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One of the most urgent environmental health issues is air pollution, which has a major effect on cardiovascular
health. Among other pollutants, fine particulate matter (PM2.5) has been connected to a number of cardiovascular
illnesses (CVDs), including myocardial infarction, stroke, and hypertension. The purpose of this review was to sum-
marize current research on the processes by which air pollution raises the risk of CVD and to investigate mitigation
and preventative measures. A review of peer-reviewed articles published between 2015 and 2025 was conducted
using databases such as PubMed, Web of Science, and Google Scholar. The review focused on studies examining the
relationship between PM2.5 and cardiovascular diseases, incorporating epidemiological, experimental, and clinical
perspectives. PM2.5 and other pollutants exacerbate CVD risk through mechanisms such as autonomic instability,
endothelial dysfunction, oxidative stress, and inflammation. Risks are disproportionately high for vulnerable groups,
such as the elderly and those with underlying cardiovascular diseases. Targeted public health policies, stricter air qual-
ity regulations, and increased public awareness are essential to mitigate the cardiovascular risks posed by air pollution.
Immediate action is imperative to safeguard global health.
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INTRODUCTION

Air pollution has become a pressing global health concern, ac-
knowledged as a key factor in non-communicable diseases, par-
ticularly cardiovascular diseases (CVDs), which remain the lead-
ing cause of mortality worldwide. A substantial body of evidence
has established a link between exposure to air pollutants, includ-
ing fine particulate matter (PM, ,), ozone (O,), nitrogen dioxide
(NO,), sulfur dioxide (SO,), and carbon monoxide (CO), and
the onset and exacerbation of CVD. These substances originate
from multiple sources, such as natural processes, vehicle emis-
sions, and industrial activities [1-4]. Significant progress has been
made in understanding the detrimental effects of air pollution on
cardiovascular health [2,5,6]. However, important research gaps
persist, particularly concerning the intricate molecular mecha-
nisms underlying these effects, the long-term consequences for
sensitive populations (e.g., children, the elderly, and individuals
with pre-existing conditions), and the effectiveness of existing
mitigation strategies in diverse environmental contexts [7,8].
Moreover, populations exposed to air pollution exhibit signif-
icant heterogeneity, with substantial differences in geographical
and socioeconomic factors influencing exposure levels and car-
diovascular disease risk. For instance, individuals in developing
countries often experience higher exposure to pollution due to
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biomass combustion and industrial emissions. In contrast, in de-
veloped nations, traffic-related pollution and fossil fuel combus-
tion are the predominant sources. Similarly, urban populations
tend to face higher air pollution levels than rural populations;
however, variables such as healthcare access and socioeconomic
status may moderate the impact of pollution on cardiovascular
health. These differences can also influence molecular respons-
es to pollutants, with studies showing variations in inflammatory
gene expression and oxidative stress responses between urban
and rural populations [5,9].

Socioeconomic status (SES) plays a crucial role in determining
both exposure levels and health-related outcomes. Existing liter-
ature indicates that individuals with low SES are more likely to
reside in areas with higher pollution levels and have an increased
risk of CVD, potentially due to limited access to healthcare re-
sources and greater exposure to environmental hazards [10].

While urban areas generally experience higher pollution levels,
rural regions are not exempt from significant exposure, especially
in developing countries. For instance, in rural India and Nepal,
biomass combustion for heating and cooking is a major source
of household air pollution, contributing to elevated PMa.5 levels.
Indoor air quality in India exhibits significant spatial variation,
with regions differing in climatic conditions, population density,
and education levels leading to distinct air quality characteristics.
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Notably, North Indian states record substantially higher PM:.s
concentrations (ranging from 557-601 pg/m?®) compared to the
Southern States (183-214 pug/m?). This discrepancy is most like-
ly attributable to the colder climate in Northern Indian areas,
where extended periods of low temperatures result in higher
heating requirements compared to the warmer climate of south-
ern India. Understanding these population differences is crucial
for developing context-specific and efficient mitigation measures.
Therefore, effective mitigation strategies must consider these dif-
ferences and be tailored to the specific contexts of different pop-
ulations, including factors such as the availability of healthcare
services, education, and housing standards [5].

Previous reviews have provided valuable insights into the re-
lationship between air pollution and CVD. However, a compre-
hensive and up-to-date synthesis of the latest epidemiological,
biological, and interventional evidence is lacking. This review
seeks to bridge those knowledge gaps by: (1) providing a com-
prehensive update on the latest epidemiological evidence, with a
focus on associations between specific air pollutants (PMa.s, Os,
NOg, SO2, CO) and various cardiovascular outcomes (e.g:, isch-
emic heart disease, stroke, heart failure); (2) critically evaluating
the current understanding of the molecular processes through
which these pollutants harm the cardiovascular system, includ-
ing oxidative stress, inflammation, endothelial dysfunction, and
epigenetic modifications, with a focus on the interplay between
these mechanisms; (3) assessing the effectiveness of current mit-
igation strategies, such as emission control technologies and
public health interventions, and proposing novel approaches,
including personalized exposure reduction strategies and target-
ed therapies; and (4) identifying key research priorities for future
investigations, emphasizing the need for longitudinal studies,
multi-pollutant exposure assessments, and research on the long-
term health impacts in vulnerable populations [7,11,12].

Specifically, critical gaps in molecular pathways include (a) in-
fluence of epigenetic modifications, such as DNA methylation
and histone modifications, in modulating long-term cardiovas-
cular impacts of air pollution exposure; (b) how different pol-
lutants interact synergistically to exacerbate oxidative stress and
inflammation, particularly ultrafine particles (UFPs) and gaseous
pollutants like NO, and SO,; and (c) the identification of novel
biomarkers that could help elucidate individual susceptibility to
air pollution-induced cardiovascular damage. Exploring these
mechanisms is key to improving targeted prevention and treat-
ment efforts [13-18].

This review aimed to provide actionable recommendations for
policymakers, healthcare professionals, and the public to address
the burden of CVD associated with air pollution. This review
synthesizes contemporary knowledge regarding the connection
between cardiovascular health and air pollution, highlighting mo-
lecular pathways such as endothelial dysfunction, oxidative stress,
and inflammation. Additionally, it examines practical ideas and
methods to reduce air pollution-related CVD burden and influ-
ence public health policy and preventive strategies [2,19,20-22].

MATERIAL AND METHODS

This literature review was conducted to synthesize findings from
peer-reviewed articles published between 2015 and 2025. Ar-
ticles were identified through systematic searches in PubMed,
Web of Science, and Google Scholar. The methodology for this
review primarily concentrated on research investigating the link

between air pollution and cardiovascular illnesses, incorporating
epidemiological, experimental (in vivo and in vitro), and clinical
perspectives.

The following search terms were used in combination with
Boolean operators (AND, OR): (‘'PM2.5' OR 'particulate matter
2.5' OR 'PM10" OR 'particulate matter 10' OR 'ozone' OR 'O3'
OR 'itrogen dioxide' OR 'NWO2' OR 'sulfur dioxide' OR 'SO2'
OR 'carbon monoxide' OR 'CO") AND (‘cardiovascular disease’
OR 'coronary artery disease' OR 'stroke' OR 'heart failure' OR
'hypertension') AND (‘air pollution' OR 'environmental pollu-
tion').

Inclusion criteria

*  Original research articles (epidemiological studies, exper-
imental studies, clinical trials) published in English.

*  Studies investigating the correlation between cardiovas-
cular outcomes and exposure to air pollutants (PM2.5,
PM10, O3, NO2, SO2, and CO).

»  Studies published between 2015 and 2024.

Exclusion criteria

. Review articles, editorials, letters to the editor, and con-
ference abstracts.

*  Studies not focused on the relationship between air pollu-
tion and cardiovascular diseases.

*  Studies published in languages other than English.

To determine the eligibility of the retrieved papers, two impar-
tial reviewers looked at abstracts and titles. After that, full texts of
articles that were of interest were obtained and evaluated for in-
clusion using the predetermined standards. Reviewers' disagree-
ments were settled by consensus and discussion. Key findings and
study characteristics (author, year, study design, population, ex-
posure assessment, and outcome measures) were extracted using
a standardized form.

RESULTS

Epidemiological evidence

Epidemiological studies have consistently demonstrated a sub-
stantial association between exposure to air pollution and an in-
creased risk of certain CVDs. By employing a range of method-
ologies, including time-series analyses, case-control studies, and
cohort studies, this research provides a comprehensive illustra-
tion of the relationship between cardiovascular health and air
pollution. Numerous studies have examined particulate matter,
particularly fine particulate matter (PM, ), as a significant air
contaminant with detrimental effects on the cardiovascular sys-

tem [19-22].

Particulate matter (PM2.5 and PM10)

¢ Long-term exposure: Numerous cohort investigations
have identified a significant correlation between a higher
risk of ischemic heart disease (IHD) and extended expo-
sure to PM, ., which includes myocardial infarction (MI),
stroke, heart failure, and cardiovascular mortality. For ex-
ample, research has indicated that a 10-20% surge in the
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likelihood of ischemic heart disease and stroke is linked to
each 10 pg/m?® elevation in sustained PM, ; levels. These
results apply to various populations in different locations.
Additionally, research suggests that prolonged exposure to
PM,, is associated with comparable, albeit typically mild-
er, cardiovascular effects [5,7,12,23-25].

*  Short-term exposure: Short-term increases in PM2.5
and PM10 concentrations have been connected to great-
er daily hospital admissions and cardiovascular event-re-
lated mortality, according to time-series studies. This is
particularly true for susceptible groups such as the elderly
and people who already have cardiovascular disease. It is
believed that mechanisms such as oxidative stress, inflam-
mation, and modifications in autonomic nervous system
function cause these acute effects [14,26,27].

Gaseous pollutants (03, NO2, SO2, CO) [22,28,29]:

*  Ozone (0,): Ozone exposure has also been connected to
negative cardiovascular outcomes in epidemiological re-
search, such as an elevated risk of heart failure and stroke.
It is believed that inflammation and oxidative stress are
the processes by which ozone affects the cardiovascular
system.

* Nitrogen Dioxide (NO,): A higher risk of hyper-
tension, MI, and stroke has been linked to exposure to
NO,, a sign of air pollution caused by traffic. Accord-
ing to studies, there may be a synergistic negative impact
on cardiovascular health from the combined impacts of
PM, . and NO,,

*  Sulfur Dioxide (SO,): Although less extensively stud-
ied than PM, and NO,, SO, exposure has also been
linked to adverse cardiovascular effects, particularly in
susceptible populations.

*  Carbon Monoxide (CO): CO, a product of incom-
plete combustion, can reduce the amount of oxygen that
the blood can carry, which can exacerbate cardiovascular
conditions, particularly in individuals with IHD.

Various air pollutants contribute to the development of car-
diovascular diseases through distinct pathophysiological mecha-
nisms, including oxidative stress, inflammation, and endothelial
dysfunction. Table 1 summarizes key air pollutants, their primary
sources, and their specific cardiovascular effects.

Global burden of CVD attributable to air pollution

The worldwide burden of CVDs, which includes heart failure,
arrhythmias, MI, stroke, and hypertension, is greatly increased
by both brief and prolonged exposure to ambient air pollution.
According to studies, cardiovascular diseases account for more
than 60% of air pollution-associated morbidity and mortality,
outweighing deaths from risk factors related to metabolism, be-
havior, and tobacco use [24-28]. Chronic diseases like athero-
sclerosis, hypertension, and stroke are closely linked to prolonged
exposure to PM, .. There is still little data on arrhythmias, atrial
fibrillation, and heart failure, but what is known suggests that
these conditions are positively correlated. Furthermore, partic-
ulate matter and gaseous pollutants, including NOz, SO:, and
Os, contribute to the development of CVD through mechanisms
such as oxidative stress, inflammation, endothelial dysfunction,
and autonomic dysregulation [23,24,25,26]. In conclusion, par-
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ticulate matter and gaseous pollutants pose serious dangers, mak-
ing air pollution a significant environmental contributor to car-
diovascular health. Addressing air quality could reduce the global
burden of CVD, highlighting the critical need for environmental
interventions and public health measures.

Mechanism of action

There are multiple interrelated pathophysiological pathways
through which air pollution contributes to the development and
progression of CVDs (Figure 1). Endothelial dysfunction, in-
flammation, oxidative stress, and disruption of the autonomic
nervous system are important pathways. Systemic inflammation
can be triggered by gaseous pollutants and PM, ., impairing vas-
cular function, promoting atherosclerosis, and disrupting heart
rhythm, all of which contribute to the development and progres-
sion of CVD [19,23-28]. There are several intricate pathophysi-
ological pathways that connect air pollution to an increased risk
of CVD. Although the exact molecular mechanisms remain in-
completely understood, extensive research has identified several
significant biological processes linking air pollution exposure to
CVD [19,23-28]. These mechanisms include:

* Inflammation: Certain gases, such as ozone (O,) and
air pollutants, especially PM, ; (fine particulate matter),
can trigger an inflammatory reaction in the body. Ath-
erosclerosis, characterized by the accumulation of plaque
within arteries, stands as a major risk factor for CVD, and
the associated inflammation can impact blood vessels and
promote its development [19,20-22].

*  Oxidative stress: Air pollution can cause the body
to undergo oxidative stress. An imbalance between the
body's capacity to eliminate damaging reactive oxygen
species (ROS) and their creation leads to oxidative stress.
This oxidative stress can damage the walls of blood ves-
sels, induce inflammation, and accelerate the progression
of cardiovascular disease [19,23-28].

¢ Endothelial dysfunction: Exposure to air pollution
can cause problems with the inner lining of blood vessels,
known as the endothelium. Endothelial dysfunction plays
a crucial early role in the development of atherosclerosis,

Table 1. Summary of pollutants and their cardiovascular effects

Air pollutant  Main sources Key cardiovascular effects
PM,, Vehicles, industry, Hypertension, arrhythmia,
wildfires atherosclerosis
Oxidative stress, inflammation
0, Photochemical
reactions in the
atmosphere
NO, Hypertension, autonomic
Vehicle emissions, dysfunction
industry
SO, Vasoconstriction, stroke risk
Coal combustion,
industry
Vehicles, cigarette Hypoxia, myocardial
smoke dysfunction
co
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primarily because it contributes to vascular constriction, in-
creased blood pressure, and diminished blood flow [23-28].
Autonomic nervous system imbalance: Air pol-
lution may affect the autonomic nervous system, which
regulates heart rate and blood pressure. Changes to this
system brought on by pollution may increase the likeli-
hood of arrhythmias (abnormal cardiac rhythms) and
other cardiovascular disease-related issues [23-28].

Blood coagulation and thromboeosis: Exposure to air
pollution is linked to both an increase in blood coagu-
lation and the onset of thrombosis. This could raise the
chance of strokes and heart attacks because of thrombo-
sis or the buildup of clots within blood vessels [23-28].

Blood pressure elevation: Air pollution has been
linked to both short-term and long-term increases in
blood pressure, particularly concerning PM, .. The car-

Figure 1. A schematic diagram summarizing the pathophysiological processes connecting cardiovascular diseases to air pollution
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diovascular system may be strained by high blood pres-
sure, potentially raising the likelithood of developing
hypertension, which is a significant risk factor for CVD
[23-28].

*  Accelerated atherosclerosis: Atherosclerosis, a con-
dition that narrows arteries and increases the chance of
strokes and heart attacks, can have its progression has-
tened by extended exposure to air pollution [23-28].

¢  Impaired cardiac function: Studies have shown that
exposure to air pollution can impair cardiac function by
promoting cardiac arrhythmias and altering heart rate
variability. Such consequences could elevate the risk of
experiencing sudden cardiac events [23-28].

e Systemic effects: The respiratory system is not the only
part of the body affected by air pollution. Pro-inflamma-
tory cytokines and other compounds that may affect the
cardiovascular system are released in this way [23-26].

It is essential to note that the exact mechanisms can vary ac-
cording to an individual's susceptibility, the type and composition
of air pollutants, and the duration and intensity of their exposure
[5,23,24]. In addition to other risk factors like smoking and diet,
the combined effects of several pollutants can increase the risk
of cardiovascular diseases. Addressing the causes of air pollution
and lowering exposure to it would help mitigate these harmful
cardiovascular effects and continue to be essential public health

objectives [5,28,29].

Effects on cardiovascular diseases

Mortality and morbidity from all causes of CVD

Heart-related mortality is associated with prolonged exposure to
air pollutants, including ground-level ozone (O,) and fine particu-
late matter (PM, ,). This category of fatal outcomes encompasses
strokes, heart attacks, heart failure, and other heart-related con-
ditions. Contributing variables include inflammation, oxidative
stress, and exacerbation of preexisting cardiovascular conditions
[21,22,30-32]. Air pollution raises rates of morbidity as well as
the risk of dying from cardiovascular disease. Elevated levels of
air pollution are associated with an increased incidence of nu-
merous cardiovascular episodes that do not result in death, such
as heart attacks, strokes, angina (chest pain), and hospitalizations

for heart-related disorders [21,22,30-32].
Myocardial infarction and ischemic heart disease

Inflammation and oxidative stress can be brought on by exposure
to air pollutants, particularly O, (ground-level ozone) and PM,
(fine particulate matter). This can cause arterial plaques to build
and break, which can lead to a heart attack [29-34]. Individuals
already suffering from cardiovascular diseases, including condi-
tions like coronary artery disease or congestive heart failure, are
more susceptible to aggravated symptoms upon exposure to air
pollution. By decreasing the oxygen supply and increasing the
heart's workload, pollutants can strain the heart [21,29-34].

Atherosclerosis and arterial stiffness
The narrowing and hardening of arteries brought on by the

buildup of plaque—which is made up of calcium, fat, cholester-
ol, and inflammatory cells—is known as atherosclerosis. Blood
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clots may form as a result of this constriction, which lowers blood
flow [21]. Long-term exposure to air pollution, particularly fine
particulate matter (PM, ,), might hasten atherosclerosis. The en-
dothelium, the lining that surrounds blood vessels, can be harmed
by pollutants, and they can also encourage the buildup of fatty
deposits, which reduces the artery's flexibility and increases its
susceptibility to blockages [21].

Blood pressure and hypertension

One of the main risk factors for ischemic heart disease is elevated
blood pressure, or hypertension, which is linked to exposure to air
pollution. Hypertension increases the likelihood of cardiovascu-
lar disease by placing additional strain on the heart [21].

Heart failure

Air pollution is responsible for the onset and exacerbation of
heart failure, a chronic cardiovascular illness in which the heart's
ability to pump blood efficiently is impaired [33]. Multiple bi-
ological mechanisms link air pollution to the development and
progression of heart failure:

1. Inflammation and oxidative stress
Air pollution, particularly ozone (O,) and fine particulate
matter (PM, ) can cause the body to experience oxida-
tive stress and inflammation. These reactions can lead to
systemic inflammation, which affects the heart and blood
vessels. Prolonged inflammation and oxidative stress can
damage the heart muscle and accelerate the development
of heart failure [19,20].

2. Worsening of pre-existing conditions
Individuals with pre-existing cardiovascular diseases, such
as hypertension, coronary artery disease, or a history of
myocardial infarction, are more vulnerable to the harm-
ful effects of air pollution. Continued exposure can accel-
erate the progression of these conditions and increase the
risk of developing or worsening heart failure [34-38].

3. Reduced oxygen supply
High concentrations of air pollutants, such as PM, _, for
example, can reduce the blood's capacity to carry oxygen.
The heart must exert greater effort to supply enough oxy-
gen to the tissues of the body, particularly its muscles. The
heart's increasing workload can eventually lead to heart
failure by causing the heart's chambers to enlarge [38-
42].

4. Elevated blood pressure
Hypertension, or elevated blood pressure, is linked to
air pollution. Hypertension can cause the heart to work
harder, resulting in left ventricular hypertrophy. This may
ultimately result in cardiac failure by making it more dif-
ficult for the heart to pump blood effectively [43-43].

5. Impaired endothelial function
Air pollution can have an adverse effect on the blood ves-
sel lining's endothelial cells. This endothelial dysfunction
may result in lower blood flow to the cardiac muscle and
constriction of blood vessels. Sustained impairment of
endothelial function may worsen heart failure [46,47].

6. Arrhythmias
The heart's electrical signaling can be disrupted by air
pollution, leading to arrhythmias (irregular heartbeats).
Heart failure risk can be raised by arrhythmias, which can
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also reduce the heart's effective blood pumping capacity.
Atrial fibrillation (AF), a common arrhythmia, manifests
as swift and irregular heartbeats originating in the heart's
upper chambers, known as the atria. Air pollution, espe-
cially O, and PM, ,, can contribute to AF development
through processes such as autonomic nervous system
dysfunction, oxidative stress, and inflammation [34,48-
51]. In addition to the effects on heart rate and rhythm,
the elevated risk of arrhythmias such as AF can reduce
the heart's capacity to effectively pump blood and raise
the risk of heart failure. Because they cause potentially
fatal changes in the electrical activity of the heart, such
arrhythmias may, at times, trigger cardiac arrest, particu-
larly in people who already have heart issues [34,48-51].

In addition to direct pathophysiological effects, air pollution
may indirectly contribute to heart failure by exacerbating pre-ex-
isting cardiovascular conditions, including ischemic heart disease
and hypertension [2,52,53]. Furthermore, air pollution can also
reduce an individual's exercise tolerance, discouraging physical
activity that is vital for heart health. Moreover, chronic exposure
to polluted air has been linked to reduced life expectancy, with
cardiovascular disease—particularly heart failure—being a ma-
jor contributing factor [54--60].

Vulnerable populations

Certain groups, such as children, the elderly, and those with
underlying cardiovascular conditions, are disproportionately
affected negatively by air pollution. When exposed to contami-
nated air, these individuals are more likely to experience severe
cardiovascular consequences [5,61,62]. Mitigating these health
risks and improving cardiovascular outcomes can be achieved by
minimizing exposure to air pollution through regulatory actions,
lifestyle modifications (such as reducing time spent outside on
days with high pollution), and switching to cleaner energy sourc-
es [5,61,62].

DISCUSSION

Interpretation of key findings

Our thorough analysis of epidemiological data consistently re-
veals a strong and alarming correlation between air pollution ex-
posure and a significantly increased risk of several cardiovascular
diseases. The validity of these findings is strengthened by the
observation of this link across various study designs, including
cohort, case-control, and time-series analyses [21,63]. The ob-
vious dose-response link between chronic exposure to fine par-
ticulate matter (PM, ) and the incidence of stroke and IHD is a
particularly concerning finding. Research has repeatedly shown
that for every 10 pg/m? increase in PM, , concentrations, the
risk of these serious cardiovascular events increases by 10-20%.
This mathematical relationship highlights the significant negative
effects of long-term exposure to air pollution on cardiovascular
health and underscores the urgent need for effective measures to
reduce PM, ; levels, particularly in densely populated urban areas
where exposure is often highest [24,61].

Additionally, our analysis shows that long-term exposure is
not the only way that air pollution can have negative impacts.
Short-term increases in PM,, and PM,  concentrations have

been linked to higher daily hospital admissions and cardiovascu-
lar event-related mortality, according to time-series studies. This
acute impact is particularly concerning for vulnerable individu-
als, such as the elderly and those with pre-existing CVD, empha-
sizing the need for timely public health advisories and targeted
interventions during periods of elevated pollution levels to miti-
gate these acute risks [25,26].

The global burden of CVD attributable to air pollution is stag-
gering. According to studies, cardiovascular diseases account for
more than 60% of air pollution-related morbidity and mortali-
ty, outnumbering deaths from other significant risk factors such
as metabolic disorders, behavioral variables, and even tobacco
use. This concerning figure underscores the significance of air
pollution as a major environmental risk factor for cardiovascular
disease globally, highlighting the need for immediate and com-
prehensive measures to mitigate air pollution and protect public
health worldwide [63-65].

The negative effects of air pollution on the cardiovascular sys-
tem are caused by a variety of pathophysiological mechanisms
that include intricate interactions between biological processes.
According to mounting data, the primary mechanisms linking
air pollution to the onset and progression of CVD include in-
flammation, oxidative stress, endothelial dysfunction, and auto-
nomic dysregulation. Exposure to PM, ., and gaseous pollutants
increases the risk of a number of cardiovascular diseases, such as
IHD, stroke, heart failure, and arrhythmias, by causing systemic
inflammation, vascular dysfunction, atherosclerosis (the accumu-
lation of plaque in arteries), and heart rhythm disruption. Devel-
oping focused therapies to prevent and treat cardiovascular dis-
ease caused by air pollution requires an understanding of these
underlying mechanisms [27,42,43].

Lastly, our review emphasizes how some vulnerable commu-
nities are disproportionately affected by air pollution. When
exposed to polluted air, children, the elderly, and people with
pre-existing cardiovascular diseases are far more likely to suffer
from catastrophic cardiovascular consequences. This discrep-
ancy highlights the need for targeted initiatives to protect these
vulnerable populations, including promoting indoor air quality
measures, issuing public health advisories during high pollution
levels, and ensuring equitable access to quality medical care.
These actions are necessary to mitigate the disproportionate im-
pact of air pollution on individuals who are most vulnerable to its
adverse effects [20,64,65].

Mitigation strategies

A multifaceted strategy that incorporates both preventative and
intervention techniques is needed to lessen the harmful cardio-
vascular consequences of air pollution. These strategies can be
broadly categorized into primary, secondary, and intervention
strategies, addressing different stages of exposure and disease
development.

1. Primary prevention: reducing emissions at the
source

Primary prevention is the most effective long-term strategy for
mitigating the cardiovascular burden of air pollution. It focus-
es on minimizing air pollutant emissions at their source, thereby
reducing population exposure and preventing the initial harm.
Key strategies, while promising, face various implementation

challenges [66-68]:
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Emission control from transportation

Stricter car emission regulations, such as the European
Union's Euro 6 requirements, have been shown to sig-
nificantly reduce harmful pollutants, including nitrogen
oxides (NO ) and particulate matter (PM, ). In partic-
ular; compared to Euro 5 standards, the nitrogen oxide
(NO_) emissions from light diesel vehicles have decreased
by 55% as a result of the adoption of Euro 6 standards.
Furthermore, these rules have reduced PM2.; emissions by
up to 99%, which lowers the risk of asthma, lung cancer,
stroke, and ischemic heart disease [69-71]. However, even
with these standards, real-world emissions often exceed
test values due to factors like driving conditions and vehi-
cle maintenance [72]. Promoting the use of electric and
hybrid vehicles, although beneficial, faces challenges such
as concerns about battery range, limitations on charging
infrastructure, and the environmental impact of battery
manufacturing, including the extraction of lithium and
other rare earth minerals [73,74]. Investing in public trans-
portation infrastructure, encouraging cycling and walking
through the development of dedicated infrastructure can
further reduce reliance on private vehicles. However, this
requires substantial upfront investment and may face re-
sistance due to existing urban planning priorities or lack
of public support. For instance, project cost escalations
can undermine public support and hinder policymakers'
ability to achieve transportation investment goals [75,76].
Additionally, many public transportation systems continue
to face challenges, such as declining funding, labor short-
ages, and limited public resources, which can impede the
successful implementation of such infrastructure projects
[76,77]. Furthermore, while active commuting (cycling,
walking) offers cardiovascular benefits through increased
physical activity, it is crucial to acknowledge that during
their commute, people may be exposed to higher levels of
air pollution, especially in areas with high traffic. There-
fore, urban planning strategies should prioritize creating
safe and low-pollution routes for cyclists and pedestrians,
possibly through the development of green corridors or
traffic calming measures [78,79].

Industrial emission reduction

Implementing stricter regulations on industrial emissions,
promoting the adoption of cleaner technologies, and in-
centivizing energy efficiency can significantly reduce in-
dustrial contributions to air pollution, thereby reducing
the population's risk of cardiovascular disease linked to
industrial pollutants. For example, cap-and-trade pro-
grams for sulfur dioxide (SO,) emissions have demon-
strated success in reducing acid rain and are likely to have
had positive impacts on cardiovascular health, although
quantifying these specifically can be complex [80-83]. In
the European Union, emission reduction policies have
been implemented through stringent regulatory frame-
works, such as the Industrial Emissions Directive (IED),
which mandates Best Available Techniques (BAT) for pol-
lution control, ensuring a reduction in harmful emissions
from industrial sources. While effective, these regulations
impose significant compliance costs on industries, which
may lead to economic trade-offs, including potential job
losses or shifts in industrial operations. Similarly, in Chi-
na, the relationship between the development of green
technologies and the reduction of carbon dioxide emis-

JOURNAL of MEDICINE and LIFE. VOL: 18 ISSUE: 5 MAY 2025

@

sions has been moderated in large part by environmental
restrictions. A study by Chang et al. found that invest-
ment-based regulatory instruments (IER) policies were
the most effective in promoting green knowledge inno-
vation (GKI), leading to sustained reductions in carbon
dioxide emissions. In contrast, expenditure-based regula-
tion (EER) had a weaker effect and sometimes encour-
aged firms to adopt short-term cost-cutting strategies.
Additionally, command-and-control regulations (CER)
were found to have a moderate impact, reinforcing the
need for a balanced regulatory approach. Moreover, the
spatial spillover effects of green technological innovation
on emissions in neighboring regions further highlight the
importance of well-designed regulatory policies [82,84].
These results underscore the need for customized reg-
ulatory strategies that foster long-term technical break-
throughs in addition to promoting carbon reductions.
However, different regions have varying levels of success
with these programs due to differences in economic devel-
opment and industrial structures, presenting challenges in
achieving uniform air quality improvements nationwide
[82,84]. However, these regulations can be costly for in-
dustries, potentially leading to job losses or relocation,
creating a tension between economic and public health
concerns. Balancing economic concerns with public
health benefits is a key challenge. Furthermore, ensuring
compliance with regulations requires robust monitoring
and enforcement mechanisms, including regular inspec-
tions and penalties for violations [84,85].

Transition to clean energy sources

For long-term improvements in air quality and cardio-
vascular health, a shift away from fossil fuels and toward
renewable energy sources, such as solar, wind, and geo-
thermal power, is crucial [86,87]. This transition can sig-
nificantly reduce emissions of greenhouse gases and air
pollutants linked to cardiovascular disease. For example,
studies have shown a correlation between increased renew-
able energy use and a decrease in hospitalizations for car-
diovascular events [88,89]. However, the transition to clean
energy faces hurdles, including high initial investment
costs, intermittency issues with renewable sources, and the
need for grid infrastructure upgrades [90,91]. Additionally,
it is necessary to consider and mitigate the environmental
impacts of the lifecycle of renewable energy technologies,
such as the mining of rare earth minerals for wind turbines
and solar panels [92,93].

Urban planning and green infrastructure
Implementing urban planning strategies that prioritize
green spaces, promote natural ventilation, and mitigate
the effects of urban heat islands will help reduce air pollu-
tion levels in cities, ultimately benefiting the cardiovascular
health of city dwellers. Urban forests and green roofs are
examples of green infrastructure that can serve as natural
air filters, removing pollutants and enhancing air quality
[94,95]. However, implementing such strategies requires
careful urban planning, community engagement, and
long-term investment, which can be challenging in rapidly
developing urban areas. Furthermore, the distribution of
green spaces within cities is often uneven, with lower-in-
come neighborhoods having less access, which can poten-
tially exacerbate health disparities and environmental in-

justice [96,97].
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2. Secondary prevention: minimizing exposure and
early detection

Secondary prevention focuses on minimizing individual exposure
to air pollution and promoting early detection of cardiovascular
effects. This involves strategies to reduce exposure before signifi-
cant health damage occurs and to identify early signs of cardio-
vascular disease related to air pollution. While promising, these
strategies face a range of implementation challenges [98-100]:

a. Educating on the importance of maintaining in-
door cleanliness to reduce dust and other particles
This education aims to raise public awareness about the
importance of maintaining indoor cleanliness to reduce
exposure to dust, particles, and other pollutants that can
be harmful to health. This education can include infor-
mation on how to clean rooms properly, choosing safe
cleaning products, and the importance of good ventila-
tion [101,102].

b. Air quality monitoring and public communication

People can be empowered to make well-informed deci-
sions about their activities, especially during times of high
pollution, by implementing reliable air quality monitor-
ing systems and providing the public with real-time air
quality information. For instance, people can modify their
outdoor activities based on real-time information on air
pollution levels provided by the Air Quality Index (AQI),
which 1s utilized in the US and other nations [103,104].
Similarly, systems like the 'Plume Labs' app in Europe
provide localized air quality information, enabling users
to avoid high-pollution areas [105,106]. However, the ef-
ficacy of these systems is contingent upon the precision
and availability of air quality data. There 1s little air qual-
ity monitoring in many underdeveloped nations, hinder-
ing the ability to provide timely and accurate information
to the public. Furthermore, even with accurate informa-
tion, behavior change can be a challenging process. Stud-
ies have shown that while some individuals modify their
activities during high-pollution days, others do not due
to factors such as a lack of awareness, inconvenience, or
economic constraints [103,106]. Effective public health
campaigns are crucial to overcoming these challenges and
should address barriers to behavior change, such as lack
of trust in authorities, economic pressures to work out-
doors, or cultural norms about outdoor activities, while
also tailoring information to specific populations (e.g, lan-
guage, education level) [107,108]

c. Personal protective measures

Promoting the use of appropriate respiratory protection,
such as N95 masks, during periods of high pollution can
reduce individual exposure. Studies have shown that N95
masks can filter out a significant portion of particulate mat-
ter, reducing personal exposure. However, the widespread
and consistent use of masks can be challenging due to fac-
tors such as cost, discomfort, and limited availability. In
many developing countries, N95 masks are expensive and
not readily accessible to the general population [109,110].
Furthermore, a proper fit and correct usage are essential
for mask effectiveness, as improper use can significantly
reduce their protective capacity. Policy limitations, such as
the lack of subsidies for masks or public health campaigns
promoting their use, can also hinder adoption [109,110].

d. Early detection and screening
Implementing targeted screening programs for individu-
als at high risk of developing cardiovascular diseases due
to exposure to air pollution can facilitate early detection
and intervention. For example, some cities with high air
pollution levels have implemented programs to screen in-
dividuals with pre-existing conditions for early signs of
cardiovascular damage. However, implementing such
programs requires significant resources and infrastruc-
ture, as well as the development of specific screening tools
and protocols. Economic costs can be a significant barri-
er, particularly in resource-constrained settings [68,111].
Furthermore, identifying individuals at high risk due to
air pollution exposure can be complex, as other factors
also contribute to the risk of cardiovascular disease [112].
Developing effective screening tools for air pollution-re-
lated cardiovascular changes is challenging, as the effects
of air pollution can be subtle and difficult to distinguish
from other risk factors [113]. Furthermore, access to
healthcare facilities and trained personnel for conducting
screenings can be limited, particularly in rural or under-
served areas [114].
e. Indoor air quality improvement

Improving indoor air quality is a crucial secondary mit-
igation strategy to reduce exposure to air pollution, par-
ticularly for vulnerable populations. This can be achieved
through non-technological approaches such as increasing
natural ventilation, using exhaust fans in enclosed areas,
and optimizing building designs to minimize pollutant ac-
cumulation. Additionally, behavioral modifications—such
as reducing indoor emission sources (e.g;, tobacco smoke
and the use of biomass fuel)—can further improve indoor
air quality [115-117]. However, these strategies face sev-
eral challenges, including structural limitations in older
buildings that hinder proper ventilation and the absence
of stringent building codes requiring adequate air circu-
lation [118,119]. Addressing these barriers may require
policy interventions that promote better ventilation stan-
dards and public awareness campaigns on maintaining
clean indoor air [120,121]. Table 2 compares these mit-
igation strategies based on their regulatory frameworks,
lifestyle interventions, public health initiatives, and overall
effectiveness.

3. Intervention strategies: managing health impacts

This section focuses on steps taken to mitigate the negative effects
of current air pollution on people's health, especially for those
who are susceptible or have pre-existing conditions. Instead of
stopping pollution at its source, the focus is on managing and
adapting to the pollution that already exists. These tactics are
designed to mitigate the adverse cardiovascular effects of air
pollution on individuals who have been previously exposed to it
[110,122,123].

Below is a breakdown of the proposed intervention strategies:

a. Technological interventions:
¢ Indoor air quality improvement
Technological solutions, such as air purifiers with HEPA
filters, have been scientifically proven to reduce indoor air
pollution levels, particularly fine particulate matter and
allergens. Studies have shown that HEPA filtration can
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Table 2. Comparison of primary and secondary mitigation strategies for air pollution

Air pollution mitigation strategies

Mitigation strategy
Primary mitigation

Regulatory Policies

Transition to Clean Energy

Urban Planning & Green
Infrastructure

Air Quality Monitoring &
Communication

Secondary mitigation

Personal Protective
Measures

Early Detection &
Screening

Indoor Air Quality
Improvement

Regulatory policies

Emission control
regulations (e.g., Clean
Air Act)

Industrial air quality
standards

Vehicle emission limits

Urban zoning laws to
reduce pollution

Indoor air quality
regulations (e.g.,
ventilation standards)

Policies on pollution alerts
(e.g., air-based warnings)

Regulations on indoor
pollution (e.g., tobacco
smoke)

Lifestyle interventions

Promotion of active
transport (walking,
cycling)

Reducing fossil fuel
dependence (e.g., electric
vehicles)

Development of green
infrastructure (e.g., urban
forests)

Public awareness of
pollution exposure risks

Use of air purifiers,
wearing masks

Wearing masks

Dietary modifications
to improve respiratory
resilience

Public health initiatives

Government subsidies for
clean energy adoption

Public campaigns to
reduce emissions

Incentives for green
infrastructure

Health advisories for
vulnerable populations

Public education on
pollution risks

Public education on
pollution risks

Medical screenings and
respiratory interventions

Effectiveness

High - Directly reduces
pollution at the source
but requires enforcement
and economic investment

High - Long-term air
quality improvements,
reducing cardiovascular
events

High - Significantly
reduces pollution

by improving urban
environments and
absorbing pollutants

Moderate - Enables
informed decisions,
reducing exposure to high
pollution levels

Moderate - Helps reduce
personal exposure but
does not eliminate
pollution source

Moderate - Facilitates
early cardiovascular
disease detection and
intervention

Moderate - Reduces
cardiovascular risks
through improved air
quality

significantly improve indoor air quality and provide mea-
surable health benefits [124,125]. For example, fourteen
cross-over RCTs (18 publications) found that individuals
with cardiovascular diseases who used HEPA air purifiers
at home experienced a -2.28 mmHg [95% CI, -3.92 to
-0.64] reduction in systolic blood pressure, indications of
improvements in reactive hyperemia index (RHI) (0.10
[-0.04 to 0.24]), diastolic blood pressure (-0.35 [-1.52 to
0.83] mmHg), pulse pressure (PP) (-0.86 [-2.07 to 0.34]
mmKHg), and C-reactive protein (-0.23 [-0.63 to 0.18]
mg/L) following indoor air purification compared to
those who did not use air purifiers [126].

Despite these benefits, the cost and maintenance of
HEPA filters remain a significant barrier, particularly for
low-income households [127]. Additionally, the follow-
ing variables determine the effectiveness of air purifiers:
proper usage, filter replacement schedules, and room size
compatibility [128]. Policy-driven interventions—such
as subsidies, financial incentives, or public health pro-
grams—could encourage the adoption of air purification
technology in vulnerable communities to enhance acces-

sibility [129].

b. Behavioral interventions:

Health advisories and behavioral recommenda-
tions

Issuing health advisories to the public, particularly to
susceptible populations such as children, the elderly, and
those with respiratory and cardiovascular disorders, can
help reduce outdoor activities during periods of poor air
quality. This can minimize exposure and prevent exacer-
bation of cardiovascular symptoms [79,110,130,131]. For
example, early warning systems implemented in Beijing
have enabled individuals to reduce their exposure during
high pollution episodes, leading to a quantifiable per-
centage reduction in emergency room visits for asthma
and other respiratory conditions that can trigger cardio-
vascular events [132]. However, public health advisories
are only effective if the information is accurate, accessi-
ble, and trusted by the public. Language barriers, limited
access to technology, and distrust of authorities can hin-
der the dissemination and uptake of information [133].
Furthermore, behavior change can be challenging due to
social norms, lifestyle factors, and economic constraints
[134]. In addition, guidance on protecting oneself from
exposure to pollutants, such as using appropriate masks
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(N95 or equivalent) and avoiding areas with heavy traffic,
can also be effective [135,136].

c. Healthcare system interventions:

This strategy focuses on managing existing health conditions to
prevent them from worsening due to exposure to air pollution.
Some actionable steps include [110,130,137]:

*  Clinical guidelines development
Developing specific clinical guidelines for managing re-
spiratory (asthma, COPD) and CVDs (coronary heart
disease, stroke) that consider the impact of air pollution.
These guidelines should include diagnostic, treatment,
and monitoring strategies tailored to the specific condi-
tions of pollution exposure [83]. However, developing
and implementing effective clinical guidelines requires
collaboration between healthcare professionals, re-
searchers, and policymakers, which can be complex and
time-consuming [138].

* Improved access to healthcare
Ensuring easy and affordable access to healthcare for vul-
nerable populations is crucial in managing cardiovascular
complications related to air pollution. Studies have shown
that improved access to healthcare can lead to better dis-
case management and reduced hospital admissions for
cardiovascular conditions [68,139]. However, financial
constraints, inadequate healthcare infrastructure, and
shortages of medical professionals—especially in under-
served communities—often limit access to these critical
services [140,141]. Implementing proactive health out-
reach programs to identify and manage high-risk patients
can further reduce the burden of cardiovascular diseas-
es related to air pollution. These programs may include
community-based screenings for hypertension and heart
disease, telemedicine consultations for at-risk populations,
and educational initiatives promoting lifestyle modifica-
tions to mitigate the harm caused by air pollution to heart
health [68,139].

*  Rehabilitation programs
Providing pulmonary and cardiac rehabilitation pro-
grams for patients with chronic diseases to improve their
organ function and quality of life, even in polluted en-
vironments. For example, a study in Minnesota, USA,
found that cardiac rehabilitation programs tailored to pa-
tients with cardiovascular disease and exposed to high lev-
els of air pollution improved their exercise capacity and
quality of life, which can have positive long-term effects
on cardiovascular health [142,143].

* Patient education and self-management support

* Educating patients on how to manage their cardiovas-
cular conditions in polluted environments, including
strategies to minimize exposure and optimize medication
adherence, is essential. Tor instance, patient education
programs that inform individuals with hypertension or
coronary artery disease about the increased risks associat-
ed with air pollution can empower them to take proactive
steps. This includes understanding how to monitor their
blood pressure, recognize symptoms of angina or heart
failure exacerbation, and adjust their activity levels based
on air quality forecasts [144].
* Supporting patients in adopting heart-healthy lifestyle

modifications is critical. This includes guidance on di-

etary choices that promote cardiovascular health, tailored
exercise regimens that consider air quality levels (e.g, ex-
ercising indoors on high-pollution days), and comprehen-
sive smoking cessation programs. Smoking significantly
exacerbates the negative impact of air pollution on the
cardiovascular system, making cessation a vital compo-
nent of risk reduction. Furthermore, education on stress
management techniques is also important, as stress can
negatively impact heart health and be compounded by
the stress of living in a polluted environment [145,146].

* Providing education on the importance of regular check-
ups and early intervention when symptoms arise is also
crucial [147].

d. Personalized medicine approaches:

«  Utilizing genetic, epigenetic, and other omics data to
identify individuals more susceptible to the effects of pol-
lution and tailor interventions accordingly is a promising
area of research. For example, researchers are exploring
the use of genetic markers to identify individuals who are
at a higher risk of developing cardiovascular disease due
to exposure to air pollution, which could lead to more
targeted prevention and treatment strategies. However,
personalized medicine approaches, while promising, face
challenges related to cost, data privacy, and the need for
further research to validate the effectiveness of tailored
interventions [148].

¢ Developing more targeted and personalized therapies
based on individual characteristics [149].

Various intervention strategies have been developed to mitigate
the health impacts of air pollution exposure. Table 3 summa-
rizes these approaches, categorized into technological interven-
tions, behavioral interventions, healthcare system interventions,
and personalized medicine approaches. Each strategy varies in
effectiveness depending on implementation factors, population
coverage, and suitability of individual risk profiles. While tech-
nological and public health policy interventions tend to provide
broad benefits, personalized medicine offers more targeted inter-
ventions based on genetic and environmental factors.

Integration of mitigation and intervention strategies

It is crucial to emphasize that intervention strategies do not re-
place mitigation strategies (i.e., actions taken to reduce pollution
at the source). They are complementary and address different
aspects of the air pollution problem. Primary mitigation efforts
to reduce pollution at the source remain the most effective long-
term solution for reducing air pollution and its associated health
risks, including cardiovascular disease. These strategies aim to
prevent the harmful effects of air pollution before they occur,
thereby offering the greatest potential for long-term improve-
ments in population health [23,27,68]. Meanwhile, intervention
strategies are essential for protecting public health now and mit-
igating the adverse effects of existing pollution. Even with ag-
gressive mitigation efforts, it will take time to significantly reduce
ambient air pollution levels. Intervention strategies, such as pro-
viding access to air purifiers for vulnerable populations, devel-
oping clinical guidelines for managing air pollution-exacerbated
cardiovascular conditions, and educating individuals on how to
reduce their exposure, are crucial for minimizing harm to those
currently exposed to unhealthy air. They address the immediate
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needs of individuals already suffering or at high risk due to exist-
ing pollution levels [150].

The integration of mitigation and intervention strategies is,
therefore, essential for a comprehensive approach to address-
ing the cardiovascular burden of air pollution. While mitigation
strategies offer a long-term solution by addressing the root cause
of the problem, intervention strategies provide crucial short-term
relief and protection for vulnerable individuals. A balanced ap-
proach that prioritizes both mitigation and intervention is nec-
essary to protect public health both now and in the future. For
example, while transitioning to electric vehicles (a mitigation
strategy) is crucial for long-term air quality improvement, provid-
ing access to air purifiers and personalized medicine approaches
(intervention strategies) for vulnerable populations is essential to
protect their health in the present [88]. Furthermore, research
into personalized medicine approaches can inform mitigation
strategies by identifying those most susceptible to harm from
specific pollutants, allowing for more targeted and effective emis-
sions reductions. This integrated approach maximizes the impact
of resources and provides the most comprehensive protection
against the harmful effects of air pollution [148].

Policy and regulatory frameworks

The effective implementation of these mitigation strategies re-
quires a strong policy and regulatory framework. These include
the development of air quality standards and regulations that
establish and enforce stringent air quality standards for key pol-
lutants [137,151]. Additionally, cross-sectoral collaboration is
crucial for fostering collaboration among government agencies,
industry, and the public to implement comprehensive air pollu-
tion mitigation strategies [152,153]. Finally, promoting interna-
tional cooperation to address transboundary air pollution issues
is also crucial [154,155]. By implementing a comprehensive and
integrated approach that encompasses primary, secondary, and
tertiary prevention strategies, we can enhance public health and
successfully mitigate the harmful cardiovascular effects of air pol-
lution [156,157].

Limitations

It is important to acknowledge several limitations of this review.
Firstly, while we have strived to include a comprehensive range

Table 3. Intervention strategies for reducing health risks from air pollution

Intervention
Strategies

Regulatory
Measures

Transition to Clean
Energy

Urban Planning
& Green
Infrastructure

Air Quality
Monitoring &
Communication

Personal Protective
Measures

Early Detection
& Screening

Technological
Interventions

- Advanced air
filtration systems in
industries

- Development

of clean energy
technologies

(e.g., hydrogen fuel)

- Smart city air
monitoring sensors

- Al-driven air
pollution prediction
models

- Wearable air
purifiers

- Biomarker-based
pollution exposure
testing

Behavioral
Interventions

- Promotion of
active transport
(walking, cycling)

- Reducing fossil fuel
dependence (e.g.,
electric vehicles)

- Community
engagement in green
infrastructure

- Public awareness
campaigns on
pollution risks

- Use of face masks in
high-exposure areas

- Encouraging routine
health check-ups

Indoor Air - Smart home air - Dietary

Quality purification systems  modifications for

Improvement respiratory resilience
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Healthcare
System
Interventions

- Government
enforcement of
air quality standards

- Public

campaigns
promoting renewable
energy

- Incentives for
urban greening
projects

- Health advisories
for vulnerable
populations

- Distribution of
masks during high
pollution days

- Public health
screening programs

- Medical screenings
for pollution-related
illnesses

Personalized
Medicine
Approaches

- Genetic
screening for
pollution
susceptibility

- Targeted health
interventions for
high-risk genetic
profiles

- Personalized
recommendations
based on pollution
exposure risk

- Individualized
pollution exposure
tracking apps

- Tailored respiratory
protection strategies
for susceptible
individuals

- Genomic-based risk
assessment for

air pollution-related
diseases

- Precision medicine
approaches for lung
disease prevention

Effectiveness

High - Directly
reduces pollution
at the source but
requires strong
enforcement and
investment

High - Long-term air
quality
improvements,
reducing
hospitalizations

High - Significantly
reduces pollution
by improving

urban environments

Moderate -
Enables informed
decisions, reducing
health risks

Moderate - Helps
reduce personal
exposure but does
not eliminate
pollution sources

Moderate -
Facilitates early
disease detection
and intervention

Moderate -

Reduces exposure to
indoor air pollutants,
lowering health risks
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of studies, the available literature on the specific link between
certain air pollutants (e.g, specific ultrafine particles or less com-
monly studied gaseous pollutants) and certain cardiovascular
outcomes (e.g;, specific types of arrhythmias or heart failure sub-
types) may be limited. Publication bias may result from this, as
studies with statistically significant positive results have a higher
chance of getting published [9,158]. Secondly, variations in study
design, exposure assessment methods, and outcome definitions
across the included studies may introduce heterogeneity, making
direct comparisons and meta-analyses challenging. For example,
some studies relied on ambient air pollution measurements from
fixed monitoring stations, which may not accurately reflect indi-
vidual exposure levels, while others used more sophisticated ex-
posure modeling techniques. Similarly, definitions of cardiovas-
cular outcomes may vary across studies, potentially affecting the
comparability of results [159,160]. Thirdly, while epidemiolog-
ical studies can demonstrate associations between air pollution
and cardiovascular diseases, they cannot definitively establish
causality. Confounding variables may affect both exposure to air
pollution and the risk of cardiovascular illnesses. These include
socloeconomic status, lifestyle habits (such as smoking, nutrition,
and physical activity), and pre-existing medical disorders. While
many studies attempt to control for these confounders, residual
confounding cannot be entirely ruled out [161].

Implications and future research directions

The conclusions of this review have important ramifications for
policy and public health. The strong and consistent evidence
linking air pollution to cardiovascular diseases underscores the
urgent need for comprehensive plans to reduce air pollution and
protect public health. These strategies should be prioritized:

e Strengthening air quality regulations by implement-
ing and enforcing stricter air quality standards for key
pollutants, particularly PM, ., NO,, and O,, is crucial
[129,134,162].

*  Promoting clean transportation and energy by investing
in sustainable transportation infrastructure, promoting
the adoption of electric vehicles, and transitioning to re-

2.57

newable energy sources are essential for reducing emis-
sions from key sources [163,164].

*  Raising public awareness by educating the public about
the health risks of air pollution and empowering indi-
viduals to take steps to minimize their exposure is vital
[165,166].

*  Implementing targeted interventions to protect vulnera-
ble populations, such as children, the elderly, and individ-
uals with pre-existing cardiovascular conditions, is neces-
sary to reduce health disparities [167].

Despite significant advancements in understanding the link be-
tween air pollution and cardiovascular diseases (CVDs), several
research gaps remain. Addressing these gaps is crucial for devel-
oping more effective mitigation strategies and interventions. Key
areas for future research include:

Investigating the specific effects of less commonly studied
pollutants

e TFurther research is needed to investigate the specific
cardiovascular effects of ultrafine particles (UFPs <0.1
pm), specific gaseous pollutants, and pollutant mixtures
[64,168].

*  Longitudinal cohort studies assessing the chronic effects
of UFP exposure on cardiovascular health [64,168].

*  Mechanistic studies to determine how UFPs interact with
cellular pathways leading to oxidative stress and systemic
inflammation [64,168].

*  Exploring the synergistic effects of pollutant mixtures,
particularly how UFPs interact with gaseous pollutants
such as NO:2 and SO, to exacerbate endothelial dys-
function, vascular inflammation, and oxidative stress, ul-
timately increasing cardiovascular disease risk [64,168].

Improving exposure assessment methods

*  Developing more accurate and personalized exposure
assessment methods is crucial for reducing exposure mis-
classification and improving the precision of epidemio-
logical studies [169-171].

*  Advancing real-time personal exposure monitoring
through wearable sensors, mobile applications, and geo-
spatial modeling to capture better individual variations in
air pollution exposure [169-171].

*  Integrating multi-pollutant exposure models that account
for complex interactions between particulate matter (e.g,
PM:.5, UFPs) and gaseous pollutants (e.g., NOz, Os, SO2)
to improve risk estimation and intervention strategies
[170,171].

*  The role of personal exposure monitoring (e.g:., wearable
sensors, real-time air quality alerts) in reducing individual
cardiovascular risk [170,171].

* Investigating the effectiveness of personalized lifestyle in-
terventions, such as targeted exercise plans and dietary
modifications, to counteract pollution-induced effects
[170,171].

*  Enhancing the use of biomarkers and omics-based ap-
proaches (e.g., metabolomics, epigenomics) to link short-
and long-term exposure to pollution and its effects on
cardiovascular health [170,171].

Conducting studies  with

measurements

longitudinal repeated

*  Longitudinal studies with repeated measurements of
both air pollution exposure and cardiovascular health
outcomes can provide stronger evidence for causal rela-
tionships [172].

*  Studying how diabetes and hypertension modify the car-
diovascular effects of air pollution, particularly in urban
populations with high exposure [172,173].

. Integrating multi-omics approaches (e.g., metabolomics,
epigenomics, transcriptomics) to capture dynamic biolog-
ical changes associated with long-term air pollution ex-
posure and identify potential biomarkers of susceptibility
[174,175].

*  Examining the synergistic effects of air pollution and life-
style-related risk factors such as physical inactivity, poor
diet, and chronic stress in exacerbating cardiovascular
disease progression [56,176].

Investigating gene-environment interactions

*  Research exploring the interaction between genetic sus-
ceptibility and air pollution exposure can help identify
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individuals at particularly high risk [23,177].

*  Specific genetic polymorphisms, such as GSTPI, NQOI,
and CYPIAI, have been linked to differential suscepti-
bility to air pollution-induced cardiovascular effects. In-
vestigating how these polymorphisms influence oxidative
stress and inflammatory responses can provide insights
into individual variability in disease risk [178,179,180].

*  Epigenetic modifications, particularly DNA methylation
changes, have been observed in response to air pollution
exposure. These alterations may affect the regulation of
genes involved in inflammation, oxidative stress, and vas-
cular function, contributing to long-term cardiovascular
risk [181].

*  Studies integrating genetic susceptibility models to iden-
tify high-risk populations who may benefit from specific
preventive strategies [181].

*  Exploring how genetic predisposition affects the effec-
tiveness of personalized exposure reduction strategies, in-
cluding targeted air filtration, dietary modifications, and
pharmacological interventions [181].

Evaluating the effectiveness of interventions

*  Rigorous evaluation of the effectiveness of various air
pollution mitigation and intervention strategies is crucial
for informing policy decisions [182].

*  Real-world implementation trials are needed to com-
pare the efficacy of pharmacological interventions (e.g,
statins, ACE inhibitors, beta-blockers) with lifestyle-based
interventions, such as modifying physical activity patterns
(e.g., encouraging indoor exercise on high-pollution days)
or dictary adjustments to counteract pollution-induced
cardiovascular effects [182].

*  Technology-based interventions, like HEPA filters, porta-
ble air purifiers, and advanced filtration masks, should be
systematically evaluated in clinical and community-based
studies to assess their real-world effectiveness in reducing
pollutant exposure and mitigating cardiovascular risks
[116,126,128,183].

e Clinical trials evaluate whether statins, antioxidants (e.g.,
vitamin C, vitamin E), or anti-inflammatory drugs can re-
duce cardiovascular damage from air pollution [27,184].

*  Examining how ACE inhibitors and beta-blockers can
help mitigate pollution-induced hypertension and auto-
nomic dysregulation [27,184].

e Assessing the comparative effectiveness of personalized
vs. population-wide exposure reduction strategies, partic-
ularly in individuals with genetic susceptibility to air pol-
lution-related cardiovascular disease [185].

Research in understudied populations

*  More research is needed in developing countries and
other understudied populations to better understand the
global impact of air pollution on cardiovascular health
[186].

*  Studies should focus on region-specific pollution sources,
such as biomass burning, industrial emissions, and traf-
fic-related pollution, which may differ significantly from
pollution profiles in high-income countries. Understand-
ing these variations is crucial for developing context-spe-
cific mitigation strategies [186].
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*  Investigating transgenerational effects, particularly how
maternal exposure to high levels of air pollution during
pregnancy influences the cardiovascular health of off-
spring. Epigenetic changes, including DNA methylation
and histone modifications, may play a crucial role in me-
diating these long-term effects [181,187-189].

*  Investigating disparities in air pollution exposure and
associated health risks among vulnerable populations,
such as low-income communities and elderly individuals
[190,191].

Advancing policy and public health strategies

*  Evaluating the real-world effectiveness of air quality regu-
lations in reducing cardiovascular disease burden [68,83].

*  Long-term policy impact assessments are necessary to
determine whether air quality improvements result in
measurable reductions in cardiovascular morbidity and
mortality. This includes evaluating the effectiveness of
emission control policies, clean energy transitions, and
urban planning initiatives [68,83].

*  Exploring technology-driven interventions, such as smart
air quality monitoring systems, Al-based pollution fore-
casting, and high-efficiency filtration systems, to miti-
gate exposure at both individual and community levels
[68,83].

*  Assessing the role of urban planning, green infrastruc-
ture, and clean energy transitions on public health out-
comes [68,83].

*  Investigating the effectiveness of community-based inter-
ventions, such as public awareness campaigns, behavioral
nudges, and citizen engagement in air quality monitor-
ing, to promote sustainable pollution-reducing behaviors

[68,83].

CONCLUSION

This comprehensive analysis of epidemiological and mechanistic
research provides compelling evidence that air pollution signifi-
cantly exacerbates cardiovascular conditions. Exposure to vari-
ous air pollutants—particularly fine particulate matter (PMoe.s)—
is closely associated with an increased risk of cardiovascular
disease (CVD). This relationship is mediated through multiple
complex biological mechanisms, including oxidative stress, en-
dothelial dysfunction, systemic inflammation, and dysregulation
of the autonomic nervous system. Findings from large-scale co-
hort studies, supported by mechanistic investigations, consistently
demonstrate these associations. Notably, research indicates that
for every 10 pg/m? increase in PMa.s concentration, the risk of
IHD increases by approximately 10-20%. Targeted interventions
are necessary since this elevated risk is especially noticeable in
vulnerable groups, such as the elderly and people with underlying
cardiovascular diseases. The substantial contribution of air pollu-
tion to the global burden of CVD surpasses that of several oth-
er well-established risk factors. Addressing this pervasive global
public health challenge requires multifaceted and urgent action.
We recommend the urgent implementation of stricter air quali-
ty regulations, the accelerated transition to clean energy sources,
and enhanced public awareness campaigns to minimize exposure
and lessen the damaging effects of air pollution on cardiovascu-
lar health. Furthermore, advancing longitudinal research on the
long-term effects of ultrafine particles and rigorous evaluation of

© 2025 by the authors. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) license.
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specific intervention strategies is crucial for refining our under-
standing and informing evidence-based policy interventions that
can protect global cardiovascular health.
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