We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter

Mechanism and Health Effects of
Heavy Metal Toxicity in Humans
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Friday Nweke Nwalo and Marian N. Unachukwu

Abstract

Several heavy metals are found naturally in the earth crust and are exploited
for various industrial and economic purposes. Among these heavy metals, a few
have direct or indirect impact on the human body. Some of these heavy metals such
as copper, cobalt, iron, nickel, magnesium, molybdenum, chromium, selenium,
manganese and zinc have functional roles which are essential for various diverse
physiological and biochemical activities in the body. However, some of these heavy
metals in high doses can be harmful to the body while others such as cadmium,
mercury, lead, chromium, silver, and arsenic in minute quantities have delirious
effects in the body causing acute and chronic toxicities in humans. The focus of this
chapter is to describe the various mechanism of intoxication of some selected heavy
metals in humans along with their health effects. Therefore it aims to highlight
on biochemical mechanisms of heavy metal intoxication which involves binding
to proteins and enzymes, altering their activity and causing damage. More so, the
mechanism by which heavy metals cause neurotoxicity, generate free radical which
promotes oxidative stress damaging lipids, proteins and DNA molecules and how
these free radicals propagate carcinogenesis are discussed. Alongside these mecha-
nisms, the noxious health effects of these heavy metals are discussed.

Keywords: heavy metals, toxicity, neurotoxicity, carcinogenesis, free radicals,

health effects

1. Introduction

Metals are natural constituents that exist in the ecosystem. They are substances
with high electrical conductivity which voluntarily lose their electrons to form
cations. Metals are found all over the earth including the atmosphere, earth crust,
water bodies, and can also accumulate in biological organisms including plants and
animals. Among the 35 natural existing metals, 23 possess high specific density
above 5 g/cm’ with atomic weight greater than 40.04 and are generally termed
heavy metals [1, 2]. Theses metals generally termed heavy metals include: anti-
mony, tellurium, bismuth, tin, thallium, gold, arsenic, cerium, gallium, cadmium,
chromium, cobalt, copper, iron, lead, mercury, manganese, nickel, platinum, silver,
uranium, vanadium, and zinc [1, 2]. This category of metals termed heavy metals
have not only been known for their high density but most importantly for their
adverse effects to the ecosystem and living organisms [3]. Some of these heavy met-
als such as cobalt, chromium, copper, magnesium, iron, molybdenum, manganese,
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selenium, nickel and zinc are essential nutrients that are required for various
physiological and biochemical functions in the body and may result to deficiency
diseases or syndromes if not in adequate amounts [4] but in large doses they may
cause acute or chronic toxicities.

These heavy metals are distributed in the environment through several natural
processes such as volcanic eruptions, spring waters, erosion, and bacterial activity,
and through anthropogenic activities which include fossil fuel combustion, indus-
trial processes, agricultural activities as well as feeding [5]. These heavy metals do
bioaccumulate in living organisms and the human body through various processes
causing adverse effects. In the human body, these heavy metals are transported and
compartmentalized into body cells and tissues binding to proteins, nucleic acids
destroying these macromolecules and disrupting their cellular functions. As such,
heavy metal toxicity can have several consequences in the human body. It can affect
the central nervous function leading to mental disorder, damage the blood constitu-
ents and may damage the lungs, liver, kidneys and other vital organs promoting
several disease conditions [6]. Also, long term accumulation of heavy metals in the
body may result in slowing the progression of physical, muscular and neurologi-
cal degenerative processes that mimic certain diseases such as Parkinson’s disease
and Alzheimer’s disease [6]. More so, repeated long-term contact with some heavy
metals or their compounds may even damage nucleic acids, cause mutation, mimic
hormones thereby disrupting the endocrine and reproductive system and eventu-
ally lead to cancer [7].

This chapter will highlight on the various sources of heavy metals and the
processes that promote their exposure and bioaccumulation in the human body.
More focus will be laid on the various mechanisms that lead to heavy metal
toxicity with emphasis on macromolecule and cellular damages, carcinogenesis,
neurotoxicity and the molecular basis for their noxious effects. The various toxic
effects along with the signs and symptoms of some heavy metals in the human
body will be discussed.

2. Sources of heavy metal exposure to humans

Heavy metals are naturally present in our environment. They are present in
the atmosphere, lithosphere, hydrosphere and biosphere [8]. Although these
heavy metals are present in the ecosystem, their exposure to humans is through
various anthropogenic activities of man. In the earth crust, these heavy metals
are present in ores which are recovered during mining activities as minerals. In
most ores heavy metals such as arsenic, iron, lead, zinc, gold, nickel, silver and
cobalt exist as sulfides while others such as manganese, aluminum, selenium
gold, and antimony exist as oxides. Certain heavy metals such as copper, iron and
cobalt can exist both as sulfide and oxide ores. Some sulfides may contain two or
more heavy metals together such as chalcopyrite, (CuFeS,) which contains both
copper and iron. During these mining activities, heavy metals are released from
the ore and scattered in open in the environment; left in the soil, transported
by air and water to other areas. Furthermore, when these heavy metals are
used in the industries for various industrial purposes, some of these elements
are released into the air during combustion or into the soil or water bodies as
effluents. More so, the industrial products such as paints, cosmetics, pesticides,
and herbicides also serve as sources of heavy metals. Heavy metals may be
transported through erosion, run-off or acid rain to different locations on soils
and water bodies. As reviewed from [9], the sources of specific heavy metals are
described below.
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2.1 Arsenic

Arsenic is the 20th most abundant element on earth and the 33rd on the periodic
table. The inorganic forms such as arsenite and arsenate compounds are lethal to
humans and other organisms in the environment. Humans get in contact with
arsenic through several means which include industrial sources such as smelting and
microelectronic industries. Drinking water may be contaminated with arsenic which
is present in wood preservatives, herbicides, pesticides, fungicides and paints [10].

2.2 Lead

Lead is a slightly bluish, bright silvery metal in a dry atmosphere. The main
sources of lead exposure include drinking water, food, cigarette, industrial pro-
cesses and domestic sources. The industrial sources of lead include gasoline, house
paint, plumbing pipes, lead bullets, storage batteries, pewter pitchers, toys and
faucets [11]. Lead is released into the atmosphere from industrial processes as well
as from vehicle exhausts. Therefore, it may get into the soil and flow into water
bodies which can be taken up by plants and hence human exposure of lead may also
be through food or drinking water [12].

2.3 Mercury

The metallic mercury is a shiny silver-white, odorless liquid metal which
becomes colorless and odorless gas upon heating. Mercury is used in producing
dental amalgams, thermometers and some batteries. Also, it can be found in some
chemical, electrical-equipment, automotive, metal-processing, and building indus-
tries. Mercury can exist in a gaseous form thus it can be inhaled. Other forms of
mercury contamination in humans may be through anthropogenic activities such as
municipal wastewater discharges, agriculture, incineration, mining, and discharges
of industrial wastewater [13].

2.4 Cadmium

This metal is mostly used in industries for the production of paints, pigments
alloys, coatings, batteries as well as plastics. Majority of cadmium, about three-
fourths is used as electrode component in producing alkaline batteries. Cadmium is
emitted through industrial processes and from cadmium smelters into sewage sludge,
fertilizers, and groundwater which can remain in soils and sediments for several
decades and taken up by plants. Therefore, significant human exposure to cadmium
can be by the ingestion of contaminated foodstuffs especially cereals, grains, fruits
and leafy vegetables as well as contaminated beverages [14, 15]. Also, humans may get
exposed to cadmium by inhalation through incineration of municipal waste.

2.5 Chromium

Chromium is a metal that is present in petroleum and coal, chromium steel,
pigment oxidants, fertilizers, catalyst, oil well drilling and metal plating tanneries.
Chromium is extensively used in industries such as wood preservation, electroplat-
ing, metallurgy, production of paints and pigments, chemical production, tanning,
and pulp and paper production. These industries play a major role in chromium
pollution with an adverse effect on biological and ecological species [16]. Following
the anthropogenic activities by humans, disposal of sewage and use of fertilizers
may lead to the release of chromium into the environment [16]. Therefore, these
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Pathway of heavy metals sources and exposure to humans.

industrial and agricultural practices increase the environmental contamination
of chromium. Environmental pollution by chromium has been mostly by the
hexavalent chromium in recent years [17].

2.6 Copper

This is a heavy metal which is used in industries to produce copper pipes, cables,
wires, copper cookware, etc. It is also used to make copper intrauterine devices and
birth control pills. Copper in the form of copper sulfate is added to drinking water
and swimming pools [18]. Due to man’s anthropogenic and industrial activities,
it can accumulate in the soil and up taken by plants. As such, copper is present in
some nuts, avocado, wheat germ and bran etc.

2.7 Manganese

This metal is added to gasoline as methylcyclopentadienyl manganese tricarbonyl
(MMT) and thus, gasoline fumes contain a very toxic form of manganese [19].
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Heavy EPA limits in drinking OSHA limit in FDA limit in bottled water/
metals water (ppm) workplace air (mg) food (ppm)
Arsenic 0.01 10 -
Barium 2.0 0.5 -
Cadmium 0.005 5 0.005
Chromium 0.1 1 1

Lead 0.015 0.15 -
Mercury 0.002 0.1 1
Selenium 0.05 0.2 -
Silver 0.0001 0.01 -
Zinc 5 5 -

ppm, parts per million; mg, milligram; EPA, Environmental Protection Agency; OSHA, Occupational Safety and
Health Administration; FDA, Food and Dyrug Administration.

Table 1.
Regulatory limit of selected heavy metals.

2.8 Nickel

It is used in the production of batteries, nickel-plated jewelry, machine parts,
nickel plating on metallic objects, manufacture of steel, cigarette smoking, wire,
electrical parts, etc. Also, it can be found in food stuff such as imitation whip
cream, unrefined grains and cereals, commercial peanut butter, hydrogenated
vegetable oils, as well as contaminated alcoholic beverages [19]. The various sources
of heavy metals are summarized in Figure 1.

3. Route of exposure, bio-uptake and bioaccumulation of heavy metals
in humans

Humans may directly get in contact with heavy metals by consuming con-
taminated food stuffs, sea animals, and drinking of water, through inhalation of
polluted air as dust fumes, or through occupational exposure at workplace [20].
The contamination chain of heavy metals almost usually follows this cyclic order:
from industry, to the atmosphere, soil, water and foods then human [8]. These
heavy metals can be taken up through several routes. Some heavy metals such as
lead, cadmium, manganese, arsenic can enter the body through the gastrointestinal
route; that is, through the mouth when eating food, fruits, vegetables or drinking
water or other beverages. Others can enter the body by inhalation while others such
as lead can be absorbed through the skin.

Most heavy metals are distributed in the body through blood to tissues [21]. Lead
is carried by red blood cells to the liver and kidney and subsequently redistributed
to the teeth, bone and hair mostly as phosphate salt [20]. Cadmium initially binds to
blood cells and albumin, and subsequently binds to metallothionein in kidney and
liver tissue. Following its distribution from blood to the lungs, manganese vapor dif-
fuses across the lung membrane to the Central nervous system (CNS). Organic salts
of manganese which are lipid soluble are distributed in the intestine for fecal elimi-
nation while inorganic manganese salts which are water soluble are distributed in
plasma and kidney for renal elimination. Arsenic is distributed in blood and accumu-
lates in heart, lung, liver, kidney, muscle and neural tissues and also in the skin, nails
and hair. The regulatory limit for some selected heavy metals is shown in Table 1.
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4. Mechanism of heavy metal toxicity
4.1 Heavy metal-induced oxidative stress and oxidation of biological molecules
Certain heavy metals are known to generate free radicals which may lead to oxi-

dative stress and cause other cellular damages (see [22] for review). The mechanism
of free radical generation is specific to the type of heavy metal.

4.1.1 Iron
Iron is a useful heavy metal in the human body as it is a constituent of certain
biological molecules like the hemoglobin and involved in various physiological

activities. However, in its free state, iron is one of the heavy metals generally known
to generate hydroxyl radical (OH") as shown below by the Fenton reaction.

Fe** + 0,7 —» Fe?* + 0, 1)

Fe* + H,0, — Fe* + OH" + OH™ (Fenton reaction) (2)

Net reaction (Haber-Weiss reaction):

0O, +H,0, - OH + OH" + 0O, (3)

In addition to the above reactions, the following reactions below can also occur:

OH H,0, - H,0+H'+0>" (4)
OH' + Fe?* — Fe** + OH- (5)
LOOH + Fe** - Fe* + LO- + OH" (6)

Hydroxyl radical (OH") is the most common free radical generated by the oxida-
tion of iron. OH" is capable of reacting with biological molecules such as proteins,
lipids and DNA damaging them. When OH’ reacts with guanine, a nitrogenous base
of nucleic acids, it leads to the generation of 8-oxo-7,8-dihydro-20-deoxyguanosine
(8-0x0-dG) and 2,6-diamino-5-formamido-4-hydroxypyrimidine (FAPy-G), in
which the former is a good marker for oxidative damage [23].

It is well documented that metal-induced generation of oxygen reactive species
can attack polyunsaturated fatty acid such as phospholipids. The first of such
observation was first presented by Bucher et al. [24] who showed that iron-
generated OH’ can oxidize lipid membranes through a process known as lipid
peroxidation. Following his experimental observations, he proposed the following
mechanism:

Steps of lipid peroxidation:

Initiation: Lipid + R+/OH' — Lipid’ @)

Propagation: Lipid. + 0, - Lipid - 00’ (8)
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Lipid - OO + Lipid® - Lipid - OOH + Lipid’ 9)
Termination: Lipid + Lipid> —> Lipid - Lipid (10)
Lipid - 0O~ + Lipid" - Lipid - OO - Lipid (11)

At the initiation stage, the radical (R")/OH" attacks the lipid membrane to form
aradial lipid. This radical lipid further propagates the formation of peroxyl lipid
radical by reacting with dioxygen molecule or with a lipid. This reaction further
promotes damage of the lipid molecule. At the termination stage, two radical lipid
molecules and/or with a peroxyl lipid radical reacts to form a stable lipid molecule.
The major aldehyde product of lipid peroxidation is malondialdehyde and it serves
as a marker for lipid peroxidation.

Generally, proteins are not easily damaged by H,O, and other simple oxidants
unless transition metals are present. Thus, protein damaged are usually metal-
catalyzed and involves oxidative scission, bityrosine cross links, loss of histidine
residues, the introduction of carbonyl groups, and the formation of protein-
centered alkyl (R*), alkoxyl (RO*) and alkylperoxyl (ROO¢) radicals [25].

4.1.2 Copper

Copper ions have been identified to participate in the formation of reactive
oxygen species (ROS) as cupric (Cu*) and cuprous (Cu') which can participate in
oxidation and reduction reactions. The Cu”" in the presence of biological reductants
such as glutathione (GSH) or ascorbic acid can be reduced to Cu® which is capable
of catalyzing the decomposition of H,O, to form OHe via the Fenton reaction [26]
as shown below.

Cu' +H,0, - Cu® + OH® +OH" (12)

The OHe radical formed is capable of reacting with several biomolecules.
Experimental studies confirmed that copper is also capable of inducing DNA strand
breaks and oxidation of bases via oxygen free radicals [27]. Though in vivo studies
have not revealed copper-induced oxidation of low density lipoprotein (LDL), in
vitro studies clearly demonstrated LDL oxidation induced by copper [28].

4.1.3 Chromium
Chromium (Cr), particularly Cr** has been shown in iz vitro studies to generate
free radicals from H,0O, [29]. Also, in vivo studies were able to show the detection of

free radicals due to chromium in the liver and blood of animals. It was observed that
Cr’* intermediates were generated as a result of one-electron reduction.

4.1.4 Cobalt

Cobalt (Co), particularly Co** has been shown to generate superoxide ('O;")
from the decomposition of H,0, [30].

Co* +0, - Co'+0,” = Co'-00- (13)
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4.1.5 Vanadium

Vanadium is a heavy metal that occurs in various oxidative states and has been
shown to generate free radical. In the plasma, vanadium (V) is rapidly reduced to
vanadium (IV) by NADPH and ascorbic acid antioxidants which bind to plasma
proteins for transportation [31].

V>* + NADPH — V* + NADP'+H"* (14)
V" 10, = V' 4O (15)
V5 + 0y = [V - 00 (16)

More so under physiological conditions at approximately pH of 7, V(IV) can
generate OH’ from the decomposition of H,O, according to the Fenton reaction.

v* +H,0, - V>*+OH + *OH (17)

4.1.6 Arsenic

Arsenic has also been shown to generate free radicals such as superoxide (O,*-),
singlet oxygen (*0,), nitric oxide (NO*), hydrogen peroxide (H,0,), the peroxyl
radical (ROO-) [32], dimethylarsinic peroxyl radicals ((CH;),AsO0¢) and also the
dimethylarsinic radical ((CHs),As*) [33] in some studies though the mechanism for
the generation of all these reactive species remains unclear.

4.2 Heavy metal-induced carcinogenesis

Some heavy metals are known to have carcinogenic effect. Several signaling
proteins or cellular regulatory proteins that participate in apoptosis, cell cycle regula-
tion, DNA repair, DNA methylation, cell growth and differentiation are targets of
heavy metals [34]. Thus, heavy metals may induce carcinogenic effect by targeting a
number of these proteins. More so, the carcinogenic effects of certain heavy metals
have been related to the activation of redox-sensitive transcription factors such as
AP-1, NF-xB and p53 through the recycling of electrons by antioxidant network.
These transcription factors control the expression of protective genes that induce
apoptosis, arrest the proliferation of damaged cells, repair damaged DNA and power
the immune system [22]. Metal signalization of transcription factor AP-1 and NF-xB
has been observed in the mitogen-activated protein (MAP) kinase pathways where
the nuclear transcription factor NF-kB, is involved in controlling inflammatory
responses while AP-1 is involved in cell growth and differentiation [22]. The p53
protein is an important protein in cell division as it guards a cell-cycle checkpoint
and control cell division [35]. Inactivation of p53 allows uncontrolled cell division
and thus p53 gene disruption has been associated with most human cancers. Also,
AP-1 and NF-kB family of transcription factors are involved in both cell proliferation
and apoptosis, and also regulate p53. Heavy metals generated free radicals inside
the cell selectively activates these transcription factors and thus, may suggest that
cell proliferation or cell death may be related to the exposure to carcinogenic metals.
There exist various mechanisms of heavy metal-induced carcinogenesis.
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4.2.1 Arsenic

Arsenic-induced carcinogenic mechanisms include epigenetic alterations, damage
to the dynamic DNA maintenance system and generation of ROS [36, 37]. Alterations
of histones, DNA methylation, and miRNA are the key epigenetic changes induced
by arsenic which have shown to possess potentials to cause malignant growth [37]. In
vitro studies have shown arsenic to alter the expression of p53 protein which also led
to decreased expression of p21, one downstream target [38]. Arsenic compounds have
been shown in an iz vitro cell line study to promote genotoxicity in humans and mice
leucocytes [39]. Also, a methylated form of arsenic was shown to inhibit DNA repair
processes and also generate ROS in liver and spleen as metabolic products [40]. Arsenic
can bind DNA-binding proteins and disrupt the DNA repair processes thereby increas-
ing the risk of carcinogenesis. For example, the tumor suppressor gene-coded DNA was
suppressed when arsenic was bound to methyl-transferase [41]. Also, cancers of the
liver, skin, prostate and Kupffer cell were associated with Arsenic poisoning,

4.2.2 Lead

The mechanism of lead-induced carcinogenic process is postulated to induce
DNA damage, disrupt DNA repair system and cellular tumor regulatory genes
through the generation of ROS [42]. Studies have supported with evidence that
ROS generation by lead is key in altering chromosomal structure and sequence [42].
Lead can disrupt transcription processes by replacing zinc in certain regulatory
proteins [42].

4.2.3 Mercury

Little is known on the potential of mercury to act as a mutagen or carcinogen.
However, the proposed mechanism of mercury-induced cancer is through the genera-
tion of free radicals inducing oxidative stress thereby damaging biomolecules. Mercury
has been shown to induce malignant growth through the generation of free radicals as
well as disruption of DNA molecular structure, the repair and maintenance system [43].

4.2.4 Nickel

Nickel has an extensive range of carcinogenic mechanisms which include regula-
tion of transcription factors, controlled expression of certain genes and generation of
free radicals. Nickel has been shown to be implicated in regulating the expression of
specific long non-coding RNAs, certain mRNAs and microRNAs. Nickel can promote
methylation of promoter and induce the down regulation of maternally expressed
gene 3 (MEG3) thereby upregulating hypoxia-inducible factor-1a, two proteins which
are known to be implicated in carcinogenesis [44]. It has also been demonstrated that
nickel can generate free radicals, which contributes to carcinogenic processes [45].

4.2.5 Cadmium

Cadmium has been implicated in promoting apoptosis, oxidative stress, DNA
methylation and DNA damage.

4.2.6 Iron

The main cause of cancer due to iron intoxication is through the generation of
free radicals. A school of thought produced a mechanism for iron-induced cancer
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whereby bile acids (deoxycholic acid), iron(II) complexes, vitamins K and oxygen
interact to generate free radicals which induced oncogenic effect in the colon.

4.3 Heavy metal-induced neurotoxicity

Some heavy metals such as lead and manganese may affect the brain and cause
neurological toxicity as reviewed from [46].

4.3.1 Lead

Lead toxicity is targeted towards the memory and learning processes of the
brain and can be mediated through three processes. Lead can impair learning and
memory in the brain by inhibiting the N-methyl-D-aspartate receptor (NMDAR)
and can block neurotransmission by inhibit neurotransmitter release, block the
neuronal voltage-gated calcium (Ca**) channels (VGCCs) and reduce the expres-
sion of brain-derived neurotrophic factor (BDNF).

4.3.2 Inhibition of NMDAR

The NMDAR is known to enhance learning and memory mediated by the hippo-
campus [47] as this has been confirmed in animal studies in which animals exposed
to lead during its developmental process exhibit similar learning deficits compa-
rable to those with the absence or impaired NMDARs [48, 49]. In the hippocampus,
NMDAR is a neural receptor which consists of two or more subunits; an obligatory
NR1 subunit and one or more subunits from the NR2 particularly NR2A, NR2B
and NR3 families. Lead has been shown to be a potent, non-competitive antagonist
of the NMDAR [50-53], preferentially with high affinity at a regulatory site on the
NR2A subunit [54]. This has been further supported in electrophysiological stud-
ies in which recombinant receptors for the subunits have shown NR2A-NMDARs
to be more potently inhibited by lead than NR2B-NMDARs [55]. More so, lead has
been shown to decrease the content of NR2A in the hippocampus and also alter the
expression of NR1 spliced variants [56, 57] suggesting lead exposure disrupts the
normal ontogeny of NMDAR.

4.3.3 Reduction of neurotransmission

Lead can decrease neurotransmission as long term exposure of rats to low
levels of lead has shown reduction in the release of Ca**-dependent glutamate and
y-aminobutyric acid (GABA) in the hippocampus [58, 59]. This indicates dysfunc-
tion of presynaptic neuron signalization in the hippocampus as a result of lead
exposure [60]. More so, lead exposure also impairs two postsynaptic currents;
inhibitory post synaptic currents (IPSCs) and excitatory post synaptic currents
(EPSCs) which are dependent on the release of presynaptic neurotransmitter such
as glutamate and GABA. Thus, lead exposure leads to reductions in IPSCs and
EPSCs indicating a deficit in glutamatergic and GABAergic neurotransmission
systems. Also, lead has been shown to reduce the expression of key presynaptic
proteins such as synaptobrevin (Syb) and synaptophysin (Syn) involved in vesicular
neurotransmitter release [59, 60]. Lead can disrupt neurotransmission by inhibiting
the neuronal voltage-gated calcium (Ca*") channels (VGCCs) [61]. Thus, inhibi-
tion of presynaptic VGCCs may reduce the influx of Ca®* which is required for fast
release of vesicular neurotransmitter thus interfering with neurotransmission. It is
now suggested that inhibition of either NMDARSs or VGCCs by lead would result in
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a significant decrease of Ca®* influx into the cell. Reduction of Ca** entry into the
cell will prevent neurotransmitter release and thus impair signalization leading to
neurological disease states [62, 63]. Lead can also reduce the expression of brain-
derived neurotrophic factor (BDNF), a trans-synaptic signaling molecule that is
released from both axons and dendrites which is involved in synaptic development
and neurotransmitter release [64]. BDNF activity is also dependent on Ca®* and
thus has been implicated in the development of neurological diseases.

4.3.4 Manganese

Manganese is known to accumulate in the mitochondria of neurons, astrocytes
and oligodendrocytes cells and disrupts ATP synthesis [65] by inhibiting the F1/
FO ATP synthase [65] or complex 1 (NADH dehydrogenase) of the mitochondrial
respiration chain [66]. More so, it has recently been shown that manganese inhibits
ATP synthesis at two sites in the brain mitochondria which are either the glutamate/
aspartate exchanger or the complex II (succinate dehydrogenase) depending on the
mitochondrial energy source [67]. The disruption of ATP synthesis by manganese
leads to decreased intracellular ATP levels and generation of free radicals thereby
increasing oxidative stress [68] which may contribute to manganese cellular toxicity
[69]. Furthermore, manganese can oxidize dopamine (DA) to react with quinone
species thereby disrupting the dopaminergic system (for review, see [70]). This has
been shown in animal studies were manganese exposure has led to specific deficits
in the dopaminergic system [71]. The DA reactive species are taken up by the dopa-
mine transporter (DAT1) thus causing dopaminergic neurotoxicity [72].

4.4 Biochemical mechanism of heavy metal toxicity

When heavy metals are ingested through food or water into the body, they
are acidified by the acid medium of the stomach. In this acidic medium, they are
oxidized to their various oxidative states (Zn**, Cd**, Pb**, As*, As’>*, Ag’, Hg2+,
etc.) which can readily bind to biological molecules such as proteins and enzymes to
form stable and strong bonds. The most common functional group that heavy met-
als bind is the thio groups (SH group of cysteine and SCHj group of methionine).
Cadmium has been shown to inhibit human thiol transferases such as thioredoxin
reductase, glutathione reductase, thioredoxin iz vitro by binding to cysteine resi-
dues in their active sites [73]. The equations of these reactions are shown below (see
[74] for review) (Figure 2).

SH S
- o \
Por E + M PorE /[\I g TH" s (A)
SH S
_—SCH; e Sa M-S~
2| PorE +  2MF s |PorE PorE |+ 4CHs" ---—-(B)
SCH 3 S-M-S

Figure 2.
Reactions of Heavy metals with sulphydryl groups of proteins or enzymes (A) = Intramolecular bonding;
(B) = Intermolecular bonding; P = Protein; E = Engyme; M = Metal.
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Figure 3.
Reaction of arsenic with the thio group of enzymes.

In the above reaction, the oxidized heavy metal replaces the hydrogen of the
SH group and the methyl of the SCH; group thereby inhibiting the function of the
protein or activity of the enzyme. For example, methylmercury (MeHg) strongly
inhibits the activity of L-glutamine b-fructose-6-phosphate amidotransferase in
yeast [75].

Heavy metal-bound proteins may be a substrate for certain enzymes. In
such situations, the heavy metal-bound protein fits into an enzyme in a highly
specific pattern to form an enzyme-substrate complex and thus cannot accom-
modate any other substrate until it is freed. As such, the product of the substrate
is not formed as the enzyme is blocked and therefore, the heavy metal remains
embedded in the tissue leading to dysfunctions, abnormalities and damages in
the body. Inhibition of thiol transferases lead to increased oxidative stress and
cell damage. For example, toxic arsenic present in fungicides, herbicides and
insecticides can attack —SH groups in enzymes to inhibit their catalytic activities
as shown in Figure 3.

Also, heavy metal toxicity may be induced by the replacement of a metallo-
enzyme by another metal ion of similar size. Cadmium displaces zinc and calcium
ions from zinc finger proteins and metalloproteins [76, 77]. For instance, cadmium
can replace zinc in certain dehydrogenating enzymes, leading to cadmium toxic-
ity. Such replacement can convert the enzyme structurally to an inactive form and
completely alter its activity. These heavy metals in their ionic species such as Pb**,
cd*, Ag’ Hg2+ and As** form very stable biotoxic compounds with proteins and
enzymes and are difficult to be dissociated.

Heavy metals may also inhibit protein folding. This was first observed when
heavy metals such as cadmium, lead, mercury and arsenite were shown to effec-
tively interfere with the refolding of chemically denatured proteins [78]. It was also
observed that when protein misfolded in the presence of heavy metals, the misfolded
protein could not be rescued in the presence of reduced glutathione or EDTA
chelator. The order of heavy metal in terms of their efficacy in folding inhibition is
mercury > cadmium > lead and correlates with the relative stability of their mono-
dentate complexes with imidazole, thiol and carboxylate groups in proteins [79].

Heavy metal may cause proteins to aggregate as arsenite-induced protein
aggregation was observed and shown to be concentration-dependent. Also,
the aggregates contained a wide variety of proteins enriched in functions
related to metabolism, protein folding, protein synthesis and stabilization [79].
Saccharomyces cerevisiae (budding yeast) cells was shown to accumulate aggre-
gated proteins after it was exposed to equi-toxic concentrations of cadmium,
arsenite and chromium (Cr(VI)) and the effect of protein aggregation was influ-
enced by heavy metals in this order: arsenic > cadmium > chromium [80]. The
in vivo potency of these agents to trigger protein aggregation probably depends
on the efficiency of their cellular uptake/export and on their distinct modes of
biological action. Summarized in Figure 4 is the various mechanisms of heavy
metal intoxication.
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Figure 4.
Mechanisms of heavy metal intoxication in humans.

5. Health effects of heavy metal toxicity in humans

Heavy metal toxicity can have several health effects in the body. Heavy metals
can damage and alter the functioning of organs such as the brain, kidney, lungs,
liver, and blood. Heavy metal toxicity can either be acute or chronic effects. Long-
term exposure of the body to heavy metal can progressively lead to muscular,
physical and neurological degenerative processes that are similar to diseases such as
Parkinson’s disease, multiple sclerosis, muscular dystrophy and Alzheimer’s disease.
Also, chronic long-term exposure of some heavy metals may cause cancer [7]. The
various health effects of some heavy metals will be highlighted below.
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5.1 Arsenic

Arsenic exposure can lead to either acute or chronic toxicity. Acute arsenic
poisoning can lead to the destruction of blood vessels, gastrointestinal tissue and
can affect the heart and brain. Chronic arsenic toxicity which is termed arsenicosis
usually focus on skin manifestations such as pigmentation and keratosis [81]. Lower
level exposure to arsenic can cause nausea and vomiting, reduced production of
erythrocytes and leukocytes and damage blood vessels, cause abnormal heart
beat and pricking sensation in hands and legs. Long-term exposure can lead to the
formation of skin lesions, pulmonary disease, neurological problems, peripheral
vascular disease, diabetes mellitus, hypertension and cardiovascular disease [82].
Chronic arsenicosis may results to irreversible changes in the vital organs and pos-
sibly lead to death. Also, chronic arsenic exposure can promote the development of
a number of cancers which include skin cancer, cancers of the bladder, lung, liver
(angiosarcoma), and possibly the colon and kidney cancers [82]. Recently in the
United States, the tolerable amount of arsenic in drinking water is 50 pg/liter but
there is much concern of lowering this standard dose of population exposures to
arsenic as the present dose is believed to increase the risk for cancer. Most environ-
mental scientists studying this problem are of the view that the current tolerable
limit of arsenic in drinking water or food be reduced.

5.2 Lead

Toxicity due to lead exposure is called lead poisoning. Lead poisoning is mostly
related to the gastrointestinal tract and central nervous system in children and
adults [83]. Lead poisoning can be either acute or chronic. Acute exposure of lead
can cause headache, loss of appetite, abdominal pain, fatigue, sleeplessness, hal-
lucinations, vertigo, renal dysfunction, hypertension and arthritis while chronic
exposure can result in birth defects, mental retardation, autism, psychosis, aller-
gies, paralysis, weight loss, dyslexia, hyperactivity, muscular weakness, kidney
damage, brain damage, coma and may even cause death [81]. Although lead poison-
ing is preventable, it still remains a dangerous disease as it can affect most of the
organs of the body. Exposure to elevated levels of lead can cause the plasma mem-
brane of the blood brain barrier to move into the interstitial spaces leading to edema
[84]. Also, lead exposure can disrupt the intracellular second messenger systems
and alter the functioning of the central nervous system. Developing fetuses and
children are most vulnerable to neurotoxic effects due to lead exposure. A number
of prospective epidemiologic studies in children less than 5 years of age have shown
that low-level of lead exposure (5-25 pg/dL in blood) resulted to the impairment of
intellectual development which was manifested by the lost of intelligence quotient
points [85]. As such, the Centers for Disease Control (CDC) in the United States has
reduced the tolerable amount of lead in children’s blood from 25 to 10 pg/dL and
recommended universal screening of blood lead for all children.

5.3 Mercury

Mercury is an element that can easily combine with other elements to form
inorganic and organic mercury. Exposure to elevated levels of metallic, inorganic
and organic mercury can damage the kidney, brain and developing fetus [86] while
methyl mercury is highly carcinogenic. Organic mercury is lipophilic in nature and
thus can easily penetrate cell membranes. Mercury and its compound affects the
nervous system and thus increased exposure of mercury can alter brain functions
and lead to tremors, shyness, irritability, memory problems and changes in hearing
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or vision. Short-term exposure to metallic mercury vapors at higher levels can lead
to vomiting, nausea, skin rashes, diarrhea, lung damage, high blood pressure, etc.
while short-term exposure to organic mercury poisoning can lead to depression,
tremors, headache, fatigue, memory problems, hair loss, etc. Since these symp-
toms are also common in other illness or disease conditions, diagnosis of mercury
poisoning may be difficult in such cases [81]. Chronic levels of mercury exposure
can lead to erethism, a disease condition characterized by excitability, tremor of
the hands, memory loss, timidity, and insomnia. Also, occupational exposure to
mercury as observed by researchers has been associated with measurable declines in
performance on neurobehavioral tests of motor speed, visual scanning, visuomotor
coordination, verbal and visual memory. Dimethylmercury is a very toxic com-
pound that can penetrate the skin through latex gloves and its exposure at very low
dose can cause the degeneration of the central nervous system and death. Mercury
exposure to pregnant women can affect the fetus and offspring may suffer from
mental retardation, cerebellar symptoms, retention of primitive reflexes, malfor-
mation and other abnormalities [87]. This has been confirmed in recent studies in
which pregnant women exposed to mercury through dietary intake of whale meat
and fish showed reduce motor neuron function, loss of memory, impaired speech
and neural transmission in their offspring.

5.4 Cadmium

Cadmium and its compounds have several health effects in humans. The health
effects of cadmium exposure are exacerbated due to the inability of the human body
to excrete cadmium. In fact, cadmium is re-absorbed by the kidney thereby limit-
ing its excretion. Short-term exposure to inhalation of cadmium can cause severe
damages to the lungs and respiratory irritation while its ingestion in higher dose can
cause stomach irritation resulting to vomiting and diarrhea. Long-term exposure
to cadmium leads to its deposition in bones and lungs. As such, cadmium exposure
can cause bone and lung damage [88]. Cadmium can cause bone mineralization
as studies on animals and humans have revealed osteoporosis (skeletal damage)
due to cadmium. It has been observed that “Itai-itai” disease, an epidemic of bone
fractures in Japan is due to cadmium contamination [89]. Increased cadmium
toxicity in this population was found to be associated with increased risk of bone
fractures in women, as well as decreased bone density and height loss in males and
females. Cadmium is highly toxic to the kidney and it accumulates in the proximal
tubular cells in higher concentrations. Thus, cadmium exposure can cause renal
dysfunction and kidney disease. Also, cadmium exposure can cause disturbances
in calcium metabolism, formation of renal stones and hypercalciuria. Cadmium is
also classified as group 1 carcinogens for humans by the International Agency for
Research on Cancer. Tobacco is the main source of cadmium uptake in smokers and
thus, smokers are more susceptible to cadmium intoxication than non-smokers
[90]. Also, cadmium can cause testicular degeneration and a potential risk factor for
prostate cancer.

5.5 Chromium

Chromium, in its hexavalent form, is the most toxic species of chromium though
some other species such as Chromium (III) compounds are much less toxic and
cause little or no health problems. Chromium (VI) has the tendency to be corrosive
and also to cause allergic reactions to the body. Therefore, breathing high levels of
chromium (VI) can cause irritation to the lining of the nose and nose ulcers. It can
also cause anemia, irritations and ulcers in the small intestine and stomach, damage
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sperm and male reproductive system. The allergic reactions due to chromium
include severe redness and swelling of the skin. Exposure of extremely high doses of
chromium (VI) compounds to humans can result in severe cardiovascular, respira-
tory, hematological, gastrointestinal, renal, hepatic, and neurological effects and
possibly death [91]. Exposure to chromium compounds can result in the formation
of ulcers such as nasal septum ulcer which are very common in chromate workers.
Exposure to higher amounts of chromium compounds in humans can lead to the
inhibition of erythrocyte glutathione reductase, which in turn lowers the capacity
to reduce methemoglobin to hemoglobin. In vivo and in vitro experiments have
shown chromate compounds to induce DNA damage in many different ways and
can lead to the formation of DNA adducts, chromosomal aberrations, alterations
in replication sister chromatid exchanges, and transcription of DNA [92]. Thus,
there are substantial evidence of chromium to promote carcinogenicity of humans
as increase stomach tumors have been observed in animals and humans who were
exposed to chromium(VI) in drinking water.

5.6 Iron

Iron salts such as iron sulfate, iron sulfate heptahydrate and iron sulfate
monohydrate are of low acute toxicity when exposure is through dermal, oral and
inhalation routes. However, other forms of iron are of serious health problems.

Iron toxicity occurs in four stages. The first stage which commences 6 h after iron
overdose is marked by gastrointestinal effects such as vomiting, diarrhea and
gastro-intestinal bleeding. The progression to the second stage occurs 6-24 h after
an overdose and it is considered as a latent period of apparent medical recovery. The
third stage commences between 12 and 96 h after the onset of clinical symptoms
and is characterized by hypotension, shocks, lethargy, hepatic necrosis, tachycar-
dia, metabolic acidosis and may sometimes lead to death [93]. The fourth and final
stage usually occurs within 2-6 weeks of iron overdose. This stage is marked by the
development of strictures and formation of gastrointestinal ulcerations. Meat is
rich in iron and thus meat eating countries are at risk of cancer as excess iron uptake
increases the risk of cancer. Asbestos contains about 30% of iron and thus workers
who are highly exposed to asbestos are at high risk of asbestosis, a condition which
is known to cause lung cancer. Iron is known to generate free radicals which are
suggested to be responsible for asbestos related cancer. Iron-induced free radicals
can initiate cancer by the oxidation of DNA leading to DNA damage [94].

5.7 Manganese

Although manganese is an essential metal for the body, it recently became a
metal of global concern when methylcyclopentadienyl manganese tricarbonyl
(MMT), which was known to be toxic was introduced as a gasoline additive.
MMT has been claimed to be an occupational manganese hazard and linked with
the development of Parkinson’s disease-like syndrome of tremour, gait disorder,
postural instability, and cognitive disorder [95]. Exposure to elevated levels of
manganese can result in neurotoxicity. Manganism is a neurological disease due
to manganese characterized by rigidity, action tremour, a mask-like expression,
gait disturbances, bradykinesia, micrographia, memory and cognitive dysfunc-
tion, and mood disorder [96]. The symptoms of manganism are very similar to
that of Parkinson disease. However, the main differences between manganism
and Parkinson disease is the insensitivity of manganism to levodopa (L-DOPA)
administration and also the differences in the symptoms and progression of the
disease [97].
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6. Conclusion

The exposure of heavy metals to humans involve various diverse forms
through food and water consumption, inhalation of polluted air, skin contact
and most important by occupational exposure at workplace. Though some heavy
metals such as iron and manganese are essential for certain biochemical and
physiological activities in the body, elevated level in the body can have delirious
health effects. Most of the other heavy metals are generally toxic to the body at
very low level. The main mechanism of heavy metal toxicity include the genera-
tion of free radicals to cause oxidative stress, damage of biological molecules such
as enzymes, proteins, lipids, and nucleic acids, damage of DNA which is key to
carcinogenesis as well as neurotoxicity. Some of the heavy metal toxicity could
be acute while others could be chronic after long-term exposure which may lead
to the damage of several organs in the body such as the brain, lungs, liver, and
kidney causing diseases in the body.
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