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A B S T R A C T   

Arsenic is a trace element and a metalloid which is prominently known as an environmental hazard. At present, 
rising health apprehensions are linked to emanating from a wide array of industrial, chemical, residential, 
agricultural, and technological sources, leading to extensive pollution of water, soil, and air ecosystems including 
flora, fauna and humans. It poses significant harm to biological organisms upon acute and chronic exposure. In 
this review, we delve into the reported experimental data that elaborates on arsenic as a toxicant, with particular 
emphasis on its occurrence, metabolism and diverse molecular mechanisms involved. It also includes the major 
molecular mechanisms leading to systemic toxicity with special emphasis on shedding light on the intricate ways 
it disrupts the nervous system.   

1. Introduction 

The term metalloids specify elements with atomic number >20 or 
atomic mass >23 (Ali and Khan, 2018) and having considerably higher 
density (>5 g/cm3, specific gravity: >5) as compared to water (density: 
1 g/cm3, specific gravity: 1) (Ali et al., 2019). These represent the group 
of elements with properties between metals and non-metals. They have 
an ionization potential of about 200 kcal/mol and an electronegativity 
value of 2.0 (Marzo and Mendola, 2021). Certain elements such as 
Arsenic, Mercury, Lead, Chromium, Cadmium and Vanadium are 
included in environmental and health studies because of their harmful 
and ecological effects (Engwa et al., 2019). These are found in trace 
concentrations (i.e., <10 ppm) in the environment, therefore, termed as 
trace elements as well (Arora and Chauhan, 2021). Currently, there have 
been increasing health concerns associated with environmental metal 
contaminations (Shi and Cai, 2020) and their bioaccumulation in food 
chains (Shafiuddin Ahmed et al., 2019). Extensive release from various 
industrial, chemical, domestic, agricultural and technological sources 
contaminates the water, soil and air environment (Masindi and Muedi, 

2018). Anthropogenic activities like metal processing in refineries, coal 
burning in power plants, petroleum combustion, wood preservation, 
nuclear power stations, high tension lines, plastics, textiles, microelec
tronics and paper processing plants along with the natural phenomenon 
of weathering and volcanic eruptions significantly contribute to metal 
pollution (He et al., 2005; Nriagu, 1989). These have direct and severe 
health consequences, which include carcinogenic effects like squamous 
cell carcinoma, lung cancer, bladder cancer whereasa non-carcinogenic 
include hyperpigmentation, keratosis, cardiovascular and neurological 
disorders, diabetes and respiratory issues (Yusuf et al., 2022; Yusuf et al., 
2023). Fig. 1 represents the commonly found toxic metals/metalloids 
and their potential sources, mainly focusing on arsenic as an environ
mental hazard and its associated health effects. 

Epidemiological studies in these countries have shown the negative 
health impact of arsenic exposure which can vary depending on the level 
and duration of exposure. Approximately 6 million people are affected 
by arsenic toxicity in India. It is also majorly present in West Bengal and 
Bangladesh (>50 ppb) in drinking water (Andrewes et al., 2003). 
Chronic exposure to low levels of arsenic in drinking water can lead to 
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skin lesions, including hyperpigmentation, hyperkeratosis, and the 
development of small warts or nodules. Even low-level exposure to 
inorganic arsenic has been associated with an increased risk of several 
cancers, including skin, lung, bladder, and kidney cancers. Emerging 
research suggests that chronic exposure to low levels of arsenic may 
contribute to cardiovascular disease, including hypertension and 
atherosclerosis (Kaur, 2023; Hughes et al., 2011; Drobna et al., 2009). 
High-level arsenic exposure, typically resulting from accidental inges
tion or occupational exposure, can lead to acute arsenic poisoning. 
Symptoms include severe abdominal pain, vomiting, diarrhea, cardio
vascular complications, and, in severe cases, death. Chronic exposure to 
high levels of arsenic can result in neurological symptoms, including 
peripheral neuropathy, cognitive impairment, and developmental de
lays in children (Fatema et al., 2021; Escudero-Lourdes, 2016). Prompt 
medical intervention is essential in cases of acute arsenic poisoning. 
Treatment often involves supportive care, such as intravenous fluids to 
prevent dehydration and administration of chelating agents to remove 
arsenic from the body. Long-term monitoring and medical care are 
necessary to manage and treat conditions such as skin lesions, respira
tory problems, and cancer that may have developed as a result of past 
exposure (Lakkis et al., 2023). Post-mortem examinations of individuals 
exposed to high levels of arsenic often reveal characteristic findings. 
Skin lesions are prominent features in some cases. While in cases of 
chronic exposure, it can accumulate in various tissues, including the 
liver, kidney, and lung, leading to organ damage. Arsenic exposure has 
been associated with an increased risk of certain cancers, and exami
nations may reveal cancerous growths in affected organs. In present 
review, following keywords were used in a literature search on the 
PubMed database to find full-text articles published: "Metalloids AND 
environmental toxicity" [All fields], "arsenic exposure AND toxicological 
effects" [All fields], "arsenic AND neurological dysfunctions" [All fields], 
"arsenic AND toxicity mechanisms” [All fields]" with a number of 4438, 
28, 8, 338 articles respectively for data collection. Publications within 
the last ten year and some old important articles which were relevant to 

the goals of the current review were selected. Reviews, conference ab
stracts, letters to the editors and articles published in languages other 
than English were excluded. 

2. Arsenic and its bioavailability 

2.1. Distribution, forms and toxicity 

Arsenic is widely distributed throughout the environment. Contam
inated groundwater is the principal route of exposure, followed by the 
smelting of metals, combustion of fossil fuels, manufacture of herbicides 
and fungicides and their subsequent use in agriculture (Vahidnia et al., 
2007). It has a high specific gravity (5.73) and is toxic to both plants and 
animals even at a low level of exposure (Fatema et al., 2021). It exists in 
3 forms organic (oAs), inorganic (iAs) and arsine gas. iAs has further five 
oxidative states: 3-, 1-, 0, 3 + , 5 + (Ng, 2005) and shows around 60–87 
% bioavailability in humans (Mochizuki, 2019). Several arsenicals have 
been reported in the form of arsenite (arsenous acid), iAsIII; arsenate 
(arsenic acid), iAsV; (mono) methylarsonous acid, MAsIII; (mono) 
methylarsonic acid, MAsV; dimethylarsinous acid DMAsIII; dimethy
larsinic acid, DMAsV; trimethylarsine oxide, TMAO (Rahaman et al., 
2021; Balali-Mood et al., 2021). Its toxicity depends on its nature 
(inorganic or organic), valence state, solubility, physical state, and pu
rity of the form in which it exists. iAs is considered more toxic than oAs 
where the former’s trivalent form (3+; arsenite) has a slower excretion 
rate as compared to the pentavalent (5+; arsenate) and organic form 
(Renu et al., 2020). 

2.2. Metabolism, transportation and accumulation 

Its metabolism depends on several factors: the form of arsenic 
entering the system, the species (plant or animal), availability of 
glutathione or other antioxidant systems, the types of cells being 
exposed to it in the organism and other biomolecules containing thiol 

Fig. 1. Commonly observed toxic metals as environmental hazard, their potential sources with special emphasis on the effects of arsenic exposure on the human body 
(Fu and Xi, 2020; Tchounwou et al., 2012). 
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group (Dilda and Hogg, 2007; Zhu et al., 2002). Predominantly, arsenic 
breakdown occurs in the liver (Marafante et al., 1985) where it is 
methylated in the presence of a methyl donor S-adenosyl methionine 
and glutathione, a co-factor with arsenic methyltransferase to pertinent 
monomethylated and simultaneously dimethylated and its metabolites 
finally being excreted through the urine (Saint-Jacques et al., 2014). 
Some studies have also demonstrated that other tissues are also capable 
of its methylation in the cytosol of testes, kidneys and lungs (Aposhian, 
1997; Healy et al., 1998). As(OH)3 is usually transported in cells through 
transporters, like aquaglyceroporins (AQP9 in the brain, liver and 
bladder, kidney, testes and adipose tissue) or membrane hexose per
meases. iAsV, however, is transported in the cells via phosphate trans
porters and is concentrated to iAsIII, which is then conjugated with 
glutathione (Watanabe and Hirano, 2013). It is methylated by As(III) 
methyltransferase (AsIIIMT), making the monomethylated (MMAIIIorV) 
and dimethylated (DMAIII/V) conjugated metabolites and removed 
from the system through urine and feces through 
multidrug-resistance-related proteins I and II (Leslie et al., 2004). 
AS3MT encodes an enzyme responsible for the methylation of inorganic 
arsenic (iAs) to its less toxic metabolites, monomethylarsonic acid 
(MMA) and dimethylarsinic acid (DMA). This methylation process is a 
crucial step in arsenic metabolism and detoxification (Andrew et al., 
2006). Some genetic variants in AS3MT have been associated with dif
ferential arsenic methylation patterns and susceptibility to 
arsenic-related health effects (Hagenbuch and Dawson, 2004). In
dividuals with genetic variants that result in reduced AS3MT activity 
may be less efficient in detoxifying arsenic, potentially increasing their 
susceptibility to arsenic-related health problems. Studying AS3MT ge
netics and its role in arsenic metabolism can help identify individuals at 
higher risk of adverse effects from arsenic exposure (Thomas et al., 
2007). Additionally, the exposure of As leads to the accumulation of 
MMAV (acute exposure), and DMAV (chronic exposure) in different 
tissues as depicted in Fig. 2. 

3. Delving into the molecular mechanisms of arsenic systemic/ 
neuro-toxicity 

Arsenic is known for its carcinogenic, neurotoxic, mutagenic prop
erties, oxidative stressor, endocrine system disruption and inflammatory 
action. The source, species, and concentration of arsenic affect the limit 

of toxicity (Aljerf et al., 2021). Dosage, duration of exposure, cell/tissue 
type, and metabolism are additional important factors. Once in the 
body, arsenic can interfere with cellular processes by disrupting the 
function of proteins, enzymes, and DNA (Tam, 2020). This leads to 
oxidative stress and cellular damage, ultimately resulting in cellular 
death. In humans, biomarkers of its exposure mainly include serum lipid 
peroxides or changes in DNA methylation (Inesta-Vaquera et al., 2021; 
Cui et al., 2006). Arsenic exposure is a serious health concern as it can 
lead to the manifestation of cancer. This is because it stimulates path
ways that help in the proliferation and neoplastic transformation of cells 
while inhibiting apoptotic pathways that prevent carcinogenesis (Medda 
et al., 2021). In individuals living in arsenic-contaminated areas, over
expression of a mitotic kinase called Aurora A can result in abnormality 
of chromosomes in lymphocyte and epithelial cells. Aurora A is involved 
in meiosis, mitosis, and cell proliferation, and its enhanced level can lead 
to the formation of tumors, metastasis, and cellular invasion (Barch
owsky et al., 1996; Trouba et al., 2000; Sen, 2002). 

Reactive oxygen species (ROS) are formed as a byproduct of different 
metabolic pathways, and can help maintain homeostasis by partici
pating in different cellular signaling. However, higher levels of ROS 
induced by arsenic can cause oxidative damage to proteins, lipids, DNA, 
and other cellular components. Arsenic administration can initiate a 
wide range of ROS generation in different cells, and the possible 
mechanisms include oxidation of arsenite to arsenate, alteration of 
antioxidant enzymes, NADH oxidase activation, and reducing the 
mitochondrial membrane potential by cytochrome-c release. Recent 
studies have demonstrated that the addition of catalase or superoxide 
dismutase (SOD) can reduce arsenic-induced mutagenic effects in cells 
(Barchowsky et al., 1996; Nesnow et al., 2002; Zhou et al., 2003; Del 
Razo et al., 2001; Sajed Ali et al., 2016; Medda et al., 2020; Lee et al., 
2013). Oxidative stress is one of the main arsenic poisoning mechanisms 
while others are increased ROS generation, modifications to signaling 
pathways like extracellular signal-regulated kinase (Li et al., 2018), 
mitogen-activated protein kinase signaling pathway (Jou et al., 2019) 
and nuclear factor erythroid-related factor 2-antioxidant response 
element signaling pathway (Hu et al., 2018). Arsenic alters the 
composition and efficiency of proteins, especially SH-proteins (Prakash 
et al., 2016; Prakash et al., 2022) as well as a breakdown of the anti
oxidant defense system (Rehman et al., 2019) and promotes the 
destruction of crucial cellular macromolecules (Rehman et al., 2019; 

Fig. 2. A Schematic diagram of arsenic metabolism in body (Zhang et al., 2020).  
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Susan et al., 2019). Targeted disruption or knockout studies involving 
genes related to arsenic metabolism and detoxification, such as RadS1 
(also known as Rad51), provides valuable insights into how the gene 
function and its potential roles in arsenic toxicity and susceptibility. 
While Rad51 disruption primarily focuses on DNA repair mechanisms, it 
indirectly relates to arsenic toxicity because arsenic exposure can lead to 
DNA damage and genomic instability, potentially exacerbating the ef
fects of Rad51 deficiency (Hughes, 2002). The summary of different 
reported studies of arsenic concentrations with the exposure time, 
involvement of metabolites/genes/enzymes/proteins and mode of ac
tion with the outcome in a biological model systems is presented in  
Table 1. 

Arsenic toxicity is amplified by free radical formation, glutathione- 
depleting agents, and oxidant-induced DNA damage. Its exposure re
sults in an increased formation of ROS/RNS, including peroxyl radicals 
(ROO•), the superoxide radical, singlet oxygen, hydroxyl radical (OH•) 
via the Fenton reaction, hydrogen peroxide, the dimethyl arsenic 
radical, the dimethyl arsenic peroxyl radical, and/or oxidant-induced 
DNA damage. It also induces the formation of oxidized lipids, which 
generate several bioactive molecules, of which aldehydes [malondial
dehyde (MDA) and 4-hydroxy-nonenal (HNE)] are the major end 
products (Jomova et al., 2011). Plants exposed to arsenic show 

morpho-physiological, growth, and developmental disorders, resulting 
in loss of productivity. At a physiological level, As-induced altered 
biochemistry in chloroplast, mitochondria, peroxisome, endoplasmic 
reticulum, cell wall, and plasma membrane causes the overgeneration of 
reactive oxygen species (ROS), which damage cells by disintegrating the 
structure of lipids, proteins, and DNA. Plants having an enhanced anti
oxidant defense system show greater tolerance to As toxicity. Therefore, 
plants’ tolerance to ROS-induced oxidative stress is a vital strategy for 
enhancing As tolerance in plants. Several genotoxic and non-genotoxic 
mechanisms of arsenic-induced cancer have been proposed at cellular 
and molecular levels. Oxidative stress induction via reactive oxygen 
species (ROS) generation, indirect DNA damage due to ROS, epigenetic 
modifications, and activation of stress and other signaling pathways are 
some of the proposed mechanisms of arsenic-induced cancers. Inorganic 
trivalent arsenic is one of the main inducers of ROS in cells. Arsenic 
metabolism produces different types of ROS like hydroxyl radical, 
hydrogen peroxide, and superoxide anion radical. Cells convert arsenite 
to arsenate via oxidation generating two electrons, which are important 
for hydrogen peroxide production. The hydrogen peroxide further 
generates hydroxyl radical, a highly active radical by Fenton reaction. 
The metal has also been found to generate reactive nitrogen species 
(RNS), and nitric oxide (NO) in arsenic-treated BAEC, and CHO-K1 cells 

Table 1 
Important molecular mechanism and adverse effects of arsenic toxicity in animal model.  

Molecular mechanism Concentration and 
type of arsenic 

Exposure 
time 

Animal 
model 

Metabolite/ 
gene/protein/ 
enzymes 

Adverse outcomes Reference 

Oxidative stress 25 ppm sodium 
arsenite 

12 weeks Male rats MnSOD The protein and mRNA which is an 
expression of MnSOD declined due to an 
elevation in oxidative damage 

(Prakash and Kumar, 
2016) 

25 ppm sodium 
arsenite 

10 weeks Male rats GSH, SOD, GSH 
GSSG ratio 

Considerable reduction of SOD, reduced 
GSH: GSSG ratio, elevation in hepatic 
levels of thiobarbituric acid reactive 
substances 

(Bhadauria and Flora, 
2007) 

Signaling pathway involved in 
As-induced apoptosis 

7.5 mg/kg arsenic 
trioxide 

62 days Male rats AKT Reduction of AKT protein expression (Mann et al., 2008) 

2 mg/kg sodium 
arsenite 

6 months Male rats PKC and JNK Phosphorylation of PKC suggests the 
involvement of PKC in As-induced JNK 
activation 

(Das et al., 2010) 

0.01, 0.05, and 
0.1 mg/L sodium 
arsenite 

30 days Male 
mice 

p53 Activation of p53 leads to oxidative DNA 
damage to liver cells and elevates the p53 
gene expression targets such as Bax and 
miR-34a 

(Mukherjee and 
Mukhopadhyay, 
2009) 

Inhibition of spermatogenesis 
via increased oxidative stress 
and decreased antioxidants 

20 and 40 mg/L 
sodium arsenite 

5 weeks Male 
mice 

NA Decreased sperm count in 3β-HSD, 17β- 
HSD, epididymis and weight of testes 
through oxidative stress with reduced 
glutathione 

(Chang et al., 2003) 

1, 5, and 25 mg/L 
sodium arsenite 

6 months Male rats GPx4 Defect in spermatogenesis (Muthumani and 
Prabu, 2012) 

100 ppm sodium 
arsenite 

30 days Male rats NA Increased lipid peroxidation and 
decreased antioxidant enzymes 

(Firkin and Iland, 
2013) 

Downregulating Ddx3y protein 1, 2, and 4 mg/L 
arsenic trioxide 

6 days Male 
mice 

Ddx3y Reduced testes and epididymis mass, 
reduced motility and number of sperms, 
malformation ratio of sperm; defective 
spermatogenesis 

(Li et al., 2012) 

Repression of transcriptional 
activity of androgen receptor 

0.2 μM sodium 
arsenite 

48 h Male 
mice 

NA Complete blockage of androgen-mediated 
AR transcriptional activity 

(Rosenblatt and 
Burnstein, 2009) 

Activation of heat shock 
proteins 

7.5, 15 and 30 mg/ 
kg arsenic trioxide 

30, 60 and 
90 days 

Chickens NA Increased Hsp27, Hsp40, Hsp60, Hsp70 
and Hsp90 which may have a protective 
role in inflammation 

(Sun et al., 2017) 

50 mg/kg arsenic 
trioxide 

4, 8 and 12 
weeks 

Chickens NA Increased Hsp70 and Hsp90 (Shao et al., 2018) 

Effect on the mitochondrial 
functions 

5 mg/kg sodium 
arsenite 

21 days Male rats NA Decreased mitochondria potential, 
mitochondrial inflammation and 
inhibition of respiratory chain complex I 
leading to oxidative stress 

(Bodaghi-Namileh 
et al., 2018) 

Apoptosis 6.3, 10.5 mg/ kg 
sodium arsenite 

24 h Male rats Caspases Formation of DNA ladder and caspases 
activation 

(Bashir et al., 2006) 

Abbreviations: MnSOD= Mitochondrial Superoxide dismutase, SOD= superoxide dismutase, AKT/PKB= protein kinase B, PKC= Protein kinase C, JNK= c-Jun N- 
terminal kinase, HSD-hydroxysteroid dehydrogenase, GPX4 = Glutathione peroxidase 4, Nrf2 = Nuclear erythroid factor 2, AR= Androgen receptor, SAFB1 = S
caffold attachment factor B1, Hsp= Heat shock protein. 
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(Gutiérrez et al., 2022). It triggers the NADPH oxidase complex, which 
generates superoxide anion radicals. Additionally, it is known to disrupt 
mitochondrial membrane integrity, releasing ROS into the cytosol. This 
excess of ROS overwhelms the body’s natural antioxidant defense sys
tem, leading to oxidative stress in cells. The resulting free radicals can 
cause damage to DNA, RNA, lipids, and proteins, leading to genetic 
mutations. Arsenic exposure also activates ER stress-UPR and auto
phagy, causing mitochondrial dysfunction, which influences 
arsenic-induced cancers and the generation/maintenance of CSCs (Shi 
et al., 2004; Li and Chen, 2016; Maiti, 2015; Wadgaonkar and Chen, 
2021). 

Neurological studies indicate that the central (CNS) and peripheral 
nervous system (PNS) may be affected by arsenic exposure. Various 
reported studies have demonstrated the effect of its exposure leading to 
neurological disorders, cognitive and developmental toxicity in which 
increased anxiety, decreased spatial learning, increased density of py
ramidal and granule cells and dendritic length, effect on memory and 
learning and epigenetic changes have been observed (Mohammed Abdul 
et al., 2015; Bock et al., 2015; Maekawa et al., 2013). It further reduces 
the neurofilament protein(s) expression and prompts the disruption of 
the cytoskeletal framework which causes the axonal degeneration of 
peripheral nerves. Various studies in patients with arsenic-associated 
neuropathy have displayed a decreased velocity in nerve conduction 
in the peripheral nerves, which is a common sign of axonal degenera
tion. It considerably reduces the serum acetylcholinesterase activity in a 
dose-dependent manner. Other studies showed oxidative stress with 
increased generation of ROS, lipid peroxides, and decreased concen
tration of superoxide dismutase and glutathione levels in the brain 
leading to DNA damage following brain cell death (Sánchez-Peña et al., 
2010; Hughes et al., 2008; Dixit et al., 2020). Its exposure lead to 
impaired behavioral flexibility and reduced neurite lengths inside the 
pre-limbic cortex (Aung et al., 2016). Gestational exposure of arsenic to 
mice (hippocampus and striatum) also led to impaired gene expression 
of AMPA (GluR2 and GluR3) and NMDA (NR1, NR2A, NR2B) receptor as 
well as mGluR2 subunits, demonstrating reduced signal transduction in 
neurons (Wang et al., 2020). It has also been observed that decreased 
PSD (postsynaptic density) thickness and reduced expression of protein 
PSD-95 led to considerable impairments in memory and learning 
behavior (Zhao et al., 2017; Dhas et al., 2021). Further it leads to various 
neurologic disorders including Alzheimer’s disease (Tolins et al., 2014; 
Niño et al., 2019) Parkinson’s disease (Cholanians et al., 2016) and 
amyotrophic lateral sclerosis (Patti et al., 2020). 

Another important reported mechanisms includes the depletion of 
methyl groups which affects epigenetic profiles, the inhibition of thiol- 
comprising proteins and enzymes, the uncoupling of oxidative phos
phorylation and increased production of reactive oxygen species, 
reduced DNA repair inducing genotoxicity and altered signal trans
duction and cell proliferation (Chin-Chan et al., 2015; Rachman, 2018). 
Metabolites exert their toxic effects by inactivating various enzymes 
such as carboxylases, dehydrogenases, lipoxygenases, oxidoreductases, 
kinases, lyases DNA ligase, and helicase involved in the cellular energy 
pathway as well as DNA synthesis and repair (Ratnaike, 2003). Re
searchers suggest that arsenic’s integrative mode of action could be an 
increase in gene expression indicative of oxidative stress, a decrease in 
transcript levels of DNA repair enzymes, and an increase in cell prolif
eration gene expression. They found that arsenic concomitantly modu
lates gene expression associated with increased proliferation, decreased 
DNA repair, and increased oxidative stress in non-transformed NHEK 
(Hamadeh, 2002). A study hypothesized that alteration of DNA 
methylation is involved in arsenic-induced carcinogenesis. This mech
anism was considered because arsenic’s biotransformation pathway 
overlaps with the DNA methylation pathway, in which donation of 
methyl groups produces 5-methylcytosine in DNA. The extent of 
methylation of cytosine, often in long stretches of cytosine-rich se
quences known as CpG islands, controls the regulation of expression of 
many genes, especially in the promoter regions (Chanda et al., 2006). 

Inhibition of DNA repair processes is considered one of the main 
mechanisms of iAs genotoxicity. Nucleotide Excision Repair (NER) and 
Base Excision Repair (BER) are the processes implicated in the repair of 
DNA base damage induced by ROS after arsenic exposure. The NER 
mechanism is the major pathway for repairing bulky distortions in DNA 
double helix, while the BER mechanism is mainly implicated in the 
repair of single-strand breaks induced by ROS (Lai et al., 2011). Several 
studies with cultured human fibroblasts showed reduced DNA repair 
capacity after arsenic exposure (Faita et al., 2013). 

According to another study, it is known to decrease the activities of 
mitochondrial complexes I, II, III and IV in the rat brain and increase the 
reactive oxygen species (ROS) levels (Chandravanshi et al., 2014). The 
ROS accumulation is accountable for the damage of the lipid bilayer 
leading to mitochondrial swelling and changes to membrane potential 
(Srivastava et al., 2014). iAs induce alterations in the proteins of the 
sciatic nerve such as a decrease in NF-L (neurofilament light) expression 
(Bashir et al., 2006; Mohammed Abdul et al., 2015). Experiments in 
Wistar rats have shown that exposure to As reduces the neurofilament 
protein(s) expression and prompts the disruption of the cytoskeletal 
framework which causes the axonal degeneration of peripheral nerves 
(Vahidnia et al., 2008). Various studies in patients with As-induced 
neuropathy have displayed a decreased velocity in nerve conduction 
in the peripheral nerves, which is a common sign of axonal degeneration 
(Jomova et al., 2011). The declined activity of acetylcholinesterase 
induced the cholinergic crisis, which could be linked to damage to the 
central nervous system or peripheral neuropathy. Moreover, studies 
performed in hippocampal and subventricular progenitor/stem cells of 
humans have shown biphasic reactions of adult neurogenesis to cortisol; 
particularly the enhanced concentration of cortisol that impedes the 
differentiation and proliferation mediated by the glucocorticoid recep
tor. The inorganic and organic form of As at environmentally relevant 
concentrations shows effects such as reduced cell viability and apoptosis 
(Watcharasit et al., 2007; Garkal and Avachat, 2022; Chivate et al., 
2021). The summary of studies demonstrating arsenic-induced neuro
toxicity in biological models as depicted in Table 2. 

Various experimental models have been developed to understand 
how arsenic exposure causes these different outcomes. However, con
verting the laboratory studies of arsenic toxicology to human health is 
challenging due to inaccurate dose conversion between in vitro, murine, 
and human exposures, and species-specific metabolic differences. Dis
eases associated with the lower exposures include coronary artery and 
ischemic heart disease, carotid atherosclerosis, microcirculatory defects, 
and prolonged QT intervals. Arsenic may increase associated vascular 
disease risk factors, such as systolic hypertension and diabetes. 
Increased systolic hypertension is consistent with the direct stimulatory 
effects of arsenic on vascular smooth muscle and decreased vaso
relaxation. Nutritional, metabolic, and genetic susceptibilities to car
diovascular pathologies caused by arsenic implicate enhanced oxidant 
signalling as a primary mode of action. This appears as endothelial cell 
dysfunction and metabolic dysregulation from the loss of nitric oxide or 
gain of oxidant signalling (States et al., 2011; C.T.- Atherosclerosis, 
undefined, 2008; Engel and Smith, 1994). 

4. Concluding remark and future perspective 

Effects related to metalloid exposure are detrimental and therefore 
considered a major environmental hazard and health concern around 
the globe. Arsenic among them escalates the susceptibility to develop 
neurodegenerative disorders. The experimental studies raises the view 
of various molecular mechanisms involved in metal toxicity. Overall, the 
review highlights the potential toxicity of arsenic, its relevance to 
neurodegenerative diseases and developmental disorders. It is important 
to understand the underlying mechanisms extensively related to arsenic 
toxicity and to develop strategies for its environmental mitigation and 
prevention. 
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Razo, L.M., Gonsebatt, M.E., 2010. Arsenic species, AS3MT amount, and AS3MT gen 
expression in different brain regions of mouse exposed to arsenite. Environ. Res 110, 
428–434. https://doi.org/10.1016/j.envres.2010.01.007. 

Sen, S., 2002. Amplification/overexpression of a mitotic kinase gene in human bladder 
cancer. Cancer Knowl. Environ. 94, 1320–1329. https://doi.org/10.1093/jnci/ 
94.17.1320. 

Senuma, M., Mori, C., Ogawa, T., Kuwagata, M., 2014. Prenatal sodium arsenite affects 
early development of serotonergic neurons in the fetal rat brain. Int. J. Dev. 
Neurosci. 38, 204–212. https://doi.org/10.1016/j.ijdevneu.2014.09.005. 

Shafiuddin Ahmed, A.S., Sultana, S., Habib, A., Ullah, H., Musa, N., Mahfujur 
Rahman, M., Shafiqul Islam Sarker, M., 2019. Bioaccumulation of heavy metals in 
commercially important fish species from the tropical river estuary suggests higher 
potential child health risk than adults. BioRxiv 1–21. https://doi.org/10.1101/ 
681478. 

Shao, Y., Zhao, H., Wang, Y., Liu, J., Li, J., Chai, H., Xing, M., 2018. Arsenic and/or 
copper caused inflammatory response via activation of inducible nitric oxide 
synthase pathway and triggered heat shock protein responses in testis tissues of 
chicken. Environ. Sci. Pollut. Res. 25, 7719–7729. https://doi.org/10.1007/s11356- 
017-1042-7. 

Shi, H., Shi, X., Liu, K.J., 2004. Oxidative mechanism of arsenic toxicity and 
carcinogenesis. Mol. Cell Biochem 255, 67–78. https://doi.org/10.1023/B: 
MCBI.0000007262.26044.E8. 

Shi, J., Cai, Y., 2020. Environmental chemistry and toxicology of heavy metals. 
Ecotoxicol. Environ. Saf. 202, 110926 https://doi.org/10.1016/j. 
ecoenv.2020.110926. 

Srivastava, P., Yadav, R.S., Chandravanshi, L.P., Shukla, R.K., Dhuriya, Y.K., Chauhan, L. 
K.S., Dwivedi, H.N., Pant, A.B., Khanna, V.K., 2014. Unraveling the mechanism of 
neuroprotection of curcumin in arsenic induced cholinergic dysfunctions in rats. 
Toxicol. Appl. Pharm. 279, 428–440. https://doi.org/10.1016/j.taap.2014.06.006. 

States, J.C., Barchowsky, A., Cartwright, I.L., Reichard, J.F., Futscher, B.W., Lantz, R.C., 
2011. Arsenic toxicology: translating between experimental models and human 
pathology. Environ. Health Perspect. 119, 1356. https://doi.org/10.1289/ 
EHP.1103441. 

Sun, X., Li, S., He, Y., Zhao, H., Wang, Y., Zeng, X., Xing, M., 2017. Arsenic-induced 
testicular toxicity in Gallus gallus: Expressions of inflammatory cytokines and heat 
shock proteins. Poult. Sci. 96, 3399–3406. https://doi.org/10.3382/ps/pex073. 

Sung, K., Kim, M., Kim, H., Hwang, G.W., Kim, K., 2019. Perinatal exposure to arsenic in 
drinking water alters glutamatergic neurotransmission in the striatum of C57BL/6 
mice. Biol. Trace Elem. Res. 187, 224–229. https://doi.org/10.1007/s12011-018- 
1374-2. 

Susan, A., Rajendran, K., Sathyasivam, K., Krishnan, U.M., 2019. An overview of plant- 
based interventions to ameliorate arsenic toxicity. Biomed. Pharmacother. 109, 
838–852. https://doi.org/10.1016/j.biopha.2018.10.099. 

Tam, L.M., 2020. Repair. Chem. Res. Toxicol. 33, 709–726. https://doi.org/10.1021/acs. 
chemrestox.9b00464.Molecular. 

Tchounwou, P.B., Yedjou, C.G., Patlolla, A.K., Sutton, D.J., 2012. Heavy Met. Toxic. 
Environ. https://doi.org/10.1007/978-3-7643-8340-4. 

Thomas, D.J., Li, J., Waters, S.B., Xing, W., Adair, B.M., Drobna, Z., Devesa, V., 
Styblo, M., 2007. Arsenic (+3 oxidation state) methyltransferase and the 
methylation of arsenicals. Exp. Biol. Med. 232, 3–13. 

Tolins, M., Ruchirawat, M., Landrigan, P., 2014. The developmental neurotoxicity of 
arsenic: Cognitive and behavioral consequences of early life exposure. Ann. Glob. 
Health 80, 303–314. https://doi.org/10.1016/j.aogh.2014.09.005. 

Trouba, K.J., Wauson, E.M., Vorce, R.L., 2000. Sodium arsenite-induced dysregulation of 
proteins involved in proliferative signaling. Toxicol. Appl. Pharm. 164, 161–170. 
https://doi.org/10.1006/taap.1999.8873. 

Tyler, C.R., Labrecque, M.T., Solomon, E.R., Guo, X., Allan, A.M., 2017. Prenatal arsenic 
exposure alters REST/NRSF and microRNA regulators of embryonic neural stem cell 
fate in a sex-dependent manner. Neurotoxicol. Teratol. 59, 1–15. https://doi.org/ 
10.1016/j.ntt.2016.10.004. 

Vahidnia, A., Van Der Voet, G.B., Wolff, F.A.De, 2007. Arsenic neurotoxicity - a review. 
Hum. Exp. Toxicol. 26, 823–832. https://doi.org/10.1177/0960327107084539. 

Vahidnia, A., Romijn, F., van der Voet, G.B., de Wolff, F.A., 2008. Arsenic-induced 
neurotoxicity in relation to toxicokinetics: effects on sciatic nerve proteins. Chem. 
Biol. Inter. 176, 188–195. https://doi.org/10.1016/j.cbi.2008.07.001. 

Valles, S., Hernández-Sánchez, J., Dipp, V.R., Huerta-González, D., Olivares-Bañuelos, T. 
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