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Abstract
Human exposure to particulate matter (PM) elicits a variety of responses on the cardiovascular
system through both direct and indirect pathways. Indirect effects of PM on the cardiovascular
system are mediated through the autonomic nervous system, which controls heart rate variability,
and inflammatory responses, which augment acute cardiovascular events and atherosclerosis.
Recent research demonstrates that PM also affects the cardiovascular system directly by entry into
the systemic circulation. This process causes myocardial dysfunction through mechanisms of
reactive oxygen species production, calcium ion interference, and vascular dysfunction. In this
review, we will present key evidence in both the direct and indirect pathways, suggest clinical
applications of the current literature, and recommend directions for future research.
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1. Introduction
Particulate matter (PM) exposure is one of the most pressing issues in modern-day public
health, particularly in relation to the effects on the cardiovascular system. Human exposure
to PM has been specifically linked to a number of cardiovascular conditions (Brook et al.,
2010; Sun et al., 2010), including myocardial infarction (Peters et al., 2001; Sullivan et al.,
2005), hypertension (Ibad-Mulli et al., 2001; Choi et al., 2007), atherosclerosis (Allen et al.,
2009; Araujo and Nel, 2009), heart rate variability (Cavallari et al., 2008; Whitsel et al.,
2009), thrombosis (Baccerelli et al., 2008; Emmerechts et al., 2010), and coronary heart
disease (Puett et al., 2009; Simkhovich et al., 2009), all occurring due to either direct or
indirect mechanisms of action. The number of people affected by air pollution is
continuously increasing as countries thrive on heavy industrialization. PM is one of the
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major constituents of air pollution and evidence continues to grow citing PM as one of the
most harmful pollutants. Numerous sources, including combustion engines, industrial
products, and natural causes such as forest fires produce PM and PM-related co-pollutants.

PM is divided into three categories, including: coarse, fine and ultrafine particles. Coarse
particles have a diameter of 2.5–10 μm, however they will be referred to as PM2.5-10. Fine
particles (PM2.5) have a diameter less than 2.5 μm, and ultrafine particles – often referred to
as UFPs – have a diameter of less than 0.1 μm (PM0.1) (Brook et al., 2010). PM2.5 and
PM0.1 are of special interest to the scientific community, as these particles have the
capability to be inhaled deeply into the lungs and be deposited on the alveoli to produce a
host of deleterious effects (Kampa and Castanas, 2008). In addition, UFPs can aggregate to
form particles in the size range of PM2.5. Understanding the mechanisms that trigger these
effects is useful at the clinical level, and is best done by separating them into two general
pathways: direct and indirect, as these two general divisions are evident within the literature.
Indirect pathways were originally thought to be the only mechanism whereby particle
exposure to the respiratory system caused a release of an inflammatory/cytokine milieu that
circulated through the bloodstream to affect the heart. More recent data, including from our
group (Wold et al., 2006), have shown that PM – especially PM2.5 and PM0.1 – can cross
into the pulmonary and systemic circulations directly affecting the heart and blood vessels.
In this review, we will delineate the key experiments within both the direct and indirect
pathways, suggest clinical applications of the current literature, and recommend directions
for future research.

2. Indirect Effects
2.1 Epidemiological Overview

Extensive epidemiological research has demonstrated that multiple, acute cardiovascular
events are associated with exposure to increased levels of both PM2.5 and PM0.1 (Pope et al.,
2004) To further explore these effects, most studies have concentrated on the indirect effects
of PM exposure on the cardiovascular system (see Figure 1 for a schematic of these effects).
These indirect effects can be further categorized into responses of the nervous system and
inflammatory responses. Studies have also shown that patients with high risks of developing
cardiovascular disease tend to consume tobacco, have high levels of LDL cholesterol, high
blood pressure, obesity, physical inactivity, or a poor diet (Yusuf et al., 2001).

2.2 Nervous System and Hypertension
The autonomic nervous system (ANS) plays a large role in controlling heart rate,
specifically heart rate variability (HRV; variation of the time interval between heart beats).
HRV is necessary for proper cardiovascular function, as cardiac output varies in response to
signals from various parts of the ANS. When a decrease in HRV exists, the heart rate cannot
adjust in response to external signals, potentially leading to myocardial infarction (MI).
Although relatively little is known in regards to specific exposure pathways, PM2.5 has been
shown to affect HRV, suggesting that exposure to PM is associated with ANS function
(Watkinson et al., 2001). Multiple features of the central nervous system (CNS) are also
theorized to play a role in regulating cardiovascular activity (Bagate et al., 2004). Certain
features of the CNS combine with the ANS to indirectly elicit a cardiovascular response to
PM exposure. Hypotheses of how the ANS mediates heart rate variability include repression
of β-adrenergic signaling pathways and renin-angiotensin feedback systems. Exposure to
PM can decrease vagal tone, leading to a cascade of events including release of cytokines
and other mediators, subsequently the release of inflammatory markers and decreased HRV
(Carr and Undem, 2001).
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Mechanisms in which PM exposure affects the cardiovascular system through the ANS have
been examined. Ibad-Mulli et al. (Ibad-Mulli et al., 2001) proposed that PM exposure alters
heart rate control by the ANS through an increase in systolic blood pressure. This altered
control by the ANS could be caused by PM that stimulates neurons in the pulmonary
epithelium and alters the effects of the ANS on the vasculature, altering HRV and ultimately
increasing heart rate (Pope III et al., 2000). Wilker et al. (Wilker et al., 2009) demonstrated
that inositol 1,4,5-triphosphate receptor, type 2 (ITPR2) matrix metalloproteinase (MMP1),
an enzyme used for calcium ion binding, may be responsible for angiotensin blockade in the
renin-angiotensin pathway. This blockade is activated following chronic exposure to PM,
leading to vasoconstriction, and consequently increasing blood pressure. Auchincloss et al.
(Auchincloss et al., 2008) recently observed an increase in blood pressure in response to PM
exposure. Increased blood pressure most likely occurred as a side-effect of the inability to
regulate blood pressure, further emphasizing the role of the ANS in response to PM
exposure.

In one study, hypertensive rats exposed to ambient PM2.5 took longer to return to normal
cardiovascular function than hypertensive rats exposed to filtered air. Normal function can
be defined by heart rate, neutrophil levels and lymphocyte levels in peripheral blood
measured prior to exposure (Gordon et al., 1999). Increasing phenylephrine levels
stimulated superoxide production, relaxation to the Rho-kinase inhibitor Y-27632 and an
increase in Rho-kinase-1 mRNA levels; this accumulation of events promoted aortic
vasoconstriction. These findings correlate with the fact that PM2.5 exacerbates the effects of
hypertension mediated through the Rho/ROCK pathway (Sun et al., 2008a), involved in the
regulaion of vascular smooth muscle tone (Shimokawa, 2005).

2.3 Inflammatory responses
An inflammatory response is clearly present following exposure to PM. The inflammatory
response caused by PM can augment atherosclerotic progression, which is a cause of many
cardiovascular diseases including MI and other acute coronary syndromes (Suwa et al.,
2002). It has been proposed that as PM is inhaled, it enters the lung and deposits on the
alveoli and produces an inflammatory response marked by the release of both inflammatory
and prothrombotic cytokines into the circulation (Mills et al., 2008). A multitude of research
into the inflammatory effects of PM exposure exists, including a study demonstrating that
diesel exhaust particles (DEP) significantly increased the production of the inflammatory
factors IL-8 and GM-CSF in DEP-treated human nasal epithelial cells (HNECs) and human
mucosal microvascular endothelial cells (HMMECs) compared to untreated cells (Terada et
al., 1999). A more recent study by Suwa et al. (Suwa et al., 2002) supported these
hypotheses by demonstrating that atherosclerotic effects are indirectly induced in rabbits as
PM enters the lungs and triggers an inflammatory cascade. Sun et al. (Sun et al., 2008b)
demonstrated that mice exposed to ambient PM2.5 exhibited increased cholesterol levels,
plaque burden and area, inducible nitric oxide synthase (NOS) content, lipid content,
reactive oxygen species formation, tissue factor (TF) expression, and macrophage
infiltration in vascular tissue. These findings indicate that PM2.5 exposure has a negative
effect on the vasculature by altering vasomotor tone, inducing inflammation and ultimately
augmenting atherosclerotic progression.

The link between PM and cardiovascular disease is not new, however the mechanisms
whereby this association exists remain to be fully examined. Early theories suggested that
pulmonary inflammation caused by PM entering the lungs and depositing on the alveoli,
increasing blood coagulability and fibrinogen levels. These changes could activate various
clotting factors, indirectly leading to MI (Mills et al., 2008; Seaton et al., 1995). Many
independent studies have demonstrated a strong correlation between the presence of
inflammatory and thrombotic markers, and the risk of cardiovascular disease (Yarnell et al.,
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2005). Ghio et al. (Ghio et al., 2000) showed that exposure to concentrated ambient air
particles is related to inflammation in healthy humans. Other effects on the vasculature
include production of inflammatory cytokines such as GM-CSF, IL-1, IL-6, and TNF-α and
their association with alveolar macrophage stimulation by exposure to PM (Van Eeden et al.,
2001). These cytokines can enter into the circulatory system, initiating a cascade of systemic
inflammatory events (Ishii et al., 2005). Acute cardiovascular events as well as development
of atherosclerosis are consequences of these inflammatory events.

2.4 Time Course
Although early studies concentrated more on the mechanistic pathways of the cardiovascular
response to PM, many recent studies have begun to focus on the time course of PM effects.
Epidemiological studies have examined the time course related to impaired heart rate
variability (HRV) and PM exposure. He et al. (He et al., 2010) concluded that exposure to
PM2.5 elicits a cardiovascular response in the form of altered HRV most prominently 4-6
hours post-exposure. Additionally, Tamagawa et al, (Tamagawa et al., 2008) showed that
exposure to PM10 provoked a sustained inflammatory response indicated by a decrease in
macrophage and monocyte levels in the tissue. The rabbits exposed twice a week to PM10
exhibited an inflammatory response in the lungs over a 4 week period, while the control
animals exposed to a saline solution twice a week exhibited normal cardiovascular function.

The indirect effects of PM exposure were further demonstrated by a number of studies that
demonstrated an innate, biphasic time course in response to PM exposure. (Cavallari et al.,
2008) demonstrated that exposure to high levels of ambient particles elicited a
cardiovascular response in multiple phases, including a response at three hours following
exposure, followed by a response at 9-13 hours after exposure, demonstrating a biphasic
response. In a separate study examining the effects of PM in hypertensive rats, deleterious
effects were noticed as long as 24 hours following exposure (Gerlofs-Nijland et al., 2005).
This delayed time response may be attributed to the indirect mechanisms of response to PM
exposure, requiring a longer time course to transpire compared to the mechanisms of direct
action discussed in the next section. Epidemiological studies exposing both young and
elderly participants to concentrated ambient particulates (CAPs) demonstrate no immediate
changes in HRV, measured five hours post-exposure (Scharrer et al., 2007). As
demonstrated above, the indirect effects of PM exposure can ultimately result in
atherosclerosis or cardiovascular disease. The two major pathways can be subdivided into
the nervous system response and the inflammatory response. The time course of these
indirect pathways is usually the second phase of a bi-phasic response occurring up to 24
hours post-exposure.

3. Direct Effects
3. 1 Particle translocation into the systemic circulation

The direct effects of PM on non-pulmonary cells have been hypothesized for years, however
little evidence has shown that particles could enter the systemic circulation and directly
affect cells outside of the alveoli. The first such evidence was published in 2001, when
Nemmar et al. (Nemmar et al., 2001) demonstrated that UFPs could in fact cross into the
pulmonary circulation, as well as the systemic circulation. This finding was quickly
validated (Nemmar et al., 2002), and it is now well-accepted that PM0.1 and PM2.5 can enter
the systemic circulation and therefore affect the heart and vasculature in a number of
mammals, including humans (see Figure 1 for further understanding of the interactions
between indirect and direct PM effects). Additionally, Shimada et al. (Shimada et al., 2006)
demonstrated that PM0.1 and PM2.5 enter the circulation through a gap formed between
alveolar epithelial cells. On the other hand, PM2.5-10 particles are unlikely to enter the
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systemic circulation due to their size and generally affect the cardiovascular system only via
indirect pathways. Blood levels of UFPs have been observed to peak 10–20 minutes
following exposure, while UFPs can persist in the circulation for up to an hour following
exposure (Nemmar et al., 2002).

3.2 Mechanisms of the direct effects of particulates
3.2.1 Reactive oxygen species—Mechanisms by which PM exposure causes direct
cardiovascular dysfunction are still in debate, however mounting evidence suggests that
reactive oxygen species (ROS) play a key role in the development of cardiac dysfunction.
Bai et al. (Bai et al., 2001) first established the role of ROS in PM-induced vascular
cytotoxicity by demonstrating that antioxidant treatment in vitro ameliorated the damaging
effects of DEP on vascular endothelial cells. ROS were implicated in PM-induced cardiac
myocycte dysfunction by the same method (Okayama et al., 2006; Zuo et al., 2011).

Bai et al. (Bai et al., 2001) specifically identified hydrogen peroxide and superoxide
production as central to the cytotoxic effects of PM. These species are not contained in the
particles themselves, rather, organic hydrocarbons and transition metals catalyze reactions
that produce ROS (Yergey and Risby, 1982). For example, the introduction of transition
metals into tissue subsequently generates Fenton reactions, which then result in hydrogen
peroxide radicals (Donaldson et al., 2001). These studies clearly demonstrate that ROS are
directly involved in the negative effects of PM. In addition, hydrogen peroxide has also been
shown to affect calcium release from the sarcoplasmic reticulum (Boraso and Williams,
1994), a process further detailed in the following section. These studies are an important
step in examining the mechanism in which cells are insulted by PM, but are not fully
significant without the knowledge of the concentration and composition of PM when it
enters the bloodstream.

3.2.2 Ion channel interference—Particulate matter can directly affect cardiovascular
function by interacting with ion channels, which are especially important in myocardial
cells. Ca2+ is vitally important to cardiomyocyte function, as it is essential to excitation-
contraction coupling and regulation of contractile strength (Louch et al., 2002). Ca2+

imbalances have been shown to lead to myocardial dysfunction, including arrhythmias
(Keurs and Boyden, 2007) and contractile dysfunction (Morgan, 1991). PM may affect
calcium regulation by producing peroxides, which have been shown to modify thiol groups
in regulatory proteins such as the Na+-Ca2+ exchange protein (Coetzee et al., 1994) and L-
type Ca2+ channel protein (Chiamvimonvat et al., 1995). Antimony and heavy metals have
been implicated as the constituents of PM responsible for this effect (Abramson et al., 1983).

In addition to modifying membrane-bound proteins, chemicals absorbed onto the surface of
PM can affect the mitochondrial permeability transition pore (MTP) and cause heavy
mitochondrial damage resulting in cardiac dysfunction (Xia et al., 2004). Oxidative stress
and increased Ca2+ levels open the MTP, which causes a host of deleterious effects within
the mitochondria, including membrane rupture, cytochrome c release, inhibition of oxidative
phosphorylation, and mitochondrial swelling (Bernardi, 1999).

3.3 Vascular dysfunction
PM that has translocated into the systemic circulation can also negatively impact vascular
function through stimulation of atherosclerosis and thrombosis. PM exposure has been
associated with arterial vasoconstriction, most likely by disrupting endothelial vasodilation
and endogenous fibrinolysis through reactive oxygen species (Mills et al., 2005). In
addition, PM inhibits nitric oxide synthase activity, thereby preventing the release of the
vasodilator nitric oxide into the bloodstream, causing vasoconstriction (Muto et al., 1996).
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Disrupted fibrinolysis and vasodilation, in turn, can lead to atherosclerosis (Davignon and
Ganz, 2004).

Another clinically relevant feature of the vascular effects of PM is the stimulation of
thrombosis. UFPs that enter the systemic circulation promote clot formation in a short
timeframe (within one hour), while pulmonary inflammation promotes thrombosis in a
longer timeframe since the effects persist beyond the exposure itself (Nemmar et al., 2003a).
In vivo experiments in a hamster model of thrombosis suggest a dosedependent effect of PM
on clot formation in both arteries and veins, confirmed in vitro as DEP in hamster sera
promote clot formation by platelet activation (Nemmar et al., 2003b). While most research
regarding thrombosis promotion has focused on pulmonary inflammation, it is plausible that
platelet activation is also present after particles translocate into the systemic circulation;
more research is urgently needed in this area as the short-term prothrombotic effects may
play key roles in triggering sudden cardiac events, including myocardial infarctions
(Vermylen et al., 2005).

3.4 Time courses
Tc-labeled carbon particles can persist in the systemic circulation for up to one hour
(Nemmar et al., 2002), with inferences that PM too can persist in the systemic circulation.
This, however, does not limit the time course of direct insults on the heart in the short term.
PM used in a study that observed a one-hour exposure to PM0.1 used synthetic analogues of
pollutants (Nemmar et al., 2002). These particles did not carry absorbed organic compounds
on their surface that could be transferred into the cell. For example, quinones and aromatics
have been implicated in PM-induced mitochondrial dysfunction and are often carried on the
surface of individual particles (Xia et al., 2004). Oxidant-generating capabilities of direct
exposure to PM, however, could plausibly decrease after one hour as the transition metals
that catalyze the Fenton reactions leave the circulation with the PM.

The time course of vascular effects is clearly characterized, as detailed above. Particles are
acutely prothrombotic during the short-term and have been implicated in destabilization of
atherosclerotic plaques, which in turn leads to an increased incidence of MI. This hypothesis
is in line with the established association between high-pollution days and the increased
incidence of acute cardiovascular events such as myocardial infarction (Tofler and Muller,
2006).

4. Active Lines of Research
Many studies have examined the effects of PM on the cardiovascular system, showing a
clear correlation between PM exposure and multiple cardiovascular conditions, with current
research focusing on the pathology of these conditions. Many of these studies have focused
on the indirect effects of PM on the cardiovascular system, while less is known of the
mechanisms of the direct pathways, including ROS, ion channel interference, and vascular
dysfunction. Future studies should focus on the effects of UFPs and the ability of PM to
enter the bloodstream and affect cardiovascular activity directly, as the direct pathways are
poorly characterized but important in triggering severe cardiovascular events (Vermylen et
al., 2005). The processes involved in PM entering the bloodstream are of great importance,
as the chemical concentrations and composition of PM need to be determined. Studies that
examine direct cellular insult on cells are not significant unless they are treated with the
correct composition and concentration of PM that is observed in the bloodstream.

Fewer studies have surveyed the time course of these indirect and direct effects of PM.
Future studies should focus on the time period of response, as it is clear there is a biphasic
response consisting of early and delayed responses. In particular, the response seems to
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continue, even 14 hours post-exposure (Cavallari et al., 2008). Thus, research should
monitor the response over a time period ranging from 24 hours to multiple days post-
exposure, determining the long term effects of PM exposure. Finally, there is an incomplete
understanding of the effects of chronic or long-term exposure to PM; future studies should
elucidate how the effects of long-term exposure differ, if at all, from acute exposure as well
as designing experiments to understand the synergistic effects of direct and indirect
exposure to PM.

5. Clinical Implications
Research into the cardiovascular effects of PM is required in order to produce guidelines and
recommendations for clinical practice. The literature, when taken as a whole, provides a
useful summary of how PM can be observed in a clinical setting. First and foremost, patients
at a high risk for developing acute cardiovascular events such as MI, stroke, and arrhythmias
should avoid high levels of PM whenever possible. This includes both refraining from
outdoor activities on days of particularly high pollution and avoiding living and working in
areas prone to chronically high pollutant levels.

Secondly, the critical role of reactive oxygen species in PM-induced cardiovascular
dysfunction suggests that antioxidant therapy holds some promise for the treatment of the
deleterious effects of PM exposure. Antioxidant therapy would be especially appropriate in
patients already at a high cardiovascular risk, or who are consistently exposed to high levels
of pollutants, such as employees of industrial facilities. While increased dietary antioxidant
intake has been shown to help prevent a number of diseases (Valko et al., 2007), exercise
promotes the production of endogenous antioxidants (Warburton et al., 2006) in addition to
its already-known benefits to cardiovascular health. On the other hand, dietary antioxidants
have not yet been shown to demonstrate a clinical benefit in the treatment of cardiovascular
disease. More importantly, exercise produces oxidants that may or may not be an essential
whereby exercise builds redox regulation (Vollaard et al., 2005) – dietary antioxidants could
interfere with this process in ways that alter the balance between exercise’s proand
antioxidant effects. Therefore, the literature emphasizes the importance of exercise in
managing cardiovascular disease, especially in patients who may be exposed to particulate
matter pollution.

Finally, antithrombotic therapy may also help prevent the onset of cardiovascular events
triggered by PM-induced thrombosis. Antiplatelets may be a preventative method, as
particles that enter the systemic circulation are known to promote platelet formation (Coller,
1992; Nemmar et al., 2003b). Antithrombotics should be a last resort, however, as the
possible side effects of such drugs could be much more severe than the side effects of any
other treatment regimen or the untreated symptoms themselves (Patrono et al., 2004).

6. Conclusion
A multitude of epidemiological data and clinical studies provide evidence that PM exposure
causes detrimental cardiovascular dysfunction, both by direct and indirect mechanisms.
These two general mechanisms can be further divided into three main pathways: direct
particle entry into the vasculature, PM deposition on the alveoli (indirect), and dysfunction
of the autonomic nervous system (indirect). Further research should continue to explore the
effects of PM and the corresponding response pathways, specifically the nature of the effect
and time course of the response. Clinicians should be aware of the consequences of exposure
to PM and should continue to proactively treat this problem since the rates of
industrialization are unlikely to decrease.
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Highlights

1. Air pollution affects people both directly and indirectly.

2. Direct effects involve infiltration of the endothelial lining by particulate matter,
allowing direct access to the bloodstream.

3. Indirect effects of air pollution involve respiratory-mediated release of
inflammatory markers and/or cytokines, which enter the bloodstream.

4. Mechanisms of direct and indirect effects of particulate matter are not entirely
understood.

List of Acronyms

ANS Autonomic nervous system

CAPs Concentrated ambient particulates

CNS Central nervous system

DEP Diesel exhaust particles

HMMECs Human mucosal microvascular endothelial cells

HNECs Human nasal epithelial cells

HRV Heart rate variability

ITPR2 inositol 1,4,5-triphosphate receptor

MI Myocardial infarction

MMP1 Matrix metalloproteinase 1

MTP Mitochondrial permeability transition pore

NOS Nitric oxide synthase

PM Particulate matter

PM0.1, UFPs Ultrafine particles – diameter <0.1 um

PM2.5 Fine particles - diameter <2.5 um

PM2.5-10 Coarse particles - diameter of 2.5-10 um

ROCK Rho-associated protein kinase

ROS Reactive oxygen species

TF Tissue factor
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Figure 1.
Summary of the pathways by which particulate matter promotes acute cardiovascular events
and atherosclerosis. Mechanisms can be broadly divided into direct and indirect pathways.
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Table 1

Summary of the direct and indirect effects of particulate matter on the cardiovascular system.

Pathway Mechanism References

Indirect

ANS/CNS Alteration

Ibad-Mulli et al., 2001

Wilker et al., 2009

Auchincloss et al., 2008

Gordon et al., 1999

Sun et al., 2008a

Suwa et al., 2002

Rho/ROCK Dysfunction
Sun et al., 2008a

Shimokawa et al., 2005

Systemic Inflammation Terada et al., 1999

Indirect and Direct

Inflammation

Yarnell et al., 2005

Ghio et al., 2000

Van Eeden et al., 2001

Ishii et al., 2005

Cavallari et al., 2008

Gerlofs-Nijland et al., 2005

Thrombosis
Nemmar et al., 2003a

Nemmar et al., 2003b

Direct

Reactive Oxygen Species

Zuo et al., 2011

Yergey and Risby, 1982

Donaldson et al., 2001

Ion Channel Dysfunction

Coetzee et al., 1994

Chiamvimonvat et al., 1995

Abramson, et al., 1983

Xia et al., 2004

Bernardi et al., 1999

Vascular Dysfunction

Nemmar et al., 2003a

Nemmar et al., 2003b

Vermylen et al., 2005
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