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Background: Arsenic is a naturally occurring element that poses a significant threat to human health due to its widespread
presence in the environment, affecting millions worldwide. Sources of arsenic exposure are diverse, stemming from mining activities,
manufacturing processes, and natural geological formations. Arsenic manifests in both organic and inorganic forms, with trivalent
meta-arsenite (As3+) and pentavalent arsenate (As5+) being the most common inorganic forms. The trivalent state, in particular, holds
toxicological significance due to its potent interactions with sulfur-containing proteins.
Objective: The primary objective of this review is to consolidate current knowledge on arsenic toxicity, addressing its sources, chemical
forms, and the diverse pathways through which it affects human health. It also focuses on the impact of arsenic toxicity on various
organs and systems, as well as potential molecular and cellular mechanisms involved in arsenic-induced pathogenesis.
Methods: A systematic literature review was conducted, encompassing studies from diverse fields such as environmental science, tox-
icology, and epidemiology. Key databases like PubMed, Scopus, Google Scholar, and Science Direct were searched using predetermined
criteria to select relevant articles, with a focus on recent research and comprehensive reviews to unravel the toxicological manifestations
of arsenic, employing various animal models to discern the underlying mechanisms of arsenic toxicity.
Results: The review outlines the multifaceted aspects of arsenic toxicity, including its association with chronic diseases such as
cancer, cardiovascular disorders, and neurotoxicity. The emphasis is placed on elucidating the role of oxidative stress, genotoxicity,
and epigenetic modifications in arsenic-induced cellular damage. Additionally, the impact of arsenic on vulnerable populations and
potential interventions are discussed.
Conclusions: Arsenic toxicity represents a complex and pervasive public health issue with far-reaching implications. Understanding the
diverse pathways through which arsenic exerts its toxic effects is crucial to developing effective mitigation strategies and interventions.
Further research is needed to fill gaps in our understanding of arsenic toxicity and to inform public health policies aimed at minimising
exposure.
Arsenic toxicity is a crucial public health problem influencing millions of people around the world. The possible sources of arsenic
toxicity includes mining, manufacturing processes and natural geological sources. Arsenic exists in organic as well as in inorganic forms.
Trivalent meta-arsenite (As3+) and pentavalent arsenate (As5+) are two most common inorganic forms of arsenic. Trivalent oxidation
state is toxicologically more potent due to its potential to interact with sulfur containing proteins. Humans are exposed to arsenic in
many ways such as environment and consumption of arsenic containing foods. Drinking of arsenic-contaminated groundwater is an
unavoidable source of poisoning, especially in India, Bangladesh, China, and some Central and South American countries. Plenty of
research has been carried out on toxicological manifestation of arsenic in different animal models to identify the actual mechanism of
aresenic toxicity. Therefore, we have made an effort to summarize the toxicology of arsenic, its pathophysiological impacts on various
organs and its molecular mechanism of action.
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Introduction
Arsenic is a natural element having ubiquitous distribution and
exists in both organic and inorganic forms in the environment. It
is one of the main contaminants involved in the environmental
pollution and is known to be a causative agent for extreme global
health risks.1 Arsenate and arsenite derivatives of inorganic form
are known to be very toxic to humans. Arsenic contamination
and its associated problems such as ground water pollution are
threatening factors in different countries such as Bangladesh,
Cambodia, China, India, Laos, Myanmar, Nepal, Pakistan, Taiwan,
Vietnam, India, Mexico, China, Chile, Argentina, and USA. Arsenic
contamination affects about 150 million people in the entire

world.2 Because of their reliance on As-contaminated water
for drinking and irrigation purposes, over 110 million people
living in these areas are suffering from serious health risks.3

Arsenic derived from arsenical pesticides and natural mineral
deposits or arsenical chemicals that are improperly disposed
off polluting the drinking water. It has been reported that 27
million people are consuming arsenic contaminated water, in
which arsenic level is more than 50 ppb, especially exposure
rate is very high in India and Bangladesh.4 According to WHO
recommendation, arsenic level in drinking water must be less
than 10 ppb.5 Chronic exposure to arsenic has resulted in huge
mass poisoning of the human population, affected more than 100
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million individuals and causes cancer and other arsenic-related
diseases.6 Epidemiological reports have shown that arsenic
contamination affects wide geographical area, with soil, water,
air and even food emissions spread across continents.7 Arsenic
pollution is spread through natural processes including volcanic
eruptions, weathering, and biological activity. Anthropogenic
practices also intensify the exposure of arsenic to human
settlements, like mine smelting, mining, well drilling and fossil
fuel combustion and arsenic-related illnesses. Because of its
higher toxic nature it has become a risk not only to humans
but also to the other orgasnisms.8 In current era, various arsenic
containing compounds are used in different forms such as
pesticides and herbicides. However, due to the growing evidence
of arsenic toxicity, the use of arsenic containing compound in
consumer goods was banned in the US and the European Union
in 2004 and 2020, respectively. Nevertheless, arsenic containing
compounds are still used in the form of sprays or pesticides.9

In the Western world arsenic was being used for agricultural
practices since 2013, but the U.S. Agency for Toxic Substances and
Disease Registry has confirmed it as a hazardous substance and
has been enlisted in the priority list of 2019.10 Organic arsenic
(As) and inorganic arsenic (As) compounds are listed as Group
1 carcinogen, to humans by the International Organization for
Cancer Research (IARC).11

In human health, the consequences of chronic arsenic toxicity
is known as arsenicosis, which was first coined by12 and later
on World Health Organization13 reported that excessive exposure
of arsenic to humans causes chronic diseases. The disease was
historically characterized as arseniasis, arsenism, arsenicism, etc.
Arsenic is a recognized neurotoxicant to the peripheral nervous
system and symptoms can last for many years or even whole life,
leading to the symmetrical peripheral neuropathy characterized
by damage in sensory nerves because they are more vulnerable
to arsenic effects than motor nerves and large axon neurons that
are impacted than small axon neurons.14 However, acute arsenic
exposure cause damage in Central Nervous System such as learn-
ing, memory, and attention.15 Arsenic contamination remains a
critical global issue affecting millions of people. Efforts to mitigate
its impact include regulatory measures, bans on certain arsenic-
containing compounds, and ongoing research to better under-
stand its health effects and develop strategies to protect human
health and the environment from this pervasive and toxic ele-
ment. In a nutshell, this review article serves as an overview of the
extensive implications of arsenic contamination on a global scale.
It highlights the widespread distribution of arsenic in various
forms and its role as a significant environmental contaminant,
leading to severe health risks for millions of people, particularly
through tainted drinking water. This article underscores the toxic
nature of arsenic, the extensive geographical reach of contam-
ination, the sources of pollution, and regulatory actions taken
in response. It also outlines the health consequences, both on
the peripheral and central nervous systems, caused by chronic
arsenic exposure. In essence, it lays the foundation for a compre-
hensive discussion of the multifaceted challenges and implica-
tions associated with arsenic contamination.

Ways of exposure and absorption
Arsenic is a natural compound present on the earth’s crust and
is extensively distributed in the air, water and land in the envi-
ronment. Arsenic poisoning can occur from a natural sources
like erosion and leaching from geological formations or from
anthropogenic (industrial, or self-administered) sources.16 The
other sources of Arsenic poisoning include arsenic containing

insecticides, herbicide, or rodenticide, contaminated drinking and
cooking water, tobacco smoking, stored and irrigated food crops,
dietary food and feed additives. But, exposure to these sources is
usually lower in comparison with exposure to polluted ground-
water. Since, Ground water is the major source of drinking water,
increased level of arsenic (> 10 μg/L) in the ground causes arseni-
cosis, a common name generally used for health-related problems
such as skin disorders, skin cancers, internal cancers (bladder,
kidney, and lung), diseases of the blood vessels of the legs and feet,
diabetes, increased blood pressure, and reproductive disorders.17

Increased concentration of arsenic in ground water have been
evidenced in Chile, Mexico, China, Argentina, USA, and Hungary
as well as in the Indian State of West Bengal, Bangladesh, and
Vietnam.5,18

Arsenic, enters the human body predominantly through two
routes: inhalation and ingestion. But, to some extent dermal
absorption of trivalent arsenic oxide also occurs as it is more lipid-
soluble than the pentavalent form. The available research sug-
gests that non-occupational exposure is predominantly through
food and water intake, while inhalation playing a minor role.19

The majority of ingested and inhaled arsenic is quickly absorbed
into the bloodstream via the gastrointestinal system and lungs.
Near around 95% percent of the consumed trivalent arsenic is
absorbed by the gastrointestinal tract. After absorption, 95% to
99% of the arsenic is located in erythrocytes, bound to the globin
of hemoglobin and is then transported to the other organs of the
body like lungs, liver, kidney, and skin. Most arsenic absorbed into
the body is converted by the liver to less toxic methylated form
that is efficiently excreted in the urine.20

Arsenic metabolism and biotransformation
Arsenic is mostly found in the form of inorganic As (iAs), and it
has two biologically significant oxidation states: Pentavalent (As
V) arsenate in aerobic conditions and Trivalent (As III) arsenite in
anaerobic conditions. At neutral pH, As V is found as oxy anions,
namely H2AsO2

− and H2As2O2
2−. Whereas As III is generally

found as a neutral species (As (OH)3 at physiological pH. Both
forms are carried by the same mechanism that transports other
metabolically important chemicals.21 Arsenates (V) are taken up
via phosphate transporters as it resembles phosphate and is
a competitive inhibitor of many phosphate-utilizing enzymes.22

Whereas arsenite (III) are taken up via aquaglyceroporins (AQP)
which transport water and glycerin and have a great affinity for
thiol (-SH) groups in proteins (Figs 1 and 2).

In many species, the majority of arsenic absorbed into the body
is metabolized through two processes: (1) oxidation/reduction
reactions that interconvert arsenite and arsenate, and (2)
methylation reactions in which mostly trivalent forms of arsenic
are sequentially methylated in the liver to form mono-, di-
, and trimethylated products. In case of human and animal
cells, with respect to23 view, AsV is rapidly reduced to AsIII
by thioredoxin (Trx)/trx reductase (TR) system, followed by
oxidative methylation by Arsenite Methyltransferase (AS3MT)
by using S-adenosylmethionine (SAM) as a co-substrate. iAsIII
is methylated to monomethylarsonic acid MMAIII or arsenate
(MMAV), then reduced to monomethylarsonic acid (MMAIII),
then methylated to dimethylarsonic acid (MMAV) and (DMAV)
(Fig. 1).24,25

Another method entails methylating iAs without oxidizing
them from trivalent to pentavalent states. The creation of glu-
tathione (GSH) conjugated complexes such as As triglutathione
[(As (GS)3] is involved in these schemes, which are also known
as sequential methylation schemes. This conjugation occurs both
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Fig. 1. Arsenate (iAs V) enters cells via phosphate transporters, whereas arsenite (iAs III) enters cells by aqua (glycerol) porins (AQP) and glucose
transporter (GLUT). It shows how glutathione (GSH) conjugation and thioredoxin reductase work to reduce iAs III and iAs V. Following that, the arsenite
methyltransferase (AS3MT) produces a variety of arsenic metabolites that are exported by multidrug resistance proteins (MRP1, MRP2 or MRP4).

enzymatically as well as non-enzymatically by using glutathione-
S-transferase.26 The As (GS)3 complexes are methylated by AS3MT
to form monomethyl arsenic diglutathione [MMA (GS)2] and
produces again dimethylarsinic GSH [DMA (GS)]. In the absence of
GSH, the conjugates are hydrolyzed and then oxidized to MMAV
and DMAV, which is the main metabolite and is excreted from
cells. It has been reported that humans acquire some arsenic
as iAs and MMA (MMAIII and MMAV) in their skin, hair, nails,
muscle, bones, and teeth during metabolism, which can cause
harmful consequences in many tissues and organs later in life
(Fig. 1).27,28

One of the striking features of arsenic metabolism is that there
are extreme qualitative and quantitative interspecies differences
in methylation to the extent that some species do not appear to
methylate arsenic at all.29

However, it is well-established fact that arsenite AsIII is more
toxic than arsenate AsV, with inorganic As being more toxic than
organic As Since, different organic As species represent different
degrees of toxicity. For instance, monomethylarsonic acid (MMAV)
and dimethylarsinic acid (DMAV) as final As metabolites are
less toxic than inorganic arsenic, whereas the degrees of toxicity
of intermediate metabolites such as monomethylarsonous acid
(MMAIII) and dimethylarsinous acid (DMAIII) are much more
higher than inorganic arsenic.30 Consequently, toxicity of various
arsenic species increases in the order of AsV < MMAV < DMAV
< AsIII <MMAIII ≈ DMAIII (Figs 1 and 2).31 In summary, arsenic
metabolism is a complex interplay of chemical reactions and
enzymatic processes. The toxicity of arsenic varies depending
on its chemical form, with inorganic arsenic being more toxic
than organic forms. Understanding these metabolic pathways and

toxicity profiles is crucial for assessing the health risks associ-
ated with arsenic exposure and implementing effective mitigation
strategies.

Arsenic metabolism and toxicity: a complex
interplay
ROS-Mediated Oxidative Stress in Arsenic Toxicity: Oxidative
stress mediated by reactive oxygen species (ROS) is one of
the central mechanisms for the indication of arsenic toxicity.
In biological systems ROS is formed, during the reduction
of molecular oxygen and includes the superoxide radical
anion (O2−•), hydrogen peroxide (H2O2), hydroxyl radical (•OH),
hydroperoxyl radical (HOO•) and peroxyl radical (ROO•). When
an imbalance occurs between the production of ROS and
their metabolism of detoxification, ROS accumulates and leads
to oxidative stress.32 Due to the surplus production of ROS,
different signaling pathways get altered and can lead to oxidative
modifications of biomolecules associated with loss in function
of proteins, organelle damage and even death of cells (Fig. 3).33

Since, the toxicity mechanisms of arsenic are complex and not
fully understood. The most probable mechanisms responsible for
arsenic poisoning are proposed as follows:

Mitochondrial source: Energy disruption and ROS
generation
Usually under controlled and normal physiological conditions,
antioxidant system maintains the ROS level within the mito-
chondria, however ROS generation increases in weakened or aged
mitochondria.34 Arsenic toxicity inhibits the cellular respiration
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Fig. 2. Arsenic induced mitochondrial dysfunction due to the uncoupling of As V induced oxidative phosphorylation and ATP formation. iAs III binds
to protein thiols (coenzyme A, lipoic acid, and proteins with zinc-finger domains like metallothionein [MT]) and is methylated while still conjugated to
these proteins. These peroxyl radicals causes lipid peroxidation and protein carbonylation.

and mitochondrial energy production by deactivation of impor-
tant enzymes of Kreb’s cycle or by inhibition of nicotinamide
adenine dinucleotide reduction leading to ROS production.35 As
inhibits mitochondrial enzyme complexes I and III in electron
transport chain and becomes responsible for the production of
O2−•. Arsenic also inhibits succinic dehydrogenase activity and
uncoupling oxidative phosphorylation with production of O2−•,
which gives rise to other forms of ROS. As III and its metabolite
(MMA, DMA) accumulation, decreases the production of succinyl
coenzyme-A, condenses with ATP and replaces phosphate, and
results in the generation of an unstable arsenate ester bond that
gets hydrolyzed quickly.36 The result of this oxidation process
inhibits the phosphorylation and decreases the production of
ATP and finally decreases the energy supply in the cells. The
consequence of arsenic toxicity depletes the energy currency of
cells by a process known as Arsenolysis. Likewise, the pyruvate
oxidase complex causes pyruvate (end product of glycolysis) to
be oxidatively decarboxylated to acetyl coenzyme A and carbon
dioxide before entering the Tricarboxylic Acid Cycle (TCA). This
enzyme complex is made up of many enzymes and cofactors, one
of which contains lipoic acid. The presence of two sulfhydryl (-SH)
or thiol groups in a single lipoic acid improves its effectiveness.
When trivalent arsenic (Arsenite) is exposed, two hydrogens
are lost from the thiol portion, and arsenic binds to the sulfur
molecule, forming the dihydrolipoyl-arsenite chelate complex.
This compound disables the essential rate limiting enzymes
by inhibiting the reoxidation of dihydrolipoyl groups, which is
necessary for continued enzymatic activity.31 This toxic impact
of arsenic raises the concentration of pyruvate in the blood,

lowers energy generation, and eventually destroys the cells.
Hence, arsenic toxicity disrupts the energy producing processes
and leads to the decrease in the energy level in cells and also
increase ROS production, eventually leads to premature cell
death.37

NOX and NOS: ROS and RNS production
(NOX) and NO synthases (NOS) are the sources from which
ROS/reactive nitrogen species (RNS) are produced. It also
maintains enzymatic activities including xanthine oxidases,
cyclooxygenases (COX), cytochrome p450 enzymes, lipoxyge-
nases, myeloperoxidases and misfolding of proteins in the endo-
plasmic reticulum.38 Arsenic toxicity leads to the deposition of
intracellular H2O2 through flavoproteins-dependent superoxide,
producing enzymes such as NADPH oxidase.39 An interesting
route to H2O2 production has been proposed to involve the
oxidation of As (III) to As(V) which, under physiological conditions,
results in the formation of H2O2. Hydrogen peroxide is not a
free radical species; however, when an organism is overloaded
by iron (as in the conditions of haemochromatosis, hemolytic
anemias and hemodialysis), the high cellular concentrations
of “free available iron” may have deleterious effects, as is
demonstrated by the participation of Fe (II) in the decomposition
of hydrogen peroxide, generating highly reactive hydroxyl radicals
(Fenton reaction).40 The formation of •OH in the vicinity of
DNA might lead to this radical reacting with DNA bases or
with the deoxyribose backbone of DNA to produce modified
(damaged) bases or strand breaks. In addition to reactive oxygen
species, it has been reported that arsenic exposure can initiate
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Fig. 3. Arsenic crosses the membrane lipid bilayer of liver cells, induces oxidative stress due to the production of free radicals such as O2, OH and H2O2

by declining the activities of CAT, SOD, GPX, GR, G6PDH and non-enzymatic antioxidant (GSH), results in DNA damage, protein misfolding,
inflammation mitochondrial membrane dysfunctions, release of cytochrome C and finally leads to initiation of caspase dependent apoptosis.

the generation of reactive nitrogen species (RNS) as well.41

However, several contradictory results describing arsenic-induced
production of NO• have been reported, one of which concluded
that there was no arsenic-induced increase in NO• generation in
human liver cells, which inhibited inducible NO synthase gene
expression.42 In another study, arsenite was found to inhibit
inducible NO synthase gene expression in rat pulmonary artery
smooth muscle cells as a result of which there was no increase in
NO• generation.43

Redox imbalance: Antioxidant Defense suppression
Arsenic also induces oxidative stress due to redox imbalance
i.e. production of excessive oxidants (O2, OH and H2O2) and
decrease in the activities of catalase (CAT), superoxide dismutase
(SOD), glutathione peroxidase (GPX), glutathione reductase
(GR), glucose-6-phosphate dehydrogenase and non-enzymatic
antioxidant such as reduced glutathione (GSH). Oxidative stress
causes DNA damage, mitochondrial membrane perforations and
release of cytochrome C and initiates apoptosis by activation of
caspases 9, 3, 6 and 7 (Fig. 3)44. It has been reported that arsenic
at a dose of 25 ppm for ten weeks administered to Wistar rats
induces chronic damage, decreases blood δ-aminolaevulinic acid
dehydrogenase activity (ALAD) and decreases the GSH level. These
alterations are related to a significant decrease in red blood cells
(RBC), hemoglobin, hematocrit, and SOD activity in blood. In liver
and kidney increase in thiobarbituric acid reactive substances, a

decrease in GSH: GSSG ratio is associated with a considerable rise
in metallothionein in hepatocytes.45

Signal alteration: dysregulation of cellular
signaling pathways
Signal transduction pathways transmit extracellular signals from
series intracellular signaling molecules into genes.46 Arsenic
being permeable to membrane lipid bilayer and alters various
signal transduction pathways via ROS alteration or reversible
oxidation of −SH group in proteins, which leads to activation
or inhibition of various transcription factors and regulates gene
transcription (Fig. 3). As activates the Mitogen-activated protein
kinase (MAPK) signaling pathway and helps in expressing a lot
of genes for cellular proliferation, differentiation, transformation
and apoptosis. The most important members of this family are c
Jun N-terminal Kinase (JNK), p38, and ERKs (extra-cellular signal
regulated kinases). Among these, JNK and p38 are generally
activated by stress responses and involved in apoptosis and
growth arrest, whereas ERK signaling transduction generally aids
in proliferation, differentiation, and transformation in a time and
dose dependent manner. It has been reported that low levels
of arsenite stimulate the ERK pathway for further proliferation,
whereas high levels induce apoptosis via JNK signaling.47

Furthermore, Arsenic penetration in the cell stimulates the
phosphatidylinositol 3-kinase/protein kinase B (P13K-1/AKT)
signaling pathways activates Mammalian target of rapamycin
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Fig. 4. Arsenic (As) cross the blood brain barrier (BBB) and stimulates down regulatory signaling pathways such as mitogen-activated protein kinases
(MAPK)/extracellular signal-regulated Kinases1/2 (ERK1/2) and activates P-Jun N-terminal kinase (P-JUNK), p38 and increases reactive oxygen species
(ROS) production, lipid peroxidation (LPO) rate and also decreases the activities of antioxidant enzymes (SOD, CAT, GR, G6PDH, GPX), declines reduced
glutathione (GSH) level results in the apoptosis.

(mTOR) and leads to the inhibition of Autophagy-related protein
13 (Atg13) (Fig. 4).48

Arsenic induced inflammation
Arsenic (Sodium arsenite) induced ROS production activates an
inflammatory response, which in turn initiates the pathological
marker pathways such as the nuclear factor-κB (NFκB) by increas-
ing phosphorylation and degradation of the inhibitor IkB (Fig. 3).
This further increases the TNF-α level.49

Tumor necrosis factor-alpha (TNF-α) pathway
Tumor necrosis factor-alpha (TNF-α) plays an important role in
stimulating HSC cells, the principal cells associated with the
formation of type I collagen. In addition, arsenic exposure pro-
vokes oxidative stress in the liver, CD14 expression becomes up-
regulated, enhances the resistance of Kupffer cells or promotes
its metabolites. Moreover, the Kupffer cells most probably up-
regulate the formation of TNF-α. The activated Kupffer cells
release cytokines and stimulate HSCs by initiating the synthesis of
collagen.50 The results of arsenic toxicity is liver oxidative stress
by NADPH leading to stimulation of Kupffer cells and following
TNF-α signaling mechanism, which leads to the apoptosis of
hepatocytes, HSC activation, and hepatic fibrosis. An increase in
TNF-α production in the liver is associated with up-regulation of a

cluster of differentiation 14 (CD14) and toll-like receptor 4 (LTR-4).
However, the mechanism through which arsenic activates Kupffer
cells leads to the activation of CD14 and TLR-4.

TNF-α presumes a considerable role in the stimulation and
upkeep of the inflammatory reaction and is related to the activa-
tion of HSCs. TNF-α contributes to the production of steatosis in
hepatic tissue. Stimulation of Kupffer cells is significant initiation,
leads to the production of TNF-α. Increased TNF-α and oxidative
stress incite apoptosis in hepatocytes. Because stimulation of
TNF-α activates the release of cytochrome c from mitochondria
and the activation of caspases, the ultimate and most essen-
tial pathway in the apoptotic cascade. Arsenic toxicity produces
oxidative stress by the NADPH oxidase pathway with ROS produc-
tion and increased Kupffer cells and TNF-α. The consequences of
TNF-α production cause apoptosis by releasing the cytochrome c
mitochondrial pathway by activation of HSC.51 In addition to TNF-
α, IL-6 and IL-1β are also released in response to arsenic-induced
NF-κB activation. IL-6 is involved in immune regulation and can
stimulate the production of acute-phase proteins. IL-1β is a pro-
inflammatory cytokine that contributes to the amplification of
the inflammatory response.52,53

Overall, arsenic exposure can lead to oxidative stress and the
activation of inflammatory pathways, contributing to inflamma-
tion and potentially increasing the risk of various health condi-
tions. Reducing exposure to arsenic, especially in contaminated
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drinking water and occupational settings, is crucial for mitigating
its inflammatory effects on health. In conclusion, arsenic toxicity
represents a multifaceted challenge, with a web of interconnected
mechanisms at play. These mechanisms include the disruption
of mitochondrial function, the generation of reactive oxygen and
nitrogen species (ROS and RNS), the disturbance of redox balance,
and the alteration of crucial cellular signaling pathways. Col-
lectively, these intricate processes contribute to the detrimental
effects of arsenic exposure on living organisms. Understanding
these mechanisms is vital for developing effective strategies to
mitigate and manage the health risks associated with arsenic
contamination in various environmental settings.

Epigenetics
Epigenetics is a fascinating field of research that explores how var-
ious factors can influence heritable changes in gene expression
without altering the underlying DNA sequence. These changes
result in phenotypic variations without corresponding changes in
the genotype. Epigenetic mechanisms play a crucial role in con-
trolling gene expression during an organism’s development and
can be influenced by a range of factors, including age, lifestyle,
environment, exposure to pollutants, and pathological conditions.
There are several key mechanisms responsible for epigenetic
changes, including histone modifications, noncoding RNAs (ncR-
NAs), and DNA methylation.

Histone modifications
Histones are proteins that package and organize DNA into a
compact structure called chromatin. Post-translational modifica-
tions of histones can either restrict or enhance gene expression
by altering chromatin structure and the accessibility of DNA to
transcription machinery. For example, histone methylation gener-
ally inhibits gene expression, while histone acetylation promotes
it. Arsenic alters pyruvate dehydrogenase (PDH) activity, which
is predominantly responsible for the formation of acetyl-CoA
through the oxidation of pyruvate. Acetyl-CoA is a crucial sub-
strate for acetylation, thus arsenic exposure significantly impact
histone acetylation.54 Prenatal exposure to arsenic in mice causes
hypo-acetylation at H3K9, which results in impaired episodic and
spatial memory. In contrast, developmental exposure to arsenic
can cause gender-specific regulation of H3K9 acetylation and
methylation.55

Chervona et al. and Arita et al. have investigated the impact
of chronic inorganic arsenic (iAs) exposure on epigenetic mod-
ifications, specifically focusing on H3K9 (histone H3 lysine 9)
acetylation (H3K9ac). Both Chervona et al. and Arita et al. inde-
pendently reported consistent findings regarding global H3K9ac
levels in response to iAs exposure, regardless of gender. Found
that global H3K9ac levels were negatively associated with chronic
iAs exposure. This suggests that chronic exposure to iAs may lead
to a reduction in H3K9ac, which is an epigenetic modification
associated with the activation of gene expression. The decrease in
H3K9ac levels could potentially result in altered gene regulation
and contribute to the biological effects of iAs exposure.56,57

The acetylation of histone H4 at lysine 8 (H4K8ac) appears to
be a less commonly studied histone modification in the context
of inorganic arsenic (iAs) exposure. Ge et al.58 reported a decrease
in H4K8ac levels in a Chinese population exposed to iAs through
drinking water. This discrepancy highlights the need for further
research to better understand the effects of iAs on histone
modifications like H4K8ac and to determine whether these effects
are consistent across different populations and experimental
contexts. Overall, the influence of iAs on histone acetylation

underscores the complexity of its epigenetic effects and highlights
the importance of ongoing research to elucidate the mechanisms
underlying these changes and their potential impact on human
health. Multiple studies have investigated the impact of chronic
inorganic arsenic (iAs) exposure on various histone modifications
(methylation), shedding light on the complex relationship
between iAs exposure and epigenetic changes. These studies have
provided diverse findings, including gender-specific associations
and discrepancies between different histone modifications.

H3K4me2 and H3K4me3, two histone modifications associated
with gene activation, have shown mixed results in response to
iAs exposure. Cantone et al.59 reported a positive association
between iAs exposure and H3K4me2, while Chervona et al.55

found a positive association with H3K4me3, but this association
was gender-specific. However, a study in mice contradicted the
human results from Chervona et al., showing opposite associ-
ations by gender. These discrepancies highlight the complexity
of iAs-induced epigenetic changes.55 H3K9me2, another histone
modification, has displayed inconsistent results across studies.
Some studies reported increased H3K9me2 levels in response to
iAs exposure, while others reported decreased levels. Interestingly,
the differences in exposure measures, such as urinary arsenic
(uAs) and hair arsenic (hAs), may contribute to these discrepan-
cies. H3K9me3 and H3K27me3, which are associated with gene
repression, also showed varying results. Pournara et al.60 reported
a negative association between iAs exposure and H3K9me3 in
females, while H3K27me3 showed gender-specific associations in
Chervona et al.’s study, being positively associated in females and
negatively in males.55,60 H3K36me2 and H3K36me3, associated
with gene activation, demonstrated mixed results between stud-
ies, with both positive and negative associations with iAs expo-
sure reported. These discrepancies may be influenced by factors
such as the source of iAs exposure (water vs. air and food) and
the specific study population. H3K79me1, associated with gene
activation, showed upregulation in response to iAs exposure, par-
ticularly in individuals with arsenic-induced skin lesions. Notably,
H3K79me1 levels increased linearly with increasing arsenic dose.
H4K20me2 and H4K20me3, associated with various cellular pro-
cesses, displayed decrease in response to iAs exposure in certain
contexts. Li et al.61 reported lower levels of H4K20me2 in indi-
viduals with arsenicosis, and Bhattacharjee et al., observed a sig-
nificant decrease in H4K20me3 in arsenic-induced tumor tissue
compared to nontumor tissue.61,62 In conclusion, the impact of
iAs exposure on histone modifications is complex and can vary
depending on the specific modification, gender, exposure source,
and study population. These findings emphasize the need for
further research to elucidate the mechanisms underlying iAs-
induced epigenetic changes and their potential implications for
health outcomes.

DNA methylation
DNA methylation is a fundamental epigenetic process involving
the addition of methyl groups to cytosine residues in DNA,
typically occurring at CpG dinucleotides situated within gene
promoter regions. This biochemical modification plays a pivotal
role in gene regulation by effectively silencing genes, primarily
through the prevention of transcription factor binding to DNA.
Central to the DNA methylation process, the principal methyl
donor molecule, S-adenosylmethionine (SAM), which is actively
engaged in arsenic metabolism, When excess arsenic is present,
SAM is utilized by AS3MT [arsenic (III)methyltransferase] for
methylation of arsenic leading to depletion of SAM and S-
adenosylhomocysteine (SAH). Depletion of SAM by extensive
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arsenic metabolism might impose cofactor limitations on the
activities of DNMTs.63 Arsenic exposure, notably prevalent in
contaminated aquatic ecosystems, has garnered substantial
attention in scientific research. Mirbahai et al.64 conducted
research on fish residing in arsenic-contaminated aquatic
systems and made noteworthy observations. They reported that
fish from such environments displayed hepatic carcinogenicity,
and this phenomenon was linked to variations in global
DNA methylation and disruptions in one-carbon metabolism.
Interestingly, these effects were associated with a decrease in
choline levels and a reduction in DNA methyltransferases activity,
possibly due to an increase in the DNA methyltransferases
inhibitor S-adenosyl homocysteine.65 Several studies have
reported significant alterations in the methylation status of
various genes in response to exposure to inorganic arsenic (iAs).
Among the numerous genes studied, only three have consistently
shown significant changes across multiple investigations. These
genes are the apoptosis regulator death-associated protein
kinase (DAPK), the cell cycle inhibitor p16 gene, and the tumor
suppressor p53 gene. In all the studies where these genes were
examined, they consistently exhibited the same direction of
association. Specifically, DAPK consistently showed increased
methylation levels in response to iAs exposure, p16 also con-
sistently exhibited increased methylation66,67 and similarly, p53
consistently displayed increased methylation.68 Hossain et al.69

reported iAs exposure was shown to be adversely correlated
with p16 expression however thi conclusion was only marginally
significant (P = 0.066). Moreover, Banerjee and his co-workers
showed that DAPK expression was down by 3.4 times and p16
expression was down 2.2 times in patients compared to controls.
In addition,70 found that 75% of methylated DAPK genes had lower
levels of DAPK expression than 41% of routinely methylated DAPK
genes (P = 0.037).69 Arsenic exposure has been shown to induce
hypomethylation of the ERCC2 promoter. ERCC2 is a gene involved
in DNA repair mechanisms. The hypomethylation of its promoter,
as observed both in vivo and in vitro, leads to overexpression of
ERCC2. This overexpression can inhibit the release of the Cdk-
activating kinase complex and decrease the phosphorylation of
p53 at serine 392. These molecular changes suggest that arsenic
exposure may disrupt DNA repair mechanisms, potentially
contributing to increased DNA damage observed in individuals
exposed to arsenic.71 These findings suggest that iAs exposure
may have a consistent impact on the methylation patterns of
these genes, potentially contributing to their regulatory functions
and implications for health outcomes. In a study conducted
by Valles et al.72, the researchers investigated the potential
transgenerational effects of arsenic exposure in zebrafish. These
effects were not limited to the F0 generation but were also
transmitted to the F2 generation, indicating transgenerational
impacts. A particularly intriguing finding was the reduction in
the expression of brain-derived neurotropic factor (BDNF) at
the mRNA level in both the F0 and F2 adult zebrafish. BDNF
plays a crucial role in neurodevelopment, including processes
like synaptic plasticity and regeneration, which are essential
for cognition and memory. The study also revealed an increase
in histone H3K4me3 methylation, suggesting an epigenetic
mechanism underlying these effects. This epigenetic alteration
likely contributed to the observed hypermethylation of the
BDNF gene promoter region in both generations, ultimately
leading to decreased BDNF expression. These molecular changes
had significant behavioral consequences in the F2 generation,
including spontaneous tail coiling, anxiety-like behavior, and

reduced motor activity and exploratory behavior (Velles et al.
2020).

Noncoding RNAs (ncRNAs)
Constitute a diverse group of RNA molecules that don’t encode
proteins but hold pivotal regulatory roles in gene expression.
Within this category, microRNAs (miRNAs) have garnered
substantial attention due to their involvement in epigenetic
regulation, including the modulation of DNA methylation and
histone modifications. Exposure to inorganic arsenic (iAs) has
been associated with alterations in miRNA (microRNA) expression
patterns in various studies, highlighting its potential impact
on gene regulation and health outcomes. Among the miRNAs
altered in response to iAs exposure, miR-21 emerged as a
consistently reported miRNA associated with iAs exposure
across multiple studies73,74,75 In these studies, urinary levels
of arsenic were used as a measure of exposure, and they
consistently reported a positive association between iAs exposure
and increased levels of miR-21. Banerjee et al.74 also delved
into the downstream effects of miR-21 by evaluating the levels
of proteins known to be regulated by miR-21. Their findings
indicated an inverse association between miR-21 levels and
the levels of these proteins, suggesting that miR-21 may play a
role in post-transcriptional regulation of these target genes.74

Luo et al.76 investigated the mechanism of arsenic-induced
lung carcinogenesis. They proposed that exposure to arsenic
triggers the secretion of interleukin-6 (IL-6). IL-6, in turn, activates
the STAT3 signaling pathway. This activation of STAT3 leads
to the up-regulation of a specific miRNA called miR-21 in an
autocrine (self-stimulating) manner. This up-regulation of miR-
21 contributes to Epithelial-Mesenchymal Transition (EMT), which
is a process involved in cancer progression. Another miRNA
implicated in arsenic-induced cancer is miR-301a. Studies have
found that miR-301a is overexpressed in human lung epithelial
cells (BEAS-2B cells) exposed to arsenic. This overexpression
is mediated through IL-6/STAT3 signaling, similar to miR-21.
miR-21 is upregulated through the ROS-mediated activation
of the ERK/NF-κB pathway in arsenic-exposed human embryo
lung fibroblast cells, contributing to malignant transformation.77

Conversely, various miRNAs, including miR-200b and miR-31,
are downregulated in arsenic-transformed cells, impairing their
tumor-suppressive functions. For instance, miR-200b’s role in
inhibiting cell migration is associated with its targeting of PKCα

and involvement in the Wnt5b-PKCα positive feedback loop.
Similarly, miR-31 downregulation leads to the overexpression
of SATB2 and malignant cell transformation.71 MiR-143, typically
downregulated in cancer stem cells, exhibits anti-cancer effects
when restored, attributed to its inhibition of LIMK1 protein
and cofilin phosphorylation.78 These miRNA alterations offer
potential biomarkers for health effects related to arsenic exposure
and promising therapeutic targets, although further research,
especially population-based studies, is needed to uncover specific
miRNA subsets and their applications in early detection and
intervention against arsenic-induced health issues.

Furthermore,79 conducted a case-control study in West Ben-
gal, India, focusing on individuals exposed to elevated levels
of arsenic in drinking water. They reported upregulation of six
senescence-related miRNAs (miR-34a, miR-29a, miR-126, miR-
141, and miR-424) in the iAs-exposed group compared to the
unexposed control group.80 Conducted a study in Mexico involv-
ing individuals exposed to iAs in drinking water. Their findings
revealed an increase in circulating plasma miRNA, specifically
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Fig. 5. Arsenic induced generation of free radicals like reactive oxygen species (ROS) increased production of reactive oxygen species (ROS) on the
different organ systems resulting in mitochondrial dysfunction. This leads to mitochondrial perforations and cytochrome c gets released from
mitochondria and finally leads to the cellular apoptosis and neuronal damage.

miR-30c-15p, in subjects exposed to higher levels of iAs.81 exam-
ined the effects of iAs exposure on gestational age and birth
weight among pregnant women and infants in a Bangladeshi birth
cohort. They observed a significant association between low birth
weight and high iAs exposure, specifically linked to elevated levels
of miR-1290. Ruiz-Vera et al.82 conducted a cross-sectional study
in an iAs-exposed region in Mexico, focusing on cardiovascular
effects related to miRNAs. They reported an increase in serum
miR-155 levels in subjects exposed to iAs compared to unexposed
groups, which aligns with similar findings reported by83. These
studies collectively provide valuable insights into the complex
relationship between iAs exposure and miRNA dysregulation,
with implications for various health outcomes and pathways of
interest.

In conclusion, epigenetics is a complex and dynamic field of
study that sheds light on how environmental factors, including
arsenic exposure, can influence gene expression and potentially
have long-lasting effects on both individuals and their descen-
dants through epigenetic mechanisms. Understanding these pro-
cesses is essential for assessing the health risks associated with
environmental toxins and developing strategies to mitigate their
impact.

Arsenic induced neurotoxicity
The brain is highly susceptible to oxidative stress-induced
damage as a result of increased oxygen consumption, lower
antioxidant defense content, and increased amounts of lipids
and fatty acids.84 It has been reported that arsenic rapidly
passes the blood-brain barrier and causes oxidative stress in
glial cells, neuronal culture, and multiple brain areas.85,86 Since

mitochondria is the major target of iAs, a persistent exposure to
it damages mitochondrial complexes like I, II, and IV of rat brain,
leading to an increase in production of ROS, protein carbonylation,
and lipid peroxidation.87 In addition, the levels of mitochondrial
transcriptional factor A (TFAM) and peroxisome proliferator-
activated gamma receptor co-activator 1-alpha (PGC-1 alpha)
decreased as a result of exposure to iAs, reduces biogenesis
of mitochondria (Fig. 5).88 iAs toxicity results in the production
of dimethylarsine (DMAH) and peroxyl radicals, which then
interfere with lipid peroxidation and cause a build-up of oxidized
substances. Moreover, the MMAIII and DMAIII metabolites are
liable to be more potent toxicants due to their potential to produce
free radicals.89

In neurons and neuroblastoma cells, iAs and its methylated
metabolites like MMAIII and DMAIII induce caspases-dependent
apoptosis, which involves extracellular signal-regulated kinase
2 (ERK2), p38 or c-jun N-terminal kinases (JNK), through the
mitogen-activated protein kinase (MAPK) signaling pathways.90

Under in vivo conditions, Ca2+ facilitates iAs-induced apoptosis
in the cerebral cortex and antagonism to neurotrophic signaling,
which is thought to be the cause of the spread of iAs-induced
death in hippocampal neurons by.91 Manthari et al.92 claim that
exposure to iAs during development inhibits the signaling path-
ways PI3K/Akt/mTOR/mechanistic target of rapamycin (mTOR)
and leads to autophagy in the mouse brain (Fig. 4). Since it has
been demonstrated that the inhibition of autophagy limits the
negative effects of iAs on glioma cell lines.39

Nevertheless, Arsenic poisoning produces thiamine (vitamin
B1) shortage, reduces pyruvate decarboxylase action, raises blood
pyruvate levels, and finally results in encephalopathy.93 Arsenic
poisoning causes DNA damage and oxidative stress in the brain,
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which results in cell death and accelerates the degradation of
dopaminergic neurons, causing clinical manifestations similar to
Parkinson’s disease.94,95

Further, arsenic also produces neurotoxicity by upsetting and
dismantling the cytoskeletal structure, ultimately leading to axon
deterioration and diminishes the nerve conduction velocity in
the peripheral nerves to cause peripheral neuropathy (Vahid-
nia et al. 2008).96 The arsenic exposure and its metabolites like
monomethylarsonic acid and monomethylarsonous acid inhibit
the NMDA receptors in the hippocampus. All of these influence
synaptic plasticity, learning, and memory, which all result in cog-
nitive dysfunction and neuro-behavioral disorders.97,98 Chronic
exposure to arsenic modifies the striatum’s axons and nerve
fibers’ morphology, which alters the architecture of the central
nervous system.99

According to,100 exposure to arsenic alters the metabolism
of many neurotransmitters, including glutamate, acetylcholine,
gamma-aminobutyric acid, monoamines, and glutamate. It has
been reported that considerable decrease in monoamines such as
adrenaline, nor-adrenaline, dopamine, and serotonin have been
shown in the corpus striatum, frontal cortex, and hippocampus
regions of the brain on prolonged arsenic exposure.101 Arsenic
induced acute poisoning reduces acetylcholinesterase activity,
resulting in a state similar to a cholinergic emergency such as
weakness and skewed thinking that can be related to peripheral
neuropathy, neuropsychiatric abnormalities, and extrapyramidal
diseases.102,103

As a result, exposure to arsenic leads to a variety of neurologi-
cal deficits, including encephalopathy, Parkinson’s disease, verbal
comprehension, Guillain-Barre-like neuropathy, memory prob-
lems, and peripheral neuropathy (Vahidnia et al. 2008).93,96,104–106

Hence, it appears that arsenic-induced oxidative stress, induc-
tion of thiamine deficiency, suppression of pyruvate decarboxy-
lase, acetylcholinesterase, decrease in biogenic monoamines, and
decline in the activities of antioxidant enzymes like superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX),
glutathione reductase (GR), glucose-6-phosphatase dehydroge-
nase (G6PDH) and glutathione-S-Transferase (GST) seems to play
a crucial role in the arsenic-induced neurotoxicity (Fig. 4).107 In
conclusion, arsenic exposure poses a significant threat to brain
health. It triggers oxidative stress, mitochondrial damage, and
disruptions in signaling pathways, leading to a range of neurologi-
cal issues, including encephalopathy, Parkinson’s-like symptoms,
memory problems, and neuropathy. Additionally, arsenic affects
neurotransmitter levels and synaptic function, contributing to
cognitive dysfunction. These neurological deficits are driven by a
complex interplay of factors, including oxidative stress, thiamine
deficiency, and enzyme disruption. Addressing and minimizing
arsenic exposure is crucial for safeguarding neurological well-
being.

Arsenic induced hepatotoxicity
Arsenic poisoning mostly affects the liver. Arsenic metabolism
in the body results in ROS generation, oxidative stress, and liver
damage. Arsenic toxicity in the liver produces increased pro-
duction of reactive oxygen species (ROS). ROS directly damages
cellular macromolecules such lipids, proteins, and DNA, which
causes cell death (apoptosis).108,109 Arsenic (III) activates caspase
cascade signaling by altering the functional proteins of mitochon-
dria such as B-cell lymphoma 2 (Bcl-2), Cytochrome c, Bcl2 asso-
ciated X apoptosis regulator (Bax), and Mitochondria Permeability
Transition (MPT) (Figs 3 and 4). Furthermore, elevated caspase
activity causes activation of stress pathways in the endoplasmic

reticulum (ER) of hepatocytes. A significant peak in the liberation
of lactate dehydrogenase (LDH) and apoptosis have been observed
during arsenic stress. Arsenic-induced stress increases various
stress markers such as nitric oxide, lipid peroxidation, ROS and
hepatic enzymes such as ALT, AST, ALP, and calcium levels inside
the cells.110 An increase in the ranks of AST mainly damages
hepatocytes by overcoming the integrity at the functional levels
of the hepatic membrane.111,112

According to a study, Arsenic induces liver toxicity by the
induction of oxidative stress in mitochondria and decreases the
biogenesis in the liver. In the liver, long—lasting arsenic expo-
sure (sodium arsenite treatment) at a concentration of 25 ppm
for 12 weeks causes a decrease in the activity of the enzyme
mitochondrial superoxide dismutase (MnSOD).113 The decrease
in MnSOD’s mRNA and protein expression was the actual target
of arsenic at transcription level, along with the rise in oxida-
tive damage at the mitochondrial level. Additionally, exposure
to arsenic results in the down-regulation of the mitochondrial
and nuclear-encoded subunits of complexes (ND1 and ND2) as
well as the COX1 and COX2 cyclooxygenase complexes.114 Arsenic
has been shown to cause chronic damage, lower blood levels
of GSH, and decrease blood-aminolaevulinic acid dehydrogenase
activity (ALAD) when given to Wistar rats for ten weeks at a dose
of 25 ppm. These changes are linked to a substantial decline
in the blood’s red blood cells (RBC), hemoglobin, hematocrit,
and SOD activity. A drop in the GSH: GSSG ratio is linked to
a significant increase in metallothionein in hepatocytes when
thiobarbituric acid reactive compounds in the liver and kidney
are increased.115 Arsenic’s interaction with a cell’s antioxidant
system lowers glutathione levels, disrupts the DNA repair mech-
anism, causes oxidative damage to cells, and ultimately leads to
cellular death.116

Arsenic exposed rats showed a number of pathological alter-
ations in their livers, including subtle inflammation, localized
illness, cell infiltration, and the growth of giant cells. According
to histopathological investigations, arsenic exposure causes a
variety of pathological changes in the liver, including the localized
necrosis and vacuolization of cytoplasm of cells.117 Accumula-
tion of neutrophils and lymphocytes leads to deterioration of
hepatic tissues and necrosis of the central vein. Also, the infu-
sion of arsenic causes necrosis, hepatic dysfunction, and alter-
ations in the bile pigment formation, which raises the level of
bilirubin.118,119. In addition, exposure to arsenic increases hepatic
injury caused by lipopolysaccharides LPS, raising the size of necro-
inflammatory foci and increases the level/activity of oxidative
stress indicators. Hence, arsenic intoxication induces oxidative
stress, inflammation, reduction in the activities of antioxidant
enzymes, elevates protein carbonyls, and lipid peroxides, decrease
glutathione level in the liver and increases hepatic damage and
leads to necrosis in hepatocytes.120 In summary, arsenic poisoning
has a profound impact on the liver. Arsenic metabolism gener-
ates reactive oxygen species (ROS), causing oxidative stress and
direct cellular damage, leading to apoptosis. It disrupts mitochon-
drial function, decreases antioxidant enzyme activity, and impairs
blood parameters. Arsenic exposure induces liver inflammation,
necrosis, and the development of giant cells, while exacerbating
hepatic injury when combined with lipopolysaccharides. This
comprehensive understanding highlights the severe and multi-
faceted liver toxicity resulting from arsenic exposure.

Arsenic induced nephrotoxicity
Several proteins, including ATP-binding cassette transporter
proteins, multidrug resistance protein 1 (MRP1/ABCC1), and the
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related protein MRP2 (ABCC2), are involved in detoxification
of arsenic by the efflux of arsenic-GSH conjugates to the bile.
Additionally, the MRP-2 transporter is found in proximal tubule
cells (PTCs), where it aids in the efflux of As from the body through
urine.121 The presence of MRP-2 transporter in the PTCs enhances
the efflux of As and leads to increased ROS generation and other
free radicals, inflammation and apoptosis (Lu et al. 2014).122

Arsenic induced toxic effect on PTC is stimulated by reduction
of the intracellular GSH stores, stimulation of the caspases-3 and
-9 signaling pathway, up-regulates the expression of interleukin-6
and interleukin-8 and initiation of the p-53 apoptotic pathways.123

Arsenic uncouples oxidative phosphorylation, reduces the
amount of sodium, phosphate, and glucose in the mitochondria, a
condition known as Fanconi syndrome (phosphaturia, glucosuria
and low-molecular-weight proteinuria).124 Arsenic prompted
albuminuria (nephrotoxicity) is related with direct podocyte
damage125 or by mechanism linked to dysfunction of endothelial
cells as revealed by As up-regulates the expression of vascular
cell adhesion molecule-1 (VCAM-1) and the Angiotensin type
I receptor.126 Since, serum urea and creatinine are the useful
clinical markers of renal injury,127 A group of researchers have
studied the effect of Arsenic on renal functioning of male rats
and it was found that the levels of both serum urea and serum
creatinine were significantly increased which clearly indicated
the renal damage.128 Additionally, administration of sodium
arsenate at lesser dosages (0.7 mg/kg) results in a modest
degradation and vacuolation of the thick ascending region of
the nephron but has no effect on the rate of glomerular filtration
or the fractional reabsorption of sodium, potassium, and chloride.
However, higher dosages (14.6 mg/kg) result in severe acute
tubular necrosis and profound glomerular sclerosis in each and
every area of the nephron.124 Previous studies reported that
arsenic administration via drinking water (22.5 mg/L) elevates
the N-acetyl-β-D-glucosaminidase (NAG) level in urine, but it
does not excrete albumin in the urine (UAlb). The urinary enzyme
N-acetyl-β-D-glucosaminidase (NAG) exists in the lysosomes
of proximal tubule epithelial cells. Increased NAG excretion
in urine is caused exclusively by proximal tubular cell injury.
Hence, in kidney accumulation of arsenic leads to the production
of reactive oxygen species (ROS), inhibition of antioxidant
enzymes such as catalase (CAT), superoxide dismutase (SOD),
glutathione reductase (GR), glutathione peroxidase (GPX) and
also decrease reduced glutathione (GSH) content, however rate
of lipid peroxidation (LPO) increases. This ROS production causes
oxidative stress induced base modification in DNA and breaks
in double stranded DNA, peroxidation of membrane lipid and
loss of membrane lipids. Increases in rate of lipid oxidation
cause degradation and inactivation of proteins.33 In addition
to this, arsenic also damages the phospholipids and damages
mitochondrial membrane by making perforations and release
of cytochrome C and finally could lead to apoptosis (Fig. 6). In
summary, arsenic exposure leads to a range of adverse outcomes,
including the induction of oxidative stress, inflammation, and
apoptosis, as well as damage to various cellular components,
such as DNA and mitochondria. The presence of specific transport
proteins, like MRP-2, plays a crucial role in arsenic detoxification
but also contributes to adverse consequences. Furthermore,
the paragraph emphasizes the various renal consequences
of arsenic exposure, from proximal tubular cell damage and
Fanconi syndrome to albuminuria and glomerular sclerosis. These
findings underscore the significant health risks associated with
arsenic exposure and the intricate mechanisms through which it
affects kidney function and overall well-being.

Arsenic exposure and diabetes mellitus
Arsenic affects the normal function of the liver, pancreatic islets,
adipose tissues, and muscle. Arsenic impairs glucose transport
and metabolism in the liver and reduces energy production
through gluconeogenesis. Arsenic increases amyloid formation,
insulin resistance, decreases insulin synthesis and secretion, and
causes -cell damage, dysfunction, and death by inducing oxidative
stress, all of which lead to Diabetes mellitus (Fig. 7).129 Insulin
resistance, which is typically associated with abnormal insulin
secretion, is the major pathophysiological event contributing to
the development of Type 2 diabetes (T2DM). Arsenic inhibits
adipogenesis and increases lipolysis in white adipose tissue
in peripheral tissues such as adipocytes and muscle cells. It
also surges insulin resistance, declines insulin sensitivity and
glucose uptake by the alteration of the expression and/or activity
of different key genes/proteins such as nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), tumor necrosis
factor-alpha (TNF)-α, interleukin (IL)-6, glucose transporter type
4 (GLUT4) and PPARγ . Arsenic also alters some important
signaling pathways including Ras–MAP Kinase–AP-1 cascade and
PI(3)K–Akt pathway.19 Enhanced oxidative stress, phosphorus
substitution, high affinity for sulfhydryl groups, and alteration of
gene/protein expression, dysregulation of microRNAs (miRNAs)
are all probable pathways for arsenic induced T2D. However,
evidence suggested that long-term arsenic exposure has been
linked to hyperglycemia, inflammation, and oxidative stress, all
of which may lead to the development of diabetes.130 In summary,
arsenic exposure has diverse and damaging effects on the body.
It disrupts detoxification mechanisms, causing ROS generation
and inflammation in kidney cells, leading to kidney issues like
Fanconi syndrome and nephrotoxicity. Arsenic also disrupts
glucose metabolism, insulin function, and energy production,
contributing to the development of Type 2 diabetes. These findings
emphasize the profound health risks associated with chronic
arsenic exposure, underscoring the importance of mitigating this
exposure to safeguard public health.

Arsenic exposure and hypertension
The most commonly proposed mechanisms of arsenic-induced
hypertension are oxidative stress and disruption of NO signaling.
It is well established that arsenic exposure creates oxidative
stress by generating excessive ROS which further disrupts
the antioxidant defense system and interacts with biological
macromolecules (i.e. lipids, proteins, and DNA) resulting in both
structural and functional alteration.19 The release of NO, which
promotes vascular relaxation by increasing guanosine 3′, 5′-
cyclic monophosphate (cGMP) levels in the smooth muscle, is
required to maintain normal blood pressure. NO formation and
bioavailability were decreased by arsenic exposure, resulting in
vasoconstriction and hypertension.131 As shown in Fig. 8, Arsenic-
induced NO signaling disruption impairs vascular muscle calcium
(Ca2+) signaling and increases blood pressure by enhancing
myosin light chain phosphorylation-mediated vasoconstriction
in blood vessels. Arsenic exposure is also involved in peripheral
vascular resistance, upregulation of inflammatory mediators;
atherosclerosis-related genes such as IL-6, TNF-α, and monocyte
chemoattractant protein-1 (MCP-1) and causes hypertension.
Arsenic also has an influential role in the RAS which plays
the most important role in blood pressure regulation. Arsenic
exposure resulted in a concentration-dependent augmentation
of the angiotensin (Ang) II-induced aortic contractile response as
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Fig. 6. In kidney accumulation of arsenic leads to the production of reactive oxygen species (ROS), inhibition of antioxidant enzymes such as CAT, SOD,
GR, GPX and also decrease & GSH content, however rate of lipid peroxidation (LPO) increases. This ROS production causes oxidative stress induced
base modification in DNA and breaks in double stranded DNA, peroxidation of membrane lipid and loss of membrane lipids.

well as a contemporaneous concentration-related rise in plasma
Ang II and angiotensin-converting enzyme (ACE) concentrations,
implying that higher Ang II levels and exacerbation of Ang II
signaling may contribute to vascular remodeling, which could
be a key molecular basis for arsenic-induced hypertension.19 In
conclusion, arsenic-induced hypertension is primarily driven by
oxidative stress and disruption of nitric oxide (NO) signaling.
Arsenic exposure leads to excess reactive oxygen species
(ROS), causing oxidative damage and interfering with NO-
mediated vascular relaxation. This results in vasoconstriction
and elevated blood pressure. Arsenic also affects inflammation,
atherosclerosis-related genes, and the renin-angiotensin system
(RAS), further contributing to hypertension. The intricate
mechanisms involved emphasize the need to address and reduce
arsenic-related health risks associated with high blood pressure.

Arsenic and skin diseases
It has been found that Six months to two years or more
of continuous arsenic exposure is the average time period
before the appearance of cutaneous manifestations. Pigmen-
tary changes are the earliest cutaneous changes of chronic
arsenic toxicity. The various patterns described are diffuse
melanosis, spotted melanosis or freckled raindrop pattern,
leukomelanosis, dyschromia, and mucosal pigmentation. The
common sites affected are the nipples, axilla, groin, palms, soles,

and pressure points, but may later extend to other parts of the
body.132

Diffuse melanosis and spotted melanosis or
raindrop pigmentation
Diffuse hyperpigmentation is usually seen in the palms and soles.
It can involve any part of the body, but is most common over the
sun protected sites. It usually appears on the chest, back of trunk,
and limbs as spotty hyperpigmentation like that of “rain drops on
a dusty road”. In a study conducted in Kolkata in 1994, raindrop
pigmentation was the most common cutaneous change seen in
71% of total 110 patients with suspected arsenicosis.132

Leukomelanosis
These are depigmented macules appearing on the normal skin or
on a hyperpigmented background and are seen in about 1/3rd of
the patients. It appears in the advanced stage of the disease or
in those who have stopped drinking arsenic-contaminated water,
but had presented with spotted melanosis in the early stages. This
was first observed by Saha et al.133 who attributed it to destruction
of melanocytes in the later stages.

Keratosis
Arsenic keratosis is a premalignant condition, which develops as
a result of chronic arsenic exposure. It is the most sensitive early
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Fig. 7. Arsenic exposure leading to increased ROS and increased oxidative stress which further surges insulin resistance, declines insulin sensitivity
and glucose uptake, alteration of the expression of (NF-kB), (IL)-6, (GLUT4) and PPARγ resulting in T2DM.

marker of arsenic toxicity. The lesions appear as multiple, firm,
punctate, symmetric corn-like papules which may coalesce to
form scaly, erythematous, hyperpigmented, or verrucous plaques.
They are commonly located on sites prone to friction or trauma
like palms and soles, but can also be present on the dorsum of
extremities (dorsal keratosis), trunk, genitalia, and eyelids.132

Cutaneous malignancies
International Agency for Research on Cancer has classified
arsenic as a Class I human carcinogen. The skin is thought
to be the most vulnerable site for arsenic-induced cancers.
They are usually multiple and can appear on both keratotic
lesions and uninvolved skin (mainly sun-protected areas). In
situ and invasive Squamous Cell Carcinoma (SCC), Basal Cell
Carcinoma (BCC), and, on rare occasions, Merkel cell carcinoma
and malignant melanoma are among the malignancies. On
average, the time elapsed between first arsenic exposure and
cutaneous malignancy is 17.8 years for Bowen’s disease and
superficial BCC and 19.7 years for invasive SCC.132 In brief, long-
term arsenic exposure leads to various skin changes, starting
with pigmentary alterations like melanosis and progressing to
leukomelanosis and premalignant arsenic keratosis. These effects
underscore the serious health risks associated with chronic
arsenic exposure, emphasizing the need for prevention and
regular monitoring in affected populations.

Arsenic exposure and reproductive
disorders
Infertility affects millions of people of reproductive age world-
wide. Exposure to toxic heavy metals is one of the potential causes

of human infertility. Oxidative stress is one of the most impor-
tant factors in infertility. According to recent research, excessive
production of reactive oxygen species (ROS) or reactive nitrogen
species (RNS) can harm the male and female reproductive sys-
tems, resulting in infertility. Several epidemiological studies have
evaluated blood levels of arsenic in infertile women; among them,
a notable investigation was conducted in China by Hsiao-Ling Lei
et al., and the results showed that blood levels of arsenic were
significantly higher in infertile women compared to pregnant
women.134 Several urinary biomarkers, including acylcarnitines,
uridine (a stimulant of energy expenditure and apoptosis), and
methyl xanthine, have been linked to arsenic-induced oxida-
tive stress and male infertility. Numerous animal and human
studies have shown that arsenic exposure causes infertility by
altering levels of follicle-stimulating hormone (FSH), luteinizing
hormone (LH), and testosterone, as well as causing damage to
the spermatogenesis and oogenesis processes. Arsenic is known
to harm the male reproductive system by causing difficulties in
egg-sperm fusion, abnormalities in sperm shape, disturbances
in sperm capacitation, impairments in the glycolysis pathway,
and disruptions in lipid and amino acid metabolism.135 In con-
clusion, Arsenic exposure is associated with infertility, primarily
due to oxidative stress and disruption of the male and female
reproductive systems. Studies have demonstrated elevated levels
of arsenic in infertile women, emphasizing its role in infertility.
Arsenic exposure leads to changes in hormone levels, damage to
spermatogenesis and oogenesis, and disruptions in various repro-
ductive processes, affecting both egg-sperm fusion and sperm
health. These findings underscore the significant impact of heavy
metal exposure on human infertility, highlighting the importance
of understanding and mitigating this health concern.
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Fig. 8. Arsenic exposure resulting in increased generation of ROS leading to oxidative stress, augmentation of the angiotensin (Ang) II- and
angiotensin-converting enzyme (ACE), NO concentrations which could be a key molecular basis for arsenic-induced hypertension.

Arsenic and carcinogenicity
It is well known that arsenic causes multiple human cancers like
liver, lung, urinary bladder, skin, kidney etc. and the carcinogenic-
ity of some most common types of cancers caused due to arsenic
exposure are briefly discussed below:

Carcinogenic effects of arsenic on lungs
Lung cancer has long been linked to chronic arsenic exposure.
There have been numerous reports of AKT and mTOR activation
in human bronchial epithelial cells following arsenic exposure.
Regardless of dosage (0–20 mM), arsenic compound type (NaAsO2,
AsCl3), or length of contact (4 h to 26 weeks), all conditions of
arsenic exposure result in increased activity of these pathways.
Arsenic-exposed cells exhibit increased proliferation, survival,
and anchorage-independent growth, in addition to activated AKT
and mTOR activity, all of which are distinct hallmarks of malig-
nant cell transformation. Thus, arsenic can probably activate the
PI3K/AKT/mTOR pathway and foment cell proliferation in normal
cells.136

Carcinogenic effects of arsenic on urinary system
The major effects of arsenic in urinary tract are kidney and
bladder cancer, the latter being the ninth most common cancer
worldwide.137 Epidemiological surveys of populations exposed
to elevated levels of inorganic arsenic in drinking water have
shown a strong and dose-response correlation with bladder

cancer.138 Despite the discovery of numerous tumor markers,
arsenic-induced bladder cancer continues to be prevalent.139 This
situation led the WHO to lower the recommended limit for the
concentration of arsenic in drinking water from 25 μg/L to 10 μg/L.
However, many developing countries continue to endorse the
earlier upper limit. The likely cause of the correlation between a
contaminated water supply and bladder cancer is quite simple:
arsenic, once consumed, is mainly excreted through urine (Palma-
Lara et al. 2019).140

Carcinogenic effects of arsenic on skin
Significant associations have been reported between dermatolog-
ical lesions and the risk of skin cancer. Tseng et al discovered a
dose-response relationship between drinking water arsenic levels
and skin cancers. Bowen’s disease, basal cell carcinoma, and
squamous cell carcinoma are the most common arsenic-induced
skin cancers. Bowen’s disease is a precancerous skin carcinoma
in situ that has been well documented as a result of arsenical
exposure. Clinically, Arsenic-induced Bowen’s Disease (BD) can be
distinguished from non-arsenical Bowen’s Disease by its occur-
rence loci on sun-protected areas of the body and its multiple and
recrudescent lesions. Abnormal cellular proliferation and dyspla-
sia are observed in the epidermal lesion of BD with significant
apoptotic and dyskeratotic keratinocytes. Most of non-arsenical
BD showed complete remission after surgical operation, however,
many of As-BD may recur after surgery. Furthermore, it has been
reported that As-BD lesion is able to transform into invasive SCC,
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BCC and combined forms of the skin cancer. Arsenic-induced
cancers of other internal organs are reported to associate with
As-BD lesions. Individuals with documented As-BD are subjected
to more aggressive screening for long-term complications, partic-
ularly the development of lung and urinary bladder cancers. Fol-
lowing suspected arsenic exposure, As-BD began within 10 years,
invasive skin cancer after 20–30 years, and pulmonary cancer
after 30 years. As a result, the pathological and clinical character-
istics of As-BD may provide evidence of arsenic-induced cellular
responses in the early stages of chemical carcinogenesis.141 In
brief, arsenic exposure is linked to various cancers, including
lung, kidney, and bladder cancers, as well as skin cancers like
Bowen’s disease. The activation of specific cellular pathways, such
as PI3K/AKT/mTOR, plays a role in lung cancer development.
Urinary system cancers are strongly associated with high arsenic
levels in drinking water. Skin lesions, like Bowen’s disease, are
early indicators, with potential to progress into invasive cancers
in other organs, highlighting the need for early recognition and
intervention.

Conclusion
The Arsenic exposure through various routes may account for
different health intimidation. Arsenic induced toxicity leads to
the generation of ROS and accelerates oxidative stress, upreg-
ulates proinflammatory cytokines and inflammatory mediators
and inactivates endothelial NOS (eNOS), Chronic arsenic exposure
causes enormous toxicological manifestations in different organs
such as liver, kidney, brain, reproductive system, cardiovascular
abnormalities, diabetes mellitus through oxidative stress, sup-
pression of pyruvate decarboxylate and acetyl cholinesterase. In
addition to this arsenic toxicity may cause cancer by increasing
oxidative stress induced DNA damage and chromosomal alter-
ations and also by hindering the signaling cascades in cells. Tar-
geting and modulation of these signaling pathways may develop a
novel pharmacological approach to suppress the arsenic exposure
related toxic manifestations. Moreover, new methods are required
to evaluate the effect of arsenic and how people can combat
with the socio-economic consequences of the diseases. Hence,
considering the global burden of arsenic toxicity more research
is required to cope with this serious public health burden.

Further recommendations
The foremost action that shall be taken to reduce the arsenic
toxicity includes decrease the chances of arsenic exposure sup-
ply of safe quality drinking water, manufacturing food stuffs.
Therefore, removal/reduction of arsenic from drinking water can
be better option to prevent the arsenic toxicity. This can be
carried out through different ways such as alternative arsenic
safe water source and treatment of arsenic contaminated water.
In addition to this various arsenic-resistance microbes (ARMs)
are able to reduce the As (III) to get rid of extreme arsenic
exposure.142 There are other chemical remediation methods such
as adsorption by specific media, immobilization, and modified
coagulation along with filtration, precipitation, immobilization,
transgenic arsenic bioremediators and complexation reactions.
Considering these facts, there is great need to identify the arsenic
effected regions, sources of arsenic, to use approaches to reduce
the arsenic induced toxic manifestation, and development of
some pharmacological remedy to combat the pathogenesis of
arsenic induced toxicity.

Hence, future studies are required to explore the molecu-
lar mechanism of arsenic ions remediation used for the other
arsenic bio-mediators, researchers can also formulate proposal
on transgenic form of the bio-mediators having higher potential,
better growth, adaptability and higher production of biomass for
increased bioaccumulation capacity. Therefore, research should
be based on the identification these mechanisms and evaluate the
genes associated with accumulation of arsenic in different organ-
isms. Some ferns can be used for the remediation of arsenic from
soil due to the potency to accumulate arsenic further, studies shall
be focused on the assessment of capacity and ability of organism
(microorganisms, plants and fungi) to remediate arsenic ions. We
hope that this review article will lead to the new pathways for the
development of therapeutic drug against Arsenic toxicity.
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