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Arsenic is a ubiquitous environmental contaminant widely distributed in the surrounding environmental

compartments. Exposure to inorganic arsenic is known to cause major neurological effects such as cytotoxicity,

chromosomal aberration, damage to cellular DNA and genotoxicity. On the other hand, long-term exposure to

arsenic may cause neurobehavioral effects in the juvenile stage, which may have detrimental effects in the later

stages of life. Thus, it is important to understand the toxicology and underlying molecular mechanism of arsenic

which will help to mitigate its detrimental effects.

arsenic  environmental toxicity  myelination  neurotoxicity

1. Introduction

Arsenic is recognized as a primary environmental pollutant that has substantial health impacts on human and other

species. It is also ranked first in the priority list of Agency for Toxic Substances and Disease Registry (ASTDR),

USA till 2020 (https://www.atsdr.cdc.gov/spl/index.html, accessed on 17 July 2021) . Arsenic is a ubiquitous

environmental contaminant widely distributed in the surrounding environment. Further spread of Arsenic is

promoted through anthropological actions including smelting, burning of fossil fuel, and use in pesticide production

responsible for its increased levels in earth, water, air, agricultural and aquatic food . Increased arsenic levels in

the environment have thus become a serious human health concern is widely distributed globally . Developing

countries such as Bangladesh, India, Mexico, and Taiwan are highly impacted by arsenic contamination in

groundwater . Epidemiological studies suggest that arsenic and its related compounds are responsible for

causing various types of cancers, coronary and neurological ailments . Arsenic toxicity is influenced by its

chemical speciation, as inorganic arsenic exhibits a higher level of toxicity compared to organo-arsenicals.

Inorganic arsenic is a potent carcinogen and causes malignancies in lungs, kidneys, skin, urinary bladder, and liver

. Chronic arsenic exposure via drinking water is one of the major factors for the greater risk of noncancerous

ailments such as pigmentation, hyperkeratosis, cardiovascular disorders, hypertension, neurological, liver and

kidney disorders, and diabetes . Increased arsenic in the environment also impacts the health of aquatic species

. Arsenic present in sediments is biologically available through diet to benthic fish . Dissolved arsenic levels in

aquatic ecosystems in many developing countries have been reported to be higher than the permissible limit (10

µg/L) set by World Health Organization (WHO). This might be responsible for the disturbed physiological functions

such as ion regulation, gene expression, enzyme and immune functions, growth and repair of tissue matrix,

reproduction, and development . Several studies in rodents, fish and invertebrates suggest that increased

arsenic accumulation may alter the normal physiological function of organisms by directly or indirectly promoting

the initiation of disease . Arsenic is a strong reducing agent and interacts with other molecules such
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as sulphur, chloride and oxygen. It’s interactions with carbon containing molecules results in the formation of

organic arsenic . In addition, binding of arsenic with certain metals and charged ions such as Ca or Mg

promotes the adsorption of As(V) in the solid particulate phases . In addition, the effects of arsenic and its critical

interactions might acknowledge new platforms of recent understanding on the diverse activities. Thus, the

complete understanding of pathological effects and molecular mechanism of arsenic are crucial to mitigate its

harmful effects on various species health.

2. Metabolic Pathway of Arsenic

Scientific studies indicate that inorganic arsenic methylation was incomplete, and urinary metabolite excretion

varied from person to person, though arsenic exposure was same in all the populations . Inorganic arsenic is

associated with toxicity and is reduced from As(V) state to As(III) by arsenate reductase enzyme. The generated

trivalent species are highly active and toxic . Arsenic is primarily metabolized and detoxified through oxidative

methylation in the liver in the presence of methyl donor S-adenosylmethionine (SAM). The co-factor used is

glutathione (GSH) with arsenic methyltrasferase resulting in the production of monomethylarsonic acid and

dimethyl arsenic acid which are finally excreted through urine (Figure 1) .

Figure 1. Metabolic

pathway of inorganic arsenic demonstrating the reduction of arsenate to arsenite with the enzyme arsenate

reductase mediated by glutathione (GSH), which further undergoes oxidative methylation through the enzyme

arsenite methyltranferase mediated by S-adenosyl methionine, with conversion to MMA and DMA. Finally, all the

metabolites are excreted through urine, among which DMA is the major metabolite (60–80%). (As- arsenic, DMA-

dimethyl arsenic acid, MMA-monomethyl arsenic acid, GSH-glutathione).
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As discussed above, the toxic potential of arsenic primarily depends on the form of arsenic in the body. Arsenic

initially absorbed through various routes enters the bloodstream and is taken up by red blood cells (RBC), white

blood cells (WBC), and other cells. Arsenate, on the other hand, is reduced to arsenite and is subsequently

methylated to monomethyl arsonate (MMA), and dimethyl arsenate (DMA) . Reduction of arsenate to arsenite is

essential before methylation and requires glutathione (GSH) and methyl group transferase S-adenosyl methionine

. It is important to note that the absorbed form of arsenic depends on the nature of arsenic because all the

absorbed arsenic is not in the pentavalent form. The main urinary metabolite found in urinary arsenic is DMA (60–

80%). Even though methylation is the most important pathway for arsenic detoxification, its effectiveness in

humans seems to decline when exposed to higher doses (Figure 1).

3. Neuronal Effects of Arsenic

Neuronal alterations due to metals/metalloids are well documented. Arsenic exposure is known to cause various

neurological disorders through diverse molecular mechanisms such as cytotoxicity, increased reactive oxygen

species (ROS), chromosomal aberrations and cellular DNA damage. These genotoxic effects are the major cause

of degenerative changes in neurological systems . Various epidemiological studies have revealed a

correlation between increased arsenic in drinking water and neurological behavioral disorders such as decreased

locomotor activity, impaired cognitive functions, and prenatal complications. Arsenic easily crosses the blood-brain

barrier and can accumulate in various parts of the brain, such as the striatum and hippocampus, which further

potentiates arsenic toxicity and tissue injury .

There is much evidence for the neurological impacts of arsenic in animal models. However, very few

epidemiological reports are available on the influence of arsenic on adult mental health and cognitive performance

. Epidemiological and toxicological studies indicate that arsenic is a developmental neurotoxicant and is

responsible for inducing intellectual and cognitive disabilities in humans . Studies conducted in Bangladesh,

India, Mexico, and Taiwan have indicated that chronic exposure to even very low levels of arsenic (<10 µg/L)

reduced IQ and memory performance in exposed children . The experimental research carried on animals has

expanded the understanding of the outcomes of new and potential neurotoxic components. Arsenic can induce

neurotoxic effects by altering the levels of neurotransmitters such as serotonin, dopamine and norepinephrine in

the brain . The detrimental effects of arsenic are largely influenced in the developmental stages. Exposure to

arsenic could perturbate neurological complications, severely affecting memory and learning, anxiety and mood

instability . Several mechanisms correlate arsenic toxicity with reduced synaptic signaling, plasticity and

neurogenesis .

The literature includes possible mechanisms involved in the impaired cognitive performance in adults with arsenic

exposure. Peripheral nerve neuropathy, altered sensory function and reduced conduction velocity were observed in

humans who were subjected to elevated levels of inorganic arsenic . Even a single dose of 50 ppb inorganic

arsenic in water in adult mice led to peripheral neuropathy, which resulted in the reduction of motor conduction

velocity and abnormalities in action potentials in sensory nerves in offspring . It has also been observed that

arsenic exposure caused loss of neurofilaments and decreased expression of fibroblast proteins in rat sciatic
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nerves . Arsenic-induced oxidative stress and demyelination, and morphological impacts on peripheral neurons

suggest that these impacts further impair the transmission of signal transduction from the peripheral nervous

system to the CNS leading to detrimental impacts on mental health .

The mechanisms linking arsenic exposure to neurodegeneration are complex, and the understanding of these

mechanisms is continuously evolving . Previous studies have suggested that arsenic might cause

neurodegeneration through various mechanisms, the most studied including oxidative stress, inflammation, and

mitochondrial dysfunction . In a case control study, increased urinary arsenic excretion in patients was

observed in correlation with enhanced risk of progression of Alzheimer’s disease (AD). AD is a progressive

neurological disorder characterized by the formation of neurofibrillary tangles and β-amyloid (Aβ) plaques .

Arsenic-induced dementia and vascular injury were also reported in in-vivo studies . Chronic exposure to

arsenic in rats caused behavioral deficits which were associated with high levels of amyloid-β, increased advanced

glycation-end products and β-secretase (BACE-1) activity in the brain . Arsenic exacerbated amyloid-β and

phosphorylated tau in transgenic AD rodent models, which were mediated through bioenergetic disfunction and

modified redox metabolism . Interestingly, arsenic reportedly induced behavioral deficits and neurodegeneration

via increased production of the Aβ , amyloid precursor protein (APP) and BACE-1 . These proamyloidogenic

effects of arsenic were synergized when coexposed with other heavy metals, and these effects were mainly

mediated by oxidative damage and neuroinflammation of brain tissues . Arsenic increases proinflammatory

cytokines levels in astrocytes, which are a subtype of glial cell in the central nervous system and mediate brain

homeostasis and neuronal metabolism. Any imbalances/insults in glial cells lead to increased levels of amyloid

precursor protein . Arsenic toxicity may also synergize with DA (dopamine) to cause neurotoxicity, and cause α-

synuclein aggregation, which is a hallmark of Parkinson’s disease .

Perinatal exposure of adult mice to 50 µg/L arsenic via drinking water was found to cause depression and

depression-like behavior in the offspring . The research also reported elevated serum corticosterone levels and

subsequent reduction of the whole hippocampal corticotrophin-releasing factor (CRFR1), increased dorsal

hippocampal serotonin 5HT  receptor binding and receptor-effector coupling. These observations imply that

perinatal exposure to arsenic may interrupt the regulatory connections between the hypothalamic-pituitary-adrenal

(HPA) axis and the serotonergic system in the dorsal hippocampus. These changes significantly induced

depressive behavior in offspring . Several rodent studies indicated that chronic exposure to low and moderate

levels of arsenic could significantly alter the levels of NE, DA, and 5-HT in the brain; such effects have often been

reported to occur in a sex-specific manner . Arsenic toxicity is

more common in males (53.7%) than females (46.3%). It also causes fatal effects on the male reproductive organs

and development . However, low levels of arsenic (~1.321 mg) affect pregnant females and their offspring. The

newborns from the arsenic exposed females showed low socio economical communications and malnutrition with

an effect on growth and development . Collectively, this evidence suggests that pregnant women are at a higher

risk to arsenic.

To date, the neurobehavioral implications of chronic arsenic exposure have not been investigated fully in any

species. Dipp et al. , chronically exposed different life stages of zebrafish (larval, juvenile and adult) to
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waterborne arsenic (50–500 µg/L) and subsequently examined motor function, social and cognitive behaviors, and

anxiety-like behaviors. They reported altered motor function in embryos and adults at 500 µg/L arsenic exposure,

and an increase in anxiety behavior in juveniles and adults at the same exposure. Associative learning behaviors

were also impacted at 500 µg/L exposure, but only in adults . The major potential mechanism of arsenic

neurotoxicity could be oxidative stress. When adult zebrafish were chronically exposed to arsenic trioxide (50 µg/L

for 90 D), upregulation of catalase (Cat), glutathione peroxidase (Gpx1), copper/zinc superoxide dismutase

(SOD1), and manganese superoxide dismutase (SOD2) were recorded in the brain. In addition, mitochondrial

cytochrome c oxidase1 (Cox1) and B-cell lymphoma 2 (Bcl2) were also upregulated, indicating the initiation of

apoptosis in brain cells . Even low levels of arsenic at 10 µg/L could cause long-term memory loss in zebrafish

when tested with a one-trial inhibitory avoidance test. This is a behavioral task aimed at evaluating learning and

memory mechanisms currently available to zebrafish, and is associated with increased protein oxidation in the

brain .

3.1. Neurotransmitter Mediated Impacts of Arsenic

There are several neurotransmitters responsible for the communication between cells within the brain. Arsenic has

neurotoxic effects on these neurotransmitters and inducible effects on dopamine (DA) and serotonin (5-HT) levels

due to regulation of norepinephrine (NE) levels . Arsenic also alters the levels of GABA, glutamate and other

biogenic amine levels, as well as biogenic amines (5-HT, NE and DA) and nitric oxide . Nagaraja et al. 

reported that inorganic arsenic consumption decreased acetylcholinesterase activity, which helps in metabolism of

acetylcholine in rodents . Poor outcomes in learning and memory could be mechanistically linked with altered

levels of neurotransmitter release . Other research groups have identified that the neurotoxic effects of arsenic

are mediated via reduced glutamate levels and mGluR5 expression in the hippocampus . In addition, exposure

to arsenic in rats reduced the activity of acetylcholinesterase (ACHE) in the central compartments of the brain .

Similarly, other studies evaluated the reduced expression of homovanillic acid (HVA) and 3,4-

dihydroxyphenylacetic acid (DOPAC) in mice treated with arsenic .

Another potential mechanism of arsenic-induced neurobehavioral alterations could be mediated by the

transcriptional regulation of ectonucleotidases. The uncoupling of oxidative phosphorylation is linked with the

formation of arsenate and ADP complexes . Mitochondrial formation of ATP from ADP and PO4 provide cells

with energy. The formation of ADP + arsenic can occur faster than ATP formation, thereby decoupling ATP

production. Significant decrease in the mRNA expression of NTPDase members (entpd2_mg, entpd2_mq) and

Ecto-5′-nucleotidase, eventually results in a reduction of ATP/ADP and AMP hydrolysis . Arsenic-mediated

alterations in the activities and mRNA levels of ectonucleotidases might be responsible for decreased adenosine

levels, which could alter movement and anxiety reactions in zebrafish . Arsenic could also act on the cholinergic

system by interacting with thiol (-SH) groups involved in the uptake of choline and disulfide group of

acetylcholinesterase . Moreover, rodents exposed to arsenic showed a decrease in glutamic acid

decarboxylase (GAD) expression in some areas of the brain, while glutamate (Glu) levels were increased.

Increased glutamate can be excitotoxic and cause neuronal death. As-mediated disruption of cholinergic,

GABAergic, and glutamatergic systems can lead to alteration in memory consolidation and retrieval . These
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mechanisms could also lead to neuronal loss in the neurotransmission pathways, and thereby cause cognitive

deficits.

3.2. Neurodevelopmental Defects and the Effects of Aging

It has been shown that chronic exposure to arsenic may cause detrimental neurobehavioral effects in the juvenile

stage. Thus, consumption of arsenic unknowingly in childhood may have detrimental effects in later stages of life

. Neuropathy and peripheral neuropathy are common complications seen with arsenic toxicity. Neuropathy is a

condition in which sensory function is impacted upon chronic exposure to toxicants or metabolic disorders . A

study in Mexico observed that urinary arsenic concentration was conversely correlated with oral IQ (verbal

intellectual ability) and memory. Long term memory, attention, and capability to understand speech may be

influenced by chronic exposure to arsenic in individuals with chronic malnutrition. Further, IQ of children can be

decreased with increased arsenic exposure . Additionally, by evaluating the impacts of arsenic at various life

stages, studies found that early life stage exposure could lead to health impacts in adults. Clinical observations are

not very well understood and poor diagnosis may lead to later complications, although as per current literature,

impacts on adult life stages are much more studied than early life or prenatal exposure impacts .

3.3. Neurobehavioral Effects of Aging in Animal Models

Spatial learning ability of arsenic-exposed rats revealed impairment of spatial memory as concluded by inferior

performance on hidden platform acquisition tests . Another study of prenatal arsenic exposure before 4 months

of age showed that the arsenic-exposed rats had increased errors in sensory information, and arsenic-exposed

offspring had deficits in spatial working memory and reactivity to novelty . A dose-dependent decline in body

weight and brain weight were the result of arsenic exposure in young animals . Another study reported that the

levels of dopamine and serotonin in the brain increased with a decrease in norepinephrine following exposure to

arsenic .

3.4. Neurobehavioral Effects of Aging in Humans

In infants, calamitous consequences have been associated with acute as well as chronic exposure. The outcomes

of toxicity in children have been explained in a meta-analysis report. The meta-analysis performed in China

showed that the mean IQ score of infants exposed to arsenic was six points less than that of unexposed infants

. The research also reported that the impact of arsenic toxicity depended on acute and chronic exposures.

Moreover, upon aging the effects were largely mediated via chronic exposure. This suggests that low levels of

arsenic in the early developmental stages, if neglected, might lead to severe complications with increasing of age

. Another clinical study on females aged 6 months demonstrated strong effects of arsenic on the

neurodevelopment . Further, emerging studies have shown that children up to 5 years of age are more prone to

intellectual deficits due to arsenic exposure . Neurobehavioral effects were also observed on chronic

arsenic exposure in adolescents . Adults who were exposed in early stages to arsenic performed poorer in

neurobehavioral subsets indicating that infantile exposure to arsenic may affect behavioral development in the later

stages of life. Studies with the geriatric population showed that a low level of arsenic exposure is linked with
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weaker cognition, decline in visuospatial skills, decline in language skills and information processing speed,

impairment in the ability to execute tasks, and diminished short term memory . Children exposed to arsenic

through drinking water were found to have poor performance in information processing speed, although their verbal

skills were not affected much . Studies suggest that arsenic exposure through drinking water was associated

with decreased IQ scores in youngsters aged between 6–10 years .
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