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ABSTRACT: Heavy metals are prominent pollutants in the environment that are found in all
environments due to their toxicity and ability to linger in the atmosphere while they contaminate
soil, water, and biota. These contaminants tend to bio-accumulate in human bodies and ultimately
endanger human health. Some heavy metals are produced by anthropogenic activities, but majority
of them are found in nature. Living organisms may be exposed to heavy metals through the food
chain when they interact with other environmental elements including soil, water, and air. This may
make heavy metals exceedingly harmful. Humans, however, are more susceptible to a combination
of elements than to just one substance. The combination of heavy metals can cause oxidative stress
and inflammatory processes, which cause damage to multiple organs. This review enlightens the
fate of heavy metals and their toxicological effect on various organs systems. Some metals have an
impact on development and biological processes, while other metals build up in one or more organs
and can lead to a various illnesses. This article focuses on the disease-causing component as well as
the physiological and biochemical implications of heavy metal bio-accumulation in organs. Further,
dietary interventions employing alternative treatments may be investigated as a substitute strategy

for controlling the long-term negative effects of exposure to heavy metal on public health.
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1. INTRODUCTION

Metal contamination in the environment has deleterious influence on most of the life forms on earth.
The adverse impact of metals and metalloids in the living systems is more apparent with rapid
industrialization and urbanization [1-3]. Although, metals like Manganese (Mn), Copper (Cu), Zinc
(Zn), Iron (Fe), Nickel (Ni), Cobalt (Co), Molybdenum (Mo), and Selenium (Se) are trace elements
needed for biological activities, whereas, elements such as Lead (Pb), Mercury (Hg), Arsenic (As),
Chromium (Cr) and Cadmium (Cd), have no known biological role and, are harmful to the animals
beyond a certain range [3]. Essential heavy metals are vital to life and are required in very small
amounts within the body. An excess or shortage of a necessary heavy metal causes aberrant states
or disorders. Priority pollutants known as non-essential metals (NEMs) have the potential to
endanger both human health and the ecosystem. However, different categories of creatures, such as
plants, animals, and microbes, may have distinct essential heavy metal. This implies that a heavy
metal can be necessary for one class of species but not necessary for another. These necessary
components are needed in the ideal quantity and act as significant co-factors for a number of
catalytic pathways. Beyond a certain concentration these metals can be toxic and adversely affect
the physiology and health of most organisms, including humans. Individuals may come into contact
with heavy metals at work or in the surrounding environment. Exposure to toxic substances by
humans in the workplace is referred to as occupational exposure; exposure to the same chemicals in
the general public is referred to as non-occupational or environmental exposure [4]. Non-
occupational exposure involves ingestion via contaminated food, water or by skin contact.
Additionally, a lot of these metals are released into the air, ground water, and soil by the metallurgical,
refractory, and chemical industries, endangering the health of people, animals, and marine life. In
mining and industrial settings, workers can inhale in dust or other particulate matter that contains
metal particles, exposing them to heavy metal exposure [5]. Workers who extract gold by
amalgamation are in contact with mercury fumes. According to reports, welders who were exposed
to welding fumes for an extended period of time at work had blood levels of the heavy metals (Cr,
Ni, Cd, and Pb) significantly greater than those of the control group. Smoking cigarettes is also a
common source of exposure to Cd and other hazardous heavy metals found in tobacco leaves. Food
crops grown in environments contaminated with heavy metals causes these elements to bio-
accumulate in human food chains via geo-chemical cycles. Chronic poisoning effects on animals
have been commonly observed if adequate every day intake amounts are surpassed [6]. Most of the
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metallic elements are harmful as they have a tendency to accumulate in soft tissues of animals. Each
of these metals has a unique mechanism and biological route of action in the target system [7, 8].
SOURCES OF HEAVY METAL EXPOSURE

Our surroundings naturally contain heavy metals. The lithosphere, hydrosphere, biosphere, and
atmosphere all contain them [9]. Their natural sources include weathering of metal-bearing rocks
and volcanic eruptions, while anthropogenic sources such as mining, various industrial and
agricultural activities also add to the burden of metals in the environment (Fig. 1) [10]. Heavy metals
are well-known environmental pollutants due to their toxicity, persistence and bio accumulative
nature. These heavy metals can be found in ores found in the earth's crust that are extracted as
minerals during mining operations. Certain heavy metals such as Cu, Fe and Co can exist both as
sulfide and oxide ores. Heavy metals are released from the ore during these mining operations and
dispersed across the open environment contaminating the water. Furthermore, various heavy metals
can be found in industrial products including paints, cosmetic products, insecticides, and herbicides.
Acid rain, runoff, and degradation are some of the ways that heavy metals can travel over soils and
aquatic bodies. In addition, certain fertilizers, herbicides, and involving animal feeding emit larger
quantities of As into the environment [11, 12]. It has been discovered that the inorganic forms of
arsenic, such as arsenite and arsenate, are more dangerous to human health. They have a high
carcinogenic potential and have been linked to skin, liver, bladder, and lung cancer. Humans are
exposed to arsenic by means of air, food and water. One of the main causes of As toxicity in over
30 countries worldwide is drinking water as in Africa, Asia, South America and Europe
contaminated with As [13]. Long duration of exposure to Pb can result in birth defects, allergies,
dyslexia, mental retardation, psychosis, autism, weight loss, hyperactivity, paralysis, muscular
weakness, kidney damage, and even death [14]. The heavy metal Hg is considered to be the most
toxic to the environment because of their persistent, accumulative and toxic nature, as they sediment
in water bodies and enter the food chain. Many industries, including the pharmaceutical, paper and
pulp preservation, agricultural, and chlorine and caustic soda producing sectors, release Hg into the
environment [ 15]. Hg may generate both organic (methyl-mercury and ethyl-mercury) and inorganic
forms (Mercurous) when it combines with other elements. High concentrations of metallic, organic,
and inorganic Hg can harm a developing fetus, brain and kidneys [16]. Cadmium is released into
the environment by both natural processes including volcanic eruptions, weathering, and river
movement, as well as by some human activities like mining, smelting, smoking tobacco, burning
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municipal waste, and producing fertilizers. Immediate and long-term intoxication are both possible
with Cd [17]. Cadmium builds up in greater amounts in the proximal tubular cells, where it poses a
serious risk to the kidneys. Rocks, plants, animals, and soil all contain Cr. It can exist as a gas, a
liquid, or a solid. In water sediments, chromium compounds are extremely persistent. Results from
various in vitro and in vivo experiments have demonstrated that chromatic compounds can cause
damage to DNA in a variety of ways. These include chromosomal aberrations, sister chromatid
exchanges, DNA adduct formation, changes in DNA replication, and transcription [18, 19]. In the
crust of the earth Fe is the most abundant transition metal. It is a co-factor for numerous essential
proteins and enzymes; it is the most significant nutrient for the majority of living things. Since
children are exposed to the highest amount of Fe-containing products, they are particularly
vulnerable to Fe toxicity [20]. Fe toxicity progresses through four stages, beginning with
gastrointestinal symptoms like vomiting and diarrhea, followed by a latent period of apparent
recovery. The third stage manifests with severe symptoms such as hypotension, hepatic necrosis,
and metabolic acidosis, often leading to fatalities. In the final stage, gastrointestinal ulcerations
develop, posing long-term health risks, particularly in countries with high meat consumption due to

excess iron uptake potentially increasing cancer risk [21].
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IMPACT OF HEAVY METALS ON ANIMAL HEALTH

Over exposure to heavy metals (Ni, Cr, Cd, etc.) in the human body has been associated with serious
long-term consequences such immunotoxicity, neurotoxicity, and toxicity to development and
reproduction [22-24]. Due to prevalence in the environment and As, Cd, Pb and Hg have received
the greatest attention in research (Fig. 2) [1]. The net absorption of a pollutant from any source
across all possible pathways, including ingestion, direct contact and respiration, is known as bio-
accumulation. An organism may have a higher concentration of a pollutant in it than in its prey due
to bio-magnification at upper trophic levels caused by bio-accumulation and further transmission of
heavy metals into the food chain. Furthermore, it has been discovered that heavy metals affect the
mitochondria, endoplasmic reticulum, lysosomes, nucleus, cell membrane, and certain enzymes
involved in metabolism, detoxification, and damage repair, among other cellular organelles and
components [25]. It has been established that metal ions interact with nuclear proteins and DNA
inside cells, causing damage to the DNA and conformational changes that may result in apoptosis,
cancer, or altered cell cycle regulation. Numerous physiological functions, such as those of the
central nervous system, liver, hematopoietic system, and renal system, can be adversely affected by
toxic metals. Because of the distinctive ways in which metals interact with organs, tissues, and cells,
they can have a wide range of toxic effects that can be systemic or local, acute or chronic. Acute
intoxication are rare; instead, chronic intoxication are more common due to strong propensity of Pb
to accumulate in erythrocytes and bone. Lead and Hg poisoning can result in autoimmunity, a
disorder where the patient's immune system targets his own cells. This can lead to problems with
the kidneys, neurological system, and joints, such as rheumatoid arthritis. The harmful effects of
heavy metals on the body when consumed in excess of the bio-acclaimed limitations are known as
the bio-toxic consequences of heavy metals. All metals exhibit some degree of toxicity, but the most
common symptoms include convulsions and vomiting, gastrointestinal (GI) disorders, diarrhoea,
stomatitis, tremor, hemoglobinuria, ataxia, paralysis, depression, and pneumonia when volatile
fumes and vapours are inhaled [26]. This could indicate toxicity in terms of neurotoxicity,
carcinogenicity, mutagenicity, or teratogenicity, depending on the nature of its effects (Fig. 3).
Thorough investigations have demonstrated that pre-chronic toxicity and carcinogenesis in humans
can be caused by heavy metals (As, Pb, and Hg). Chromium, As, and Ni are classified as human
carcinogens based on epidemiological studies [27, 28], whereas Be, Pb and Cd may also cause
cancer in humans. They are used in many commercial applications. Molecular pathway analysis was
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carried out to investigate the toxicity and carcinogenic consequences of these metals. According to
the research, the metallic materials mentioned above increase the risk of cancer and other illnesses

[29].
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Fig. 2 Impact of heavy metal toxicity on human health

TOXICITY MECHANISM INDUCED BY HEAVY METALS AND METALLOIDS
Hepatotoxicity

The term "hepatotoxicity" describes the harm that different substances and xenobiotics, such as
heavy metals can cause to the liver [30]. Because of its important function in the metabolism and
elimination of foreign substances, the liver is susceptible to the harmful effects of these substances
[29]. Jaundice, which is by an excess of bilirubin in the extracellular fluid, is one of the signs of
hepatotoxicity; other symptoms include intense abdominal pain, generalized itching, nausea, fatigue,
weakness, skin rashes, edema, weight gain, dark color urine [31]. The liver is susceptible to adverse
effects because of its primary function in the removal and metabolism of substances [32].
Bhattacharjee et al., 2016 [33] evaluated the effects of prolonged dose in low quantity exposure to
a mixture of Cd, As, and Pb because metals are so common in the environment. Hasanein et al.,
(2016) [34] four groups of seven male Wistar rats each were randomly selected for the purpose of
study. Following the completion of the experiment, the rats were sacrificed, the liver tissue was
removed, and blood samples were carefully collected. The results showed a severely damaged liver
along with a notable increase in the enzymes ALP, AST, and ALT. On the other hand, the albumin

content was low. This indicated that consumption of Lead acetate solution caused hepatotoxicity.
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Human liver cells cultured with varying amounts of Cr resulted in intracellular ROS generation
within 24h. It was also shown that mitochondrial damage and cell death in the mitochondrial
membrane [35]. In a study, the abnormal gene expression in a population of Guizhou, China, was
identified using a complementary DNA (cDNA) expression array of human cancer. The patients in
the chosen group had at least 6-10 years of exposure to As. Histology revealed vacuolation,
localized necrosis, and persistent inflammation in the samples from these individuals. The
investigation also identified alteration in the molecular pathway crucial for both carcinogenesis and
As-induced hepatotoxicity [36]. The rats undergoing Hg treatment had significant liver damage,
where, increases in AST, ALT, and ALP as well as decreases in GSH, GPx, CAT, and SOD in the
liver tissue could be associated to liver injury [37]. Free radicals are also produced by Cr (VI)
through a variety of processes that lead to peroxidation. Hepatotoxicity results from the per oxidative
stress it causes throughout the body. According to recent research, the presence of Cr (VI) causes a
considerable drop in antioxidant indicators when peroxidase markers are continuously rising [38].
The liver has been one of the organs that are most impacted by the oxidative stress caused by these
heavy metals, which has resulted in several molecular and ultrastructural alterations. This has been
linked to the production of ROS, modifications to the antioxidant system, lipid peroxidation, and
genomic alterations. It has also been linked to variations in the ER, mitochondrial structure and
function, nuclear alterations, and vacuolar degeneration.

Nephrotoxicity

Nephrotoxicity is defined as a rapid decline in kidney function brought on by the harmful effects of
drugs and chemicals. The kidney's ability to concentrate and reabsorb divalent ions and metals
makes it a target organ in cases of heavy metal toxicity. The type, dose, and timing of exposure all
affect how much kidney impairment results. One of the most common diseases in the world today
is chronic kidney disease (CKD). It is characterized by a decline in the glomerular filtration rate
(GFR) at the end and a permanent loss of nephrons [39]. Due to the widespread presence of heavy
metals in the nature, people are frequently exposed to toxins over time that can have a detrimental
impact on several organ systems in the body, including the kidney. Eight to sixteen percent of people
worldwide are thought to have CKD [40]. Metals that are recognized to be nephrotoxicants and
persistent environmental toxins include As, Pb, Hg, and Cd [41]. Decrease in the total glomerular
filtration rate (GFR) lead to the accumulation of foreign substances and toxicants in the blood, which
can cause metabolic distortion and/or poisoning of organs [27]. Kidney enlargement, histological
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alterations, nuclear and mitochondrial damage, decreased antioxidant capacity, elevated metal
concentration, and malondialdehyde (MDA) are a few examples of these impacts [12]. There are
two distinct kinds of heavy metals in plasma based on their proliferation: those that are complex/
ionized (diffusible) and protein bound (non-diffusible). Metals are stored in various tissues and are
rapidly removed from the circulation. Both the bound form and the free form may be present in the
luminal fluid of the early proximal tubule. Chronic poisoning result in the conjugation of the
protein's bound, inactive form with glutathione and metallothionein, which are then released into
the bloodstream by the kidney and liver. These compounds can cause persistent inflammation,
fibrosis, and renal failure when they are subsequently reabsorbed in segment S1 of the proximal
tubule by an endocytotic mechanism [42, 43]. The apical membrane of the first zone of the proximal
tubule is the primary location of heavy metal re-absorption during acute poisoning, but the loop of
Henle and the terminal segments may also be involved. The ionized form causes acute kidney injury
by disrupting cellular membranes, causing direct cellular toxicity, and uncoupling the mitochondrial
respiration pathway. It also releases many apoptotic signals, including reactive oxygen species and
cytokines [43]. Yuan ef al., (2014) [44] demonstrated that rats exposed to a combination of Pb and
Cd had kidney injury and also established the cumulative nature of their interactions. Similar results
were published by Hambach et al., (2013) [45] who discovered that kidney biomarkers and cadmium
are more closely linked when Pb and Cd are exposed together. It has been established that exposure
to heavy metals affects the performance of the nephrons that are still functional [46]. These adverse
consequences might increase glomerulosclerosis and cell death, which would continuously lower
the individual's functional renal mass. As increase the pH and volume of urine, increases the
excretion of Ca®", reduce electrolyte levels, and increase kidney weight. Kidney disease due to Pb
exposure is linked to high blood pressure, reproductory, cardiovascular, and neurological disorders
[41]. Lead mostly affects the proximal convoluted tubules, where it reduces the absorption of
glucose, amino acids, and phosphate and interferes with mitochondrial function [47]. The
gastrointestinal tract (GIT) and kidneys are the primary organs affected by Hg salts. Prolonged
exposure might result in acute tubular necrosis, immunological glomerulonephritis, or nephrotic
syndrome. This is due to the preferential accumulation of Hg ions in the renal tubule epithelial cells.
Hence, renal damage is caused by elevated Hg levels [48]. Chronic exposure to elemental Hg vapors,
inorganic Hg, and ingesting Hg?" salts have been linked to nephrotic syndrome, which is
characterized by acute tubular necrosis, proteinuria, and albuminuria [49].
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Neurotoxicity

Metals are easily accumulated by the neurological system, which makes neurotoxicity possible. The
nervous system is susceptible to xenobiotics due to a number of factors, including its complex
structure, lengthy developmental period, its connection to other organ systems, post-mitotic
differentiation composition, their selective transport into the central nervous system (CNS), high
rate of metabolism, and myelination. Although every element has a role in metal-induced
neurotoxicity, the blood—brain barrier (BBB) and the brain's metabolic activity are considered to be
the most significant for metal Hg induced toxicity studies. Aragdo et al., (2018) [50] showed that
oral chronic treatment of HgCl to rats resulted in hippocampus injury and cognitive impairment.
Additionally, they discovered that whilst with the control group's Hg contents were less than 0.01
ng/g, whereas the hippocampal Hg levels rose to 0.04 pg/g in exposed animals. Another study found
that rats given varying amounts of 0.05, 0.5, and 5 mg/kg Hg suffered CNS damage in comparison
to the normal saline group. In treated rats, Hg buildup in the brain was also noted [51]. Research on
primary cultures of neurons and glia, isolated mitochondria from the mouse brain, and non-neuronal
cell lines revealed a close relationship between oxidative stress and a reduction in GSH levels [52,
53]. CNS damage was detected by increased expression of the crucial signal transduction channel,
c-fos, in the cortex and hippocampus. There was also evidence of Hg build-up in the brains of the
treated rats [51]. Treatment of lead acetate (PbA) (15 mg/kg) to pregnant Wistar female rats
resulted in the induction of proinflammatory cytokines in the hippocampus, including TNF-a and
IL-1B in the forebrain of immature rat brain. These findings showed that long-term exposure to Pb
promotes inflammation in the developing rat brain's central nervous system (CNS), possibly as a
result of glial cell activation [54]. In addition, Pb exposure caused necrotic alterations in the kidneys,
liver, and brain [55]. Pb exposure poses a particular risk to children under six years old due to its
ability to disrupt nerve cell formation, growth, and differentiation, as well as cause harm to bone
structure. Even low blood levels of Pb can change neurotransmitters like norepinephrine (NE) and
its metabolite, according to research by Bijoor and coauthors [56, 57]. According to other research,
Cd reduces the absorption of Zn, Ca, and Co, which lowers dietary intake of these vital nutrients
[27]. Yousef et al. (2008) [58] suggested that curcumin may be able to prevent carcinogen-induced

metabolic alterations in rats' liver and brain [59].
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Cardiovascular toxicity

Cardiovascular toxicity comprises arterial atherosclerosis brought on by oxidative stress and
inflammation, as well as damage to the heart via toxin-induced electrical abnormalities or/and
muscle damage. When combined, these anomalies might hinder circulation and blood flow. It's
possible that inflammation and oxidative stress are the main pathogenic factors behind
cardiovascular damage [60]. Over the past 20 years, the body of research on the relationship between
environmental exposure to heavy metals and the risk of CVD has grown significantly
[61]. Provocative evidence has been found in recent research connecting exposure to heavy metals
in the environment with higher risks of diabetes and hypertension [62, 63]. High blood pressure and
diabetes are significant CVD risk factors. Some of the necessary metals (Co, Cu, Cr, Ni, and Se)
and toxic metals (As, Cd, Pb, and Hg) are metallo-estrogens and may raise the risk of CVD by
disrupting hormones [64]. Few research, meanwhile, have directly and thoroughly examined the
impact of being exposed to several heavy metals, particularly the combined impacts on the risk of
CVD. On the contrary, prospective cohort studies have demonstrated a clear correlation between
decreased risk of cardiovascular disease (CVD) with high levels of dietary and serum critical trace
metals. These findings suggest that supplementing with these metals may offer potential advantages
by attenuating the damaging [65]. Acute or chronic Pb exposure causes the body to exhibit a number
of problems. Chronic exposure to Pb may result in arteriosclerosis and hypertension, thrombosis,
atherosclerosis, and cardiac disease. Long-term exposure also raises arterial pressure [66]. In
addition to its carcinogenic qualities, Cd can cause renal, bone, and cardiovascular diseases.
Hypertension, diabetes, peripheral arterial disease, chronic kidney disease, myocardial infarction,
stroke, and heart failure are all linked to low to moderate Cd exposure [67]. Cadmium has been
associated in prospective studies with a higher risk of cardiovascular mortality in the US general
population [68]. Human neurotoxicity, nephrotoxicity, and hepatotoxicity have all been linked to Hg
exposure. Recent studies have also found cardiovascular harm. Acute cardiac failure, atherosclerosis,
and oxidized LDL levels in atherosclerotic lesions have all been related to higher Hg levels [69].
Similarly, Hg inactivates paraoxonase, an extracellular antioxidant enzyme associated with HDL
dysfunction, this is directly related to the development of atherosclerosis and the elevated risk of
coronary heart disease, cardiovascular disease, acute myocardial infarction, and carotid artery
stenosis [70]. Reversible systolic heart depression brought on by cobalt poisoning was identified
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from other cardiomyopathy conditions. Co-induced cardiomyopathy can be slowly and fatally lethal
[71].

Cytotoxicity

The ability of some substances or mediator cells to kill living cells is known as cytotoxicity.
Cytotoxic compounds, such as heavy metals, have the ability to cause either intentional cell death
(apoptosis) or accidental cell death (necrosis) in healthy living cells. The predominant form of cell
death carried by Pb and Cd co-exposure to isolated RBCs of the common buzzard (Buteo buteo)
was demonstrated to be apoptosis [72]. The mixture's adverse effects on bone marrow were indicated
by the cytogenetic alterations it causes in bone marrow cells. It has been observed that the mixture's
constituents cause cytogenetic damage in bone marrow and other cells, resulting in chromosomal
abnormalities, micronuclei induction, and sister chromatid exchange (SCE) [55]. Thus, their
investigation came to the conclusion that the metal mixture's observed cytogenetic effects may be
related to DNA damage caused by oxidative stress, disruption of the process of DNA repair, and
replacement of vital metal ions in cells [73]. Pro-inflammatory cytokines soluble mediators released
at the site of infection by activated auxiliary immune cells that are known to cause behavioral,
autonomic, and endocrine abnormalities are typical [74]. These mediators include tumor necrosis
factor-alpha (TNF-a), interleukin-6 (IL-6), and interleukin-1alpha and beta (IL-1a and IL-1b). They
play significant part in coordinating the inflammatory response to microbial infections, both locally
and systemically [74]. It was observed that people exposed to Pb had less lymphocyte proliferation
in response to phytohemagglutinin (PHA) than those who were not. Nevertheless, there was no
relationship found between blood lead levels (BLL) and the suppression of cell proliferation.
Furthermore, in comparison to the control group, Pb exposure had no effect on the cytotoxicity of
natural killer (NK) cells. Conversely, people who had been exposed to Pb had considerably higher
levels of interferon-y (IFN-y). The results demonstrated a strong positive correlation between BLL
and IFN-y level [75]. The study examined the immunological effects of Pb exposure on the
proliferation of lymphocytes, the generation of IFN-y, and the cytotoxicity of NK cells in
occupational Pb exposed participants, such as wheeler drivers, battery workers, and silver jewelry
producers, as well as in healthy individuals who were not exposed to Pb. The findings shown that,
in stimulated peripheral blood mononuclear cells (PBMCs), there is a considerable rise in IFN-y in
comparison to control participants, and that lymphocyte proliferation is suppressed in response to
PHA [76].
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Genotoxicity

Chemical substances that cause changes in a cell's genetic code, potentially resulting in cancer, are
known as genotoxic agents. Although mutagenicity and genotoxicity are sometimes conflated, many
genotoxic compounds do not also have mutagenic properties. Exposure to heavy metals is an
important source of DNA damage in living beings. Various heavy metals like Pb, As, Mn, Hg, Fe,
and other metals are known to produce free radicals and enhance the lipid peroxidation and DNA
damage. Genotoxins like heavy metals induces single- or double-strand DNA breaks through various
pathways [77]. They induce cellular changes that may influence DNA repair mechanisms. The
generation of free radical triggering oxidative stress can also be one of the ways to alter double
strand DNA breaks [78]. A number of studies have suggested the loss of DNA integrity due to heavy
metal exposure leading to genotoxic disorders in living beings [79]. The question whether heavy
metal is genotoxic in vivo is particularly interesting, because exposure to metals in low or high
concentration has been known to induce gut related problems, gastrointestinal disorders, diabetes in
rats and other models [77]. Therefore, it is very essential to elucidate the effect of genotoxins on
organism’s health. Hence, in ecological monitoring, double strand break in DNA strand can act as a
biomarker [80]. DNA adducts formed by heavy metal exposure in oxidative reactions are generally
found to be genotoxic and mutagenic [81]. In populations exposed to multi metal mixtures through
drinking water for long duration there have been reports of DNA damage which has been studied
via comet assay [79]. This technique is commonly applied to examine the genotoxic impact of metal
or any other contaminants on animal models. It helps in assessment of various DNA damage
parameters like %DNA in tail, DNA moment, DNA length to measure the genetic risk associated
with xenobiotic exposures. This method is the utmost flexible and secure for the identification of
DNA strand breakage and alkali-labile sites in various in-vivo models [82]. Early studies carried out
on animal models have shown that heavy metals are mutagen and induce genotoxic DNA damage
by the production of ROS [81]. Mateos et al., (2008) [83] also reported that environmental pollutants
were genotoxic to the wild mice living in contaminated area of south western Spain. Breton et al.,
(2016) [2] observed genotoxic effects after co-exposure to Cd and Pb in mice by comet assay. The
heavy metals Cd, Cr and Cu in the water column of Orontes River revealed DNA damage in African
catfish [84]. This indicated a significant relationship between metals in water and their impact on
organisms living in river. The genotoxic and cytotoxic effect of 11 heavy metals were investigated
in human cell lines as a representative of target organ colon and liver. The results obtained were in
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accordance with the several in vitro studies indicating that heavy metals lead to DNA strand break,
chromosomal aberrations [85]. All these findings point towards the potential health risks such as
neurological, cardiological, hepatological disorders associated to the presence of metals in
contaminated food and drinking water. Previous research indicates that the end-points of Pb
genotoxic effects have been clearly shown in a variety of in vitro, in vivo, and epidemiological
investigations [27]. Furthermore, the genotoxic effect of Pb was also demonstrated by the
hypoxanthine-guanine phosphoribosyl-transferase (HPRT) gene and T-cell receptor (TCR) mutation
tests, which are most commonly employed to identify the mutations generated by mutagenic agents
in somatic cells [86]. In accordance of some studies, Hg is genotoxic. However, other findings do
not find a link between genotoxicity and Hg exposure. It has been demonstrated that Hg promotes
the creation of ROS, which destroys DNA in cells and may induce carcinogenesis [87]. ROS have
the ability to alter the structure of chromosomal segregation proteins, mitotic spindle, and DNA
(Sanchez-[87]. Rats' testicles become necrotic when exposed to Cd, as reported by Yang ef al. In
their investigation, rats exposed to Cd had higher levels of MDA and GSH peroxidase (GSH-Px)
[88]. They may also interfere with hormone synthesis, metabolism, and function [89]. The
relationship between metal exposure and the results of DNA-induced damage is still up for question,
however some studies indicate that metals have genotoxic activity [90]. In a dose-response manner,
As is thought to be a potentially genotoxic metal to humans. While it is carcinogenic, it can cause
chromosomal instability, which has been linked to acentric chromosome formation, higher micro-
nucleation indices (MN), sister chromatid exchanges (SCE), and chromosomal abnormalities (CA)
in human populations exposed to As [91]. Although the precise mechanism of As-evoked
genotoxicity is yet unknown, reactive oxygen species (ROS) generation is primarily responsible for
genotoxic potential for As [92]. It has been noted that exposure to As increases the synthesis of 8-
oxo0-2-deoxyguanosine (80HdAG), a kind of oxidative DNA damage [93]. Numerous previous
investigations have suggested that exposure to AS disrupts DNA repair proteins, increasing the risk
of genotoxicity [94]. It is known that As prevents base excision repair, nucleotide excision repair,
and mismatch repair [95]. According to recent research, As-induced unregulated DNA repair,
reactive oxygen species production, and free radical production all contribute to DNA damage that
leads to in genotoxicity in humans [96, 97].

Skin toxicity

As discussed above, chronic exposure to high concentrations of heavy metals can cause a variety of
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clinical symptoms, including kidney and liver failure. In addition to food consumption and
inhalation, skin absorption is a significant pathway for exposure to environmental heavy metals.
Therefore, it is well recognized that the human body might sustain serious harm from the absorption
of metals. According to Wang et al., (2022) [98], human exposure to heavy metals may mostly occur
through skin absorption. This is due to the fact that the skin is the biggest organ in the human body
and is the first line of defense. Nevertheless, not much is known about the harmful impact that heavy
metals have on human skin. As is present in food, water, and the air for humans to breathe. One of
the main causes of As poisoning in more than 30 nations worldwide is drinking water tainted with
the metal [99]. Human health may be at risk if the amount of arsenic in ground water is 10—100
times higher than that recommended by the World Health Organization (10 pg/L) for drinking water
[100]. Arsenical chemicals that are disposed of inappropriately, arsenical insecticides, or natural
mineral deposits can all pollute water. Both acute and chronic arsenic poisoning is possible; the
latter is known as arsenicosis. Because skin signs are so precise in diagnosis, skin manifestations
account for the majority of reports of chronic arsenic poisoning in humans. The particular skin
lesions that signify chronic As poisoning include pigmentation and keratosis [101]. Prolonged
exposure to As increases the risk of several potential skin conditions, such as hyper-keratosis, hyper-
pigmentation, and various forms of skin cancer. Prolonged exposure to As can lead to skin changes
most commonly associated with hyper-pigmentation. An early form of skin cancer known as
Bowen's disease may be brought on by exposure to As. The soles and palms of the hands are
typically affected by As hyper-keratosis [102]. Research has indicated that those who use skin-
lightening cosmetics had higher body Hg levels. Thus, prolonged use of makeup containing even
trace levels of Hg can result in peripheral neuropathy, skin damage such as discoloration or allergic
reactions, and kidney damage [103]. Lara-Torres et al., (2021) [104] demonstrated in 2021 that the
tested cosmetics entirely broke the European Parliament's Regulation, even if they did not beyond
the FDA's recommended limits. Hg toxicity in youngsters and pregnant women has also been
reported. There is a case report of a four-year-old Iraqi child who had signs of Hg poisoning three
months after using whitening lotion. The symptoms include weakness, hunger loss, convulsions,
weight loss, and a body rash with high Hg level in the urine. Furthermore, research on pregnant
women using whitening cosmetics in the third trimester showed that their blood Hg concentrations
were 15.16 pg L—1 [105]. Skin-lightening creams are quite popular in the US, where Nephrotic
Syndrome has been recorded, among other places, as well as in India and Africa [57, 106]. After
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exposure, skin darkening and arsenical keratosis may develop. A research on the cutaneous toxicity
of cultured human keratinocytes revealed the location of B1-integrin. Reduced integrin expression
in keratinocytes may cause aberrant apoptosis and skin manifestations [107]. Skin cancer is another
risk factor for severe drunkenness. In As-induced carcinogenesis, oxidative damage, chromosomal
abnormalities, and altered growth factor expression are potential mechanisms of action [108].
Carcinogenicity

After cardiovascular illnesses, cancer is now the second most common cause of morbidity and death
among non-communicable diseases globally, raising serious concerns for public health. According
to global estimates for 2018, there were 18.1 million new instances of cancer and around 9.6 million
cancer-related deaths across 185 countries with 36 different malignancies. A recent study finds a
correlation between early-life Pb exposure and DNA hypomethylation, which is consistent with
earlier findings [109]. Renal carcinogenesis, particularly Cd-induced nephron-carcinogenesis, is
influenced by the p-catenin signaling system. The transcriptional factor PB-catenin protein
accumulates in the cytoplasm as a result of this signaling. The overexpression of B-catenin causes
the ROS-dependent/B-catenin signaling to be evaded, which in turn aids in the kidney cancer
development [110]. Similar to human cancer caused by As, recent research in animal models
revealed carcinogenic activity in the skin, liver, bladder, and lung. Common mechanisms of action
may thus be at play. Prostate cancer and Kupffer cell cancer are also observed as a result of As
exposure. As causes damage to the DNA maintenance system, produces reactive oxygen species
(ROS), and modifies epigenetic modifications [111]. The plasma of rural women exposed to low
levels of As showed higher levels of proinflammatory cytokines, including TNF-a, IL-6, IL-8, and
IL-12. In the exposed population, there was a drop in the level of the anti-inflammatory cytokine
IL-10 [112]. Lead is classified as a potential carcinogen by the International Agency for Research
on Cancer, whereas inorganic Pb is classified as a likely carcinogen by the same agency [113].
Increased oxidative stress, changes to membranes, compromised cell signaling, and
neurotransmission are the causes of Pb-induced carcinogenicity. While there is not much evidence
to support direct Pb genotoxicity in humans, increased oxidative stress and decreased DNA repair
might lead to indirect genotoxicity [114]. As a known carcinogen, Cd is a metal that is frequently
found in the environment, either naturally or as a result of industrial activities. Because of the
environment and the body's extreme persistence of Cd, It is a great risk to health. According to a
study, pancreatic tumors contain greater amounts of Cd than normal or surrounding tissue, and they
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may be partially toxic due to changes in mitochondrial activity [115, 116]. To induce carcinogenesis,
metal exposure causes the cellular responses that are typical of the condition: increased oxidative
stress, reduced DNA repair, increased production/release of pro-inflammatory cytokines, and altered
membrane permeability [115]. There is limited research on animals that suggests Hg exposure may
be carcinogenic, and the available evidence does not link Hg exposure to the development of tumors
in people [117]. Humans exposed to Hg have shown genotoxic alterations detected by comet
formations and micronucleus tests [118]. According to some researchers, Hg acts more as a

"promoter" of tumor development via changing downstream methylation [119].

HEAVY METALS

Activation of g1 Nervous system
regulatory molecules |
531 ipti
[ (pS3 transcription Meurotransmitter

factor)

L
oy
.

t:a.rt:|m::gtt:n||:|t3.r‘1—'':’N‘u"“""'age * FNF- kB l
TOmdatre stress « Tlnﬂammatmn i
4 TNF-q, IL-1, IL-6, IL-8 '
Neurotoxicity

% vasoconstrictor prostaglandins W ‘ Tlnﬂammation
*, Increased T cell

Hepatotoxicity Nephrotoxicity & proliferation

Nul:lem acid +—— TFree radicals
H Neuron damage

L NO availability

lVvasodilator prostaglandins
DNA strands break

!II{ m IDI ——p Genotoxicity m 4——— 1 Hypersensitivity

Skin toxicity

Fig. 3 Mechanism of heavy metal toxicity

2. THERAPEUTIC APPROACH AGAINST HEAVY METAL TOXICITY

Nano technological and Nano Medicinal approaches to treat heavy metal toxicity

The analysis and removal of heavy metals from food and water through the use of nanotechnology
1s becoming more common. Many nanomaterials have been used to remove heavy metals, including
carbon nanotubes (CNTs), magnetic nanoparticles (MNPs), graphene and its derivatives, metal
oxide nanoparticles, and more. There are several advantages to using nanotechnology instead of
more conventional techniques for heavy metal analysis and removal from food and water
resources with high sensitivity, good selectivity, low detection and quantification limits, and a wide
linear range are added advantage of this Nanotechnology-based technique could be applied in the

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.35


http://www.rjlbpcs.com/

Singh et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications

field in a straightforward and secure manner [120]. Nanoparticles are frequently employed to
increase selectivity to certain targets and to stop oxidation and aggregation. It may be applied fast
to enrich and separate Hg?" ions in different types of matrices. Because of their superior
physicochemical properties, carbon nanoparticles are becoming more and more popular as a
potential remediation method for heavy metal-contaminated water [121]. Carbon nanomaterials,
including carbon nanotubes, graphene, fullerenes, graphene oxide, and activated carbon, offer
enormous potential for removing heavy metals from water due to their vast surface area, nanoscale
size, and availability of diverse functions. Additionally, it is simpler to recycle and change them
chemically [122].

Treatment for neurotoxicity

Numerous treatment strategies and neuroprotective substances have been studied to determine
their effectiveness in reducing the neurotoxicity caused by Mn, while accounting for Mn-related
toxicity mechanisms and pharmacokinetics [123]. To lessen Mn-induced neurotoxicity, anti-
inflammatory substances, synthetic and natural antioxidants, glutamate protectors, and ATP/ADP
ratio protectors have been employed. Additionally, the mechanisms and effectiveness of a number
of treatment therapies, including levodopa, para-aminosalicylic acid (PAS), and ethylene-diamine-
tetra acetic acid (EDTA), have been established. Through control of endoplasmic reticulum (ER)
stress and ER stress-mediated apoptosis, an investigation using the polyphenolic extract of
Euphorbia suppina (PPEES) from a Korean prostrate spurge has demonstrated that PPEES may
effectively reduce Mn-induced neurotoxicity via antioxidants. There was also a notable decrease in
the levels of malondialdehyde (MDA), a byproduct of lipid peroxidation, and reactive oxygen
species (ROS). Simultaneous enhancement of the antioxidant activities of GSH, SOD, and catalase
(CAT) was observed. PPEES was also seen in vivo to ameliorate Mn-induced histological changes
in the cerebral cortex and striatum [124].

Nephrotoxicity treatment

When oral Cd administration occurs, it results in chronic Cd toxicity, which gravely damages the
kidneys. With curcumin pretreatment, the histologic modifications brought on by Cd have improved.
Urinary excretion significantly dropped from the Kidney Damage Molecules, Osteopontin,
lipocaline-associated neutrophil gelatinase, metalloproteinase 1 tissue inhibitor, and netrin-1.
Utilizing curcumin has a substantial preventive effect against Cd-induced nephrotoxicity [125]. In
the renal tissues of mice treated with royal jelly, there was a significant increase in the levels of lipid
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peroxidation, renal injury molecules-1, metallothionein, interleukin-1b, tumor necrosis factor-i,
nitric oxide, and apoptosis regulators Bax and caspases-3. Additionally, antioxidant enzyme activity,
glutathione levels, and the apoptosis inhibitor Bcl-2 were significant. Histopathological
examinations reveal vacuolation and congested glomeruli in the renal tissue of the mouse treated
with royal jelly [126] (Almeer et al., 2019). Additionally, protocatechuic acid treatment enhanced
the total protein level in the cd-induced toxicity [127]. According to a study, silymarin and
dimercaptosuccinic acid lower blood lead levels and protect against genotoxic effects [128].
Treatment for hepatotoxicity

Through lowering oxidative stress and increasing antioxidant stress activity, salidroside (SDS) can
improve liver tissue structure and cure lead acetate-induced liver damage. It is feasible to eradicate
Pb-induced hepatotoxicity using this method [129]. Berberine was also found to increase serum
albumin, which lessens the hepatotoxicity caused by Pb [34, 130]. Additionally, thymoquinone,
curcumin, and carnosine dramatically decreased Pb-related hepatological and histological
consequences. Selenium was discovered to be an effective chemoprotectant against Cd in a study.
Selenium treatment has been demonstrated to dramatically lower hepatocyte death and
morphological alterations brought on by Cd [131]. Selenoenzyme (glutathione peroxidase, GPX)
activity was elevated, reduced glutathione (GSH) levels were raised, and ROS production was
simultaneously suppressed by Se. These actions contributed to the attenuation of oxidative stress
caused by Cd. Ultimately, it was shown that Se may prevent hepatotoxicity caused by Cd by
blocking the ER stress response [132). The effect of diets based on M. oleifera on Ni-induced
hepatotoxicity in rats was examined in a different investigation

Carcinogenicity treatment

According to a recent study, DMA and sodium arsenite exacerbate long-term bladder exposure.
Carcinogenesis is associated with the expression of metallopeptidase 9 matrix (MMP-9) and
survival. These biomarkers might be utilized to identify bladder mediated carcinogenesis. The
amount of oxidative damage that reduces the risk of cancer is reduced. MiADMSA could be helpful
in the case of systemic arsenic-induced blood carcinogenesis.

The information showed that the amount of TBARS, ROS, tissue As concentration, catalases, and
SOD activities were dramatically enhanced by sodium arsenite and DMA exposure [133]. Reduced
carcinogenicity, decreased overall DNMT activity and Nrf, DNA methylation in nickel-exposed rat
livers, elevated histology modifications in Ni-exposed livers, decreased expression of inflammatory
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markers in Ni-exposed mouse livers, and protection against Ni-induced hepatic dysfunction are all
achieved by quercetin [134].

Cardiovascular toxicity treatment

Cd and Hg are very dangerous substances that may seriously harm an animal's or human's heart.
The protective effects of vitamin C against these metals in rabbits were examined in a study, and
positive results regarding heart toxicity were found [ 135]. In another research, rats administered 300
mg/kg of C. aurantium peel extract significantly decreased the histopathological and biochemical
changes found in the rat heart following exposure to K>Cr,O7. Their results showed that C.
aurantium peel extract might stop KCr2O7-induced cardiac damage because of its antioxidant
properties [136]. A new study shows that Sulforaphane (SFN) decreased oxidative stress,
hematological alterations, structural disorder, cardiomyocyte apoptosis, and cardiac malfunction
produced by KiCr2O7. Sulforaphane increased the levels of Sesn2, NAD(P)H quinone
oxidoreductase-1, heme oxygenase-1, nuclear factor erythroid 2-related factor 2 (Nrf2),
phosphorylated adenosine 50-mon, and decreased the levels of p53, cleaved Bcl2-associated X
protein, caspase-3, interleukin-1, and nuclear factor kappa-B [65].

SKkin toxicity treatment

To find out if extract from the peel of Solanum melongena may treat Bowen's disease caused by As,
research was done. Eight people with As-induced Bowen's sickness were selected from the two As-
endemic locations. Each patient received an ointment comprising peel extract and instructions to
apply it to the lesion site twice a day for a few weeks. There was a noticeable improvement in the
lesion of Bowen's disease [137]. In a different study, two male patients with chronic contact
sensitivity to Cr were treated with PUVA treatment. One patient who was simultaneously
photosensitized responded really well; his light tolerance increased and his skin lesions cleared
entirely. This was followed by the extinction of patch-test reactivity and a decrease in photo patch
test reactivity on PUVA-exposed (pigmented) skin. In both situations, PUVA treatment increased
lymphocyte stimulation while decreasing the number of T cells that form rosettes. According to
Jansén et al. (1981) [138] PUVA treatment appears to primarily mitigate contact sensitivity and
photosensitivity through local processes in the skin, but it may also have some systemic

immunological effects. Also used to treat acne vulgaris is epigallocatechin-3 gallate [139].
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2. CONCLUSION

The majority of heavy metals are found naturally in the environment. Human activity releases
certain hazardous heavy metals into the environment. The human body is either exposed to heavy
metals from external sources or the environment, where the metal is already present in nature. There
might be variations in the ingestion pathways. It is essential to comprehend the rate of mortality, the
degree of toxicity, and the mechanism by which heavy metals enter the body. Excessive levels might
manifest as neurological problems, hepatic and renal illnesses, respiratory disorders, carcinogenicity,
GI blockage, etc. and cause severe harm to all organs in the body. Long-term low-dose exposure to
many elements poses a serious risk to public health in many metal-polluted areas, especially in areas
where metal pollution is pervasive. Furthermore, our investigation suggests that the heart, brain and
kidneys appear to have a higher compensatory role than the liver. Thud, comprehending the
molecular underpinnings of interactions between heavy metals is crucial for assessing and
mitigating health hazards linked to chemical combinations. Therefore, further research is needed to
fully understand the molecular process and implications for public health that arise from exposure
to combinations of hazardous metals. In order to maintain and manage the public health, the findings
of this study highlight the urgent need for further research on the interactions between low-dose

hazardous metals and necessary metals.

ACKNOWLEDGEMENT

The authors are grateful to Banasthali Vidyapith, Rajasthan, for providing their necessary support
and encouragement.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

Not applicable.

HUMAN AND ANIMAL RIGHTS

No Animals/Humans were used for studies that are base of this research.
CONSENT FOR PUBLICATION

Not applicable.

FUNDING

None.

CONFLICT OF INTEREST

The authors declare no competing interests.

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.39


http://www.rjlbpcs.com/

Singh et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications
REFERENCES

1.

10.

11.

Tchounwou PB, Yedjou, CG, Patlolla AK, and Sutton DJ. Heavy metal toxicity and the
environment. Mol Clin Environ Toxicol. 2012; 133-164.

Breton J, Daniel C, Vignal C, Body-Malapel M, Garat A, Ple C and Foligne B. Does oral
exposure to cadmium and lead mediate susceptibility to colitis? The dark-and-bright sides of
heavy metals in gut ecology. Sci. Rep. 2016; 6:19200.

Wang Y, Tang Y, Li Z, Hua Q, Wang L, Song X, Zou B, Ding M, Zhao J and Tang C. Joint
toxicity of a multi-heavy metal mixture and chemoprevention in sprague dawley
rats. Int J] Environ Res Pub Health. 2020; 17:1451.

Dixit R, Wasiullah X, Malaviya D, Pandiyan K, Singh UB, Sahu A and Paul D. Bioremediation
of heavy metals from soil and aquatic environment: an overview of principles and criteria of
fundamental processes. Sustainability. 2015; 7:2189-2212.

Javed M and Usmani N. Accumulation of heavy metals and human health risk assessment via
the consumption of freshwater fish Mastacembelus armatus inhabiting, thermal power plant
effluent loaded canal. Springer Plus. 2016; 5:1-8.

Maiyo WK, Kituyi JL, Mitei YJ and Kagwanja SM. Heavy metal contamination in raw honey,
soil and flower samples obtained from Baringo and Keiyo Counties, Kenya. Int J Emerg Sci
Eng. 2014; 2:5-9.

Richardson JB, Dancy BCR, Horton CL, Lee YS, Madejczyk MS, Xu ZZ, Ackermann G,
Humphrey G, PalaciosG, KnightR and Lewis JA. Exposure to toxic metals triggers unique
responses from the rat gut microbiota. Sci Rep. 2018; 8:6578.

Qasem NA, Mohammed RH and Lawal DU. Removal of heavy metal ions from wastewater: A
comprehensive and critical review. Npj Clean Water. 2021; 4:1-15.

Adimalla N and Wang H. Distribution, contamination, and health risk assessment of heavy
metals in surface soils from northern Telangana, India. Arab J Geosci. 2018; 11:684.

Ali H, Khan E and Ilahi I. Environmental chemistry and ecotoxicology of hazardous heavy
metals: environmental persistence, toxicity, and bioaccumulation. J. Chem., 2019.

Rashid A, Schutte BJ, Ulery A, Deyholos MK, Sanogo S, Lehnhoff EA and Beck L. Heavy metal
contamination in agricultural soil: environmental pollutants affecting crop health. Agron. 2023;

13:1521.

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.40


http://www.rjlbpcs.com/

Singh et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Briffa J, Sinagra E and Blundell R. Heavy metal pollution in the environment and their
toxicological effects on humans. Heliyon. 2020; 6.

Chowdhury UK, Biswas BK, Chowdhury TR, Samanta G, Mandal BK, Basu GC, Chanda, CR,
Lodh D, Saha, KC, Mukherjee SK and Roy S. Groundwater arsenic contamination in
Bangladesh and West Bengal, India. Environ Health Perspect. 2000; 108:393-397.

Martin S and Griswold W. Human health effects of heavy metals. Environ Sci Technol. 2009;
15.

Morais S, Costa FG and Pereira MDL. Heavy metals and human health. Environmental health—
emerging issues and practice. 2012; 10:227-245.

Alina M, Azrina A, Mohd Yunus AS, Mohd Zakiuddin S, Mohd Izuan Effendi H and Muhammad
Rizal R. Heavy metals (mercury, arsenic, cadmium, plumbum) in selected marine fish and
shellfish along the Straits of Malacca. Int. Food Res. J. 2012; 19.

Chakraborty S, Dutta AR, Sural S, Gupta D and Sen S. Ailing bones and failing kidneys: a case
of chronic cadmium toxicity. Ann Clin Biochem. 2013; 50:492-495.

O’Brien TJ, Jiang G, Chun G, Mandel HG, Westphal CS, Kahen K, Montaser A, States J C and
Patierno SR. Incision of trivalent chromium [Cr (III)]-induced DNA damage by Bacillus
caldotenax UvrABC endonuclease. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2006;
610:85-92.

Matsumoto ST, Mantovani MS, Malaguttii MIA, Dias AL, Fonseca IC and Marin-Morales MA.
Genotoxicity and mutagenicity of water contaminated with tannery effluents, as evaluated by
the micronucleus test and comet assay using the fish Oreochromis niloticus and chromosome
aberrations in onion root-tips. Genet. Mol Biol. 2006; 29:148-158.

Albretsen J. The toxicity of iron, an essential element. Veterinary Medicine-Bonner Springs
Then Edwardsville. 2006; 101:82.

Liu G, Cheresh P and Kamp DW. Molecular basis of asbestos-induced lung disease. Annu Rev
Pathol. 2013; 8:161-187.

Abadin H, Ashizawa A, Llados F and Stevens YW. Toxicological profile for lead; agency for
toxic substances and disease registry. Atlanta GA USA. 2007.

Flora G, Gupta D and Tiwari A. Toxicity of lead: a review with recent updates. Interdiscip

Toxicol. 2012; 5:47-58.

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.41


http://www.rjlbpcs.com/

Singh et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Carocci A, Catalano A, Lauria G, Sinicropi MS and Genchi G. Lead toxicity, antioxidant defense
and environment. Rev Environ Contam T. 2016; 45-67.

Sun Q, Li Y, Shi L, Hussain R, Mehmood K, Tang Z and Zhang H. Heavy metals induced
mitochondrial dysfunction in animals: Molecular mechanism of toxicity. Toxicol. 2022;
469:153136.

El-Boshy M, Ashshi A, Gaith M, Qusty N, Bokhary T, AlTaweel N and Abdelhady M,. Studies
on the protective effect of the artichoke (Cynara scolymus) leaf extract against cadmium
toxicity-induced oxidative stress, hepatorenal damage, and immunosuppressive and
hematological disorders in rats. Environ Sci Pollut Res. 2017; 24: 12372-12383.

Balali-Mood M, Naseri K, Tahergorabi Z, Khazdair MR and Sadeghi M. Toxic mechanisms of
five heavy metals: mercury, lead, chromium, cadmium, and arsenic. Front Pharmacol. 2021;
12:643972.

Renu K, Chakraborty R, Myakala H, Koti R, Famurewa AC, Madhyastha H, Vellingiri B, George
A and Gopalakrishnan AV. Molecular mechanism of heavy metals (Lead, Chromium, Arsenic,
Mercury, Nickel and Cadmium)-induced hepatotoxicity—A review. Chemosphere. 2021;
271:129735.

Valko MMHCM, Morris H and Cronin MTD. Metals, toxicity and oxidative stress. Curr Med
Chem. 2005; 12:1161-1208.

Navarro VJ and Senior JR. Drug-related hepatotoxicity.N Engl J Med. 2006; 354:731-739.
Bleibel W, Kim S, D’Silva, K and Lemmer, ER. Drug-induced liver injury. Dig Dis Sci. 2007,
52:2463-2471.

Saukkonen JJ, Cohn DL, Jasmer RM, Schenker S, Jereb JA, Nolan CM, Peloquin CA, Gordin
FM, Nunes D, Strader DB and Bernardo J. An official ATS statement: hepatotoxicity of
antituberculosis therapy. Am J Respir Crit Care Med. 2006; 174:935-952.

Bhattacharjee N, Barma S, Konwar N, Dewanjee S and Manna P. Mechanistic insight of diabetic
nephropathy and its pharmacotherapeutic targets: an update. Eur J Pharmacol. 2016; 791:8-24.
Hasanein P, Ghafari-Vahed M and Khodadadi I. Effects of isoquinoline alkaloid berberine on
lipid peroxidation, antioxidant defense system, and liver damage induced by lead acetate in
rats. Redox Rep. 2017; 22:42-50.

Das J, Sarkar A and Sil PC. Hexavalent chromium induces apoptosis in human liver (HepG2)
cells via redox imbalance. Toxicol Rep. 2015; 2:600—608.

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.42


http://www.rjlbpcs.com/

Singh et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Renu K, Saravanan A, Elangovan A, Ramesh S, Annamalai S, Namachivayam A, Abel P,
Madhyastha H, Madhyastha R, Maruyama M and Balachandar V. An appraisal on molecular and
biochemical signalling cascades during arsenic-induced hepatotoxicity. Life sci. 2020;
260:118438.

Jagadeesan G and Pillai SS. Hepatoprotective effects of taurine against mercury induced toxicity
in rat. J Environ Biol. 2007; 28:753.

Venter C, Oberholzer HM, Taute H, Cummings FR and Bester MJ. An in vivo investigation into
the hepatotoxicity of cadmium and chromium evaluated with light-and transmission electron
microscopy and electron energy-loss spectroscopy. J Environ Sci Health Part A. 2015; 50:830-
838.

Kellum JA, Romagnani P, Ashuntantang G, Ronco C, Zarbock A and Anders HJ. Acute kidney
injury. Nat Rev Dis primers. 2021; 7:1-17.

Alemu H, Hailu W and Adane A. Prevalence of chronic kidney disease and associated factors
among patients with diabetes in northwest Ethiopia: a hospital-based cross-sectional study. Curr
Ther Res. 2020; 92:100578.

Orr SE and Bridges CC. Chronic kidney disease and exposure to nephrotoxic metals. Int. ] Mol
Sci. 2017; 18:1039.

Saboli¢ I. Common mechanisms in nephropathy induced by toxic metals. Nephron

Physiol., 2006; 104:107-114.

Barbier O, Jacquillet G, Tauc M, Cougnon M and Poujeol P. Effect of heavy metals on, and
handling by, the kidney. Nephron Physiol. 2005; 99:105-p110.

Yuan G, Dai S, Yin Z, Lu H, Jia R, Xu J, Song X, Li L, Shu Y and Zhao X. Toxicological
assessment of combined lead and cadmium: acute and sub-chronic toxicity study in rats. Food
Chem Toxicol. 2014; 65:260-268.

Hambach R, Lison D, D’haese PC, Weyler J, De Graef E, De Schryver A, Lamberts LV and Van
Sprundel M. Co-exposure to lead increases the renal response to low levels of cadmium in
metallurgy workers. Toxicol lett. 2013; 222:233-238.

Mitra S, Chakraborty AJ, Tareq AM, Emran TB, Nainu F, Khusro A, Idris AM, Khandaker MU,
Osman H, Alhumaydhi FA and Simal-Gandara J. Impact of heavy metals on the environment
and human health: Novel therapeutic insights to counter the toxicity. J King Saud Univ

Sci. 2022; 34:101865.

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.43


http://www.rjlbpcs.com/

Singh et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications

47.

48.

49,

50.

o1,

52.

53.

54,

55.

56.

S7.

58.

Sanchez T. Effects of mercury, lead, arsenic and zinc to human renal oxidative stress and
functions: a review. Arch Med. 2018; 4.

Bridges CC, Joshee L and Zalups RK. Aging and the disposition and toxicity of mercury in
rats. Exp Gerontol. 2014; 53:31-39.

Gao Z, Wu N, Du X, Li H, Mei X and Song Y. Toxic nephropathy secondary to chronic mercury
poisoning: clinical characteristics and outcomes. Kidney Int Rep. 2022; 7:1189-1197.

Aragdo WAB, Teixeira FB, Fagundes NCF, Fernandes RM, Fernandes LMP, da Silva M CF,
Amado LL, Sagica FES, Oliveira EHC, Crespo-Lopez, ME and Maia CSF. Hippocampal
dysfunction provoked by mercury chloride exposure: evaluation of cognitive impairment,
oxidative stress, tissue injury and nature of cell death. Oxid Med Cell Longev. 2018.

Cheng JP, Wang WH, Jia JP, Zheng M, Shi W and Lin XY. Expression of c-fos in rat brain as a
prelude marker of central nervous system injury in response to methylmercury-
stimulation. Biomed Environ Sci. 2006; 19:67-72.

Tonnies E and Trushina E. Oxidative stress, synaptic dysfunction, and Alzheimer’s disease. J
Alzheimer's Dis. 2017; 57:1105-1121.

Olufunmilayo EO, Gerke-Duncan MB and Holsinger RD. Oxidative stress and antioxidants in
neurodegenerative disorders. Antioxid. 2023; 12:517.

Struzynska L, Dabrowska-Bouta B, Koza K and Sulkowski G. Inflammation-like glial response
in lead-exposed immature rat brain. Toxicol Sci. 2007; 95:156-162.

Jadhav SH, Sarkar SN, Aggarwal M and Tripathi HC. Induction of oxidative stress in
erythrocytes of male rats subchronically exposed to a mixture of eight metals found as
groundwater contaminants in different parts of India. Arch Environ Contam Toxicol. 2007;
52:145-151.

Bijoor AR, Sudha S and Venkatesh T. Neurochemical and neurobehavioral effects of low lead
exposure on the developing brain. Indian J Clin Biochem. 2012; 27:147-151.

Witkowska D, Stowik J and Chilicka K. Heavy metals and human health: Possible exposure
pathways and the competition for protein binding sites. Mol. 2021; 26:6060.

Yousef MI, El-Demerdash FM and Radwan FM. Sodium arsenite induced biochemical

perturbations in rats: ameliorating effect of curcumin. Food Chem Toxicol. 2008; 46: 3506-3511.

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.44


http://www.rjlbpcs.com/

Singh et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Rahaman MM, Rakib A, Mitra, S Tareq, AM, Emran TB, Shahid-Ud-Daula AFM, Amin MN
and Simal-Gandara J. The genus curcuma and inflammation: overview of the pharmacological
perspectives. Plants. 2020; 10:63.

Wang W and Kang PM. Oxidative stress and antioxidant treatments in cardiovascular
diseases. Antioxid. 2020; 9:1292.

Tellez-Plaza M, Guallar E and Navas-Acien A. Environmental metals and cardiovascular
disease. Br Med J. 2018; 362.

Planchart A, Green A, Hoyo C and Mattingly CJ. Heavy metal exposure and metabolic
syndrome: evidence from human and model system studies. Curr Environ Health Rep. 2018;
5:110-124.

Hu XF, Singh K and Chan HM. Mercury exposure, blood pressure, and hypertension: A
systematic review and dose-response meta-analysis. Environ. Health Persp. 2018; 126:076002.
Choe SY, Kim SJ, Kim HG, Lee JH, Choi Y, Lee H and Kim Y. Evaluation of estrogenicity of
major heavy metals. Sci Total Environ. 2003; 312:15-21.

Yang D, Han B, Baiyun R, Lv Z, Wang X, Li S, and Zhang Z. Sulforaphane attenuates hexavalent
chromium-induced cardiotoxicity via the activation of the Sesn2/AMPK/Nrf2 signaling
pathway. Metallomics. 2020; 12:2009-2020.

Simoes MR, Azevedo BF, Alonso MJ, Salaices M and Vassallo DV. Chronic low-level lead
exposure increases mesenteric vascular reactivity: Role of cyclooxygenase-2-derived
prostanoids. Front Physiol. 2021; 11:590308.

Lamas Gervasio A, Aruni Bhatnagar Miranda R Jones, Koren K Mann, Khurram Nasir, Maria
Tellez-Plaza, Francisco Ujueta, Ana Navas-Acien, and American Heart Association Council on
Epidemiology and Prevention; Council on Cardiovascular and Stroke Nursing; Council on
Lifestyle and Cardiometabolic Health; Council on Peripheral Vascular Disease; and Council on
the Kidney in Cardiovascular Disease. "Contaminant metals as cardiovascular risk factors: a
scientific statement from the American Heart Association. J Am. Heart Assoc. 2023; 12:¢029852.
Tellez-Plaza M, Jones MR, Dominguez-Lucas A, Guallar E and Navas-Acien A. Cadmium
exposure and clinical cardiovascular disease: a systematic review. Curr Atheroscl Rep. 2013;

15:1-15.

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.45


http://www.rjlbpcs.com/

Singh et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Nucera S, Serra M, Caminiti R, Ruga S, Passacatini LC, Macri R, Scarano F, Maiuolo J, Bulotta
R, Mollace R and Bosco F. Non-essential heavy metal effects in cardiovascular diseases: an
overview of systematic reviews. Front Cardiovas Med. 2024; 11:1332339.

Kulka M. A review of paraoxonase 1 properties and diagnostic applications. Pol J Vet Sci. 2016.
Packer M. Cobalt cardiomyopathy: a critical reappraisal in light of a recent resurgence. Circ
Heart Fail. 2016; 9:¢003604.

Hernandez-Garcia CM and Finer JJ. Identification and validation of promoters and cis-acting
regulatory elements. Plant Sci. 2014; 217:109-119.

Jadhav SH, Sarkar SN, Kataria M and Tripathi HC. Subchronic exposure to a mixture of
groundwater-contaminating metals through drinking water induces oxidative stress in male
rats. Environ Toxicol Pharmacol. 2007; 23:205-211.

Dantzer R, O'connor JC, Freund GG, Johnson RW and Kelley KW. From inflammation to
sickness and depression: when the immune system subjugates the brain. Nat Rev Neurosci.
2008; 9:46-56.

Mishra KP. Lead exposure and its impact on immune system: a review. Toxicol. Vitro. 2009;
23:969-972.

Pukanha K, Yimthiang S and Kwanhian W. The immunotoxicity of chronic exposure to high
levels of lead: an ex vivo investigation. Toxics. 2020; 8:56.

Breton J, Le Clere K, Daniel C, Sauty M, Nakab L, Chassat T, Dewulf J, Penet S, Carnoy, C
Thomas P and Pot B. Chronic ingestion of cadmium and lead alters the bioavailability of
essential and heavy metals, gene expression pathways and genotoxicity in mouse intestine. Arch
Toxicol. 2013; 87:1787-1795.

Nemmar A, Yuvaraju P, Beegam S, Yasin J, Kazzam EE and Ali BH. Oxidative stress,
inflammation, and DNA damage in multiple organs of mice acutely exposed to amorphous silica
nanoparticles. Int J] Nanomedicine. 2016; 919-928.

Dobrzynska MM. DNA damage in organs of female and male mice exposed to nonylphenol, as
a single agent or in combination with ionizing irradiation: a comet assay study. Mutat. Res Gen
Toxicol Environ Mutagen. 2014; 772:14-19.

Ladeira C and Smajdova L. The use of genotoxicity biomarkers in molecular epidemiology:
applications in environmental, occupational and dietary studies. AIMS genetics. 2017; 4:166-

191.

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.46


http://www.rjlbpcs.com/

Singh et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Hu'Y, Xiao T and Zhang A. Associations between and risks of trace elements related to skin and
liver damage induced by arsenic from coal burning. Ecotoxicol Environ Saf. 2021; 208:111719.
Jiang N, Naz S, Ma Y, Ullah Q, Khan MZ, Wang J, Lu X, Luosang DZ, Tabassum S, Chatha
AMM and Basang WD. An overview of comet assay application for detecting DNA damage in
aquatic animals. Agricul. 2023; 13:623.

Mateos S, Daza P, Dominguez I, Cardenas JA and Cortés F. Genotoxicity detected in wild mice
living in a highly polluted wetland area in south western Spain. Environ pol. 2008; 153:590-593.
Turan F, Eken M, Ozyilmaz G, Karan S and Uluca H. Heavy metal bioaccumulation, oxidative
stress and genotoxicity in African catfish Clarias gariepinus from Orontes river. Ecotoxicol.
2020; 29:1522-1537.

Kopp B, Zalko D and Audebert M. Genotoxicity of 11 heavy metals detected as food
contaminants in two human cell lines. Environ Mol Mutagen. 2018; 59:202-210.

Hemmaphan S and Bordeerat NK. Genotoxic effects of lead and their impact on the expression
of DNA repair genes. Int J Environ Res Public Health. 2022; 19:4307.

Sanchez-Alarcon J, Mili¢ M, Bustamante-Montes LP, Isaac-Olivé K Valencia-Quintana R and
Ramirez-Duran N. Genotoxicity of mercury and its derivatives demonstrated in vitro and in vivo
in human populations studies. Systematic review. Toxics. 2021; 9:326.

Birben E, Sahiner UM, Sackesen C, Erzurum S and Kalayci O. Oxidative stress and antioxidant
defense. World Allergy Org J. 2012; 5:9-19.

Dobrzynska MM. DNA damage in organs of female and male mice exposed to nonylphenol, as
a single agent or in combination with ionizing irradiation: a comet assay study. Muta. Res. Gen.
Toxicol. Environ. Mutagen. 2014; 772:14-19.

Crespo-Lopez ME, Macédo GL, Pereira SI, Arrifano GP, Picanco-Diniz DL, do Nascimento
JLM and Herculano AM. Mercury and human genotoxicity: critical considerations and possible
molecular mechanisms. Pharmacol Res. 2009; 60:212-220.

Roy JS, Chatterjee D, Das N and Giri AK. Substantial evidences indicate that inorganic arsenic
1s a genotoxic carcinogen: a review. Toxicol Res. 2018; 34:311-324.

HuY, LiJ, Lou B, Wu R, Wang G, Lu C, Wang H, Pi J and Xu Y. The role of reactive oxygen

species in arsenic toxicity. Biomol. 2020; 10:240.

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.47


http://www.rjlbpcs.com/

Singh et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Xia H, Ying S, Feng L, Wang H, Yao C, Li T, Zhang Y, Fu S, Ding D, Guo X and Tong Y.
Decreased 8-oxoguanine DNA glycosylase 1 (hOGG1) expression and DNA oxidation damage
induced by Cr (VI). Chem —Bio. Interact. 2019; 299:44-51.

Cohen SM, Arnold LL, Beck BD, Lewis AS and Eldan M. Evaluation of the carcinogenicity of
inorganic arsenic. Crit Rev Toxicol. 2013; 43:711-752.

Hossain MB, Vahter M, Concha G and Broberg K. Environmental arsenic exposure and DNA
methylation of the tumor suppressor gene p16 and the DNA repair gene MLH1: effect of arsenic
metabolism and genotype. Metallomics. 2012; 4:1167-1175.

Sun HJ, Rathinasabapathi B, Wu B, Luo J, Pu L P and Ma LQ. Arsenic and selenium toxicity
and their interactive effects in humans. Environ. Int. 2014; 69:148-158.

Tam LM, Price NE and Wang Y. Molecular mechanisms of arsenic-induced disruption of DNA
repair. Chem. Res. Toxicol. 2020; 33:709-726.

Wang J, Gao P, Li MY, Ma JY, Li JY, Yang DL, Cui DL and Xiang P. Dermal bioaccessibility
and cytotoxicity of heavy metals in urban soils from a typical plateau city: Implication for human
health. Sci Tot Environ. 2022; 835:155544.

Murthy MK, Khandayataray P, Mohanty CS and Pattanayak R. A review on arsenic pollution,
toxicity, health risks, and management strategies using nanoremediation approaches. Rev

Environ Health. 2022.

Sinha D and Prasad P. Health effects inflicted by chronic low-level arsenic contamination in
groundwater: A global public health challenge. J Appl Toxicol. 2020; 40:87-131.

Mansor MI, Fatehah MO, Aziz HA and Wang LK. Occurrence, Behaviour and Transport of
Heavy Metals from Industries in River Catchments. In Industrial Waste Engineering. Cham:
Springer International Publishing. 2024; 205-277

Zhou C, Jiang B, Zhang K, Wu J, Huang C, Xu N, Ye T, Chen B, Yu B, Zou Y and Shen C.
Clinical and histopathological characteristics, diagnosis and treatment, and comorbidities of
Bowen’s disease: a retrospective study. Front Med. 2023; 10:1281540.

Ladizinski B, Mistry N and Kundu RV. Widespread use of toxic skin lightening compounds:
medical and psychosocial aspects. Dermatol Clin. 2011; 29:111-123.

Lara-Torres S, Figueiredo D, Paz S, Gutiérrez AJ, Rubio C, Gonzalez-Weller D, Revert C and
Hardisson A. Determination and risk assessment of toxic metals in lipsticks from Europe and
China. J Trace Elem Medand Biol. 2021; 67:126792.

Dickenson CA, Woodruff TJ, Stotland NE, Dobraca D and Das R. Elevated mercury levels in
pregnant woman linked to skin cream from Mexico. Am J Obst Gynecol. 2013; 2:e4-e5.

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.48


http://www.rjlbpcs.com/

Singh et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Al-Sarraf A. Skin lightening as an image enhancing phenomenon: investigating risks,
motivations, and underlying psychological factors. 2022.

Tang GT, Elakis J and Scardamaglia L. Cutaneous manifestations and treatment of arsenic
toxicity: A systematic review. Skin Health and Disease. 2023; 3:231.

Lu JH, Yu HS and Lee CH. Arsenic skin carcinogenesis: A prototypic model of chemical
carcinogenesis featured with abnormal differentiation and aberrant immune responses. Essential
and Toxic Trace Elements and Vitamins in Human Health. 2020;165-170.

He F, Chang C, Liu B, Li Z, Li H, Cai N and Wang HH. Copper (II) ions activate ligand-
independent receptor tyrosine kinase (RTK) signaling pathway. BioMed Res Int. 2019.

Bian J, Dannappel M, Wan C and Firestein R. Transcriptional regulation of Wnt/B-catenin
pathway in colorectal cancer. Cells. 2020; 9:2125.

Speer RM, Zhou X, Volk LB, Liu KJ and Hudson LG. Arsenic and cancer: Evidence and
mechanisms. In Advances in Pharmacology. 2023; 96:151-202.

Dutta K, Prasad P and Sinha D. Chronic low level arsenic exposure evokes inflammatory
responses and DNA damage. Int J Hyg and Environ Health. 2015; 218:564-574.

Garcia-Leston J, Méndez J, Pasaro E and Laffon B. Genotoxic effects of lead: an updated
review. Enviro Int. 2010; 3:6623-636.

Olyjimi Sadiku O and Rodriguez-Seijo A. Metabolic and genetic derangement: a review of
mechanisms involved in arsenic and lead toxicity and genotoxicity. Arh hig rada toksikol. 2022;
73:244-255.

Wallace DR, Spandidos DA, Tsatsakis A Schweitzer A, Djordjevic V and Djordjevic AB.
Potential interaction of cadmium chloride with pancreatic mitochondria: Implications for
pancreatic cancer. Int J Mol Med. 2019; 44:145-156.

Peana M, Pelucelli A, Chasapis CT, Perlepes SP, Bekiari V, Medici S and Zoroddu MA.
Biological effects of human exposure to environmental cadmium. Biomolecules. 2022; 1:336.
Fishbein A, Hammock BD, Serhan CN and Panigrahy D. Carcinogenesis: Failure of resolution
of inflammation?. Pharmacology & therapeutics. 2021; 218:107670.

Nersesyan A, Kundi M, Waldherr M, Setayesh T, Misik M, Wultsch G, Filipic M, Barcelos GRM
and Knasmueller S. Results of micronucleus assays with individuals who are occupationally and
environmentally exposed to mercury, lead and cadmium. Mutat Res/Rev Mutat Res. 2016;
770:119-139.

Parida L and Patel TN. Systemic impact of heavy metals and their role in cancer development:
a review. Environ Monit and Assess. 2023; 195:766.

Shahcheraghi N, Golchin H, Sadri Z, Tabari Y, Borhanifar F and Makani S. Nano-biotechnology,
an applicable approach for sustainable future. 3 Biotech. 2022; 12:65.

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.49


http://www.rjlbpcs.com/

Singh et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Ethaib S, Al-Qutaifia S, Al-Ansari N and Zubaidi SL. Function of nanomaterials in removing
heavy metals for water and wastewater remediation: A review. Environments. 2022; 9:123.
Baby R, Saifullah B and Hussein MZ. Carbon nanomaterials for the treatment of heavy metal-
contaminated water and environmental remediation. Nanoscale Res Lett. 2019; 14:341.

Dos Santos AM, Andrade V and Aschner M. Neuroprotective and Therapeutic Strategies for
Manganese—Induced Neurotoxicity. Clin Pharmacol Trans Med. 2017; 1:54.

Bahar E, Lee GH, Bhattarai KR, Lee HY, Choi MK, Rashid HO and Yoon H. Polyphenolic
extract of Euphorbia supina attenuates manganese-induced neurotoxicity by enhancing
antioxidant activity through regulation of ER stress and ER stress-mediated apoptosis. In J Mol
Sci. 2017; 18:300.

Kim JJ, Kim YS and Kumar V. Heavy metal toxicity: An update of chelating therapeutic
strategies. J Trace Elem Med Biol. 2019; 54:226-231.

Almeer RS, AlBasher GI, Alarifi S, Alkahtani S, Ali D and Abdel Moneim AE. Royal jelly
attenuates cadmium-induced nephrotoxicity in male mice. Sci rep. 2019; 9:5825.

Adefegha SA, Omojokun OS and Oboh G. Modulatory effect of protocatechuic acid on
cadmium induced nephrotoxicity and hepatoxicity in rats in vivo. Springerplus. 2015; 4:1-7.
Alcaraz-Contreras Y, Mendoza-Lozano RP, Martinez-Alcaraz ER, Martinez-Alfaro M,
Gallegos-Corona MA, Ramirez-Morales MA and Vézquez-Guevara MA. Silymarin and
dimercaptosuccinic acid ameliorate lead-induced nephrotoxicity and genotoxicity in rats. Hum
Exp Toxicol. 2016; 35:398-403.

Chen C, Lin B, Qi S, He J and Zheng H. Protective effects of salidroside on lead acetate-induced
oxidative stress and hepatotoxicity in Sprague-Dawley rats. Bio Trace Elem Res. 2019; 191:426-
434.

Rauf A, Abu-Izneid T, Khalil AA, Imran M, Shah ZA, Emran TB and Gondal TA. Berberine as
a potential anticancer agent: A comprehensive review. Molecules. 2021; 26:7368.

Cao Z, Yang F, Lin Y, Shan J, Cao H, Zhang C, Zhuang Y, Xing C and Hu G. Selenium
antagonizes cadmium-induced inflammation and oxidative stress via suppressing the interplay
between NLRP3 inflammasome and HMGBI1/NF-«xB pathway in duck hepatocytes. Int J Mol
Sci. 2022; 23:6252.

Zhang, C, Ge J, Lv M, Zhang Q, Talukder M, and Li JL. Selenium prevent cadmium-induced
hepatotoxicity through modulation of endoplasmic reticulum-resident selenoproteins and
attenuation of endoplasmic reticulum stress. Environ Pollut. 2020; 260:113873.

Mohamed WA, Abd-Elhakim YM and Farouk SM. Protective effects of ethanolic extract of
rosemary against lead-induced hepato-renal damage in rabbits. Exp Tox Pathol. 2016; 68:451-
461.

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.50


http://www.rjlbpcs.com/

Singh et al RILBPCS 2024 www.rjlbpcs.com Life Science Informatics Publications

134.

135.

136.

137.

138.

139.

Liu CM, Ma JQ, Xie WR, Liu SS, Feng ZJ, Zheng GH and Wang AM. Quercetin protects mouse
liver against nickel-induced DNA methylation and inflammation associated with the Nrf2/HO-
1 and p38/STAT1/NF-kB pathway. Food Chem Toxicol. 2015; 8:19-26.

Ali S, Awan Z, Mumtaz S, Shakir HA, Ahmad F, Ulhaq M, Tahir HM, Awan MS, Sharif S, Irfan
M and Khan MA. Cardiac toxicity of heavy metals (cadmium and mercury) and pharmacological
intervention by vitamin C in rabbits. Environ Sci Pollut Res. 2020; 27:29266-29279.

Chaabane M, Elwej A, Ghorbel I, Boudawara T, Zeghal N and Soudani N. Citrus aurantium L.
peel extract mitigates hexavalent chromium-induced oxidative stress and cardiotoxicity in adult
rats. Pharm Biom Res. 2017; 3:8-18.

Sarah QS and Misbahuddin M. (). Effect of Solanum melongena peel extract in the treatment of
arsenic-induced Bowena€™ s disease. Bangladesh J Pharmacol. 2018; 13:309-315.

Jansen CT, Viander M, Kalimo K, Soppi AM and Soppi E. PUVA treatment in chromium
hypersensitivity: effect on skin reactivity and lymphocyte functions. Arch Dermatol Res. 1981;
270:255-261.

Yang JH, Yoon JY, Kwon HH, Min S, Moon J and Suh DH. Seeking new acne treatment from
natural products, devices and synthetic drug discovery. Dermato-endocrinology. 2017,

9:¢1356520.

© 2024 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2024 March — April RILBPCS 10(2) Page No.51


http://www.rjlbpcs.com/

