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Abstract Heavy metals are available abundantly in nature, especially in the soil,
mines, drinking water, some in vapor form in the air, and also constitute the Earth’s
crust. These are widely used in pesticides, herbicides, paints, gasoline, etc., and
their main route of exposure encompasses anthropogenic sources. Among several
heavy metals, lead, cadmium, mercury, and arsenic cover the most part. One of the
most important contributing factors are industrial pollutants that have an important
role in contaminating the plant and marine life, which indirectly affect the human
health. The brain is the functional unit of body which is sensitive to such heavy met-
als, and suffers a lot through their contamination in comparison to the other parts of
the body. If the exposure of heavy metals becomes prolonged, they will have delete-
rious effects on the nervous system. Heavy metals toxicity is responsible for many
neurodegenerative diseases particularly Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis, multiple sclerosis, and attention-deficit hypertensive
disorders. There are number of epidemiological, experimental, in vivo and in vitro
data which represent the significant association or correlation between the exposure
of heavy metals and neurotoxicity. The probable reason behind this correlation is
mostly due to oxidative stress, the participation of certain proteins/enzymes as well
as an interruption in the normal secretion of neurotransmitters on account of heavy
metal exposure. The resultant effects and intensity of diseases can be prevented by
taking the adequate preventive measures with possible therapeutic interventions.
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Introduction

Heavy metals can be termed as the metals that weigh more than 5 g cm™3, such as
arsenic, cadmium (Cd), lead (Pb), and mercury (Hg). Almost there exist 40 elements
that are included in the category of heavy metals out of which the abovementioned
heavy metals play an important contribution in the toxicity and neurological disor-
ders. Naturally, they are found in the Earth’s crust in the form of dispersed rocks and
ores. The anthropogenic contribution of heavy metals in the biosphere has been
associated with industrialization and urbanization; due to this fact, they are widely
available in the soil and aquatic environment. These metals become the cause of
adverse reactions occurring in plants, animals, and human and affect the entire eco-
system [1]. In human, they are inhaled, ingested, and got in contact with skin, result-
ing in the inhibition of growth during the developmental stage, mental retardation,
death of either particular cells of organism or whole of it, abnormalities in the
immune system, endocrine system, and overall metabolism.

There are two ways of destructing metabolic functions; firstly, in the brain, heart,
liver, kidneys, and some other parts, the heavy metals get accumulated and affect the
proper functioning of them. Secondly, the displacement of necessary minerals from
their origin, with heavy metals, occurs, which ultimately disrupts the biological
functioning [2]. Therefore, considering these types of abnormal alterations in the
body of human, there should be some safety standard levels of interactions with
heavy metals for the protection of health and those interactions must be within the
safest limits [3].

This chapter mainly focuses on the effects of Pb, Cd, Hg, and arsenic on neuro-
logical health and their underlying mechanisms. These metals when present in the
body in excess amount cause toxicity in the form that they disrupt the mitochondrial
function and disable the activity of enzymes. Most importantly, they induce the
oxidative stress and increase the production of reactive oxygen species (ROS).
Many epidemiological and clinical studies have been conducted that show the cor-
relation between the exposure of heavy metals and neurological disorders, such as
Alzheimer’s disease, autism spectrum disorders (ASD), amyotrophic lateral sclero-
sis (ALS), Gulf War syndrome, Guillain—Barré disease, Huntington’s disease, mul-
tiple sclerosis, Parkinson’s disease, and Wilson’s disease [4]. For instance,
considering the exposure of Hg, it is involved in the lipid peroxidation and becomes
the source of cell damage that is a similar process incriminated in case of Parkinson’s
disease pathogenesis [5]. This chapter also explains the ways of prevention as well
as the protection against the exposure of heavy metals and possible therapeutic
interventions being applied to relieve the symptoms of neurological disorders.
There are also certain antidotes that are used in case of life-threatening exposure.
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Sources of Exposure to Toxic Metals

Lead

Lead (Pb) is one of the highly toxic metals that has a bright silvery, moderately blu-
ish appearance. Industrial processes, food, drinking water, and smoking are the
main sources of exposure to it. The other origins include gasoline and house paints
that emerge from storage batteries, toys, lead bullets, faucets, etc. The particles of
soil, sediment, and sewage sludge get strongly bind to Pb in the environment.
Human beings are exposed to Pb through vehicle exhaust, industrial fumes, and
contaminated food and water. Fixation of Pb to the soil particles and flow into the
water generally cause the exposure to human beings. The occupational exposure of
Pb gives rise to many neurological and non-neurological signs and symptoms such
as headaches, encephalopathy, loss of memory, hallucination, dullness, irritability,
poor attention span anemia, nausea, muscular tremor, and saturnism. The cross-
sectional (descriptive and analytical) survey conducted on 40 female solderers who
were working in 2 electrical parts manufacturing factories in Neyshabur city in
2017-2018. Their blood test showed increased Pb concentration, as they were
highly exposed to Pb during work [6]. Another cross-sectional study held in Duhok
City, Kurdistan Region, Iraq, found that the main exposure of Pb was occupational
that the workers were being employed as gasoline power generators, traffic police-
men, and working in petrol filling stations and batteries repairing workshops [7]. A
survey-based study was performed among Australian workers to estimate the preva-
lence of work-related exposure of organic and inorganic Pb compounds. The con-
clusion described that this occupational exposure could be the leading cause of
life-threatening diseases [8]. In an experimental study, the influence of occupational
exposure of Pb was evaluated on hematological indices among petrol station atten-
dants and automobile mechanics in Nnewi, South-East Nigeria. The results indi-
cated that Pb exposure leads to the adverse effects on the hematopoietic system; as
a fact, they were highly exposed to Pb and alcohol was exacerbating the hepatotoxic
signs and symptoms due to this Pb subjection [9]. The possible sources of Pb pollu-
tion in the environment have been shown in Fig. 4.1.

Cadmium

The seventh most toxic heavy metal is Cd that is the by-product of zinc production,
through which human can get exposed. It was first used during the World War I, in
place of tin and as a pigment in paint industries. It is relatively water-soluble than
other heavy metals; so, the accumulation occurs in the soil and ultimately in fruits
and vegetables. Nowadays, it is being used in rechargeable batteries, alloys, and
also in tobacco smoke. There are several epidemiological studies including cohort
and cross-sectional studies that bring attention to nonoccupational and occupational
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Fig. 4.1 Schematic representation of possible sources of the exposure of lead

exposure of Cd. Human beings are exposed to Cd by inhaling and ingesting it, via
tobacco smoke and agriculture crops. After inhalation, Cd enters into the brain via
olfactory bulb and even it enters into the brain via cerebrospinal fluid (CSF) barrier
[10]. The sources of exposure of Cd in an adult urban population in southern Brazil
and its level in the blood were investigated. It was concluded that levels of Cd in the
blood were associated with smoking and alcohol drinking; these parameters were
the main causative factors to the increased concentration of Cd in the blood [11]. A
study carried out among Canadian adults aged from 20 to 79 years showed that
smoking has a major contribution to Cd exposure; while, the diet has not contrib-
uted a lot [12]. Another study describes that occupational exposure of Cd could be
associated with neurological signs and symptoms of myalgic encephalomyelitis/
chronic fatigue syndrome [13]. These are the neurological diseases characterized by
widespread inflammation and multisystemic neuropathology [14]. The occupational
exposure of Cd encompasses those people working as technicians in jewelry indus-
tries. Such industries usually make jewelry that is not of pure precious metals rather
it contains some heavy metals like Cd, to make them cheaper. The occupational
exposure of a few heavy metals was studied, among the workers in jewelry manu-
facturing. The results manifested that workers were significantly exposed to Cd as
it was released during the jewelry processing, as compared to the control group. The
mean concentration of Cd in their urine samples was 12.65 (+ SD 11.12) pg/L and
among the controls it was 4.66 = 2.27 pg/L [15].
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Mercury

Mercury (Hg) is found naturally, possessing shiny silver-white liquid appearance
without any odor and exists in three forms, i.e., as a metallic element, inorganic
salts, and organic compound. Such forms have different bioavailability and toxicity.
Hg is transformed into methylmercury and dimethylmercury either biologically or
chemically, where methylmercury is bioaccumulative and causes toxicity. It is
inhaled and ingested by human through the vapors of Hg in elemental form and food
containing methylmercury, respectively. Anthropogenic activities of human in agri-
culture, mining, municipal wastewater discharges, incineration, and discharges of
industrial wastewater are the main sources of exposure on humans. The most direct
exposure to human involved is through amalgams which are used as a tooth filler to
prevent it from decaying. A study was conducted to assess the levels of aluminum,
Pb, and Hg in the hair of 100 autistic Egyptian children; their ages ranged from 2.5
to 15 years so that the environmental and genetic risk factors associated with them
could be estimated. The result of this study exhibited the significant levels of alumi-
num, Pb, and Hg in the hair of autistic children than patients which were kept as
controls. There was a positive correlation between the maternal fish consumptions
and level of Hg metal and in this study; it was also found that the level of Hg in
children with ASD was increased as the usage of maternal dental amalgam increased,
albeit not significantly increased, in terms of stats [16]. A 2014 meta-analysis of the
evidence of the impact of prenatal and early infancy Hg exposures on autism risk
found a significant correlation between the increased exposures of environmental
Hg and an increased risk in ASD [17].

Arsenic

Arsenic is found in organic and inorganic form. Fertilizers, phosphates, paints,
dyes, semiconductors, drugs are the sources of exposure. The encounter with human
may occur by drinking water, contaminated with arsenical compounds; present in
pesticides, disposals, and natural mineral deposits/ores. This type of exposure is
particularly more associated with toxicity caused by arsenic compounds which is
usually termed as arsenicosis [18]. The occupational exposure of arsenic encom-
passes the herbicides and pesticide production, mining, smelting, manufacturing of
glass, semiconductors, and some professions like carpentry that incriminate the
removal or exposure to structures/materials treated with arsenate wood preserva-
tives [19]. According to US Agency for Toxic Substances and Disease Registry
publication, inhalation and the dermal layer is contemplated as a minor way of
exposure in the general population, but a major way of exposure of arsenic is the
occupational worker [20]. Arsenic exposure through water and consumption of rice
was investigated in epidemiological studies that manifested the association with this
type of exposure and increased urine concentration of arsenic in 229 pregnant



74 Q. Rehman et al.

women [21]. There are many metal mines that contain arsenic in South Korea.
These mines contribute to the contamination of the environment [22]. Thus, the
accumulation of arsenic during the childhood in the body could lead to the neurobe-
havioral abnormalities during puberty [23]. The association of exposure of arsenic
with neuronal development and behavioral disorder was found through meta-
analysis, which showed that arsenic exposure affected memory, verbal, and perfor-
mance domains in children, although to a lesser extent [24].

Mechanism of Induction of Neurotoxicity

The general mechanism of heavy metal-induced neurotoxicity is almost the same.
Nearly, all heavy metals particularly Pb, Cd, mercury, and arsenic induce the cel-
lular damage by the production of free radicals or ROS like O,", OH, NO*, RO", and
ONOOr, H,0,. This production is accelerated when the availability of antioxidants
is reduced or the overall balance of activity of antioxidant enzymes (SOD, GSH,
GST, catalase) is disturbed as shown in Fig. 4.2. Few of them also produce reactive
nitrogen species (RNS). In addition to this, the release of synaptic neurotransmitters
is also drastically affected, resulting in neurotoxicity mainly, impairment in the
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Fig. 4.2 General mechanism of oxidative stress induced by the exposure of heavy metals
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body balance, tremors, hearing and vision problems, loss in memory, low IQ level,
learning disabilities, and several others.

Lead-Induced Neurotoxicity

There are some mechanisms involved through which Pb induces the neurotoxicity,
and Fig. 4.3 shows the possible mechanisms involved in the induction of neurotox-
icity that can be associated with the morphological and pharmacological effects.
Some in vitro studies reveal that Pb can inhibit the Na*/K*-ATPase in the cell
membrane and activate the protein tyrosine kinase in the capillary, which hinders
the energy metabolism [25]. Two mechanisms are associated with the production of
ROS by which deterioration in living systems occurred. The first one is the direct
generation of free radicals like O, and H,O, due to the overload of heavy metals.
The second one is the indirect mechanism that is executed by the depletion of anti-
oxidants and inhibition of enzymes. The enzymes with antioxidant activity that Pb
inhibits are delta-aminolevulinic acid dehydratase (ALAD) and glutathione reduc-
tase (GSR). The inhibition of ALAD and GSR causes the imbalance, and the resul-
tant effect will be oxidative damage to DNA and lipids. The inhibition of ALAD
gives rise to the circulating ALA, which is also termed as a weak gamma-
aminobutyric acid (GABA) agonist, this causes in the reduction of releasing of
GABA through presynaptic inhibition leading to the onset of excitatory activity as
seen in some neurodegenerative diseases. Pb not only participates in the production
of ROS but also in the production of RNS, which has a detrimental effect on vascu-
lar endothelial [3, 26]. A meta-analysis following epidemiological studies illus-
trated that occupational exposure of Pb attributes in endangering the development

Lead causes the destruction of neuronal migration and differentiation

It leads to a reduction in sialic acid which interferes with synapse
Mechanisms Involved in

Morphological Effects fenman

Lead can be the reason of premature differentiation of glial cells during
the development stage

Lead substitutes essential minerals in the body

It activates those processes that are dependent on calmodulin

Mechanisms Involved in
Pharmacological Effects

It inhibits NMDA ion channels causing alterations in neurotransmitter
release such as GABA, dopamine, ACh and decreases the destroy the
function carried by these neurotransmitters

Fig. 4.3 Possible mechanisms involved in the morphological and pharmacological effects of lead.
NMDA N-methyl-p-aspartic acid, GABA gamma-aminobutyric acid, ACh acetylcholine, calmodu-
lin calcium-binding messenger protein
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of motor neuron disease, amyotrophic lateral sclerosis. Pb affects the normal func-
tioning of the body and causes high blood pressure, renal system damage, reduced
fertility, anorexia, damage to neurons, chronic nephropathy, hyperactivity, insom-
nia, and learning deficits, and it is also a risk factor for Alzheimer’s disease [27].
Multiple sclerosis, an inflammatory demyelinating disease in which the protective
myelin sheath covering the nerve fibers gets degenerated, in consequence of immune
system attack either by environmental or pathological cause. The study conducted
in Taiwan detailed the association between the concentrations of heavy metals and
multiple sclerosis incidence, using spatial regression. This epidemiological study
ended up by finding that soil containing Pb had a positive relation with multiple
sclerosis incidence in Taiwan. Among the affected people, the ratio of males was
higher as compared to the females.

Cadmium-Induced Neurotoxicity

Some evidences illustrate morphological changes and biochemical changes due to
Cd toxicity, and it might be the contributing factor in neurodegenerative diseases,
mainly Alzheimer’s disease and Parkinson’s disease. Figure 4.4 displays the general
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Fig. 4.4 Mechanism of action of cadmium in disruption of synaptic transmission. The blockage
of Ca** channels leads to decrease in synaptic vesicle proton gradient and exocytotic release of
glutamate. The binding of Cd to thiol groups of Glu transporters induces reduction in synaptic
vesicles proton gradient and also decreases in transporter-mediated Glu uptake. These alterations
ultimately cause synaptic impairment
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mechanism of action of Cd that disrupts the synaptic transmission. The neurons in
the cerebral cortex are considered to be the targets that are involved in Cd-induced
toxicity and apoptosis as well. The biochemical changes mediated by Cd are associ-
ated with an imbalance between the excitatory and inhibitory neurotransmitters and
levels of antioxidants in the brain. Studies have shown that the release of acetylcho-
line is inhibited by the interference in the metabolism of calcium, whereas the sen-
sibility of serotonin increases on account of raised levels of Cd [28].

In animal studies, increase in exposure to Cd causes a significant increase in Cd
concentration in the brain that ultimately results in the biochemical changes which
are related to the changes in the synthesis and release of neurotransmitters, distur-
bances in memory/behavior also the alteration in the function of receptors and ion
channels occurs [29]. These neuronal and CNS disturbances happen because of the
morphological damage in choroid plexus (a plexus of cells responsible for the pro-
duction of cerebrospinal fluid), induced by a high concentration of Cd. The mecha-
nism behind the biochemical changes related to Cd exposure entails the interference
in the cholinergic system. Acetylcholine being a vital neurotransmitter in this sys-
tem controls various cognitive functions, the levels of acetylcholine are maintained
by the balance of enzymatic activities of acetylcholinesterase (AChE) and butyryl-
cholinesterase (BuChE). Cd hinders this balance of synaptic neurotransmitters.
Experimental studies detected the alterations in AChE and Na*/K*-ATPase enzymes
in the cerebellum, cerebral cortex, hypothalamus, and hippocampus of adult Wistar
rats that were exposed with Cd for several days [28]. Cd induces the neurotoxicity
by altering the permeability of BBB, resulting in amyloid-p (AP) aggregation; a
protein linked with Alzheimer’s disease and by the production of tau neurofibrillary
tangles. Several human aging studies are associating Alzheimer’s disease with Cd
exposure, as it is thought that Cd impairs the cognitive function [10]. In vitro study
was conducted to analyze the neurotoxic effect of cadmium selenide (CdSe) and its
potential uptake in neural cell lines by using PC-12 cells of rats, and the results
showed that neurodegeneration occurs at higher level of CdSe exposure [30].

Amyotrophic lateral sclerosis (ALS) is a disease in which the motor neurons are
affected that cause the disablement of movement and control of muscles. It involves
the gene mutation such as superoxide dismutase 1 (SOD1) [31]. Cd, through the
induction of metallothionein (MT) expression, alters SOD1 which might influence
the zinc (Zn) homeostasis. The activity of SOD1 enzyme could be decreased as the
availability of Zn decreased because there might be a binding between the Zn and
increased levels of MT. Contradictorily, the overload of Cd and deficiency of Zn
may hinder the functions of SOD1 by the impedance of the secondary structure
which induces misfolding and part aggregation of SODI1. This could ultimately
bring about the risk of developing ALS [32]. Cd has the capacity of interaction with
micronutrients such as Zn, copper, iron, and calcium. It replaces the Zn at MTs and
replaces iron and calcium from prosthetic groups. These replacements contribute to
alter the enzymatic reactions, by depleting the thiol groups present in enzymes and
antioxidants. There are some physiological functions of micronutrients such as
copper or Zn while Cd has no any participation in physiological functions rather it
leads to the cellular damage [33].



78 Q. Rehman et al.
Mercury-Induced Neurotoxicity

As aforementioned, Hg exists in three forms that are inorganic (divalent and mon-
ovalent cationic forms; Hg* and Hg"), organic methylmercury (MeHg), and ele-
mental Hg vapor. These different forms induce the toxicity, distribution, and
metabolism of Hg. Majorly, studies explained the neurotoxic effects of MeHg, an
organic form of mercury, as this form has a relatively greater ability to enter into the
CNS. The resultant effects are the hearing and speech impairment, visual distur-
bance, paresthesia, cerebellar ataxia, and psychiatric effects [34]. The elemental
form of Hg oxidizes into an inorganic form of Hg and gets excreted through urine
while the former is well distributed in the kidney and also has the capacity to accu-
mulate in the brain [35]. The distribution of MeHg to the different regions of the
brain takes place by crossing the BBB. Previous studies illustrated that the BBB is
relatively more sensitive to the organic Hg rather than inorganic form, but the inor-
ganic Hg has a direct toxic effect on BBB [36]. It is suspected that neutral amino
acid carrier systems are responsible for the transportation of MeHg—cysteine com-
plexes. In the brain, demethylation of MeHg appears to occur and the resultant
inorganic form has long half-life in the thalamus and pituitary. A family of cysteine-
sufficient protein, i.e., MT, has high affinity towards metals, so these proteins bind
within organic form of Hg or its demethylated form [37].

One study described the effect of Hg on human neuronal-glial (HNG) cells, by
the utilization of pro-inflammatory transcription factor NF-kB (p50/p65) complex
as an indicator for the onset of inflammatory neurodegeneration. The results showed
that mercuric sulfate significantly induced the NF-kB (p65) activator complex in
HNG cells. Such activation depicts that there is a possibility of the onset of
Alzheimer’s disease by heavy metals like Hg. Along with this, the mechanism
involved in the production of ROS is also suspected to be activated [38]. Hg is an
etiological factor for Alzheimer’s disease because of the involvement of neurofibril-
lary tangles consisting of hyperphosphorylated tau protein, as this phosphorylation
is induced by mercury; also Hg stimulates the secretion of Ap protein. These func-
tional and structural changes are the major attributes in Alzheimer’s disease.
Furthermore, the disturbances in neurotransmitters seen in Alzheimer’s disease are
the same as seen in Hg-induced Alzheimer’s disease, particularly the reduction of
acetylcholine, inhibition of serotonin binding with its receptors, and glutamate
uptake [39]. Experimental studies have revealed that at sub-cytotoxic concentra-
tions of Hg, there is no direct breakdown of DNA strands, but ROS like H,O, caused
the breakage of DNA strands. Astrocytes and microglia are affected due to the Hg
exposure. Both of these cells are responsible to protect the brain activity [40].

Figure 4.5 represents the neurotoxicity induced by MeHg mediated by ROS. In
step 1, MeHg inhibits the astrocytic glutamate (GLU) uptake, which results in an
increased level of GLU. In step 2, release of GLU from presynaptic is stimulated. In
step 3, the uptake of vesicular GLU also inhibits. In step 4, N-methyl D-aspartate
(NMDA)-type GLU receptors are hyperactivated due to increased extracellular
GLU levels, also the influx of calcium into neurons is raised. In step 5, the raised
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Fig. 4.5 Role of methyl mercury in the alteration of synaptic signaling and production of ROS
[42]

intracellular level of calcium causes the mitochondrial collapse. In step 6, neuronal
nitric oxide synthase (nNOS) is activated. In step 7, due to nNOS activation, nitric
oxide (NO) formation is increased. MeHg affects the mitochondrial electron trans-
fer chain (mainly at the level of complexes II-III). In step 8, the formation of H,O,
and superoxide anions (O,™) is increased. H,O, can produce hydroxyl radical anion
("OH) through Fenton’s reaction. In step 9, MeHg-induced H,O, levels can be a
consequence of a reduction in glutathione peroxidase (GPx) activity. Lastly, the
glutathione (GSH) is depleted [41, 42]. MeHg is also known to induce neurotoxicity
by depositing in astrocytes and microglia, where it generates ROS. The rapid
increase in ROS reduces the GSH which is supposed to detoxify the MeHg at an
earlier stage [43].Epidemiological studies explain the correlation between the brain
biomarkers with Hg levels in children with autism spectrum disorder (ASD), and
the increase in blood mercury levels is shown to associate with the worsening of
symptoms of ASD [44].

Arsenic-Induced Neurotoxicity

The two forms of organic and inorganic arsenic metabolites exist in trivalent or
pentavalent oxidation states. These different states have various biological effects.
The metabolic pathway of arsenic is shown in the Fig. 4.6. The primary pathways of



80

oH
O As —— OH
o

Arsenate
As (V)

oH

O = A$ = CH,

Q. Rehman et al.

CHy

Off=——As —— CH,

.
= reduced Aarsi ; .
H R]l:tl1c1]|im|r Methylarsinous acid Dimethylarsinous acid
v ' reduced MMA (M) methylation DMA (1IT)
i oxidation
methylation glula[h]oue‘ “.‘ L
o + . ..
on oxidation on “.‘ 'Y i - n:dur:cn?
isshunsssnnnn » l glutathione
OH—— A3 =——0OH OH——As —— CH, on As CH,
- conjugation )
Arsenite reduction ] reduction "
As () e - xidation o
oxidation Methylarsonic acid o o

MMA (V) Dimethylarsinic acid

DMA (V)

inorganic OTRANIC

Fig. 4.6 Metabolic pathway of arsenic. (Adopted from [45])

arsenic metabolism are oxidative methylation and GSH conjugation. Inorganic arse-
nic (V) is reduced to arsenic (III), which is important for methylation in mammals.
Inorganic arsenic (III) is methylated to methylarsonic acid (MMA) and dimethylar-
sinic acid (DMA) by alternating the reduction of pentavalent arsenic to trivalent
arsenic [45] as shown in Fig. 4.6.

Arsenic can cross BBB, which comprises three cellular components that are
endothelial cells, astrocytes, and pericytes (PCs). The diffusion of gases, water, and
nonpolar molecules occurs via the diffusion barrier or tight junctions (TJs) that are
present between the endothelial cells. The destruction in this barrier due to increased
arsenic exposure could lead to the development of neurodegenerative disease [46].
In controlled experimental study in Swiss albino mice, there was a significant reduc-
tion in GSH level in the brain of arsenic-treated mice. This explains that arsenic also
causes a reduction in antioxidative enzymes, due to oxidative stress. It was found
that neurobehavioral changes along with the reduction in cholinesterase enzymes
also occurred [47]. Another study described that postnatal low concentration of
arsenic exposure in rats induces autism-like behavior which includes problems
linked with learning abilities and social skills. Moreover, abnormal frontal cortex
neurogenesis was seen and this effect was produced by arsenic exposure [48]. The
possibility of this unusual neurological behavior could be because of increased oxi-
dative stress and decreased ATP production with the disturbances and mutations in
structural and functional maturity of nerve cells, owing arsenic exposure [49]. There
are high levels of inorganic arsenic in drinking water due to industrial pollution, the
major source of exposure to arsenic. For the investigation of inorganic arsenic-
induced apoptosis in the cerebral cortex and in vivo analysis was carried out in
mice. There were some underlying mechanisms connected to this apoptosis.
Figure 4.7 indicates the reduced GSH levels in cerebral cortex in inorganic arsenic-
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Fig. 4.7 Effect of different doses of arsenic exposure on glutathione (GSH) level in cerebral cor-
tex in inorganic arsenic-exposed mice. (Adopted from [50] after some modifications)

exposed mice. These mice were exposed to 0, 0.5, and 5 ppm inorganic arsenic via
the drinking water for almost 6 consecutive weeks in the presence or absence of
N-acetylcysteine (150 mg/kg/day). This apoptotic effect could be the cause of
Alzheimer’s disease [50].

In Japan, people who had survived with the probable exposure of arsenic, neuro-
logical and electrophysiological sign and symptoms showed that these residential
people complained about the hearing problem. On examination, it was discovered
that sensory dysfunction worsened gradually [51]. Figure 4.8 shows the pathways
by which arsenic induces neurotoxicity. The first pathway illustrates that exposure
of arsenic accelerates the activity of ROS and lipid peroxidase enzymes but
decreases the activity of SOD, this gives rise in oxidative stress. The second one
explains the apoptosis in cerebral neurons by the upregulation and activation of p38
MAPK, JUNK3. The third pathway depicts the effect of arsenic exposure which
contributes to the destabilization and disruption of the cytoskeletal framework by
the alteration of protein composition or protein hyperphosphorylation [52].

The mechanism in Fig. 4.9 shows how neurodegenerative prototypic proteinopa-
thy diseases like Alzheimer’s disease are occurred due to the involvement of inor-
ganic arsenic exposure. The in vivo study using transgenic animals described that
the presence of amyloid plaques and neurofibrillary tangles containing hyperphos-
phorylated tau protein along with oxidative stress can be the contributing factors in
the development of Alzheimer’s disease [53].
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Preventive Interventions

The overall preventive measures for heavy metals include cessation of smoking,
more intake of iron-containing diet and filtered drinking water, maintenance of ade-
quate occupational hygiene, and avoid further exposure if once affected. Some spe-
cific preventive and therapeutic interventions have been discussed ahead.
Environmental poisoning of Pb cannot always be handled by the chelation using
dimercaptopropane sulfonate (DMPS), dimercaptosuccinic acid (DMSA), dimer-
caprol (British Anti-Lewisite, BAL), and CaNa,EDTA, as there are the chances of
redistribution of Pb even after the chelation therapy. So, the levels of Pb in the blood
must be monitored and screened at appropriate intervals to avoid and prevent the
neurotoxic effects in case of presence of toxic level of Pb in the blood. Most impor-
tantly, Pb exposure can be reduced and prevented through the awareness of its pos-
sible hazards [54]. Likewise, in Pb chelators, clinical studies have shown that usage
of EDTA, DMPS, DMSA, and British Anti-Lewisite (BAL) could help out in
Cd-induced toxicity. Selenium (Se) is thought to act as a protective agent in
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Fig. 4.9 Schematic representation of mechanism of arsenic-induced neurodegeneration. (Adopted
from [53] after some modifications)

Hg-induced neurotoxicity. Experimental studies indicate the association between
Hg and Se, generally in nervous tissue and particularly in the whole brain [55]. The
in vivo study indicated the shielding effect of Vitamin C in metal-induced toxicity
[56]. In rodent studies, loss of neurogenesis in adults can be reduced by almost
complete eradication of exposure to arsenic in water or drinking water containing
arsenic [57]. The use of arsenic chelators, Se, and Zn can lessen the damage that
occurred due to arsenic exposure. The antioxidant and antidotal property of Se is
highly investigated through experimental studies. Se induces antioxidant activity by
the expression of selenoproteins which include thioredoxin reductases and glutathi-
one peroxidases. These proteins help in the reduction of ROS production. Moreover,
the Se accelerates the capacity of conjugation reaction of arsenic, i.e., methylation
of arsenic aids in the excretion of methylarsinous acid (MMA) into the bile. The
methylation process takes place in the liver as it has relatively higher concentration
of GSH. So, overall Se promotes the detoxification process [58, 59]. Studies have
also found that the arsenic-induced deficiencies in mice can be recovered by the
treatment of Zn as it elevates GSH level and ameliorates lipid peroxidation, conse-
quently assisting in the reduction of oxidative stress [60].
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Conclusion

The vulnerability of heavy metals primarily Pb, Cd, Hg, and arsenic is strongly
linked with the sufferings of neurotoxicity or neurodegenerative diseases. The clini-
cal signs and symptoms in Alzheimer’s disease, multiple sclerosis, and Parkinson’s
disease are almost the same as that of indications or manifestations observed with
the subjection of these heavy metals. A firm need of awareness regarding the risk of
hazardous metals, yet useful in certain means and along with this the preventive
measures during the handling of these metals must be practiced as a means for
sound and safe health.
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