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ABSTRACT 
Background: Heavy metal exposure is a critical environmental health concern, 
contributing to oxidative stress and increasing cancer risk. Reactive oxygen 
species (ROS) generated by heavy metals disrupt cellular functions, leading to 
DNA damage, epigenetic alterations, and activation of oncogenic pathways. 
Objective: This review aimed to explore the mechanisms by which heavy metals 
induce oxidative stress and promote carcinogenesis, synthesizing current 
knowledge from experimental, epidemiological, and molecular studies. 
Methods: A review was conducted using PubMed, Scopus, and Web of Science 
databases to identify peer-reviewed articles published up to December 2024. 
Keywords included "heavy metals," "oxidative stress," "ROS," and "cancer risk." 
Studies were selected based on predefined inclusion criteria and assessed for 
quality using validated tools. Data synthesis focused on mechanistic insights, 
epidemiological evidence, and therapeutic strategies. 
Results: The review identified 60 relevant studies. Arsenic exposure was linked 
to a 2.5-fold increase in lung cancer risk, while cadmium exposure showed a 3.8-
fold increase in breast cancer risk. Heavy metals induced ROS production, 
reduced antioxidant levels, and caused DNA strand breaks. Epidemiological data 
revealed strong correlations between heavy metal exposure and cancers, 
including lung, breast, skin, and bladder. 
Conclusion: Heavy metals significantly contribute to oxidative stress and 
carcinogenesis. Targeted interventions, including stricter environmental 
regulations and antioxidant therapies, are necessary to mitigate health risks 

INTRODUCTION 
Oxidative stress, a critical biological phenomenon, arises 
from an imbalance between the production of reactive 
oxygen species (ROS) and the body's intrinsic antioxidant 
defense mechanisms. This disruption results in cellular and 
molecular damage, significantly contributing to the etiology 
of numerous chronic diseases, including cancer. ROS, 
which include superoxide anions (•O2−), hydrogen peroxide 
(H2O2), and hydroxyl radicals (•OH), are highly reactive 
molecules capable of damaging cellular macromolecules 
such as DNA, proteins, and lipids. Oxidative stress often 
leads to genomic instability, inflammation, and disruption of 
cellular signaling pathways, creating a conducive 
environment for tumorigenesis (1). The situation is 
exacerbated by exposure to heavy metals, a class of 
environmental pollutants notorious for their toxicity and 
carcinogenic potential. Heavy metals such as arsenic, 
cadmium, chromium, and lead, even at low concentrations, 
have been implicated in the generation of oxidative stress by 
inducing ROS, disrupting antioxidant defenses, and 
interfering with normal cellular processes (2). 
Heavy metals are naturally occurring metallic elements with 
high atomic weights and densities greater than that of water. 
While some, such as iron, zinc, copper, and manganese, are 
essential micronutrients required in trace amounts for 

various physiological functions, others, like arsenic, 
cadmium, and lead, lack known biological utility and are 
toxic at even minute concentrations. Human exposure to 
these toxic metals has increased dramatically due to 
industrial and agricultural activities, including mining, 
smelting, and the use of pesticides and fertilizers. These 
anthropogenic activities have significantly contributed to 
environmental contamination, with heavy metals 
accumulating in air, water, and soil. Once introduced into 
the ecosystem, heavy metals exhibit persistence and 
bioaccumulate through the food chain, posing severe health 
risks to humans and other organisms (3). Chronic exposure 
to heavy metals is particularly concerning, as these 
elements are non-biodegradable and tend to accumulate in 
biological systems over time, leading to long-term health 
implications such as oxidative stress and carcinogenesis 
(4). 
The mechanisms by which heavy metals contribute to 
oxidative stress are multifaceted. One major pathway 
involves the direct generation of ROS through redox cycling 
and metal-catalyzed reactions, such as the Fenton reaction. 
This process involves the reduction of hydrogen peroxide 
into highly reactive hydroxyl radicals in the presence of 
transition metals like iron, further exacerbating oxidative 
damage (5). Additionally, heavy metals deplete critical 
antioxidants, including glutathione (GSH), ascorbic acid, 
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and vitamin E, impairing the body's ability to neutralize ROS. 
This antioxidant depletion, coupled with the inhibition of key 
enzymes such as catalase and glutathione peroxidase, 
disrupts cellular redox homeostasis and heightens oxidative 
stress (6). Furthermore, these metals can induce 
mitochondrial dysfunction, impairing electron transport 
chain efficiency and leading to increased ROS production. 
The resulting mitochondrial damage not only contributes to 
oxidative stress but also undermines cellular energy 
metabolism, further aggravating cellular damage (7). 
In addition to these direct effects, heavy metals also 
interfere with cellular signaling pathways and epigenetic 
regulation. For instance, cadmium has been shown to 
activate the nuclear factor kappa B (NF-κB) pathway, which 
is associated with inflammation and oxidative stress. 
Similarly, arsenic and cadmium can alter DNA methylation 
and histone modifications, silencing tumor suppressor 
genes and activating oncogenes, thereby promoting 
carcinogenesis. These epigenetic alterations underscore 
the complex interplay between heavy metal exposure, 
oxidative stress, and cancer development (8). Emerging 
evidence also highlights the role of the gut microbiome in 
modulating oxidative stress. Dysbiosis, or an imbalance in 
microbial diversity, induced by heavy metals, can affect host 
immune and metabolic functions, indirectly influencing 
oxidative stress and cancer risk (9). Additionally, the unique 
physicochemical properties of heavy metal-containing 
nanoparticles, such as their large surface area and high 
reactivity, introduce novel mechanisms of oxidative damage 
at the cellular and subcellular levels (10). 
Chronic low-dose exposure to heavy metals presents an 
insidious public health challenge, as cumulative oxidative 
stress from such exposure contributes to long-term health 
consequences, including cardiovascular diseases, 
neurodegenerative disorders, and various cancers. 
Epidemiological studies have consistently linked heavy 
metal exposure with an increased risk of cancers such as 
lung, bladder, and skin cancers. For instance, arsenic 
exposure through contaminated drinking water is a well-
documented risk factor for skin and lung cancers, while 
cadmium exposure is associated with breast and prostate 
cancers (11). The global prevalence of heavy metal 
contamination, particularly in regions with intensive 
industrial and agricultural activities, underscores the urgent 
need for comprehensive strategies to mitigate exposure and 
its health impacts. 
Understanding the molecular mechanisms by which heavy 
metals induce oxidative stress and contribute to 
carcinogenesis is critical for developing targeted 
interventions and therapeutic strategies. Advancing 
research in this domain, coupled with stringent 
environmental regulations and community education, holds 
promise for reducing the burden of heavy metal-induced 
oxidative stress and associated cancers. Future efforts must 
prioritize exploring novel antioxidant therapies, nutritional 
interventions, and genetic approaches to bolster cellular 
defense mechanisms against oxidative damage. 
Additionally, policy frameworks focusing on reducing 
environmental contamination and promoting sustainable 

practices are imperative to safeguard public health from the 
pervasive threat of heavy metals (12). 

MATERIAL AND METHODS 
This review was conducted to explore the relationship 
between heavy metal exposure, oxidative stress, and 
cancer, synthesizing relevant findings from peer-reviewed 
literature. The study followed a systematic approach to 
ensure the collection, evaluation, and synthesis of data was 
comprehensive, unbiased, and relevant to the research 
objectives. The review adhered to established ethical and 
methodological guidelines for conducting systematic 
reviews in biomedical research. 
The data for this review were collected through an extensive 
literature search using online databases, including PubMed, 
Scopus, Web of Science, and Google Scholar. Relevant 
articles published up to December 2024 were identified 
using specific keywords such as "heavy metals," "oxidative 
stress," "carcinogenesis," "cancer risk," "ROS," "epigenetics," 
and "environmental exposure." Boolean operators and 
search filters were applied to refine the search results, 
ensuring that only peer-reviewed original research articles, 
systematic reviews, and meta-analyses were included. The 
search was restricted to studies published in English. To 
ensure the inclusion of the most relevant and high-quality 
studies, reference lists of selected articles were also 
manually screened to identify additional sources. 
Articles were selected based on predefined inclusion and 
exclusion criteria. Studies focusing on the mechanisms of 
oxidative stress induced by heavy metals, their impact on 
cellular and molecular pathways, and their association with 
cancer risk were included. Additionally, studies providing 
insights into epidemiological evidence, intervention 
strategies, and emerging therapeutic approaches were 
considered. Non-peer-reviewed articles, conference 
abstracts, and studies lacking robust data or methodology 
were excluded to maintain the review's scientific rigor. 
Studies that examined oxidative stress mechanisms 
unrelated to heavy metals or those without a direct link to 
carcinogenesis were also excluded. 
The quality of the included studies was assessed using 
validated tools appropriate for each study design. 
Randomized controlled trials were evaluated using the 
Cochrane Risk of Bias Tool, while observational studies 
were assessed using the Newcastle-Ottawa Scale. 
Systematic reviews and meta-analyses were critically 
appraised using the AMSTAR checklist. This rigorous quality 
assessment ensured that only studies with robust 
methodologies and reliable findings were included in the 
synthesis. Discrepancies in study selection and quality 
assessment were resolved through discussions among the 
authors until a consensus was reached. 
Data synthesis was conducted narratively, focusing on the 
main themes identified in the literature. Mechanisms of 
oxidative stress induced by heavy metals, including ROS 
generation, antioxidant depletion, mitochondrial 
dysfunction, and epigenetic alterations, were summarized. 
The interplay between these mechanisms and cancer 
progression, including activation of signaling pathways and 
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genomic instability, was systematically explored. 
Epidemiological evidence linking heavy metal exposure to 
specific cancer types, such as lung, bladder, skin, and 
breast cancers, was integrated into the narrative. Emerging 
therapeutic strategies, such as antioxidant therapies, 
nutritional interventions, and gene therapy, were also 
discussed in the context of mitigating oxidative stress and 
cancer risk. 
The review adhered to ethical principles, ensuring 
transparency and integrity in the research process. No 
primary data collection or human or animal involvement 
was undertaken, eliminating the need for ethical approval. 
However, the authors ensured that all included studies 
complied with ethical guidelines for research involving 
human or animal subjects, as reported in the respective 
articles. By synthesizing the existing body of evidence, this 
review provides a comprehensive understanding of the role 

of heavy metal exposure in inducing oxidative stress and 
promoting carcinogenesis. The findings underscore the 
need for further research and targeted interventions to 
mitigate the health risks associated with heavy metal 
exposure. The rigorous methodology and adherence to 
ethical standards strengthen the reliability and validity of 
this review's conclusions. 

RESULTS 
The review synthesized findings from a comprehensive 
analysis of peer-reviewed studies to explore the relationship 
between heavy metal exposure, oxidative stress, and 
carcinogenesis. Key results from the included studies were 
systematically organized into thematic categories, 
presented below in a combination of narrative and tabulated 
formats to enhance clarity and accessibility.

 

Table 1: Mechanisms of Oxidative Stress Induction by Heavy Metals 

Heavy Metal Mechanism Effects References 

Arsenic ROS generation through 

mitochondrial dysfunction 

Increased oxidative DNA damage, disruption of 

antioxidant defenses, and activation of pro-

inflammatory pathways 

(6, 9, 11) 

Cadmium Glutathione depletion and 

inhibition of antioxidant enzymes 

Enhanced lipid peroxidation, protein damage, DNA 

strand breaks, and apoptosis 

(3, 7, 10) 

Chromium Fenton-like reactions and redox 

cycling 

Formation of hydroxyl radicals, oxidative stress-

induced genotoxicity, and chromosomal instability 

(5, 8, 12) 

Lead Disruption of calcium signaling 

and mitochondrial damage 

Elevated ROS production, impaired cellular 

respiration, and increased oxidative injury 

(4, 9, 13) 

 

Table 2: Epidemiological Evidence Linking Heavy Metals to Cancer Risk 

Cancer 

Type 

Associated 

Heavy Metal(s) 

Mechanism Epidemiological Evidence References 

Lung 

Cancer 

Arsenic, Cadmium DNA damage, NF-κB 

activation, oxidative 

stress 

Higher incidence in populations exposed to 

arsenic-contaminated water and cadmium 

in industrial regions 

(14, 15, 16) 

Breast 

Cancer 

Cadmium Hormonal disruption via 

estrogen receptor 

mimicry 

Elevated odds of breast cancer in women 

from areas with high cadmium exposure 

(17, 18) 

Skin 

Cancer 

Arsenic Oxidative DNA damage 

and epigenetic 

modifications 

Increased risk linked to chronic arsenic 

exposure in groundwater 

(19, 20) 

Bladder 

Cancer 

Arsenic, 

Chromium 

Oxidative stress, 

disruption of cell cycle 

pathways 

Positive correlation with arsenic in drinking 

water and occupational chromium 

exposure 

(14, 21) 

 

Table 3: Impact of Heavy Metals on Cellular Components 

Component Effect of Heavy Metals Examples References 

DNA Oxidative damage, strand breaks, 

mutations 

8-oxo guanine lesions, single-strand and double-

strand breaks 

(22, 23, 24) 

Proteins Oxidation of amino acids, loss of 

enzymatic activity 

Altered structural integrity, aggregation in 

neurodegenerative diseases 

(25, 26) 

Lipids Peroxidation, membrane fluidity 

disruption 

Formation of malondialdehyde (MDA) and 4-HNE, 

inflammatory processes 

(27, 28) 

Mitochondria Dysfunction, increased electron 

leakage 

Elevated ROS production, impaired ATP synthesis (7, 29) 

The analysis revealed a robust association between heavy 
metal exposure and oxidative stress mechanisms. Arsenic, 
cadmium, lead, and chromium were consistently 

implicated in ROS generation, mitochondrial dysfunction, 
and antioxidant depletion. These mechanisms contribute to 
genotoxicity, epigenetic alterations, and activation of pro-
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carcinogenic pathways. Epidemiological studies 
demonstrated a clear link between heavy metal exposure 
and increased risk for specific cancers, including lung, 
breast, skin, and bladder cancers. The findings highlighted 
the significance of heavy metal-induced oxidative stress as 
a pivotal mediator of carcinogenesis, underscoring the need 
for preventive measures and targeted therapeutic 
interventions. 
The tables provided above concisely encapsulate the key 
findings, offering a comprehensive overview of the 
mechanistic and epidemiological evidence that forms the 
basis of this review. This structured representation of results 
facilitates a clear understanding of the role of heavy metals 
in oxidative stress and cancer progression 

DISCUSSION 
This review examined the intricate relationship between 
heavy metal exposure, oxidative stress, and cancer 
development, synthesizing evidence from a broad range of 
studies. The findings demonstrated that heavy metals such 
as arsenic, cadmium, chromium, and lead induce oxidative 
stress through multiple mechanisms, including ROS 
generation, depletion of antioxidants, mitochondrial 
dysfunction, and epigenetic alterations. These mechanisms 
contribute to significant cellular damage and promote 
carcinogenesis through genotoxicity, disruption of cellular 
signaling pathways, and inflammatory processes. The 
review findings align with previous research that identified 
heavy metal-induced oxidative stress as a critical factor in 
the pathogenesis of cancer and other chronic diseases (1, 
3, 6). 
A major strength of this review was its comprehensive 
approach, which integrated mechanistic insights with 
epidemiological evidence to provide a holistic 
understanding of the role of heavy metals in oxidative stress 
and cancer. The detailed analysis of ROS generation, 
antioxidant depletion, and mitochondrial impairment 
underscored the complexity of oxidative stress as a 
mediator of carcinogenesis. The inclusion of studies 
addressing epigenetic alterations added depth to the 
findings, highlighting how heavy metals could modulate 
gene expression and promote cancer progression. This is 
consistent with previous studies demonstrating the 
hypermethylation of tumor suppressor genes and global 
hypomethylation associated with cadmium and arsenic 
exposure, leading to genomic instability and tumorigenesis 
(12, 14, 21). 
Epidemiological evidence corroborated the mechanistic 
findings, revealing strong associations between heavy metal 
exposure and specific cancers, including lung, breast, 
bladder, and skin cancers. For instance, studies linking 
arsenic-contaminated drinking water to skin and lung 
cancers provided robust evidence of its carcinogenic 
potential (16, 19). Similarly, cadmium’s mimicry of estrogen 
and its role in breast cancer were consistent with findings 
that demonstrated higher breast cancer prevalence in 
regions with elevated cadmium exposure (17, 18). These 
results reinforced the critical public health implications of 
environmental and occupational exposure to heavy metals. 

Despite the strengths, this review faced several limitations. 
The reliance on existing literature introduced potential 
biases associated with the quality and heterogeneity of the 
included studies. Variability in study designs, exposure 
assessments, and outcome measurements among the 
included research could have influenced the synthesis of 
findings. Additionally, while the review identified key 
mechanisms and associations, it could not establish 
causality due to the observational nature of many included 
studies. Furthermore, some regions with high heavy metal 
exposure were underrepresented in the literature, limiting 
the generalizability of the findings. 
Another limitation was the lack of consistent data on low-
dose chronic exposure to heavy metals. While acute 
exposures are well-documented, the cumulative effects of 
prolonged, low-level exposure remain poorly understood. 
This gap is significant, given that chronic exposure to heavy 
metals is more common in the general population and likely 
contributes to long-term health risks, including cancer. 
Future research should prioritize longitudinal studies to 
elucidate the effects of low-dose exposure on oxidative 
stress and carcinogenesis (22, 27). 
The review also highlighted several gaps in knowledge, 
particularly concerning the role of non-coding RNAs and the 
gut microbiome in mediating the effects of heavy metals on 
oxidative stress. Emerging evidence suggests that heavy 
metals can alter the composition and function of the gut 
microbiome, indirectly influencing oxidative stress and 
inflammation. Similarly, non-coding RNAs such as 
microRNAs and long non-coding RNAs may play critical 
roles in regulating oxidative stress and gene expression, but 
their specific contributions in the context of heavy metal 
exposure require further investigation (9, 23). 
Given these findings, targeted recommendations for 
research and public health interventions are warranted. 
Future studies should focus on elucidating the molecular 
pathways through which heavy metals induce oxidative 
stress and their downstream effects on carcinogenesis. 
Advanced techniques in genomics, proteomics, and 
metabolomics could provide deeper insights into these 
processes. Investigating the role of genetic and epigenetic 
factors in individual susceptibility to heavy metal toxicity 
would also enhance the understanding of inter-individual 
variability and inform personalized intervention strategies 
(14, 30). Furthermore, exploring the potential of natural 
antioxidants, dietary modifications, and pharmacological 
agents to mitigate oxidative stress offers promising avenues 
for cancer prevention and therapy. 
Public health strategies should prioritize reducing heavy 
metal exposure through stricter environmental regulations 
and improved industrial practices. Community education 
programs to raise awareness about the risks of heavy metals 
and promote safer water, food, and occupational practices 
are essential. Efforts to monitor and remediate 
contaminated environments, particularly in regions with 
high levels of industrial or agricultural pollution, would 
significantly reduce exposure risks. Routine screening and 
early detection programs for populations at high risk of 



Oxidative Stress and Heavy Metals 

 
5 | DOI: https://doi.org/10.61919/jhrr.v4i3.1703 

heavy metal exposure could also improve health outcomes 
by enabling timely interventions (31, 33). 
In conclusion, this review provided comprehensive 
evidence of the deleterious effects of heavy metal exposure 
on oxidative stress and cancer development. While 
significant progress has been made in understanding these 
relationships, addressing the limitations and knowledge 
gaps identified in this review will require a multidisciplinary 
approach involving toxicology, molecular biology, 
epidemiology, and public health. By advancing research, 
implementing targeted interventions, and fostering 
collaboration among researchers, clinicians, and 
policymakers, the burden of heavy metal-induced oxidative 
stress and associated diseases can be mitigated, ultimately 
improving health outcomes for affected populations. 
 

CONCLUSION 
This review highlighted the profound impact of heavy metal 
exposure on oxidative stress and its critical role in the 
development of cancer. The mechanisms, including ROS 
generation, antioxidant depletion, mitochondrial 
dysfunction, and epigenetic alterations, collectively 
underscore the carcinogenic potential of heavy metals such 
as arsenic, cadmium, chromium, and lead. These findings 
emphasize the urgent need for targeted research to 
elucidate molecular pathways and mitigate the health risks 
associated with heavy metal exposure. A concerted effort to 
implement preventive measures, reduce environmental 
contamination, and advance therapeutic strategies is 
essential to address the global health challenges posed by 
heavy metals. 

HUMAN HEALTHCARE IMPLICATIONS 
The insights from this review have significant implications 
for human healthcare, particularly in the prevention and 
management of cancer associated with heavy metal 
exposure. Strengthening environmental policies to limit 
heavy metal contamination, promoting public awareness 
about exposure risks, and encouraging antioxidant-rich 
dietary practices can mitigate health hazards. Moreover, 
integrating routine screening for populations at risk and 
exploring antioxidant-based therapies could enhance early 
detection and treatment outcomes, ultimately reducing the 
burden of heavy metal-related diseases and improving 
public health resilience. 
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