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Abstract

Background Exposure to particulate matter (PM) is a significant public health concern associated with respiratory,
cardiovascular, and metabolic diseases. Oxidative stress is a key biological mechanism mediating the harmful effects
of PM exposure. However, a comprehensive review of relating PM exposure to omics layers of oxidative stress has
been lacking. We aimed to systematically review the current evidence on the associations between PM exposure and
the multi-omics signatures of oxidative stress.

Methods We conducted a systematic review of studies published between January 2021 and March 2024 in PubMed
and Web of Science, following a registered protocol (PROSPERO ID: CRD42024617742). Eligible studies assessed the
impact of PM exposure on oxidative stress-related omics in adult human populations. Data on exposure assessment,
study characteristics, and omics outcomes were extracted, and the risk of bias was evaluated using the Newcastle—-
Ottawa Scale and Cochrane’s.

Results Seventy-seven studies were included. PM exposure was consistently associated with oxidative stress markers
across multiple omics platforms. Studies on the analytes showed that PM was associated with an increase in oxidative
markers. Metabolomics studies revealed alterations in pro-oxidant metabolites (e.g., eicosanoids, ceramides) and
disruptions in antioxidant pathways (e.g., glutathione, vitamin C, and E metabolism). PM exposure was also linked

to changes in energy metabolism, fatty acid oxidation, and detoxification pathways. Genomics studies reported
differential methylation in genes involved in oxidative stress and inflammation. Microbiome studies suggest that PM
exposure alters the composition of gut and nasal microbiota, favoring a pro-oxidative profile. However, some studies
reported no significant associations, highlighting heterogeneity in findings.

Conclusion Our systematic review demonstrates that PM exposure affects multiple molecular pathways related to
oxidative stress across diverse omics platforms. These findings highlight the complex responses to PM, underscoring
the need for integrative multi-omics approaches to fully understand the health impacts of air pollution.
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Background

Exposure to particulate matter (PM) has been associ-
ated with a range of adverse health effects, including
respiratory, cardiovascular, and metabolic disorders [1].
Although global PM exposure slightly decreased between
2000 and 2019, many regions, such as the Middle East,
sub-Saharan Africa, and South Asia, experienced wors-
ening pollution [2]. These trends may raise concerns
about the long-term health consequences for populations
exposed to PM.

Research on the health impacts of PM suggests that
oxidative stress is one of the key mechanisms in the
harmful biological effects of PM [3]. Oxidative stress
occurs due to an imbalance between the production of
reactive oxygen species (ROS) and the body's ability to
neutralize them, leading to cellular damage, inflamma-
tion, and disease development [4]. PM can induce oxida-
tive stress through several pathways [5]. Upon inhalation,
PM deposits in the respiratory tract and initiates local
inflammatory responses, leading to the recruitment of
immune cells such as macrophages and neutrophils,
which generate ROS as part of the defense process [6].
PM can also disrupt mitochondrial function, further
amplifying intracellular ROS generation [7]. These oxida-
tive insults overwhelm cellular antioxidant systems, dam-
age biomolecules such as lipids, proteins, and DNA, and
activate redox-sensitive signaling pathways involved in
inflammation, apoptosis, and tissue remodeling. Conse-
quently, oxidative stress acts as a central mechanism link-
ing PM exposure to a wide array of adverse health effects,
including respiratory, cardiovascular, neurological, and
metabolic disorders [8]. Oxidative stress can be mea-
sured by biomarkers such as superoxide dismutase (SOD)
and malondialdehyde (MDA) in urine or plasma.

Multi-omics approaches have transformed the under-
standing of oxidative stress by enabling a comprehensive,
systems-level investigation of biological responses. By
integrating data across different molecular layers, includ-
ing genomics, epigenomics, transcriptomics, proteomics,
metabolomics, and microbiomics, multi-omics studies
can capture the complex and interconnected pathways
activated during oxidative stress [9-11].

To our knowledge, no systematic reviews have focused
on the multi-omics of oxidative stress in relation to PM
exposure. A previous meta-analysis focused only on
short-term ambient PM and the biomarkers of oxida-
tive stress; however, it did not include all PM exposures
and other omics [12]. Our review will provide insights
into how PM exposure affects oxidative response and
provide a comprehensive overview of various biomark-
ers, metabolomics, genomics, and microbiome pathways
related to oxidative stress. Unlike previous reviews that
examined individual oxidative stress markers or short-
term PM exposure effects, this review combines findings
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across multiple omics layers to capture broader molecu-
lar interactions.

Materials and methods

Search strategy and study selection

We conducted a comprehensive literature search
to assess the impact of PM exposure on the multi-
omics of oxidative stress. The search was conducted in
PubMed and Web of Science (WoS), covering studies
published from January 2021 to the present. Our sys-
tematic review protocol was registered on PROSPERO
in November 2024 and can be accessed at Prospero ID
CRD42024617742. There was no review protocol pub-
lished. We followed the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) 2020
guidelines for the design, conduct, and reporting of this
review. A completed PRISMA checklist is available in the
Supplementary Table 1.

A comprehensive search was conducted in PubMed on
(December 09, 2024) and in WoS on (December 15, 2024)
using predefined search terms that included exposure-
related keywords such as "PM", "ambient air pollution”,
"air pollution", "PM,;", and "PM,,", and omics-related
terms such as "multi-omics", "genomics", "transcrip-
tomics", "proteomics”, "metabolomics”, "epigenomics",
"lipidomics”, "microbiomics”, and "metagenomics". For
oxidative stress assessment, keywords included "oxidative
stress”, "ROS", "oxidants", and "oxidative damage".

[The full search strategy was structured as follows:

(("particulate matter” OR "air pollution” OR "ambient
air pollution” OR "PM, ;" OR "PM,," OR "fine particulate
matter” OR "coarse particulate matter") AND ("multi-
omics" OR "omics" OR "genomics" OR "transcriptomics”
OR "proteomics” OR "metabolomics” OR "epigenomics"
OR "lipidomics" OR "microbiomics” OR "meta genom-
ics" OR "oxidative stress" OR "reactive oxygen species"
OR "ROS" OR "oxidants" OR "oxidative damage")) NOT
("review" OR "in vitro").]

Our search strategy included automatic database filters
(full-text, human subjects, English language, publication
from January 2021) and manual reference-list screening
to identify relevant studies.

Study inclusion and exclusion criteria
Studies were included if they (1) were conducted on
human participants, (2) included adults aged 18 years
or older, (3) were written in English, (4) were published
since January 2021, (5) examined the effects of PM expo-
sure, (6) were available in peer-reviewed journals and (7)
assessed at least one oxidative stress-related omics (bio-
markers, metabolomics, genomics, and microbiome).
Studies were excluded if they (1) involved animal or in
vitro models, (2) were case reports, case series, or trans-
lational research, (3) were focused on pregnant women
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or the pediatric population, (4) were conference abstracts
without a full peer-reviewed article, or (5) were non-Eng-
lish publications.

Screening and data extraction

Two independent reviewers screened the studies using
Rayyan (https://www.rayyan.ai/) for title and abstract
screening, followed by a full-text review. Any disagree-
ments were resolved through consensus to ensure con-
sistency and accuracy in study selection. After applying
the eligibility criteria and removing the duplicates, two
investigators extracted data by systematically recording
relevant information, including author, year, country,
study design, sample size, exposure, and outcome. This
structured approach ensured accuracy and consistency in
data collection.

Risk of bias and quality assessment

The risk of bias for the included studies was assessed
using the Newcastle-Ottawa Scale (NOS), a widely
used tool for evaluating the quality of non-randomized
studies. The NOS evaluates studies based on three key
domains: selection of study groups, comparability of
groups, and outcome assessment (for cohort studies) or
exposure assessment (for case—control studies). Each
study was independently assessed by TM, and discrepan-
cies were resolved through consensus. The total scores
obtained from NOS were categorized as “good’, “fair’, or
“poor” quality based on predefined criteria adapted from
previous systematic reviews. Studies that lacked clear
methodology had inadequate control for confounding
factors or provided incomplete data were considered to
have a higher risk of bias.

Risk of bias in randomized crossover and randomized
controlled trials, was assessed using the Cochrane Risk of
Bias 2.0 (RoB 2) [13]. This framework assesses bias across
six domains: randomization process, deviations from
intended interventions, missing outcome data, measure-
ment of the outcome, selection of the reported result,
and, specifically for crossover trials, carryover bias. Each
domain was rated as low risk or some concerns, and an
overall judgment was derived according to Cochrane
guidance.

Results

Overview

We initially identified 1,621 and 2,942 studies through
PubMed and WoS, respectively. After removing dupli-
cates and applying the eligibility criteria, 77 studies were
included in this systematic review (# =37 in PubMed and
n =40 in WoS), Fig. 1. Thirteen additional studies initially
appeared to meet the inclusion criteria based on title
and abstract screening but were excluded after full-text
review due to specific reasons, Supplementary Table 2.
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Characteristics of included studies

Among the included studies, 42 evaluated analytes, 31
assessed metabolomics, 5 examined genomics, and 4
investigated the microbiome (some studies evaluated
more than one omics), Table 1. Most studies were con-
ducted in Asia (n=45), Europe (n=12), or North Amer-
ica (n=11). The majority of studies assessed short-term
PM exposure (<1 month) (n=63).

Risk of bias using NOS was assessed in cohort (n=>55),
case—control (n=3), randomized crossover trials (n=38),
cross-sectional studies (n=10), and randomized con-
trolled trials (n=1), respectively, Supplementary Table
3A-E. Scores obtained from the NOS were adapted as in
previously published studies to reflect the quality of each
paper. Cutoff for each risk of bias assessment, depend-
ing on article type, can be found within the footnote of
Supplemental Tables 3A-E. Among cohort studies, n=49
articles were of good quality, n =4 of fair quality, and n=2
of poor quality. Among randomized crossover trials, n=4
articles were of low risk, and n=4 studies were catego-
rized as some concerns. Among cross-sectional studies,
n=_8 articles were of good quality and n =2 of satisfactory
quality. All case—control studies were of good quality. The
randomized controlled trial was low risk. High-quality
studies were marked in Supplementary Table 3 to assess
whether findings differ across high- vs. lower-quality
studies.

Analytes (biomarkers, enzymes, and proteins)

Across 42 studies, analytes reflecting oxidative stress
showed heterogeneous but biologically consistent pat-
terns (Supplementary Table 4). Lipid peroxidation
markers, including MDA, thiobarbituric acid reactive
substances (TBARS), and 8-isoprostane, were the most
frequently elevated following PM,; [14-22], PM,, [22,
23], and ultrafine particle (UFP) exposures [24, 25], indi-
cating enhanced membrane lipid oxidation. Oxidized
LDL (ox-LDL), lipoprotein-associated phospholipase A,,
and soluble lectin-like oxidized LDL receptor-1 were also
positively associated with exposure [24—28], linking oxi-
dative injury to vascular inflammation. In contrast, sev-
eral studies reported null associations [29-43], reflecting
variability in exposure timing, population susceptibility,
and analytical sensitivity. When considering high-quality
studies, the number of reports showing null associations
was reduced.

Markers of oxidative DNA damage such as 8-hydroxy-
2’-deoxyguanosine (8-OHdG) showed mixed asso-
ciations, with increases observed in both short- and
long-term PM exposures [16, 22, 33, 44—48], whereas
some cohorts showed no significant relationship [20,
21, 29, 31, 32, 43, 49-51]. Antioxidant enzymes exhib-
ited divergent trends: SOD was decreased in some stud-
ies [14, 17, 34], suggesting depletion of defense capacity,
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Fig. 1 Overview: studies identified and reviewed as per PRISMA

but increased in others [43, 52], possibly reflecting adap-
tive compensation. Total antioxidant capacity (TAC) and
glutathione metabolism markers (GSH, GPx, GGT) were
frequently reduced [17, 34, 36, 53] or showed no change
[19, 32, 43, 50], supporting overall redox imbalance.
Other inflammatory-oxidative markers such as myelo-
peroxidase (MPO), ceruloplasmin, haptoglobin, and
ICAM-1 were consistently elevated [28, 36, 43, 50, 54],
further implicating systemic oxidative and inflammatory
activation. Most included studies were of high quality,
and the exclusion of lower-quality studies did not affect
the overall findings.

Metabolomics

Thirty-one studies investigated metabolomic perturba-
tions associated with PM exposure. Pathway-level analy-
sis revealed broad alterations in pro-oxidant, antioxidant,

and energy-related metabolites (Supplementary Table
4). Pro-oxidant and inflammatory pathways were
enriched for arachidonic acid-derived eicosanoids (e.g.,
leukotrienes, prostaglandins, HETEs, DHETs, throm-
boxanes), reflecting activation of lipoxygenase and cyclo-
oxygenase cascades [24, 55-60]. Increases in ceramides,
hydroxyoctadecadienoic acids (HODEs), and phenyl-
alanine conjugates (e.g., hippuric acid) further supported
lipid peroxidation and immune signaling [61-65]. Fatty
acid-related metabolism showed consistent dysregula-
tion across studies. PM exposure disrupted carnitine
shuttle and peroxisomal B-oxidation, with increases in
short- and long-term fatty acid oxidation and tricar-
boxylic acid (TCA) cycle intermediates [41, 60, 66, 67].
Alterations in arginine and proline metabolism suggested
perturbed nitric oxide-related pathways [68], while
alpha-linolenoyl carnitine and PGFla were also changed
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[69]. Several studies noted a decrease in oleic and lin-
oleic acids (~3%), alongside reduced saturated fatty acids
but higher total and w-6 fatty acids, particularly after
long-term exposure [24, 70, 71]. Collectively, these find-
ings point to oxidative stress-linked remodeling of lipid
metabolism and mitochondrial energy flux following PM
exposure.

Antioxidant and protective metabolites, including vita-
mins C/E, tocopherols, and glutathione-related inter-
mediates, showed both depletion and compensatory
increases depending on exposure duration [24, 41, 67,
71-75]. PM exposure disrupted glutathione, methionine,
and cysteine metabolism, as well as n-3 polyunsaturated
fatty acid and melatonin pathways, highlighting redox-
linked metabolic exhaustion [61, 64, 69, 76, 77].

Energy and detoxification metabolism were also
affected: TCA intermediates (citrate, succinate), amino-
acid pathways (glutamate, aspartate, taurine, methionine,
arginine, and proline) were consistently altered, pointing
to mitochondrial dysfunction [41, 54, 59, 67, 71, 72, 78—
80], and purine, pyrimidine and xanthine metabolisms
[41, 59, 71, 72, 76, 81]. Sphingolipid and glycerophos-
pholipid metabolism exhibited alterations, particularly
affecting sphinganine and phytosphingosine levels [59,
60, 69, 71, 74, 75, 81, 82] as well as decreases in sphin-
gomyelin, ceramide, and phosphatidylcholine species,
reflecting membrane remodeling under oxidative stress
[70, 83].

Genomics

Five studies evaluated DNA methylation and transcrip-
tomic alterations associated with PM exposure. Dif-
ferential methylation was observed in genes regulating
oxidative stress and inflammation, including TLR2 [62],
ICAM-1 [62], IL-10 [62], and macrophage inflammatory
protein loci [62]. Long-term PM, ; exposure was associ-
ated with epigenetic regulation of oxidative stress-related
genes such as DEK, ABAT, KDMI1B, and EPM2AIPI1
[84]. Increased methylation of ARG2 [62] and expres-
sion changes in NMNAT3, RACI, and CROT suggested
metabolic reprogramming of redox homeostasis [85].
Additionally, short-term PM exposure increased the
expression of stress-response genes HSPA5 and MTHFD2
[80], while antioxidant genes (COQ6, OMAI, FLVCR2,
MDH?2) exhibited mixed up- and down-regulation pat-
terns [85]. Conversely, two studies found no significant
association between short-term PM, ; exposure [86] and
long-term PM,, exposure [80] and the expression of oxi-
dative-related genes. Collectively, these genomic findings
indicate that PM may alter both oxidative defense and
mitochondrial energy regulation through epigenetic and
transcriptional mechanisms (Supplementary Table 4).

Page 19 of 25

Microbiome

Four studies investigated the microbiome’s response
to PM exposure. Short- and long-term exposures were
associated with compositional shifts in both gut and
nasal microbiota, favoring a pro-oxidant and inflam-
matory microbial milieu (Supplementary Table 4). Pro-
tective, short-chain-fatty-acid—producing taxa such as
Roseburia, Akkermansia, Faecalibacterium, and Bifido-
bacterium longum decreased following PM, ; and PM,,
exposure [61, 87], whereas pro-inflammatory genera—
including Collinsella massiliensis, Bacteroides dorei,
Clostridium sp., Enterococcus faecium, and nasal Staphy-
lococcaceae—were enriched [39, 61, 63, 87]. These com-
positional changes align with systemic oxidative stress,
suggesting bidirectional crosstalk between PM-induced
redox imbalance and microbiome dysbiosis.

Multi-omics integration

Integration of findings across omics platforms revealed
consistent patterns linking oxidative biomarkers, metab-
olites, gene regulation, and microbial composition. Ele-
vated lipid peroxidation markers (MDA, 8-epi-PGF,q,
ox-LDL) paralleled metabolomic evidence of disrupted
lipid and eicosanoid metabolism, including increased
arachidonic-acid—derived HETEs, DHETs, and prosta-
glandins. These changes collectively indicate lipid oxida-
tive injury and activation of pro-inflammatory pathways.
Altered glutathione and energy-related metabolites
further supported redox imbalance and mitochondrial
dysfunction.

Genomic analyses demonstrated differential methyla-
tion and expression of oxidative and inflammatory genes
(e.g., TLR2, ICAMI, IL10, ARG2, HSPA5), several of
which are mechanistically linked to metabolic and mito-
chondrial pathways affected in the metabolome. Parallel
shifts in the gut and nasal microbiome—characterized by
depletion of short-chain fatty acid—producing taxa (e.g.,
Roseburia, Faecalibacterium) and enrichment of pro-
oxidant species (Collinsella, Staphylococcaceae)—sug-
gest microbiota-dependent modulation of host redox and
immune responses. Together, these findings support a
unified mechanistic model (Fig. 2) in which PM-induced
oxidative stress propagates through interconnected
metabolic, epigenetic, and microbial pathways. These
cross-omics interactions reinforce a systemic oxida-
tive—inflammatory feedback loop, ultimately contribut-
ing to epithelial injury, airway remodeling, and vascular
dysfunction.

Discussion

This comprehensive systematic review focused on the
effect of PM on multi-omics (biomarkers, methylomics,
metabolomics, and microbiomics) of oxidative stress.
Overall, findings suggest that PM exposure is frequently
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Fig. 2 Integrated multi-omics framework linking PM exposure to oxidative and inflammatory responses

associated with alterations in oxidative stress biomark-
ers, metabolic pathways involved in redox balance, epig-
enomics, and the microbiome, although results were not
entirely consistent across studies. However, high variabil-
ity observed across studies may be attributed to the expo-
sure assessment methods and duration, specimen type,
study location, and participants’ demographics.

Our findings revealed associations between PM and
oxidative stress biomarkers, primarily an increase in lipid
peroxidation markers (8-epi-PGF2a/8-isoprostane), an
increase in oxidative DNA damage markers (8-OHdG),
and a decrease in antioxidant markers (TAC and SOD).
However, the results were not entirely consistent, as some
studies reported no significant associations between
PM exposure and oxidative stress indicators, suggesting
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that these oxidative responses may vary depending on
study design, population characteristics, and exposure
duration.

PM has been shown to trigger excessive production
of ROS, leading to elevated oxidative stress levels [88].
Studies on both humans and animals provide strong evi-
dence linking ambient PM exposure to oxidative stress
biomarkers. A previous meta-analysis showed that ambi-
ent PM,; exposure was significantly associated with
an increase in MDA levels, while the associations with
OHdG and SOD were not statistically significant [12].
Our current review expands upon this by incorporating
multi-omics data, including metabolomics, epigenetics,
and microbiome analyses, to provide a more comprehen-
sive understanding of how PM impacts oxidative stress
pathways at multiple biological levels. In vitro research
has indicated that 8-OHdG levels in human lymphoblas-
toid and alveolar epithelial cells rise with higher PM, -
exposure [89]. In vivo studies have similarly reported
reduced SOD activity and elevated MDA levels in Wistar
rats [90, 91] and C57BL/6 ] male mice [92]. Additionally,
increased 8-OHdG levels have been observed in PM-
exposed Sprague—Dawley rats [93].

Our findings support the involvement of oxidative
stress-related metabolic pathways in response to PM
exposure. This is in line with prior literature suggesting
that air pollution elicits metabolomic alterations that
contribute to oxidative stress. PM exposure was associ-
ated with elevated levels of arachidonic acid and its eico-
sanoids. These bioactive lipids are well-known mediators
of inflammation and oxidative stress, implicating the
activation of immune cells and lipid peroxidation pro-
cesses [94]. The enrichment of leukotriene and pros-
taglandin pathways following PM exposure highlights
the critical role of eicosanoid signaling in PM-induced
pathophysiology. Additionally, increased levels of cerami-
des, hydroxy fatty acids (e.g., 9-HODE, 13-HPODE),
and aromatic metabolites such as HPHPA and hippuric
acid further implicate oxidative stress and lipid peroxi-
dation in response to PM exposure [95]. PM-associated
disruptions in arginine and proline metabolism also sug-
gest enhanced nitric oxide production, a reactive spe-
cies implicated in oxidative and nitrosative stress [96,
97]. Alterations in antioxidant pathways, including vita-
min C, vitamin E, and glutathione metabolism, reflect
either compensatory responses to increased ROS [98] or
exhaustion of antioxidant reserves [99]. The magnitude
of antioxidative response depends upon several factors,
including duration of exposure, PM concentration and
toxicity, and susceptibility of the subjects to air pollut-
ants [3]. Alterations in the TCA cycle, including reduced
citrate and succinate, reflect impaired mitochondrial
metabolism, frequently observed in oxidative stress con-
ditions [100].
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Our findings demonstrated that environmental pol-
lutants could influence genomic regulation, including
changes in DNA methylation and gene expression in
pathways linked to oxidative stress, inflammation, and
cellular defense. Specifically, PM, 5 exposure was linked
to methylation changes in inflammatory genes [101], as
well as in oxidative stress-related genes [102], reflecting
immune activation and redox imbalance. Previous stud-
ies showed that 8-0xodG, a hallmark of oxidative stress,
in lymphocyte DNA was correlated with personal expo-
sure to PM, ; [103]. Additionally, gene expression shifts in
HSPAS and MTHFD?2 suggest that PM may induce endo-
plasmic reticulum and mitochondrial stress responses.
Altered expression of antioxidant defense genes, includ-
ing COQ6, FLVCR2, and OMAI, further supports the
role of PM in disrupting mitochondrial function and
impairing cellular redox homeostasis.

Our findings are in line with a growing body of litera-
ture showing that PM may alter the composition of the
gut and nasal microbiota, with implications for oxida-
tive stress and inflammation. The microbial changes
observed appear to follow distinct patterns, with both
protective and harmful shifts in microbial communities
depending on the duration and intensity of PM expo-
sure. PM exposure can damage the host tissues and alter
the immune response, which can change host-microbial
interactions and alter host microbiomes [104]. Animal
studies have also shown that PM can increase gut perme-
ability, decrease colonic motility, and alter the gut micro-
bial composition and metabolic function [105]. The gut
microbiome can affect inflammation mainly in two ways:
by regulating immune response and maintaining the
gut lining, or by disrupting the gut barrier and launch-
ing an inflammatory response [106]. Moreover, the gut
microbiome may impact oxidative stress by modulating
the production of metabolites and antioxidant enzymes
[107]. Multi-omics evidence delineates a unified system-
level cascade linking PM exposure to oxidative stress and
inflammation. At the molecular entry point, PM induces
lipid peroxidation and mitochondrial dysfunction, gen-
erating oxidative intermediates that activate redox-sen-
sitive transcription factors and inflammatory signaling.
These metabolic disruptions are accompanied by epi-
genetic remodeling of oxidative-stress genes, reinforc-
ing persistent changes in redox regulation and immune
activation. Simultaneously, microbiome dysbiosis con-
tributes additional oxidative load through microbial
metabolite imbalance and impaired host-microbe sig-
naling. The convergence of these domains, metabolome,
methylome, and microbiome, illustrates that PM toxic-
ity operates through an interconnected redox network
rather than isolated molecular pathways.

This review has several limitations. First, there was
considerable heterogeneity in how PM exposure was
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assessed across studies, including differences in PM
source attribution, measurement techniques, and dura-
tion of exposure. These variations limit the comparability
of findings and may contribute to both positive and null
results reported across studies, explaining the inconsis-
tencies in reported outcomes. Additionally, due to het-
erogeneity in effect sizes and inconsistencies in reported
metrics (with some studies reporting percentage changes
and others beta coefficients), conducting a meta-analysis
was not feasible. As an example we assessed studies of
8-OHdG as the outcome and the PM, ; as the exposure.
We found that 1) exposure types were inherently different
among studies, including ambient PM, 5, indoor PM, ¢, or
unspecified general PM, ; levels; 2) reported effect sizes
were for different magnitudes of PM, ; changes, such as
per IQR change (note different studies had different IQR
values), per 10 unit increase, or per twofold change; and
3) models of percent change in the outcome depends on
the reference outcome levels, which were unable to be
extracted from the publications.

Second, the study populations were diverse, encom-
passing healthy individuals as well as those with under-
lying conditions such as COPD, which may influence
baseline oxidative stress levels and biological responses
to PM. Third, the scope of measured outcomes was
broad, with included studies examining a wide range of
metabolites, genes, and microbial taxa. While this diver-
sity highlights the complexity of PM-induced biological
effects, it also complicates the synthesis and generaliza-
tion of results. Future studies with standardized exposure
metrics, harmonized omics targets, and more homoge-
neous populations are needed to strengthen the evidence
base.

Conclusion

This systematic review highlights the impact of PM expo-
sure on oxidative stress through a multi-omics approach,
including the biomarkers, metabolomics, genomics,
and microbiomes. The evidence demonstrates that PM
exposure disrupts redox homeostasis by altering oxida-
tive stress biomarkers, metabolic pathways, epigenetics,
and microbial communities. The convergence of findings
across omics platforms supports a complex but coherent
model in which PM triggers oxidative responses through
interconnected molecular and microbial pathways. These
insights may inform the development of novel biomark-
ers and targeted interventions to mitigate the health risks
of air pollution.

Abbreviations

AA Arachidonic acid

ARG2 Arginase 2

CAD Coronary Artery Disease

COPD Chronic obstructive pulmonary disease
CRP C-reactive protein

CRS Chronic rhinosinusitis
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DNA Deoxyribonucleic Acid

GSH Glutathione

GPx Glutathione Peroxidase

GGT Gamma-Glutamyl Transferase

HETEs/DHETs Hydroxyeicosatetraenoic Acids / Dihydroxyeicosatrienoic
Acids

ICAM Intercellular adhesion molecule

IL10 Interlukin-10

LDL Low-Density Lipoprotein

LT Leukotrienes

MPO Myeloperoxidase

MDA Malondialdehyde

NO Nitric oxide

NOS Newcastle-Ottawa Scale

OAD Obstructive airway disease

Ox-LDL Oxidized low-density lipoprotein

PGF1a Prostaglandin F1a

PM Particulate matter

PG Prostaglandin

PGE2 Prostaglandin E,

ROS Reactive oxygen species

SOD Superoxide dismutase

TAC Total antioxidant capacity

TCA cycle Tricarboxylic acid cycle

TBARS Thiobarbituric Acid Reactive Substances

TLR2 Toll-Like Receptor 2

UFP Ultrafine particle

HODE Hydroxyoctadecadienoic acids

WoS Web of Science

WTC World Trade Center

8-OHdG 8-Hydroxy-2'-deoxyguanosine

8-epi-PGF,a 8-Epi-prostaglandin F,a
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