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ABSTRACT

Globally, air pollution contributes to more than seven million premature 
deaths each year and is responsible for over 3% of all disability-adjusted life 
years lost. The adverse health impacts of air pollution, especially Particulate 
Matter (PM) are extensive, playing a major role in the onset and progression 
of coronary artery disease, various respiratory conditions, and multiple 
pulmonary disorders. Despite extensive evidence documenting the health 
impacts of PM, the underlying biological mechanisms remain only partially 
elucidated. Recent advances in epigenetics, particularly studies focusing 
on DNA methylation, offer a promising avenue for understanding how PM 
exposure translates into adverse health effects. An expanding body of research 
demonstrates strong associations between PM exposure and genome-wide 
alterations in DNA methylation, suggesting that these modifications play a 
pivotal role in mediating the biological and health effects of PM exposure. 
This comprehensive review explores the intricate relationship between 
DNA methylation and PM exposure. Representative epidemiological and 
experimental studies emphasize the connections between PM-induced 
methylation alterations and the indirect impact of DNA methylation on 
health. By providing valuable insights into gene-specific alterations, the 
review contributes to a deeper understanding of the potential implications of 
PM exposure on DNA methylation and its broader health consequences.
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Review

Global atmospheric pollution represents a 
significant public health challenge, with the 
World Health Organization (WHO) indicating 
that 92% of the global population lives in areas 
where air quality exceeds acceptable standards. 
This issue is particularly pronounced in low- 
and middle-income countries, which face the 
highest levels of exposure to harmful pollutants 
[1, 2]. The consequences are profound, as 
annual global mortality due to ambient air 
pollution surpasses 3 million, exceeding the 
combined toll of Acquired Immunodeficiency 
Syndrome (AIDS), tuberculosis, and malaria 
[3]. While the immediate health impacts of air 
pollution are well-documented, the intricate 
molecular mechanisms underlying these effects, 
particularly in relation to DNA methylation in 
the lungs and other organs, remain incompletely 
understood [4].
Emerging evidence suggests that air pollution, 
especially exposure to Particulate Matter (PM) 
with a diameter of 2.5 μm or less (PM2.5), 
is intricately linked to alterations in DNA 
methylation, a key epigenetic modification that 
regulates gene expression. Exposure to PM2.5 has 
been linked to global DNA hypomethylation, 
marked by a decrease in overall methylation 
levels, which may compromise chromosomal 
stability and trigger oncogene activation, 
ultimately facilitating carcinogenesis [1, 2]. 
Studies have demonstrated that both acute 
and chronic exposure to PM2.5 can induce 
hypomethylation in tissues such as the lungs and 
heart, emphasizing its systemic effects.
Conversely, PM2.5 exposure can also cause 
hypermethylation in specific gene promoters, 
resulting in gene silencing. This phenomenon 
is particularly critical for tumor suppressor 
genes, where hypermethylation inhibits 
their protective functions and promotes 
tumorigenesis. Furthermore, hypermethylation 

in promoter regions of genes associated 
with synaptic function may impair neuronal 
responses, potentially contributing to cognitive 
impairments and neurodevelopmental disorders 
[3]. These dual effects of PM2.5 on DNA 
methylation, both global hypomethylation and 
gene-specific hypermethylation, highlight its 
multifaceted role in disease pathogenesis.
This review synthesizes existing evidence on 
PM-induced alterations in DNA methylation, 
highlighting both gene-specific and broader 
systemic epigenetic modifications and their 
relevance to human health. Gaining insight 
into these pathways is essential for formulating 
targeted interventions aimed at reducing the 
adverse health effects associated with air 
pollution.

Overview of the epigenetic mechanism
Epigenetics plays a vital role in regulating gene 
expression by inducing heritable changes that 
occur without altering the underlying nucleotide 
sequence. Key epigenetic mechanisms include 
DNA methylation, histone modifications, and 
microRNA-mediated regulation, as illustrated 
in Fig. 1.
Histones are essential globular proteins that 
play a critical role in the organization and 
regulation of DNA within eukaryotic cells. 
They form the core of nucleosomes, which are 
the fundamental structural units of chromatin, 
consisting of approximately 146 base pairs of 
DNAs wrapped around an octamer of histone 
proteins, specifically two copies each of H2A, 
H2B, H3, and H4 [5]. The N-terminal tails of 
these histones protrude from the nucleosome 
core and are subject to various post-translational 
modifications that significantly influence 
chromatin structure and gene expression. Among 
these, histone acetylation represents one of the 
most extensively characterized modifications. 
This process involves the enzymatic transfer 
of an acetyl group from acetyl-CoA to the 
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ε-amino group of lysine residues located on 
histone tails. This reaction is catalyzed by 
Histone Acetyltransferases (HATs), which use 
acetyl-CoA as a cofactor to donate the acetyl 
group to target lysine [6, 7]. Conversely, 
Histone Deacetylases (HDACs) reverse 
this process by removing the acetyl groups. 
Acetylation neutralizes the positive charge 
of lysine residues, weakening the interaction 
between histones and the negatively charged 
DNA backbone. This reduction in electrostatic 
attraction promotes the formation of a more open 
chromatin configuration, termed euchromatin, 
which facilitates the binding of transcriptional 
machinery, which is generally associated with 
active gene expression.
In contrast, deacetylation by HDACs 
strengthens the interaction between histones 
and DNA, leading to a condensed chromatin 
state called heterochromatin, which is typically 
transcriptionally inactive [6, 7].
MicroRNAs (miRNAs) are essential components 
of epigenetic regulation, functioning as post-
transcriptional modulators of gene expression and 
influencing a wide range of cellular processes, 
including differentiation and development. A 
reciprocal interaction exists between miRNAs 
and epigenetic mechanisms, forming a key 
regulatory layer that fine-tunes gene expression 
programs. Epigenetic processes such as DNA 
methylation and histone modifications can 
directly modulate the transcription of miRNA 
genes. For example, methylation of CpG islands 
within miRNA promoter regions can suppress 
their transcription, while specific histone 
modifications can alter chromatin structure 
and accessibility, thereby influencing miRNA 
expression. Conversely, miRNAs can regulate 
components of epigenetic machinery by targeting 
transcripts encoding critical enzymes, including 
DNA methyltransferases (DNMTs) and Histone 
Deacetylases (HDACs). Through this miRNA-
mediated regulation of epigenetic modifiers, 

broader shifts in DNA methylation patterns 
and histone modification profiles can occur, 
ultimately reshaping the epigenetic landscape [8]. 
The interplay between miRNAs and epigenetics 
forms a reciprocal regulatory network, where 
epigenetic alterations can dysregulate miRNA 
expression, which in turn can modulate the 
epigenetic machinery, creating feedback loops. 
These miRNA-epigenetic feedback loops are 
crucial for maintaining normal cellular function, 
and their disruption has been implicated in 
the development and progression of various 
diseases, including cancer [9]. The reciprocal 
relationship between miRNAs and epigenetics 
is an important mechanism for the fine-tuning 
of gene expression programs during cellular 
processes like differentiation and development, 
as well as in the context of disease pathogenesis. 
DNA methylation is one of the most widely 
studied epigenetic mechanisms and is stably 
inherited during somatic cell division. It 
involves the addition of a methyl group (CH₃) 
to the C-5 position of cytosine, generating 
5-methylcytosine (5mC), as illustrated in 
Fig. 2. This modification occurs primarily at 
CpG dinucleotides and plays a central role in 
regulating gene activity [10]. In plants, cytosine 
methylation can take place in both symmetrical 
contexts (CG and CHG) and asymmetrical 
contexts (CHH, where H represents A, T, or 
C). In mammals, methylation can occur at 
cytosines across different genomic regions; 
however, the majority of 5mC is concentrated 
within CpG sites, representing approximately 
2–5% of all cytosines in the genome [11, 12]. 
Notably, more than 98% of DNA methylation in 
somatic cells is confined to CpG dinucleotides, 
where it is essential for maintaining genomic 
integrity and controlling gene expression. In 
contrast, embryonic stem cells (ESCs) exhibit 
a distinctive pattern of DNA methylation. Up 
to 25% of all methylation in these cells occurs in 
a non-CpG context, primarily at CpA sites [11, 
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Fig. 1.  Epigenetic mechanism and role of DNA Methylation, Histone Modifications, and MicroRNA control 
[6, 7].

 

12]. This non-CpG methylation is facilitated by 
the same DNMT enzymes but serves different 
regulatory roles, potentially influencing 
pluripotency and differentiation processes. 
 Hypermethylation of DNA is typically linked 
with transcriptional repression, whereas 
hypomethylation may result in aberrant gene 
activation or increased genomic instability. 
DNA methyltransferases are the key enzymes 
that catalyze the addition of methyl groups 
to DNA, while members of the Ten–Eleven 
Translocation (TET) enzyme family drive 
the demethylation process by oxidizing 
5-methylcytosine (5mC). This oxidation 
produces 5-hydroxymethylcytosine (5hmC), 
an intermediate commonly associated with 
transcriptionally active regions. Continued 
TET-mediated oxidation can convert 5hmC 

into 5-formylcytosine (5fC), further advancing 
the demethylation pathway. Cytosine, in its 
unmodified state, is the foundational base from 
which these epigenetic modifications arise. Such 
chemical alterations influence gene regulatory 
patterns without altering the nucleotide sequence, 
thereby contributing to essential biological 
processes including embryonic development, 
cellular differentiation, and the pathogenesis of 
various diseases [13]. Normally, during early 
development, global DNA methylation levels 
decline in the zygote and are subsequently 
restored during implantation in the embryo. 
This reprogramming is vital for processes 
such as genomic imprinting, X-chromosome 
inactivation, and the silencing of repetitive 
genetic elements to prevent their expression and 
mobilization [14, 15]. 
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Fig. 2.  DNA methylation and de-methylation process: Transfer of a methyl group to the C-5 position of 
cytosine by DNA methyl transferases (DNMTs) [14, 15]

 

Particulate matter affects DNA methylation

Particulate Matter (PM) is widely recognized 
as a critical environmental pollutant that poses 
substantial risks to human health, impacting 
multiple physiological systems. Emerging 
evidence suggests that one of the key biological 
mechanisms underlying PM-related toxicity 
involves alterations in DNA methylation. Fine 
and ultrafine particles (PM2.5 and less) major 
components of ambient air pollution have been 
shown to induce measurable changes in DNA 
methylation profiles [16]. PM encompasses 
a broad spectrum of particle sizes, ranging 
from the nanometer to micrometer scale, and 
is commonly classified into three categories. 

Coarse particles (PM₁₀), the largest fraction, are 
largely generated through mechanical processes 
such as the fragmentation of soil, dust from 
agricultural lands and unpaved surfaces, and 
emissions from mining activities. Biological 
materials including pollen, fungal spores, and 
plant–insect fragments also contribute to this 
size range. Due to their size, PM₁₀ primarily 
affects the upper respiratory tract, causing 
irritation in the nasal passages, throat, and eyes 
[17]. Fine particles are smaller and capable of 
infiltrating deep into the lung alveoli, where 
they may induce tissue injury. These particles 
are predominantly formed through combustion 
processes, including vehicle exhaust, biomass 
burning, and emissions from power plants. 
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Fig. 3. Particulate matter involved in epigenetic mechanisms possess detrimental health impacts [23]

Ultrafine particles (<0.1 µm), the smallest 
subset, typically arise from nucleation events. 
Their extremely small size allows them to cross 
into the bloodstream and exert systemic effects, 
including disruptions in oxygen transport. 
However, these ultrafine particles remain 
airborne only briefly due to rapid deposition or 
aggregation into larger fine particles [18].
Exposure to PM is known to elicit a range of 
harmful biological responses in the respiratory 
tract and other tissues, largely through the 
induction of inflammatory and oxidative 
pathways. PM stimulates the generation of 
Reactive Oxygen Species (ROS), disrupting 
cellular redox balance and promoting oxidative 
stress. This oxidative burden activates multiple 
inflammatory cell types, leading to the release 
of pro-inflammatory cytokines [19, 20] thereby 
establishing a cycle of persistent inflammation 
and tissue damage. Additionally, PM enhances 
airway inflammatory responses by modulating 
several key intracellular signaling pathways. 
These include the Nrf2–Keap1–ARE pathway, 
which governs antioxidant and cytoprotective 
gene expression; the MAPK pathway, which 

coordinates cellular responses to environmental 
and oxidative stress; and the PI3K/Akt 
pathway, a central regulator of cell survival and 
inflammatory signaling  [21]. These molecular 
mechanisms collectively play a crucial role in 
PM-induced various diseases, including cancer, 
hypertension, heart failure and atherosclerosis 
as shown in Fig. 3.
In addition to these pathological outcomes, 
emerging evidence suggests that alterations 
in DNA methylation induced by air pollution 
may have transgenerational effects, potentially 
impacting the health of future generations. The 
precise mechanisms through which particulate 
matter affects DNA methylation are not fully 
understood; however, oxidative stress, chronic 
inflammation, and direct interactions of PM 
components with DNA are believed to play 
significant roles. These epigenetic modifications 
may lead to long-term health consequences, 
highlighting the importance of understanding 
how environmental pollutants like PM influence 
the epigenome [22]. Fig. 3 shows the particulate 
matter involved in epigenetic mechanisms 
possess detrimental health impacts [23].
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Table 1 illustrates the effects of PM on genes 
associated with hyper- and hypomethylation. For 
instance, exposure to fine Concentrated Ambient 
Particles (CAP) has been linked to reduced Alu 
methylation, while exposure to coarse concentrated 
particles is associated with decreased TLR4 

methylation, which plays a key role in asthma 
etiology [24]. Variations in the methylation of these 
genes are connected to various diseases, highlighting 
the critical need to address air pollution for the well-
being of both general and vulnerable populations, 
including children and the elderly. 

Table 1.  Describing associations between pollutants and DNA methylation

Study design Exposure 
level/Duration 

Epigenetic mark and effect References 

Cross-sectional PM2.5 

(26-40 μg/m3) 
(2006–2011) 

Significant correlation observed among 
PM2.5 exposure and increased methylation of 

AHRR genes 

[25] 

Cross-sectional PM2.5 
(22-100 μg/m3) 

(2006–2011) 

Elevated SOX2 promoter methylation levels 
were significantly linked to exposure to 

PM2.5 

[26] 

Panel study PM2.5 

(78.38±30.4 μg/m3) 
(1 month) 

PM2.5 constituents were significantly 
associated with DNAm changes in eight 
ICRs and CYP1B1, with imprinted genes 
being more sensitive than non-imprinted 

ones. 

[27] 

Panel study PAHs 
(1 to 19.66 pg/g) 

(4 months) 

Methylation was significantly lowered but 
negatively correlated with urinary 1-hydroxy 

pyrene 

[28] 

Cohort study PM2.5 and PM10 

(40.2 ± 17.2 and 57.6 
± 21 μg/m3) 
(1 month) 

Detection of 58 CpG sites in various genes 
with methylation level disparities exceeding 

10% 

[29] 

Cohort study PM2.5 and PM10 

(13.8 and 30.2 μg/m3) 
(7-days mean) 

 

Short-term PM exposure was linked to 
reduced iNOS methylation; specifically, each 

5 µg/m³ increase in PM₂.₅ concentration 
corresponded to a 0.30% decrease in iNOS 

methylation 

[30] 

Cross-sectional 
study 

PM2.5 

(26.7 μg/m3) 
(Annual mean) 

Changes in methylation observed in clock 
genes (CRY1, CRY2, NPAS2) associated 

with the occurrence of ischemic stroke 

[31] 

Sub-cohort study PM2.5 

(9.3 μg/m3) 
(Annual mean) 

A 5 μg/m³ rise in ambient PM₂.₅ levels was 
associated with a 7.33% reduction in TNF-α 

methylation at the cg21370522 site 

[32] 

Cohort study 
 

PM2.5 

Weekly Mean 
(12.97 μg/m3) 

(1 year) 

The disease risk is associated with modified 
DNA methylation in the IGF2/H19 gene in 

cord blood. 
 

[33] 

Cohort study PM2.5 

(1 year) 
CpG methylation and DMRs) observed in 
circulating monocytes, associated with the 

pathogenesis of atherosclerosis 

[34] 

Cohort study PM2.5 

(1 year) 
Exposure is responsible for DNA 

methylation at DMRs and CpG sites 
associated with immune response and 

inflammation 

[35] 



R. Sharma, et al. Epigenetic alteration in response to ...

http://japh.tums.ac.ir

138

Study design Exposure 
level/Duration 

Epigenetic mark and effect References 

Cross-sectional PM2.5 

(26-40 μg/m3) 
(2006–2011) 

Significant correlation observed among 
PM2.5 exposure and increased methylation of 

AHRR genes 

[25] 

Cross-sectional PM2.5 
(22-100 μg/m3) 

(2006–2011) 

Elevated SOX2 promoter methylation levels 
were significantly linked to exposure to 

PM2.5 

[26] 

Panel study PM2.5 

(78.38±30.4 μg/m3) 
(1 month) 

PM2.5 constituents were significantly 
associated with DNAm changes in eight 
ICRs and CYP1B1, with imprinted genes 
being more sensitive than non-imprinted 

ones. 

[27] 

Panel study PAHs 
(1 to 19.66 pg/g) 

(4 months) 

Methylation was significantly lowered but 
negatively correlated with urinary 1-hydroxy 

pyrene 

[28] 

Cohort study PM2.5 and PM10 

(40.2 ± 17.2 and 57.6 
± 21 μg/m3) 
(1 month) 

Detection of 58 CpG sites in various genes 
with methylation level disparities exceeding 

10% 

[29] 

Cohort study PM2.5 and PM10 

(13.8 and 30.2 μg/m3) 
(7-days mean) 

 

Short-term PM exposure was linked to 
reduced iNOS methylation; specifically, each 

5 µg/m³ increase in PM₂.₅ concentration 
corresponded to a 0.30% decrease in iNOS 

methylation 

[30] 

Cross-sectional 
study 

PM2.5 

(26.7 μg/m3) 
(Annual mean) 

Changes in methylation observed in clock 
genes (CRY1, CRY2, NPAS2) associated 

with the occurrence of ischemic stroke 

[31] 

Sub-cohort study PM2.5 

(9.3 μg/m3) 
(Annual mean) 

A 5 μg/m³ rise in ambient PM₂.₅ levels was 
associated with a 7.33% reduction in TNF-α 

methylation at the cg21370522 site 

[32] 

Cohort study 
 

PM2.5 

Weekly Mean 
(12.97 μg/m3) 

(1 year) 

The disease risk is associated with modified 
DNA methylation in the IGF2/H19 gene in 

cord blood. 
 

[33] 

Cohort study PM2.5 

(1 year) 
CpG methylation and DMRs) observed in 
circulating monocytes, associated with the 

pathogenesis of atherosclerosis 

[34] 

Cohort study PM2.5 

(1 year) 
Exposure is responsible for DNA 

methylation at DMRs and CpG sites 
associated with immune response and 

inflammation 

[35] 

Study design Exposure 
level/Duration 

Epigenetic mark and effect References 

Cross-sectional PM2.5 

(26-40 μg/m3) 
(2006–2011) 

Significant correlation observed among 
PM2.5 exposure and increased methylation of 

AHRR genes 

[25] 

Cross-sectional PM2.5 
(22-100 μg/m3) 

(2006–2011) 

Elevated SOX2 promoter methylation levels 
were significantly linked to exposure to 

PM2.5 

[26] 

Panel study PM2.5 

(78.38±30.4 μg/m3) 
(1 month) 

PM2.5 constituents were significantly 
associated with DNAm changes in eight 
ICRs and CYP1B1, with imprinted genes 
being more sensitive than non-imprinted 

ones. 

[27] 

Panel study PAHs 
(1 to 19.66 pg/g) 

(4 months) 

Methylation was significantly lowered but 
negatively correlated with urinary 1-hydroxy 

pyrene 

[28] 

Cohort study PM2.5 and PM10 

(40.2 ± 17.2 and 57.6 
± 21 μg/m3) 
(1 month) 

Detection of 58 CpG sites in various genes 
with methylation level disparities exceeding 

10% 

[29] 

Cohort study PM2.5 and PM10 

(13.8 and 30.2 μg/m3) 
(7-days mean) 

 

Short-term PM exposure was linked to 
reduced iNOS methylation; specifically, each 

5 µg/m³ increase in PM₂.₅ concentration 
corresponded to a 0.30% decrease in iNOS 

methylation 

[30] 

Cross-sectional 
study 

PM2.5 

(26.7 μg/m3) 
(Annual mean) 

Changes in methylation observed in clock 
genes (CRY1, CRY2, NPAS2) associated 

with the occurrence of ischemic stroke 

[31] 

Sub-cohort study PM2.5 

(9.3 μg/m3) 
(Annual mean) 

A 5 μg/m³ rise in ambient PM₂.₅ levels was 
associated with a 7.33% reduction in TNF-α 

methylation at the cg21370522 site 

[32] 

Cohort study 
 

PM2.5 

Weekly Mean 
(12.97 μg/m3) 

(1 year) 

The disease risk is associated with modified 
DNA methylation in the IGF2/H19 gene in 

cord blood. 
 

[33] 

Cohort study PM2.5 

(1 year) 
CpG methylation and DMRs) observed in 
circulating monocytes, associated with the 

pathogenesis of atherosclerosis 

[34] 

Cohort study PM2.5 

(1 year) 
Exposure is responsible for DNA 

methylation at DMRs and CpG sites 
associated with immune response and 

inflammation 

[35] 

Panel study PM2.5 

24 hr. mean 
(42 μg/m3) 
(6 months) 

Prolonged exposure to PM2.5 is positively 
linked with DNA hypo-methylation and 

reduced TNF-alpha methylation 

[36] 

Crossover study PM2.5 and PM10 

(33 and 49 μg/m3) 
(3 months) 

Short-term PM exposure raises the 
methylation of the pro-inflammatory gene 
IFN-gamma and alters the parasympathetic 

regulation of heart function 

[37] 

Cohort study Short-term PM2.5 

exposure 
(10 μg/m3) 

Short-term exposure of PM was associated 
with asthma and iNOS promoter methylation 

[38] 

Case-control 
study 

PM10 

(58 -7 6μg/m3) 
(2 year) 

First-trimester exposure significantly 
correlated with methylation in Line-1 genes 

 [39] 

Longitudinal 
Cohort Study 

Environmental 
exposure 

Study identified genome-wide DNA 
methylation changes in stroke and identified 

altered MTRNR2L8 methylation. 

[40] 

Cross-sectional 
Study 

PM10 and PM2.5 

(50-110 and 20-43 
μg/m3) 
(1 year) 

Significant association with placental global 
DNA methylation 

[41] 

Study (29 sibling 
pairs) 

Environmental 
exposure 

Altered the 5-methylcytosine and 5-
hydroxymethyl cytosine associated with the 
transcriptional factors, contributing to the 
development of respiratory diseases and 

asthma 

[42] 

Observational 
Study (22 severe 
and non-severe   

asthmatic 
children) 

Environmental 
exposure 

The study observed modifications in the 
patterns of CpG sites associated with Asthma 
including 816 differentially methylated CpG 

positions and 10 differentially methylated 
regions 

[43] 

Crossover-
controlled study 

PM2.5 

(300 μg/m3) 
4 - weeks 

Methylation at CpG sites is responsible for 
the development of allergic diseases 

[44] 

Cohort study (143 
current and 311 
never smokers) 

Cigarette smoke Coronary heart disease is 25% more likely to 
develop in female smokers than in male 
smokers who are exposed to the same 

amount of tobacco smoke. 

[45] 

 

Table 1. Continued
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Methylation of disease-specific genes
Methylation of disease-specific genes is a key 
epigenetic mechanism that significantly shapes 
the development and progression of numerous 
health conditions. Aberrant DNA methylation 
patterns, including both hypermethylation and 
hypomethylation, can lead to major regulatory 
shifts in gene expression [46]. Such alterations 
are implicated in a wide spectrum of diseases—
for example, in cancer, hypermethylation of 
DNA repair and cell-cycle genes facilitates tumor 
growth, whereas in cardiovascular disorders, 
disrupted methylation profiles impair vascular 
function and contribute to the pathogenesis of 
atherosclerosis and heart failure [47]. Changes 
in methylation also influence inflammatory 

pathways, thereby affecting the expression 
of genes linked to respiratory diseases such 
as Chronic Obstructive Pulmonary Disease 
(COPD) and asthma.
Exposure to particulate matter further modifies 
these methylation patterns, improving our 
understanding of the molecular pathways that 
drive the onset and progression of various 
health outcomes [48]. Additionally, identifying 
disease-specific methylation signatures provides 
valuable direction for the development of early 
diagnostic biomarkers and potential therapeutic 
targets aimed at reducing the adverse effects 
associated with PM exposure. Table 2 shows the  
differentially Methylated Genes in response to 
particulate matter exposure  [49, 50].

Table 2.  Differentially Methylated Genes in Response to Particulate Matter Exposure  [49, 50].

Disease Hyper-methylation Hypo-methylation 

Cancer-related 

genes 

 

• APC gene 

• MGMT gene 

• RASSF1 gene 

• BRCA1, BRCA2 promoter 

• GSTP1, CDH1, TIMP3, SOCS1, 

gene 

• MYC gene 

• LINE-1, Alu  

• IL6 and TNF-α, gene 

• CCND1, PD-L1 gene 

• VEGF, MMP9 gene 

Heart failure-related 

genes 

 

• HEY2 gene 

• MSR1 gene 

• CTGF gene 

• COX17 gene 

• MMP2 gene 

• PON1 gene 

• MMP2 gene 

• miR-155 gene 

• COX17 gene 

 

Ischemic-related 

genes 

 

• AHRR gene 

• IL6 gene 

• MDM2 gene 

• CDKN1A gene 

• TNF alpha promoter 

• IGFBP3 gene 

• PRDM6 gene 

• AMH, HDAC8 gene 

• C17ORF82 gene 

• TBX2 gene 

Atherosclerosis-

related genes 

 

• MAP4K4 gene 

• KLF2 promoter 

• KLF4 promoter   

• ZEB1, FYN gene 

• SMAD7 promoter 

• ADRB2 gene 

 

• EBF1 promoter 

• HECA promoter 

• NOD2 promoter 

 

Hypertension 

related genes 

• DSCR3 gene 

• ACE2 promoter 

• AGT promoter 

• sACE promoter 
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Cancer-related genes
Particulate matter exposure is a significant 
environmental factor in cancer development, 
influencing gene regulation through both 
hypermethylation and hypomethylation. 
Hypermethylation of several cancer-related 
genes leads to their silencing and contributes 
to carcinogenesis [51]. For instance, CDKN2A 
(Cyclin Dependent Kinase Inhibitor 2A) encodes 
the p16^INK4A protein, which is crucial for 

Table 2. Continued

Disease Hyper-methylation Hypo-methylation 

Cancer-related 

genes 

 

• APC gene 

• MGMT gene 

• RASSF1 gene 

• BRCA1, BRCA2 promoter 

• GSTP1, CDH1, TIMP3, SOCS1, 

gene 

• MYC gene 

• LINE-1, Alu  

• IL6 and TNF-α, gene 

• CCND1, PD-L1 gene 

• VEGF, MMP9 gene 

Heart failure-related 

genes 

 

• HEY2 gene 

• MSR1 gene 

• CTGF gene 

• COX17 gene 

• MMP2 gene 

• PON1 gene 

• MMP2 gene 

• miR-155 gene 

• COX17 gene 

 

Ischemic-related 

genes 

 

• AHRR gene 

• IL6 gene 

• MDM2 gene 

• CDKN1A gene 

• TNF alpha promoter 

• IGFBP3 gene 

• PRDM6 gene 

• AMH, HDAC8 gene 

• C17ORF82 gene 

• TBX2 gene 

Atherosclerosis-

related genes 

 

• MAP4K4 gene 

• KLF2 promoter 

• KLF4 promoter   

• ZEB1, FYN gene 

• SMAD7 promoter 

• ADRB2 gene 

 

• EBF1 promoter 

• HECA promoter 

• NOD2 promoter 

 

Hypertension 

related genes 

• DSCR3 gene 

• ACE2 promoter 

• AGT promoter 

• sACE promoter 

Disease Hyper-methylation Hypo-methylation 

Cancer-related 

genes 

 

• APC gene 

• MGMT gene 

• RASSF1 gene 

• BRCA1, BRCA2 promoter 

• GSTP1, CDH1, TIMP3, SOCS1, 

gene 

• MYC gene 

• LINE-1, Alu  

• IL6 and TNF-α, gene 

• CCND1, PD-L1 gene 

• VEGF, MMP9 gene 

Heart failure-related 

genes 

 

• HEY2 gene 

• MSR1 gene 

• CTGF gene 

• COX17 gene 

• MMP2 gene 

• PON1 gene 

• MMP2 gene 

• miR-155 gene 

• COX17 gene 

 

Ischemic-related 

genes 

 

• AHRR gene 

• IL6 gene 

• MDM2 gene 

• CDKN1A gene 

• TNF alpha promoter 

• IGFBP3 gene 

• PRDM6 gene 

• AMH, HDAC8 gene 

• C17ORF82 gene 

• TBX2 gene 

Atherosclerosis-

related genes 

 

• MAP4K4 gene 

• KLF2 promoter 

• KLF4 promoter   

• ZEB1, FYN gene 

• SMAD7 promoter 

• ADRB2 gene 

 

• EBF1 promoter 

• HECA promoter 

• NOD2 promoter 

 

Hypertension 

related genes 

• DSCR3 gene 

• ACE2 promoter 

• AGT promoter 

• sACE promoter 

 • SULF1 promoter 

• ER-alpha promoter 

• HSD11B2 promoter   

• MTHFD1 promoter 

• ADD1 promoter 

• NKCC1 promoter 

• SERPIN3 CpG island 

• miRNA-34alpha promoter 

 

regulating the cell cycle by inhibiting cyclin-
dependent kinases (CDK4/6) and cyclin D 
complexes. Hypermethylation of the CDKN2A 
promoter leads to its silencing, which removes 
the inhibitory control on the cell cycle, allowing 
unchecked cell proliferation. and responsible 
for lung and colorectal cancers [52]. Similarly, 
RASSF1A (Ras Association Domain Family 
Member 1) is a tumor suppressor gene involved 
in apoptotic signaling, microtubule stabilization, 
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and mitotic progression which acts as a negative 
Ras effector, inhibiting cell growth and inducing 
cell deaths. During PM exposure RASSF1A gene 
often silenced, promoting tumor progression 
in lung and breast cancers [53]. The MGMT 
(Methylguanine-DNA Methyltransferase) gene 
encodes an enzyme responsible for DNA repair 
by excising alkyl groups from guanine, hence 
preventing mutations. Hypermethylation of the 
MGMT promoter silences this gene, reducing 
its repair function and increasing sensitivity 
to alkylating agents used in chemotherapy 
[54], while hypermethylation of BRCA1 
(BReast CAncer gene 1) promoter, leads to its 
silencing, impairing DNA repair and increasing 
susceptibility to breast and ovarian cancers 
[55]. Similarly other tumor suppressors, such as 
GSTP1 (Glutathione S-Transferase Pi 1), CDH1 
(E-Cadherin), TIMP3 (Tissue Inhibitor of 
Metalloproteinases 3), and SOCS1 (Suppressor 
of Cytokine Signaling 1) shown in table 2, 
are also, facilitating oxidative DNA damage, 
metastasis, and immune evasion, contributing to 
gastric and lung cancers [56].
In contrast, PM exposure also induces 
hypomethylation of specific genes, activating 
oncogenes and destabilizing the genome, 
further driving tumor progression. Oncogenes 
such as MYC (Myelocytomatosis Oncogene), 
which drive cell growth by regulating the genes 
responsible for ribosome biogenesis, and the 
metabolism. They bind to DNA with their partner 
MAX to amplify gene expression, leading to 
increased cellular proliferation and metabolic 
reprogramming. Hypomethylation, leads to their 
overexpression and promoting uncontrolled cell 
division, migration, and invasion in cancers like 
lung and colorectal [57]. Repetitive elements 
like LINE-1 (Long Interspersed Nuclear 
Element-1) and Alu (Alu Repetitive Elements) 
sequences also experience hypomethylation, 
resulting in genomic instability and increased 

mutation rates, particularly in lung and bladder 
cancers [58]. Similarly, hypomethylated pro-
inflammatory genes, including IL6 (Interleukin 
6) and TNF-α (Tumor Necrosis Factor Alpha), 
can regulate DNA methyltransferases, leading 
to altered gene expression and contributing to 
cancer progression. This regulation includes 
decreased promoter methylation and increased 
expression of genes like EGFR, which are 
involved in growth-regulatory pathways [59]. 
However, hypomethylation of genes involved 
in cell cycle regulation, immune checkpoints 
(PD-L1), angiogenesis (VEGF), and metastasis 
(MMP9) also plays a significant role in disrupting 
cell cycle control and promoting tumor growth, 
invasion, and metastasis [60]. Together, these 
dual mechanisms of hypermethylation and 
hypomethylation caused by PM exposure 
disrupt normal gene function, driving cancer 
development and progression. 

Heart failure-related genes
Heart Failure (HF) is a multifaceted 
cardiovascular condition, and recent research 
has underscored the role of epigenetic 
alterations in shaping its molecular foundation. 
These modifications influence the expression 
of genes that govern cardiac structure and 
function, creating an important link between 
environmental exposures and HF progression. 
Among various epigenetic processes, DNA 
methylation has emerged as a central regulator 
of gene activity in HF. Exposure to fine and 
ultrafine particulate matter can substantially 
modify the methylation profiles of genes 
essential for cardiac performance, promoting 
apoptosis, myocardial hypertrophy, and overall 
cardiac dysfunction. Both increased and 
decreased methylation of HF-related genes have 
been reported, as outlined in Table 2 [61]. 
For instance, PM exposure induces 
hypermethylation in genes such as HEY2 
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and MSR1, which are essential for cardiac 
development and structural integrity. Disruption 
in the normal expression and function of 
these genes contributes significantly to the 
development of heart failure. HEY2 regulates 
the proliferation and differentiation of cardiac 
progenitor cells, ensuring proper heart formation, 
which can lead to congenital heart defects 
[62]. MSR1 is involved in inflammation and 
immune responses within the heart. PM induced 
hypermethylation of both genes, reducing their 
expression and being responsible for heart failure 
[63]. Similarly, hypermethylation of CTGF 
(Connective Tissue Growth Factor) exacerbates 
fibrosis and inflammation, driving pathological 
remodeling of the heart. The mitochondrial 
function gene COX17 (Cytochrome C Oxidase 
Assembly Protein) also suffers hypermethylation, 
disrupting energy metabolism and weakening 
myocardial performance [64]. Additionally, 
MMP2 (Matrix Metallopeptidase 2), critical 
for extracellular matrix turnover, experiences 
hypermethylation, impairing tissue repair and 
contributing to cardiac dysfunction [65]. 
However, hypomethylation of specific genes 
also significantly contributes to PM-induced 
heart failure. For instance, hypomethylation 
of miR-155 (MicroRNA-155), is known to 
promote inflammation by targeting suppressor 
of cytokine signaling 1 (SOCS1), which leads 
to enhanced STAT3 and NF-κB signaling 
pathways. This results in increased production 
of inflammatory cytokines and chemokines, 
exacerbating inflammatory response. This 
excessive inflammation disrupts normal 
cardiac function and is a major contributor 
to the progression of heart failure [66]. 
Similarly, hypomethylation of MMP2 (matrix 
metallopeptidase 2) enhances its expression, 
driving extracellular matrix remodeling and 
degradation, which weakens cardiac structure 
and function [67]. Genes like COX17, involved 

in mitochondrial energy metabolism, may also 
exhibit hypomethylation, disrupting energy 
production and increasing myocardial stress. 
Additionally, PON1 (Paraoxonase1), critical for 
vascular integrity and oxidative stress regulation, 
becomes hypomethylated, resulting in vascular 
dysfunction that further exacerbates heart failure 
[68]. These alterations are largely attributed to 
PM-induced oxidative damage and inflammatory 
responses, which disrupt the normal function of 
DNA methyltransferases (DNMTs) and Ten-
Eleven Translocation (TET) enzymes, thereby 
shifting the cellular methylation equilibrium. 
Collectively, PM exposure-induced hyper and 
hypomethylation disrupts the expression of key 
genes, amplifying the molecular mechanisms 
underlying heart failure

Ischemic stroke related genes
Stroke is a significant global health issue, 
characterized by the sudden loss of brain function 
due to disrupted blood supply. Ischemic stroke 
accounts for nearly 87% of all reported cases. 
Contemporary epigenetic investigations have 
increasingly demonstrated the relevance of DNA 
methylation in modulating stroke pathology, 
offering deeper insight into the molecular effects 
of environmental determinants. Among these 
environmental factors, PM2.5 has emerged as a 
key contributor to stroke risk through its ability 
to induce epigenetic modifications. Notably, 
PM2.5 exposure can lead to hypermethylation 
in genes pivotal to inflammation and cellular 
repair. 
For instance, hypermethylation of AHRR (Aryl 
Hydrocarbon Receptor Repressor) disrupts its 
ability to regulate the AHR (aryl hydrocarbon 
receptor) pathway effectively. This disruption 
can lead to enhanced AHR activity, resulting in 
altered inflammatory responses and potentially 
contributing to the development of inflammatory 
diseases [69]. Similarly, hypermethylation of 
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IL-6 (Interleukin 6), can potentially exacerbate 
systemic inflammation linked to ischemic 
stroke by increasing IL-6 levels and promoting 
inflammatory pathways. This heightened 
inflammatory response can lead to more severe 
brain damage and poorer functional outcomes in 
stroke patients [70]. The upregulation of MDM2 
(Mouse Double Minute 2), a principal regulator 
of the tumor suppressor protein p53, can 
compromise essential cellular stress-response 
mechanisms, thereby increasing susceptibility to 
ischemic injury. Likewise, the hypermethylation 
of CDKN1A (Cyclin Dependent Kinase Inhibitor 
1A), commonly known as p21, interferes with its 
role in controlling the cell cycle and mediating 
apoptosis, ultimately hindering effective cellular 
recovery during ischemic conditions [71]. 
Furthermore, the exposure of PM also found 
to increase the expression of pro-inflammatory 
cytokines, including TNF-α (Tumor Necrosis 
Factor), which can contribute to stroke 
pathogenesis by promoting vascular endothelial 
dysfunction and systemic inflammation [72]. 
These hypermethylation-induced disruptions in 
gene expression highlight how PM2.5 exposure 
undermines critical pathways, elevating stroke 
risk.
On the contrary, PM exposure also induces 
hypomethylation in several genes, further 
compounding the risk of ischemic stroke. For 
example, hypomethylation of AMH (Anti-
Müllerian Hormone) impacts vascular health 
and inflammatory responses, while alterations 
in HDAC9 (Histone Deacetylase 9) disrupt 
gene expression regulation and cellular stress 
responses, promoting vascular remodelling and 
inflammation [73]. IGFBP3 (Insulin-like Growth 
Factor Binding Protein 3) plays a significant 
role in regulating cell growth, apoptosis, and 
proliferation. Hypomethylation of the IGFBP3 
promoter leads to its increased expression, which 
has been shown to Induce Apoptosis, Inhibit 

Cell Growth and Enhance Chemosensitivity 
[74]. Similarly, PDE3A (Phosphodiesterase 
3A) hypomethylation affects vascular signaling 
pathways, heightening vulnerability to ischemic 
events. The role of PRDM6 (PR Domain 
Containing 6) in vascular development is also 
disrupted by hypomethylation, compromising 
vascular homeostasis and elevating stroke 
risk [75]. Additional genes, such as C17orf82 
(chromosome 17 open reading frame 82) and 
TBX2 (T-Box 2), also exhibit hypomethylation 
linked to stroke, with TBX2 hypomethylation 
specifically associated with increased stroke 
mortality [76]. By disrupting critical pathways 
related to inflammation, vascular function, 
and cellular repair, PM2.5 exposure exacerbates 
stroke risk and impacts patient outcomes.  

Atherosclerosis-related genes
Atherosclerosis, a chronic inflammatory disorder, 
is defined by the accumulation of cholesterol, 
extracellular matrix, and lipids in the inner layers 
of large and medium-sized arteries. This process 
involves smooth muscle proliferation, immune 
cell infiltration (particularly macrophages), and 
endothelial dysfunction, leading to the formation 
of arterial plaques. As the disease progresses, it 
poses a risk of acute cardiovascular events such 
as myocardial infarction, peripheral vascular 
disease, aneurysms, and stroke [77].
Researchers have delved into the molecular 
aspects of atherosclerosis, particularly focusing 
on DNA methylation. Exposure to PM2.5 has 
been linked to hypermethylation of specific 
genes, which in turn affects their expression. For 
instance, PM2.5 induced hypermethylation of the 
ADRB2 (Adrenoceptor Beta 2) gene results in 
the downregulation of β 2-Adrenergic receptor 
(β 2AR), which inhibits the PI3 K/Akt pathway 
and activates the Bcl-2/BAX and p53 pathways, 
leading to cardiomyocyte apoptosis and cardiac 
dysfunction [78]. Furthermore, exposure of 
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PM2.5 exposure has been shown to disrupt flow-
dependent methylation patterns and suppress 
the expression of the KLF4 (Krüppel-like factor 
4) promoter, a key regulator of endothelial 
homeostasis and an important protective factor 
against atherosclerosis [79]. 
In the early stages of atherosclerosis, 
investigators examined DNA methylation 
patterns in promoter regions of genes implicated 
in disease development to identify potential 
biomarkers. Notable methylation changes 
have been detected in the peripheral blood of 
individuals with atherosclerosis, particularly 
within the promoters of ATP binding cassette 
subfamily A member  1 (ABCA1), TIMP 
metallopeptidase inhibitor 1(TIMP1), and 
Acetyl-CoA acetyltransferase  1 (ACAT1) [80]. 
Additionally, the promoter region of SMAD7 
(SMAD Family Member 7) has been reported to 
undergo hypermethylation following exposure to 
PM2.5, leading to reduced SMAD7 expression—
an important regulator of inflammatory and 
fibrotic processes within atherosclerotic 
plaques. Elevated methylation of the SMAD7 
promoter has likewise been observed in the 
peripheral blood of atherosclerosis patients and 
shows a significant association with circulating 
homocysteine levels [81].
Conversely, Certain genes such as EBF1 (Early 
B-Cell Factor 1), HECA (Homeobox and EST-
Containing CpG Island), and NOD2 (Nucleotide-
Binding Oligomerization Domain Containing 
2) have been linked to reduced methylation 
(hypo-methylation) following PM2.5 exposure, 
potentially enhancing the gene expression and 
thereby influencing inflammatory pathways, 
cellular differentiation and immune responses 
that contribute to atherosclerosis [82].  Moreover, 
hypo-methylation due to NOD2 promoter, 
involved in pathogen recognition and immune 
response, which in turn increased NOD2 
expression, responsible for disrupting normal 

immune function and contribute to chronic 
inflammation associated with atherosclerosis 
[83]).
These findings exhibited a positive correlation 
with the severity of coronary atherosclerosis, 
shedding light on the epigenetic modifications 
associated with the disease. Table 2 illustrates 
the genes related to atherosclerosis, highlighting 
both hyper-methylation and hypo-methylation 
patterns. 

Hypertension related genes
Arterial hypertension is a complex, multifactorial 
condition influenced by various mechanisms 
and metabolic systems. The emergence of 
hypertension results from a complex interplay 
between genetic factors and environmental 
influences [84]. Environmental factors during 
intrauterine development, such as malnutrition, 
obesity, and exposure harmful environmental 
toxins, are directly correlated with hypertension 
development in progeny [85].
Emerging research highlights the role of DNA 
methylation, specifically hypermethylation and 
hypomethylation, in modulating hypertension-
related genes, thereby impacting cardiovascular 
health. Exposure to particulate matter is a 
key environmental factor influencing these 
epigenetic modifications.
PM exposure has been linked to hypermethylation 
of several genes that regulate cardiovascular 
functions. For instance, hypermethylation of 
the DSCR3 (Down Syndrome Critical Region 
Gene 3) gene disrupts calcium signaling 
pathways and impairs vascular smooth muscle 
function, contributing to vascular dysfunction 
and hypertension. Similarly, hypermethylation 
of the ACE2 (Angiotensin-Converting Enzyme 
2) promoters reduce ACE2 expression, a critical 
regulator of the renin-angiotensin system, 
leading to elevated angiotensin II levels and 
increased hypertension risk [86]. Another 
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example is the hypermethylation of the SULF1 
(Sulfatase 1) promoter, which impairs growth 
factor signaling, potentially contributing to 
vascular remodeling and elevating blood 
pressure [87]. Additionally, hypermethylation 
of the ER-alpha (Estrogen Receptor Alpha) 
decreases estrogen receptor alpha expression, 
diminishing estrogen's protective cardiovascular 
effects and heightening the risk of hypertension. 
Furthermore, hypermethylation of the HSD11B2 
(Hydroxysteroid 11-Beta Dehydrogenase 2) 
promoter, which regulates cortisol activity at 
mineralocorticoid receptors, increases cortisol 
activity and sodium retention, exacerbating 
hypertension [88]. 
On the other hand, exposure to particulate matter 
has been associated with the hypomethylation 
of many hypertension-related genes, which 
significantly contributes to the disruption of 
vascular and blood pressure control (Table 
2). For instance, hypomethylation of the 
AGT (Angiotensinogen) and sACE (Soluble 
Angiotensin-Converting Enzyme) promoters, 
key regulators angiotensinogen in the renin-
angiotensin system, leads to increased 
angiotensinogen expression and elevated blood 
pressure [89]. Similarly, hypomethylation of 
the ADD1 (Adducin 1) and NKCC1 (Sodium 
Potassium Chloride Cotransporter 1) promoters, 
which are crucial for sodium transport regulation 
and vascular tone, contributes to enhanced 
sodium retention, further driving hypertension. 
Additionally, the SERPIN3 (Serine Protease 
Inhibitor 3) CpG island, involved in inflammation 
and maintaining vascular integrity, undergoes 
hypomethylation, resulting in increased 
SERPIN3 expression and heightened vascular 
inflammation [90]. Lastly, hypomethylation 
of the miRNA-34alpha promoter alters 
microRNA expression profiles, contributing 
to vascular remodelling and the progression of 
hypertension [91]. These epigenetic changes 

underscore the profound impact of PM exposure 
on cardiovascular health.

Conclusion 

The review underscores the complex relationship 
between particulate matter exposure and DNA 
methylation, emphasizing its importance in 
the development and progression of many 
disorders. Epidemiological and experimental 
evidence indicates that PM-induced epigenetic 
modifications, such as hypermethylation and 
hypomethylation of specific genes, influenced 
critical biological processes like inflammatory 
responses, oxidative stress, and immune 
regulation. These mechanisms contribute to 
the development and progression of conditions 
such as cancer, cardiovascular diseases, and 
respiratory disorders. Notably, the effects of 
PM exposure are not uniform; they can vary 
significantly based on factors such as the size 
and composition of PM particles, exposure 
duration, and individual susceptibility due to 
genetic and environmental factors.
However, a comprehensive understanding of 
the mechanisms driving these DNA methylation 
changes remains elusive. Discrepancies in 
findings arise from variations in PM composition, 
exposure durations, and population-specific 
characteristics. While genome-wide methylation 
profiling has identified PM-associated CpG 
sites, these findings remain underutilized. This 
highlights the need for integrating advanced 
bioinformatics approaches to extract their full 
potential and better understand the implications 
of these epigenetic alterations.
Future research should prioritize tissue- and 
cell-specific investigations that combine 
genetic and epigenetic insights to unravel 
the molecular mechanisms underlying PM 
toxicity. Developing improved methodologies 
for quantifying PM exposure such as real-
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time monitoring technologies and exploring its 
effects on epigenetic pathways is essential for 
advancing targeted interventions. Such efforts 
hold promise for identifying robust biomarkers 
that can assess individual susceptibility to air 
pollution and monitor long-term health effects.
Moreover, a more nuanced exploration of 
the interactions between PM exposure, DNA 
methylation, and human health is required. 
Continued research in this field will provide 
valuable insights into epigenetic mechanisms, 
ultimately enabling the development of 
effective strategies to address the health burdens 
posed by air pollution. The identification of 
particular DNA methylation changes linked 
with air pollution exposure could serve as 
useful indicators for evaluating individual 
vulnerability and tracking long-term health 
effects in communities affected by air pollution. 
Additionally, public health activities targeted 
at lowering PM exposure may benefit from our 
research by shaping regulations that protect 
vulnerable groups, ultimately contributing to 
better health outcomes throughout communities.
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