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Abstract

Although cancer biology has advanced considerably, the impact of environmental toxins
on carcinogenesis remains underrecognized and scattered across disciplines. Evidence
increasingly shows that chronic exposure to a broad range of toxins—including persistent
organic pollutants, heavy metals, pesticides, phthalates, microplastics, and fine particu-
late matter (PM2.5), which significantly contributes to cancer initiation, progression, and
treatment resistance. This review synthesizes mechanistic, molecular, and epidemiological
findings from 2015 to 2025, identified through systematic searches of PubMed, Scopus,
Web of Science, and MeSH. Key pathways include oxidative stress-mediated DNA damage,
epigenetic reprogramming (DNA methylation, histone modifications, miRNA dysregula-
tion), hormone receptor modulation, chronic inflammation, immune evasion, and tumor
microenvironment remodeling. Case studies of benzene, arsenic, aflatoxins, pesticides,
and microplastics detail exposure routes, molecular targets, and associated cancers, high-
lighting significant public health risks. Ongoing debates persist regarding safe exposure
thresholds, latency periods, and the effects of mixed toxin exposures. The review also
highlights recent innovations in environmental oncology, including Al-based predictive
models, CRISPR screens for susceptibility genes, organoid /3D models, green chemistry
interventions, and real-time exposure monitoring, which provide mechanistic insight and
inform early detection and personalized prevention strategies. Additionally, regional data
gaps, particularly in low- and middle-income countries, indicate the need for stronger
interdisciplinary collaboration. By integrating molecular mechanisms, epidemiology, and
technological advances, this review offers a comprehensive framework for understand-
ing toxin-induced carcinogenesis and guiding future research, public health policy, and
preventive strategies.

Keywords: epigenetics; tumor microenvironment; public health; persistent organic
pollutants; molecular toxicology; oxidative stress

1. Introduction

Cancer continues to rank among the foremost causes of mortality worldwide [1].
Although genetic factors are well established in driving tumor development, increasing
attention is being directed toward the role of environmental exposures in triggering and
accelerating cancer progression [2]. Pollutants, dietary toxins, and other chemical agents
are now recognized as critical contributors that extend beyond genetic predisposition in
shaping cancer risk [3].
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Given this recognition, research into cancer biology and environmental toxicology has
progressed mainly in parallel rather than in synergy. This separation has limited the ability
to understand how toxins influence the molecular pathology of cancer fully. Integrating
these two areas of study is crucial for understanding how environmental agents affect
genetic and cellular mechanisms, potentially influencing susceptibility, progression, and
treatment response. However, several knowledge gaps remain unresolved. These include
uncertainties in dose-response dynamics, the cumulative effects of long-term low-dose
exposures, and the complexities of latency periods [4], and the impact of multiple toxins
acting in combination [5]. In particular, the scarcity of region-specific toxicological and
epidemiological data in low- and middle-income countries (LMICs) has created major
blind spots in risk assessment and policy formulation, thereby limiting global understand-
ing of environmental carcinogenesis [6,7]. In addition, epidemiological data often blur
the line between correlation and causation, sparking debate and leaving key questions
unanswered [8].

This review focuses on specific categories of environmental toxins most strongly
implicated in human cancers, including industrial chemicals, pesticides, and persistent
organic pollutants. These groups include substances recognized by the International
Agency for Research on Cancer (IARC) [9] and the World Health Organization (WHO) as
established or probable carcinogens and thereby marked their global health significance [10].
This review adopts a transdisciplinary perspective, integrating toxicological evidence with
oncological mechanisms to provide a more comprehensive understanding of cancer risks
associated with environmental exposures. Such an approach mirrors real-world conditions,
where individuals are rarely exposed to a single toxin in isolation but rather to complex
mixtures over extended periods.

The discussion centers on the classes of environmental toxins most strongly linked
with cancer, such as endocrine-disrupting chemicals, heavy metals, airborne contaminants,
and food-derived toxins. Their mechanisms of action, as well as both supportive and
conflicting findings, and recent advances in detection and intervention strategies, are
critically examined. The primary aim of this work is to evaluate the multifaceted interplay
between environmental toxins and cancer development. By emphasizing the public health
implications of toxin exposure, particularly in vulnerable populations and poorly regulated
regions, this review denotes the urgent need for integrated prevention frameworks. By
synthesizing evidence across disciplines, this review offers fresh insights into mechanistic
pathways and highlights opportunities for translational research. Ultimately, it emphasizes
the potential of integrating toxicological knowledge into oncology to advance cancer
prevention, early detection, and therapeutic innovation.

2. Methodology

A comprehensive literature search was conducted across PubMed (https:/ /pubmed.
ncbinlm.nih.gov/ accessed 2 August 2025), Scopus (https:/ /www.scopus.com) accesed
7 August 2025, and Web of Science (https:/ /www.webofscience.com accessed 11 August
2025) databases, covering the period 2015-2025. These databases were selected for their
extensive indexing of peer-reviewed biomedical, toxicological, and oncological studies.
To refine and broaden the search strategy, Medical Subject Headings (MeSH) terms were
used in combination with carefully selected keywords linking environmental toxins to
cancer. The search strategy incorporated Boolean operators (“AND,” “OR,” and “NOT”) to
combine relevant keywords and MeSH terms. The main search terms included: “environ-

”oany

mental carcinogens,” “industrial chemicals,

i ” o

pesticides,” “persistent organic pollutants,”

e e

“heavy metals,” “airborne contaminants,” “endocrine disruptors,” “food-derived toxins,”
y

“tumorigenesis,” and “cancer risk.” These combinations were adapted to each database’s
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indexing system to ensure comprehensive retrieval. Inclusion criteria were limited to
peer-reviewed original research articles, experimental studies, systematic reviews, and
meta-analyses that directly examined associations between environmental toxins and can-
cer outcomes. Only studies published in English between 2015 and 2025 were considered
to ensure contemporary relevance. Exclusion criteria encompassed commentaries, editori-
als, non-peer-reviewed sources, and papers without mechanistic or epidemiological data
linking toxins to cancer, to maintain scientific rigor and reliability. All retrieved articles
were imported into reference management software to remove duplicates. Screening was
conducted in two stages: (1) title and abstract screening, followed by (2) full-text evaluation.
Two independent reviewers screened and cross-verified eligible studies to minimize bias
and ensure consistency. A flow diagram summarized the selection process, including
the number of records retrieved per search term, those screened, those excluded, and
those finally included for complete analysis. Eligible studies were systematically catego-
rized by toxin class, cancer type, underlying biological mechanism, and overall strength
of evidence. This structured organization facilitated cross-comparison of environmental
exposures and their oncogenic potential. Each study underwent critical evaluation focusing
on methodological rigor, reproducibility, novelty, and its contribution to the mechanistic
understanding of toxin-driven carcinogenesis. This rigorous and transparent approach
ensured that both well-established findings and emerging insights were captured, forming
a scientifically credible foundation for the integrative discussion presented in this review.
The flow chart diagram, as shown, indicates the identification, screening, exclusion, and
those included in the study. The study selection process for inclusion in the review is
illustrated in Figure 1.

Identification
o Records identified through
searching (n =443)
o Additional records identified  through
other sources (n = 13).

database

" 4
,
Screening ( o D
o Records after duplicated and  removed _ Eligibility .
(n=16). o Full-text articles assessed  for eligibility
* Records screened — ~ (n=409). _
(n=417) e Full-text articles excluded,  with reasons
« Records excluded (n=47).
e (n=23).

o Studies included in

o Studies included in

Included

qualitative synthesis
(n=312).

quantitative synthesis
(n=97).

J

Figure 1. Flowchart showing the study selection process for inclusion in the review. Created in
BioRender. Busselberg, D. (2025) https://BioRender.com/omql52t. acceesed on 12 November 2025.
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3. Key Mechanisms of Toxin-Induced Carcinogenesis

Environmental toxins promote carcinogenesis through several interrelated biological
processes [11]. These include oxidative damage, epigenetic remodeling, endocrine disrup-
tion, chronic inflammation, changes in the tumor microenvironment, and the emergence of
distinct mutational patterns [12]. Each mechanism contributes uniquely to cancer initiation
and progression, while often acting in concert to drive malignant transformation [13].

3.1. Oxidative Stress and DNA Damage

A primary mechanism by which toxins exert carcinogenic effects is through oxida-
tive stress [14]. Agents such as heavy metals, persistent organic pollutants, and airborne
particulates trigger the excessive production of reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) [15]. When antioxidant defenses are overwhelmed, oxidative
damage accumulates in cellular components, especially DNA [16]. Thus, DNA damage
emerges as a key downstream consequence of persistent oxidative stress, linking envi-
ronmental toxin exposure directly to genomic instability and mutagenesis [17-19]. This
results in strand breaks, base modifications, and cross-linking, all of which undermine
genomic stability.

Sustained oxidative stress not only promotes mutations in tumor suppressors and
oncogenes but also activates signaling cascades such as NF-kB and MAPK that enhance
cell proliferation and resistance to apoptosis [20]. Mitochondrial dysfunction caused by
toxins further amplifies ROS generation, establishing a feedback loop that accelerates DNA
damage and carcinogenic transformation [21].

Genotoxicity and DNA Repair Mechanisms

In addition to inducing oxidative lesions, many environmental toxins possess direct
genotoxic potential, primarily through the formation of DNA adducts and reactive in-
termediates that disrupt the helical structure and compromise replication fidelity [22,23].
These genotoxic insults can result in point mutations, chromosomal aberrations, and
microsatellite instability, which are recognized as molecular hallmarks of early-stage car-
cinogenesis [24,25]. Under normal physiological conditions, DNA repair pathways such as
base excision repair (BER), nucleotide excision repair (NER), and mismatch repair (MMR)
function to preserve genomic integrity [26]. However, chronic or repeated toxin exposure
can suppress or overwhelm these repair mechanisms, leading to incomplete or error-prone
repair [27,28]. The progressive accumulation of unrepaired or misrepaired DNA lesions
thereby increases the mutational burden within cells, ultimately promoting genomic insta-
bility and malignant transformation. As shown in Table 1, the mechanisms of oxidative
stress—-mediated carcinogenesis involve multiple cellular pathways. The role of oxidative
stress in carcinogenesis is further detailed through a visual model (Figure 2), which demon-
strates how ROS-induced DNA damage activates oncogenic pathways while impairing
tumor suppressors.
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Table 1. Mechanisms of Oxidative Stress-Mediated Carcinogenesis.

Environmental ROS Source/ DNA Lesions Key Pathways Tumor Cancer Ev1den.ce Type
. . Suppressor e (In Vitro/In
Toxin Mechanism Induced Affected Association . . .
Impact Vivo/Epidemiology)
Arsenic Mltochom.:lnal 8-0x0C NE-kB, MAPK p53 inhibition Skin, bladder In vitro + human
dysfunction cancer cohort [29]
. . BRCA1 . .
Cadmium Redox cycling SSBs, DSBs PI3K/AKT . Lung cancer Animal studies [30]
suppression
CYP2E1 Chromosomal . . . .
Benzene metabolism breaks STAT3 P53 mutation Leukemia Epidemiology [31]
Chromium . . ATM/ATR .
(V1) Fenton reaction =~ DNA crosslinks ERK/MAPK inhibition Lung cancer In vitro [32]
Aflatoxin B1 C¥P4.50 DNA adducts Wnt/ 3-catenin p53 COdO.n 249 HCC Case-control [33]
activation mutation
Mitochondrial =~ Oxidative DNA o Human exposure
PM2.5 ROS lesions Nrf2 p16 silencing Lung cancer [34]
Nickel ROS.+ hlstone DNA-p.rotem HIF-1x p53 silencing Nasopharyngeal In vitro [35]
binding crosslinks cancer
Pesticides Lipid DNA Bax . .
(DDT) peroxidation fragmentation AKT suppression Breast cancer Epidemiology [36]
@
.'| ) ® . y ® N
P o _3 LS/ ‘@ S
VAR, AR — oo\ TIBY — O gy
'y [ )
DNA Chromosomal  Tumor suppressor - v
strand genotoxic gene (p53) being Oncogene
break mutation blocked activation
Environmental
toxins
Tumor
cell
o <o S : cluster
* . ® 5 ;

ROS

(D) _

Mitochondria ROS
feedback

Uncontrolled proliferation

IL6

Inflammatory cytokines
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Figure 2. Created in BioRender. Busselberg, D. (2025) https://BioRender.com/inf6tqo. accesed on
12 December 2025. Legend: DNA—Deoxyribonucleic acid, ROS—Reactive oxygen species, p53—
Tumor Protein p53 (Guardian of the Genome), IL6—Interleukin 6, TNF—Tumor necrosis factor.

Mechanisms of Oxidative Stress—-Mediated Carcinogenesis.
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Environmental toxins (industrial emissions, cigarette smoke, pollutants) trigger oxida-
tive stress, leading to excessive ROS (Reactive Oxygen Species) production. ROS induce
DNA (Deoxyribonucleic Acid) strand breaks and mutations, impair p53 (Tumor Protein
p53—the “Guardian of the Genome”) function, and activate oncogenes, resulting in uncon-
trolled cell proliferation. Mitochondrial ROS amplify oxidative stress through a positive
feedback loop. Elevated TNF (Tumor Necrosis Factor) and IL-6 (Interleukin 6) drive chronic
inflammation, further promoting tumor development.

3.2. Epigenetic Modifications (DNA Methylation, Histone Modifications, miRNA Dysrequlation)

Beyond direct genetic mutations, toxins also induce heritable changes in gene ex-
pression through epigenetic reprogramming [37]. DNA methylation patterns are partic-
ularly affected, exposures to arsenic, cadmium, and certain pesticides have been linked
to global hypomethylation as well as gene-specific hypermethylation that silences tumor
suppressor pathways [38]. Mechanistically, these toxins alter the activity of DNA methyl-
transferases (DNMTs), leading to aberrant methylation of cytosine residues within CpG
islands, which in turn suppresses transcription of genes critical for cell cycle regulation and
apoptosis [39—41].

Histone alterations add another layer of regulation. By modifying acetylation and
methylation states, toxins remodel chromatin architecture, often in ways that favor
unchecked cell growth [42]. Environmental toxins such as heavy metals and polycyclic
aromatic hydrocarbons can disrupt histone acetyltransferase (HAT) and histone deacetylase
(HDAC) activity, causing changes in chromatin compaction that either repress or activate
oncogenic gene expression [43—45].

Additionally, non-coding RNAs, especially microRNAs (miRNAs), are disrupted
by pollutants and endocrine-disrupting chemicals [46]. Dysregulated miRNAs promote
angiogenesis, epithelial-mesenchymal transition, and metastatic potential [47]. Toxins
may interfere with miRNA transcription or processing enzymes such as DROSHA and
DICER, leading to abnormal miRNA expression profiles that influence post-transcriptional
regulation of tumor suppressor and oncogene networks [48].

Importantly, since epigenetic modifications are reversible, they hold promise as
biomarkers of exposure and targets for preventive or therapeutic intervention. Epigenetic
reprogramming caused by environmental toxins demonstrates how pollutants can modify
DNA methylation, histone architecture, and miRNA expression, ultimately influencing
tumor behavior (Table 2).
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Table 2. Epigenetic Reprogramming Induced by Environmental Toxins: Mechanisms, Evidence Type, and Cancer Relevance.
. DNA Methylation Histone Modifications miRNA Genes/Pathways . .
Toxin/Compound Effects (Mechanism) (Mechanism) Dysregulation Affected Cancer Link Evidence Type References
H&ﬁ?iﬁ;ﬁ?ﬁlﬁﬂff H3K9 acetylation loss fmiR-21 p16, MLH1
Arsenic promoters via DNMT1 leading to chr(')matm miR-200b E-cadherin Bladder, skin, lung Causal (human & in vivo) [49-51]
. condensation
overactivation
Global DNA Altered H3K27me3
Cadmium hypomethylation due to represses JmiR-143, tmiR-21 GSTP1, MT1A Prostate, liver Causal (animal) [52-54]
DNMT inhibition antioxidant genes
CpG methylation of ERx . . . .
. R Histone acetylation at TmiR-146a, . Correlational
Bisphenol A (BPA) promoter éffect}ng ESR1 and HOXC6 loci | miR-29 ESR1, BRCA1 Breast, endometrial (epidemiological) [55-57]
estrogen signaling
hypi‘;fgﬁ;i don Inhibition of H3K4me2 FmiR222
Nickel through ROS-mediated causes til;agsic:ptlonal |miR-152 E-cadherin, CDH1 Lung, nasal Causal (in vitro) [58]
DNMTI activation stencing
p53 codon 249 mutation . -
Aflatoxin B1 with CpG methylation H 4 hypoacetylatlop iml.R 122, TP53, CYP450 Liver (HCC) Causal (human + animal) [59,60]
. impairs DNA repair TmiR-34a
interference
LINE-1 h hylati .
I\{chrougllzoor;zcat}i]vflon H3K9mes3 alterations TmiR-210 DNA repair,
Airborne PM2.5 ; affecting . ¢ 1 ! Lung, colorectal Correlational (cohort) [61-63]
stress-induced TET . TmiR-222 oxidative stress genes
e chromatin structure
activation
Demethylation of Disruption of histone
Phthalla)tgij)(DEHP, oncogene promoters via acetyltransferase TmiR-10b, TmiR-21 MMPs, BCL2 Breast, testicular Causal (animal) [64-66]
DNMT suppression (HAT) activity
CpG hypermethylation . .
. 1 H3K27me3 enrichment JmiR-200c, .. .
Chromium (VI) through oxidative silences CDKN2A |miR-143 CDKN2A, MLH1 Lung Causal (in vitro + animal) [67-69]

stress-DNMT coupling

Key:1 = upregulated, | = downregulated, DNMT = DNA methyltransferase; HAT = histone acetyltransferase; TET = ten-eleven translocation enzyme, Causal evidence: Direct mechanistic
proof in controlled in vitro/in vivo models, Correlational evidence: Associations observed in population/epidemiological studies.
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3.3. Hormone Receptor Activation and Endocrine Disruption

Endocrine-disrupting chemicals (EDCs) such as bisphenol A, phthalates, and
organochlorine pesticides interfere with natural hormone signaling [70]. By binding to
estrogen, androgen, or thyroid receptors, these compounds mimic or block hormonal ac-
tivity, leading to abnormal signaling in hormone-sensitive organs like the breast, prostate,
and thyroid [71]. Mechanistically, EDCs can act as agonists or antagonists at estrogen
receptors (ERx and ERf), androgen receptors (ARs), or thyroid hormone receptors (TRs),
thereby altering receptor conformation, recruitment of coactivators or corepressors, and
downstream transcriptional activity [72,73].

For instance, xenoestrogens enhance estrogen receptor activity in breast tissue, stimu-
lating proliferation even in the absence of endogenous hormones [74]. In prostate cancer,
EDCs disrupt androgen receptor pathways and contribute to resistance against hormonal
therapies [75]. Animal studies have shown that prenatal or early-life exposure to bisphenol
A increases mammary gland density and susceptibility to tumor formation [76-78]. In con-
trast, human epidemiological studies link chronic phthalate exposure to elevated risks of
breast and prostate cancers [79-81]. Some toxins also alter hormone synthesis, metabolism,
or clearance, compounding their carcinogenic effects through long-term endocrine
imbalance [82].

In addition to synthetic chemicals, certain heavy metals such as cadmium, arsenic,
and lead also exhibit endocrine-disrupting activity [83]. Cadmium, often described as a
“metalloestrogen,” can bind to estrogen receptors and activate estrogenic signaling path-
ways in breast and uterine cells, thereby promoting uncontrolled proliferation [84]. Arsenic
has been shown to interfere with glucocorticoid and thyroid hormone signaling, while
lead exposure has been associated with altered reproductive hormone levels and impaired
feedback mechanisms in the hypothalamic—pituitary—gonadal axis [85]. Experimental evi-
dence from rodent models demonstrates that chronic cadmium exposure induces mammary
gland hyperplasia and estrogen-responsive gene activation [86,87], while population-based
studies reveal associations between urinary cadmium levels and increased breast cancer in-
cidence [88,89]. These metal-induced disruptions further highlight the multifaceted nature
of endocrine imbalance in carcinogenesis.

3.4. Inflammation and Immune Evasion

Chronic inflammation represents another key route of toxin-driven carcinogenesis [90].
Substances such as asbestos, silica, and air pollutants activate innate immune responses
that sustain low-grade, persistent inflammation [91]. Pro-inflammatory cytokines like IL-6,
TNE-o, and IL-1f3 create a milieu that promotes proliferation, angiogenesis, and survival of
transformed cells [92]. Beyond inorganic particulates and metals, several organic pollutants,
such as polycyclic aromatic hydrocarbons (PAHs), dioxins, and persistent organic pollu-
tants, have also been implicated in maintaining chronic inflammatory signaling, further
broadening the spectrum of inflammation-inducing agents [93,94].

Over time, inflammatory conditions enhance genomic instability through continuous
ROS and RNS production [95]. In parallel, toxins compromise immune surveillance by in-
ducing T-cell dysfunction, expanding regulatory T-cell populations, and impairing antigen
presentation [96]. This establishes a mechanistic continuum in which chronic inflammation
fosters an immunosuppressive tumor microenvironment. Persistent cytokine signaling
and oxidative stress not only promote DNA damage but also drive immune exhaustion,
enabling malignant cells to evade cytotoxic T-cell recognition [97-99]. Consequently, the
interplay between inflammation and immune evasion becomes self-reinforcing as toxins
sustain inflammatory stimuli that facilitate oncogenic mutations [100,101], while immune
escape mechanisms allow emerging tumor cells to persist and expand unchecked [102,103].
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This dual effect includes perpetuating inflammation while weakening anti-tumor immunity,
allowing premalignant cells to evade detection and progress toward malignancy [104].

3.5. Tumor Microenvironment Alterations

Environmental toxins also reshape the tumor microenvironment (TME), a critical
regulator of cancer dynamics [105]. Exposures can stimulate extracellular matrix remodel-
ing, fibroblast activation, and abnormal angiogenesis via increased VEGF signaling [106].
Arsenic and cadmium, for example, are known to enhance blood vessel formation and
stromal support, thereby facilitating tumor growth and spread [107].

Beyond heavy metals, other environmental contaminants such as fine particulate
matter (PM2.5), pesticides, and industrial chemicals can also disrupt the structural integrity
of the ECM and promote aberrant tissue remodeling [108,109]. These agents stimulate
matrix metalloproteinases (MMPs) and fibronectin deposition, weakening cell-cell adhesion
and promoting tumor invasion [110].

Toxin exposure also reprograms immune cells within the TME. Macrophages often shift
toward the tumor-promoting M2 phenotype, while myeloid-derived suppressor cells accu-
mulate, dampening anti-tumor immunity [111]. Such exposures may also influence cancer-
associated fibroblasts (CAFs), enhancing their secretion of growth factors and cytokines
that support tumor-stromal crosstalk, angiogenesis, and metastatic spread [112,113].

Hypoxia, worsened by toxin-induced vascular dysfunction, further activates HIF-1x
pathways that drive invasion and therapeutic resistance [114]. Together, these changes
transform the microenvironment into a supportive niche for cancer progression.

Beyond structural and immune alterations, metal exposures further destabilize tumor
microenvironments by disrupting calcium homeostasis and redox balance [115]. Arsenic
trioxide, for example, has been shown to interfere with calcium signaling in both tumor
and non-tumor cells, inducing cell-type-specific cytotoxicity at environmentally and clini-
cally relevant concentrations [116]. Such disruptions affect intracellular communication,
apoptosis regulation, and stress responses within the TME.

Additionally, oxidative imbalance triggered by heavy metals like cadmium and lead
intensifies reactive oxygen species accumulation, which not only damages DNA but also
reinforces a chronic inflammatory state [117]. Similarly, chronic exposure to PM2.5 and
pesticide residues has been linked to persistent oxidative stress and endothelial dysfunction,
promoting sustained angiogenesis and stromal remodeling within the TME [118,119]. This
oxidative stress creates a feedback loop that sustains angiogenesis, fibroblast activation, and
immune evasion, ultimately establishing a microenvironment more permissive to cancer
progression [120].

3.6. Toxin-Induced Mutational Signatures

Perhaps the most direct evidence linking toxins to cancer is found in mutational signa-
tures, which are distinct genomic patterns left by specific exposures. Aflatoxin B1 [121], for
instance, induces a characteristic G — T transversion in codon 249 of TP53, a hallmark of
hepatocellular carcinoma [122]. Tobacco smoke produces well-documented C — A transver-
sions, while arsenic exposure correlates with widespread chromosomal instability [123]. It
is essential to distinguish between “toxins,” which are biologically produced agents such
as aflatoxins from fungi, and “toxicants,” which refer to human-made or synthetic chem-
icals such as benzene, polycyclic aromatic hydrocarbons, and industrial solvents [124].
This distinction provides conceptual clarity in understanding the diverse sources of
mutagenic exposures.

These signatures serve as molecular fingerprints, confirming the causal relationship be-
tween exposure and carcinogenesis [125]. For example, benzene exposure is associated with
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characteristic chromosomal aberrations and point mutations in hematopoietic malignancies,
while aflatoxin B1 produces a distinct TP53 mutation spectrum unique to liver cancer [126].
Similarly, polycyclic aromatic hydrocarbons from combustion sources leave identifiable
DNA adduct patterns that can be traced to specific exposure histories [127,128]. Advances
in next-generation sequencing have expanded the catalog of such patterns, enabling more
precise attribution of cancers to environmental causes [129]. Moreover, identifying muta-
tional signatures may inform therapeutic decisions, as tumors with specific exposure-driven
mutations can exhibit distinct treatment responses [130]. These interconnected mechanisms
are further summarized in Figure 3, which highlights the convergence of oxidative stress
and epigenetic dysregulation in toxin-induced carcinogenesis.

Environmental Toxins and Exposure Sources

o | LB | ANV | O

-
=

g = / PM2.5 and
Arsenic ~ Cadmium Chromium (VI) || Aflatoxin B1 Benzene ; Pesticides
water, rice, industrial dust, occupational contaminated inhalation Nickel food residues,
smelting smoking dust grains (industry) industrial fumes aerosols

' v v : v ,
T, - CYP450 CYP2ET D 49
Mitochondrial Redox cycling Fenton reaction Mitochondrial
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QX X, AR ﬁ%om S Chromosomal -/} 07 SN B, =S
Y Crosslinks DNA adducts breaks Am Oxidative lesions and
DNA with 8-oxoG DNA with SSB/DSBs Oxidative Stress and Genotoxicity Crosslinks  DNA fragmentation |
v v v v v v
DNMTH1 DNMT inhibition CpG CpG disruption miRNA  miRNA alteration LINE-1
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Figure 3. Mechanistic Links Between Environmental Toxins, Oxidative Stress, Epigenetic Remodeling,

and Cancer Outcomes. Created in BioRender. Busselberg, D. (2025) https://BioRender.com/ta3gsrk.

accessed on 12 November 2025. Legend: AFB1—Aflatoxin B1, ATM/ATR—Ataxia Telangiectasia

Mutated / ATM and Rad3-related, BPA—Bisphenol A, BRCA1—Breast Cancer 1 Gene, CpG—Cytosine-
Phosphate-Guanine site, CYP450/CYP2E1—Cytochrome P450 Enzymes, DNMT—DNA Methyltrans-
ferase, DSB—Double-Strand Break, ERx—Estrogen Receptor Alpha, H3K4me2/H3K%ac/H3K27me3—
Histone Modification Marks, HIF-1a—Hypoxia-Inducible Factor 1-alpha, LINE-1—Long Inter-
spersed Nuclear Element-1, MAPK/ERK—Mitogen-Activated Protein Kinase/Extracellular Signal-
Regulated Kinase, miRNA—MicroRNA, MLH1/CDH1/p16—Tumor-Suppressor Genes, NF-kB—
Nuclear Factor kappa-light-chain-enhancer of activated B cells, Nrf2—Nuclear Factor Erythroid

2-Related Factor 2, OPs—Organophosphate Pesticides, PAHs—Polycyclic Aromatic Hydrocarbons,
PI3K/ AKT—Phosphatidylinositol-3-Kinase/Protein Kinase B, PM2.5—Particulate Matter < 2.5 um,
ROS—Reactive Oxygen Species, SSB—Single-Strand Break, STAT3—Signal Transducer and Activator

of Transcription 3, Wnt/ 3-catenin—Canonical Wnt Signaling Pathway.
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4. Case Studies: Linking Specific Toxins to Cancer

To illustrate the real-world impact of environmental toxins on cancer development, it
is essential to examine specific examples where strong mechanistic and epidemiological
evidence converge. Case studies offer concrete insights into how individual toxins con-
tribute to particular cancer types, highlighting both molecular pathways and their public
health implications. The following subsections examine well-documented toxins, including
benzene, aflatoxins, arsenic, phthalates, airborne PM2.5, and microplastics, and explore
their modes of action in relation to cancer risk and progression. Case studies across global
populations highlight how different exposure routes, such as ingestion, inhalation, and
dermal contact, mediate toxin-specific cancer outcomes (Table 3). Figure 4 depicts the mech-
anistic links between environmental toxins, oxidative stress, epigenetic reprogramming,
and carcinogenesis.
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Figure 4. Mechanistic Links Between Environmental Toxins, Oxidative Stress, Epigenetic Reprogram-
ming, and Carcinogenesis. Created in BioRender. Busselberg, D. (2025) https://BioRender.com/r8
cndOf. accesed on 12 December 2025. Legend: Cellular-level targets include mitochondria, DNA, and
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tumor microenvironment, collectively promoting malignant transformation and cancer progression.
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Table 3. Case Studies of Specific Environmental Toxins, Exposure Routes, and Associated Cancers.
. Bioactivation/Metabolic Key Molecular Hallmark Cancer Region Most
Toxin/Compound Exposure Route(s) Pathway Targets Mechanism Cancer Outcome Studied References
Inhalation (industrial, CYP2E1 — benzene Chromosomal .
vehicular emissions) oxide — Bone marrow stem aberrations Acute myeloid
Benzene ! . A / leukemia (AML), USA, China [131-133]
percutaneous phenol/catechol cells, topoisomerase II oxidative DNA lvmphoma
(solvent handling) metabolites damage ymp
. . CYP450 — .
Aflatoxin B1 Ingestlon' (contaminated AFB1-8,9-epoxide — p53 codon 249, GST . Mutagenems, . Hep atgcellular Africa, Asia [134-136]
grains, nuts) impaired DNA repair carcinoma
DNA adducts
Ingestion (contaminated .
Arsenic water, rice), inhalation Methylation to Keratinocytes, ROS I;r(;iz;tclon’ Skin, bladder, lung Baneladesh. Taiwan [137-139]
(smelting), MMA /DMA by AS3MT endothelial cells pigene cancer & !
. remodeling
percutaneous (soil)
Ingestion (food Hvdrolvsis to ER/AR receptors,
Phthalates (DEHP, packaging), inhalation o4 4 peroxisome Endocrine disruption, Breast, testicular,
monoesters (MEHP, . . Global [140,141]
DBP) (dust), percutaneous MBP) proliferator hormone mimicry prostate cancer
(cosmetics) pathways
PM2.5 (Fine Inhalation (ambient Mitochondrial ROS Lung epithelial cells, Oxidative stress, Lung, colorectal China, Europe [142-144]
Particulate Matter) air pollution) generation, inflammation =~ DNA repair enzymes  genomic instability cancer g p
Ingestion (seafood, .\ . . . Chronic . . .
Microplastics bottled water), Add.ltlve leachmg, th m}croblo’Fa, inflammation, Colorectal, }}epatlc Emerging (Asia, [145-147]
. Lo . oxidative degradation epithelial barrier L cancer risk Europe)
inhalation (indoor air) dysbiosis
. . . Reduction to . DNA-protein .
Chromium (VI) Occupational mha.latlon, Cr(V)/Cr(I1I) DNA fepair enzymes, crosslinks, ROS Lung, nasal cancer Industrial wo rkers [148-150]
dermal absorption . . histones . (USA, China)
intermediates formation
- Ingestion (food residues), Estrogen receptor, . . .
Pesticides (DDT, . . . . . Endocrine disruption, Breast, prostate, . .
inhalation (aerosol drift), Bioaccumulation and AChE enzyme, L. . Africa, Latin
organophosphates, . N o genotoxicity, non-Hodgkin . . [151-153]
lyphosate) percutaneous CYP-mediated activation oxidative stress oxidative damage lymphoma America, India
gYP (farm handling) pathways
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4.1. Benzene and Hematologic Malignancies

Benzene is a widely used industrial chemical and is a well-established human car-
cinogen strongly linked to hematologic cancers, particularly acute myeloid leukemia [154].
The primary routes of exposure include inhalation of contaminated air in industrial or
traffic-dense environments and dermal absorption through contact with petroleum prod-
ucts or solvents [155,156]. Chronic benzene exposure disrupts hematopoietic stem cell
function, induces chromosomal aberrations, and promotes oxidative stress, collectively
driving malignant transformation [157]. Mechanistically, benzene metabolites, such as
benzoquinones, generate reactive oxygen species, induce DNA strand breaks, and interfere
with topoisomerase 1II, leading to genomic instability and bone marrow toxicity [158,159].
Epidemiological data from occupational and environmental settings consistently confirm
this association, underscoring the urgent need for stringent exposure controls [160]. Beyond
acute myeloid leukemia, benzene exposure has also been associated with aplastic anemia
and other hematologic malignancies, including non-Hodgkin lymphoma and myelodys-
plastic syndromes [161].

4.2. Aflatoxins and Liver Cancer

Aflatoxins are toxic metabolites produced by Aspergillus species [162] and are among
the most potent naturally occurring carcinogens [163]. The primary route of exposure
is ingestion through contaminated grains, nuts, and other food products, particularly
under warm and humid storage conditions [164,165]. Their impact is most evident in
hepatocellular carcinoma, where they form DNA adducts and induce mutations in the
TP53 gene [166]. Specifically, aflatoxin Bl generates a characteristic G — T transversion
at codon 249 of the TP53 gene, serving as a molecular hallmark of aflatoxin-induced liver
cancer [167]. Mechanistically, the toxin exerts its carcinogenic effect through the formation
of reactive epoxides that bind to DNA, oxidative stress generation, and interference with
DNA repair pathways [168,169]. The risk is further amplified when exposure co-occurs
with hepatitis B infection, creating a synergistic effect [170]. Despite regulatory monitoring
of food supplies, aflatoxins continue to pose a significant health risk in regions with
inadequate food safety practices. In addition to hepatocellular carcinoma, chronic aflatoxin
exposure has been associated with increased risk of gallbladder and gastrointestinal cancers
in some populations [171].

4.3. Arsenic and Skin/Bladder Cancer

Chronic exposure to inorganic arsenic, primarily through contaminated groundwater,
is linked to skin and bladder cancers [172]. The predominant exposure route is ingestion
via contaminated drinking water, although inhalation and dermal absorption can also
occur in occupational or mining settings [173]. Arsenic interferes with DNA repair, induces
oxidative stress, and alters epigenetic regulation, which contribute to its carcinogenic po-
tential [174]. Mechanistically, arsenic promotes oxidative stress through mitochondrial
dysfunction and ROS overproduction, leading to DNA strand breaks and mutagenic le-
sions [175]. It also impairs base and nucleotide excision repair pathways and causes
widespread epigenetic dysregulation, such as aberrant DNA methylation and histone mod-
ification, that silence tumor suppressor genes [176]. Epidemiological studies in affected
regions such as Bangladesh, India, and parts of Latin America highlight the strong associa-
tion between long-term arsenic exposure and cancer incidence [177], making it a pressing
global health concern [178]. Beyond skin and bladder cancers, chronic arsenic exposure has
also been implicated in lung, kidney, and liver cancers due to its systemic distribution and
cumulative toxicity [179].
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4.4. Phthalates and Breast/Prostate Cancer

Phthalates are commonly used as plasticizers in consumer products and are recog-
nized as endocrine-disrupting chemicals [180]. Major exposure routes include ingestion of
contaminated food and water, dermal absorption from cosmetics and personal care prod-
ucts, and inhalation of indoor dust containing phthalate residues [181,182]. They mimic
or interfere with natural hormones, thereby influencing estrogen and androgen signaling
pathways [183]. Mechanistically, phthalates act through hormonal disruption by binding
to estrogen receptors (ERs) and androgen receptors (ARs), modulating downstream gene
expression involved in cell proliferation and apoptosis. They also induce oxidative stress
and may interfere with epigenetic regulation, amplifying their carcinogenic potential [184].
Evidence suggests that chronic phthalate exposure may promote breast and prostate car-
cinogenesis by enhancing hormone receptor activation and altering gene expression [81].
Although debates remain regarding exposure thresholds, their widespread use raises signif-
icant public health concerns. Epidemiological and experimental studies have increasingly
linked high urinary phthalate metabolite levels with elevated risks of hormone-dependent
cancers, reinforcing their role as environmental contributors to carcinogenesis [185].

4.5. Airborne PM2.5 and Lung Cancer

Particulate matter (PM2.5), a key component of air pollution, is strongly associated
with lung cancer incidence and mortality [186]. The primary exposure route is inhala-
tion, allowing fine particles to penetrate deeply into the respiratory tract and alveolar
regions [187,188]. Due to their small size, these particles penetrate deeply into the lungs,
causing chronic inflammation, oxidative DNA damage, and activation of oncogenic signal-
ing pathways [189]. Mechanistically, PM2.5 induces oxidative stress, DNA strand breaks,
and aberrant DNA methylation in lung epithelial cells, which together promote genomic
instability and malignant transformation [190,191]. In addition, PM2.5 exposure activates
inflammatory signaling cascades such as NF-kB and STAT3, leading to sustained cytokine
production and a tumor-promoting microenvironment [192,193]. Long-term exposure, espe-
cially in urban and industrialized environments, has been directly correlated with increased
lung cancer risk, as supported by large-scale epidemiological studies [194]. Emerging evi-
dence also links PM2.5 to epigenetic dysregulation and altered gene expression profiles in
airway tissues, reinforcing its role as both a mutagenic and epigenetic carcinogen [195].

4.6. Microplastics and Colorectal Inflammation-Linked Carcinogenesis

Microplastics, emerging pollutants from plastic degradation, are increasingly impli-
cated in gastrointestinal health risks [196]. Primary exposure occurs through ingestion (via
contaminated food and water) and inhalation of airborne microplastic particles [197,198].
Recent evidence suggests that ingestion of microplastics can disrupt gut microbiota, trigger
chronic intestinal inflammation [199], and potentially contribute to colorectal carcino-
genesis [200]. While mechanistic data are still evolving, the combination of persistent
inflammation and genotoxic stress provides a plausible link. Given the global scale of
plastic pollution, understanding the long-term health effects of microplastics remains a
top research priority. Moreover, emerging studies indicate that microplastics may be asso-
ciated with multiple cancer types beyond colorectal cancer and can influence additional
mechanistic pathways, including oxidative stress, DNA damage, and immune modulation.

4.7. Heavy Metals and Cancer

Heavy metals are a diverse group of elements that play a paradoxical role in human
health [201]. While essential metals such as zinc, copper, and iron support vital biochemical
processes, chronic exposure to toxic metals such as cadmium, arsenic, lead, and chromium
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has been consistently associated with cancer development [202]. Their capacity to act
as both micronutrients and toxicants, depending on concentration and exposure route,
makes them particularly challenging from a toxicological perspective [203]. Major exposure
routes include ingestion (via contaminated water and food), inhalation of industrial or
occupational emissions, and, to a lesser extent, dermal contact through polluted soil or
dust [204]. Human exposure occurs through contaminated water, food, industrial emissions,
and occupational activities such as mining and smelting [205]. A comprehensive review
of their occurrence, uses, and toxic effects underscores their importance as environmental
carcinogens [206].

At the mechanistic level, heavy metals disrupt multiple cellular pathways that con-
tribute to carcinogenesis [207]. Their carcinogenicity primarily arises from redox imbalance
leading to oxidative stress, inhibition of DNA repair systems, and direct genotoxic effects
through DNA adduct formation and chromosomal damage [208]. Cadmium acts as a
“metalloestrogen,” binding to estrogen receptors and driving hormone-dependent pro-
liferation [209]. Arsenic impairs DNA repair, induces oxidative stress, and reprograms
epigenetic regulation, collectively weakening genomic stability [210]. Lead interferes with
calcium signaling and hormone regulation [211], while chromium (VI) undergoes intra-
cellular reduction to reactive intermediates that form DNA crosslinks and strand breaks,
initiating mutagenesis [212]. These converging mechanisms, such as oxidative damage,
impaired DNA repair, and genotoxicity, facilitate both cancer initiation and progression,
contributing to resistance to therapy in exposed populations.

Epidemiological studies further support these mechanistic insights by linking heavy
metal exposures to site-specific cancers [213]. Cadmium has been associated with lung
and prostate cancer, arsenic exposure through drinking water is strongly tied to skin,
bladder, and liver cancers, and chromium (VI) is a well-established occupational carcino-
gen for lung cancer [214]. Chronic lead exposure, meanwhile, has been connected to
increased risks of kidney and brain tumors [215]. Collectively, these associations reinforce
the role of both ingestion and inhalation as dominant exposure pathways, with oxida-
tive and genotoxic mechanisms serving as central drivers of malignancy. Such evidence
highlights the urgent need for strict regulatory measures to limit both environmental and
occupational exposures.

4.8. Pesticides and Multiple Cancer Types

Pesticides are among the most widely distributed environmental contaminants, ex-
tensively used in agriculture and public health programs to control pests and enhance
crop productivity [216,217]. Beyond DDT, other commonly studied pesticides such as
organophosphates, carbamates, pyrethroids, and herbicides like glyphosate have also been
linked to multiple cancer types. Despite their benefits, mounting evidence indicates that
chronic or repeated exposure to certain pesticide classes is associated with an increased
risk of multiple cancer types [218]. Human exposure occurs primarily through dermal
absorption during handling and application, inhalation of aerosols or contaminated air,
and ingestion of pesticide residues on crops and food products [219,220]. These routes
contribute cumulatively to the body’s toxic load, particularly among agricultural workers,
rural populations, and consumers in regions with high pesticide use.

At the mechanistic level, pesticides promote carcinogenesis through endocrine disrup-
tion, genotoxicity, oxidative stress, and epigenetic reprogramming [221,222]. Endocrine-
disrupting compounds can mimic or block natural hormones such as estrogen and an-
drogen, altering cellular proliferation and differentiation pathways that facilitate tumor
initiation [223]. Genotoxic pesticides induce DNA damage, mutations, and chromoso-
mal instability, while oxidative stress arising from excessive reactive oxygen species can
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cause lipid peroxidation and DNA strand breaks [224,225]. Epigenetic changes, including
aberrant DNA methylation and histone modification, further contribute to altered gene
expression and sustained oncogenic signaling [226,227].

Epidemiological evidence supports these mechanistic findings, linking pesticide expo-
sure to leukemia, non-Hodgkin lymphoma, prostate cancer, and breast cancer [217]. Agri-
cultural workers and populations residing near farmlands show higher incidences of these
malignancies, reflecting a dose-dependent relationship between long-term exposure and
cancer risk [228]. Hematologic cancers, such as leukemia and lymphoma, are particularly
associated with organophosphate and carbamate pesticides, whereas endocrine-related
cancers like prostate and breast cancers have been linked to persistent organic pollutants
and their metabolites [229].

From a public health perspective, the pervasive presence of pesticide residues in
food and the environment highlights the urgent need for stricter regulatory enforcement,
continuous biomonitoring, and the adoption of safer agricultural practices. Preventive
approaches such as integrated pest management (IPM), use of biodegradable and less
persistent alternatives, and enhanced occupational safety measures can significantly reduce
exposure risks. Continued interdisciplinary research integrating molecular, toxicological,
and epidemiological data remains crucial for elucidating the complex biological pathways
involved in pesticide-induced carcinogenesis and for guiding evidence-based interventions
to safeguard human health. The carcinogenic potential of specific environmental chemicals,
along with their IARC classification, is summarized in Table S1, providing a reference for
the compounds discussed and in mixed exposure contexts.

From a broader public health perspective, the carcinogenic risks posed by heavy
metals call for proactive interventions [230]. Reducing industrial emissions, improving
water and food safety, and monitoring occupational exposures remain key strategies [231].
Advances in biomonitoring and molecular epidemiology now make it possible to detect
early biological alterations caused by heavy metals, opening opportunities for timely
preventive actions [232]. Continued research is crucial for distinguishing the effects of
individual metals from those of combined exposures, as most populations are exposed to
complex mixtures rather than single agents.

5. Critical Evaluation of Existing Research and Controversies
5.1. Threshold Effects vs. No-Threshold Models

A central controversy in cancer toxicology is whether carcinogens act according to a
threshold effect, where risk is negligible below a specific dose, or a no-threshold model,
which argues that even the smallest exposures may contribute to cancer development [233].
This lack of consensus complicates regulatory decisions, as policymakers must choose
between precautionary measures and evidence-based dose limits in the face of scientific
uncertainty [234].

From an analytical perspective, specific toxicants such as essential trace metals like
zinc and copper demonstrate threshold behavior, as physiological homeostasis and detoxi-
fication systems can effectively manage low-level exposures [235,236]. Conversely, geno-
toxic carcinogens such as arsenic, benzene, and ionizing radiation are generally described
as non-threshold agents, meaning that even minimal doses may initiate cumulative
molecular damage through DNA adduct formation, oxidative stress, or chromosomal
instability [237,238].

Distinguishing between causal and correlational evidence remains essential within
this framework. Controlled laboratory and mechanistic studies tend to establish causal
links by directly showing mutagenic or epigenetic alterations, whereas most epidemi-
ological investigations reveal statistical associations that do not always confirm direct
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causation [239,240]. Therefore, combining insights from mechanistic toxicology, dose—
response modeling, and long-term population studies is necessary to improve the accuracy
and reliability of cancer risk assessments [241,242].

5.2. Latency Period Challenges

The long latency period between exposure and cancer onset presents another signif-
icant difficulty. Many carcinogenic effects may take years or even decades to manifest,
which obscures exposure—outcome relationships in epidemiological studies [243]. As a
result, risks are frequently underestimated, and preventive measures may be delayed until
significant harm has already occurred.

Latency periods differ considerably across toxin categories and exposure intensities,
influenced by variations in metabolic detoxification, DNA repair efficiency, and cumulative
oxidative stress [244,245]. For example, leukemia linked to chronic benzene exposure may
develop within a few years, whereas cancers caused by asbestos or arsenic often take several
decades to manifest, even after exposure has ceased [246]. Experimental research using
molecular biomarkers and controlled animal models provides stronger causal evidence by
demonstrating direct mutagenic or epigenetic alterations from toxin exposure, whereas
population-based epidemiological studies typically reveal associative patterns that reflect
delayed disease onset [247,248]. Latency-related inconsistencies have been observed in
diverse cases, including aflatoxin-induced liver cancer, pesticide-associated non-Hodgkin
lymphoma, and heavy metal-linked bladder cancer, highlighting the intricate temporal
dynamics that complicate carcinogen risk evaluation [249,250].

5.3. Mixed Exposures and Synergistic Effects

Real-world exposures rarely occur in isolation. Individuals are often exposed to multi-
ple toxins simultaneously or sequentially, which can produce synergistic or antagonistic
effects that are not captured in controlled laboratory settings [251]. For example, the com-
bined effect of aflatoxin exposure and chronic hepatitis B infection markedly increases liver
cancer risk, underscoring the complexity of multifactorial exposures that remain poorly
integrated into existing risk models [252].

In cancer toxicology, certain chemicals function as initiators by causing direct DNA
damage [253], while others act primarily as promoters by supporting the growth and
survival of already altered cells [254]. Classic initiators such as aflatoxin B1 and polycyclic
aromatic hydrocarbons induce mutagenic DNA adducts that create genetically vulnerable
cells [255]. By contrast, compounds such as dioxins, phorbol esters, and some polychlo-
rinated biphenyls primarily act as tumor promoters, stimulating chronic inflammation,
altering key signaling pathways, and disrupting normal cell-cycle control without exert-
ing direct genotoxic effects [256,257]. These mechanistic distinctions become especially
important when considering real-world chemical mixtures, because humans are rarely
exposed to a single compound in isolation. People encounter combinations of substances
that may each occur at low or seemingly safe concentrations in everyday life through food,
water, air, and consumer products. Yet when an initiator and a promoter are encountered
together, their biological effects can accumulate or even intensify, producing a far stronger
carcinogenic response than either could elicit alone. For instance, an initiator that induces
early DNA lesions may create pre-mutated cells that become highly susceptible to the
proliferative or pro-inflammatory signals generated by a promoter [258]. Consequently,
cancer risk cannot be reliably predicted by evaluating individual chemicals separately.
Practical hazard assessment must instead consider how distinct mechanisms, such as
genotoxicity, oxidative stress, chronic inflammation, endocrine disruption, or epigenetic
modulation, interact within complex exposure scenarios. This recognition underscores the
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need for mixture-based risk assessment frameworks capable of capturing the synergistic
or potentiating effects arising from combined exposures, even when single-agent levels
appear low.

Multiple investigations have revealed that combinations of environmental contami-
nants, such as heavy metals, pesticides, and airborne particulates, can produce additive
or synergistic interactions that significantly intensify carcinogenic effects [259,260]. For
example, co-exposure to arsenic and cadmium has been found to amplify oxidative stress
and DNA damage beyond the effects of either compound alone, while simultaneous
exposure to phthalates and bisphenol A enhances endocrine disruption and promotes
oncogenic signaling cascades [261]. Experimental research using in vivo and in vitro sys-
tems provides causal evidence for these synergistic mechanisms by identifying shared
molecular pathways and stress responses, whereas large-scale epidemiological studies
predominantly yield correlational data linking combined exposures to heightened cancer
incidence [262,263]. Collectively, these insights emphasize the urgent need for compre-
hensive risk assessment models that account for complex chemical mixtures reflective of
real-world exposure scenarios.

5.4. Inter-Individual Genetic Susceptibility

Genetic diversity further complicates the picture of toxin-induced carcinogenesis. Vari-
ations in detoxification enzymes, DNA repair pathways, and immune regulation influence
how individuals metabolize and respond to carcinogens [264]. For instance, polymor-
phisms in cytochrome P450 genes can heighten vulnerability to benzene or aflatoxin-related
cancers [265]. Several studies have demonstrated that variants in GSTM1, GSTT1, and
NAT?2 genes modify the metabolism of polycyclic aromatic hydrocarbons and nitrosamines,
thereby altering cancer susceptibility [266-268].

Importantly, evidence differentiates between associative studies and those supporting
causal links. For example, case-control and cohort studies have associated GSTM1 null
genotypes with increased liver cancer risk in populations exposed to aflatoxins [269,270].
Conversely, functional studies confirm that the GSTM1 null genotype directly reduces
detoxification capacity, providing mechanistic evidence for causality [271,272].

Similarly, polymorphisms in DNA repair genes such as XRCC1 and ERCC2 have been
linked to differential susceptibility to UV- and chemical-induced cancers. Experimental
assays demonstrate that specific XRCC1 variants impair base excision repair efficiency,
causally increasing mutation rates upon toxin exposure [273-275].

Ignoring such genetic heterogeneity risks oversimplifying risk assessments and may
leave vulnerable populations unprotected. Integrating both genetic screening and envi-
ronmental exposure data is essential to identify high-risk groups and tailor preventative
strategies effectively.

5.5. Global Disparities and Data Gaps in LMICs

Environmental carcinogen exposure is not distributed evenly across the globe [276].
Populations in low- and middle-income countries (LMICs) often face higher exposure levels
due to weaker environmental regulations, inadequate monitoring, and unsafe agricultural
or industrial practices. However, research from these regions is scarce, creating significant
data gaps that limit global risk evaluations and exacerbate inequities in cancer prevention
strategies [277].

Disparities are evident in exposure monitoring, with many LMICs lacking compre-
hensive biomonitoring programs compared to high-income countries (HICs) [278-280].
Similarly, research coverage is uneven: while extensive cohort studies and mechanistic
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investigations exist in North America and Europe, corresponding data from Africa, South
Asia, and Latin America remain limited [281,282].

It is essential to distinguish between correlational and causal evidence. Some stud-
ies report associations between industrial emissions and increased cancer incidence in
LMICs [283-285], but causality is often unconfirmed due to a lack of longitudinal or mecha-
nistic data. Conversely, experimental studies and biomarker analyses in select populations
provide more substantial evidence for causal links between specific exposures, such as
aflatoxins or arsenic, and liver or skin cancers [286,287].

These disparities highlight the urgent need for improved monitoring systems, broader
research coverage, and harmonized regulatory policies to reduce exposure inequities and
better inform global cancer prevention strategies.

5.6. Contested Evidence and Bias in Risk Assessment

Epidemiological data on environmental carcinogens remain contentious. Confounding
factors, methodological inconsistencies, and selective reporting contribute to divergent
conclusions across studies [288]. In some cases, industry funding has raised concerns about
bias in risk assessments, undermining public trust [289]. These controversies underscore
the pressing need for transparent, independent research and standardized methodologies
to enhance the reliability and policy relevance of findings.

Adding further complexity, metals illustrate a paradox in cancer research and treat-
ment [290]. While certain metals, such as cadmium and arsenic, are recognized as car-
cinogenic, others form the basis of frontline chemotherapeutic agents [291]. For instance,
platinum-based compounds like cisplatin and carboplatin exploit the cytotoxic potential of
metals to induce DNA damage in tumor cells, serving as essential cancer treatments [292].
This dual role, where metals can act as both risk factors and therapeutic tools, demonstrates
the importance of context when evaluating their health impacts [293].

Evidence for other environmental exposures is far less consistent. For example, studies
on low-dose cadmium exposure report both significant associations with prostate and kid-
ney cancers [294,295] and null findings in other cohorts [296,297], highlighting limitations
due to small sample sizes, exposure misclassification, or regional differences. Importantly,
regulatory agencies classify cadmium as a carcinogen only for inhalation exposure (as
reflected in the slope factor established by USEPA, 1987, and OEHHA, 1987) [298,299],
with insufficient evidence for carcinogenicity via ingestion. This underscores the need
to consider exposure route, target organ specificity, and mechanistic plausibility when
interpreting such findings. These factors are essential because a chemical’s carcinogenic
potential cannot be fully understood without examining how it enters the body, which
tissues it reaches at biologically meaningful concentrations, and whether its known molec-
ular actions align with the observed cancer outcomes. For instance, agents classified as
carcinogenic via inhalation may not exert similar effects when ingested, and epidemio-
logical associations involving organs not typically targeted by a compound may signal
confounding rather than true causation [300]. Integrating toxicokinetic data, mechanistic
evidence, and exposure science therefore provides a more reliable framework for evaluating
risks and distinguishing genuine causal relationships from statistical correlations arising
from bias, co-exposures, or measurement limitations.

Moreover, the distinction between causal and correlational interpretations is critical.
Biomarker and mechanistic studies support causal links for some exposures, such as afla-
toxins and hepatocellular carcinoma [301,302], whereas many epidemiological correlations,
particularly for low-level industrial pollutants, remain associative and potentially con-
founded [303,304]. Evidence for many other environmental contaminants, such as those
encountered at low doses, remains largely associative and susceptible to confounding.
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This variability highlights the broader challenge of disentangling true causal effects from
background noise in population-based studies. These divergent findings emphasize the
need to acknowledge uncertainty, consider biases, and integrate multi-level evidence from
mechanistic experiments to population studies when evaluating carcinogen risk. Non-
threshold carcinogens such as aflatoxin B1, fumonisin B1, nitrosamines, and polycyclic
aromatic hydrocarbons require the use of cancer slope factors (also called cancer potency
factors) to quantitatively estimate risk. These slope factors are established by national
and international agencies, including the US EPA IRIS, OEHHA, Health Canada, EFSA,
and JECFA. Table S2 summarizes the available slope factors for the chemicals discussed in
this review.

6. Innovations and Novel Approaches

While traditional toxicological studies have significantly advanced our understanding
of how environmental toxins contribute to cancer, emerging research highlights the need
for more precise, predictive and preventive tools. Conventional models often fall short in
capturing the complexity of mixed exposures, inter-individual variability and long-term,
low-dose effects [305]. To bridge these gaps, recent innovations are reshaping the field of
environmental oncology. From biomarker discovery and advanced 3D organoid systems to
CRISPR-based genetic screens and Al-driven predictive models, these novel approaches
provide deeper mechanistic insights and open new avenues for prevention and interven-
tion [306]. At the same time, the integration of public health monitoring systems and green
chemistry solutions underscores a growing emphasis on translational impact, ensuring
scientific advances contribute directly to reducing cancer risks linked to environmental
toxins [307]. Emerging technologies are reshaping environmental oncology, from Al-based
exposure prediction to organoid modeling and CRISPR screening for susceptibility genes
(Table 4).
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Table 4. Innovations in Environmental Oncology: Mechanistic Advances, Applications, and Limitations.
. A Mechanistic . P
Innovation Application Example Use Case Research Stage Benefits Limitations References
Advantage
Simulates Machine learning
Exposure prediction multi-exposure model integratin, Enables early Data bias, need for
Al Models pe pred ’ . P & & Advanced detection and . . [308-310]
risk modeling interactions and benzene + PM2.5 to - . diverse training datasets
. . o predictive toxicology
cancer risk pathways  predict leukemia risk
. . Human bladder
Replicates tissue . Human relevance, .
. 3D human . . organoids for . . . High cost,
Organoids microenvironment .. Preclinical ethical alternative to o [311-313]
cancer models . . arsenic-induced . standardization issues
for toxin testing . . animal models
carcinogenesis
Identifies genetic CRISPR-Cas9 knockout Enables precision
CRISPR Screens Mapping g.er}e.—toxm pathways mediating of BR.CAl .to study Experimental medicine and Off—t.argc?t edits, [314]
susceptibility . cadmium-induced . ethical issues
toxin response targeted prevention
DNA damage
Real-time High sensitivity and Nanobiosensor Early detection and Requires frequent
Biosensors environmental toxin  specificity for on-site  detecting aflatoxin B1 Applied public health calibration, cost [315-317]
monitoring toxin detection in maize prevention in LMICs
. C(?n.t 1nuo.us, PM2.5-tracking smart Enables S
Personal exposure individualized . . . Accessibility,
Wearables . o badge used in urban Pilot population-level . [318,319]
tracking monitoring of . . . data privacy
cancer risk studies exposure mapping
pollutant exposure
Substitution of Reduces formation of Development of . . .
. . . . . . Preventive and Slow industry adoption,
Green Chemistry carcinogenic reactive BPA-free plastics and Applied . . [320]
. . . sustainable cost barriers
compounds intermediates phthalate alternatives
Integrates genomics, = Multi-omics study on
Multi-omics Mechan.lstlc profiling transcrlptgmlcs, m{crop%astlcs—gut Experimental Comp.re}}epsn./e Cpmplex .data [321-323]
of toxin response metabolomics, and microbiota—colon mechanistic insight integration
epigenomics cancer link
. . Tracks lor.lg—term Global arsenic and Supports
Environmental Data surveillance toxin . . . : . .
_ . cadmium exposure Ongoing epidemiological Data gaps in LMICs [324-326]
Registries and trend mapping exposure—cancer L .
registries tracking

correlations globally
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6.1. Biomarker Discovery for Toxin Exposure

Advances in molecular science have accelerated the discovery of biomarkers that
can signal early exposure to carcinogenic toxins. Examples include DNA adducts, altered
proteins, circulating microRNAs, and metabolite profiles that reveal biological changes
long before tumors become clinically evident [327]. These biomarkers not only enhance the
monitoring of environmental exposures but also hold promise for early diagnosis and per-
sonalized evaluation of cancer risk. Recent discoveries over the past decade include specific
aflatoxin-DNA adducts as biomarkers of exposure and liver cancer risk, with mechanistic
studies supporting causal links [328,329]. Circulating microRNAs such as miR-21 and miR-
155 have emerged as indicators of exposure to polycyclic aromatic hydrocarbons (PAHs)
and heavy metals, though many studies remain associative, linking elevated microRNA
levels with exposure and early tumorigenesis [330-332].

Metabolomic profiling has identified altered levels of specific metabolites, such as
urinary 8-oxo-dG and N-acetyl-5-(carbamoyl)methyl-cysteine, in populations exposed to
industrial carcinogens. Some studies demonstrate causal mechanistic links between these
metabolites and oxidative DNA damage [333,334], while others report correlations with
exposure levels without confirmed causality [335,336]. These examples underscore the
importance of integrating both mechanistic and population-based studies to distinguish
biomarkers that are truly predictive of cancer risk from those that are merely indicative of
exposure. Emerging tools and strategies in environmental oncology are summarized in a
schematic (Figure 5) that captures the promise of Al, organoid models, CRISPR technologies,
biosensors, and green chemistry approaches.

6.2. Organoids and 3D Models for Toxin Testing

Conventional two-dimensional cell cultures provide limited insights into how toxins
act in the human body [337]. The development of organoids and three-dimensional cul-
ture systems has transformed experimental toxicology by recreating organ-like structures
with realistic cell diversity and architecture [338]. These platforms enable more accurate
testing of toxin-induced carcinogenesis, bridging the gap between laboratory models and
human responses.

Over the past decade, practical applications of organoid models have expanded sig-
nificantly. For example, liver organoids have been used to study aflatoxin Bl-induced
hepatocellular carcinoma, providing causal evidence of DNA adduct formation and mu-
tational signatures [339-341]. Similarly, kidney and bladder organoids have been used to
assess cadmium and arsenic toxicity, revealing mechanisms such as oxidative stress, apop-
tosis, and epigenetic alterations [342-344]. Gut and colon organoids have provided insights
into polycyclic aromatic hydrocarbon and nitrosamine exposure, demonstrating how these
toxins induce inflammation and DNA damage in tissue-specific contexts [345-347]. These
studies highlight the utility of 3D models for mechanistic investigations that are difficult to
replicate in 2D cultures or animal models. Organoid and 3D culture platforms offer a versa-
tile and physiologically relevant system for understanding human-specific responses to
environmental carcinogens, enabling both causal inference and high-throughput screening
of potential protective interventions.
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Environmental Detoxification Reducing Carcinogenic Exposures Devices for Real-Time Monitoring

Figure 5. Innovations in Environmental Oncology. Created in BioRender. Busselberg, D. (2025)
https:/ /BioRender.com/b9ha324. accessed on 12 December 2025. Legend: Al—Artificial Intelli-
gence, CRISPR—Clustered Regularly Interspaced Short Palindromic Repeats, PM2.5—Particulate
Matter < 2.5 um, BPA—Bisphenol A.

6.3. CRISPR Screens for Susceptibility Genes

The application of CRISPR-Cas9 technology has opened new avenues for exploring
genetic susceptibility to toxins [348]. High-throughput CRISPR screens can identify genes
and pathways that determine how cells respond to carcinogenic exposures, whether by
influencing DNA repair, detoxification, or survival [349]. Such studies not only clarify
mechanisms of vulnerability but also highlight potential molecular targets for intervention.
Recent examples include CRISPR screens that identified genes such as TP53, BRCA1, and
XRCC1 as modulators of the cellular response to aflatoxin and benzene exposure. Func-
tional knockout of these genes in human liver and hematopoietic cell lines demonstrated
causal increases in DNA damage and mutagenesis, confirming their role in toxin suscep-
tibility [350,351]. Other CRISPR studies have identified candidate susceptibility loci in
detoxification pathways, including GSTM1, CYP1A1, and NQO1. While some screens show
direct mechanistic links to increased carcinogen-induced cytotoxicity [352-354], others
report associative findings where gene perturbations correlate with altered stress responses
without definitive causal proof [355,356]. These CRISPR-based approaches thus provide
powerful tools to distinguish causal genetic determinants of toxin susceptibility from
associative markers, enabling targeted interventions and improved risk stratification in
exposed populations.
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6.4. Al and Predictive Models for Exposure—Outcome Relationships

Artificial intelligence and machine learning are increasingly being used to analyze
complex toxicological data [357]. By integrating information from epidemiological studies,
molecular assays, and environmental monitoring, Al-driven models can predict cancer
risks linked to low-dose or mixed exposures [358]. These tools enable more nuanced
risk assessments, providing decision-makers with evidence-based insights for informed
regulatory policies.

Recent applications include Al models that predict hepatocellular carcinoma risk from
aflatoxin exposure by integrating dietary, genetic, and biomarker data, achieving high pre-
dictive accuracy in population studies [359,360]. Machine learning has also been applied to
multi-chemical exposure datasets to identify previously unrecognized interactions between
heavy metals, pesticides, and airborne pollutants, providing mechanistic insights into
combined carcinogenic effects [361-363]. Success stories include the use of deep learning
to integrate organoid and 3D culture experimental data with population-level exposure
records, enabling early identification of high-risk individuals and prioritization of protec-
tive interventions [364-366]. Overall, Al and predictive modeling offer a transformative
approach to environmental oncology, enabling the integration of diverse datasets, the
identification of complex exposure-response relationships, and enhanced decision-making
for cancer prevention strategies.

6.5. Public Health Monitoring Innovations

Digital technologies are reshaping how environmental risks are tracked [367]. Wear-
able sensors, mobile applications, and geospatial data systems now enable real-time moni-
toring of exposures at both the individual and community levels [368]. When combined
with large-scale health databases, these innovations help public health systems identify
emerging risks earlier and implement targeted preventive measures.

Recent examples include population-level Al platforms that integrate air pollution
data with electronic health records to predict cancer risk clusters, enabling proactive in-
terventions in high-exposure regions [369-371]. Digital biomonitoring programs, such
as wearable heavy metal sensors and smartphone-based pesticide tracking applications,
have successfully demonstrated real-time exposure assessment in rural and industrial
communities, providing actionable data for both public health authorities and individ-
uals [372-374]. Geospatial surveillance systems combined with machine learning have
also been used to map exposure hotspots for aflatoxins and airborne particulates, sup-
porting targeted regulatory inspections and community education initiatives [375-377].
Together, these innovations illustrate the transformative potential of digital and Al-assisted
monitoring to enhance environmental health surveillance and improve cancer prevention
strategies globally.

6.6. Green Chemistry and Safer Consumer Alternatives

Preventive innovation is also advancing through green chemistry, which emphasizes
the design of safer chemicals and processes to replace hazardous ones [378]. Toxin-free
alternatives are increasingly being introduced into food packaging, cosmetics, agricultural
products, and household materials, thereby reducing everyday exposure [379]. These
strategies not only support cancer prevention but also align with sustainability goals and
corporate responsibility. Recent innovations include the development of biodegradable,
non-toxic pesticide formulations that reduce crop contamination without compromising
yield, as demonstrated in several field trials across Asia and Africa [380-382]. Similarly;,
industrial chemical replacements, such as non-phthalate plasticizers and safer flame retar-
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dants, have been successfully implemented in consumer goods to minimize carcinogenic
risks [383,384].

An essential priority within this framework is the substitution of carcinogenic metals
with safer alternatives in both industrial applications and healthcare [385]. Heavy metals
such as cadmium, lead, and chromium are still widely used in manufacturing processes
despite their established toxicological risks [386]. Green chemistry approaches advocate
for non-toxic or less hazardous replacements that can deliver the same functional ben-
efits without compromising human or environmental health [387]. For example, zinc-
and magnesium-based compounds are increasingly replacing cadmium in batteries and
coatings, reducing occupational and environmental exposures [388,389]. In healthcare,
research on metal-based drugs is exploring platinum derivatives with reduced toxicity and
biodegradable metal-organic frameworks for drug delivery, exemplifying safer alternatives
while maintaining therapeutic efficacy [390-392].

7. Challenges, Limitations, and Future Work
7.1. Challenges

Studying the links between environmental toxins and cancer presents several per-
sistent challenges. A major concern is the absence of unified regulatory standards across
regions, which makes it difficult to establish consistent risk assessments and exposure
limits [393]. Another obstacle is the shortage of long-term exposure data, as most studies
focus on short durations rather than tracking individuals over decades, a crucial factor
given the long latency of many cancers [394]. In addition, real-world scenarios involve
exposure to multiple toxins simultaneously, and understanding the combined or synergistic
effects of such mixtures remains a complex and underexplored area [395].

Additional challenges include an incomplete understanding of the molecular mecha-
nisms underlying toxin-induced carcinogenesis, particularly for low-dose or chronic expo-
sures. For many environmental chemicals, the pathways linking exposure to DNA damage,
epigenetic alterations, immune dysregulation, and tumor initiation remain only partially
characterized [396-398]. Exposure assessment limitations further complicate research. Tra-
ditional methods relying on self-reported exposure or single-time-point biomonitoring may
not accurately reflect cumulative or fluctuating exposures over time. Emerging approaches
such as wearable sensors and metabolomic profiling offer improvements but are still lim-
ited in scope and accessibility, particularly in low- and middle-income countries [399—401].
Together, these gaps underscore the need for mechanistic studies, improved longitudinal
exposure assessment, and standardized methodologies to strengthen causal inference in
environmental carcinogen research.

7.2. Limitations of the Review

This review has certain limitations that should be acknowledged. The inclusion of
only English-language publications may have excluded valuable research from non-English
sources, potentially narrowing the scope of evidence. Moreover, as a secondary analysis,
the review relies entirely on published data and does not contribute original experimental
findings, leaving it subject to the strengths and weaknesses of existing literature. Additional
limitations include potential simplifications in synthesizing complex mechanisms of toxin-
induced carcinogenesis. By summarizing multifaceted biological pathways and diverse
exposure scenarios, some nuances may be underrepresented, potentially oversimplifying
risk interpretations [402,403]. Study selection bias is another concern. Despite systematic
search strategies, certain high-quality studies may have been inadvertently omitted due
to publication bias, database coverage, or focus on specific populations. This could in-
fluence conclusions regarding exposure—cancer relationships and generalizability across
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regions [404,405]. Acknowledging these limitations underscores the need for cautious
interpretation and highlights areas where further primary research is warranted.

7.3. Future Work

Several research directions could help overcome current gaps. Multi-omics approaches
that integrate genomic, transcriptomic, proteomic, epigenomic, and metabolomic data hold
promise for unraveling how toxins influence cancer development at multiple biological
levels [406]. Expanding community-level monitoring, through wearable devices, environ-
mental mapping and citizen science initiatives, would provide more realistic assessments
of exposure [407]. Building collaborative environmental cancer registries could enhance
data sharing and allow for stronger global epidemiological studies [408]. Greater attention
should also be given to mechanistic research on low-dose, long-term exposures, which are
more representative of daily life than high-dose laboratory models [409]. Ultimately, future
progress depends on closer cross-disciplinary collaboration, which brings together toxicol-
ogy, oncology, environmental science, and public health to design integrated strategies for
prevention, detection, and intervention.

Additional future directions include prioritizing research on vulnerable populations,
such as genetically susceptible individuals or communities with high environmental ex-
posure, to tailor preventive strategies more effectively [410-412]. There is also a critical
need for the development of standardized, validated biomarkers and predictive models
that can reliably translate mechanistic insights into practical policy interventions [413—415].
These tools could inform exposure limits, regulatory guidelines, and public health recom-
mendations. Finally, integrating economic, behavioral, and policy research with molecular
and epidemiological studies can help identify feasible interventions, optimize resource
allocation, and ensure that scientific advances lead to tangible reductions in toxin-related
cancer risk worldwide [416,417].

8. Conclusions

Environmental toxins are a significant yet frequently underestimated cause of cancer,
acting through mechanisms such as oxidative stress, DNA damage, epigenetic changes,
hormonal disruption, and modifications of the tumor microenvironment. Evidence from
exposure studies on benzene, aflatoxins, arsenic, phthalates, particulate matter, and mi-
croplastics highlights their real-world impact on human health. Recent advances, such as
biomarker discovery, organoid and 3D model testing, CRISPR-based genetic screens, and
Al-driven predictive modeling, are transforming research and improving our ability to
assess and mitigate these risks. Moving forward, progress will require integrated strategies
that combine mechanistic understanding, advanced exposure monitoring, longitudinal
studies, and predictive modeling, supported by close collaboration across oncology, toxicol-
ogy, and environmental sciences. Ensuring global research equity is equally vital, so that
populations in low- and middle-income countries, which often face higher environmental
exposures, are fully represented in data, policy decisions, and intervention efforts. Together,
these approaches can strengthen prevention efforts, inform policy, and reduce the burden
of toxin-related cancers worldwide.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jox16010002/s1, Table S1: IARC Classification of Key Envi-
ronmental Carcinogens Included in This Review; Table S2: Toxicological Reference Values (Slope
Factors) for Known and Probable Human Carcinogens: National and International Guidelines.
References [299,418-422] are cited in the supplementary materials.
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Abbreviations

The following abbreviations are used in this manuscript:

3D Three-Dimensional

Al-driven Artificial Intelligence—driven

AKT Protein Kinase B (cell survival signaling)

AML Acute Myeloid Leukemia

ATM/ATR Ataxia Telangiectasia Mutated /Rad3-related protein kinases
BRCA1 Breast Cancer Gene 1

CDKN2A Cyclin-Dependent Kinase Inhibitor 2A

CpG Cytosine-Phosphate-Guanine sites in DNA

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
Cr(V) Hexavalent Chromium (Valence V)

CYP2E1 Cytochrome P450 Family 2 Subfamily E Member 1
CYP450 Cytochrome P450 Enzymes

DDT Dichlorodiphenyltrichloroethane (pesticide)

DNA Deoxyribonucleic Acid

JmiR-143 Downregulation of microRNA-143

E-cadherin Epithelial cadherin (cell adhesion protein)

EDCs Endocrine-Disrupting Chemicals

ERK/MAPK Extracellular Signal-Regulated Kinase/MAPK pathway
ESR1 Estrogen Receptor 1

G—T Guanine to Thymine Mutation

GSTP1 Glutathione S-transferase Pi 1

H3K27me3 Trimethylation of lysine 27 on histone H3

HCC Hepatocellular Carcinoma

Hg Mercury

HIF-1a Hypoxia-Inducible Factor 1-alpha

https://doi.org/10.3390/jox16010002


https://doi.org/10.3390/jox16010002

J. Xenobiot. 2026, 16, 2

IL-6, TNF-e, IL-1f3

Inflammatory Cytokines (Interleukin-6, Tumor Necrosis Factor-alpha,

Interleukin-1 beta)

LINE-1 Long Interspersed Nuclear Element-1
LMICs Low- and Middle-Income Countries
MAPK Mitogen-Activated Protein Kinase
miRNA MicroRNA
MLH1 MutL Homolog 1 (DNA mismatch repair gene)
MMA /DMA Monomethylarsonic Acid/Dimethylarsinic Acid
M2 M2-polarized Macrophages
MeSH Medical Subject Headings
NF-«B Nuclear Factor kappa-light-chain-enhancer of activated B cells
Nrf2 Nuclear factor erythroid 2-related factor 2
Pb Lead
PI3K/AKT Phosphoinositide 3-Kinase/Protein Kinase B pathway
PM2.5 Particulate Matter < 2.5 um
PubMed Public/Publisher MEDLINE (Biomedical Literature Database)
plé Cyclin-Dependent Kinase Inhibitor 2A (CDKN2A)
p53 Tumor Protein p53 (Guardian of the Genome)
RNS Reactive Nitrogen Species
ROS Reactive Oxygen Species
STAT3 Signal Transducer and Activator of Transcription 3
TME Tumor Microenvironment
TP53 Tumor Protein 53 (p53 gene)
VEGF Vascular Endothelial Growth Factor
Wnt/ 3-catenin Wnt Signaling Pathway with (3-catenin involvement
TmiR-146a Upregulation of microRNA-146a
TmiR-210 Upregulation of microRNA-210
TmiR-222 Upregulation of microRNA-222
C—A Cytosine to Adenine Mutation
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