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Abstract Heavy metals belong to the groups of transition elements and are defined
in terms of their chemical properties, atomic weight, density, or specific gravity as
compared to water. Heavy metals could be metalloids, lanthanides, and actinides.
The heavy metals reach into humans and animals through contaminated air and
water as well as food stuffs especially from fish, chicken, vegetables, vaccinations,
dental fillings, and deodorants. Most of the heavy metals, when accumulated in
excess, induce toxicity by damaging the central nervous system (CNS), energy
metabolism, ion-transporters, cardiovascular systems, respiratory systems, repro-
ductory systems, and vital organs such as lungs, liver, and brain leading to the
physical, physiological, and behavioral disorders. Arsenic (As) has been shown to
generate skin diseases and cancer; lead (Pb) poisoning induces infertility and
neurotoxicity/neurodegeneration; and mercury (Hg) intake causes harmful effects in
lactating mothers, fetuses, and children. Cadmium (Cd), considered to act like both
an occupational and non-occupational toxicant, has been reported to be one of the
carcinogens. The strategies to combat heavy metals toxicity include appropriate
intake of antioxidants, phytochemicals, and minerals. The present chapter is an
endeavor to illustrate an updated account of various aspects of heavy metals toxicity
with a particular reference to their biomedical implications as well as the use of
phytochemicals and minerals toward the treatment of their adverse effects.

Keywords Heavy metals - Cadmium - Lead - Arsenic - Mercury
Zinc - Mechanisms - Toxicity

A. Kumar - N. Singh - V. K. Gupta - B. Sharma (X))

Department of Biochemistry, University of Allahabad, Allahabad 211002,
Uttar Pradesh, India

e-mail: bechansharma@gmail.com

R. Pandey

Developmental Toxicology Laboratory, Systems Toxicology and Health Risk
Assessment Group, CSIR-Indian Institute of Toxicology Research (CSIR-IITR),
Vishvigyan Bhavan, 31-Mahatma Gandhi Marg, Lucknow 226001, Uttar Pradesh, India

© Springer International Publishing AG, part of Springer Nature 2018 297
M. Rai et al. (eds.), Biomedical Applications of Metals,
https://doi.org/10.1007/978-3-319-74814-6_14



298 A. Kumar et al.

14.1 Introduction

Heavy metals are the inorganic elements with relatively high density, high specific
gravity (five times more as compared to water), and high atomic number and
weight. It is naturally present in the earth crust, and anthropogenic activities of
human beings lead to their accumulation in the environment above their permissible
limit (Sharma et al. 2014).

Exposure of these heavy metals is a common phenomenon due to their envi-
ronmental pervasiveness. The widely known consequence of these heavy metals
intoxication includes the development of neurotoxicity, genotoxicity, and car-
cinogenicity (Fergusson 1990). Heavy metals also affect most of the organ systems
including central nervous system (CNS), peripheral nervous systems (PNS), gas-
trointestinal (GI) systems, cardiovascular systems, hematopoietic systems, renal
systems, and reproductive system. However, the mechanism and effect of this
toxicant vary with dose, duration, mode of action, chemical, their valence, and the
age of the individual.

There are some heavy metals which are required for the normal biological
functioning of cells like selenium, manganese, zinc, and copper which participates
in regulating various metabolic and signaling pathways. These metals possess
coordination chemistry and redox properties which provides them an extra
advantage by which these metals could escape out of the control mechanism such as
transport, homeostasis, compartmentalization, and binding to designated cell con-
stituents. While the biggest disadvantage lies in their ability to replace other metals
normally present in the binding sites, this nature of heavy metals makes them toxic
and ultimately leading to malfunctioning effect. Sometimes, these metals bind with
nuclear proteins and DNA causing oxidative deterioration of these biological
macromolecules (Leonard et al. 2004; Flora et al. 2008).

Among all the heavy metals, arsenic, lead, cadmium, and mercury are reported to
cause serious health complications in humans (Flora et al. 2008). It has been
reported by various workers that the exposure of an organism to a higher level of
these metals may cause the production of free radicals such as reactive oxygen
species (ROS) and reactive nitrogen species (RNS) which may result in oxidative
stress (Leonard et al. 2004; ATSDR 2007). Oxidative stress is considered to be one
of the major mechanisms of heavy metal toxicity (Manke et al. 2013). For example,
arsenic exposure induces productions of reactive oxygen species (ROS) followed by
increased oxidative stress (Shi et al. 2004), and this oxidative stress is often found to
be associated with the development of tumors in lung, skin, liver, bladder, and
kidney (Waalkes et al. 2004). Lead is known to induce a broad range of physio-
logical, biochemical, and behavioral dysfunctions in laboratory animals and humans
(Goyer 1996; Flora et al. 2008) including central and peripheral nervous systems,
haemopoietic system, cardiovascular system (Lanphear et al. 2000), kidneys
(Damek-Poprawa and Sawicka-Kapusta 2004), liver (Sharma and Street 1980), and
the reproductive systems of males and females (Ronis et al. 1998). Cadmium
exposure also induces ROS production and thereby mutagenesis (Filipic et al. 2006).
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Similarly, the intoxication of mercury affects different organ systems as well as
mitochondrial function (Lund et al. 1993; Sharma et al. 2014; Gupta and Sharma
2015).

The present chapter covers the overview of the source, mechanisms, biochem-
ical, and molecular targets as well as the phytochemicals against toxic metals such
as Pb, Cd, As, and Hg. The current knowledge of toxic effects of metal-induced
oxidative stress suggests that possible measures should be taken to reduce their
toxic effects and to achieve physiological recoveries. This chapter also illustrates
the role of essential trace metals such as Zn, Cu, and the Se in proper biological
maintenance and also the toxicity induced by them when used in excess.

14.2 Sources of Heavy Metals in Environment

Heavy metals are naturally and ubiquitously present in earth’s crust. These elements
are the most ancient toxins against humans, having been utilized for several years.
Several natural and anthropogenic processes are involved in providing entry of
heavy metals into the environment (VanDam et al. 1995; Pacyna 1996; Shallari
et al. 1998; Bradl 2002; Waalkes et al. 2007; Strater et al. 2010). The most note-
worthy natural sources are erosion, weathering of minerals, and volcanic action,
while anthropogenic sources include smelting, mining, electroplating, utilization of
pesticides, fertilizers and also biosolids in farming, sludge dumping, industrial
release, atmospheric fixation, etc. (Modaihsh et al. 2004; Chehregani and Malayeri
2007; Fulekar et al. 2009; Wuana and Okieimen 2011). The anthropogenic sources
of heavy metals are summarized in Table 14.1.

Use of cadmium is common in various industrial activities, and major applica-
tion of cadmium includes pigments, alloy, and batteries (Wilson 1988). Other
sources of cadmium include emissions from mining, industrial activities, smelting,

Table 14.1 Heavy metals and their sources

Heavy Sources References
metals
Cadmium | Electroplating, phosphate fertilizers, Salem et al. (2000), Pulford and
batteries, paints and pigments, and plastic Watson (2003)
stabilizers
Arsenic Wood preservatives and pesticides Thangavel and Subbhuraam
(2004)
Lead Use of herbicides and insecticides, gaseous | Thangavel and Subbhuraam
emission from combustion of lead blended (2004), Wuana and Okieimen
fuels, and battery manufacture (2011)
Mercury Medical wastes and use of pesticides, fish Memon et al. (2001), Wuana and
and dental amalgam Okieimen (2011), Rodrigues et al.
(2012)
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and manufacturing of batteries, pigments, stabilizers, and alloys (ATSDR 2008).
Foodstuffs are also contributing as a major source of cadmium exposure such as
leafy vegetables, grain and seeds, potatoes and molluscs, and crustaceans (Satarug
et al. 2003).

Volcanic eruptions and soil erosions are the natural phenomena, and these natural
activities increase the environmental pollution of arsenic (ATSDR 2000). Arsenic is
also used in several industrial manufactured products such as wood preservatives,
agricultural application products, and dyestuffs. Mercury is highly utilized in elec-
trical industry and used in making electric appliances such as batteries, switches, and
thermostats. Also, it is used in dentistry, in the production of caustic soda and as
solvents for various precious metals (Tchounwou et al. 2003a, b).

14.3 Role in Biological Functions

Mostly heavy metals are nonessential for living organisms. Some of the heavy
metals serve as cofactors in several enzymes. The only known favorable biological
function of cadmium is observed in diatoms (Thalassiosira weissflogii). The marine
diatoms use cadmium as cofactors for their enzymes. Arsenic is used as drug for
treatment of many veterinary diseases. Drugs based on Arsenic are useful and very
effective against some tropical diseases such as amoebic dysentery and sleeping
sickness (African). It is also used in treatment of parasitic diseases including fi-
lariasis in animals (Centeno et al. 2005). Recently, arsenic trioxide has been
approved by the Food and Drug Administration (FDA) as an anticancer agent in the
treatment of acute promyelocytic leukaemia. Its therapeutic action has been
attributed to the induction of programmed cell death (apoptosis) in leukaemia cells
(Yedjou and Tchounwou 2007). Lead and mercury have no any beneficial bio-
logical functions.

14.4 Biochemical Targets for Heavy Metals Toxicity
14.4.1 Cadmium

Cadmium is a naturally occurring metal and it is situated in between zinc (Zn) and
mercury (Hg) in periodic table. Its chemical behavior is similar to Zn and it forms
divalent cation complexes with other elements. Cadmium toxicity is well reported
in various organs and tissues. The most prominent targets of cadmium are nervous
system, cardiovascular system, respiratory system, excretory, and reproductive
system.

This metal has no known useful biological role in mammals and prolongs
encounter with this metal show harmful consequences (Zadorozhnaja et al. 2000).
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The excretion rate of Cd from the body is inadequate which enhance the biological
half-life around 15-30 years (Varga et al. 1993; Bhattacharyya et al. 2000; Henson
and Anderson 2000). Due to the long biological half-life of Cd, it accumulates in
various parts of an organism such as liver, kidney, as well as in the reproductive
organs including testis, ovaries, and placenta (Paksy et al. 1997; Zadorozhnaja et al.
2000; Brohi et al. 2017). Moreover, the human exposed to this metal are more
prone to health complications like renal disease, osteoporosis, hypertension, and
leukaemia, as well as cancers of the lung, urinary bladder, kidney, pancreas,
prostate, and breast (Satoh et al. 2002). Humans are mainly exposed to cadmium via
inhalation or cigarette smoke and through ingestion of contaminated food. The
blood and urine cadmium content is higher in cigarette smoker and lower in non-
smokers (Becker et al. 2002; Mannino et al. 2004). The foodstuffs that are rich in
cadmium such as mushroom, seaweeds, shellfish, mussels and cocoa powder can
build up more accumulation in human bodies. The U.S. National Toxicology
Program and International Agency for Research on Cancer (IARC 1993) have
concluded that there is satisfactory validation that cadmium is a human
cancer-causing agent. Other target tissues of cadmium carcinogenesis in humans are
liver, testicles, adrenals, and the hemopoietic system (IARC 1993; Waalkes et al.
1996). Some studies also reported that environmental and occupational cadmium
exposure is also associated with progression and induction of cancers in kidney,
prostate, and stomach (Waalkes et al. 1996).

Cadmium is a serious gastrointestinal and pulmonary irritant, which can be lethal
if ingested or inhaled. Ingestion of high amount of cadmium induces several
symptoms such as muscle cramps, abdominal pain, nausea, burning sensation,
vomiting, salivation, shock, vertigo, loss of consciousness, and convulsions usually
appear within 15-30 min (Baselt and Cravey 1995). In fact, several years before,
Friberg (1948, 1950) had reported that damage to lungs and kidneys might be the
earliest effects on workers exposed to cadmium. Later on, it was found that acute
ingestion of cadmium can cause gastrointestinal tract erosion, pulmonary, renal or
hepatic injury, and coma (Baselt and Cravey 1995; Baselt 2000). Chronic exposure
to cadmium has a depressive effect on levels of several neurotransmitters such as
acetylcholine, serotonin, and norepinephrine (Singhal et al. 1976). Experiments
performed on rodents also explain that chronic inhalation of cadmium causes
pulmonary adenocarcinomas (Waalkes and Berthan 1995; Waalkes et al. 1996) and
proliferative prostatic lesions after systemic or direct exposure (Waalkes and Rehm
1992). Cadmium can also bind to E-cadherin (a cell-cell adhesion glycoprotein) at
Ca (II)-binding region, disrupting cell-to-cell adhesion (Pearson and Prozialeck
2001). Toxicity of cadmium also led to an alteration in the activities of certain
enzymes in the mammalian systems. The cadmium administration to rats signifi-
cantly influences the activity of antioxidant enzymes such as Cu, Zn-superoxide
dismutase (SOD), glutathione peroxidase (GPx), catalase (CAT), glutathione
reductase (GR), and glutathione-S-transferase (GST), and increases the lipid per-
oxidation, and thereby causes oxidative stress (Ognjanovic et al. 2003).
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14.4.2 Arsenic

Arsenic is a ubiquitous element and present in at low concentrations in all envi-
ronmental conditions (NRCC 1978; ATSDR 2000). Nearly, 200 million people are
affected globally by arsenic exposure, whereas about 70 million people are suffering
in India. The trivalent arsenite and pentavalent arsenate are the major forms of
inorganic arsenic. The report based on extensive surveys explained that several
millions of peoples throughout the world are exposed to arsenic chronically. Peoples
living in countries like India, Mexico, Taiwan, Bangladesh, and Uruguay, where the
groundwater is extensively contaminated with arsenic, are mostly exposed. The
arsenic exposure occurs through dermal contact, inhalation, and parental route to
some extent (Tchounwou et al. 1999; ATSDR 2000). The dissolve arsenic com-
pounds are absorbed with high efficiency than the lower solubility compounds such
as lead arsenide, arsenic selenide, and gallium arsenide, whereas high acute dermal
contact with inorganic arsenic solutions results in systemic skin toxicity (Smith et al.
1992). Arsenic contamination affects all organ systems, and its major targets include
the renal, nervous, respiratory, gastrointestinal nervous, dermatologic, and cardio-
vascular systems (Tchounwou et al. 2003a, b). Research has also pointed to sig-
nificantly higher standardized mortality rates for cancers of the bladder, kidney, skin,
and liver in many areas of arsenic pollution. The severity of adverse health effects is
related to the chemical form of arsenic, and is also time- and dose-dependent
(Tchounwou et al. 2002; Yedjou et al. 2006). The evidence from studies strongly
supports the carcinogenicity of arsenic in humans, but the mechanism of tumor
progression in humans is not completely understood (Chappell et al. 1997). Several
epidemiological studies have validated the strong association between arsenic tox-
icity and adverse effects on human health and increased risks of tumor formation.

One of the known adverse effects of arsenic is the reactive oxygen species
(ROS) production which causes oxidative stress (Shi et al. 2004). The interaction
between these reactive species and biomolecules results in alteration and loss of
regulatory mechanism of the cell, which may lead to cell death. Several studies
indicate that oxidative stress created by arsenic toxicity influence the antioxidant
enzyme such as catalase (CAT), superoxide dismutase (SOD), glutathione perox-
idase (GPx), as well as nonenzymatic factors, for example, sulfhydryl group con-
taining peptides (Shi et al. 2004). The oxidative stress is also associated with
physiological changes which cause late complications in diabetes mellitus
(Parthiban et al. 1995; Rin et al. 1995). Some of the researchers are proposing that it
may play a major role in vascular and neurological complications in diabetic
patients (Baynes 1991; Kolb and Kolb-Bachofen 1992; Giugliano et al. 1996;
Yamanaka et al. 2001; Singh et al. 2017). Arsenic also increases the rate of lipid
peroxidation (LPO) , and high level of these lipid peroxides has been indicated in
diabetic patients (Lyons 1991; Inada et al. 1995; Borcea et al. 1999). Arsenic may
affect the central nervous system (CNS) and cause significant alterations in the
behavioral pattern of exposed animals. Arsenic causes biomethylation in the brain
which results in the development of neurotoxicity.
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14.4.3 Lead

Lead is a potent occupational toxin which is non-biodegradable. It persists in the
environment for a long time. In the human body, most of the absorbed lead is
accumulated in kidney, followed by liver and other tissues such as brain and heart,
but the skeleton represents the major fraction of overall lead content in the human
body (Flora et al. 2006). The most susceptible target for lead poisoning is nervous
system, and the poor attention spam, headache, loss of memory, dullness, and
irritability are the early symptoms of lead exposure on the central nervous system
(ATSDR 1999; CDC 2001). The major target of lead toxicity includes liver, central
nervous system, reproductive system, hematopoietic system, and endocrine system
(ATSDR 1999). It is most hazardous for pregnant women. The absorbed lead can
readily transfer to developing embryo (Ong et al. 1985). It may cause early birth,
reduce body weight and neuro development, and reproductive disability in offspring
(Andrews et al. 1994).

Lead produces toxicity on most of the organ system and induces a broad range of
physiological, biochemical, and genetical dysfunctions, because it is one of the
most clinically significant heavy metals. The most sensitive target of lead exposure
is the central nervous system. Pb causes neurotoxicity but significantly decreases
pediatric cognitive functions. Lead toxicity interferes with enzymatic steps in the
heme pathway and reduces the body’s capacity for formation of hemoglobin. In
severe cases of lead poisoning, children or adults may present with severe cramping
abdominal pain, which may be mistaken for an acute abdomen or appendicitis.
Cardiovascular hypertension is a complex condition with many different causes and
risk factors, including age, weight, diet, and exercise habits. Lead poisoning effects
as examined in the literature include low sperm count, fertility, and pregnancy
outcomes. Williams et al. (2010) have reported that the higher blood lead was
associated with later pubertal onset in this prospective study of peri-pubertal
Russian boys. Studies on the effects of lead on the endocrine system are mainly
based on occupationally lead-exposed workers and experimental animal models.
Although evidence is conflicting, it has been reported that accumulation of lead
affects the majority of the endocrine glands. In particular, it appears to affect the
hypothalamic—pituitary axis causing blunted TSH, GH, and FSH/LH responses to
TRH, GHRH, and GnRH stimulation, respectively.

Some of the key metabolic enzymes are major target for lead toxicity. Lead can
mimic the essential mineral ions such as iron, zinc, and calcium which play an
important role of cofactors with several enzymes. Thus, replacement of these metals
with lead will interfere with enzyme function. Lead is well known for its
involvement in ROS production. The ROS-mediated damage of cell membrane and
DNA damage are common in lead toxicity. Lead also interferes with antioxidant
enzymes such as SOD, GPx, and CAT and nonenzymatic antioxidant molecules
(Valko et al. 2005; Flora et al. 2008; Sharma et al. 2014).
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14.4.4 Mercury

In nature, mercury is available in different physical and chemical forms, and all
forms of mercury can produce toxic effects. The various forms of mercury are
mercurous (Hg I), elemental mercury vapor (Hg), and mercuric (Hg II) and organic
mercuric compounds (Rubino 2015). All forms of mercury are toxic to humans and
have toxic effects in different organs such as kidney, brain, and lung (Fitzgerald and
Clarkson 1991; Zalups and Koropatnik 2000). Exposure to mercury can induce
several diseases such as Minamata disease, acrodynia (pink disease), and
Hunter-Russell syndrome. The organic and elemental mercury show wide range of
toxicity including gastrointestinal toxicity, neurotoxicity, and nephrotoxicity
(Zalups 2002). The mercurous and mercuric ions create toxicity generally by
interacting with the thiol group of essential molecules and protein such as GSH and
metallothionein (MT) (Hultberg et al. 2001). Some of the researchers have reported
that mammals exposed to mercuric chloride result in alterations in several antiox-
idants enzymes such as SOD, GPX, CAT, and GR. Exposure to mercury also
causes the change in the rate of lipid peroxidation in comparison to
non-contaminated groups (Yee and Choi 1996; Mahboob et al. 2001). Mercury also
affects the numbers of the stress of protein including heat shock proteins and
glucose-regulated proteins (Goering et al. 2000; Papaconstantinou et al. 2003). The
action and targets of different chemical forms of mercury are given in Fig. 14.1.
Some of the hypotheses supported that the injuries in the central nervous system
caused by methylmercury are due to ROS production (Zhang et al. 2009). Studies
demonstrated that methylmercury inhibits the cell division and migration in both
in vivo and in vitro conditions (Grandjean et al. 1997; Graeme and Pollack 1998;
Grandjean et al. 1999). Another researcher also reported that mercury intoxication
is related to the increased risk of myocardial infarction, hypertension, coronary
dysfunction, atherosclerosis, and increased risk of cardiovascular disease (Rhee and
Choi 1989; Guallar et al. 2002; Yoshizawa et al. 2002).
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14.5 Molecular Mechanism of Heavy Metals Toxicity
14.5.1 Cadmium

The mechanism of action of cadmium is not well understood. The main action of
cadmium in mutagenesis is generation of ROS (Filipic et al. 2006). Due to rise in
ROS level, various physiological perturbations develop such as increased perme-
ability of blood-brain barrier and alteration in synaptic transmission. Cadmium is a
non-redox active metal and cannot initiated by itself Fenton reactions (Casalino
et al. 1997). Therefore, it induces oxidative stress via indirect process. Some of the
known mechanism through which it act are (1) Cd combines with thiol groups of
enzymes involved in antioxidant mechanisms, such as glutathione peroxidase
(GPx), SOD, and catalase, and inhibits their activities (Wang et al. 2004); (2) Cd
decreases in the intracellular GSH content; (3) Cd inhibits GPx activity by forming
cadmium-selenium complexes; and (4) Cd inhibits complex III of the mitochon-
drial electronic transport chain and increases the production of ROS (Wang et al.
2004) which may trigger the apoptosis pathways.

14.5.2 Arsenic

Arsenic interacts with thiol group or sulthydryl groups of protein and can inactivate
around 200 enzymes, a principal mechanism of arsenic toxicity. As(V) can also
replace the phosphate molecules which are actively involved in several biochemical
pathways, and thereby affect that pathways (Goyer 2001; Hughes 2002). Arsenic
exposure may impair the cellular respiration by inhibiting the various mitochondrial
enzymes and uncoupling the oxidative phosphorylation. Several metabolic path-
ways may cause methylation of arsenic leading to the formation of methyl
metabolites of arsenic that are more toxic than arsenite (Tchounwou et al. 2003a, b).
Further, comet assay pointed out the role of arsenic trioxide in the induction of
DNA damage in human lymphocytes (Anderson et al. 1994). While some of its
compounds can also trigger the gene amplification, inhibit DNA repair system, and
arrest cells in mitosis, it also induces the expression of the c-fos gene and oxidative
stress protein heme oxygenase, and also acts as a promoter for various toxic agents
(Barrett et al. 1989; Hartmann and Peit 1994; Saleha-Banu et al. 2001). Several
mechanisms are reported for arsenic-induced carcinogenesis but the available
information is not fulfilled to understand the actual mechanism of its action. Some
of the reported mechanisms are hypoxia inducing both genetic and epigenetic
changes (Salnikow and Zhitkovich 2008), modulation of gene expression (Huang
et al. 2004), enhanced cell proliferation (Simeonova et al. 2000), and induction of
oxidative stress (Shi et al. 2004). The regulation and mechanism of action of arsenic
are given in Fig. 14.2. Arsenic can also interfere with the signaling pathways (p53
signaling pathway) that are involved in promotion and progression of several
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tumors in mammals (Porter et al. 1999; Vogt and Rossman 2001). A recent review
discusses nine different possible modes of action of arsenic carcinogenesis:
oxidative stress, induced chromosomal abnormalities, altered DNA methylation
patterns, altered DNA repair, altered growth factors, suppression of p53, enhanced
cell proliferation, promotion/progression, and gene amplification (Miller et al.
2002). Three modes (oxidative stress, chromosomal abnormality, and altered
growth factors) of arsenic carcinogenesis have shown a degree of positive evidence,
both in experimental systems (animal and human cells) and in human tissues.
However, the other mechanisms do not have much evidence especially from in vivo
studies.

14.5.3 Lead

The mechanisms which involve lead-induced toxicity primarily damage to the cell
membrane and DNA as well as damage to the enzymatic antioxidant molecule such
as catalase, glucose-6-phosphate dehydrogenase (G6PD), GPx, and SOD and
nonenzymatic antioxidants such as GSH of animals and human systems. Several
kinds of literature indicate that lead-induced toxicity might be involved in the
multifactorial mechanism of action. This multifactorial mechanism can be oxidative
stress, enzyme inhibition, DNA damage, change in gene expression, and adventi-
tious like mimicry. In all mechanism, reactive oxygen species induced by lead is a
well-known mechanism. The lead has electron-sharing affinities that can result in
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formation of covalent attachment with sulphydryl groups of cellular components.
Lead is known to adversely influence the metabolism of glutathione and cause
toxicity. Several mechanisms are proposed for lead-induced oxidative stress:
(1) Direct effect of lead on cell membranes, (2) lead—hemoglobin interaction,
(3) d-aminolevulinic acid (3-ALA)-induced generation of ROS, and (4) effect of
lead on the antioxidant defense system of cells.

14.5.4 Mercury

The molecular mechanisms of toxicity of mercury are basically through the pro-
duction of oxidative stress (Sharma et al. 2014). After absorption, it forms com-
plexes with cysteine residues of proteins and diminishes the cellular antioxidants.
Inorganic mercury has been reported to cause a defect in electron transport and
oxidative phosphorylation at ubiquinone-cytochrome b5 step by producing ROS
and creating oxidative stress (Marnett 2000). The oxidative stress also involved in
the disruption of calcium homoeostasis. Both types of mercury, organic and inor-
ganic, disrupt the calcium homoeostasis but their action of mechanisms is different.
Organic mercury is supposed to increase the intracellular calcium by stimulating the
influx of extracellular calcium and mobilizing intracellular stores, whereas inor-
ganic mercury disrupts the homoeostasis by accelerating the influx of extracellular
calcium (Kim et al. 2010). The link between mercury intoxication and carcino-
genesis is not much clear. Some studies have confirmed the genotoxic potential of
mercury, whereas others have not shown any connection between mercury expo-
sure and its genotoxicity (Valko et al. 2004). Generation of oxidative stress and
ROS production during mercury toxicity has been reported to be associated with
DNA damage, which can lead to the initiation of carcinogenic process (Ogura et al.
1996; Valko et al. 2006). The free radical production may also induce the con-
formational changes in enzymes and other proteins that are actively involved in cell
cycle regulation such as chromosomal segregation, mitotic spindle, and DNA repair
(Valko et al. 2006).

14.6 Phytochemicals in Alleviation of Heavy
Metal Toxicity

The plants are rich in antioxidant potentials such as polyphenols and flavonoids.
However, plants may also have the ameliorative effect against the heavy metal
toxicity. Several researchers also reported the heavy metal scavenging activity of
phytochemicals. The oral administrations of soya bean supplementation and
Arthrospira maxima reduce the cadmium-induced genotoxic and cardiovascular
implications (Brochin et al. 2008; Argiielles et al. 2013). Many phytochemicals
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such as phycocyanobilin, carotenes, vitamin C, and vitamin E obtained from
cyanobacterial species such as Chlorella and Spirulina have shown their protective
effects against lead- and cadmium-induced toxicity (Amin et al. 2006; Shim et al.
2008; Shim and Om 2008; Yun et al. 2011; Gupta et al. 2015). Several research
works provide strong evidence for antiapoptotic activity of garlic extract and its
inhibitory effect on mitochondrial injury caused by cadmium and lead. Garlic is rich
in phytochemical, allicin (Shahsavani et al. 2011; Sadeghi et al. 2013).

Leaf extracts of Annona muricata and Hippophae rhamnoides have been ben-
eficial against arsenic-induced toxicity. Both are rich in vitamins, carotenoids, and
organic acids which give positive effects in antidote against arsenic toxicity
(Jomova et al. 2011; Gupta and Flora 2005, 2006; George et al. 2015). Some of the
researchers have also shown that phytochemicals not only ameliorate the toxicity of
heavy metals but also reduce the body burden of accumulated heavy metals.
Tomato extracts have potential to reduce bioaccumulation of heavy metals, in
particular against lead- and cadmium-induced intoxication (Nwokocha et al. 2012).
An overview of some phytochemicals active against heavy metal toxicity is pre-
sented in Table 14.2.

14.7 Role of Essential Mineral Ions in Mitigation
of Heavy Metals Toxicity

14.7.1 Zinc

Zinc, a ubiquitous trace element essential as a catalytic, structural, and regulatory
ion, is indispensable for growth and development of the microorganisms, plants,
and animals (Mocchegiani and Muzzioli 2000). Average human intake of zinc
ranges between 2.5 and 10 mg/day (Letavayova et al. 2006). It is well known for its
role as a cofactor for superoxide dismutase (SOD), and it protects biological
structures from damage caused by free radicals by maintaining adequate levels of
SOD and metallothionein, as well as preventing interaction between chemical
groups with iron. It is a part of the zinc-dependent thymic hormone that is essential
for thymic functions such as T-cell maturation and differentiation (Mocchegiani and
Muzzioli 2000). Its antioxidant function is attributed to its function of blocking the
negatively charged sites, thereby preventing lipid peroxidation. Its deficiency has
mostly been associated with an increase in the levels of lipid peroxidation of
mitochondrial and microsomal membranes along with osmotic fragility of the
erythrocyte membrane. Zinc-binding proteins such as metallothioneins (MTs) are
present in virtually all living organisms. These proteins play a significant role in
zinc uptake, distribution, storage, and release, and are protective in situations of
stress (exposure to oxyradicals), exposure to toxic metals, and low Zn nutrition
(Vasak and Hasler 2000; Coyle et al. 2002). Zn as a part of MTs improves excretion
of metals such as Pb, As, etc. from the body. In a study, Jamieson et al. (2006)
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Table 14.2 Phytochemicals active against heavy metals toxicity

S. Source Phytochemical Biological function/property
No.
1. Black cumin (Nigella p-Carotenes, vit. Antioxidative property
sativa) B1, vit. B6, vit. C,
and vit. E
2. Cyanobacteria Phycocyanobilin Act as antioxidant
(Spirulina and
Chlorella)
3. Coriander, fruits, Phenolics Antioxidative property
vegetables, green and
black tea, red wine
4. Red wine, tea, onion, Quercetin The expression of some enzymes such
tomato, radish, and olive as cyclooxygenase-2 (COX-2)
oil endothelial nitric oxide synthase
(eNOS) and inducible nitric oxide
synthase are induced by quercetin
Quercetin modulation of signaling
pathway including mitogen-activated
protein kinases (MAPKSs) and nuclear
factor kappa B (NF-xB) and formation
of an excretable complex with Pb
hydroxyl and superoxide groups
scavenge radicals, whereas the phenolic
groups act as possible chelating sites.
5. Citrus mainly Orange, Naringenin Enzyme activity recovers by antioxidant
grapefruit, and tomatoes property of Naringenin by scavenging
free radicals and chelating Cd
6. Rice (Oryza sativa) y-Oryzanol Testicular Cd level decrease by y-
Oryzanol and its increases o-
aminolevulinic acid dehydratase
(ALAD) activity, and reduces lipid
peroxidation
7. Cherry, grapefruit, and | Anthocyanin/ Cd-induced oxidative stress protected
berries flavonoids by anthocyanin. It also reduces the
Pb-induced oxidative stress
8. Garlic Allicin Allicin decreases arsenic-induced
oxidative stress by forming a complex
9. Pueraria mirifica plant | Puerarin Phosphoinositide-3-kinase (PI3K),
protein kinase B (Akt), and endothelial
nitric oxide synthase (eNOS) pathways
are regulated by puerarin. It also
protects DNA damage (apoptosis) from
oxidative stress
10. | Turmeric Curcumin Curcumin forms a complex by binding

with Pb and decreases the lipid
peroxidation, neurotoxicity, and
nephrotoxicity
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found that marginal Zn deficiency enhances accumulation of Pb in bone, while its
supplementation reduces its absorption and, as such, its accumulation in rats.
Co-administration of zinc and lead, which compete for similar binding sites on
enzymes, results in the reverse inhibition of aminolevulinic acid dehydrogenase in
male Wistar rats, suggesting that administration of zinc suppresses the toxic effects
of lead (Flora et al. 1989, 1999). In a similar study, supplementation of Zn was
found to be associated with a reduction in the effects of HgCl, (Franciscato et al.
2011). Possessing significant potential to displace Zn from Zn-metalloproteinases, it
eliminates the effect of HgCl, on neural development (Guzzi and Laporta 2008). Zn
along with Se has been associated with a reduction in MeHg-induced toxicity. All
this indicates that it plays a protective role against the damage of different metals
through reduction in absorption, competing for binding to enzymes and through
induction of molecules such as MTs. Besides having positive effects, supplemen-
tation of Zn has also been found associated with displacement of essential metals to
substitute normal physiological activities (Briner 2014). On one side, where the
supplementation of Zn seems to protect against oxidative damage of iron in the
instance of iron supplementation, long-term or higher dosage treatment of Zn has
been associated with the depletion of copper (Suzuki 1997; Maret and Sandstead
2006). As such, a balanced approach to the supplementation of these metal ions is
necessary to prevent unwanted complications. The action of Zn in amelioration of
heavy metal-induced toxicity is illustrated in Fig. 14.3.

14.7.2  Copper

Copper, an essential trace metal, acts as a cofactor for a variety of proteins and
enzymes required for maturation of cytoplasmic cuproproteins and assembly of
enzymes in different cell organelles (ceruloplasmin and tyrosinase in the case of

Cu, Zn-SOD
Metallothionein,

NADPH oxidase e
A20 Protein

TRAF Pathway

o

Activation of NF-xkB

oxLDL — |
Antiapoptosis Growth Cytokines Enzymes Adhesive Fibrinogens
factor molecules
o 4 N e
Cell Growth Inflammation C?:glllltiﬁt

Fig. 14.3 Protective effect of zinc against heavy metal-induced toxicity
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Golgi apparatus and cytochrome c¢ oxidase concerning mitochondria). Copper
uptake occurs in a tightly regulated process through specific high-affinity plasma
membrane copper transporters or low-affinity permeases (DeFeo et al. 2007; Kim
et al. 2008). Binding to chaperone proteins results in the transfer of copper to its
final destination or any intermediate location from which its transport to other cell
compartments or efflux out of cells can occur in cases in which concentration
exceeds the optimum level. It acts as a cofactor for a broad range of metal-binding
enzymes, and it fluctuates between the oxidized Cu (II) and reduced Cu (I) forms. In
humans, its average intake varies between 260 and 700 g/day. Although adequate
intake of copper protects lead, higher consumption has been associated with
increased lead absorption (Flora et al. 1982). Its presence in excess amounts led to
its involvement in the generation of highly reactive oxidative species (such as
hydroxyl radicals), well known for their devastating effects on cells, particularly
DNA damage and oxidation of proteins and lipids (Halliwell and Gutteridge 1990).
Cu (I) and Cu (II) that hold high affinity for protein sites having cysteine,
methionine, and histidine side chains act as potential ligands that led to the dis-
placement of essential metal ions from their active sites, thereby resulting in the
misfolding of proteins. As such, its uptake, followed by distribution and utilization,
and finally, excretion from the body, needs to be tightly regulated (O’Halloran and
Culotta 2000).

14.7.3 Selenium

Selenium (Se) is an essential trace element found in humans, animals, and some
bacteria. In humans, its sources include meat, cereal grains, and fish. Average intake
required for normal body functioning varies according to the age group: from
17 g/day (children) to 45 g/day (Adults). As selenoproteins, it contributes signifi-
cantly to the maintenance of essential biological functions. It exists in two forms:
organic, as selenomethionine (SeMet), selenocysteine (SeCys), and methylseleno-
cysteine (MeSeCys); and inorganic, as selenite and selenate (Letavayova et al.
2006). It has been found to play an important role in at least 25 human seleno-
proteins by being part of the primary amino acid sequence as selenocysteine
(SeCys) (Kryukov et al. 2003; Foster et al. 2006). Among the series of seleno-
proteins, thioredoxin reductase and glutathione peroxidase representing selenoen-
zyme play critical roles in the maintenance of cellular redox homoeostasis (Rayman
2000). By acting as an antimutagenic agent, it prevents malignant transformation of
normal cells. As a part of glutathione peroxidases (GSH-Pxs) and thioredoxin
reductase, it is primarily associated with protecting DNA and other cellular com-
ponents from oxidative damage (Trueba et al. 2004). It increases the antioxidant
capacity of cells by enhancing the activity of superoxide dismutase associated with
the scavenging of superoxide radicals, increasing glutathione reductase activity and,
as such, glutathione content as part of its protection against heavy metals. Having
the ability to enhance the levels of glutathione and metallothioneins (MTs), its
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supplementation has been found to be associated with reversing the effect of dif-
ferent metals (Abdulla and Chmielnicka 1990; Sharma et al. 2014). Its interaction
with heavy metals such as mercury counteracts their adverse consequences via the
formation of insoluble complexes that prevent them from exerting toxic effects on
the body (Whagner 1992; Suzuki 1997). Se administration was found to have a
positive effect in reducing the Pb and As toxicities through increased production of
selenoproteins, competition at key enzymes, and through the formation of inert
Se—-metal complexes (Kalia and Flora 2005). In addition to its antioxidant property,
it plays an important role in thyroid hormone metabolism and redox reactions (Cano
et al. 2007; Combs et al. 2009). Bronzetti et al. (2001) have reported that within
certain limits, Se may have anticarcinogenic effects. However, at concentrations
higher than those necessary for nutrition, it can have adverse effects by acting as a
genotoxin and a carcinogen. Besides being toxic in itself at higher concentrations, it
has been found to enhance the toxicity imposed by Pb (Kalia and Flora 2005). With
greater chances to cause selenosis, higher intake to combat toxicity associated with
metals such as mercury does not make it an excellent choice for therapy.

14.8 Conclusions

Heavy metals have been exhaustively studied by different workers, and they have
presented different mechanisms of their toxic effects on cardiovascular system,
kidney, neurons, and brain of animals and humans. In humans, the treatment of
heavy metal poisoning involved application of chelating agents, though the side
effects of chelating agents are the issues associated with it. On the other hand, some
transition elements such as vanadium, manganese, iron, cobalt, copper, zinc,
selenium, strontium, and molybdenum in small quantities are required for good
human health. It has been observed that the deficiency of these essential metals may
increase susceptibility to heavy metal poisoning. Selenium inhibits accumulation of
mercury and increases excretion of arsenic and mercury. High concentration of folic
acid in blood of pregnant woman helps in reducing the blood levels of mercury and
cadmium. The uses of antioxidants such as vitamin C, garlic, alpha-lipoic acid, and
glutathione help to reduce the adverse effects induced by Pb, Cd, and Cu. The roles
of various plant-based principles in alleviating the heavy metals toxicity in humans
are significant. However, still extensive research is needed to understand the targets
of actions of heavy metals and to investigate the appropriate, cost-effective and safe
therapeutics to overcome their toxic effects.
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