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Abstract Industrialization era is considered as a part of important human devel-
opment. Industrialization increases the extensive use of different metals from earth
crust because of their materials demand. Extensive use of these materials in daily
life and their improper disposal are the reasons for environmental pollution. Toxic
metals are highly causative in an open environment and because of this human
gets exposures frequently. These toxic metal like cadmium (Cd), lead (Pb), Arsenic
(As), Mercury (Hg), Thallium (Th) cross the blood brain barrier to enter into the
brain and leads to development of neurodegenerative diseases. Heavy metals play
an important role by inducing the reactive oxygen species, mitochondrial dysfunc-
tion, calcium ion efflux, an activation of immunogenic response, and suppression
of anti-oxidants like catalase, superoxide dismutase (SOD), glutathione. Moreover,
the brain-derived neurotrophic factor (BDNF) causes the depletion in cognitive dys-
functions and impairs the memory functions with several other neurological diseases
like Alzheimer’s and Parkinson’s diseases. Here we have tried to illustrate the met-
als evoked mechanism, which impaires the function of neurons and generate the
neurotoxicity and neurodegenerative diseases.
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1 Introduction

The environment has started polluting after the industrialization and this led to con-
tamination of water, air and whole atmosphere with unnatural gases. Pollution dis-
turbs the ecosystem with all forms of industrial waste in the modern age of human
civilization and development, pollution level is at its peak and responsible for severe
human illness and diseases. Toxic environment affects more than 200 million people
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worldwide and its worst effects are on newborn babies. Babies’ health and develop-
ment are impaired the most because pollution impact when immunity is weak and a
recent UNICEF report shows that pollution causes the defect in development of the
brain of babies along with causing cardiovascular and respiratory diseases.

Metals are very important for the living system and their homeostasis. However, if
homeostasis collapsed, metal binds to the different site of protein (Nelson 1999) may
impaired and lead to cause different kind of diseases (Halliwell and Gutteridge 2007).
Metals also affect the gene regulation (Arini et al. 2015) and signaling pathways,
which may be responsible for the cell growth and differentiation (Christie et al.
2013). However, deregulation of cell growth and differentiation leads to the cancer
and apoptosis growth (Tykwinska et al. 2013).

Heavy metal is used in many occupations like, welding, smelting, pipe indus-
tries, painting, household utensils industries and many innumerable industries. Heavy
metal has become a big problem with intractable outcome. This is affecting every
individual in a direct or indirect way and leads to the varied diseases related to cardio-
vascular, respiratory, reproduction and cancers (Carpenter and Jiang 2013). Heavy
metals are associated with neurodegenerative diseases such as multiple sclerosis,
amyotrophic lateral sclerosis, Parkinson’s disease, Wilson disease and Alzheimer’s
disease (Giacoppo et al. 2014; Dusek et al. 2015).

Natural environment is a habitat for all biological living organisms. Most of the
biological organisms have been evolving with the ages and show enormous devel-
opment in respect to their previous generations. Humans belong to this category and
the enormous level of development in all the areas makes life stress-free. Progress
of human society increased rapidily with an industrialization in the 18th century. In
the expansion of industrialization, we have builded roads for transportation, motor
vehicles to transport materials, and for this, we have extracted the materials from the
Earth crust and instigated the environmental damage. As the industrialization pro-
gresses, the spreading of wastes materials started polluting the atmosphere. These
waste materials comprises an enormous amount of heavy metals, which gradually
enters into our body system, accumulate and impaires the body homeostasis. Home-
ostasis is necessary to maintain the inner physiological activity and body organ
functions. However, any kind of disruption due to heavy metals may start damaging
the function of organs. Heavy metals commenced to disrupt the functions of all the
organs including the brain (Agnihotri et al. 2015). Brain is an organ of our central
nervous system, which is a most complex and it comprises of networks of billions
of neurons, responsible for homeostatic activity of body, behavior, mood, muscular
activity, memory etc. Brain functions affected by heavy metals may induce toxicity to
interrupt the regular functions of central nervous system (Zhang et al. 2016). Heavy
metals role has been understood in major neurobiological diseases such as Parkin-
son’s disease, Alzheimer’s disease, autism, multiple sclerosis (MS), amyotrophic
lateral sclerosis/motor neuron disease (ALS/MND), dementia and cognitive disor-
der (Notarachille et al. 2014; Kumudini et al. 2014; Carocci et al. 2014; Caffo et al.
2014) (Fig. 1).

Heavy metal toxicants exists in dissimilar form in the environment and introduced
in a human body by water, air and food. It is difficult to degrade the heavy metal by
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Fig. 1 Brain is very important part of our body, and is extremely sensitive too. Environmental
pollutant and other heavy metals impact on brain and impairs the cognitive functions, causing long
term potentiation and memory loss, and also impairing an important part of decision making

existing proteins and enzymes in the body. Therefore, proteins (metallothionein) bind
with heavy metal and excrete from the body and reduce the toxicity of heavy metal
(Liu et al. 2014). However, heavy metal dissolves in blood and circulate through
different organs of body that persuades signaling mechanism to generate toxicity.
Brain has specific respect to other organs of the body because; it has blood brain-
barriers (BBB), which separates the circulating blood from brain and extracellular
fluid of the central nervous system (CNS). Blood brain barrier allows the passage
of glucose and amino acid by some selective transport mechanism, however, water,
gases and lipid soluble molecules may transported with passive diffusion. Blood brain
barrier is a vital part of brain to prevent neurodegeneration from external toxicants
(Zheng et al. 2003) and is used as a defense mechanism for the brain (Nathanson
and Mischel 2011). Heavy metal impairs the blood brain barrier and induces the
oxidative stress, which instigates the cell death and initiates the neurodegeneration
through different signaling pathway (Caserta et al. 2013).

Toxicity of heavy metal pollutant is enormously hazardous for developing central
nervous system. In offspring’s, small amount of intoxication affect their ability to
learn and memorize their cognitive ability. At the developmental stage, low level of
heavy metal impedes the development of the brain and generates neurodegenerative
diseases likes’ autism but the mechanism is completely obscure (Mohamed Fel et al.
2015; Yassa 2014). Here, we have discussed about the impact of heavy metals on
neurodegenerative diseases and related mechanism.
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2 Heavy Metal and Blood Brain Barrier

Etiology of neurobiological disorder is not completely attributed to acquired behav-
iors, proposing that heavy metals and other environmental factors possibly contribute
too. Blood brain barrier (BBB) has been involved in metal transport and neural
defense mechanism. BBB transport energy (glucose and amino acid) and important
ions to maintain the homeostasis of neurons and glial cells and excrete the waste
materials from the brain. Metal ion is exchanged extremely slowly between plasma
and brain compared to other tissues (Serlin et al. 2015). Metals deposits with an
accumulation of proteins have instigated the inflammatory process near the endothe-
lial wall of BBB (Joana et al. 2016; McCarthy et al. 2018) within brain parenchyma,
which leads to neuronal damage and loss (Cherry et al. 2014; Greter and Merad
2013). This progression of the brain degeneration for an extended period leads to
disability and demise of neural cells. Alzheimer disease and Parkinson diseases are
old age diseases that reflect the inflammation caused by the metals and accumulated
proteins (Zeineh et al. 2015; Heppner et al. 2015). These metals are found in many
forms around us since birth and accumulate in brain slowly as aluminum (Al), cop-
per (Cu), iron (Fe), manganese (Mn) lead (Pb), mercury (Hg) and zinc (Zn) as an
essential and non-essential manner. It has been noticed that impede mechanism of
homeostasis triggered by metals indicate the sporadic form of Alzheimer disease (Li
etal. 2015; Grubman et al. 2014). Al, Cu, Fe and Zn are the metals identified for spo-
radic form of Alzheimer disease (Grubman et al. 2014). Fe and Cu deficit have been
analyzed in the substantia nigra of Parkinson’s diseases (Loef and Walach 2015).
Epidemiological studies suggests that Al, Cu, Fe, Pb, Mn, Hg and Zn are risk factors
for Parkinson’s disease (Salvador et al. 2010; Zucca et al. 2017; Greenough et al.
2013; Meyer et al. 2015; Doorn and Kruer 2013). Amyotrophic Lateral Sclerosis
(ALS) is a motor neuron disease in which death of neurons controlling the voluntary
muscle in around 20% of cases is caused by mutation of Cu, Zn-superoxide dismu-
tase (SOD1) (Desai and Kaler 2008; Roos et al. 2006). ALS patient have minimum
amount of Ca and Mg and elevated amount of Al, Cu, Pb, Mn and Hg (Fondell et al.
2013; Robison et al. 2015).

Heavy metals may enters in our body system through polluted air, contaminated
water and food products and absorbed by intestine, lungs, and also through skin.
Further, they mixed in blood and circulated to central nervous system (CNS) by
crossing the BBB or choroid plexus (CP) to cerebrospinal fluid (CSF) or by diffusion
to CNS (Yokel 2006). Although few other metals can be absorbed by a sensory nerve
in the nasal cavity and enters into the brain (Oliver and Fazakerley 1998; Dorman
etal. 2002). Mn and Ni also enters through nasal cavity (Rao et al. 2003). Moreover,
glucose is the primary energy substrate of the brain, and its metabolism accounts for
nearly all of the oxygen consumption in the brain (Mergenthaler et al. 2013). Brain
glucose demands greatly and exceeds the rate of glucose diffusion across the BBB,
where, Glut-1 mediates the brain glucose uptake to meet the brain’s needs (Bélanger
et al. 2011; Camandola and Mattson 2017). Glucose metabolized by the brain is of
two or three times higher (Hyder et al. 2000) than any other organs of the body. If
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Fig. 2 Tight junction between epithelial cells make the blood brain barrier between capillary and
cerebrospinal fluid, which passes the ions, nutrients, oxygen from blood capillary to cerebrospinal
fluid (CSF) and remove the waste from CSF to capillary, in ventricle of the choroid plexus. BBB
exchange materials and gas by diffusion or by specific transporter from blood to brain. Astrocytes
remove the toxicants through BBB and take glucose and oxygen from blood and supply to neurons

BBB is damaged and compromised with energy delivery in the brain, that it may
leads to seizures, mental retardation, compromised brain development and low CSF
glucose concentrations in children (Yang et al. 2013) (Fig. 2).

Metals also transported by some transporter proteins as divalent metal transporter
(DMT1, DCT1, Nramp?2), which transports only divalent metals (Ca, Fe, Mn, Cd, Cu,
Ni, and Pb) (Harris 1983). However transporter proteins as transferrin (transferrin
mediated endocytosis) binds to metal and transported to CSF passing through BBB
(Yokel 20006), diffusion, fluid phase endocytosis, receptor mediated endocytosis.

Aluminium (Al) reaches into the brain after crossing the BBB through transferrin-
mediated endocytosis (TfR-ME) within 4 hours, when it passes into the body as alu-
minium citrate (Davson et al. 1987). Copper is transported by ATP receptors (ATP7A,
ATP7B and CTR1) at BBB. Fe is also transported by (1) transferrin-receptor medi-
ated endocytosis, (2) non-transferrin dependent mechanism, (3) DMT1 at BBB to
the brain. Transportation of lead (Pb) through BBB in the brain is done by passive
diffusion as PbOH" and cation channel (ATP dependent Ca pump). Mercury is trans-
ported only as methyl mercury (MeHg), not in any other form (Aschner 2007), but
some study suggests that it makes complex with L-cysteine and transported through
L-system (Aschner and Clarkson 1989). Mn is passed through BBB by diffusion, and
transferrin mediated endocytosis to reach the brain where, Zn transported by Zip1
and Zip 6 at the BBB. Cd enters via the olfactory bulb and goes through central neu-
rons, and damages the BBB permeability (Chowanadisai et al. 2005). BBB crossed
metals reached to CSF and effluxes by astrocytes (protect the brain by taking out the
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Fig. 3 Representation of different metals, present in the environment crossed the blood brain barrier
(Ankley et al. 2010) and evoked neurodegenerative diseases with memory impairment and cognitive
deficit

leftover and surplus material) to prevent any oxidative damage or reaction, which
instigates numerous signaling processes to develop neurological diseases (Fig. 3).

3 Heavy Metal and Neurological Disease

Metals are divided in two categories, essential and non-essential metals, according
to need of the living organism. Essential metals comprise the property to modu-
late the enzymatic and cellular activity, which controls the physiological actions
such as protein reformation, signaling pathways, electron transport, redox reactions,
metabolism of protein (carbohydrate and Fat), transportation of molecules, immune
reactions and neurotransmitter synthesis and transportation (Wu et al. 2018; Lopez
etal. 2002; Giralt et al. 2000; Murakami and Hirano 2008). These metals are essential
for cellular lifespan, however, deficiencies of these metals linked to several neurode-
generative diseases. Moreover, the elevated levels may also induces the intracellular
process, and causes the apoptosis, autophagy, mitophagy, signal transduction, pro-
tein misfolding, oxidative stress, mitochondrial dysfunction (Wegst etal. 2015; Szabo
et al. 2016; Peres et al. 2016). This might be vulnerable to the normal brain func-
tioning and cause many neurodegenerative diseases. Metals also affects the memory
dysfunction, cognitive ability, muscular dysfunction, neurons apathy, amyotrophic
lateral sclerosis, huntington’s disease, menkes disease, Wilson’s Disease, Friedre-
ich’s ataxia, gulf war syndrome, manganese multiple sclerosis, autism, insomnia,
anorexia, anxiety, depression, Alzheimer’s disease and Parkinson’s disease (Sparks
and Schreurs 2003; Mohandas and Colvin 2004; Koppenal et al. 2004; Andrade et al.
2017; Caito and Aschner 2015).

Aluminium (Al) reached into body or different organs through drinking water and
food. Epidemiological survey identified that higher concentration of Al in drinking
water may develops dementia, like Alzheimer’s disease (Yokel and Florence 2006;
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White et al. 1992; Killin et al. 2016). Exposure to miner concentration (inhale fine Al
& Al,03) may cause cognitive impairment, slow psychomotor response, and memory
loss (Hosovski et al. 1990). Moreover, several other diseases such as, fatigue, working
memory and learning behaviors were found in shipyard Al welders (Riihimaki et al.
2000). However, the role of Al is controversial for AD, because several other studies
reveals that AD patients had the same amount of Al as control group in the urine and
plasma (Graves et al. 1998). Study also suggests that changes occurs in AD brain were
the same as found in AD (Perl 2001), where, Al increases the plaque deposition, AR
protein aggregation and polymerization, and A production in the brain (Clauberg
and Joshi 1993; Mantyh et al. 1993; Kawahara et al. 1994). Aluminium hydroxide
impede the neurological functions and persuade autism, increase anxiety, depression,
long-term memory loss and neuronal death in spinal and motor cortex (Shaw and
Tomljenovic 2013). Brain impairment depends on the exposure of Al concentrations
and period causes physiological changes, which appear later in life. Manganese (Mn)
mostly used in fuel additive, to reduce the combustion of the engine and released in
air as manganese sulphate and phosphate (Lynam et al. 1999). Therefore the environ-
ment polluted air (manganese sulphate and phosphate) ingested by humans lead to the
brain exposures. Mn may interrupt the brain functions and causes parkinsonism-like
syndrome, which is initially apparent through apathy, anorexia, insomnia, extreme
fatigability, somnolence, and a labile mood (Rudgalvyte et al.2016; Martinez et al.
2013; Farina et al. 2013; Gorojod et al. 2015). Mn exposure increases the progression
of Parkinson’s like symptoms tremors, abnormal movements, hypokinesia, speech
disturbance, increased muscle tone, increased sweating and salivation (Tuschl et al.
2012; Quadri et al. 2012). However, brain was found pathologically different from
PD in substancia nigra and basal ganglia (Shen and Dryhurst 1998). Epidemiological
surveys on miners, workers on dry cell batteries and children’s from buried dry cell
batteries site have exhibited the neuropsychological behaviors, cognitive dysfunc-
tions, emotional and motor defectiveness concomitant with an alteration (speedy)
movement.

Arsenic is a major toxicant, found mostly in contaminated ground water which,
makes an alloy with other metals (Prakash et al. 2016). Inorganic and methylated
forms of arsenic accumulated near the different part of the brain and impair the
normal functional mechanism of brain (Waly et al. 2016). Though, arsenic acts as
teratogen, which may cross the placenta, and impairs the brain development through
the formation of neural tube (Martinez et al. 2008). At the biochemical and molecular
level, arsenic obstructs the cellular and molecular mechanism, where, an imbalance
of Ca**, mitochondrial dysfunction, and oxidative stress, disruption of ATP, altered
membrane potential, cellular morphology, neuronal death and reduction on glial
cells were reported (Yin et al. 1994). These biological changes in the brain leads
to physiological impairment on vocabulary, mental acuity, language precision, total
IQ and comprehending abilities such as difficulty in assembling the pictures with
sequencing. Arsenic induces the beta amyloid formation which has been known
for the main cause of AD (Giasson et al. 2002). It impairs the quality of life and
metal health with a high level of depression, anxiety with psychiatric disorder and
insomnia (Ashok et al. 2017). Arsenic play a major role as carcinogen if present in a
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small amount of drinking water and causes severe intestinal pain, vomiting, diarrhea,
muscle cramps, cardiac arrhythmias (Jarup 2003).

Cadmium has been used in many industrial factories of batteries, electroplating,
solder, nuclear reactor shield, cigarette smokers and dental amalgams. Most of the
cadmium enters in the body by inhalation via the olfactory bulb, which interrupts
the function of BBB (Evans and Hastings 1992). Cd exposure induce the function
of the nervous system and generates neurological disorder (Wang and Du 2013). Cd
is well known factor of AD and PD (Jiang et al. 2007; Okuda et al. 1997). Cd also
accelerates the accumulation of the Tau proteins, which is responsible for AD (Jiang
et al. 2007). It mostly impact the brain in comparison to other organs (Agnihotri
et al. 2015) and develops the neurological dysfunctions like decrease in learning
ability, headache, and olfactory dysfunction (Mason et al. 2014). Cd has been known
for morphological changes in axons and dendrites of the brain, decrease in size and
inhibits the neurite growth (Baker et al. 1983). Cd produces free radicals in the brain,
which radically damages the neurons and oligodendrocytes (Parkinson et al. 1986).
Oligodendrocyte used to form the myelin sheath around neurons, which conduct the
nerve signal in the form of electrical impulses, obstructs the signal by Cd induced
free radical damage. Cd directly abolishes choroid plexus structure, by which a
barrier of CSF and spifflicate the filtration process of unsolicited materials (Pal et al.
1993) that defects the motor disabilities, learning inability, behavior defects, brain
lesions and neurochemical changes. Effects of Cd toxicity, maximum in, cerebral
cortical neurons of brain have been identified (Bishak et al. 2015), where oxidative
stress induced by mitochondrial dysfunction disrupts the Ca** ion signaling process
and leads to apoptosis in primary murine neurons (Orrenius and Nicotera 1994a).
Neurogenesis is also affected by Cd, which leads to less number of neuronal and
glial cells (Gottofrey and Tjalve 1991; Chow et al. 2008). Apoptosis is a major
concern at the time of development, proliferation and differentiation, where in some
cases, proliferation reduced to 50%. Epigenetic effects of Cd is also known because
of weak association with DNA, and methylation, which disrupts the whole gene
functions (Zevin and Benowitz 1999). DNA methylation is the best study of the
epigenetic process that regulates the gene silencing (Fig. 4).

Lead (Pb) is used in many industries of coloring material such as painting indus-
try, hair coloring, batteries, cables, solder, electroplating and in petroleum industries.
Lead (Pb) is absorbed by children in much more amount than adults due to under-
developed BBB. It has been reported that even a very low level (250 ppm) of Pb can
injure the hippocampus (Jett et al. 1997). Lead (Pb) can get accumulated in different
regions of brain and mainly in the hippocampus (Jett et al. 1997). Lead (Pb) contact
outcomes in discrepancy in language, memory, executing the task, verbal concept
formation, poor reasoning, and poor command following (Hussien et al. 2018). Lead
(Pb) is reported to increase the Tau protein phosphorylation in the cortex and cere-
bellum, which is a primary cause of AD and PD (Rai et al. 2010). Blockade of
receptor on the membrane or disruption in the structure of membrane receptor by
Pb influences the mechanism of neural plasticity, affects the long-term potentiation
and memory loss (Rai et al. 2010; Baranowska-Bosiacka et al. 2012). Schizophrenia,
autism, Attention-Deficit Hyperactivity Disorder (ADHD) has chance to exposure
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Fig. 4 Cadmium impaired the function of Na*/K* ATPase enzyme and mimicking the function
of Ca*™* channel in neurons, which inhibited the expression of brain-derived neurotrophic factors
(BDNF), catalase, superoxide dismutase (SOD) and increase the intracellular Ca**, increased the
free radicles which causes cell death. Cadmium has been detected as a reason to inhibit proliferation
and differentiation in the hippocampus. Cadmium mimics the estrogen effects, in the reproductive
system and disturbs the hypothalamic-pituitary-gonadal (HPG) axis

from environmental pollution from Pb (Modabbernia et al. 2016). With an increase of
environmental pollutants, Pb toxicity has increased in humans, especially in children.
However, if Pb toxicant reaches to the body in early childhood, may be disastrous
for life, and produces abnormal behavior. This may results to brain toxicity and
influence the learning and cognitive ability, memory impairment, and retrieval of
memory, by affecting the normal life. Exposures to Pb may cause severe neurolog-
ical diseases in children during childhood. Moreover, this may perturb the BBB,
disrupts the NMDA receptor, phosphorylation of Tau/AB protein for AD and PD.
This may also imbalance the Ca** ion concentration, by increasing the PKC activity,
and diminishing the BDNF level due to oxidative stress and which develops Autism,
AD, PD, depression, anxiety, ALS (Zheng et al. 2003) (Fig. 5).

Mercury (Hg) as heavy metal, is widespread used in several industrial process.
Mercury is mostly used in chemical research industry, laboratory purposes, medicine,
electric industry, cosmetics, firearms and mercury lamp industry. Prevalent uses of
mercury in industrial purposes, may affect the worker’s life and its contamination in
water and air persuades many biological irregularities. Inorganic Hg is incapable to
cross the BBB but its alloy, methyalmercury (MeHg) cross the BBB and impairs the
brain (Sheehan et al. 2014). Hg of aquatic arena mostly methylated and modified to
MeHg due to presence of sulphate reducing bacteria (Parks et al. 2013). MeHg easily
binds with aquatic and sea animals, therefore the consumption of these food chain
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organisms by human remains fundamental form of exposure to Hg. High affinity of
MeHg towards sulphur increases the binding to thiol group of protein and may cross
the BBB (Suzuki et al. 1976). MeHg crosses the BBB as amino acid transporters and
can bind to cysteine amino acid and mimic methionine (Takeda et al. 2000). It crosses
the BBB and gets distributed in the different parts of brain like occipital lobe, basal
ganglia and cerebellum (Davis et al. 1994), to impede the neuronal activities. This also
includes dopamine secretion, neural stem cell differentiation, aberrant mitophagy,
mitochondrial dysfunction, due to oxidative stress (Chang et al. 2018; Yuntao et al.
2016). Some population-based study has reveled mercury in the blood of children
suffering from autism (Pamphlett and Kum Jew 2016), that risks children of 2-5 years
of age.

Thallium (TI) is heavy metals found in the earth crust. Thallium has been used in
several industries such as electronics, mercury lamps, jewelry, pigmentation, scintil-
lation counters, and semiconductors for different purposes. Thallium is also used in
cement and rodenticide industry, and from there, thallium contaminate the soil and
gets exposed to human body (Galvdn-Arzate and Santamaria 1998; Cvjetko et al.
2010). Thallium enters into the body with skin contact or by inhalation of thallium
contaminated air and consumption of food from contaminated soil or water. Thal-
lium is reasoned behind numerous neurological diseases and non-neurological dis-
eases. Non-neurological symptoms of thallium are anorexia, vomiting, gastrointesti-
nal bleeding, abdominal pain, paresthesia, alopecia, cardio-toxicity with arrhythmias,
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and coma like life threating diseases occurs due to expoures. Thallium is also rea-
soned to cause seizure, fatigue, emotional changes, delirium, hallucination, ataxia,
and loss of sensation, cranial-nerve deficit, and polyneuropathy like neurological
symptoms in a dose dependent manner (Saha 2005; Zhao et al. 2008; Pelclova et al.
2009). Cortex, cerebellum and brain stem are the main regions of brain which are
affected by thallium (Rios et al. 1989). Moreover, toxicity was activated through lipid
peroxidation and lysosomal enzyme beta-galectosydase in brain regions into dose
dependent manner (Osorio-Rico et al. 2017). High concentration of thallium accu-
mulated in hypothalamus and the potassium ion concentration may leads to many
neurodegenerative diseases (Diaz and Monreal 1994).

Several metal in mixture of different concentration changes the homeostasis of
biological environments of the body but have not been studied very extensively and
minutely. Pb, As, Cd, Hg metals are studied in animal models as a mixture to examine
the toxicity level and their multiple implications on various mechanisms, which may
lead to neurological disorder.

4 Neurotoxicity Mechanism Induced by Heavy Metals

Heavy metals are used in our daily life, where, minute quantity may cause major
impact in homeostasis, tiny quantity affects the enzyme activity in the brain and
an excess quantity may generate neurotoxicity, which leads to neurodegenerative
disorder. Most of the neurological diseases are developed during late old age and the
reasons are unknown. However, it can be assume that these heavy metals may changes
the behavior of enzymatic activity, oxidation of cellular molecules, mitochondrial
dysfunctions, and molecular or cellular activities in the minute level at the initial stage
in the brain. Metal absorption is different in the brain from other organs, where, most
of the metals absorbs in gastrointestinal tract, skin, lungs, olfactory organs, and mixed
in the circulatory system. Metals reached inside the brain to cross the BBB from
blood to CSF and CSF to the inner side of the brain (Lemercier et al. 2003). Metal
diffused from blood, through BBB, to CSF. In some cases, metal disrupts the BBB,
and make permeable to other pathogens, compounds to generate autoimmune and
neurological diseases like meningitis, epilepsy, multiple sclerosis, de novo diseases,
cerebral edema, brain trauma, an damyotrophic lateral sclerosis.

Metals have an affinity towards divalent metal ion-transporter-1 (DMT-1) and
transferrin (Tf) receptors; interact with BBB and brain tissue (Yokel et al. 2006).
Passing through the BBB, glial fibrillary acidic protein (GFAP) expression reduced.
Metals effect and disrupts the BBB, and make permeable to pathogens to gener-
ate autoimmune neurodegenerative diseases like multiple sclerosis, epilepsy, amy-
otrophic lateral sclerosis, meningitis, cerebral edema, and systematic inflammation.
Divalent cation transporter (DMT-1) and transferrin transporter also binds with heavy
metals at BBB and takes to CSF, where they accumulate in different parts of the
brain. Metals involves in the mechanisms to bind with NMDA receptors, which
are important for the cognitive behaviors and memory. Generally, NMDA recep-
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tors responsible for glutamate balance in postsynaptic regions and bind to glutamate
induced the efflux of Ca** to neuronal cytoplasm of postsynaptic region (Farina
et al. 2013). Mostly Pb causes irreversible inhibition of NMDA receptors by bind-
ing, and disrupts the Ca** signaling in neuronal synapsis (Kim et al. 2005). This may
also generates pathological neurobiological symptoms which has been accountable
for memory function (Neal et al. 2011). Pb transformed the NMDA receptor subunits
NR2A and NR2B ratio which perturb the Ca*™ signaling in hippocampus and altered
the BDNF, n-NOS, CERB, liable for memory and long-term potentiation inhibi-
tion (Guilarte et al. 2000). Calcium ion is an indispensable for neuron homeostasis,
which maintains the intracellular signaling of presynaptic terminal, cell body, and
dendritic arbor by balancing the Ca*™* efflux (Rai et al. 2010). Pb causes the disrup-
tion of Ca** concentration and activates the phosphor kinase C (PKC) and phosphor
lipase C (PLC). This may unregulates the phosphor kinase A (PKA) and calmodulin
dependent protein kinases (CMKII), followed to decreased the BDNF, CERB, antiox-
idant enzyme with increased ROS and MAPK signaling might leads the demise of
neuronal cell (Reinholz et al. 1999). Pb affects the pre-syneptic (VAMP1/2, synapto-
physin, synaptotagmin-1, SNAP2S5, syntaxin-1) and postsynaptic proteins (PSD-95),
which may induce the pathological changes in the cerebellum, forebrain cortex and
hippocampus. Moreover, synaptic region had swollen, elongated and shrunken mito-
chondria in Pb treated animals (Gassowska et al. 2016). These symptoms implies
the synaptic dysfunction and disruption of neurotransmission mechanism due to Pb,
and leads to neurodegenerative disorder and neurobiological diseases (Ashok et al.
2015).

Excessive accumulation of metals, found in different parts of the brain, may par-
ticiapte in the mechanism of oxidative damage to the brain cells by deformation of
protein, accumulation of amyloid protein, disrupting the Na*/K* ATPase pump, upset
acetylcholine esterase (AchE), and imbalance of ubiquitous Ca** ions (Kinoshita
et al. 2014). The Cd induced oxidative stress and mitochondrial dysfunction were
recognized by Kumar et al. (2013). Cd exposure increased the Ca™ concentration in
the cytoplasm and nucleus of neurons and such changes may abandone the cellular
functions (Orrenius and Nicotera 1994a, b). Ca** signaling affects the mitochondrial
dysfunction and generate excess amount of ROS in neurons. Therefore, it conse-
quently reduce the defense mechanism by changing the levels of the anti-oxidant
like, glutathione, catalase, and superoxide dismutase activity. Increased ROS level
induce the apoptosis mechanism in neuronal cells by affecting caspase-3 and caspase-
9 activity, resulting in neuronal cell death in various parts of the brain (Jung et al.
2008), which may lead to cause ALS, a neurodegenerative diseases (Hart and Gitler
2012). Cd reduce the mitochondrial membrane potential of mitochondria (Hossain
et al. 2009), (a major source of energy for neurons). It also reduces the capacity of
mitochondria to produce ATP by oxidative phosphorylation and interrupt the trans-
portation of mitochondria in distal part of neurons (Han et al. 2017). Disruption
in mitochondrial transportation implicated in several neurodegenerative diseases as
Alzheimer, Huntington and Parkinson’s diseases (Jiang et al. 2007). Abnormal Ca*™*
homeostasis and mitochondrial dysfunction also evokes ROS and active free radicals.
These free radicals move to the nucleus for mutation in DNA of pre and post synaptic
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proteins. Increased level of ROS also reduces the BDNF level, which has vital role
for memory and cognitive function in brain hippocampus (Baranowska-Bosiacka
et al. 2012).

Hg proceeded as an organic form in humans, and its minute quantity has a major
impact in the brain (Lohren et al. 2015). Hg found in mother milk also, which
influences the brain development in new born (Johansson et al. 2007), resulting in
cognitive dysfunction and disruption in learning behavior over the years. Hg interacts
in cellular level and disrupts the function of neurotransmitter, microtubule and Ca**
homeostasis (Lafon Cazal et al. 1993). MeHg increased oxidative stress in cerebral
cortex (Chang et al. 2013; Yuntao et al. 2016), causes the neuronal injury which
induces amyotrophic lateral sclerosis/motor neuron diseases (ALS/MNS) (Chang
et al. 2013; Yuntao et al. 2016). Thiol (-SH) group has high tendency to react with
MeHg (Suzuki et al. 1976; Straka et al. 2016), present in cysteine and methion-
ine amino acid of protein. MeHg impedes the thiol metabolism, which is a prime
cause of autism (neurological disease of children at the age of 6), blamable for bio-
chemical changes on transketolase, oxidative stress, abnormal thiamine homeostasis.
Impeded thiol metabolism and oxidative stress decreased the glutathione (GSH), an
anti-oxidant, present into high amount in the brain, and inhibited the activity of
Na*/K* ATPase, NADH dehydrogenase, glutathione reductase and oxidative stress,
makes neural vulnerable for neurodegenerative diseases (Gibon et al. 2010). MeHg,
is responsible for glutamate (Glu) toxicity in brain (Moretto et al. 2005), block
uptake of glutamate in astrocytes, and further, glutamate amount increased in the
extracellular fluid, causes toxicity in the spinal cord. Toxicity in spinal cord and
high concentration of glutamate by MeHg affects the synaptic activity of neurons,
leading to devastating neurodegenerative diseases (Moretto et al. 2005). Hg inhibits
the activity of superoxide dismutase (SOD), glutathione peroxidases and elevates
the ROS level, which may increase the oxidative stress in cerebral cortex. Moreover,
NF-E2-related factor 2 (Nrf-2) pathway get activated (Yang et al. 2017) and Ca**
ATPase activity inhibited, by increased intracellular loading of Ca** and unbalanced
Ca** signaling in neurons. This may inhibit the process of electro-chemical activity
of neuron, which is essential for the information transfer between neurons in every
part of the brain. Hg causes the disruption in mitochondrial membrane potential by
abandoned Ca** in mitochondria (LeBel et al. 1990) and inhibits the mitochondrial
electron transport chain (ETC) in cultured neural cells. Mercury enhance nitric oxide
production and the activates the glial cells in brain, which reduces the glutathione
level in brain (Simmons-Willis et al. 2002). All these mechanisms induced by MeHg
make the brain vulnerable for neurodegenerative diseases.

Exposure to heavy metals results into neurodegenerative diseases or neurobiologi-
cal diseases with multiple mechanistic pathway like mitochondrial dysfunction, Ca**
signaling, ROS generation, apoptosis, autophagy, interrupted anti-oxidant enzymes
activity and crucial signaling pathway. Arsenic (As) phosphorylates the fau protein,
(a microtubule associated protein of neurons), where this phosphorylation makes
aggregation of fau proteins, deregulate the function of tau protein and causes neu-
rodegeneration (Alizadeh-Ghodsi et al. 2018). Arsenic also cause the inflammation
and degeneration of neural cells by ROS production and inhibition of antioxidant
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activity in neural stem cells, reasoned for multiple sclerosis (MS) and impaired
neural activity (Sun et al. 2017; Alizadeh-Ghodsi et al. 2018). Arsenic induces the
inflammatory process in the cerebrum; cerebellum, thalamus and brain stem by mod-
ifying the inflammatory genes. Inflammation instigates the myelin reduction in nerve
cells into the central nervous system, which hindered the electric signal in between
neurons and cause neurodegenerative diseases and multiple sclerosis. Other inflam-
matory mechanism activates the microglial cells, cytokine interleukin-6 (IL-6), and
IFN-y (released from astrocyte), which causes the injury of neurons, inhibition of
regeneration, death of neurons and oligodendrocyte implicated in neurodegenerative
diseases as PD, AD, HD and traumatic brain injury on different parts of the brain
(Alizadeh-Ghodsi et al. 2018; Sun et al. 2017; Ashok et al. 2015).

Mixed metal effects also analyzed in animal to disclose the severity of metal on
neurodegenerative diseases. Al, Pb, Hg may cause the neurotoxicity with deregula-
tion of Ca™ homeostasis in the brain microsomes (Andrade et al. 2017). Changes
in the flux of Ca™ has been presented as indexing of heavy metal neurotoxicity in
brain (Bostanci and Bagirici 2013). Al, Pb, Hg neurotoxicity implemented by IP3
mediated calcium release (Pb > Hg > Al) and inhibition of calcium uptake by micro-
somes in brain (Pb > HG > Al) (Pentyala et al. 2010). Cd and Pb have combined
effects of Na*/K*ATPase, where Pb made the reaction more potent and imbalance
the Na*/K*, Ca** intracellular manner. Pb, Cd and Arsenic elicits ROS, and stimu-
late the signaling pathway of ERK, JNK, MEPK to induce neurotoxicity inside the
brain and seeding of neurodegeneration diseases (Nori et al. 1996). Every metal has
their different pathways to react and generate its effect, so the cumulative effect is
always more detrimental than a single metal. Further study of mixed metal, Pb, Cd,
MeHg, Arsenics acts individually differently, such as Pb binds to NMDA receptors,
Cd inhibits the Na*/K* ATPase pump, MeHg inhibits the glutamate uptake, where all
are responsible for Ca** deregulation in neurons (Ahlskog et al. 1995). This instigate
the mechanism to ROS generation, inhibition of antioxidant, reduced BDNF, induced
apoptosis, mitochondrial deregulation, and causing the neural cell death (Wang and
Du 2013; Stackelberg et al. 2013).

S Signaling Mechanism to Brain Cancer

Abnormal growth of a cell inside the brain causes a brain tumor. Brain tumor is
very rare (2%) in human, and it has been found in two forms, benign and cancerous
(or malignant). Cancerous form is divided in two, primary tumors (within a brain),
and malignant (spread from other organs) (metastasis). Till now, the cause of cancer
is unknown and only few mechanisms speculates the brain cancer, which found in
glial cell (glioblastoma) and meningioma (benign) (Lathia et al. 2015). Glioblas-
toma can developed in astrocytes, oligodendrocytes and neural stem cells, which
have metastatic activities, known as cancer stem cells (Omuro and DeAngelis 2013).
Contrary occupational studies showed that metals have no role in brain cancer, as it
has not been detected in brain cancer patients (Wesseling et al. 2002). Mechanism
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behind the glioblastoma development, further reflected same in heavy metal mecha-
nism, as comparable mechanism thought to be reason behind the initiation of brain
cancer. In glioblastoma, the mechanism of calcium ion imbalance or irregular calcium
signaling, mitochondrial dysfunction, increase in apoptotic pathway, restriction in
autophagy, irregular cell cycle, INK, ERK, MAPK signaling, Na*/K* ATPase plays
very prominent role, which are reprise by metals. Pb, Cd, As and Hg may induce the
calcium ion deregulation in neural cells (Vu et al. 2018), which disrupts the mito-
chondrial dysfunction (Gugnani et al. 2018), disrupts the energy source and make
cells glucose dependent (founds mostly in glioblastoma cells) (Singh et al. 2005).
Heavy metals induced ROS formation may initiate DNA damage, lipid peroxidation,
disruption in protein activities, free radical generation and correlate with epigenetic
of brain tumors (Zhang et al. 2017). Metals produced oxidative stress causes the
DNA mutation, strand breakage, and DNA methylation, histone alteration. In heavy
metal, arsenic hypermethylate the DNA in the promoter of CDKN2A, Ras associ-
ated domain family protein 1A and serine protease 3 (Cui et al. 2006). Explanatory
study of mechanism induced by metal was obscure but some occupational studies
reveals that metals presents in individual patients with brain cancer. There is elevated
risk of low-grade glioblastoma in worker of metal industry (Van Wijngaarden and
Dosemeci 2006). Pb also has carcinogenic activity (Arslan et al. 2011). Several other
studies also indicated that Pb causes the high risk of cerebral tumor (Cocco et al.
1998, 1999).

6 Conclusions and Future Recommendation

Heavy metal, As, Pb, Cd, Hg, Al has been known for their toxic effects in all
aquatic and mammalian species. Toxicity of these metals are susceptible for the brain
and cause neurotoxicity, which impacts neurodegenerative diseases like, Alzheimer
disease, Parkinson’s disease, Amyotrophic lateral Sclerosis, Multiple sclerosis etc.
Every individual metal has their own mechanism to cross the blood brain barrier
and reach the brain; some make complexes with proteins and some transported by
specific transporter receptors to CNS. Choroid plexus is also playing an important
role into crossing the metal to CNS, from where they reach different brain parts and
induce neurotoxicity, including changes in the memory and cognitive functions of
the brain. Pb, Cd, Hg and Arsenic have a separate mechanisms in diverse part of the
brain to affect neural activity such as Pb bind to the NMDA receptor and prevents
taking glutamate, which affects cognitive disability, memory and LTP. Cd induces
the ROS formation, mitochondrial dysfunctions, imbalance of Ca**, oxidative stress
in neuronal cells, causes the death of neurons in ALS diseases. Metal induced oxida-
tive stress initiate the signaling process of ERK, JNK, and MEPK, which activate
the glial cells to produce immunogenic response. Activated glial cells persuade the
immune system, release cytokine IL-6, IFN-y which may cause damage to neurons
and degenerate neurons of the nervous system. There is not much evidences of metal
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in a sample of the brain cancer patients; however, the possibility is high in workers
of metal industry to get neurological diseases with lowered level of glioblastoma.

It’s evident from the studies that the lucid mechanism caused by the metal is
obscure. Prolonged exposure of the metal and induction of brain cancer mechanism
and neurodegenerative diseases at molecular level is completely ambiguous. Future
research is represented as an innovation of molecular mechanism which might be
able to explain the association of heavy metals and different types of brain tumors
such as glioblastoma, meningitis.
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