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Abstract

Environmental pollutants, lifestyle factors, and intrinsic metabolic activity converge to generate an
imbalance between reactive oxygen species (ROS) production and the capacity of antioxidant defense
systems. This oxidative stress damages cellular macromolecules, reprograms gene expression, and
accelerates aging. Here we synthesize recent evidence (2020-2025) on the mechanisms by which air
pollutants, heavy metals, pesticides, nanoparticles, and microplastics generate ROS, how redox
imbalance interfaces with epigenetic regulation, and how these processes drive aging and disease.
Rather than condensing, we retain full mechanistic details from multiple recent reviews to provide a
comprehensive resource. We also discuss emerging biomarkers, including redox-related metabolites
and epigenetic signatures, and outline future directions for integrating multi-omics and artificial
intelligence to develop personalized interventions. Citation numbering in the text follows the order
of appearance.
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1. Introduction

Oxidative stress describes an imbalance between the production of reactive oxygen and nitrogen
species and the capacity of intracellular antioxidant systems to detoxify these radicals. This imbalance
arises from normal metabolic processes such as mitochondrial electron transport, cytochrome P450
activity, and immune-cell NADPH oxidase activity but it is greatly amplified by exogenous insults,
including airborne particulates, ozone, nitrogen dioxide, heavy metals, pesticides, and engineered
nano- and micro-materials [1-3].

Rapid industrialization, urbanization, and climate change have increased human exposure to
these pro-oxidant stimuli; epidemiological studies link chronic pollutant exposure with
cardiopulmonary disease, neurodegeneration, metabolic disorders, infertility, and accelerated aging
[4-6].

Within cells, excessive reactive species oxidize lipids, proteins, and nucleic acids, disrupt
mitochondrial and endoplasmic reticulum function, activate pro-inflammatory signaling cascades,
and perturb redox-sensitive transcription factors [7].

Beyond direct macromolecular damage, oxidative stress exerts long-lasting effects by modifying
the epigenome: redox-dependent changes in DNA methylation, histone acetylation and methylation,
and non-coding RNA expression reprogram gene expression and may mediate transgenerational
susceptibility [8,9].
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Aging further exacerbates redox imbalance; mitochondrial dysfunction and declining
NAD*/NADH ratios increase basal ROS production and decrease antioxidant capacity, making aged
individuals particularly vulnerable to pollutant-induced oxidative injury [10,11].

Understanding how diverse environmental pollutants induce oxidative stress, how redox
imbalance interfaces with epigenetic regulation and aging, and how these processes can be monitored
with sensitive biomarkers is therefore crucial for designing targeted interventions, guiding public
health policy, and mitigating disease risk [12].

2. Mechanisms of Oxidative Stress Induced by Environmental Pollutants

2.1. Airborne Pollutants

Particulate matter and gases. Fine particulate matter (PM2s) and ultrafine particles (UFPs)
contain transition metals and organic compounds that catalyze Fenton-type reactions, generating
hydroxyl radicals and other ROS [13,14]. Their small size allows them to penetrate the alveolar
barrier, deposit on mitochondria, and disrupt the electron transport chain (ETC), leading to
superoxide overproduction and mitochondrial fragmentation [15]. Gaseous pollutants such as ozone
oxidize surfactant lipids and deplete antioxidants in airway lining fluid [16]. At low doses, these
oxidants activate adaptive pathways through the redox-sensitive transcription factor Nrf2, but
persistent exposure overwhelms antioxidant defenses, causing NADPH oxidase (NOX) activation,
lipid peroxidation, and pro-inflammatory NF-kB signaling [17,18].

Chronic exposure to traffic-related pollutants sustains alveolar macrophage and neutrophil
activation. These immune cells produce ROS via NADPH oxidase and myeloperoxidase as part of
host defense, but in the context of environmental particles, the oxidative burst damages lung tissue
and propagates inflammation [19]. Particulate matter often carries polycyclic aromatic hydrocarbons
(PAHs), dioxins, and transition metals adsorbed to its surface; once inhaled, these compounds
dissolve in airway fluids, bind to cellular membranes, and generate secondary ROS [20]. Ozone (Os)
and nitrogen dioxide () react with unsaturated lipids and antioxidants in airway lining fluid to
produce secondary oxidants such as peroxynitrite (ONOO-) and lipid ozonides (reactive compounds
formed when ozone attacks carbon—carbon double bonds in unsaturated lipids, creating unstable
trioxolane structures that break down into aldehydes, ketones, and carboxylic acids) [21,22]. The
resultant oxidative load compromises epithelial barrier integrity, increases vascular permeability,
activates coagulation pathways, and promotes systemic inflammation [23].

Mitochondrial dysfunction and NOX activation. Mitochondria are a primary source of
endogenous ROS and a major target of pollutant-induced damage. Exposure to airborne particulate
matter disrupts mitochondrial homeostasis by impairing the ETC, leading to electron leakage and
superoxide overproduction [24,25]. Pollutants regulate mitochondrial dynamics by increasing the
expression of dynamin-related protein 1 (DRP1) and decreasing mitofusin 1/2 (MFN1/2) and optic
atrophy protein 1 (OPA1), resulting in excessive fission and mitochondrial fragmentation [26]. ROS
accumulation triggers mitochondrial permeability transition pore (mPTP) opening, leading to
cytochrome c (Cyt C) release and caspase-dependent apoptosis [27]. Oxidative damage to
mitochondrial DNA (mtDNA) impairs replication and transcription of ETC subunits, exacerbating
electron leakage [28]. Inhibition of peroxisome proliferator-activated receptor y coactivator 1-a (PGC-
la) and nuclear respiratory factor 1 (NRF1) further impairs mitochondrial biogenesis [29],
diminishing the cell’s capacity to recover from oxidative insults. Transition metals within PMa.s
catalyze Fenton and Haber—Weiss reactions, generating hydroxyl radicals that oxidize mitochondrial
membranes and enzymes [30]. Chronic exposure leads to sustained mitochondrial ROS (mtROS)
generation, establishing a self-amplifying oxidative loop that contributes to tissue injury and aging
[31].

Beyond mitochondria, NADPH oxidases (NOX family enzymes) play a critical role in pollutant-
induced ROS generation. PM2.5s and ozone exposure activate NOX1, NOX2, and NOX4 in epithelial
cells, macrophages, and endothelial tissues via Toll-like receptor (TLR) and MAPK signaling [32].
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This activation converts molecular oxygen into superoxide, which reacts with nitric oxide to form
peroxynitrite, a highly reactive nitrating agent [33]. NOX-derived ROS initiates oxidative
modification of proteins, lipids, and DNA and activates transcription factors such as NF-xB and
activator protein-1 (AP-1). These, in turn, up-regulate pro-inflammatory cytokines (IL-6, TNF-a, IL-
1B), adhesion molecules (ICAM-1, VCAM-1), and chemokines that recruit immune cells to inflamed
sites [34]. Chronic NOX activation contributes to vascular dysfunction, endothelial barrier disruption,
and atherogenesis [35]. Pharmacological inhibition of NOX enzymes attenuates pollutant-induced
oxidative damage and systemic inflammation [36].

Endoplasmic reticulum (ER) stress is an emerging hallmark of oxidative damage induced by
airborne pollutants. ROS interfere with protein folding in the ER, triggering the unfolded protein
response (UPR) [37]. Key molecular markers of UPR activation GRP78/BiP, C/EBP homologous
protein (CHOP), and ATF4 are up-regulated following chronic PM2.s exposure [38]. Persistent ER
stress disrupts calcium homeostasis, leading to mitochondrial calcium overload and enhanced ROS
generation via the mitochondria-associated membrane (MAM) interface [39]. This bidirectional
signaling between mitochondria and the ER amplifies oxidative damage and promotes apoptosis [40].
Pollutant exposure suppresses ER-associated degradation, resulting in protein aggregation and
further oxidative injury [40]. The combination of mitochondrial dysfunction and ER stress drives
chronic inflammation, fibrosis, and degenerative lung pathologies. In the lung, ER stress impairs
surfactant secretion and promotes fibrotic remodeling [41]. Fine particles can translocate into
circulation, uncouple endothelial nitric oxide synthase (eNOS), and reduce nitric oxide
bioavailability, contributing to hypertension [42]. Oxidatively modified low-density lipoproteins
(oxLDL) are generated in this milieu; they activate TLRs on macrophages, drive foam-cell formation,
and accelerate atherosclerosis [43].
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Figure 1. Schematic of airborne pollutant-induced oxidative stress. Airborne particulates and gaseous
pollutants, such as nitrogen dioxide (NO2), are primarily emitted into the atmosphere by burning fossil fuels,
leading to the production of harmful secondary air pollutants like ozone (Os). Exposure to decreased air quality
allows pollutants to penetrate deep into the respiratory tract, causing Fenton reactions that generate ROS and
stimulate NADPH oxidase activity within the alveolar-capillary barrier, where oxygen exchange occurs.
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Resultant oxidative stress disrupts mitochondrial ETC, promotes excessive mitochondrial fission, increases ER
stress, and enhances neutrophil and macrophage transmigration. Chronic exposure leads to inflammation, lipid

peroxidation, apoptosis, and systemic cardiovascular effects.

2.2. Heavy Metals and Pesticides

Redox cycling and ROS production. Heavy metals such as iron and copper catalyze Fenton
reactions that convert hydrogen peroxide into highly reactive hydroxyl radicals [44]. Non-redox-
active metals like cadmium and mercury bind to sulthydryl groups, deplete glutathione (GSH), and
inactivate antioxidant enzymes such as superoxide dismutase (SOD) and catalase, thereby indirectly
increasing ROS levels [45]. Chronic exposure to lead, arsenic, or cadmium interferes with
mitochondrial complexes I and III, leading to electron leakage, superoxide accumulation, and
suppression of mitochondrial biogenesis [46].

Pesticides —particularly organophosphates and organochlorines disrupt the ETC, collapse
mitochondrial membrane potential, and increase cytochrome c release [47]. They also inhibit SOD,
catalase, and glutathione peroxidase while increasing lipid peroxidation products such as
malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) [48]. ROS generated by pesticides activate
NF-«xB, MAPK, and PI3K/Akt pathways, induce inducible nitric oxide synthase (iNOS), and promote
DNA and protein nitration, amplifying inflammation and cell death [49].

Specific metal mechanisms. Cadmium displaces zinc from metalloproteins and binds to thiol
groups in glutathione, reducing cellular GSH and increasing susceptibility to oxidative damage [50].
Lead inhibits 6-aminolaevulinic acid dehydratase, disrupting heme synthesis and causing anemia; it
interferes with calcium signaling in neurons and compromises synaptic transmission [51]. Mercury
forms strong complexes with selenoenzymes such as thioredoxin reductase, impairing the
detoxification of hydrogen peroxide [52]. Arsenic metabolites inhibit pyruvate dehydrogenase and
a-ketoglutarate dehydrogenase, leading to NADH accumulation, ATP depletion, and mitochondrial
dysfunction [53].

Pesticide classes also differ in their redox effects. Organophosphates such as chlorpyrifos and
malathion inhibit acetylcholinesterase, causing sustained neurotransmission and calcium overload;
the resulting excitotoxicity increases mitochondrial ROS and triggers apoptosis [54]. Organochlorines
such as DDT alter lipid metabolism and uncouple oxidative phosphorylation, increasing oxygen
consumption and superoxide production [55]. Carbamates and triazine herbicides generate redox-
active intermediates that oxidize proteins and DNA [56]. Many pesticides induce cytochrome P450
enzymes, bioactivating xenobiotics into electrophilic metabolites that form adducts with proteins and
nucleic acids [57].

Epigenetic and reproductive effects. Heavy metals and pesticides modulate epigenetic
machinery. Cadmium and arsenic alter DNA methylation patterns by inhibiting DNA
methyltransferases (DNMTs) or depleting methyl donors, causing global hypomethylation and site-
specific hypermethylation of tumor suppressor genes [58]. Pesticides modify histone acetylation and
alter microRNA expression (e.g., miR-34a and miR-21), suppressing sirtuins and Nrf2 and
aggravating oxidative stress [59]. Combined exposures often show synergistic toxicity: co-exposure
to cadmium and neonicotinoid pesticides increases ROS, mitochondrial collapse, and DNA strand
breaks beyond individual effects [60].

Reproductive tissues are particularly vulnerable to oxidative damage. In males, cadmium
accumulates in testicular tissue, inhibits steroidogenic enzymes (33- and 178-hydroxysteroid
dehydrogenases), reduces testosterone production, and damages Sertoli cells [61]. Lipid peroxidation
of sperm plasma membranes decreases motility and alters DNA integrity, contributing to infertility
[62]. Organophosphates suppress acetylcholinesterase in Leydig cells, leading to oxidative injury and
reduced androgen synthesis [63]. In females, organochlorines accumulate in adipose tissue and
ovarian follicles, disrupting estrogen signaling and ovulation [64]. Heavy metals cross the placenta,
exposing the developing embryo to ROS and epigenetic alterations that may manifest as
developmental defects or transgenerational effects [65].
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Systemically, these toxicants contribute to neurotoxicity, endocrine disruption, insulin
resistance, and hypertension via persistent redox imbalance and inflammation [66].
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Figure 2. Pathways of heavy metal and pesticide-induced oxidative stress. Both primary and secondary

exposure to pesticides disrupts mitochondrial respiration. The ingestion of redox and non-redox active trace
metals generate hydroxyl radicals, deplete glutathione, and inhibit antioxidant enzymes. The resultant ROS
triggers DNA damage, lipid peroxidation, epigenetic alterations (DNA methylation, histone modification,

miRNA dysregulation), and reproductive toxicity.

2.3. Nanoparticles and Microplastics

ROS generation and mitochondrial injury. Nanoparticles (e.g., TiO2, ZnO, Ag) and micro-
/nanoplastics accumulate in biota due to their small size and high surface area. Metal-based
nanoparticles undergo redox cycling that produces superoxide and hydroxyl radicals [73], while non-
metallic particles generate ROS through surface-bound reactive sites or adsorbed contaminants [74].
Ingested microplastics compromise cell membranes, increase ROS production, and cause
mitochondrial dysfunction and inflammation [75]. Microplastics undermine antioxidant defenses,
leading to ROS-induced DNA damage in both mitochondria and the nucleus [76]. Metal
nanoparticles disrupt mitochondria and peroxisomes; their released ions cause lipid peroxidation
and oxidative stress that impairs mitochondrial function and damages DNA [77]. Carbon nanotubes
and other particles stimulate apoptosis via death-receptor, ER stress, and mitochondrial pathways
[78]. Chronic exposure to microplastics leads to elevated ROS production and oxidative stress that is
linked to inflammation, pulmonary disease, carcinogenesis, and cellular senescence [79].

Micro- and nanoplastics as vectors. Micro- and nanoplastics act as vectors for hydrophobic
pollutants, heavy metals, and endocrine-disrupting chemicals. Their hydrophobic surfaces adsorb
persistent organic pollutants (POPs) and heavy metals in the environment; after uptake by organisms,
desorption of these contaminants in acidic intracellular compartments produces additional ROS and
toxic effects [80]. Nano-sized plastic particles can cross epithelial barriers and even the blood—brain
barrier, accumulating in brain regions such as the hippocampus. Here, they provoke microglial
activation, calcium dysregulation, and oxidative death of neurons [81]. In aquatic organisms,
microplastics cause gill hyperplasia, hepatocellular necrosis, impaired antioxidant enzyme activities,
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and behavioral changes [82]. Murine hepatocyte studies show that smaller polystyrene microplastics
(<100 nm) induce more severe mitochondrial swelling, ATP depletion, and DNA strand breaks than
larger microplastics, underscoring the importance of particle size [83]. Chronic exposure to
microplastics raises ROS and oxidative stress, leading to inflammation, pulmonary disease,
carcinogenesis, and senescence [84].

Inflammatory signaling and systemic effects. ROS generated by nanoparticles and
microplastics activate NF-kB and MAPK cascades, leading to cytokine release and chronic
inflammation [85]. At first, Nrf2 activation induces antioxidant enzymes (HO-1, NQOI1), but
prolonged exposure exhausts this response, leaving cells susceptible to oxidative damage [86].
Nanoparticles rapidly adsorb proteins, forming a “protein corona” that dictates cellular uptake and
stimulates macrophage activation, producing an oxidative burst [87]. Microplastics disrupt gut
microbiota, compromise intestinal barrier integrity, and accumulate in the liver and brain, where they
induce lipid peroxidation and mitochondrial injury [88]. Co-exposure to microplastics and
contaminants such as per- and polyfluoroalkyl substances (PFAS) or heavy metals enhances ROS
generation and inhibits antioxidant defenses, resulting in synergistic toxicity [89].

ER stress and autophagy are intimately linked to nanoparticles and microplastic toxicity.
Exposure to these particles upregulates ER stress markers (GRP78/BiP, ATF4, CHOP) and activates
the UPR [90]. Persistent UPR causes calcium dysregulation and promotes crosstalk with
mitochondria, increasing ROS and triggering apoptosis. Autophagy serves as an adaptive response
to clear damaged mitochondria and proteins; however, chronic exposure impairs autophagic flux,
leading to the accumulation of autophagosomes and cell death. Dysbiosis of the gut microbiome
caused by microplastics reduces commensal bacteria that produce antioxidant metabolites and
increases pathogenic species that generate ROS. Adaptive antioxidant responses involve
upregulation of GSH synthesis and Nrf2 activation, but prolonged exposure depletes these reserves.
Therapeutic approaches under investigation include dietary antioxidants (vitamin C, vitamin E,
polyphenols), melatonin, and engineered nanoparticles such as cerium oxide that mimic superoxide
dismutase and catalase. Nanocarriers delivering Nrf2 activators or mitochondrial-targeted
antioxidants (e.g., MitoQ, SkQ1) offer promising strategies to mitigate nanoparticle and microplastic-
induced oxidative injury.

= Sudden release of pro-inflammatory
~ cytokines promotes damage in
neighboring cells and exacerbates
@ - inflammation
< Microplastic formation
@
(]
TR o ©
L] . . o [o:]
= e ot
@ < 2 Excessive lipid
® o .e w;céﬁzfgﬁz:i‘:ake @ peroxidation and ROS
_ ® formation causes cell
@ Adsorption of @ burst
bioaccumulated ° Q Q
contaminants [ ]
® \ @ [ ] o @

Contaminants \ P | ‘ ;
@ ® disassociate from e 3 ﬁfﬂ /
microplastic upon ) \ NQOT1
L lysosome fusion A : S /
. N R
Downstream effects

INFKkB 1GRP78/BIP }ATP
tMAPK  fATF4  tBax
fcHoP  IBclk2

Mitochondrial
damage

Vesicle rupture and consecutive
release of microplastics and
contaminants into the cytosol

1TNF-a
L6 tuPR teyte
tiL-1p tca* fAutophagy

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0051.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 April 2026 d0i:10.20944/preprints202604.0051.v1

7 of 27

Figure 3. Mechanisms of nanoparticle and microplastic-induced oxidative stress. Plastic waste undergoes a
lengthy process of environmental degradation and physical abrasion, creating microplastics and nanoparticles
that can easily infiltrate into biological systems. Microplastics can act as vectors, adsorbing toxic chemicals and
bioaccumulated contaminants via surface reactivity. Upon cell intake, microplastics along with the adsorbed
contaminants, can begin generating ROS and cause damage to lipids, proteins, and DNA; disrupt mitochondria

and ER; and activate inflammatory pathways.

3. Epigenetic Modifications Driven by Oxidative Stress

Epigenetic mechanisms, including DNA methylation and hydroxymethylation, histone
modifications, and non-coding RNA regulation, translate oxidative signals into stable changes in
gene expression. The following sections retain detailed descriptions of redox-epigenetic cross-talk.

3.1. DNA Methylation and Hydroxymethylation

DNA methylation is mediated by DNMT1, DNMT3A, and DNMT3B, which transfer methyl
groups from S-adenosyl-methionine (SAM) to cytosine residues at CpG sites. Oxidative stress
oxidizes catalytic cysteines in DNMTs and depletes the methyl donor SAM, leading to global
hypomethylation and impaired maintenance methylation [91]. Oxidized guanine lesions (8-ox0-dG)
inhibit DNMT binding, further reducing methylation density [92]. Conversely, transient ROS
exposure increases ten-eleven translocation (TET) enzyme activity and 5-hydroxymethylcytosine
levels, promoting active demethylation [93]. Chronic oxidative environments inhibit TET enzymes
by depleting cofactors (Fe* and a-ketoglutarate), causing site-specific hypermethylation of tumor
suppressor genes and impaired antioxidant gene expression [94]. Ageing and chronic exposure to
pollutants accelerate “epigenetic drift” —stochastic changes in methylation that accumulate over
time —which silences antioxidant genes such as Nrf2 and SOD2 and perpetuates oxidative injury [95].

Environmental toxicants often cause promoter hypermethylation of genes involved in redox
homeostasis; exposure to particulate matter, lead, or diesel exhaust is associated with increased
methylation of the Nrf2 promoter and decreased expression of its downstream antioxidant genes [96].
Mutations in isocitrate dehydrogenase (IDH) produce the oncometabolite 2-hydroxyglutarate, which
inhibits TET enzymes and promotes widespread DNA hypermethylation and ROS generation [97].
Pollutants that alter one-carbon metabolism (e.g., arsenic) deplete folate and methionine pools,
reducing the availability of SAM and further perturbing DNA methylation [98]. These redox-
dependent methylation changes are reversible, suggesting therapeutic potential for methyl donor
supplementation (folate, betaine) or DNMT inhibitors [99].

DNA methylation changes also serve as environmental biomarkers. Chronic exposure to
cadmium, lead, and PMo2.5 disrupts methylation of antioxidant and stress-response genes (Nrf2, HO-
1, SOD2) [100]. Traffic-related air pollution induces hypomethylation of mitochondrial genes and
hypermethylation of DNA repair genes, as reported in the Hortega cohort study [101]. These
methylation changes correlate with increased 8-hydroxy-2'-deoxyguanosine (8-OHdG) levels,
indicating oxidative DNA damage. Hypomethylation of Nrf2 and SOD2 and hypermethylation of
DNA repair genes thus represent sensitive, reversible indicators of environmental oxidative load
[102].

3.2. Histone Modifications

Histone acetylation, regulated by histone acetyltransferases (HATs) and deacetylases (HDACsS),
modulates chromatin accessibility. Oxidative stress alters histone-modifying enzymes: oxidation of
PARP-1 during DNA repair consumes NAD* and suppresses the NAD*-dependent deacetylase
SIRT1, leading to hyperacetylation of histones H3 and H4 and transcriptional dysregulation [103]. At
the same time, persistent ROS activate class I/Il HDACs, resulting in histone hypoacetylation and
repression of antioxidant genes [104]. ROS also influence histone methylation by inhibiting
demethylases such as KDM6B, increasing repressive marks (H3K27me3 and H3K9me3), and
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silencing stress-response genes [105]. Peroxynitrite-mediated nitration of histone residues can
activate pro-inflammatory gene expression, illustrating the dual regulatory roles of redox
modifications [106].

Beyond acetylation and methylation, oxidative stress affects other histone acylation. Succinate
and fumarate, which accumulate under mitochondrial dysfunction, inhibit o-ketoglutarate-
dependent histone demethylases and drive histone succinylation and crotonylation [107]. These post-
translational modifications link metabolic status to chromatin structure, repressing or activating gene
transcription. ROS can also oxidize histone cysteine residues, alter disulfide bonds, and modify
nucleosome stability [108]. Environmental exposures have been shown to increase repressive
H3K27me3 marks at promoters of detoxifying enzymes (HO-1, NQO1) and reduce acetylation at
enhancers of antioxidant genes [109]. Pharmacological HDAC inhibitors (e.g., trichostatin A, valproic
acid) and sirtuin activators (resveratrol) are being explored to restore histone acetylation and improve
antioxidant gene expression [110].

3.3. Non-Coding RNAs

Non-coding RNAs integrate redox signaling with gene regulation. Oxidative stress up-regulates
microRNAs such as miR-21, miR-34a and miR-200c, which suppress SIRT1, PGC-1a, and Nrf2,
thereby limiting mitochondrial biogenesis and antioxidant responses [111]. Down-regulation of miR-
25 and miR-146a removes repression of pro-inflammatory signaling [112]. Long non-coding RNAs
(IncRNAs), including MALAT1, HOTAIR, and ANRIL, are redox-responsive; MALAT1 can promote
Nrf2 nuclear translocation under moderate stress, whereas chronic ROS exposure triggers HOTAIR-
mediated recruitment of chromatin repressors to silence tumour-suppressor genes [113]. Redox-
sensitive circular RNAs (circRNAs) act as microRNA sponges or interact with transcriptional
machinery, influencing oxidative signaling cascades [114].

These non-coding RNA networks mediate both adaptive and pathological responses to
oxidative stress and represent potential therapeutic targets [115]. Emerging evidence suggests that
circRNAs contain N6-methyladenosine (mSA) modifications that are influenced by redox balance;
these marks regulate circRNA stability and translation [116]. Targeting ncRNA pathways with
antisense oligonucleotides or small molecules offers a novel avenue for restoring redox balance and
epigenetic integrity [117].

3.4. Epigenetic Modifications in Disease Contexts

In autoimmune diseases, oxidative stress induces T-cell demethylation of CD70 and ITGAL,
enhancing autoreactivity and inflammation [118]. ROS-mediated oxidation of TET enzymes alters
global 5-hydroxymethylcytosine patterns, contributing to aberrant gene activation in systemic lupus
erythematosus and rheumatoid arthritis [119]. In cancer, tumor microenvironments are characterized
by elevated ROS, which induce hypermethylation of tumor suppressor genes (BRCA1, p16~INK4a)
and hypomethylation of oncogenes, fostering genomic instability [120]. ROS-mediated activation of
DNMT3A and EZH2 promotes chromatin condensation and transcriptional silencing of apoptotic
genes [121]. In metabolic syndrome, diabetes, and atherosclerosis, oxidative stress triggers
hypermethylation of mitochondrial genes and deacetylation of metabolic regulators, impairing
energy metabolism and endothelial function [122].

In neurodegenerative diseases and aging, ROS suppresses BDNF and SOD2 expression through
promoter hypermethylation, contributing to neuronal loss [123]. Persistent oxidative stress alters
H3K9 and H4K16 acetylation, impairing synaptic plasticity and long-term memory [124]. These
examples illustrate the central role of redox-epigenetic cross-talk in human disease, suggesting that
epigenetic markers may serve as diagnostic indicators and therapeutic targets in oxidative
pathologies [125].
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methionine (SAM),
antioxidant genes. ROS-induced PARP-1 activation suppresses SIRT1, leading to histone hyperacetylation.

resulting in global hypomethylation while site-specific hypermethylation silences

Oxidative inhibition of histone deacetylases increases the repression of antioxidant genes via histone-wide
hypoacetylation. Non-coding RNAs such as miR-21 and miR-34a suppress sirtuins and PGC-1q, integrating
redox signals with epigenetic regulation. Acute and chronic ROS exposure leads to DNA demethylation and
hypermethylation via TET regulation, respectively.

4. Oxidative Stress and Aging

Aging is characterized by a progressive loss of physiological resilience accompanied by
increased ROS production, mitochondrial dysfunction, and chronic inflammation. Mitochondria are
both the principal source and target of ROS. Under physiological conditions, the ETC generates small
amounts of ROS that are detoxified by SOD2 and GPx. With age, ETC inefficiency and mtDNA
mutations increase electron leakage, generating superoxide and causing further mitochondrial
damage [126]. Dysfunctional mitochondria activate inflammatory pathways and the senescence-
associated secretory phenotype (SASP), contributing to systemic inflammaging [127]. Oxidative
stress also damages nuclear and mitochondrial DNA, proteins, and lipids, promoting cellular
senescence and telomere shortening [128]. Declining NAD* pools impair sirtuin activity and DNA
repair, while redox imbalance modulates epigenetic enzymes, leading to epigenetic drift [129].
Restoring mitochondrial function, preserving NAD* levels, and activating Nrf2 and sirtuin pathways
are pivotal strategies for extending health span [130].

Accumulation of ROS triggers DNA damage responses that stabilize the tumour suppressor p53
and activate cyclin-dependent kinase inhibitors p21*Cipl and p16"INK4a, enforcing growth arrest
[131]. Senescent cells secrete a cocktail of pro-inflammatory cytokines, matrix metalloproteinases, and
growth factors collectively known as the SASP, which propagates inflammation and tissue
degeneration [132]. Oxidative stress activates nutrient-sensing pathways such as mTOR and inhibits
AMP-activated protein kinase (AMPK), altering autophagy and energy balance [133]. In the
vasculature, ROS impair eNOS, reduce nitric oxide bioavailability, and promote vascular stiffness
and hypertension [134]. In the brain, oxidative damage fosters amyloid-3 aggregation and tau
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hyperphosphorylation, accelerating Alzheimer’s disease; in dopaminergic neurons, oxidative
metabolism of dopamine generates quinones that contribute to Parkinson’s disease [135].

Metabolic tissues show similar vulnerability. In skeletal muscle and adipose tissue, oxidative
stress induces insulin resistance by impairing insulin receptor signaling and GLUT4 translocation
[136]. Lipid peroxidation products such as 4-HNE form adducts with insulin signaling proteins,
interfering with their function [137]. In the liver, ROS promote steatosis by activating SREBP-1c and
suppressing fatty acid oxidation [138]. Age-related decline in NAD* levels reduces SIRT1 and SIRT3
activity, impairing mitochondrial function and deacetylation of PGC-la, FOXO3a, and p53.
Supplementation with NAD* precursors (nicotinamide riboside, nicotinamide mononucleotide)
restores sirtuin activity, improves mitochondrial function, and extends lifespan in animal models
[139].

Excessive ROS triggers stabilization of NRF2 and up-regulation of antioxidant enzymes,
supporting the free radical theory of aging and showing that aging is associated with increased ROS
and reduced mitochondrial enzyme activity [140]. Young mitochondria produce ROS only upon
stimulation, whereas aged mitochondria continuously generate elevated ROS, and cross-talk
between mitochondrial ROS and AMPK triggers antioxidant responses [141]. Mild activation of the
mitochondrial unfolded protein response extends lifespan, whereas excessive activation accelerates
senescence. The SIRT2-p66Shc-mtROS axis modulates vascular senescence, and AMPK activation
reduces mtROS. These findings highlight that controlled ROS signaling is essential for homeostasis,
while chronic oxidative burden promotes aging.

Therapeutic strategies targeting oxidative aging include activation of Nrf2 with phytochemicals
such as sulforaphane and curcumin, supplementation of antioxidants (vitamin E, coenzyme Q10),
mitochondrial uncouplers (mild mitochondrial uncoupling decreases ROS production), and senolytic
drugs that selectively clear senescent cells. Mesenchymal stem cell-derived exosomes carrying
antioxidant enzymes and microRNAs enhance autophagy and reduce ROS in aged tissues. Caloric
restriction and intermittent fasting reduce oxidative damage by decreasing mitochondrial ROS
generation and activating AMPK. Exercise upregulates endogenous antioxidant systems, enhances
mitochondrial biogenesis, and improves insulin sensitivity. Emerging therapies aim to combine
sirtuin activators, NAD* precursors, and Nrf2 inducers to synergistically restore redox homeostasis
and extend health span.
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Figure 5. Interplay between oxidative stress and aging. The accumulation of mtDNA mutations and increased
electron leakage due to ETC inefficiency in aging mitochondria boost ROS production over time. The
consequential long-term impaired metabolism can result in a decline in NAD*/NADH ratios, inducing mTORC1
activation, SIRT1/3 inactivation, cellular senescence, and chronic inflammation. Unregulated aging can be
accompanied by insulin resistance, cognitive impairment, and increased epigenetic drift. Healthy aging can be
achieved by regulating ROS production with the activation of sirtuin pathways and Nrf2 transcription with the

regulated intake of antioxidant supplements (NAD* precursors), exercise, and caloric restriction.

5. Biomarkers and Measurement Tools

Quantifying oxidative stress is essential for risk assessment and therapeutic monitoring. No
single biomarker captures the complexity of redox imbalance; therefore, panels that encompass lipid,
protein, DNA, and metabolic endpoints are increasingly used [142]. Below, we provide detailed
descriptions of key biomarkers and the analytical methods commonly used to quantify them.

5.1. Lipid Peroxidation Markers

Malondialdehyde (MDA). MDA is a three-carbon dialdehyde produced during the
peroxidation of polyunsaturated fatty acids. It is one of the most frequently reported lipid
peroxidation markers in clinical studies [143]. MDA is typically measured using the thiobarbituric
acid reactive substances (TBARS) assay, in which MDA condenses with thiobarbituric acid at high
temperature and acidic pH to form a colored adduct that is quantified spectrophotometrically [144].
Although the TBARS assay is rapid and inexpensive, it lacks specificity because thiobarbituric acid
also reacts with other aldehydes and lipid oxidation products, and MDA can be generated during the
assay itself. High-performance liquid chromatography (HPLC) or gas chromatography coupled with
mass spectrometry (GC-MS) provides greater specificity by separating MDA-TBA adducts from
interfering substances [145]. Due to these limitations, TBARS values are often reported as total TBA-
reactive species rather than absolute MDA concentrations. Elevated MDA/TBARS levels are reported
in cardiovascular diseases, neurodegeneration, psychiatric disorders, and chronic kidney disease;
however, variability across studies underscores the need for careful sample handling and analytical
standardization [146].

Fz-isoprostanes (IsoPs). These prostaglandin-like compounds are formed via free radical-
mediated peroxidation of arachidonic acid. Because IsoPs are generated in situ from phospholipid-
bound fatty acids and released by phospholipases, their levels accurately reflect endogenous lipid
peroxidation independent of cyclooxygenase activity [147]. Multiple studies, including the NIH-
sponsored Biomarkers of Oxidative Stress Study, have shown that quantification of Fz-IsoPs provides
one of the most reliable indices of oxidative stress in vivo [148]. IsoPs are remarkably stable and
detectable in plasma, urine, cerebrospinal fluid, and exhaled breath condensate. Their measurement
typically involves solid-phase extraction, purification by thin-layer chromatography, and
quantification by GC-MS or LC-MS, often using negative ion chemical ionization and stable isotope
dilution to achieve picogram-level sensitivity [149]. Alternatively, enzyme immunoassays are
available but may lack specificity for individual IsoP isomers. Elevated IsoPs are observed in
conditions ranging from atherosclerosis and diabetes to neurodegenerative and inflammatory
diseases, and decrease in response to antioxidant therapy [150].

4-Hydroxynonenal (4-HNE). This highly reactive a,f-unsaturated aldehyde forms Michael
adducts with proteins and phospholipids. 4-HNE levels are assessed using ELISA, HPLC, or Western
blotting of 4-HNE—protein adducts. Due to its cytotoxicity, 4-HNE is both a biomarker and mediator
of oxidative damage. Elevated levels are seen in neurodegenerative disorders, liver disease, diabetes,
and atherosclerosis [151].

Quantifying oxidative stress is essential for risk assessment and therapeutic monitoring. No
single biomarker captures the complexity of redox imbalance; therefore, panels that encompass lipid,
protein, DNA, and metabolic endpoints are increasingly used. Below, we provide detailed
descriptions of key biomarkers and the analytical methods commonly used to quantify them.
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5.2. DNA Oxidation Products

8-Hydroxy-2'-deoxyguanosine (8-OHdG) and 8-hydroxyguanine (8-OHGua). These
biomarkers arise when ROS oxidize guanine in DNA or the nucleotide pool. Urinary 8-OHdG is one
of the most popular biomarkers of oxidative DNA damage. In vivo, oxidized guanine is excised by
DNA glycosylases and excreted in urine; thus, urinary levels reflect whole-body DNA repair [152].
8-OHdG/8-OHGua can also be measured in plasma, saliva, or tissue samples. Analytical techniques
include competitive ELISA, which is simple but susceptible to cross-reactivity and tends to
overestimate concentrations, and chromatographic methods such as HPLC coupled with
electrochemical detection or tandem mass spectrometry, which provide higher specificity and
sensitivity [153]. A column-switching HPLC-ECD system has been used to quantify 8-OHGua in
saliva; salivary 8-OHGua was detectable at picogram levels and increased in smokers compared with
non-smokers [154]. Regardless of matrix, rigorous sample preparation and avoidance of artefactual
oxidation are crucial for reliable measurement [155].

5.3. Protein Oxidation Markers

Protein carbonyls. Oxidative modification of protein side chains yields carbonyl groups that
accumulate with age and disease. Derivatization with 2,4-dinitrophenylhydrazine (DNPH) allows
spectrophotometric quantification of carbonyls. Carbonylated proteins can also be separated by
HPLC or detected by ELISA using anti-DNP antibodies. Western blotting following DNPH
derivatization enables identification of specific oxidized proteins, while mass spectrometry provides
precise structural information [156]. Plasma protein carbonyls increase in chronic kidney disease,
diabetes, and neurodegenerative disorders, although levels vary depending on sample handling and
analytical method [157].

3-Nitrotyrosine and dityrosine. Nitration and cross-linking of tyrosine residues by reactive
nitrogen species produce 3-nitrotyrosine (3-NO2-Tyr) and dityrosine (diTyr). High-performance
liquid chromatography coupled with electrochemical array detection (HPLC-ECD) enables
simultaneous quantification of tyrosine, 3-NO2-Tyr, and diTyr in tissues and fluids. An Alzheimer’s
disease study showed that dityrosine and 3-NO»-Tyr were elevated five- to eight-fold in hippocampal
and neocortical regions compared with controls, whereas uric acid —a peroxynitrite scavenger —was
decreased [158]. These findings illustrate the value of nitrosative stress markers for linking
inflammatory enzyme activity to disease pathology. Immunochemical methods (ELISA,
immunohistochemistry) are also used but may lack quantitative accuracy [159].

Advanced oxidation protein products (AOPPs). These dityrosine-containing cross-linked
protein aggregates are formed by the action of chlorinated oxidants and myeloperoxidase-derived
species. AOPPs are measured spectrophotometrically at 340 nm and correlate with systemic
inflammation, especially in chronic renal failure and cardiovascular disease [160]. Beyond serving as
markers, AOPPs act as pro-inflammatory mediators that activate mononuclear phagocytes. Because
protein oxidation products are more stable than lipid peroxidation products, AOPPs provide a robust
index of chronic oxidative injury. Tissue or plasma AOPP concentrations are commonly measured
by a spectrophotometric method in which oxidation of potassium iodide by chloramine-T yields
triiodide ions; absorbance at 340 nm is compared against chloramine-T standards and expressed as
nmol of chloramine-T equivalents per mg protein. Commercial ELISA kits are available for high-
throughput screening.

Ischemia-modified albumin (IMA). Oxidative cleavage and conformational changes at the N-
terminus of human serum albumin under ischemic or oxidative stress conditions reduce metal-
binding capacity. The albumin cobalt-binding (ACB) test indirectly quantifies IMA by adding a
known amount of cobalt and measuring the unbound fraction using a chromogenic agent such as
dithiothreitol. Elevated IMA levels have been reported in acute coronary syndromes, sepsis, liver
cirrhosis, and dermatological disorders [161]. Limitations include reagent instability and interference
by fatty acids or albumin variants; alternative colorimetric assays using nickel ions have been
proposed to improve robustness [162].
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5.4. Antioxidant Enzymes and Redox Cofactors

Antioxidant enzymes. Activities of endogenous antioxidant enzymes provide functional
information on the oxidative state. SOD catalyzes the dismutation of superoxide to hydrogen
peroxide; catalase and glutathione peroxidase further detoxify hydrogen peroxide to water. In
tissues, SOD activity can be measured spectrophotometrically by assessing inhibition of nitroblue
tetrazolium reduction in the xanthine—xanthine oxidase system [163]. Catalase activity is often
determined by monitoring the decomposition rate of hydrogen peroxide at 240 nm, while glutathione
peroxidase activity is measured by coupled assays that monitor NADPH consumption during
reduction of oxidized glutathione [164]. Decreased enzymatic activity reflects depletion or
inactivation of antioxidants and is frequently reported alongside increased oxidative stress
biomarkers.

Direct ROS detection. Because free radicals have very short half-lives, direct measurement relies
on trapping or fluorescent probes. 2',7-Dichlorodihydrofluorescein diacetate (DCFH-DA) is a cell-
permeable probe that is deacetylated by intracellular esterases and oxidized by ROS to form
fluorescent dichlorofluorescein. A standard DCFH-DA assay involves incubating cells with a 10 uM
solution, washing, and measuring fluorescence at 485 nm excitation and 530 nm emission. This
method provides a simple, cost-effective measure of total ROS generation but is not specific to
individual ROS species and can be influenced by light exposure and cell type [165]. Electron spin
resonance (ESR) spectroscopy combined with spin-trapping agents (e.g., DMPO) offers a more
selective approach by forming stable radical adducts that can be detected directly, although it
requires specialized instrumentation [166].

Glutathione (GSH/GSSG) ratio. GSH is the primary cellular thiol antioxidant, and its oxidation
to glutathione disulfide (GSSG) reflects oxidative pressure. Under oxidative stress, GSH is consumed,
and the GSH:GSSG ratio decreases; this shift serves as a sensitive indicator of redox status across
diseases. Measurement can be performed by enzymatic recycling assays using glutathione reductase,
HPLC with fluorescence detection after derivatization with orthophthalaldehyde, or capillary
electrophoresis. Because the pool of protein-bound glutathione (S-glutathionylation) also increases
under oxidative stress, assays that differentiate free and protein-bound glutathione provide more
comprehensive information [167].

NAD*/NADH ratio. This redox pair underpins metabolic flux through glycolysis, the
tricarboxylic acid (TCA) cycle, and oxidative phosphorylation. NAD* accepts electrons and becomes
reduced to NADH, which in turn donates electrons to the electron transport chain. A decline in the
NAD+/NADH ratio is indicative of impaired mitochondrial respiration and is a hallmark of oxidative
stress and aging. This ratio also regulates the activity of sirtuins (NAD*-dependent deacetylases),
PARPs, and other redox-sensitive enzymes [168]. The NAD*/NADH ratio is measured in tissues and
cells using enzymatic cycling assays or LC-MS/MS. Pre-analytical variables, including sample
storage, pH, and redox-active metabolites, must be strictly controlled for reliable quantification.
NAD:-* precursors such as nicotinamide riboside (NR) and nicotinamide mononucleotide (NMN) are
currently being explored in clinical trials to restore NAD* pools and mitigate oxidative damage.

5.5. Epigenetic and Multi-Omics Biomarkers

Persistent oxidative stress induces aberrant DNA methylation patterns, histone modifications,
and changes in non-coding RNAs. Up-regulation of DNMTs and inhibition of TET enzymes lead to
promoter hypermethylation and gene silencing, while oxidative modifications to HDACs alter
acetylation states of chromatin [169]. Monitoring methylation of antioxidant genes (e.g., Nrf2, SOD2),
histone marks (H3K27me3, H3K9me3), and microRNAs (e.g., miR-21, miR-34a) provides mechanistic
insight into pollutant-mediated gene regulation [170]. Analytical platforms include bisulfite
sequencing, chromatin immunoprecipitation sequencing (ChIP-seq), and RNA-seq.

Because individual markers provide only a snapshot of the oxidative state, composite panels
that integrate multiple lipid peroxidation products (MDA, Fa-IsoPs, 4-HNE), DNA lesions (8-OHdG),
protein carbonyls, nitrotyrosine, and redox cofactors (GSH/GSSG, NAD*/NADH) offer a more robust
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assessment [171]. Emerging metabolomic techniques use untargeted LC-MS and NMR spectroscopy
to profile a broad spectrum of oxidative modifications, while multi-omics approaches combine
metabolomics with epigenomics and transcriptomics to identify pollutant-specific signatures [172].
High-throughput assays and miniaturized sensors are being developed to enable real-time
monitoring of oxidative stress biomarkers in clinical and environmental settings.

Nucleotides "

@ Toxicant Exposure @ Sampling

Figure 6. Multi-omics biomarker discovery pipeline. Environmental toxicant exposures generate oxidative
stress, which alters metabolites, DNA methylation, histone modifications, and non-coding RNA expression.
Integrating next-gen sample processing with a multi-omics pipeline for analyses enables computational

modeling and artificial intelligence to generate a pollutant-specific health report for personalized healthcare. .

6. Emerging Epigenetic Biomarkers and Redox-Related Metabolomic Profiles

Recent advances in epigenomics and metabolomics have illuminated how oxidative stress
modifies gene regulation and metabolism, generating measurable molecular signatures that act as
biomarkers of environmental impact. This section retains detailed insights from recent literature on
epigenetic and metabolomic markers of oxidative stress arising from environmental exposures [173].

Table 1. Overview of Emerging Biomarkers.

Bi k
10:;;2 e Example markers Mechanistic insight Application
DNA Hypomethylation of Nrf2, Indicates failure of antioxidant Exposure risk
methylation S0D2 responses and epigenetic drift assessment
Hi.sfone:, tH3K27me3, 1H3K9me3 Chromatin repression of stress- Chro.nic' pollution
modification response genes indicator
miRN-A +miR-21, [miR-146a Regulajces i'nﬂammatory and Predi.ctive disease
expression oxidative pathways biomarker
Redox JGSH/GSSG ratio, MDA, Reflect depletion of antioxidant ~ Systemic oxidative
metabolites INAD*/NADH ratio reserves and metabolic imbalance stress marker
Protein 4-HNE-protein conjugates Indicate liPid p?r?xidation and Biom.arker of
adducts tissue injury cumulative damage

6.1. DNA Methylation as a Redox Biomarker
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DNA methylation changes are sensitive markers of environmental oxidative load. Exposure to
cadmium, lead, and particulate matter disrupts methylation of antioxidant and stress-response genes
(Nrf2, HO-1, SOD2) [174]. These methylation changes correlate with increased 8-OHdG levels,
indicating oxidative DNA damage. Traffic-related air pollution induces hypomethylation of
mitochondrial genes and hypermethylation of DNA repair genes, as reported in the Hortega cohort
study, which linked environmental exposure to altered metabolite profiles and oxidative stress
biomarkers [175]. Hypomethylation of Nrf2 and SOD2 and hypermethylation of DNA repair genes
thus represent sensitive, reversible indicators of environmental oxidative load.

6.2. Histone Modifications and Chromatin Remodeling

Histone modifications respond dynamically to ROS. Heavy metals or PAHs induce repressive
marks (H3K27me3, H3K9me3) that suppress expression of detoxifying genes [176]. Histone
succinylation and crotonylation, new oxidative-sensitive modifications, link metabolic status to
chromatin architecture. Environmental stress disrupts the acetyl-CoA and succinyl-CoA pools,
altering histone acylation states and transcriptional control of antioxidant pathways. Non-redundant
modifications such as histone succinylation and crotonylation are gaining attention for their ability
to link metabolism to epigenetic control. Emerging evidence highlights how metabolic intermediates
such as fumarate and succinate modulate TET and KDM enzyme activity, establishing a direct
biochemical link between metabolism and chromatin regulation [177].

6.3. Non-Coding RNA Regulation Under Redox Stress

Non-coding RNAs, especially microRNAs (miRNAs), long non-coding RNAs (IncRNAs), and
circular RNAs (circRNAs), act as epigenetic regulators in oxidative stress responses. ROS modulate
miRNAs that target antioxidant and mitochondrial genes. miR-34a, miR-21, and miR-155 are
consistently up-regulated by ROS and regulate sirtuins, Nrf2, and inflammatory pathways [178].
Circulating miRNA profiles reflect redox balance and offer non-invasive biomarkers for
environmental exposure. LncRNAs such as H19 and MALATI are redox sensitive and influence
glutathione synthesis, autophagy, and apoptosis. CircRNAs stabilize miRNAs and scaffold redox
signaling complexes. Profiling non-coding RNAs via microarrays or RNA-seq provides a
multilayered perspective on redox regulation.

6.4. Redox Metabolites as Exposure Biomarkers

Metabolomic studies link environmental oxidative stress to specific metabolic shifts. Key
metabolites include the GSH/GSSG ratio, MDA, and 4-HNE for lipid peroxidation, the
cysteine/cystine ratio to measure thiol-disulfide redox state, and NADH/NAD* and NADPH/NADP+
ratios to reflect redox potential and metabolic health [179]. Chronic exposure to traffic-related
pollutants disrupts glutathione metabolism and amino acid pathways related to oxidative stress,
validating these metabolites as sensitive biomarkers [180]. Sex-specific differences in redox
metabolism have been documented; oxidative stress affects male fertility via altered glutathione and
lipid peroxidation pathways, while female reproductive systems are modulated through estrogenic
regulation of Nrf2 [181]. Age-dependent decline in redox homeostasis sensitizes individuals to
pollutant-induced metabolic shifts.

6.5. Integrative Redox-Epigenetic Interactions

Epigenetic and metabolic systems are closely intertwined through redox-dependent
mechanisms. Oxidative metabolites, including a-ketoglutarate and 2-hydroxyglutarate, influence
TET and KDM enzyme activity, establishing a direct biochemical link between metabolism and
chromatin regulation [182]. Multi-omics approaches combining methylome, transcriptome, and
metabolome profiling have revealed pollutant-specific signatures. For instance, diesel exhaust
exposure is associated with hypomethylation of Nrf2, increased oxidized glutathione, and miR-34a
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up-regulation, representing a composite fingerprint of environmental redox imbalance [183]. This
integrative perspective not only reveals mechanisms of redox regulation but also enables the
discovery of biomarkers for personalized risk assessment and therapeutic targeting.

6.6. Translational and Clinical Implications

Integration of epigenetic and metabolomic biomarkers offers unprecedented precision in
exposomics: the study of lifelong environmental exposures. These molecular profiles serve as
diagnostic tools for early detection of pollutant-induced disease and predictive markers of individual
susceptibility [184]. Artificial intelligence-assisted multi-omics modeling enhances biomarker
discovery by correlating redox signatures with health outcomes. Beyond diagnostics, identifying
redox-sensitive pathways offers therapeutic potential. Activation of Nrf2 and SIRT1 pathways
through nutraceuticals (e.g., sulforaphane, resveratrol) can restore redox equilibrium and reverse
epigenetic silencing. These insights open pathways for personalized antioxidant interventions in
populations at risk of environmental stress [185].

7. Future Perspectives

The integration of redox biology with epigenetic and multi-omics profiling represents a
paradigm shift in how we understand, measure, and intervene in oxidative stress-related diseases.
Redox signaling, once considered a damaging byproduct of metabolism, is now appreciated as a
dynamic regulator of gene expression, chromatin remodeling, and cellular fate decisions. Moving
forward, the convergence of environmental health, redox epigenetics, and precision medicine will
drive the discovery of new diagnostic tools and therapeutic strategies [186]. First, expanding
longitudinal cohort studies with multi-omics measurements will help establish causal links between
environmental exposures, oxidative stress, and chronic disease. Current studies often suffer from
limited sample sizes, a cross-sectional design, and a lack of exposure quantification. Integrating redox
biomarkers, DNA methylation profiles, and metabolic signatures into existing exposomic datasets
will improve resolution and generalizability [187]. High-resolution metabolomics, single-cell
epigenomics, and spatial transcriptomics will allow the dissection of redox heterogeneity across
tissues and cell types.

Second, the development of portable sensors and wearable technologies to monitor redox
parameters in real-time may revolutionize exposure surveillance and risk assessment [188].
Biosensors that detect breath ethane, exhaled nitric oxide, or salivary 8-OHdG could provide non-
invasive, dynamic indicators of oxidative load. Combining these sensors with artificial intelligence
and machine learning will support personalized redox tracking.

Third, therapeutic innovation must target the root causes of redox imbalance. While antioxidant
supplementation has yielded inconsistent results, targeting upstream regulators such as Nrf2, SIRT1,
and AMPK may offer more durable benefits. Epigenetic drugs (DNMT inhibitors, HDAC inhibitors)
and NAD* boosters (nicotinamide mononucleotide, NR) are under investigation for age-related and
metabolic diseases [189]. CRISPR-based epigenome editing and RNA therapeutics may enable
precise modulation of redox-sensitive gene expression in the future.

Lastly, ethical and societal considerations surrounding multi-omics data integration, privacy,
and equity must be addressed. Vulnerable populations disproportionately exposed to environmental
oxidative stress must be prioritized in research and interventions. Ensuring equitable access to redox-
targeted therapeutics and diagnostics will be essential for realizing the promise of redox precision
medicine [190].

8. Conclusions

Oxidative stress is a central mechanism linking environmental exposures, aging, and chronic
disease. Airborne pollutants, heavy metals, pesticides, nanoparticles, and microplastics produce ROS
through mitochondrial disruption, NADPH oxidase activation, and redox cycling. The resulting
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oxidative imbalance damages lipids, proteins, and DNA, triggers inflammatory signaling, and
reprograms the epigenome. These processes accelerate cellular senescence and contribute to
pathologies ranging from neurodegeneration to cardiovascular disease. Emerging biomarkers,
including redox metabolites, oxidative DNA lesions, and epigenetic alterations, offer sensitive tools
for assessing environmental impact and guiding interventions. Future research should leverage
multi-omics and Al-driven exposomics to translate mechanistic insights into precision strategies for
mitigating oxidative damage and promoting healthy aging.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation Definition

4-HNE 4-hydroxynonenal

8-OHGua 8-hydroxyguanine

8-OHdG 8-hydroxy-2'-deoxyguanosine

ACB albumin cobalt-binding

AMPK AMP-activated protein kinase

AOPPs advanced oxidation protein products
AP-1 activator protein-1

CHOP C/EBP homologous protein

DCFH-DA 2',7'-dichlorodihydrofluorescein diacetate
DNMTs DNA methyltransferases

DNPH 2,4-dinitrophenylhydrazine

DRP1 dynamin-related protein 1

ER endoplasmic reticulum

ESR electron spin resonance

ETC electron transport chain

GC-MS gas chromatography—mass spectrometry
GSH glutathione

GSSG glutathione disulfide

HATs histone acetyltransferases

HDACG:s histone deacetylases

HPLC high-performance liquid chromatography
HPLC-ECD HPLC coupled with electrochemical detection
IDH isocitrate dehydrogenase

IMA ischemia-modified albumin

IsoPs Fa-isoprostanes

MAM mitochondria-associated membrane
MDA malondialdehyde

NMN nicotinamide mononucleotide

NO2 nitrogen dioxide

NOX NADPH oxidase

NR nicotinamide riboside

NRF1 nuclear respiratory factor 1

NSCs neural stem cells

o3 ozone

OPA1 optic atrophy protein 1

PAHs polycyclic aromatic hydrocarbons

PFAS per- and polyfluoroalkyl substances
PGC-1a peroxisome proliferator-activated receptor gamma coactivator 1-alpha
POPs persistent organic pollutants

ROS reactive oxygen species

SAM S-adenosyl-methionine

SASP senescence-associated secretory phenotype
SOD superoxide dismutase

TBARS thiobarbituric acid reactive substances
TCA tricarboxylic acid

TET ten-eleven translocation

TLR Toll-like receptor

UFPs ultrafine particles

UPR unfolded protein response

circRNAs circular RNAs

IncRNAs long non-coding RNAs

mPTP mitochondrial permeability transition pore
miRNAs microRNAs

mtDNA mitochondrial DNA
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mtROS mitochondrial ROS
oxLDL oxidized low-density lipoprotein
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