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ABSTRACT: Cardiovascular disease (CVD) remains the leading global cause of mortality, driven by complex interactions between
genetic predisposition and environmental factors, such as ambient air pollution.! Fine particulate matter (), nitrogen oxides (), and
sulfur oxides () are established nontraditional cardiovascular risk factors, triggering both acute events and chronic atherogenesis.®
This systematic review investigates the role of DNA methylation (DNAm)—a primary epigenetic modification—as the molecular
transducer linking air pollution exposure to CVD pathology. A systematic search of biomedical databases (PubMed, EMBASE, Web
of Science) was conducted to synthesize human observational studies focused on exposure, DNAm changes, and cardiovascular
outcomes. The synthesized evidence demonstrates that air pollution induces rapid and systemic epigenetic alterations. Acute
exposure to traffic particles (Black Carbon, ) is associated with global hypomethylation of repetitive elements (e.g., LINE-1) within
days, suggesting a generalized collapse in cellular methylation capacity.* Furthermore, gene-specific alterations, such as the
hypomethylation of (Tissue Factor 3) and , drive prothrombotic states and increase the risk of myocardial infarction.’®
Mechanistically, inhaled pollutants induce oxidative stress, which disrupts the S-adenosylmethionine () / Sadenosylhomocysteine
() ratio, directly inhibiting DNA methyltransferases ().> These alterations modulate key pathways of atherogenesis, including chronic
systemic inflammation (NF- activation) and autonomic nervous system dysfunction (mtDNA D-loop hypomethylation).> While
methodological limitations—primarily heterogeneity in exposure assessment and reliance on peripheral blood cells—persist, the
findings confirm that DNA methylation serves as a dynamic biomarker of individual susceptibility and provides compelling
molecular targets for future intervention strategies aimed at mitigating the cardiovascular burden of environmental toxins.’
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INTRODUCTION: The Epigenetic Bridge to Cardiovascular Pathology

Cardiovascular Disease: A Global Health Challenge and Environmental Drivers

Cardiovascular disease (CVD), encompassing conditions like atherosclerosis, myocardial infarction (MI), stroke, and heart failure,
remains the foremost cause of death worldwide.? While significant progress has been made in managing traditional risk factors
such as hypertension and hypercholesterolemia, primary prevention remains highly challenging due to the intricate interplay
between inherited predispositions and modifiable environmental exposures.!

Ambient air pollution has emerged as a critical, modifiable non-traditional risk factor.> Epidemiological studies have established a
strong link between exposure to urban pollutants and increased CVD risk. This association is particularly robust for fine particulate
matter (), defined as particles with an aerodynamic diameter less than 2.5 micrometers.® These particles, a complex mixture of
chemical species including inorganic ions, metals, and organic compounds, can originate from high-temperature combustion in
vehicles, industries, and power facilities.'® Exposure to elevated concentrations of over short periods (hours to weeks) can trigger
acute cardiovascular events, including arrhythmia, heart attacks, and death, demonstrating a rapid biological impact.? Gaseous
pollutants, such as nitrogen dioxide () and sulfur dioxide (), also contribute to systemic inflammation and oxidative stress, further
exacerbating cardiovascular health issues.® A deeper mechanistic understanding of how these environmental agents translate into
cellular damage is necessary to close the remaining gaps in prevention.'

DNA Methylation: Mechanisms of Gene Regulation and Environmental Responsiveness

Epigenetics refers to heritable alterations in gene expression that occur without changes to the underlying DNA sequence.’ Among
various epigenetic mechanisms—including histone modifications, non-coding RNAs, and chromatin remodeling—DNA
methylation (DNAm) is the most prominent and well-studied.!> DNAm involves the covalent transfer of a methyl group to the fifth
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carbon position of a cytosine base, typically within a Cytosine-phosphate-Guanine () dinucleotide.'® These sites are often clustered
in promoter regions, and their methylation status generally leads to gene silencing. '

DNA methylation is crucial for normal developmental processes, controlling cell and tissue differentiation by defining
transcriptionally active and quiescent genomic domains.'* Crucially, while the DNA sequence is static, DNAm patterns are dynamic
and highly responsive to environmental signals, including dietary components, lifestyle choices, and exposure to environmental
toxins like air pollution.! The area of environmental epigenetics seeks to categorize how external factors influence methylation
changes across the lifespan, noting that small environmentally induced changes can accumulate over time and contribute
significantly to chronic disease etiology.!

The Epigenetic Hypothesis: Linking Pollution, DNAm, and CVD Pathogenesis

The central hypothesis guiding environmental epigenetics research is that external stressors, such as air pollutants, act by
modulating the host epigenome, thereby altering the expression of genes involved in key pathological processes like inflammation,
oxidative stress, and endothelial function.! These pollutants induce oxidative stress and trigger chronic inflammation, which are
key upstream events in atherogenesis, thrombosis, and arrhythmias.

The potential for DNA methylation to serve as a bridge between transient environmental exposure and persistent disease
manifestation is high. Epigenetic epidemiology enables researchers to explore these critical links between modifiable exposures
and the manifestation of disease phenotypes, offering a more comprehensive view of risk that integrates both environment and
genome.! Understanding these mechanistic pathways is pivotal for biomedical science, as it facilitates the development of novel,
sensitive biomarkers for early exposure and individual susceptibility, and opens avenues for targeted therapeutic interventions
aimed at reversing or mitigating pollution-induced damage.’

METHODS: Systematic Review Protocol

Search Strategy and Data Sources

A systematic review methodology was employed to synthesize the current peer-reviewed literature detailing the association between
air pollution exposure, DNA methylation, and cardiovascular outcomes in human populations. A comprehensive search was
conducted across three major biomedical databases: PubMed, EMBASE, and Web of Science.'® The search was limited to articles
published in English and focused on studies investigating human subjects.

The search strategy utilized a combination of Medical Subject Headings (MeSH) terms and Boolean operators to ensure maximum
relevance and breadth. Key search terms included: (Air Pollution* OR OR Nitrogen Dioxide OR OR OR Black Carbon) AND
(DNA Methylation OR Epigenesis, Genetic) AND (Cardiovascular Diseases* OR Ischemic Heart Disease OR Stroke OR
Atherosclerosis OR Heart Rate Variability).

Eligibility Criteria (Inclusion and Exclusion)
Studies were selected based on the Population, Exposure, Outcome, and Study Design (PICO) framework, which defines the scope
of the systematic review.

Inclusion Criteria

Studies were eligible for inclusion if they: (1) involved human populations (e.g., cohort, casecontrol, cross-sectional studies) '8; (2)
assessed exposure to ambient air pollution or specific components thereof (, , or heavy metals often included in PM) !; (3) explicitly
measured DNA cytosine methylation (global, gene-specific, or mitochondrial DNAm) as an outcome or mediator ®; and (4) formally
associated the measured DNAm changes with CVD clinical endpoints (e.g., MI, stroke) or established intermediate cardiovascular
biomarkers (e.g., fibrinogen, VCAM-1, Heart Rate Variability (HRV)).

Exclusion Criteria

Studies were excluded if they: (1) focused solely on non-human subjects (animal models or in vitro studies) or were non-empirical
articles (e.g., editorials, letters) %, (2) investigated only non-DNAm epigenetic modifications (such as microRNA or histone
alterations) '; (3) treated the environmental exposure as an outcome predicted by epigenetic markers (i.e., the inverse association)
19: or (4) focused exclusively on non-cardiovascular diseases, such as pulmonary function or cancer, without reporting concurrent
cardiovascular markers.?
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Table 1 details the standardized eligibility criteria used for screening. Table 1: Eligibility Criteria for Systematic Review

Carbon, heavy metals).!

Criteria Type Inclusion Criteria Exclusion Criteria
Population (P . . Non-human subjects
= (P) Human subjects (observational . . .J .
. (animal, in vitro); nonempirical
studies, cohorts, case-control). . o
reviews/editorials.
Exposure (E) Ambient air pollutants (Black | Non-airborne exposures

(e.g., diet, smoking only).!°

Epigenetic Outcome (O)

Studies measuring DNA cytosine
methylation (DNAm), including
global, gene-specific, or

Studies focused solely on non-
DNAm epigenetic marks (e.g.,
ncRNA only).!?

mitochondrial DNAm.°

CVD clinical endpoints (M,
stroke) or established
cardiovascular risk markers (e.g.,
fibrinogen, HRV, VCAM-1).3

Outcomes restricted solely to non-
CVD disease (e.g., lung function
only).?

Health Outcome (O)

Data Extraction and Synthesis

Data were extracted concerning study design, specific pollutant assessed, exposure window (acute vs. chronic), methylation
methodology, the specific locus investigated ( ID or gene), and the direction and magnitude of the association with CVD markers
or outcomes.>* The synthesis focused on identifying consistently affected genes and mechanistic pathways across different study
designs.

It is important to acknowledge methodological challenges inherent in this field. A significant number of existing epigenome-wide
association studies (EWAS) rely on the [llumina Infinium platform, a microarray technology that analyzes approximately 2% of
the genome.?* While these arrays provide robust and reproducible data, they inherently fail to capture the vast majority of sites
analyzed by newer, high-resolution techniques like Bisulfite Sequencing (BSSeq). Consequently, the observed findings often
represent the tip of the iceberg, potentially biasing the current literature towards highly studied or technically accessible regions.?*
Furthermore, variations in exposure assessment—ranging from reliance on fixed ambient monitors to more sophisticated personal
exposure modeling—and heterogeneity in outcome definitions pose difficulties for direct comparisons and subsequent meta-
analyses.®

RESULTS AND DISCUSSION: Synthesis of Epigenetic Evidence

Pollutant-Specific Effects on Global Repetitive Element Methylation

Air pollution exposure elicits a dynamic and non-uniform response across the epigenome, affecting both highly conserved repetitive
elements and specific gene promoters. Repetitive elements, such as Long Interspersed Nuclear Element-1 () and sequences,
constitute a large portion of the genome and are commonly used as indicators of global methylation status.’

Global Hypomethylation of LINE-1

Acute exposure to traffic-related particles, including Black Carbon and , has been consistently linked to a rapid, systemic decrease
in methylation.* Studies found that methylation decreased significantly following recent exposure, observed within a timeframe
ranging from four hours to seven days.* Specifically, a 7-day moving average of exposure was associated with a standardized
regression coefficient () of for methylation.*

This acute hypomethylation of suggests a swift, systemic failure of cellular methylation capacity upon exposure to traffic pollution.*
Functionally, lower methylation status has been correlated with clinically adverse cardiovascular markers, including elevated
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systolic, diastolic, and mean arterial blood pressures, as well as increased expression of Vascular Cell Adhesion Molecule-1 () in
serum, linking the loss of methylation stability directly to increased cardiovascular risk.’

Differential Response: Alu Hypermethylation and

In contrast to the observed global hypomethylation of , studies investigating exposure to gaseous traffic pollutants, such as nitrogen
dioxide (), have reported an association with hypermethylation.> This differential response—hypomethylation in one repetitive
element and hypermethylation in another—highlights the complexity of the epigenetic cascade. The consequence of status is
particularly significant: subjects with pre-existing hypermethylation demonstrated a drastically amplified increase in the -related
marker fibrinogen upon exposure to (a increase compared to a increase in those with lower methylation).’ This finding establishes
the pre-existing epigenetic state as a powerful determinant of individual susceptibility to pollution-induced cardiovascular stress.

Air Pollution and Gene-Specific Methylation Targets
Beyond generalized changes, air pollution targets specific genes involved in critical cardiovascular pathways, particularly those
related to thrombosis, inflammation, and endothelial function.

Procoagulant and Atherogenic Factors
One crucial link involves the procoagulant cascade. The increase in fibrinogen, a major risk factor for thrombosis and M1, following
air pollution exposure, was explicitly associated with lower methylation and higher expression of Tissue Factor 3 ().° is essential
in initiating the extrinsic coagulation pathway, meaning that pollution-induced hypomethylation of this gene drives a heightened,
pro-thrombotic state.
Epigenome-wide association studies (EWAS) have further pinpointed specific sites frequently altered in relation to air pollution
exposure and CVD outcomes:
® g03636183 (near ): This locus has been repeatedly referenced in studies linking DNAm to coronary heart disease, myocardial
infarction, and smoking and air pollution exposure.® The gene (Coagulation Factor II Thrombin Receptor-Like 3) is involved
in platelet function and coagulation, further solidifying the connection between environmental exposure, epigenetics, and
prothrombotic risk.
® Endothelial Genes (NOS3): Exposure to has also been associated with hypermethylation of (Endothelial Nitric Oxide
Synthase).?® Since produces nitric oxide, a key vasodilator, its epigenetic silencing through hypermethylation likely
contributes to endothelial dysfunction, a prerequisite for atherosclerosis.?

Mitochondrial DNA Methylation and Cardiac Function

A novel and highly relevant area of research focuses on mitochondrial DNA (mtDNA) methylation, given that the mitochondrion
is the primary target of oxidative stress induced by exogenous environments.’ Studies involving exposure to fine, metal-rich (such
as welding fumes) demonstrated that exposure was associated with hypomethylation in the mtDNA Dloop promoter.” This D-loop
region is vital for mitochondrial transcription and replication.

Functionally, this mtDNA D-loop hypomethylation was found to modify the adverse relationships between exposure and Heart
Rate Variability () outcomes.” is a critical marker of autonomic nervous system () health; compromised indicates dysregulation,
which predisposes individuals to arrhythmias and sudden cardiac death. The association between induced mtDNA hypomethylation
and provides a direct mechanistic pathway linking fine particle inhalation to autonomic dysfunction, a key outcome of air pollution
exposure.

The complexity of these gene-specific and repetitive element findings suggests that general exposure overwhelms the cellular
methyl donor supply (leading to global hypomethylation), while simultaneously, specific regions undergo dynamic regulation
(hypo- or hypermethylation) as the cell attempts to activate or silence critical pathological pathways.’

Table 2 summarizes key studies detailing the epigenetic alterations caused by air pollution and their linked cardiovascular outcomes.
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Table 2: Key Studies Linking Air Pollution, DNA Methylation, and Cardiovascular Qutcomes

t Pollutant DNA Key DNA
Study olfutant & . &y m Associated CVD
(Source) Exposure Methylation Change
. Outcome/Marker
Window Target

Baccarelli et Black Carbon, | (Repetitive Hypomethylati Systemic hypomethylati on;

al. (2009) 4 (Acute, 4h—7d) Element) on ( for) correlated with increased
CVD susceptibility.

Bind et al. (Traffic (Repetitive Hypermethylat ion | Exacerbated fibrinogen

(2013) g Pollution) Element) (Effect Modiﬁer) increase (prothrombotic State)
in subjects with high baseline
methylation.’

Bind et al. | Air  Pollution Tissue Factor 3 Hypomethylati on Higher expression of , driving

(2013) 3 (General) 0 pro- thrombotic risk and
hypercoagulab ility.

Wang et al.| (Metal-rich) mtDNA  D-Loop | Hypomethylati Modification of adverse Heart

(2016) 7 Promoter on () Rate Variability () outcomes,
linking PM to autonomic
dysfunction.

Baccarelli et al. | Air Pollution, cg03636183 Alteration reported | Coronary heart disease and

(2010) ¢ Smoking (near) myocardial infarction risk.

Hou et al.| Ambient Particles Decreased Higher blood pressure and

(2016) ® methylation VCAM-1 expression.

Mechanistic Pathways: From Exposure to Disease
The connection between air pollution and DNA methylation is mediated primarily through the induction of oxidative stress and the
subsequent disruption of cellular metabolic pathways that govern methyl donor availability.

Oxidative Stress and the Disruption of Methylation Homeostasis

The inhalation of air pollutants, particularly containing carbon and transition metals, immediately generates massive quantities of
Reactive Oxygen Species () both locally in the lungs and systemically.! This oxidative stress is the central toxic mechanism.

In the context of epigenetics, oxidative stress fundamentally disrupts the methionine cycle, the crucial metabolic pathway
responsible for generating methyl donors.”® DNA Methyltransferases (), the enzymes that catalyze DNA methylation, rely on
Sadenosylmethionine () as the universal methyl donor.> After donating the methyl group, is converted into S-adenosylhomocysteine
(). is a potent feedback inhibitor of , binding to the enzyme with higher affinity than itself.’

Environmental oxidative stress can lead to the accumulation of , resulting in a decrease in the ratio, which directly correlates with
a significantly reduced cellular methylation capacity.’ This mechanism provides a clear molecular explanation for the observed
global hypomethylation of repetitive elements like following acute pollutant exposure.* The methylation status or the ratio in
peripheral blood are thus direct indicators of methylation perturbations and potential predictors of future CVD risk.’

Inflammation and Atherogenesis: Epigenetic Control of Key Pathways

Air pollution-induced oxidative stress quickly translates into chronic systemic inflammation, a primary driver of atherogenesis. !
Inflammatory gene activation is triggered largely through the activation of the Nuclear Factor-kappa B () signaling pathway.>

The epigenetic machinery amplifies this inflammatory response. -dependent transcriptional activation is closely regulated by
localized epigenetic marks, including histone modifications and DNA methylation near promoter regions.> Pollutant exposure and
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resultant oxidative stress promote the expression of inflammatory cytokines (like Tumor Necrosis Factor alpha, ) and essential
adhesion molecules (Intercellular Adhesion Molecule 1, and ) on the endothelial surface.! This process facilitates the transmigration
of leukocytes and the accumulation of monocytes, eventually forming atherosclerotic plaques.’

Furthermore, the epigenetic status can determine the severity of the inflammatory reaction. For example, the hypomethylation and
consequent overexpression of initiates a procoagulant state, elevating prothrombotic factors such as fibrinogen and significantly
increasing the risk of acute thrombotic events like MI and stroke.’

Step 1 Step 2 Step 3
Exposure & Oxidative Stress rMethylation Crisis |
Systemic Delivery & Endothelial B

@ .: \é Rysfunctg

NOx || SOx | Meawy pe s Q

SAM/SAH
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Susceptibility:
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Figure 1. Mechanistic Cascade Linking Air Pollution, DNA Methylation, and Cardiovascular Disease.

This six-step model illustrates how environmental contaminants induce epigenetic changes that drive cardiovascular pathology.

1. Exposure & Systemic Delivery (Step 1): Inhalation of ambient air pollutants, including particulate matter (), nitrogen oxides
(), sulfur oxides (), and heavy metals, allows these components to translocate from the lungs into the systemic circulation.

2. Oxidative Stress & Endothelial Dysfunction (Step 2): Pollutants generate massive quantities of Reactive Oxygen Species ()
and induce systemic oxidative stress, leading to the activation of the Nuclear Factor-kappa B () inflammatory signaling
pathway in endothelial and immune cells.

3. Methylation Crisis (Step 3): Oxidative stress directly disrupts the methionine cycle, causing an accumulation of S-
adenosylhomocysteine () relative to S-adenosylmethionine (). This drop in the ratio inhibits DNA methyltransferases (),
leading to a critical failure of global methylation capacity. >

4. Epigenetic Alterations: The methylation crisis results in broad changes, including global hypomethylation of repetitive
elements () and mitochondrial DNA ( ), alongside targeted gene-specific alterations, such as the hypomethylation of
procoagulant gene Tissue Factor 3 () and hypermethylation of the vasodilator gene NOS3 (Endothelial Nitric Oxide
Synthase).
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5. Pathological Phenotypes: These epigenetic shifts drive chronic systemic inflammation, a pro-thrombotic state (via
overexpression), and autonomic dysfunction characterized by altered Heart Rate Variability () via mtDNA changes.

6. Clinical Outcomes: The cumulative effects lead to the progression of Atherosclerosis, Arrhythmias, Myocardial Infarction
(M), and Stroke. The process is further modified by Genetic Susceptibility, where polymorphisms in genes like increase the
individual's vulnerability to pollution effects.’ The ongoing inflammatory response provides a feedback loop that exacerbates
the entire cascade.

LIMITATIONS, CONTROVERSIES, AND GAPS
While compelling evidence exists for the role of DNA methylation in air pollution-induced CVD, several methodological
limitations, controversies, and critical knowledge gaps necessitate cautious interpretation and dictate future research direction.

Methodological Constraints and Study Heterogeneity

Exposure Assessment Imprecision

A dominant limitation in many epidemiological studies is the reliance on ambient air pollution measurements obtained from fixed
monitoring stations.® This approach provides a measure of community or regional exposure but often fails to accurately capture the
highly variable, individual-level exposures to specific, localized pollutants, such as ultrafine particles () or specific gaseous
components.® Inaccurate reflection of individual exposure introduces measurement error and contributes significantly to
heterogeneity across studies.® Future studies must prioritize advanced techniques like personal monitoring or sophisticated
spatiotemporal exposure modeling to improve accuracy.

Residual Confounding and Bias

Establishing definitive causality in observational studies remains challenging. Many confounding variables, including
socioeconomic status, lifestyle factors (diet, smoking, physical activity), and pre-existing medical conditions (co-morbidities),
affect both exposure risk and CVD outcomes.® Although studies attempt to adjust for these factors, residual confounding can never
be entirely eliminated, potentially influencing observed associations.® Furthermore, publication bias may exist, favoring the
reporting of statistically significant positive results over null findings, which could skew the overall understanding of pollutant
effects.’

Technical Resolution and Tissue Specificity

The technical constraints of current high-throughput methods restrict the scope of discovery. As noted, the predominant use of DNA
methylation microarrays analyzes only a small fraction of the total genomic sites.?* This methodological limitation means that
numerous relevant pollution-responsive sites across the genome remain undiscovered. Additionally, most human epigenetic
research relies on circulating peripheral blood leukocytes as a surrogate tissue.! While convenient for biomarker assessment, these
findings must be validated against changes occurring in true target tissues, such as the myocardium or vascular endothelium, to
fully understand the pathological relevance of the detected epigenetic marks. !¢

Challenges in Translational Science

Multi-Pollutant Interactions

Individuals in urban environments are rarely exposed to a single pollutant; they encounter a complex, time-varying mixture of
and.” Current research often struggles to isolate the effect of individual components or to determine the synergistic interactions
between multiple pollutants that may exacerbate oxidative stress and inflammation.® A lack of multi-pollutant exposure assessments
represents a significant knowledge gap.?

Controversies in Mechanism

A philosophical controversy surrounds the interpretation of changes in global repetitive elements like . While hypomethylation of
these regions correlates with poor health outcomes, it is debated whether this change is a specific driver of disease (e.g., activating
normally suppressed transposable elements) or simply a non-specific reflection of systemic cellular stress and a breakdown in
generalized physiological defense mechanisms.* Differentiating between pathological cause and systemic response is crucial for
developing truly effective targeted therapies.
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CONCLUSION AND FUTURE RESEARCH DIRECTIONS

Summary of Findings

This systematic review confirms that DNA methylation functions as a critical, dynamic molecular transducer linking exposure to
ambient air pollution—specifically and —to key events in cardiovascular pathology. The evidence strongly supports a model
where inhaled pollutants induce systemic oxidative stress, fundamentally disrupting the methylation cycle by lowering the ratio
and causing inhibition.’

The epigenetic response is rapid, encompassing both generalized hypomethylation (LINE-1, mtDNA D-loop) and targeted, gene-
specific alterations ().* These molecular changes drive the primary pathological sequelae of air pollution exposure: chronic systemic
inflammation (mediated by pathway activation), a prothrombotic state (via hypomethylation), and autonomic nervous system
dysregulation (via mtDNA D-loop hypomethylation), all of which contribute to the progression of atherosclerosis and the
precipitation of acute cardiovascular events.® Furthermore, the observation that genetic polymorphisms (e.g., ) strongly modify the
epigenetic response to highlights the fundamental importance of gene-environment interactions in determining individual
susceptibility.’

Future Research Directions

To translate these mechanistic findings into clinical and public health benefits, several key research directions are necessary:
Advanced Epigenomic and Exposure Assessment

Future investigations must pivot away from limiting microarrays and move toward utilizing highresolution, genome-wide
sequencing technologies, such such as whole-genome Bisulfite Sequencing (), to comprehensively map the entire spectrum of air
pollution-responsive sites.?* Concurrently, studies require rigorous, individualized exposure modeling and must transition from
single-pollutant analyses to sophisticated multi-pollutant assessments that account for synergistic effects in real-world
environments.®

Validation of Biomarkers and Susceptibility Markers

The methylation status of repetitive elements (e.g., ) and the cellular ratio, both measurable in peripheral blood, have emerged as
promising non-invasive indicators of generalized methylation perturbation.’ These markers should be rigorously validated in large,
prospective longitudinal studies to determine their predictive capability for future risk, especially when combined with genetic
susceptibility markers like genotypes.® Research must also focus on quantifying how much pollution exposure accelerates
epigenetic age and whether this metric serves as a superior, integrative biomarker of overall cardiovascular sensitivity.3°

Development of Targeted Therapies

The dynamic nature of DNA methylation suggests potential for targeted interventions. Nutritional supplementation, specifically
with B vitamins (folate, B12), which are essential cofactors in the methionine cycle, offers a promising, personalized strategy to
restore methylation capacity and mitigate adverse epigenetic effects, especially in genetically vulnerable populations.3! Ultimately,
a greater understanding of the precise molecular regulators (e.g., and demethylases) may pave the way for novel epigenetic
therapeutics aimed at reversing pollution-induced damage, leading to personalized medicine approaches for CVD prevention and
treatment.33
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