



Review on the Role of Plants and Microbes in Heavy Metal Detoxification as a Preventive Strategy Against Cancer


ABSTRACT
The purpose of this review is to investigate the impact of heavy metals on human health and explore natural product-based therapeutic strategies, focusing on microorganisms and plants, for addressing heavy metal-related health issues. Since ancient times, cancer has been a serious threat to human health because of the unchecked growth of cells that can spread to other parts of the body. The link between exposure to heavy metals and the development of cancer has received more attention in recent years. Because of their toxicity, ecological durability, and capacity for bioaccumulation inside the human body, heavy metals are well-known environmental contaminants. Plants and their accompanying microbial communities provide an efficient, environmentally friendly method of environmental cleanup to lessen the negative impacts of heavy metal exposure and the corresponding cancer risks. This green technology acts as a natural filter by using biological processes that occur naturally to either stabilize and collect heavy metals or break down organic pollutants. Although they can be useful in certain situations, traditional physical and chemical remediation techniques are typically more expensive and less effective in places with low metal toxicity. A viable and sustainable technique for cleaning up contaminated areas is bioremediation, a biological process that uses microorganisms to break down dangerous pollutants. Similar to this, phytoremediation offers a novel method for removing, breaking down, or detoxifying heavy metals from contaminated soil and water by using hyperaccumulator plant species. Because of their affordability, environmental sustainability, and little ecological disturbance, these strategies are becoming more and more acknowledged as competitive substitutes for traditional remedial methods. This review synthesizes recent research on plant species appropriate for phytoremediation and bioremediation and integrates current knowledge. It also covers the many mechanisms that increase the efficacy of these procedures, possible tools that increase their efficiency, and the advantages and disadvantages of using them.  
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1. INTRODUCTION
Cancer has been a major threat to human health since ancient times. It is a disease characterized by the uncontrolled growth of affected cells, which can spread to other parts of the body. In contrast to normal human cells, which have a regulated life cycle and controlled growth, cancer cells evade natural cell death and continue to grow and divide abnormally, forming tumours—masses of tissue. Tumors are classified as either malignant or benign. Malignant tumours invade surrounding tissues and can metastasize, leading to the formation of new tumours in different parts of the body. On the other hand, benign tumours do not spread or affect nearby tissues [1, 2]. Environmental  pollution of  heavy  metals  is increasingly  becoming  a problem  and has  become  of great concern due to the adverse effects it is causing around the world. These inorganic pollutants are  being  discarded  in  our  waters,  soils  and  into  the  atmosphere  due  to  the  rapidly  growing agriculture  and  metal  industries,  improper  waste  disposal,  fertilizers,  and pesticides [60]. Heavy metals naturally exist in the environment and play essential roles in biological processes. However, their excessive accumulation in organisms poses serious health risks. Exposure to heavy metals has been associated with significant health concerns in humans, including their role in carcinogenesis. These toxic elements contribute to environmental and atmospheric pollution and may be lethal when they mix with environmental components such as air, water, and soil. Humans and other living organisms primarily encounter heavy metals through the food chain, leading to bioaccumulation and severe health effects [3]. Soil contamination by heavy metals is considered a serious environmental issue around the world. Heavy metals can both naturally and unnaturally contaminate the soil. The principal natural causes of soil contamination are increased weathering rates, land erosion, and geological processes [61-63].  Extensive experimental studies have been conducted to evaluate promising treatment options derived from natural products [4]. One such approach is bioremediation, an eco-friendly technique that employs microorganisms to eliminate environmental contaminants. This method utilizes the natural biological processes of microbes to break down hazardous pollutants and restore ecosystems to their original state [5]. The fundamental principles of bioremediation involve reducing the solubility of contaminants through pH alterations, redox reactions, and adsorption mechanisms [6]. The efficiency of this process depends on environmental factors such as temperature, pH, and moisture, which influence microbial growth and metabolism [7]. Another widely used strategy is phytoremediation, which employs plants to remediate contaminated environments, including soil and water. This technique is cost-effective and environmentally sustainable, as it leverages green plants to contain, sequester, or detoxify pollutants [8]. Phytoremediation functions through various mechanisms, including degradation (rhizodegradation, phytodegradation), accumulation (phytoextraction, rhizofiltration), dissipation (phytovolatilization), and immobilization (hydraulic control, phytostabilization) [9]. Depending on the type of contaminant, plants and microbes may employ one or more of these mechanisms to lower pollutant concentrations in the environment. For instance, specific plant species can absorb and accumulate heavy metals in their tissues while simultaneously breaking down organic pollutants, thereby reducing toxicity levels in soil and water resources [10]. This review explores the impact of heavy metals on human health and evaluates natural remediation techniques, including bioremediation and phytoremediation. It consolidates existing research on plant and microbial species effective in pollutant removal, examines factors that influence the efficiency of these processes, and discusses their advantages and limitations. By synthesizing recent findings, this review aims to contribute to the growing knowledge of sustainable environmental pollution management strategies. The objective of this review is to investigate the impact of heavy metals on human health and explore natural product-based therapeutic strategies, focusing on microorganisms and plants, for addressing heavy metal-related health issues. 

2. REVIEW OF LITERATURE
Cancer remains one of the foremost causes of global morbidity and mortality, with over one in five individuals likely to develop the disease during their lifetime. Estimates project a stark increase in new cancer cases—from 14.1 million in 2012 to 21.6 million by 2030. This rising burden is attributed to a complex interplay of factors, including unhealthy lifestyle choices (such as smoking, obesity, and poor diet), genetic mutations, chronic illnesses, and environmental exposures. Cancer is fundamentally characterized by uncontrolled cell proliferation and the ability to invade and metastasize to distant organs. It is driven by multiple hallmarks, including cellular immortality, resistance to apoptosis, angiogenesis, and tissue invasion. Importantly, exposure to heavy metals like arsenic, cadmium, and nickel has been implicated in carcinogenesis. These metals can induce oxidative stress, disrupt essential metal ion functions, alter gene expression through epigenetic modifications, and impair DNA repair mechanisms. Such activities not only initiate but also promote tumour progression, highlighting heavy metals as significant environmental risk factors in cancer development.

2.1. Cancer
Cancer is one of the leading causes of morbidity and mortality worldwide. Statistics indicate that more than one in five individuals develop cancer at some point in their lives [11]. According to projections, the number of new cancer cases is expected to rise from 14.1 million reported in 2012 to approximately 21.6 million by 2030 [12]. Various factors contribute to the development of cancer, including lifestyle behaviours such as obesity, smoking, and poor dietary habits, as well as genetic mutations, chronic diseases, and environmental influences [13, 14]. The term "cancer" refers to a group of diseases characterized by abnormal cell growth with the ability to invade and spread to different parts of the body [1]. With an estimated 10 million deaths per year, cancer remains one of the most significant global health challenges. The disease often begins as a precancerous lesion, which gradually develops into an invasive malignant tumour. Multiple factors can trigger cancer, including physical agents such as ultraviolet (UV) radiation and ionizing radiation, chemical carcinogens like asbestos, mercury, and arsenic, as well as biological agents, including bacterial or parasitic infections [15]. Additionally, ageing is a major risk factor, as the body's capacity to repair cellular damage diminishes over time, increasing susceptibility to cancer development [16].

2.2. The Hallmarks of Cancer 

The hallmarks of cancer include key biological capabilities acquired during tumour development (Fig.1):

· Immortality (continuous cell division and limitless replication)
· Self-sufficiency (growth factors from oncogenes)
· Signal insensitivity (anti-growth signals from suppressor gene)
· Evasion of apoptosis (resistant to cell death)
· Angiogenesis (induction of new blood vessel growth)
· Tissue invasion
· Metastasis (spread to other sites) [17]
· 














Figure 1 : The Hallmarks of Cancer and Their Roles in Tumor Progression [17]

3.3. Heavy Metals
Research has demonstrated that various metals can influence cancer development by altering chromatin structure and gene expression [18], as well as by generating reactive oxygen species (ROS) that contribute to oxidative stress. For instance, nickel has been found to activate hypoxia-induced signalling pathways by competing with iron in the prolyl-hydroxylase enzyme. Similarly, arsenic (As) and cadmium (Cd) can compete with or replace essential metals such as zinc (Zn) and calcium (Ca) in proteins, leading to cellular toxicity and gene regulation disruption. Additionally, both arsenic and cadmium have been shown to suppress autophagy, a crucial process in tumour suppression [19]. Metals contribute to genetic damage through oxidative and non-oxidative mechanisms, including DNA adduct formation. These alterations can lead to significant changes in DNA methylation and histone modifications, resulting in epigenetic gene silencing or reactivation. Studies involving in vitro genotoxicity experiments and animal models of carcinogenicity have revealed that metals exhibit co-carcinogenic and co-mutagenic effects, likely due to their interference with DNA repair processes [20].
Upon entering the body through ingestion, inhalation, or dermal contact, toxic metals accumulate in vital organs such as the liver, kidneys, and bones [21]. This accumulation leads to a range of toxic effects, including digestive system and kidney dysfunction, immune suppression, nervous system disorders, vascular damage, congenital disabilities, skin lesions, and epigenetic alterations that contribute to cancer development [22, 23]. These processes deactivate tumour suppressor genes, disrupt DNA repair enzymes, transform proto-oncogenes into oncogenes, and cause aberrant DNA methylation patterns [24]. Furthermore, metals significantly impact malignancy development by activating redox-sensitive transcription factors, which regulate cell growth, apoptosis, cell cycle control, and differentiation [25, 26]. Histone modifications and non-coding RNA expression also play key roles in metal-induced carcinogenesis [27, 28]. Oxidative stress and inflammatory mediators have been linked to the initiation and progression of cancer. Other mechanisms of metal-induced carcinogenesis include binding to and activating transporters and cell surface receptors [29], upregulating metallothioneins [30], and influencing the activity of specific enzymes, intracellular kinases, and phosphatases [31, 32]. Key signalling proteins such as extracellular signal-regulated kinases (ERK1/2) and protein kinase B (PKB or AKT) are crucial regulators of cell proliferation and are highly sensitive to metal concentration fluctuations [33, 34].
Several treatment strategies have been developed to mitigate heavy metal toxicity, with natural products proving to be highly effective in reducing the associated health risks [35]. The use of medicinal plants and natural compounds for disease treatment has been a longstanding practice throughout human history. One of the most notable advantages of plant-based medicine is its effectiveness, coupled with a lower incidence of severe adverse reactions and cost-effectiveness. Studies have demonstrated that experimentally induced heavy metal toxicity in laboratory animals can be significantly reduced through the administration of natural products derived from plants and microbes [36]. The diverse range of bioactive compounds found within medicinal plants contributes to their significance in supporting well-being [64]. Alkaloids, flavonoids, terpenoids, and polyphenols stand as chemicals of therapeutic effects. Their profound significance lies not only in the richness of diversity they bring, but also in the versatile roles they play—from antioxidant defenders shielding cells against oxidative stress to anti-inflammatory agents soothing the body’s unrestrained responses. In addition to their antioxidant properties, many medicinal plants also possess anticarcinogenic properties, meaning they can inhibit the growth and spread of cancer cells [65-67].
3.4. Bioremediation 
Bioremediation is an environmentally friendly biological approach used to eliminate heavy metal ions from contaminated sites [37]. This process involves various mechanisms, including absorption/adsorption, bioaccumulation, biotransformation, and bioleaching, to mitigate the toxic effects of heavy metals. Several natural materials, such as bark, coconut husk, rice husk, wheat husk, seaweeds, seeds, aquatic plants, agro-waste, and microorganisms, have been utilized to reduce heavy metal concentrations in polluted areas. Among these, microorganisms play a crucial role in the bioremediation process [38]. A fundamental aspect of microbial remediation is the ability of microorganisms to alter the ionic state of heavy metals, which significantly impacts their solubility, bioavailability, and mobility in soil and aquatic environments [39]. The mobilization and immobilization of heavy metals are essential aspects of microbial remediation, relying on multiple intricate mechanisms such as oxidation-reduction reactions, chelation, modifications of metallic complexes, and biomethylation [37]. The enzymatic catalysis carried out by microbes is particularly significant, as it facilitates the reduction of metals with higher oxidation states to lower oxidation states, enhancing their bioavailability and reducing their toxicity. Microorganisms capable of degrading heavy metals can be isolated from both aerobic and anaerobic environments. However, aerobic microbes are generally considered more effective for bioremediation due to their higher metabolic activity in metal detoxification processes [40]. Additionally, microorganisms employ membrane-associated transport mechanisms to translocate heavy metals and convert them into non-toxic forms, which is vital for their survival in metal-contaminated environments [41]. These microbes use several strategies, including biosorption, bioaccumulation, biotransformation, and bioleaching, to counteract the harmful effects of heavy metals and sustain their growth in polluted ecosystems [41,42].
· Microbial bioremediation primarily operates through the following mechanisms :
1. Sequestration of Toxic Metals – Microbial cell wall components and intracellular metal-binding proteins and peptides, such as metallothioneins (MT) and phytochelatins, sequester heavy metals. Additionally, bacterial siderophores, primarily catecholates, play a vital role in metal sequestration, whereas fungi predominantly produce hydroxamate siderophores.

2. Modification of Biochemical Pathways – Microorganisms alter biochemical pathways to block the uptake of toxic metals, preventing their harmful effects.

3. Transformation into Non-Toxic Forms – Specific microbial enzymes convert heavy metals into less hazardous or biologically inert forms, reducing their toxicity.

4. Efflux Mechanisms – Microbes actively regulate their intracellular metal concentration using specialized efflux systems, which help in detoxifying and maintaining cellular homeostasis [43].
These mechanisms collectively enhance the efficiency of microbial bioremediation, making it a promising and sustainable solution for heavy metal pollution remediation.
















Figure 2: Mechanisms of Microbial Bioremediation for Heavy Metal Detoxification

3.5. Phytoremediation
Phytoremediation is an environmentally sustainable and cost-effective technique that utilizes plants and rhizospheric microorganisms to remove organic pollutants and heavy metal contaminants from soil and water [44, 45]. This method is particularly effective in restoring polluted environments affected by heavy metal contamination. However, the success of phytoremediation depends on various factors, including the extent of soil contamination, the concentration of metal pollutants, and the ability of plants to absorb and accumulate these contaminants efficiently [46]. Plants used in phytoremediation are categorized into two types: hyperaccumulators and non-hyperaccumulators. Hyperaccumulators are plants with high heavy metal absorption capacity but low biomass yield, while non-hyperaccumulators have a lower extraction capacity but produce significantly higher biomass and grow rapidly [47, 48].
Different plant species employ various phytoremediation techniques, either individually or in combination, based on the type, form, and medium of the contaminant. Groundwater contamination can be treated using phytodegradation, phytovolatilization, rhizofiltration, rhizodegradation, and phytodegradation, whereas surface and wastewater pollutants can be managed through rhizofiltration, phytodegradation, or rhizodegradation. Contaminated soil, sediments, and sludge can be remediated using phytoextraction, phytodegradation, phytostabilization, rhizodegradation, or phytovolatilization. The ideal plant species for phytoremediation should be resilient, capable of producing high biomass, tolerant to metal toxicity, easy to cultivate, highly absorptive, and resistant to herbivory [49]. In certain cases, plant species require additional support to enhance their phytoremediation efficiency. Soil amendments, such as biochar [50], Ethylene Diamine Tetraacetic Acid (EDTA) [51], endophytic bacteria [52], and Arbuscular Mycorrhizal Fungi (AMF) [53], are used to improve pollutant bioavailability, reduce toxicity, and promote plant growth. Additionally, transgenic plants have been developed to enhance phytoremediation efficiency through genetic modifications [54].
The primary mechanisms involved in phytoremediation include :
1. Phytoextraction – The uptake and accumulation of heavy metals from contaminated soil into plant tissues.
2. Phytodegradation – The breakdown and transformation of heavy metals and organic pollutants into less toxic forms.
3. Phytovolatilization – The conversion of pollutants into volatile compounds and their release into the atmosphere.
4. Phytostabilization – The immobilization of heavy metals in plant roots, preventing their migration and further contamination.









       Figure 3: Primary Mechanisms of Phytoremediation in Heavy Metal Detoxification
To further improve the phytoremediation potential of plants, advanced bioremediation approaches such as genetic engineering, transgenic transformation, phytohormone-assisted phytoremediation, microbial inoculation, AMF integration, and the addition of nanoparticles (NPs) have been widely employed. These strategies enhance the efficiency of pollutant removal by improving plant growth, increasing metal bioavailability, and reducing toxicity.
3. GAPS AND RECOMMENDATIONS
A comprehensive review of published studies highlights several gaps in this critical area of health, particularly the limited information available on certain heavy metals. Existing research predominantly focuses on analyzing metal concentrations in a single type of biological sample, which may not provide sufficient accuracy or a comprehensive representation of exposure levels. For instance, measuring metal levels in urine samples primarily reflects short-term exposure, which may not fully capture the long-term accumulation of these elements in the body. Given the distinct physicochemical properties of each heavy metal and their unique absorption and metabolism processes in different tissues, relying on a single biological sample type may not be an adequate indicator of internal exposure for all metals. Therefore, further in-depth studies incorporating multiple biological matrices are recommended to bridge this significant research gap and enhance the understanding of heavy metal exposure and its health implications.

4. RESULT 
Heavy metals such as lead (Pb), arsenic (As), chromium (Cr), cadmium (Cd), and nickel (Ni) have been extensively studied and are recognized as major contributors to carcinogenesis through various interconnected biological mechanisms. The current literature confirms their potential to disrupt cellular homeostasis by inducing both direct and indirect damage to cellular macromolecules including DNA, RNA, proteins, and lipids [55]. This damage is largely attributed to the generation of reactive oxygen species (ROS), including hydroxyl radicals, superoxide anions, and hydrogen peroxide, typically through Fenton-type and redox cycling reactions. Experimental studies in mammalian cell cultures and animal models have consistently demonstrated that exposure to these metals leads to increased ROS production. These ROS initiate oxidative stress, a key driver of DNA strand breaks, base modifications (such as 8-oxo-guanine), DNA cross-linking, and the formation of DNA adducts [55]. For instance, cadmium has been shown to interfere with DNA repair mechanisms, particularly base excision repair, thereby compounding the genotoxic effects of oxidative lesions. Moreover, nickel ions can substitute essential metals in chromatin-associated enzymes, resulting in chromatin condensation and gene silencing. Micronuclei formation, chromosomal aberrations, and increased mitotic index have also been documented in various assays, including the comet assay and micronucleus test, as markers of genome instability in response to metal exposure [56]. These changes are indicative of mutagenic events and pre-neoplastic transformations. In addition to genotoxic effects, heavy metals exert profound epigenetic modifications. Arsenic and cadmium, for example, have been shown to induce DNA hypermethylation of promoter regions of tumour suppressor genes such as p16^INK4a and MLH1, leading to their transcriptional silencing [56, 57]. Conversely, global DNA hypomethylation may result in the activation of normally silenced retrotransposons and oncogenes. Furthermore, histone modifications such as acetylation, methylation, and phosphorylation are influenced by metal exposure. Arsenic disrupts histone methyltransferase activity, while nickel exposure has been linked to increased histone H3 lysine 9 dimethylation (H3K9me2), promoting heterochromatin formation and transcriptional repression. These epigenetic alterations are heritable and can predispose cells to neoplastic transformation even in the absence of continued metal exposure. In addition to genetic and epigenetic disruptions, heavy metals also act as endocrine-disrupting chemicals (EDCs). Cadmium, often termed a "metalloestrogen," can bind to estrogen receptors (ERα and ERβ), mimicking estrogenic activity and modulating the expression of estrogen-responsive genes [58]. Similarly, arsenic has been shown to interfere with androgen receptor signalling, particularly in prostate tissue. This disruption in hormone signalling alters cellular proliferation and differentiation pathways in hormone-sensitive tissues, increasing the risk for cancers such as breast, endometrial, and prostate cancers [58, 59]. Several studies have also reported metal-induced dysregulation of key signalling cascades. For example, arsenic activates the NF-κB and MAPK pathways, leading to chronic inflammation, a known hallmark of cancer. Cadmium has been shown to inhibit apoptosis by downregulating caspase-3 activity and upregulating anti-apoptotic proteins such as Bcl-2, allowing cells with DNA damage to evade programmed cell death. Additionally, metals interfere with cell cycle regulation by altering the expression of cyclins and cyclin-dependent kinases (CDKs), promoting uncontrolled cell proliferation. The cumulative effect of these genotoxic, epigenetic, and signalling alterations is the promotion of an environment conducive to tumorigenesis. This is particularly concerning in regions with high environmental contamination or occupational exposure to these metals. Epidemiological data have supported these findings, linking chronic exposure to arsenic with skin, lung, and bladder cancers; cadmium with prostate and lung cancers; and nickel with nasal and respiratory tract cancers. Moreover, in vitro studies have demonstrated the synergistic and co-mutagenic effects of metal mixtures, highlighting the compounded risk when multiple heavy metals are present in the environment. Metals often disrupt cellular redox balance, glutathione homeostasis, and mitochondrial function, further sensitizing cells to transformation. They also impair immune surveillance, allowing preneoplastic cells to evade detection and elimination. In conclusion, the collected data from cellular, molecular, and epidemiological studies provide robust evidence that heavy metals contribute significantly to the initiation and progression of various cancers. These metals act through a network of mechanisms—direct DNA damage, epigenetic silencing, endocrine disruption, and cell signalling interference—that collectively promote malignant transformation. These findings emphasize the urgent need for effective remediation strategies and public health interventions to reduce exposure to heavy metals in both environmental and occupational settings [55–59].

DISCUSSION
The present findings reinforce the critical role of heavy metals such as lead (Pb), arsenic (As), chromium (Cr), cadmium (Cd), and nickel (Ni) in the initiation and progression of various cancers. These metals exert their carcinogenic effects through a combination of genotoxic, epigenetic, and endocrine-disrupting mechanisms, creating a multifactorial risk landscape that significantly elevates cancer susceptibility in exposed populations.
One of the primary pathways through which heavy metals induce carcinogenesis is the generation of reactive oxygen species (ROS). These include hydroxyl radicals, superoxide anions, and hydrogen peroxide, which result from redox reactions involving metal ions such as Fe²⁺ and Cu²⁺. Through the Fenton reaction and other redox mechanisms, heavy metals generate an excess of ROS that overwhelms the cell’s antioxidant defenses, leading to oxidative stress. This oxidative imbalance results in widespread damage to critical biomolecules, including nucleic acids, proteins, and lipids. Such damage compromises cellular integrity and functionality, especially within the nucleus, where oxidative stress causes strand breaks, point mutations, and DNA adduct formation.
Furthermore, heavy metal exposure is associated with epigenetic modifications that alter gene expression without changing the underlying DNA sequence. Epigenetic disruptions such as hypermethylation of promoter regions in tumour suppressor genes or global hypomethylation that activates oncogenes have been well documented. These changes are heritable and often persist long after the initial exposure, contributing to the long-term cancer risk associated with heavy metals. Chromosomal instability, micronuclei formation, and an increased mitotic index observed in experimental studies further validate the carcinogenic potential of these metals through epigenetic and cytogenetic pathways.
Heavy metals also act as endocrine-disrupting chemicals (EDCs), interfering with hormonal signalling pathways. Cadmium and arsenic, in particular, can mimic or inhibit the activity of natural hormones such as estrogen and androgen, binding to their receptors and modulating gene expression. This hormonal disruption has been implicated in the abnormal growth and development of hormone-sensitive tissues, particularly in organs such as the prostate and breast. These findings raise concerns regarding long-term exposure to even low levels of heavy metals in the environment, especially in vulnerable populations.
In addition to these biological effects, heavy metals can modulate key cellular signalling pathways involved in inflammation, apoptosis, and proliferation. For instance, arsenic has been shown to activate the NF-κB pathway, promoting cell survival and inflammation, while cadmium can inhibit caspase activity, reducing apoptosis and allowing the survival of damaged cells. These alterations further contribute to tumour development and progression by promoting an environment conducive to uncontrolled cell growth and evasion of immune surveillance.
The data strongly support the need for proactive measures to limit heavy metal exposure in the environment. This includes not only stricter industrial regulations and monitoring but also the application of sustainable remediation strategies such as phytoremediation and microbial bioremediation. These biological methods utilize the natural ability of plants and microorganisms to absorb, transform, or sequester heavy metals, thereby reducing their bioavailability and mitigating cancer risk.
In conclusion, heavy metals pose a significant environmental and public health threat by acting through diverse carcinogenic mechanisms. A multidisciplinary approach combining environmental science, toxicology, and bioremediation is essential to address this growing concern effectively.

CONCLUSION	
Heavy metals can have a wide array of toxic effects on human health, particularly with prolonged exposure, which is linked to carcinogenesis. Understanding the pathways through which these metals enter the body, along with the severity and potential lethality of their toxicity, is essential. Our review indicates that the oral route is the most common method of heavy metal ingestion, and excessive exposure can lead to substantial damage across various organs, resulting in conditions such as neurological impairments, respiratory disorders, gastrointestinal blockages, osteoporosis, and cancer. Preventive actions, early screening, and reducing the release of metal-related pollutants can play a vital role in decreasing global cancer rates. A deeper understanding of the mechanisms behind carcinogenesis is crucial for developing personalized therapies or preventive strategies for specific metals. Moreover, educational initiatives in high-risk regions are essential to raise awareness about the dangers of heavy metal exposure. Further research is needed to elucidate the molecular pathways and the public health impact of combined toxic metal exposures. Given the adverse effects of heavy metals, it is critical to implement environmentally friendly biological methods for their removal. The microbial techniques reviewed in this study, such as biosorption, bioaccumulation, and rhizoremediation, show promise for effectively decontaminating soil and water, offering a cost-effective, eco-friendly solution. Additionally, phytoremediation is a sustainable technology that uses plants to remove environmental pollutants through various mechanisms like phytoextraction, phytostabilization, rhizofiltration, phytovolatilization, phytodegradation, and phytodesalination. It is a versatile method for treating a range of pollutants, including heavy metals, organic contaminants, pesticides, petroleum wastes, and antibiotics. However, the success of phytoremediation depends on selecting the appropriate plants based on the type of pollutants and site-specific conditions.
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