date has 

focused on the role of PM as a contributor to CVD initiation and progression. PM is defined 
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as a mixture of solid particles and liquid droplets that form in air when organic matter, fuels 

or wastes are burned. Sources of PM include automobile exhaust, industry, power plants, 

waste incinerators, wildfires and fireplaces, to name a few (Harrison, 2020). In 2004, the 

American Heart Association (AHA) released a consensus statement and exhaustive review 

documenting epidemiologic evidence supporting the contribution of PM to cardiovascular 

morbidity and mortality in the US and elsewhere (Brook et al., 2004). Their statement was 

intended to guide clinicians in identifying environmental causes underlying clinical cases of 

CVD and to suggest practical approaches for reducing risk to patients. After a wealth of new 

literature, in 2010, the AHA exanded their analysis, particularly highlighting roles for fine 

(<2.5 μm in size) and ultrafine (PM < 0.1 μm) PM, the role of co-pollutant gases such as 

ozone, nitrous oxides (NOx), as well as sources of PM, e.g., traffic compared to industrial 

sources (Brook et al., 2010). In this review, we will highlight a sampling of the 

epidemiology documenting PM-associated CVD, discuss putative mechanisms by which PM 

may induce CVD and then suggest potential dietary interventions and pharmacologic 

approaches for reducing CVD in populations at most risk for exposure.

2. Endothelial dysfunction and its assessment

As will become evident in this review, endothelial dysfunction is a common physiologic 

mechanism by which toxicants such as PM promote CVD. A critical initiating event and 

important biomarker for atherogenesis (Vanhoutte, 1997), endothelial dysfunction in humans 

and animal models can be assessed through a number of well-defined endpoints. For the 

purposes of orienting the reader, we will briefly highlight the more common endpoints. First, 

a key feature of endothelial dysfunction is an inability of arteries to fully dilate in response 

to physiologic stimuli (Endemann et al., 2004). In this regard, endothelial dysfunction can be 

assessed in human subjects as a decrease in flow-mediated dilation (Korkmaz et al., 2008), 

which is typically determined by cuffing the brachial artery and measuring changes in artery 

diameter. For experiments in rodent models, endothelial dysfunction is measured as a 

decreased dilation of arteries in response to endothelium-dependent vasodilators (Schuler et 

al., 2014). In many cases, the arteries are excised and exposed to these stimuli within a 

temperature-controlled bath. Endothelial dysfunction can also be defined as an imbalance 

between vasodilating factors, such as nitric oxide and prostacyclin, and vasoconstricting 

factors, like endothelin-1 or thomboxane A2 (Schiffrin, 2001), all of which can be measured 

in the plasma of both humans and animals. Furthermore, while endothelial nitric oxide is 

produced by the membrane-bound endothelial nitric oxide synthase (eNOS), its function is 

regulated by many factors, including its phosphorylation and levels of its critical substrates 

and co-factors like L-arginine and tetrahydrobiopterin (Alp et al., 2004; Zembowicz et al., 

1991). Thus, decreases in NO, typically measured as its stable metabolite nitrite, coupled to 

increases in levels of vasoconstricting factors would suggest a potential decrease in a 

vessel’s dilative capacity. Alterations in levels of eNOS expression and/or phosphorylation, 

as well as levels of its co-factors can used to elucidate mechanisms by which toxicants 

promote endothelial dysfunction (Vanhoutte et al., 2009). Another important mechanism that 

impacts NO bioavailability is its destruction when high levels of reactive oxygen, i.e., 

superoxide, are formed during oxidative stress conditions (Förstermann, 2010). Thus, 

decreases in NO levels and eNOS function are also commonly associated with biomarkers 
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for oxidative stress (Pierini et al., 2015). Finally, in response to inflammatory stimuli, 

endothelia respond by adopting an “activated” phenotype, where a number of antigens and 

adhesion molecules become highly expressed on the cell surface to promote inflammatory 

cell adhesion. Endothelial activation is typically characterized by a loss of vascular integrity, 

an increased expression of adhesion molecules, adoption of a prothrombotic phenotype, and 

an increased cytokine production (Liao, 2013). Systemic inflammation, including elevations 

in circulating cytokines like IL-6 and TNF-α, is often associated with endothelial activation, 

and biomarkers for endothelial activation typically include either vascular expression of 

adhesion molecules or increased circulating levels of soluble adhesion molecules, like 

soluble intracellular adhesion molecule-1 (sICAM-1), soluble vascular cell adhesion 

molecule (sVCAM-1), or soluble E-selectin, along with biomarkers associated with 

coagulation, e.g., von Willebrand Factor (vWF) and thrombomodulin (Hasper et al., 1998; 

Martin et al., 2013; Blann & McCollum, 1994; Vischer, 2006). It was also shown that upon 

activation, endothelial microparticles are shed and released into the circulation, where they 

have roles in modulating inflammation, coagulation, and angiogenesis (Markiewicz, et al., 

2013). Thus, elevations in their levels in the circulation may be indicative of a local 

inflammation.

3. Epidemiological evidence for PM-associated CVD

Episodes of marked increases in airborne PM in cities around the world are correlated with 

an elevated incidence of myocardial infarction, stroke and other cardiovascular events (Pope 

III et al., 2006). Using data obtained in 6 US cities, the National Center for Health Statistics 

demonstrated that for every 10 μg/m3 increase in coal- and automobile-derived PM2.5 

(particles < 2.5 μm), mortality increases by 3.4% (Laden, et al., 2000). In another 

epidemiological study using data collected by the American Cancer Society, long-term PM 

exposures in US metropolitan areas were correlated with increased heart disease-related 

events, including cardiac arrest. In this study, for every 10 μg/m3 increase in PM, mortality 

increased 8-18% (Pope III et al., 2002). Interestingly, deaths attributed to respiratory disease 

were only weakly associated with increases in PM. However, patients with pre-existing 

cardiopulmonary diseases exhibit a greater risk of mortality from CVD when the 

environment where they reside is polluted (Godleski et al., 2000; Pope III, 2021). Moreover, 

chronic childhood exposure to air pollution predisposes subjects to a greater risk for CVD, 

atherosclerosis, stroke and other systemic effects later in life (Calderon-Garciduenas et al., 

2008). Patients with metabolic syndrome are at even greater risk for developing CVD when 

exposed to air pollution (Park et al., 2010).

Studies emerging over the last several years from the Multi-Ethnic Study of Atherosclerosis 

(MESA), involving 6000 men and women from six communities in the US, have further 

solidified the epidemiologic association between PM exposure and CVD progression. In one 

such study, higher ambient PM levels were associated with higher systolic blood and pulse 

pressures (Auchincloss et al., 2008). Children exposed to high PM levels exhibited 

elevations in pulmonary arterial pressures, suggesting that the lung vasculature may be a 

particular target and that the impacts of PM exposure span adults and children alike 

(Calderón-Garcidueñas et al., 2007). In support of findings of increased pulmonary arterial 

pressures, long-term exposure to black carbon from diesel exhaust particles (DEP) was 
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associated with increased pulmonary vascular remodeling (Aaron et al., 2019). Long-term 

PM exposure was also shown to promote vascular effects outside of the lung. For example, 

higher PM exposures were linked with endothelial dysfunction, assessed as a decreased 

flow-mediated dilation in the brachial artery (Krishnan et al., 2012), suggesting that the 

endothelium may be an early target of injury. Interestingly, even small increases in short-

term or long-term PM exposure levels reduced microvascular diameter in older subjects 

(Adar et al., 2010). There is also epidemiologic evidence that PM exacerbates 

atherosclerotic lesion progression, evidenced by indices reflective of later stages of 

atherogenesis. For example, long-term exposure to PM increased intima-medial thickness in 

the carotid artery (Adar et al., 2013). In a 10-year cohort, progression of coronary 

calcification and atherosclerosis were associated with increased exposure to PM and traffic-

related air pollution (Kaufman et al., 2016). Thus, a wealth of evidence supports the role of 

PM in promoting the progression of CVD.

4. Mechanisms for PM-induced CVD

To identify mechanisms for how air pollution promotes cardiovascular disease, researchers 

have utilized well-controlled animal experiments, as well as in vitro approaches. However, 

the inherent complexity in the components of air pollution and its many combustion sources 

presents considerable challenges in the systematic study of PM-induced cardiovascular 

injury. PM consists of a mixture of gases, combustion by-products, resuspended crystalline 

matter, as well as biologics like bacteria, viruses and pollen (Menetrez et al., 2000). The 

chemical composition of PM likely plays an important role in the etiology of air pollution-

associated CVD (S. Wu et al., 2012), with individual components acting in concert to 

influence cellular and tissue-specific responses. PM has been shown to impact almost every 

cellular and physiological aspect of atherogenesis, including oxidative stress, inflammation, 

metabolic dysfunction, lipid metabolism, and autonomic dysfunction. Thus, in the next 

section, we will provide an overview of the mechanisms contributing to PM-associated 

atherosclerosis.

4.1. Mechanism 1. Oxidative stress.

Numerous studies have provided evidence for the role of oxidative stress in PM-dependent 

CVD. For example, PM inhalation in mice reportedly induces an increase in monocyte and 

vascular NADPH oxidase-derived superoxide formation through a mechanism involving toll-

like receptor-4 (TLR-4) signaling (Kampfrath et al., 2011). These and other oxidative stress-

related phenomena promote vascular dysfunction, which is characterized by an increase in 

blood pressure, impairment of normal endothelial homeostasis, and increased vascular 

permeability (Rao et al., 2018). In rats, 12 weeks exposure to PM2.5 culminated in 

atherosclerosis in the middle cerebral artery, marked by inflammation and oxidative stress, 

including elevations in NADPH oxidase activity, increases in reactive oxygen species (ROS) 

and lipid oxidation products, as well as reductions in levels of the antioxidant superoxide 

dismutase (SOD; Guan et al., 2019). In a malnourished mouse model of growth retardation - 

a rodent model for disease-susceptible individuals - PM exposure increased the level of ROS 

but did not alter SOD and catalase activities, leading to lipid membrane damage evident by 

increased lipid peroxidation (Kurtz et al., 2018). One potential mechanism for PM-induced 
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oxidative stress may be through activation of the aryl hydrocarbon receptor (AhR). 

Polycyclic hydrocarbons (PAH) arising from pyrolytic processes such as combustion often 

adsorb to PM in the air (Schuetzle et al., 1984). These PAH, in turn, can activate the AhR, 

and depending upon the ligand, can impart either immune stimulatory or suppressive actions 

(Suzuki et al., 2020). In general, the pathophysiology of PM is known associated with AhR 

activation and inflammation-related pathways such as nuclear factor-kappa (NFkB) 

signaling, as well as nuclear factor erythroid 2-related factor (Nrf2) signaling, an important 

regulator of a cell’s resistance to oxidants (Lawal 2017; Vogel et al., 2014; Wardyn et al., 

2015). Nrf2 is a transcription factor that under normal physiologic conditions is bound to 

KEAP1, a repressor protein (R. Li et al., 2019). However, when a critical thiol residue in 

KEAP1 becomes modified by electrophiles and other oxidants such as those formed during 

oxidative stress, Nrf2 is released and available for binding to antioxidant response elements 

(ARE) within genes that regulate the expression of antioxidant enzymes (Nguyen et al., 

2009). Thus, PM exposure often results in the upregulation of inflammatory cytokines and 

ROS, and as a protective mechanism, increased expression of antioxidant enzymes (Lawal 

2017; Vogel et al., 2014). Another interesting pathway proposed as an oxidative stress-

dependent mechanism for PM-associated CVD involves microRNA (miRNA) signaling. 

Environmental stressors such as PM play an important role in the epigenetic regulation of 

miRNA signaling, where miRNA expression contributes to oxidative stress (Münzel et al., 

2018). Moreover, miRNA contributes to cardiovascular development and blood vessel 

formation, and their expression is aberrant in heart and vascular disease (C. Zhang, 2008). 

Elevations in circulating levels of miRNA associated with elevated PM exposures has now 

been demonstrated in a number of population studies (Mancini et al., 2020; Rodosthenous et 

al., 2018; Ruiz-Vera et al., 2019). Thus, aberrant miRNA signaling could be a factor in PM-

mediated oxidative stress and CVD. In summary, through multiple overlapping mechanisms, 

PM exposure can promote oxidative stress, a well-known contributor to the pathophysiology 

of CVD (Kelly et al., 2017).

It is noteworthy that oxidant gases such as O3 and NO2 are also associated with an increased 

risk for PM2.5-associated mortality (Weichenthal et al., 2017). Oxidant gases including 

ozone (O3) and nitrogen dioxide (NO2) are free radical species that, when inhaled, are 

highly reactive in lung tissues (Freeman et al., 1982; Mudway et al., 2000). Ozone is a 

powerful oxidant in the lung, reacting so rapidly that circulation to distal tissues is 

considered unlikely (Menzel, 1984). NO2 readily dimerizes to form dinitrogen tetroxide, and 

these species induce the nitrosation of amines, amides and thiols (Wainright, 1986). 

Furthermore, in a cohort of >2 million Canadians followed over 10 years, exposure to 

oxidant gases such as ozone and NO2 strengthened the association between PM2.5 and both 

cardiovascular and respiratory mortality, with increases in PM2.5 of 3.86 μg/m3 most 

strongly correlated with mortality in the highest tertile of oxidant gas levels (Weichenthal et 

al., 2017). Oxidant gases may thus synergize with PM2.5 to accelerate oxidative stress. 

Although inflammatory and oxidative stress responses in lungs may contribute to 

downstream systemic effects in other tissues including the cardiovascular system, specific 

mechanisms linking ozone air pollution and exacerbation of CVD are lacking. However, it is 

posited that these oxidant gases may serve to accelerate a deterioration of the lung's barrier 

function, providing a greater opportunity for transit of PM2.5 beyond the lung (Sokolowska 
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et al., 2019). Thus, maintenance of antioxidant levels within the lung and by extension, its 

barrier function, would reasonably be important for the prevention of PM2.5-associated 

CVD.

4.2. Mechanism 2. Pulmonary and systemic inflammation.

It is generally appreciated that PM induces systemic effects via oxidative stress pathways 

(Rao et al., 2018). However, its overall pathophysiological effect on the cardiovascular 

system is linked with both the formation of ROS, either by the particle itself or via 
endogenous ROS producing systems, and the activation of immune cells (Kampfrath et al., 

2011; Miyata et al., 2011). Inflammation and oxidative stress are integrally linked, with 

oxidative stress typically culminating in tissue injury and an induction in inflammation (Kim 

et al., 2013). In brief, oxidized lipids and proteins formed during oxidative stress serve as 

damage-associated molecular patterns, or DAMPs, that bind to pattern recognition receptors 

to activate Toll-like receptor (TLR) signaling and inflammation (Imai et al., 2000; Choi et al, 

2009; Lahoute et al., 2011). Inflammation then results in the formation of ROS, and chronic 

bouts of inflammation culminate in oxidative stress. Cycles of inflammation and oxidative 

stress contribute to the etiology of a number of pathophysiologic conditions, including CVD 

(Steven et al., 2019).

These integrally related mechanisms have also been demonstrated in models of PM 

exposure. For example, PM can cross the air-blood interface within the alveolar-capillary 

membrane and achieve direct access to the vascular endothelium and blood cells, resulting in 

tissue damage and local and systemic inflammation (Nemmar et al., 2001; Farini et al., 

2013). Danger signals resulting from PM exposures act via receptors such as TLR4, 

triggering classical kinase signaling, activation of NFkB, and synthesis of cytokines 

(Kampfrath et al., 2011). Such activation is accompanied by inflammation and the formation 

of reactive oxygen and nitrogen species, potentially resulting in tissue oxidant injury and 

CVD pathogenesis (Lucas et al., 2013).

As explained in the introductory section, vascular inflammation is an important contributor 

to atherogenesis (Moore et al., 2013). The recruitment of monocytes from the blood to a 

dysfunctional endothelium and an elevated adhesion molecule expression by the endothelial 

cells promotes the adhesion of these monocytes and their migration into the vascular wall. 

The monocytes then differentiate into macrophages and accumulate low-density lipoprotein 

to form foam cells. Vascular biomarkers like the cell adhesion molecules ICAM-1 and 

VCAM-1 play important roles in the adhesion of monocytes and their trans-endothelial 

migration, and increased blood levels of adhesion molecules are associated with CVD and 

cardiovascular death (Cook-Mills et al., 2011; Pradhan et al., 2002; Blankenberg et al., 

2001). Among PM2.5 species, vanadium is associated with an increase in both ICAM-1 and 

VCAM-1 levels (Dai et al., 2016). Other evidence that PM promotes vascular and systemic 

inflammation are that long-term exposure to PM2.5 results in an increase in the inflammatory 

biomarker C-reactive protein and is associated with an increased risk for CVD (Q. Liu et al., 

2019). Moreover, the use of statins and moderate alcohol consumption aimed at reducing 

inflammation showed protective effects, reducing PM-induced cardiovascular injury (Ostro 

et al., 2014).
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Another interesting mechanism for PM-mediated inflammation include its regulation of 

telomere length in inflammatory cells. A telomere is a repetitive nucleotide sequence located 

at the end of linear chromosomes and typically associated with specialized proteins. These 

structures protect these terminal regions from degradation during cell division (Vaiserman et 

al., 2020). However, after repetitive cell divisions, i.e., as the cell ages, these telomeres are 

shortened and at a critical point of shortening, the cell undergoes either cell cycle arrest, 

leading to cellular senescence or apoptosis (Vaiserman et al., 2020). The role of the telomere 

in inflammation is only just becoming clear; however, it seems that chronic inflammation 

can result in telomere shortening and immunosenescence, a process commonly referred to as 

“inflammaging” (Jose et al., 2017). When inflammatory cells such as macrophages or T-

cells senesce, they release higher levels of cytokines such as TNF-α and IL-6 (Jose et al., 

2017), and higher circulating levels of these cytokines are associated with atherogenesis 

(Branen et al., 2004; Huber et al., 1999; Ohta et al., 2005). Thus, immunosenescence can 

potentially increase the rate of atherogenesis, and the evidence to date suggests that PM may 

promote immunosenescence via telomere shortening. Short-term exposure to PM2.5 

increases telomere length, likely due to an increase in immature leukocytes (Dioni et al., 

2011). However, long-term exposure to PM2.5 in the elderly shortens telomere length in 

peripheral leukocytes, culminating in oxidative stress and an elevated pro-inflammatory 

phenotype (Pieters et al., 2016). To support these mechanistic findings, in a longitudinal 

study of boilermakers continuously exposed to PM2.5, PM exposure decreased telomere 

length in leukocytes (Wong et al., 2014).

4.3. Mechanism 3. Autonomic dysfunction and other neurohumoral mechanisms.

The sympathetic branch of the autonomic nervous system produces catecholamines that act 

as both hormones and neurotransmitters to regulate blood pressure and heart rate (HR). 

Increased levels of catecholamines are also associated with blood coagulation, myocardial 

infarction, and arterial infarction (Mustonen et al., 1996). Relevant to this review, at least 

one epidemiological study has documented correlations between long-term air pollution 

exposure and urinary catecholamines, including epinephrine, norepinephrine and dopamine 

(Hajat et al., 2019). In heart failure-prone rats, DEP inhalation causes modulation in cardiac 

electrophysiology and mechanical function induced through autonomic imbalance (Carll et 

al., 2013). Mechanisms proposed for PM-mediated activation of a neurohumoral mechanism 

include the activation of the autonomic nervous system and of the hypothalamus-pituitary 

axis (HPA; Bartoli et al., 2009), though as yet, both pathways are poorly delineated. 

Nevertheless, current evidence documenting the role of each in PM-associated CVD will be 

described in this section.

Both in vivo and in vitro studies demonstrate that upon inhalation, the cationic component of 

PM activates sensory receptors in the lungs (Deering-Rice et al., 2011). Activation of 

receptors like the transient receptor potential (TRP) channels at sensory nerve endings sends 

a neural stimulus via ganglia to the CNS and a feedback response via autonomic outflow to 

the heart (Deering-Rice et al., 2011; Hazari et al., 2011). Selective blockade of TRPV1 in 

rats demonstrated that TRPV1 is integral to DEP-mediated elevations in blood pressure and 

cardiac dysfunction (Robertson et al., 2014).
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Heart rate variability (HRV) represents a prototypical biomarker for autonomic dysfunction 

in the cardiovascular system and is considered a prognostic marker for lethal arrhythmias 

(Camm et al., 1996). Numerous studies demonstrate that PM exposure induces acute 

changes in HR and HRV by stimulation of the autonomic nervous system (Pieters et al., 

2012; Tankersley et al., 2004). For example, in atherogenic mice exposed to CAP for 4 

months, CAP exposure enhanced HRV for the first 12 weeks of exposure but decreased HRV 

over the following 2 months (L.C. Chen et al., 2005). PM exposure also exhibits a diurnal 

variation in cardiac autonomics, inducing sympathetic hyper-stimulation during daytime 

hours (Tsai et al., 2019). Moreover, PM induces alterations in HRV that oscillate between 

sympathetic and parasympathetic control, although cardiac dysfunction per se was shown 

dependent upon sympathetic tone (Carll et al., 2013). Interestingly, exposure of PM in mice 

exhibiting terminal senescence (i.e., in the senescent mouse model) produces alterations in 

HR and HRV that are mediated predominantly by parasympathetic tone, while in healthy 

mice, modulations in HRV are dependent upon sympathetic tone (Tankersley et al., 2004). In 

rats exposed to PM, autonomic signaling in the heart promoted cardiac oxidative stress and 

functional alterations that were reversed by sympathetic and parasympathetic antagonists 

(Rhoden et al., 2005). These results thus suggest a role for both branches of the autonomic 

nervous system in regulating HR and HRV after PM exposure.

With respect to the sympathetic nervous system, research has suggested that both β1 and α2- 

adrenergic receptors are involved in PM-associated cardiovascular dysfunction. β-adrenergic 

receptors include three distinct subtypes- β1, β2, and β3. β1-adrenergic receptors are 

activated in an earlier stage of cardiac failure, initiating myocardial hypertrophy and 

remodeling, apoptosis, and necrosis, while β2 receptors expressed in cardiac progenitor cells 

counteract the pro-apoptotic action of β1, protecting the myocardium against apoptosis 

(Khan et al., 2013). The combined use of β1 blockade and a β2 agonist demonstrated 

protection against PM exposure by attenuating myocardial inflammation and inhibiting 

apoptosis, thus improving cardiac function (Y. Gao, et al., 2014). In contrast, activation of 

the α2B adrenergic receptor (Adra2b) stimulates sympathetic nerve tone and thus, increases 

blood pressure (Kanagy, 2005). PM exposure promotes the overexpression of Adra2b in the 

brain, producing anxiety and behavioral changes as well as an elevated blood pressure in 

response to high salt intake (Rao et al., 2019). It has also been shown that PM exposure 

activates β2-adrenergic receptor signaling in macrophages, resulting in pulmonary and 

systemic inflammation and even thrombosis (Chiarella et al., 2014).

Finally, there are several reports that PM exposure may activate the HPA axis to indirectly 

promote cardiovascular dysfunction. For example, 4 repeat exposures of healthy adults to 

fine PM resulted in elevations of corticotropin-releasing hormone (CRH), 

adrenocorticotropic hormone (ACTH) and cortisol in serum (Niu et al., 2018). Elevations in 

cortisol typically suggest HPA activation. HPA activation induces the hypothalamus to 

release CRH, which in turn stimulates the anterior pituitary to release ACTH. ACTH release 

into the circulation then stimulates the adrenal glands to release cortisol (Herman et al., 

2011). In support of this mechanism, numerous human and rodent studies have demonstrated 

increased cortisol levels in the blood after PM exposure (Toledo-Corral et al., 2021; L. Liu et 

al., 2018; Y. Xu et al., 2019). Increased systemic glucocorticoids induce increases in cardiac 

pressure via increased retention of sodium and water (McKay et al., 2003). Thus, PM-
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associated cardiac dysfunction may be indirectly linked to HPA activation. However, HPA 

activation can also support sympathetic stimulation by inducing catecholamine release (Al-

Damluji et al., 1987). In brief, glucocorticoids released by an activated HPA stimulates the 

sympathetic-adrenal-medullary axis to release catecholamines through an induction of 

phenylethanolamine-N-methyltransferase (Wurtman, 2002). In a double-blind crossover 

study, PM exposure resulted in elevations in cortisol and cortisone as well as in epinephrine 

and norepinephrine (H. Li et al., 2017), suggesting that this mechanism may be a factor in 

PM-associated cardiovascular dysfunction. Thus, numerous lines of evidence link elevated 

airborne PM with stimulation of both the HPA axis and the autonomic nervous system, 

resulting in increased blood pressure, modulations in HRV, and reduced cardiac function.

4.4. Mechanism 4. Cholesterol transport and accumulation.

Numerous, emerging epidemiologic studies now also implicate PM in elevating blood lipid 

levels, a well-known risk factor for CVD. For example, PM2.5 levels are generally associated 

with elevations in total cholesterol and LDL and reductions in HDL. Specifically, for every 1 

μg/m3 increment in PM2.5 exposure, total serum lipid levels were increased by 2% 

(McGuinn et al., 2019). A longitudinal study in U.S. demonstrated that people living in 

polluted areas or areas with higher temperatures exhibited an increased risk for developing 

hypertriglyceridemia (Wallwork et al., 2017). In a longitudinal study in China, exposures to 

PM2.5 and PM10 were associated with elevations in triglycerides, along with total and LDL 

cholesterol, but reduced levels of HDL cholesterol (K. Zhang et al., 2020). In another study 

in China, elevations in PM1 (diameter ≤ 1.0 μm) were associated with dyslidemias reflected 

as elevations in total and LDL cholesterol, with lower levels of triglycerides and HDL 

cholesterol (Mao et al., 2020). Of note, in China, PM1 accounts for >80% of total PM2.5 by 

mass (G. Chen et al., 2018; Y. Li et al., 2015). Finally, in Mexico City, maternal PM2.5 

exposure in the third trimester was associated with increases in total and LDL cholesterol, 

but decreases in triglycerides and HDL levels during childhood (McGuinn et al., 2020).

Studies carried out in small animals suggest mechanisms for these PM-related 

dyslipidemias. In rodent studies, PM inhalation induced inflammation and oxidative stress in 

the liver, contributing to dyslipidemia and fatty liver (M. Xu et al., 2019). Inhalation of PM 

affects various metabolic pathways in the liver including fatty acid metabolism (Y. Zhang et 

al., 2019). Increased fatty acid levels and a dysregulation between lipogenesis and lipolysis 

in the liver can result in elevations in triglyceride levels via an increased esterification of 

fatty acids (J. Liu et al., 2016). A metabolic shift such as this was recently described for PM 

exposures of mice (Yang et al., 2021). PM-associated polychlorinated biphenyls (PCBs) may 

also contribute to PM-induced dyslipidemias. PCBs are adsorbed on PM in some 

environments (Hinwood et al., 2014), and exposure to PCBs in the Native American 

community has been shown correlated with elevated blood levels of cholesterol and 

triglycerides (Goncharov et al., 2008). In LDL receptor null (LDLr (−/−)) mice, PCBs also 

promoted systemic inflammation and atherosclerotic lesion development. In studies from the 

same laboratory, dietary fat was shown to interact with PCBs to modulate hepatic genes 

associated with fatty acid metabolism, triacylglycerol synthesis and cholesterol catabolism 

(Arzuaga et al., 2009), many of which are regulated via peroxisome proliferator activated 

receptor-alpha. Still other studies have implicated alterations in lipid metabolism in the gut 
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(Chi et al., 2019). For example, in LDLr (−/−) mice, ultrafine PM exposure increased lipid 

metabolism and macrophage infiltration within the small intestine (R. Li et al., 2015). Thus, 

given the well-appeciated role for elevated lipid levels in risk for developing CVD, and the 

now numerous reports of dyslipidemias associated with PM exposures, it is reasonable to 

propose that PM-mediated dyslipidemia is a contributing factor in PM-associated CVD.

4.5. Mechanism 5. Metabolic dysfunction.

A wealth of epidemiological evidence has demonstrated an association between airborne PM 

exposures and the incidence and mortality from Type 2 Diabetes Mellitus (T2DM). For 

example, in a cross-sectional survey of nearly 1800 elderly, non-diabetic women in 

Germany, the incidence of T2DM was significantly correlated with levels of airborne PM10 

and NOx (Krämer et al., 2010). In 25 healthy adults living in rural areas who were 

purposefully exposed to urban air for 5 consecutive days, elevations of PM2.5 as small as 10 

μg/m3 increased insulin resistance (Brook et al., 2013). Also, people living in polluted areas 

in the US and/or areas with higher temperatures showed an increased risk for developing 

metabolic disorders (Wallwork et al., 2017), including abdominal obesity, high fasting blood 

glucose, low HDL, hypertension, and/or hypertriglyceridemia. Moreover, elevations of 

PM2.5 as little as a 1 μg/m3 increased these risks and the statistical associations were further 

enhanced by a 1 °C increase in temperature (Wallwork et al., 2017). Interestingly, for all 

subjects followed in this study, PM2.5 exposures ranged from 4.2 to 13.6 μg/m3, which falls 

below the National Ambient Air Quality Standard (Environmental Protection Agency, 2013). 

Similarly, a meta-analysis of published cohort studies showed an association between long-

term particulate matter exposure and T2DM, where risk for developing diabetes increased by 

25% for every 10 μg/m3 increase in levels of PM2.5 (He et al., 2017). Another systematic 

review of studies conducted in Europe and North America likewise revealed that the risk for 

T2DM increased by 8-10% for every 10 μg/m3 increase in levels of PM2.5 (Eze et al., 2015). 

Of note, the authors stress that while most of these studies were conducted in high-income 

countries, studies in low-income or developing countries, where PM levels tend to be much 

higher, are still needed. Though there are discrepancies in the composition and source of 

particulate matter in high-income compared to low-and middle-income countries (LMICs), a 

systematic review of epidemiologic studies focused on LMICs suggested that increments of 

10 μg/m3 airborne PM levels increased the risk of T2DM by 10-27% (Jaganathan et al., 

2019). Thus, the evidence to date strongly links PM exposures with risk of T2DM. While 

T2DM is causally associated with the development of CVD such as atherosclerosis 

(Christine et al., 2015), these PM-mediated increases in T2DM risk presumably contribute to 

PM-associated CVD.

Potential mechanisms for the development of T2DM in PM-rich environments include: PM-

mediated endothelial dysfunction, leading to decreased glucose uptake (Tabit et al., 2010); 

systemic inflammation and tissue oxidative stress (Shi et al., 2019; Walters, et al., 2002); 

dysregulated phosphorylation of insulin receptors (J. Xu et al., 2017); visceral adipose 

dysfunction mediated by inflammation (Sun et al., 2009); and altered lipid metabolism 

(Parhofer et al., 2015).
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Since the level of estrogen regulates numerous functions across many organs, a decreased 

level of estrogen can potentially exacerbate PM-mediated cardiovascular injury. In fact, PM 

exposure after menopause may increase the vulnerability of females to metabolic diseases 

(Costa-Beber et al., 2021). In support of these findings, in rodents, ovariectomy increased 

PM-mediated susceptibility to oxidative stress, heat shock protein levels, and pro-

inflammatory profiles in the liver, as well as glucose intolerance (Goettems-Fiorin et al., 

2019).

Finally, air pollution exposure during pregnancy has the potential to compromise several 

developmental stages that can impact metabolic function in the offspring. Studies have 

shown that maternal exposure to PM increases the risk of premature births, shortens the 

gestational period, promotes low birthweight and stillbirths, and induces adverse pulmonary 

and systemic health conditions during postnatal development (Klepac et al., 2018; Tan et al., 

2017). Maternal PM exposure reduces placental growth and alters placental structure, likely 

due to placental dysfunction and thus, diminished nutrient supply from the mother to the 

fetus (Valentino et al., 2015). Prenatal exposure to PM also selectively impairs 

organogenesis and promotes metabolic dysfunction exhibited by decreased body and organ 

weights (G. Wu et al., 2019).

5. Potential therapeutic agents and their molecular targets of therapy

5.1. Combating oxidative stress and inflammation through antioxidant supplementation.

Given the demonstrated correlation between oxidative stress biomarkers and both PM 

exposures and PM-associated CVD, it is logical to predict that antioxidant supplementation 

would alleviate PM-associated CVD. However, though substantial epidemiologic evidence 

implicates a role for oxidative stress and ROS in CVD progression (Cervantes Gracia, et al., 

2017), intervention studies have failed to demonstrate decreased oxidative stress biomarkers 

and a decreased risk for CVD with CVD-related events in patients supplemented with 

antioxidants (Albert, et al., 2008; Cook, et al., 2007; Hercberg, et al., 2004; Hercberg, et al., 

2010; Kelemen, et al., 2005; Waters, et al., 2002; Zureik, et al., 2004). The Women’s Health 

Study is an example of the mixed findings reported for one prototypical antioxidant 

supplementation – vitamin E. In this large cohort, healthy women were administered 600 IU 

vitamin E every other day and were assessed over a period of years for their risk of aging-

related diseases, including CVD. Results showed that vitamin E supplementation had no 

impact on overall mortality or cancer risk but did reduce CVD-related mortality (I.-M. Lee, 

et al., 2005). In addition, vitamin E did not impact risk for developing T2DM (S. Liu, et al., 

2006) or rheumatoid arthritis (Karlson, et al., 2008), but did reduce chronic lung diseases 

(Agler, et al., 2011) and venous thromboembolism (Glynn, et al., 2007). The latter finding 

may suggest a role for vitamin E as an anti-thrombotic agent, perhaps contributing to the 

reduction in CVD-related mortality observed in the earlier study (I.-M. Lee, et al., 2005). 

Given the lack of definitive findings for antioxidant supplementation in general, experts have 

posited that 1) the lack of an “antioxidant-free control group” in these and other reported 

population studies minimizes an ability to detect measurable differences between groups, 

and 2) the subjects used for these trials are not representative of a general population 

(Angelo, et al., 2015). Others have argued that oxidative stress biomarkers do not predict 
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risk stratification (Pastori, et al., 2014). As suggested by Ho, et al ( 2013), the functional role 

of protein oxidation within signaling domains in vascular cells may not be adequately 

quantified by assessing urinary or plasma biomarkers. Furthermore, many of these trials 

used supplementation with fat-soluble antioxidants such as vitamin E that are already at 

appreciable levels in plasma/plasma lipoproteins (Guirguis-Blake, 2004; Hodis, et al., 2002; 

Yusuf, et al., 2000). Thus, it is possible that supplementation with other dietary antioxidants 

such as polyphenols may have the potential to impact cellular ROS signaling so as to reduce 

CVD or even PM-mediated CVD progression. Finally, as explained in a previous section, 

inflammation and oxidative stress are integrally linked and form a vicious cycle that 

contributes to atherogenesis and other CVD pathways. Antioxidant supplementation may 

thus also inhibit inflammatory pathways activated by PM exposure. To date, however, the 

vast majority of studies aimed at modeling the impact of micronutrient supplementation to 

combat CVD (Houston, 2010) or PM-mediated CVD progression (Takyi, et al., 2020) have 

been conducted mainly in small animal studies or small human cohorts. Nevertheless, we 

will highlight the current state of published findings, beginning with vitamin E and will 

expand our review to polyphenols and other micronutrients.

In one pilot study involving a small cohort of subjects in South Brazil, daily supplementation 

with vitamins E and C for 6 months attenuated blood biomarkers of oxidative stress and 

normalized antioxidant defense systems in workers from a coal-burning electric power plant 

exposed to high levels of PM (Possamai, et al., 2010). Selenium is a micronutrient essential 

to the function of the antioxidant enzyme glutathione peroxidase (GPx), and selenium 

supplements such as selenium yeast are available commercially. In rats administered 

selenium yeast orally for 28 days and then challenged every other day with PM2.5 for 6 days, 

PM2.5 decreased myocardial GPx and blood SOD activities, but increased lipid oxidation 

products and inflammatory cytokines such as TNF-α and IL-1β and soluble ICAM-1 (Zeng, 

et al., 2018). Selenium supplementation restored antioxidant enzyme activities, while also 

decreasing levels of inflammatory markers. Several studies have now demonstrated a role for 

sulforaphane-mediated stimulation of the Nrf-2 antioxidant response system in protecting 

against PM-induced toxicities. Noteworthy are three studies utilizing standardized broccoli 

sprout homogenates (BSH) containing high levels of the sulforaphane precursor 

glucoraphanin. In one pilot study, subjects were administered oral BSH for 3 days, after 

which nasal lavages were collected and assessed for mRNA levels of phase II enzymes 

associated with the Nrf-2-dependent antioxidant response system. Significant increases in 

expression of all antioxidant biomarkers were observed, verifying the bioavailability of the 

product and its ability to alter redox status in the lung (Riedl, et al., 2009). In a similar pilot 

study, a BSH suspended in mango juice was administered for four days, after which, 

subjects were challenged with DEP intranasally. Nasal lavages collected from these subjects 

demonstrated that BSH dramatically attenuated DEP-induced elevations in white blood cells 

(Heber, et al., 2014). While Nrf-2 dependent phase II enzymes such as glutathione-S-

transferase are known to conjugate electrophilic aldehydes often associated with PM, such 

as benzene, acrolein and crotonaldehyde (Berhane, et al., 1994), a study conducted in 

subjects living in an industrialized city in China demonstrated that oral BSH for 12 weeks 

elevated urinary excretion of glutathione-conjugated benzene and acrolein (Egner, et al., 

2014). Thus, standardized products containing sulforaphane/sulforaphane precursors appear 
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to be promising interventions for preventing PM-related cardiopulmonary diseases. Finally, 

in mice exposed to concentrated ambient particles (CAPs), PM2.5 reduced circulating levels 

of hematopoietic stem cells important in vascular repair, but oral administration of 

carnosine, a nucleophilic di-peptide with antioxidant properties and also shown to bind 

reactive electrophiles such as acrolein, provided protection (Abplanalp, et al., 2019). Thus, 

antioxidant intervention can not only serve to reduce oxidative stress via reductions in ROS 

levels but can also provide protection against the oxidizing action of electrophilic 

intermediates.

Other studies of assorted antioxidant supplements show promise for future interventional 

strategies. For example, in mice exposed for 16 months to air from two polluted areas of 

Mexico City, myocardial mRNA levels for inflammatory cytokines were upregulated, but 

mice co-administered dark chocolate every other day were protected (Villarreal-Calderon, et 

al., 2012). The mice receiving dark chocolate also exhibited elevations in myocardial genes 

encoding antioxidant enzymes and downregulation of genes associated with TLR signaling 

(Villarreal-Calderon, et al., 2012). While moderate- and long-term consumption of red wine 

is well-known to prevent CVD (Saleem, et al., 2010), it is reasonable to predict that 

resveratrol administration or moderate red wine consumption may prevent PM-associated 

CVD, and a handful of reports generally support this assertion. In pigs exposed to second-

hand smoke particulate matter for 28 days, fragmentation of myocardial proteins including 

myosin light chain-1, myosin-7, β-myosin heavy chain and both lactate and pyruvate 

dehydrogenases were observed, coupled to dramatic elevations in matrix metalloproteinase-2 

(Arcand, et al., 2013). However, myocardial protein fragmentation was attenuated in mice 

co-administered resveratrol (Arcand, et al., 2013). Similarly, in zebrafish embryos PM2.5 

extracts induced cardiac malformations associated with DNA damage, oxidative stress and 

apoptosis (Ren, et al., 2020). Resveratrol co-administration provided protection against PM-

induced malformations and oxidative stress, but not AhR signaling (Ren, et al., 2020), 

suggesting that resveratrol protection was mediated by its properties as an antioxidant and 

not as an AhR antagonist. Finally, vitamin B supplementation in human subjects prevented 

the methylation of the genes associated with mitochondrial oxidative energy metabolism 

after a controlled challenge with PM2.5, suggesting that in individuals experiencing frequent 

peaks in PM2.5 exposure, B vitamins may potentially protect against mitochondrial oxidative 

stress (Zhong, et al., 2017). Thus, numerous small animal experiments and pilot studies in 

human subjects support a potential benefit of antioxidant and phytonutrient supplementation 

in preventing PM-induced CVD; however, large, well-controlled human studies may be 

warranted.

5.2. Targeting oxidative stress, inflammation and autonomic dysfunction using omega-3 
fatty acids. Lessons learned from the Mediterranean diet.

A vast number of studies now document that adherence to a Mediterranean diet consisting of 

fish, olive oil, fruits, vegetables, whole grains, legumes/nuts, and moderate alcohol 

consumption reduces the risk of aging-related diseases such as CVD (Widmer, et al., 2015). 

Polyunsaturated fatty acids, i.e., omega-3 fatty acids, have been implicated as a key 

component of the diet contributing to reduced CVD risk factors such as lipid levels and 

systemic inflammation. In a large cohort followed for 17 years (the NIH-AARP Health 
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Study), the Mediterranean diet also decreased PM-associated CVD mortality (Lim, et al., 

2019). In a smaller study, short-term PM exposure reduced endothelial function, assessed as 

reductions in vasodilation in the brachial artery and also increased markers for 

vasoconstriction and fibrinolysis. Four-week supplementation with olive oil, however, 

protected subjects from PM-induced vascular dysfunction (Tong, et al., 2015). In a similar 

study, subjects exposed to short-term PM2.5 exhibited an elevation in HRV that was 

attenuated in subjects receiving fish oil for 4 weeks prior to exposure (Tong, et al., 2012). 

Additionally, nursing home residents exposed to high levels of indoor PM2.5 in Mexico City 

exhibited marked elevations in HRV, increased blood levels of lipid oxidation products, and 

decreased levels of antioxidants/antioxidant enzymes, while fish oil supplementation seemed 

to reverse these findings (Romieu, et al., 2005; Romieu, et al., 2008).

Small animal studies generally support these findings in human subjects. Supplementation 

with a combination of vitamin E and omega-3 fatty acid in rats protected animals against 

PM-induced cardiac injury, systemic inflammation and oxidative stress (Du, et al., 2017). 

Studies using a rat intracranial atherosclerosis model demonstrated the benefits of omega-3 

fatty acids in protecting against PM2.5-induced systemic inflammation, vascular oxidative 

injury, and atherosclerosis (Guan, et al., 2019). Interestingly, although the bulk of these 

studies examined a role for omega-3 fatty acids in cardiovascular protection, the 

Mediterranean diet likely also contains antioxidants that are effective in promoting 

cardiovascular protection. For example, virgin olive oil is rich in an antioxidant known as 

hydroxytyrosol (Xynos, et al., 2015). Mice exposed to PM2.5 for 4 weeks exhibited 

increased visceral fat mass, glucose intolerance, insulin insensitivity, reduced hepatic 

glycogenesis, and elevations in hepatic inflammation and oxidative stress (Wang, et al., 

2019). However, oral administration of hydroxytyrosol protected animals against 

adipogenesis, oxidative stress and hepatic inflammation (Wang, et al., 2019). Thus, the 

Mediterranean diet is enriched in antioxidant and anti-inflammatory compounds that can 

potentially intervene in the toxicologic mechanisms associated with PM-related health 

effects, including those related to endothelial dysfunction, oxidative stress, metabolic 

dysregulation and/or autonomic dysfunction. These studies furthermore imply that 

supplementation with omega-3 fatty acids may have the potential to protect against PM-

associated CVD.

5.3. Targeting cholesterol accumulation and inflammation using statin therapy.

Given the documented impact of PM on cholesterol metabolism and the fact that elevated 

blood cholesterol is a risk factor for developing CVD (Shanley, et al., 2016), it is likewise 

reasonable to predict that statin administration may prove beneficial in reducing the risk of 

PM-associated CVD. Statins are a class of 3-hydroxy-3-methylglutaryl coenzyme A 

reductase inhibitors that reduce serum cholesterol by inhibiting a key step in cholesterol 

biosynthesis (Sirtori, 2014). In fact, studies in humans and animals generally support its use 

for this purpose and even suggest that statins may promote health benefits through non-lipid 

dependent pathways. For example, in rabbits with heritable hyperlipidemia, progression of 

PM-mediated atherosclerosis was positively correlated with alveolar macrophage 

recruitment and increased lipid accumulation within fatty streaks (Suwa, et al., 2002). Thus, 

the etiology of PM-associated atherosclerosis likely also involves lipid accumulation at some 
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level. Interestingly, in rabbits subjected to PM10 exposures, lovastatin inhibited 

inflammation and the recruitment of lung macrophages (Miyata, et al., 2013a) and 

furthermore promoted PM removal from the lungs. In other studies, rabbits subjected to 

cholesterol and vascular injury exhibited an exacerbated vascular inflammation, endothelial 

dysfunction and vasoconstriction following PM10 exposures, and although lovastatin 

attenuated all of these pathologies, lovastatin did not reduce blood lipid levels (Miyata, et al., 

2013b). In still other studies from the same group, lovastatin dampened the PM-induced 

inflammatory response by decreasing circulating levels of IL-6, thereby decreasing bone 

marrow differentiation, release of polymorphonuclear leukocytes (PMNs), and retention of 

newly released PMNs in the lungs (Miyata, et al., 2012). In support of these studies in 

animals, in a cohort of patients with chronic obstructive pulmonary disease, statin 

administration promoted the clearance of PM deposits in lung tissues and reduced 

inflammation (Hiraiwa, et al., 2017). Additional findings suggest that statins reduce the 

retention of PM in alveolar macrophages, but increase PM load in regional lymph nodes, 

suggesting the transfer of PM from alveolar macrophages to lymph nodes (Hiraiwa, et al., 

2017). Thus, with respect to PM exposures, many of the cardiovascular benefits of statin 

exposure are likely due to their pleiotropic effects in reducing inflammation and promoting 

vascular function.

5.4. Targeting neurohumoral regulation with melatonin.

Melatonin is a hormone that regulates sleep-wake cycles and is produced predominately by 

the pineal gland in circadian cycles (Pevet, et al., 2011). However, new evidence suggests 

that melatonin is also produced by a number of other tissues and cells, including 

inflammatory cells (Markus, et al., 2018), and a growing body of evidence suggests that both 

pineal-derived and extra-pineal melatonin regulate immune responses elicited by cytokines, 

DAMPs and PAMPs (pathogen-associated molecular patterns; Markus, et al., 2018). For 

example, after DEP exposure in rats, PM activated NFkB and TLR4 signaling in alveolar 

macrophages, resulting in an increased synthesis of melatonin locally, an increased rate of 

macrophage engulfment of PM and a decreased oxidative stress (Carvalho-Sousa, et al., 

2020). In guinea pigs exposed intranasally to PM2.5, melatonin treatment prevented PM-

induced inflammation and oxidative stress in the lung and brain by decreasing the expression 

of TRP channel subfamily M member 2 (TRPM2; Ji, et al., 2018). Short-term exposure to 

PM in animals with acute ischemia-reperfusion lung injury worsened lung function, lowered 

arterial oxygen saturation, promoted inflammatory cell infiltration, induced tracheal 

thickening and increased lung fibrosis. Many of these pathologic features were alleviated in 

animals co-administered melatonin (F.-Y. Lee, et al., 2019). Thus, exogenous melatonin may 

potentially be exploited as an intervention to reduce inflammation and oxidative stress and 

promote PM clearance from the lung, so as to reduce the risk of PM-associated CVD.

5.5. Targeting metabolic effects using metformin.

Given the multitude of studies linking PM exposures with metabolic disturbances, and the 

fact that insulin resistance is a significant risk factor for developing CVD (Ginsberg, 2000), 

interventions aimed at improving insulin sensitivity seem a viable option for PM-associated 

CVD. Metformin is a hypoglycemic drug commonly used in the treatment of T2DM. By 

some mechanism, metformin acts to stimulate AMP-dependent protein kinase (AMPK), 
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which in turn accelerates metabolic pathways such as glucose uptake and fatty acid 

oxidation, while inhibiting gluconeogenesis and lipogenesis (Zhou, et al., 2001). Studies 

conducted in animal models suggest that metformin administration may be a promising 

strategy for intervention. For example, Haberzettl et al., showed that in mice, PM2.5 

exposure reduced vascular insulin sensitivity, activated inflammasome pathways and 

decreased levels of circulating endothelial progenitor cells (EPCs), while increasing stores of 

EPCs within the bone marrow (Haberzettl, et al., 2016). These findings suggest that PM 

decreases vascular repair capacity by reducing the ability of EPCs to mobilize from the bone 

marrow to the circulation (Haberzettl, et al., 2016). However, treatment with metformin 

restored vascular repair capacity and alleviated insulin insensitivity. In other studies using 

PM2.5-exposed mice, metformin treatment reduced systemic and pulmonary inflammation, 

oxidative stress and fibrosis, reversed deficits in left ventricular function and preserved 

mitochondrial antioxidant enzyme expression (J. Gao, et al., 2020). Interestingly, these 

findings were maintained in AMPK-α2-deficient mice, suggesting that metformin acts via 
both AMPK-dependent and -independent pathways (J. Gao, et al., 2020). Moreover, 

metformin administration decreased mitochondrial ROS and IL-6 activation in alveolar 

macrophages derived from PM-exposed mice and reduced PM-mediated thrombogenesis 

(Soberanes, et al., 2019). In summary, animal studies suggest a benefit of metformin 

intervention, but studies in human cohorts are needed to confirm these findings.

6. Conclusions and Future Directions

There is a clear link between PM exposures in industrialized areas and CVD progression. 

Mechanisms to explain these findings include PM-mediated oxidative stress in the lungs and 

cardiovascular system, pulmonary and systemic inflammation, metabolic dysfunction, 

elevations in circulating cholesterol and triglycerides and autonomic dysfunction. With these 

molecular targets in mind, herein we outlined potential dietary and pharmacologic strategies 

for combatting these toxicologic mechanisms and provided supporting evidence from small 

animal and human studies. Large-scale intervention studies in populations at risk for PM-

associated CVD are the logical and necessary next step. However, given the lack of 

definitive results obtained for studies examining the efficacy of vitamin E in combatting 

CVD mortality in largely healthy cohorts (Ye, et al., 2013), caution must be exercised in 

population selection. While PM exposures are often more prevalent in marginalized 

communities where pre-existing CVD, metabolic disorders and other comorbidities are 

likely (Nawrot, et al., 2011), it stands to reason that population selection should include 

subjects of mixed-socioeconomic status. Thus, future studies will require collaborations 

across scientific disciplines to successfully delineate the efficacy of proposed interventions.
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AhR aryl hydrocarbon receptor

AMPK AMP-dependent protein kinase

BSH broccoli sprout homogenate

CAP concentrated ambient PM2.5

CRH corticotropin-releasing hormone

CVD cardiovascular disease

DEP diesel exhaust particles

eNOS endothelial nitric oxide synthase

EPC endothelial progenitor cells

HRV heart rate variability

ICAM-1 intracellular adhesion molecule-1

IL-1β interleukin-1β

LDL low-density lipoprotein

miRNA micro-RNA

NFkB nuclear factor kappa beta

Nrf-2 nuclear factor erythroid 2–related factor 2

PCB polychlorinated biphenyl

PM particulate matter

PM2.5 particulate matter < 2.5 μm

PM10 particulate matter < 10 μm

PAH polycyclic aromatic hydrocarbon

ROS reactive oxygen species

SOD superoxide dismutase

T2DM type 2 diabetics mellitus

TF tissue factor

TNF-α tumor necrosis factor-α

TLR-4 toll-like receptor 4

TRPV1 transient receptor potential cation channel subfamily V member 1

VCAM-1 vascular cell adhesion molecule-1
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vWF von Willebrand Factor.
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Figure 1. 
Schematic representation of the mechanisms contributing to particulate matter (PM)-

associated cardiovascular diseases, including 1) oxidative stress and decreased pulmonary 

barrier function, 2) pulmonary and systemic oxidative stress, 3) autonomic dysfunction, 4) 

cholesterol accumulation, and 5) metabolic disorder.
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Table 1.

Molecular targets of therapy for preventing air contaminant-associated cardiovascular disease, as evidenced by 

animal and population data.

Molecular 
Target

Pollutant Experimental
Model

Experimental
Findings

Reference

Oxidative 
stress and 
pulmonary 
barrier 
function

PM2.5 Nox2−/− mice, TLR4(−/−) 
mice

↓Inflammatory monocytes and generation of 
ROS via NADPH oxidase and TLR4 
activation

(Kampfrath, et al., 
2011)

Residual oil fly 
ash

Male rats with nutritional 
growth retardation

↓Alveolar space and recruitment of lung 
PMN, ↑ hepatic lymphocytes and binucleated 
hepatocytes, cardiac oxidative metabolism 
and ↑ oxidative stress.

(Kurtz, et al., 2018)

PM2.5 Male Sprague Dawley 
rats

↑Cerebrovascular ROS, oxidized lipids, 
↓SOD, ↑Nrf2 response system.

(Guan, et al., 2019)

PM2.5 Male Sprague Dawley 
rats

↓Oxygen saturation, ↑ MMP-3, TNF-α, NF-
kB, NADPH oxidase and apoptotic markers in 
lungs

(Ji, et al., 2018)

Diesel exhaust 
particles (DEP), 
DEP extracts

BEAS-2B cells ↑Cytotoxicity and expression of COX-2, IL-6 
and IL-8

(Totlandsdal, et al., 
2012)

PM2.5 and Ox 2001 Canadian Census 
Health and Environment 
Cohort (CanCHEC)

CVD and respiratory mortality associated 
with ↑ oxidizing gases and PM

(Weichenthal, et al., 
2017)

Pulmonary 
and systemic 
inflammation

DEP Peritoneal macrophages 
of C57BL/6J mice

Differential expression of the gene enrichment 
pathways associated with antioxidant defense 
and immune response

(Bhetraratana, et al., 
2019)

PM2.5 Children in Mexico City 
and Polotitlan

↑Inflammatory mediators and vasoconstrictors 
(TNF-α, PG-E2, CRP, IL-1β, ET-1) ↓ 
iCAM-1, VCAM-1, sE and sL- selectins.

(Calderon-
Garciduenas, et al., 
2008)

PM2.5 Study of Women’s Health 
Across the Nation 
(SWAN) cohort

Strong association between PM2.5 and CRP (Ostro, et al., 2014)

PM2.5 Normative Aging Study 
(NAS) cohort

Association between PM2.5 Vanadium mass 
and ICAM-1/VCAM-1

(Dai, et al., 2016)

Male Sprague Dawley 
rats

↑Serum TNF-α, IL-6, IL-1β and IFN-γ (Guan, et al., 2019)

PM2.5 and PM10 Data from 40 
observational studies

Strong association between CRP and PM with 
increasing duration of exposure

(Q. Liu, et al., 2019)

PM2.5 Cross-Sectional Study ↓SIRT1, mtDNA content and telomerase 
length

(Pieters, et al., 2016)

PM2.5 Male Wistar rats (2-3 
months old)

↑ Immune-pineal axis, ↓ pineal synthesis, ↑ 
melatonin in lungs.

(Carvalho-Sousa, et al., 
2020)

Autonomic 
dysfunction

PM2.5 α2b-adrenergic receptor 
(Adra2b) transgenic mice

↑ Adra2b, inflammatory genes (TLR2, TLR4, 
and IL-6), activated effector T-cells, and 
oxidative stress

(Rao, et al., 2019)

PM2.5 from 
mountaintop 
mining site

Male Sprague Dawley 
rats

Microvascular dysfunction via endothelial 
dysfunction and sympathetic stimulation

(Knuckles, et al., 2013)

PM10, PM2.5, 
PM1.0, PM0.5

Cross-sectional study of 
healthy males

↑ Parasympathetic modulation and ↑ 
interferon γ methylation.

(Tobaldini, et al., 2018)

DEP Heart failure prone rats ↑HR, BP, cardiac contractility in a manner 
reversed by atenolol

(Carll, et al., 2013)
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Molecular 
Target

Pollutant Experimental
Model

Experimental
Findings

Reference

Carbon black Senescent mice ↓HR without change in LF/HF ratio, changes 
in HRV parameters.

(Tankersley, et al., 
2004)

DEP Male Wistar rats ↑ BP, duration of ventricular arrhythmia, 
edema, and reperfusion injury. Normalization 
of BP and arrhythmias with antagonist for 
TRPV1.

(Robertson, et al., 
2014)

PM2.5 Randomized, double-
blind crossover trail in 
healthy college students

↑BP, ↑insulin resistance, ↑oxidative and 
inflammation markers, and ↑ cortisol, 
cortisone, epinephrine, and norepinephrine.

(H. Li, et al., 2017)

PM2.5 Male Sprague Dawley 
rats

Combined effects of β1 and β2 adrenergic 
receptor agonists alleviate cardiac 
dysfunction.

(Y. Gao, et al., 2014)

Concentration 
ambient PM2.5 

(CAP)

Apolipoprotein E (−/−) 
mice

Perturbed autonomic function in heart (L. C. Chen, et al., 
2005)

CAP Adrb2 and Adrb2 
deficient mice

↑ Release of catecholamines via β2 receptor 
activation and increased IL-6 level

(Chiarella, et al., 2014)

Cholesterol 
accumulation

PM2.5 6587 CVD patients in 
North Carolina

↑ LDL, apoB, total cholesterol, and 
triglycerides for every 1-μg/m3 increment in 
PM2.5

McGuinn et al., 2019

Prenatal PM2.5 465 mother–child pairs ↑ Total cholesterol, LDL, ↓ HDL and 
triglycerides during childhood

McGuinn et al., 2020

PM2.5 7063 participants in 
Shijiazhuang, China

↑ Total cholesterol, LDL, triglycerides ↓ HDL K. Zhang et al., 2020

PM2.5 C57BL/6 mice ↑ liver free fatty acids and triglycerides Yang et al., 2021

PM-associated 
PCBs

335 Native American 
adults

PCBs associated with ↑ cholesterol and 
triglycerides

Goncharov et al., 2008

Ultrafine PM 
collected in urban 
Los Angeles

LDLr (−/−) mice ↑ lipid levels and macrophages in small 
intestine

R. Li et al., 2015

Metabolic 
dysfunction

Clean ambient air 
plus ammonium 
sulfate particles

Male and female Sprague 
Dawley rats

↑ Stillbirths, ↓ birth weight and gestation 
period, ↑plasma glucose and fatty acids, lipid 
in liver and ↓endothelial function.

(G. Wu, et al., 2019)

Traffic-related PM Cohort study in 
industrialized Ruhr 
district in West Germany

Serum C3c is associated with PM at baseline; 
Women with high C3c serum level more 
susceptible to PM-related Type 2 diabetes 
(T2DM).

(Krämer, et al., 2010)

Residual oil fly 
ash

Female Wister rats ↑Neutrophils, neutrophil/lymphocyte ratios 
and liver iHSP70 levels, ↓ SOD activity in 
ovariectomized rats

(Goettems-Fiorin, et 
al., 2019)

PM2.5 SPE Kunming mice Altered TCA and urea cycle, amino acids, and 
purine metabolism.

(Shi, et al., 2019)

PM2.5 Middle-aged female 
C57BL/6 mice

↓Cardiac growth and ↑dysfunction. Altered 
mitochondrial structure and function and 
carbohydrate, fatty acid, amino acid, 
nucleotide, nicotinate, and nicotinamide 
metabolism

(Y. Zhang, et al., 2019)

Ambient PM2.5 Human Adults ↑Insulin resistance, ↓HRV (Brook, et al., 2013)

PM2.5 Systematic review Association between hypertension, insulin 
resistance, Type 2 diabetes mellitus and 
cardio-metabolic diseases

(Jaganathan, et al., 
2019)

PM2.5 587 men participants in 
Normative Aging Study 
(NAS)

Increasing PM2.5 concentration is associated 
with increasing risk of metabolic syndrome, 
fasting glucose level and hypertriglyceridemia

(Wallwork, et al., 
2017)
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Molecular 
Target

Pollutant Experimental
Model

Experimental
Findings

Reference

PM2.5 10 Article database 
analysis

Association of PM and incidence of T2DM (He, et al., 2017)

PM2.5 Six-week-old male 
C57BL/6 mice

↑Protein kinase C, ↓ Akt phosphorylation and 
endothelial nitric oxide synthase (eNOS)

(Sun, et al., 2009)

PM2.5 Sprague Dawley rats ↑ Inflammation via TLR2/4, ↑ weight gain 
and metabolic dysfunction

(Wei, et al., 2016)
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Table 2.

Therapeutic strategies for preventing air-contaminant-associated cardiovascular disease.

Molecular
Target

Therapeutic Experimental
Model

Experimental
Findings

Reference(s)

Oxidative 
stress

Dietary antioxidants Randomized trial in 5442 
women

↓Relative risk of myocardial infarction, 
stroke, CVD mortality and plasma level 
of homocysteine

(Albert, et al., 2008)

Carnosine (1 mg/mL in 
drinking water for 16 d)

C57BL/6 mice ↓ Endothelial progenitor cells after CAP 
exposure

(Abplanalp, et al., 
2019)

Selenium (70 μg/kg for 28 
d)

Male Sprague Dawley 
rats

↑ Antioxidant biomarkers, ↓oxidative 
and inflammatory markers such as 
oxidized lipids, sICAM-1, TNF-α and 
IL-1β.

(Zeng, et al., 2018)

Mediterranean diet Prospective cohort: NIH-
American Association for 
Retired Persons Diet and 
Health Study

↓ Incidence of CVD, ischemic heart 
disease mortality for higher 
Mediterranean Diet Index score

(Lim, et al., 2019)

Flavonoids (50 μM) Human RPE cells ↑ Mitochondrial function, cell viability, 
↓ Caspase 3 and caveolin-1

(Kook, et al., 2008)

(10 μM) Primary endothelial cells ↓ CYP1A1, VCAM-1, E-selectin, P-
selectin, and caveolin-1.

(Choi, et al., 2010)

(15 μM) Human endothelial cells 
(EA. hy926)

Hypoacetylation of H3, ↓ nuclear 
import of p65, IL-6, CRP, ICAM-1, 
VCAM-1 IL-1α/β

(D. Liu, et al., 2016)

Red wine (40 mg/kg/d for 
33 d)

Spontaneously 
hypertensive rats

↓ Caveolin-1, ↓NADPH oxidase p22phox 

and p47phox. ↑relaxation of vessels and ↓ 
BP

(López-Sepúlveda, et 
al., 2008)

Pulmonary 
and systemic 
inflammation

Dietary carotenoids and 
vitamin E

Longitudinal Study of 
Scottish postmenopausal 
women

↓ Inflammatory biomarkers such as hs-
CRP, IL-6 associated with serum 
carotenoid and vitamin E.

(Wood, et al., 2014)

Omega-3 fatty acids (3 
mg/kg for 14 d)

Sprague Dawley rats ↓ TNF-α, IL-1β, IL-6 and ↑ antioxidant 
activity.

(Du, et al., 2017)

Dietary antioxidants, 
including omega-3 fatty 
acids

Cross-sectional study ↑ Lung function correlated with 
↑omega-3 fatty acids and antioxidants

(Ng, et al., 2014)

Moderate alcohol 
consumption

SWAN cohort of women ↓ CRP level in blood (Ostro, et al., 2014)

Other 
inflammatory 
or miRNA 
targeting CVD

Polyphenols (25 mg/kg/d 
for 28 d)

Pulmonary arterial 
smooth muscle cells of 
adult male Wister rats

Promotes vascular remodeling 
regulating via miR-638 through 
NR4A3/cyclin D1 pathway

(Y.-y. Liu, et al., 
2020)

Resveratrol (0.2 g/kg for 2 
wk)

Male Sprague Dawley 
rats

↓ CYP1BI and cardiotoxic HETE levels, 
↑ cardiac function.

(Matsumura, et al., 
2018)

Extra virgin olive oil (3 
g/d for 28 d)

42 Human volunteers 
exposed to CAP

↑ endothelial function, 
↓vasoconstriction ↓inflammation and 
fibrinolysis

(Tong, et al., 2015)

Metabolic 
dysfunction

Metformin (200 mg/kg/d 
for 4 wk)

Male C57BL/6 mice ↓ CS-neurotoxicity by ↓inflammation 
and oxidative stress at the BBB and 
restoring tight junction protein 
expression

(Prasad, et al., 2017)

Metformin (150 mg/kg/d 
for 4 d)

C57BL/6J mice and 
human alveolar 
macrophages

↓ PM-mediated mitochondrial ROS and 
release of IL-6, ↓ PM-induced arterial 
thrombosis.

(Soberanes, et al., 
2019)

Metformin (300 mg/kg/d 
for 4 wk)

C57BL/6J and 
AMPKα2−/− mice

Independent to AMPKα2, ↓ PM-
induced cell death and oxidative stress, 
↓ pulmonary and systemic 
inflammation, ↑cardiac function & 
mitochondrial antioxidants, ↓ fibrosis.

(J. Gao, et al., 2020)
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Molecular
Target

Therapeutic Experimental
Model

Experimental
Findings

Reference(s)

Metformin (300 mg/kg/d 
for 11 d)

Male C57/BL6 mice ↓ CAP-induced vascular insulin 
resistance and vascular inflammation

(Haberzettl, et al., 
2016)

Statins (1 μM) SH-SY5Y human 
neuroblastoma cells

↓ PM-induced neurotoxicity by ↑Nrf2 
antioxidant defense system.

(Ferraro, et al., 2016)

(5 mg/kg/d for 4 wk) Male New Zealand White 
rabbits

↓ Intimal macrophages and lipids, ↑ 
recruitment of smooth muscle cells 
within plaques, ↓ atherosclerosis and ↑ 
endothelial function.

(Miyata, et al., 2013)

(5 mg/kg/d for 4 wk) Female New Zealand 
White rabbits

↓ Inflammatory cytokines and 
recruitment of PMN in lungs

(Miyata, et al., 2012)

Autonomic 
dysfunction

Melatonin (5 mg/kg/d for 
7 d)

Sprague Dawley rats ↓ Inflammatory markers and ↑ eNOS 
expression.

(Yang, et al., 2014)

Melatonin (10 mg/kg/d for 
28 d)

Male Hartley guinea pigs ↓ activation of TRPM2 and oxidative 
stress

(Ji, et al 2018)
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