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a b s t r a c t

Detailed studies in the past two decades have shown that redox active metals like iron (Fe), cop-
per (Cu), chromium (Cr), cobalt (Co) and other metals undergo redox cycling reactions and possess
the ability to produce reactive radicals such as superoxide anion radical and nitric oxide in bio-
logical systems. Disruption of metal ion homeostasis may lead to oxidative stress, a state where
increased formation of reactive oxygen species (ROS) overwhelms body antioxidant protection and
subsequently induces DNA damage, lipid peroxidation, protein modification and other effects, all
symptomatic for numerous diseases, involving cancer, cardiovascular disease, diabetes, atherosclero-
sis, neurological disorders (Alzheimer’s disease, Parkinson’s disease), chronic inflammation and others.
The underlying mechanism of action for all these metals involves formation of the superoxide rad-
ical, hydroxyl radical (mainly via Fenton reaction) and other ROS, finally producing mutagenic and
carcinogenic malondialdehyde (MDA), 4-hydroxynonenal (HNE) and other exocyclic DNA adducts.
On the other hand, the redox inactive metals, such as cadmium (Cd), arsenic (As) and lead (Pb)
show their toxic effects via bonding to sulphydryl groups of proteins and depletion of glutathione.
Interestingly, for arsenic an alternative mechanism of action based on the formation of hydro-
gen peroxide under physiological conditions has been proposed. A special position among metals
is occupied by the redox inert metal zinc (Zn). Zn is an essential component of numerous pro-
teins involved in the defense against oxidative stress. It has been shown, that depletion of Zn may
enhance DNA damage via impairments of DNA repair mechanisms. In addition, Zn has an impact
on the immune system and possesses neuroprotective properties. The mechanism of metal-induced
formation of free radicals is tightly influenced by the action of cellular antioxidants. Many low-
molecular weight antioxidants (ascorbic acid (vitamin C), alpha-tocopherol (vitamin E), glutathione
(GSH), carotenoids, flavonoids, and other antioxidants) are capable of chelating metal ions reduc-
ing thus their catalytic acitivity to form ROS. A novel therapeutic approach to supress oxidative
stress is based on the development of dual function antioxidants comprising not only chelating, but
also scavenging components. Parodoxically, two major antioxidant enzymes, superoxide dismutase

(SOD) and catalase contain as an integral part of their active sites metal ions to battle against toxic
effects of metal-induced free radicals. The aim of this review is to provide an overview of redox and
non-redox metal-induced formation of free radicals and the role of oxidative stress in toxic action
of metals.
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ent of which is hemoglobin. Cellular iron deficiency inhibits
ell growth, and subsequently leads to cell death. Conversely,
bnormal iron uptake has been related to the most common
ereditary disease hemochromatosis, leading to tissue damage
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derived from free radical toxicity (Toyokuni, 1996). In addition,
disruption of iron (and copper) homeostasis has been found to
play a key role in the etiology of neurological disorders such as
Alzheimer’s disease and Parkinson’s disease (Bush and Curtain,
2008).

Metals are known to modulate gene expression by interfering
with signal transduction pathways that play important roles in cell
growth and development (Valko et al., 2006). Deregulation of cell
growth and differentiation is a typical characteristic of the cancer
phenotype. Actions of metals interfere with deregulation of cell
proliferation by activating various transcription factors, controlling
cell cycle progression and apoptosis (Evan and Vousden, 2001). The
most important involve the nuclear factors NF-�B, AP-1, NFAT and
the tumour suppressor protein p53.

Since the generation of free radicals in living systems is closely
linked with the participation of redox-active metals such as iron,
copper, chromium and cobalt, the redox state of the cell is main-
tained within strict physiological limits (Rahman, 2007; Matés
et al., 2002, 2008). Redox active metals may undergo cycling
reactions participating in the transfer of electrons between met-
als and substrates and therefore may play an important role in
the maintenance of redox homeostasis, a phenomenon tightly
linked with metal homeostasis (Lindeque et al., 2010). Disrup-
tion of metal homeostasis may lead uncontrolled metal-mediated
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1. Introduction

Metals play important roles in a wide variety of biological pro-
cesses of living systems. Homeostasis of metal ions, maintained
through tightly regulated mechanisms of uptake, storage and secre-
tion is therefore critical for life and is maintained within strict limits
(Bertini and Cavallaro, 2008). Metal ion transporters participate in
maintaining the required levels of the various metal ions in the
cellular compartments (Rolfs and Hediger, 1999).

Breakdown of metal-ion homeostasis can lead to the metal
binding to protein sites different to those designed for that
purpose or replacement of other metals from their natural bind-
ing sites (Nelson, 1999). The results have provided evidence
that toxic metals can interact with DNA and proteins caus-
ing oxidative deterioration of biological macromolecules. Thus
the process of breakdown of metal-ion homeostasis has been
involved in a plethora of diseases (Halliwell and Gutteridge,
1990, 2007; Stohs and Bagchi, 1995; Valko et al., 2005; Matés,
2000; Matés et al., 1999). For example, iron is critical for
cell growth, oxygen utilization, various enzymatic activities and
responses of immune systems. Despite iron is an abundant
trace metal in food, more than 2 billion people worldwide suf-
fer from anemia (Stoltzfus, 2001). Iron deficiency results in
impaired production of iron-containing proteins, the most promi-
formation of deleterious free radicals participating in the modi-
fications to DNA bases, enhanced lipid peroxidation, and altered
calcium and sulphydryl homeostasis (Gutteridge, 1995; Valko et al.,
2007).
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Humans may be exposed to redox-inert elements such as cad-
ium and arsenic which have no known biological function and

re even known to be toxic at low concentrations. In contam-
nated areas, exposure to these elements arises from a variety
f natural sources, including air, drinking water and food. While
edox active metals undergo redox-cycling reactions, for the group
f redox-inert elements, the primary route for their toxicity and
arcinogenicity is depletion of glutathione, bonding to sulphydryl
roups of proteins and other mechansisms of action (Speisky et al.,
008; Sinicropi et al., 2010; Peralta-Videa et al., 2009).

All these aspects of metals acting in biological systems make the
urpose of this paper to provide an overview of the current state of
nowledge of the following: the role of redox-active metals, namely
ron, copper, chromium, cobalt and redox-inert metals cadmium
nd arsenic in the formation of reactive oxygen and nitrogen species
nd their involvement in the development of human disease and
geing. A special attention is paid to the anti-inflammatory role of
he redox-inert metal zinc.

. Iron

Iron occurs in the oxidation states +II and +III. The ferrous ions
re soluble in biological fluids and generate in the presence of oxy-
en damaging hydroxyl radicals. The ferrous ions are unstable in
queous media and tend to react with molecular oxygen to form
erric ions and superoxide anion radical. The oxidized form of iron is
nsoluble in water at neutral pH and precipitates in the form of ferric
ydroxide (Jones-Lee and Lee, 2005). Paradoxically, despite the fact
hat both iron ions, ferrous and ferric are so inaccessible, iron is the
ey catalytic site of many of the enzymes and oxygen-transporting
roteins in cells.

.1. Iron metabolism

Although iron is vital for life, it can be toxic when it is present in
xcess (Lee et al., 2006a). Iron homeostasis is a complex process, as
here are many different proteins that respond not only to the total
ody burden of iron, but also to stimuli such as hypoxia, anemia
nd inflammation.

About 65% of iron is bound to hemoglobin, 10% is a constituent of
yoglobin, cytochromes, and iron-containing enzymes, and 25% is

ound to the iron storage proteins, ferritin and hemosiderin (Cheng
nd Li, 2007). About 0.1% of body iron circulates in the plasma as an
xchangeable pool, essentially all bound to transferrin. The process
f chelation not only facilitates the transport of iron into cells, but
lso prevents iron-mediated free radical toxicity.

The process of cellular iron uptake and storage is regulated by
ron regulatory proteins (IRPs) (Eisenstein and Blemings, 1998).
everal studies have demonstrated, that dysregulation of IRP
xpression can be deleterious and even lethal. IRPs are cytosolic
rans regulators able to bind to specific RNA stem-loop struc-
ures called iron-responsive elements (IREs). Both IRPs have similar
ffinity for natural IREs, but in most mammalian cells IRP1 is far
ore abundant than IRP2. IRP2 is homologous to IRP1and does not

ense iron. IRP1 is a bifunctional protein which also exhibits aconi-
ase activity in the cytosol. There are two binding mechanisms by
hich excess iron inactivates IRP1 RNA (Deck et al., 2009). The first
echanism is the so-called iron–sulphur switch, represented by a

4Fe–4S] cluster converting IRP1 to the cytosolic isoform of aconi-
ase (c-acon) (Clarke et al., 2006). A second mechanism depends

n iron-mediated degradation of the IRP1 apoprotein. The key role
n this process plays phosphorylation of Ser138 which makes the
4Fe–4S] cluster highly sensitive to both cluster perturbants and
ron concentration. Electron Paramagnetic Resonance (EPR) spec-
roscopy has shown that phosphorylation of Ser138 is linked to
ogy 283 (2011) 65–87 67

cluster cycling (between [4Fe–4S]2+ and [3Fe–4S]0 forms) which
regulates iron availability (Deck et al., 2009). IRP2 responds to iron
in different ways and does not form a [Fe–S] cluster. It has been
revealed that degradation of IRP2 is triggered by iron which reg-
ulates the level of the ubiquitin ligase that is responsible for IRP2
degradation (Takahashi-Makise et al., 2009).

2.2. Oxidative stress and iron

The redox state of the cell is predominantly dependent on an
iron (and copper) redox couple and is maintained within strict
physiological limits (Park et al., 2009). Homeostatic mechanisms
prevent excessive iron absorption in the proximal intestine and
regulate the rate of iron release involved in recycling. Cellular
iron that is not used by other ferroproteins accumulates in fer-
ritin, however its iron-binding capacity is limited (Ganz, 2003).
Iron overload is a condition typical for patients suffering from
hemochromatosis that causes widespread organ damage. The toxic
effects of free iron are substantiated by its ability to catalyze via
Fenton reaction the generation of damaging reactive free radicals
(Ganz, 2003).

Many studies documented that mutations in superoxide dis-
mutase enzymes (Deng et al., 1993) and iron-uptake regulator
(Iolascon et al., 2009) may lead to excess levels of superoxide anion
radicals and iron overload. Such a condition leads to the possibility
of redox active iron to participate in organic and inorganic oxy-
gen radical reactions, such as stimulating lipid peroxidation and
catalyzing the formation of damaging hydroxyl radicals with sub-
sequent tissue damage.

Superoxide radicals are normally produced by the enzyme
NADPH oxidase in order to activate the defense mechanisms
against invading pathogens (Halliwell and Gutteridge, 2007).
Superoxide is produced by the electron transport chain from oxy-
gen occupying the final position and acting as the terminal electron
acceptor. Some electrons can randomly “leak” from the electron
transport chain (Campian et al., 2004) and interact with oxygen
to produce superoxide radicals. Thus under physiological condi-
tions, about 1–3% of the oxygen molecules in the mitochondria are
converted into superoxide radicals.

Superoxide radical is normally present mainly in the form of an
anion radical and is removed by a dismutation reaction (Liochev
and Fridovich, 2000):

2O2
− · +2H+ SOD−→H2O2 + O2 (1)

While without SOD this reaction proceeds very slowly
(k ∼ 0.2 M−1 s−1), the reaction becomes biologically relevant when
it is catalyzed by the SOD. The kinetic constant of the SOD-catalyzed
superoxide depletion dismutation reaction has been estimated to
be 2.5 × 109 M−1 s−1 (Liochev and Fridovich, 2003).

A mutual link between superoxide radicals and iron shows,
that under in vivo stress conditions, an excess of superoxide
releases “free iron” from iron-containing molecules (e.g. ferritin).
The release of iron by superoxide has also been demonstrated
for the [4Fe–4S] cluster-containing enzymes. Inactivation of these
enzymes by O2

−• is a rapid process that leads to oxidation of
the iron-sulphur cluster. The native clusters contain two Fe(II)
and two Fe(III) ions, and the oxidation [one Fe(II) is oxidized
to Fe(III)] may be denoted as follows (Liochev and Fridovich,
1994):

2+ −• + 3+
[2Fe(II) 2Fe(III)–4S] + O2 + 2H → [Fe(II) 3Fe(III)–4S]

+ H2O2 (2)

The rate constant for reaction (2) has been estimated in the range
of 108 to 109 M−1 s−1. Since the oxidized protein binds the Fe(III)
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ore firmly, Fe(II) ions are released from protein according to the
ollowing reaction:

Fe(II) 3Fe(III)–4S]3+ → [3Fe(III)–4S]+ + Fe(II) (3)

The released Fe(II) can participate in the Fenton reaction, gen-
rating highly reactive hydroxyl radicals (•OH) (Prousek, 2007)

e(II) + H2O2 → Fe(III) + •OH + OH− (Fentonreaction) (4)

The Fenton reaction has its in vivo significance mainly under
tate of an organisms overloaded by iron (as in the condi-
ions of hemochromatosis, b-thalassemia, hemodialysis). Thus high
mounts of “free available iron” can have deleterious effects
Kakhlon and Cabantchik, 2002). The superoxide radical partici-
ates in the Haber–Weiss reaction (Liochev and Fridovich, 2002):

2
−• + H2O2 → O2 + •OH + OH− (5)

hich is a combination of Fenton reaction and the reduction of
e(III) by superoxide:

e(III) + O2
−• → Fe(II) + O2 (6)

The hydroxyl radical is highly reactive with a half-life in aque-
us solution of less than 1 ns (Pastor et al., 2000). When produced
n vivo it reacts close to its site of formation. Production of •OH
lose to DNA could lead to this radical reacting with DNA bases or
he deoxyribose backbone of DNA to produce damaged bases or
trand breaks.

It is assumed that the most abundant in vivo production of
ydroxyl radical according to the Fenton reaction occurs when Mn+

s iron and copper. However, the Fenton reaction has also been
bserved for chromium, cobalt and certain other metals (Lloyd
t al., 1997). Although Fenton chemistry is known to occur in
itro, its significance under physiological conditions is not fully
nderstood. Due to the effective sequestration of iron by the var-

ous metal-binding proteins, the cells contain only the negligible
mounts of “free catalytic iron”. To avoid harmful effect of free iron,
ts proper chelation is of key importance (Kell, 2009).

The peptide hormone hepcidin is a 25-amino acid polypeptide
egulator of iron proteins and plays a central role in iron homeosta-
is (Ganz, 2003; Kemna et al., 2008). Hepcidine is expressed in the
iver and regulated by iron, hypoxia, and inflammation. Hypoxia is
nown to enhance formation of superoxide radicals and suppressed
ormation of hepcidin leading to more iron being absorbed from the
ntestine and effluxed in the circulation (Donovan et al., 2005). Thus
here is a complex interplay between positive and negative regula-
ion and distribution of iron within the organism caused by changes
n the level of hepcidin (Nemeth et al., 2004). P53 is known to acti-
ate the formation of hepcidin that plays a role in the degradation
f atherosclerotic plaques (Weizer-Stern et al., 2007).

If iron is not appropriately chelated it can participate in the
ormation of harmful free radicals including the hydroxyl radi-
al. Low molecular weight chelators occurring in cytoplasm can
ind iron and thus contribute to the formation of a labile iron
ool (LIP) consisting of both Fe(II) and Fe(III) ions chelated by
itrate, carboxylates, nucleotides and other ligands (Kakhlon and
abantchik, 2002). LIP represents a steady state exchangeable, and
eadily chelatable iron that rapidly passes through the cell (Ponka
nd Lok, 1999). The quantification of cellular LIP represents only a

inor fraction (<5%) of the total cell iron (50–100 �M) (Kakhlon and

abantchik, 2002; Doulias et al., 2008; Inoue and Kawanishi, 1987),
owever, there still exists serious methodological problems associ-
ted with the estimation of LIP concentrations ranging 0.2–230 �M
btained for the same types of cells and tissues.
ogy 283 (2011) 65–87

2.3. Iron and human disease

Permanent modification of genetic material resulting from free
radical attacks represents the initial step involved in mutagenesis,
carcinogenesis and ageing (Durackova, 2010). In fact, as it has been
well documented, in various cancer tissues free radical-mediated
DNA damage has occurred (Marnett, 2000). The hydroxyl radical
produced via the catalytic action of iron(II) (Fenton reaction) is able
to add to double bonds of DNA bases. To date, more than 100 oxida-
tive products of DNA have been identified, the best known being
of 8-hydroxyguanine (8-OH-G) (Dizdaroglu et al., 2002; England
et al., 1998) (see Fig. 1). The presence of 8-OH-G in human urine
was first reported by Ames and co-workers (Shigenaga et al., 1989).
The oxidized DNA products are mutagenic and carcinogenic and
represent a good biomarker of oxidative stress of an organism and
carcinogenesis.

The process of lipid peroxidation is catalyzed by the iron and
results in the formation of peroxyl radicals (ROO•). Once formed,
peroxyl radicals can be rearranged via a cyclisation reaction to
endoperoxides (precursors of malondialdehyde) with the final
product of the peroxidation process being malondialdehyde (MDA)
(Fig. 2). The major aldehyde product of lipid peroxidation other than
malondialdehyde is 4-hydroxy-2-nonenal (HNE).

MDA can react with DNA bases guanine, adenine, and cytosine
to form M1G, M1A and M1C adducts, respectively (Marnett, 1999).
M1G adducts were detected significantly elevated in human breast
tissues and rodent tissues (Wang et al., 1996). The role of free rad-
icals in the etiology of breast cancer via hydroxyl radical-induced
DNA damage has been well established (Malins et al., 1996).

It has been proposed that intestinal exposure to ingested iron
and iron-induced oxidative stress may be key determinants of
human colorectal cancer in highly developed, meat-eating coun-
tries (Nelson, 1992). DNA analysis from colon and rectum biopsies
revealed also a significantly increased level of 8-OH-G, 2-hydroxy-
adenine and 8-hydroxy-adenine adducts (Skrzydlewska et al.,
2005). These lesions caused by hydroxyl radical attack could signify
the increase in DNA damage and/or decrease in their repair. Inter-
estingly, long-term use of anti-inflammatory drugs such as aspirin
lowers by 40% the incidence of colon cancer, thus the development
of cancer may be linked with an inflammatory component. We have
proposed an alternative mechanism in which the bile acids (deoxy-
cholic acid), the K vitamins, iron(II) complexes and oxygen interact
to induce an oncogenic effect in the colon by the generation of free
radicals (Valko et al., 2001).

The iron carrier NGAL (21 kDa, also known as lipocalin-2 or
siderocalin), a small siderophore-binding protein involved in the
maintenance of iron equilibrium has been found to be expressed
in various tumours (Bolignano et al., 2009). Significant changes
in NGAL expression have also been observed, for instance, during
kinase-mediated signalling (Cowland et al., 2003), in cardiovascular
disease (Elneihoum et al., 1996) and in cancer (Stoesz et al., 1998).

Occupational exposure of workers to asbestos (and related
fibers) containing approximately 30% (weight) of iron has been
related to an increased risk of mutagenesis and carcinogenesis
(Stayner et al., 1996). The mutagenic and carcinogenic properties
of asbestos were related to the ability of iron to catalyze the forma-
tion of hydroxyl radicals. Thus in this context, iron chelation may
be a useful strategy for cancer prevention.

Iron metabolism has been found to be significantly disturbed in
type 2 diabetes and interferes with glucose metabolism (Lee et al.,
2006b). Lowering iron pools generally improves insulin sensitiv-

ity. In addition, iron has been strongly implicated in nonalcoholic
steatohepatitis, considered an early marker of insulin resistance
(Machado and Cortez-Pinto, 2006).

Elevated iron levels can predispose to coronary disease and
myocardial infarction. Hypertension is believed to be a common
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een communicated that iron mediated formation of superoxide
adical and hydroxyl radical during development of heart disease,
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Anemia is a potential risk factor and has been associated with
heart failure (Mozaffarian et al., 2003; Bolger et al., 2006), point-
ing to a role for dysregulation of iron metabolism. This points to
the necessity of our understanding that exact speciation of iron
in chronic anemias is linked to inflammatory diseases (Weiss and
Goodnough, 2005).

Atherosclerosis is an inflammatory condition accompanied by

the accumulation of iron and oxidized lipids and fibrous elements
in arteries as plaques. There is a correlation between iron sta-
tus and atherosclerosis; free or poorly ligated iron can participate
in lipid peroxidation and protein peroxidation. The iron levels
found in plagues correlated with the amount of oxidized pro-

CH

OH
O

N

N

O

N

deoxyR

O

HH

HH

O

H

H

RC5H11

O

D H2O2

OH.

LOO

LH

L

.

.
O2

4-hydroxynonenal

nine Cytosine

droxyacrolein

M1C

peroxidation process
LO

.

DNA
damage

.
cyclisation 

H2O

Fenton reaction

pid peroxidation process.



7 oxicol

t
t
i
e

r
(
n
o
p
t
t
s
c
p
t
f
c
(
f
b
c
d
i
4
o
w
p
(
e
i
c
n
l
t

R
l
s
a
n
i
d
e
r

3

C
m
o
i
t
p

3

t
o
a
o
t
c

0 K. Jomova, M. Valko / T

eins. Electron Paramagnetic Resonance (EPR) has been employed
o demonstrate that atherosclerotic tissue contained 17 times more
ron (EPR detectable ferric) than equivalent healthy tissue (Stadler
t al., 2004).

Transition metal ions have been implicated in etiology of neu-
odegenerative disorders (Bush, 2003). Dysregulation of brain iron
and also copper, see below) homeostasis is a key factor to early
europathological events in Alzheimer’s disease (AD), including
xidative stress, inflammatory processes, amyloid � deposition, tau
hosphorylation, and neuronal cell cycle regulatory failure, leading
o apoptosis (Bush and Curtain, 2008). Very recently, combining
he three ion beam techniques of transmission ion microscopy,
cattering spectrometry and particle induced X-ray emission in
onjunction with a high energy proton microprobe, it has been
roved that there is an increase in the metal concentrations within
he amyloid plaques compared with the surrounding tissue as
ollows: iron (85 ppm compared with 42 ppm), copper (16 ppm
ompared to 6 ppm), and zinc (87 ppm compared to 34 ppm)
Rajendran et al., 2009). Iron is capable of stimulating free radical
ormation, increased protein and DNA oxidation in the Alzheimer‘s
rain, enhanced lipid peroxidation, decreased level of cytochrome
oxidase and advanced glycation end products, carbonyls, malon-
ialdehyde (MDA), peroxynitrite and HO-1 (Dröge, 2002). Excess of

ron in brain tissue may activate the iron-dependent HIF-1 prolyl-
-hydroxylase, resulting in the proteasomal-mediated degradation
f HIF. Iron-chelating drugs have been shown to stabilize HIF-1,
hich, in turn, would transactivate the expression of established
rotective genes, including vascular endothelial growth factor
VEGF), erythropoietin, aldolase and p21. In conclusion, consid-
ring the multiple iron-operating sites in Alzheimer’s disease,
ron chelators, possessing several active neuroprotective moieties
an suppress the wide spectrum of oxidative stress-associated
europathologies, as well as amyloid precursor protein (APP) trans-

ation, A� generation, and amyloid plaque and neurofibrillary
angle (NFT) formation (Amit et al., 2008).

Rheumatoid arthritis is another disorder linked with the effect of
OS (Dröge, 2002). This disorder is characterized by an overall low

evel of body iron (anemia), however elevated iron is found in the
ynovial fluid of arthritic joints (Gutteridge, 1987). This suggests

marked disorder in iron metabolism and points to a mecha-
ism in which elevated superoxide radical liberates free (catalytic)

ron from ferritin in synovial fluid catalysing thus the formation of
amaging hydroxyl radicals via the Fenton reaction. Some studies
videnced that effective iron chelators can improve symptoms of
heumatoid arthritis.

. Copper

The most oxidation numbers of copper in living organisms are
u(II) and Cu(I). The essential trace element copper is a cofactor of
any enzymes involved in redox reactions, such as cytochrome c

xidase, ascorbate oxidase, or superoxide dismutase. In addition to
ts enzymatic roles, copper is used in biological systems for elec-
ron transport (Valko et al., 2005). The blue copper proteins that
articipate in electron transport include azurin and plastocyanin.

.1. Copper metabolism

Copper is readily absorbed from the diet across the small intes-
ine (∼2 mg/day) and stored in the liver. The major excretory route

f copper stored in liver is via the biliary pathway (∼80%) (Linder
nd Hazegh-Azam, 1996). Copper is bound to either serum albumin
r histidine and trafficked through the bloodstream for delivery to
issues or storage in the liver. Copper is imported into the hepato-
ytes via the high-affinity human copper transporter, hCtr1 (Zhou
ogy 283 (2011) 65–87

and Gitschier, 1997), localized on the plasma membrane. hCtr1 also
participates in the intracellular compartmentalization of this metal.
Once inside the cell, copper is escorted to (i) metallothionein pool,
or (ii) transported to the mitochondria for cytochrome c oxidase
incorporation, or (iii) for delivery to emerging Cu, Zn-SOD or (iv)
transported to the Wilson disease P-type ATP-ase in the trans-golgi
network for subsequent incorportation to the ceruloplasmin (Shim
and Harris, 2003). Ceruloplasmin contains about 95% of the copper
found in serum.

Copper can catalyze ROS formation via Fenton and Haber–Weiss
chemistry and therefore under physiological conditions, free cop-
per very rarely exists inside cells. In the process of the investigation
of copper chaperone for SOD, Rae et al. (1999) explored that the
upper limit of so-called “free pools of copper” was far less than a
single atom per cell. This finding is of great importance, especially
when considering other physiologically important trace metal ions.

3.2. Oxidative stress and copper

Copper can induce oxidative stress by two mechanisms. First, it
can directly catalyze the formation of ROS via a Fenton-like reaction
(Prousek, 2007; Liochev and Fridovich, 2002). Second, exposure to
elevated levels of copper significantly decreases glutathione levels
(Speisky et al., 2009).

Cupric and cuprous ions can act in oxidation and reduction reac-
tions. The cupric ion (Cu(II)), in the presence of superoxide anion
radical or biological reductants such as ascorbic acid or GSH, can be
reduced to cuprous ion (Cu(I)) which is capable of catalyzing the
formation of reactive hydroxyl radicals through the decomposition
of hydrogen peroxide via the Fenton reaction (Aruoma et al., 1991;
Prousek, 1995; Barbusinski, 2009):

Cu(II) + O2
−• → Cu(I) + O2 (7)

Cu(I) + H2O2 → Cu(II) + •OH + OH− (Fentonreaction) (8)

The hydroxyl radical is extremely reactive and can further
react with practically any biological molecules in the near vicinity,
for example via hydrogen abstraction leaving behind a carbon-
centered radical, e.g. form a lipid radical from unsaturated fatty
acids. Copper is also capable of causing DNA strand breaks and oxi-
dation of bases via ROS. Copper in both oxidation states (cupric
or cuprous) was more active that iron in enhancing DNA breakage
induced by the genotoxic benzene metabolite 1,2,4-benzenetriol.
DNA damage occurred mainly by a site-specific Fenton reaction
(Moriwaki et al., 2008).

Glutathione is a substrate for several enzymes that removes
ROS and is also a powerful cellular antioxidant present in the
cells in millimolar concentration. It has multiple functions in intra-
cellular copper metabolism and detoxification. Glutathione can
suppress copper toxicity by directly chelating the metal (Mattie
and Freedman, 2004) and maintaining it in a reduced state making
it unavailable for redox cycling. Disruption of copper homeostasis
resulting in elevated pools of copper may contribute to a shift in
redox balance towards more oxidizing environment by depleting
glutathione levels (Linder, 1991). The depletion of glutathione may
enhance the cytotoxic effect of ROS and allow the metal to be more
catalytically active, thus producing higher levels of ROS. The large
increase in copper toxicity following GSH depletion clearly demon-
strates that GSH is an important cellular antioxidant acting against
copper toxicity (Steinebach and Wolterbeek, 1994).

The effect of copper on oxidation of low-density lipoprotein

(LDL) has been studied (Harris, 1992). Such studies have various
clinical consequences involving promotion of atherogenesis and
prothrombotic properties. In vitro studies clearly demonstrated
LDL oxidation induced by copper. In addition to copper ions, ceru-
loplasmin, containing seven copper atoms per molecule may serve
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s a source of free Cu and thus be involved in LDL oxidation (Witting
t al., 1995).

It has also been reported that high-density lipoprotein (HDL) is
usceptible to oxidation. Oxidation of HDL may significantly affect
heir cardioprotective properties since HDL is more sensitive to oxi-
ation by copper than LDL. Dose-dependent oxidative damage to
DL and protective effect of vitamin E against oxidation of HDL was
bserved in the studies of copper incubated with HDL. Experimen-
al results demonstrate that vitamin C also inhibits lipid oxidation
n HDL and preserves the antioxidant activity associated with this
ipoprotein fraction (Hillstrom et al., 2003).

Homocysteine is an atherogenic amino acid and is known to
romote copper and iron-dependent oxidation of LDL (Hillstrom
t al., 2003). Investigation whether ascorbate could protect LDL
rom homocysteine-mediated oxidation has shown, that ascor-
ate (concentrations ∼50–100 �M) protected LDL from oxidation
s evidenced by an increased lag time preceding lipid diene for-
ation, decreased thiobarbituric acid-reactive substances (TBARS)

ccumulation and decreased lipoprotein anodic electrophoretic
obility. Partial protection was observed even at lower concen-

rations of ascorbate (5–10 �M).
Spin traping EPR spectroscopy has been employed to study the

ombined effect of selenium and vitamin E on copper-induced oxi-
ation of LDL (Kadiiska and Mason, 2002). Observation of increased
oncentration of lipid-derived radicals has confirmed copper-
ediated formation of free radicals in vitamin E and selenium

eficient rats. These findings support the proposal that dietary
elenium and vitamin E can protect against lipid peroxidation and
opper toxicity (Gaetke and Chow, 2003).

The effect of smoking on copper plasma level and lipid peroxi-
ation process has been studied (Lapenna et al., 1995). The results
ave shown, that concentration of copper was higher in smokers
hat in non-smokers. As expected, the damage products of lipid
eroxidation evaluated by fluorescence spectroscopy were also

ncreased in smokers. This indicates that cigarette smoke is at least
artly responsible for enhanced prooxidant action of copper.

As described above, superoxide dismutases normally protect
ells from oxidative damage, therefore the role of SOD in DNA dam-
ge was also investigated. Of interest were experimental studies
xploring the effect of copper deficiency on oxidative DNA dam-
ge in Jurkat T-lymphocytes (Pan and Loo, 2000). The results have
hown that copper deficiency increased cellular susceptibility to
xidative damage. Copper depletion leads to decreased capability of
ells to produce SOD, thus increasing their propensity to oxidative
amage.

Cells of the immune system produce both the superoxide
nion and nitric oxide during the oxidative burst triggered dur-
ng inflammatory processes. Under these conditions, nitric oxide
nd the superoxide anion may react together to produce significant
mounts of a much more oxidatively active molecule, peroxynitrite
nion (ONOO−) (Carr et al., 2000):

O• + O2
−• → ONOO− (9)

Peroxynitrite anion is a potent cytotoxic oxidising agent capa-
le of attacking proteins and causing DNA fragmentation and lipid
xidation. Peroxynitrite has been shown to destroy the transport
rotein ceruloplasmin and release Cu ions that may induce for-
ation of a copper–lipoprotein complex, which stimulates lipid

eroxidation.
The combination of ascorbate, copper (or iron), and hydro-

en peroxide is an efficient hydroxyl radical generating system

alled “the Udenfriend system” (Udenfriend et al., 1954). Prooxi-
ant behaviour of ascorbate under in vitro conditions in this system
as been well documented. To see whether ascorbate acts as a
ro-oxidant in the presence of copper (or iron) under physiolog-

cal conditions, an experimental study using human plasma has
ogy 283 (2011) 65–87 71

been conducted. The results have shown that even in the presence
of redox-active iron or copper and hydrogen peroxide, ascorbate
acts as an antioxidant preventing lipid peroxidation and protein
oxidation in human plasma (Suh et al., 2003).

Exposure to metals has been shown to activate components of
MAPK signalling cascades (Mattie and Freedman, 2004). Transcrip-
tional activation by copper involves MAPK pathways and changes
in cellular glutathione status. Results from various studies sug-
gested that copper is capable of activating transcription through
both metal- and oxidative stress-mediated mechanisms. However,
the molecular mechanisms exploring gene expression induced by
copper have still not been adequately described. The role of ROS in
mediating the ability of copper to activate MAPK signalling path-
ways was previously demonstrated using PKC, p38, ERK, and JNK
inhibitors. The recent results obtained by fine-tuning of the level of
intracellular-copper-induced oxidative stress have shown altered
levels of protein binding to AP-1 and ARE. This clearly demon-
strates a role for the copper-induced and ROS-mediated activation
of MAPK signalling pathways (Mattie et al., 2008).

Copper-induced formation of ROS can cause peroxidation of
lipids, subsequently leading to an increase in the levels of a sig-
nalling molecule HNE (Mattie et al., 2008). HNE acts as a second
messenger and may increase the levels of phosphorylation and
activation of the c-Jun N-terminal kinase/stress-activated pro-
tein kinase and p38 pathways. HNE production correlates with
an increase in AP-1 activity and the expression of several genes,
including collagen type I, transforming growth factor �1 and �-
glutamylcysteine synthetase. HNE is also capable of increasing
c-Jun expression and of activating PKC and JNK/SAPK.

3.3. Copper and human disease

3.3.1. Cancer
Literature to date has shown that both serum and tumour tissue

copper levels in cancer patients are significantly elevated com-
pared to healthy subjects. In addition to copper, the majority of
these studies have focused on determining the concentrations of
zinc, iron and selenium. Interestingly, while the zinc, iron and sele-
nium concentrations were significantly lowered in cancer patients,
the copper concentrations were almost always found to be either
elevated or significantly elevated compared to healthy subjects.

The most elevated levels of copper have been documented
in cancer patients suffering from breast, cervical, ovarian, lung,
prostate, stomach cancer and leukemia. Furthermore, it has been
also shown that the Cu:(Zn, Se, Fe) ratios are very frequently
higher in cancer patients compared to normal subjects (Gupte and
Mumper, 2009).

Since copper is known to promote oxidative stress and
inflammation, these data document that it is likely that under non-
physiological conditions of increased copper levels, it could play
a role in the development of various cancers. Increased markers
of oxidative stress have been documented in a variety of tumours,
possibly due to the combination of factors such as elevated active
metabolism, mitochondrial mutation, cytokines, and inflammation
(Roberts et al., 2010). Elevated copper levels have been shown to be
directly linked to cancer progression (Gupte and Mumper, 2009).

Copper is important also for angiogenesis, a process of the
growth of any tumour beyond a few millimeters. In the process
of angiogenesis, newblood supplies that feed the malignant cells
are formed (Folkman, 1995). Angiogenesis is a multi-step process,
involving degradation of the endothelial cell basement membrane,

endothelial cell migration to the perivascular stroma and capil-
lary sprouting. To stop the growth of tumour in the early stage,
the concept of anti-angiogenic therapy has gained enormous inter-
est. Such therapy uses findings in the description of endogenous
angiogenesis stimulators including growth factors (e.g. VEGF, EGF,
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ngiogenin, basic Fibroblast Growth factors and others), cytokines
e.g. Interleukin (IL-1)) and transition metal elements, such as cop-
er. In fact, copper has been shown to stimulate angiogenesis in
hick embryo chorioallantoic models. In addition, the expressions
f various angiogenic cytokines/growth factors such as IL-1, 6 and,
-FGF, TNF-� and VEGF are suppressed following copper elimina-
ion. In this respect, several anti-angiogenic agents, based on copper
helators have been designed and tested (Brem et al., 1990).

.3.2. Neurological disorders
The majority of papers link the origin of Alzheimer‘s disease

AD), and to a lesser extent also to Parkinson‘s disease (PD), with
irect evidence supporting increased oxidative stress of the brain
Bush and Curtain, 2008; Jomova et al., 2010).

The “null hypothesis” in studies of Alzheimer’s disease has been
entered on Amyloid-� (A�) (Cuajungco et al., 2000). The central
enet of A� toxicity is linked with the presence of redox metals,

ainly copper and iron. Direct evidence of increased metal concen-
rations within amyloid plaques is based on physical measurements
hat proved that there is an increase in the metal concentrations
ithin the amyloid plaques (see above) (Rajendran et al., 2009).

Copper is known to bind to A� via histidine (His13, His14, His6)
nd tyrosine (Tyr10) residues (Hung et al., 2010). Besides Cu(II),
� also binds Zn(II) and Fe(III). Cu(II) interaction with A� pro-
otes its neurotoxicity which correlates with the metal reduction

Cu(II) → Cu(I)] and the generation of hydrogen peroxide which
n turn can be catalytically decomposed forming hydroxyl rad-
cal. Cu(II) promotes the neurotoxicity of A� with the greatest
ffect for A� (1–42) > A� (1–40), corresponding to the capacity to
educe Cu(II) to Cu(I), respectively and form hydrogen peroxide
Cuajungco et al., 2000). The copper complex of A�(1–42) has a
ighly positive reduction potential, characteristic of strongly reduc-

ng cupro-proteins.
EPR spectroscopy has been employed to show, that the N-

erminal residues of His13, His14, His6 and Tyr10 are involved in
he complexation of Cu in A� (Cerpa et al., 2004; Butterfield et al.,
001). It has recently been proposed that N-terminally complexed
u(II) is reduced by electrons originating from the C-terminal
ethionine (Met35) residues according to the reaction:

etS + A�-Cu(II) ↔ MetS+• + A�-Cu(I) (10)

orming the sulphide radical of Met35 (MetS+•) and reducing
u(II). Based on the thermodynamic calculations the above reac-
ion is rather unfavourable. However, the rate of electron transfer
etween MetS and A�-Cu(II) may be enhanced by the subsequent
xergonic reaction of deprotonation of MetS+•, leaving behind the
-methylbenzyl radical, thus making the reaction (16) viable in vivo
Valko et al., 2005). The sulphide radical MetS+• may react for exam-
le with superoxide anion radical:

etS+• + O2
−• → 2MetO (11)

orming Met-sulphoxide (MetO) which has been isolated from AD
enile plaques.

Amyloid-� has neurotoxic properties and has been proved to
timulate copper-mediated oxidation of ascorbate (Dikalov et al.,
004):

�-Cu(II) + AscH− ↔ A�-Cu(I) + Asc− + H+ (12)

�-Cu(II) + Asc− ↔ A�-Cu(I) + Asc (13)

�-Cu(I) + H2O2 → A�-Cu(II) + •OH + OH− (Fenton) (14)
�-Cu(I) + O2 ↔ A�-Cu(II) + O2
−• (15)

Cu(I) may catalyze free radical oxidation of the peptide via the
ormation of free radicals by the Fenton reaction. It should be noted,
hat copper plays an important role in other neurodegenerative
ogy 283 (2011) 65–87

disorders, such as Parkinson’s disease, Huntington’s disease, amy-
otrophic lateral sclerosis (Lou Gehrig’s disease), and prion diseases
such as Jacob-Creutzfeldt disease. All these conditions are charac-
terized by the copper-dependent formation of misfolded proteins
forming inclusion bodies.

3.3.3. Chronic disease: diabetes, cardiovascular disease and
atherosclerosis

Ceruloplasmin has been noted to be increased in both type
1 and type 2 diabetic humans with respect to healthy subjects
(Uriu-Adams and Keen, 2005). In addition, some studies reported
increased concentration of copper in plasma of diabetic patients
with complications, such as hypertension and retinopathy (Kang
et al., 2000). Altered copper metabolism interfering with increased
glycated proteins may contribute to the progression of diabetes-
related pathologies. Glycated proteins exhibit increased affinity
for transition metal ions, including copper. Despite copper being
bound to proteins it can catalytically participate in the formation
of free radicals and thus provide stable active sites for producing
free radicals that in turn can contribute to increased oxidative stress
in diabetes (Yim et al., 2001). In fact, increased markers of oxidative
damage, including damaged proteins, lipid peroxidation and DNA
damage, have been observed and implicated in the pathogenesis
of diabetic complications (Aydin et al., 2001; Dinçer et al., 2002;
Flores et al., 2004).

The serum level of ceruloplasmin plays an important role also
in cardiovascular disease. Epidemiological studies have shown,
that an elevated level of ceruloplasmin is an independent risk
factor for cardiovascular disease (Cunningham et al., 1995).
Increased concentration of copper in serum has also been asso-
ciated with mortality from coronary disease. HDL, a normally
anti-inflammatory molecule changes during acute phase response
to one that is pro-inflammatory. When ceruloplasmin was a con-
stituent of HDL and was added to aortic endothelial cell/smooth
muscle cell cultures, HDL had a suppressed capability to inhibit
LDL oxidation, and increased the expression of a chemotactic fac-
tor, MCP-1, which induced monocyte migration (Van Lenten et al.,
1995).

Copper is also linked with atherosclerosis (Haidari et al., 2001).
The most profound evidence for the involvement of copper in
atherosclerosis is probably the interaction of copper and homo-
cysteine generating free radicals and thus oxidising LDL, which has
been found in the atherosclerotic plaques. Elevated homocysteine
levels are a known risk factor for atherosclerosis (as well as AD),
and it may be this toxic interaction with copper that makes it a risk
factor.

In addition, an association between elevated copper and ceru-
loplasmin levels with atherosclerotic disease has been noted
(Burkitt, 2001). Ceruloplasmin belongs to the multi-copper oxi-
dase family of enzymes and contains the trinuclear copper center.
It has been found to present in human atherosclerotic tissues
(Swain and Gutteridge, 1995), suggesting that effects of cerulo-
plasmin at the level of the atherosclerotic lesion may be involved
in disease pathology. One of the copper ions of ceruloplasmin
can interact with LDL which is a component of atherosclerotic
plaques. Similarly to copper, iron has been found to play a posi-
tive role in the development of atherosclerosis and supports the
concept of a positive role for copper in the etiology of this dis-
ease.

Animal models have been adopted to reveal the association
between abnormal copper metabolism and diabetes. A rat model of

diabetes with heart failure revealed improved progress after treat-
ment with anticopper chelating agent trientine used for treatment
of Wilson’s disease (WD). WD is a rare inherited autosomal reces-
sive disorder of copper metabolism, resulting in copper toxicity.
Studies using animal models have shown that copper interacts with
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lycated proteins and produces neuropathy, one of the complica-
ions of diabetes in humans (Eaton and Qian, 2002).

It has been recently characterized that hyperglycemic com-
lications contributing to cardiovascular disease are linked with
isturbed copper homeostasis. Chelatable copper level was found
o be increased in the diabetic hearts and elevated extracellular
opper might be implicated in the mechanism of cardiovascular
amage in diabetes (Cooper et al., 2004). Heart disease in diabetes

s accompanied by left ventricular hypertrophy, cardiomyopathy
nd increased incidence of heart failure. Copper balance in type 2
iabetes can be improved by treatment with copper(II)-selective
helator trientine (Cooper et al., 2009). It has been hypothesised
hat hyperglycemia-induced impairment of tissue copper balance
s an important mechanism of left-ventricular hypertrophy in dia-
etes and that effective copper(II) chelation can be used as a new
ay of treatment for cardiac disease in diabetes.

. Chromium

Chromium, one of the most common elements in the earth’s
xists in several oxidation states (Cieslak-Golonka, 1996). The most
mportant stable states are 0 (elemental metal), +III (trivalent), and
VI (hexavalent). The health effects and toxicity/carcinogenicity of
hromium are primarily related to the oxidation state of the metal
t the time of exposure. Trivalent (Cr[III]) and hexavalent (Cr[VI])
ompounds are thought to be the most biologically significant (US
epartment of Health, 1993).

.1. Oxidative stress and chromium

Cr(III) is an essential dietary mineral in low doses, found in
ost fresh foods, including breads, meats and vegetables and drink-

ng water (Vincent, 2010). It is required to potentiate insulin and
or normal glucose metabolism. Solubilities of Cr(VI) compounds
reatly vary from those that are readily soluble to those which
re practically insoluble in water (Proctor et al., 2002). All Cr(VI)
ompounds, regardless of their degree of solubility in water, are
onsidered occupational carcinogens. Cr(VI) compounds are car-
inogenic in higher doses, generally considered much more toxic
han Cr(III). Carcinogenicity of Cr(VI) is site specific, targeted mainly
o the lung and requires massive exposures (Singh et al., 1998).

Trivalent chromium Cr(III) is is not a substrate of the cellular
nion transport system and therefore is unable to cross the cell
embrane (Costa, 1997; Salnikow and Zhitkovich, 2008). However,

t has been proposed that small amounts of Cr(III) enter the cell
hrough the energy intensive process of pinocytosis. Carcinogenic
r(VI) is commonly present in tetrahedral coordination and thus
mulates biological phosphates and sulphates. Therefore it can be
eadily taken up through channels for the transfer of the isoelectric
nd isostructural anions into cells.

Following oral administration of Cr(VI), it is efficiently detoxi-
ed upon reduction by saliva and gastric juice, and sequestration by

ntestinal bacteria (De Flora, 2000). Chromium(VI) absorbed by the
ntestine is effectively reduced in the blood and then in the liver.
his is in agreement with rather low genotoxicity and carcinogenic-
ty of Cr(VI), with the exception of long-term exposed individuals
o high doses of this carcinogenic metal (De Flora et al., 1990).

In the lungs (and also in the liver) Cr(VI) is efficiently reduced
robably by the glutathione (Izzotti et al., 1998). Thus the risk of

ung cancer increases only when Cr(VI) doses overwhelm the cel-

ular defense mechanisms.

The process of intracellular reduction of Cr(VI) by chelators
educes pools of this potentially carcinogenic metal ion (Fig. 3).
nhanced diffusion of Cr(VI) from plasma to erythrocytes repre-
ents a mechanism of depletion of Cr(VI) from blood plasma. In
Fig. 3. Uptake and DNA damage by Cr(VI).

the erythrocytes, in the course of detoxification of Cr(VI), it is
reduced to lower oxidation states and forms chromium protein
complexes (Kerger et al., 1997; Petrilli and De Flora, 1978). Com-
plexed chromium with various ligands, cannot leave the cell and
move back into the plasma (Zhitkovich, 2005; De Flora et al., 1995).
It has been estimated, that that the rate of uptake of Cr(VI) by red
blood cells is synchronised with the reduction capacity of Cr(VI) to
Cr(III) species.

The process of reduction of Cr(VI) to Cr(III) by chelation is not
absolutely safe, because during this process various free radicals
are generated, which will result either in activation or in detoxifi-
cation depending on the site of the intracellular reduction and its
proximity to DNA.

The results have shown that ascorbate is the most efficient bio-
logical reductant of Cr(VI) in cells under in vivo conditions and plays
a dual role in Cr(VI) toxicity: protective-antioxidant outside and
prooxidative inside the cell. In fact, reactions utilizing ascorbate in
the reduction of chromium(VI) inside the cells generate high levels
of chromium–DNA adducts and produce mutation-inducing DNA
damage (Fig. 3) (Quievryn et al., 2003, 2002; O’Brien et al., 2002).

In addition to primary reduced Cr(VI) by ascorbate, it can be
accomplished through non-enzymatic reactions with cysteine and
glutathione; however, in the target tissues of chromate toxicity,
such as lung, ascorbate is the primary reducer of Cr(VI). In mito-
chondria, the primary reductant of Cr(VI) appears to be NAD(P)H,
leading to the formation of stable Cr(III) which binds DNA more
effectively than Cr(VI) (De Flora and Wetterhahn, 1989). Interme-
diate oxidation states of chromium, i.e. Cr(V) and Cr(IV), are also
proposed to play a role in chromium genotoxicity and carcinogenic-
ity, either directly or through reaction (e.g. via the Fenton reaction)
with other cellular components, resulting in the generation of reac-
tive oxygen species (see Fig. 4). It has been demonstrated that Cr(III)
can be reduced to Cr(II) by the biological reductants, for example by
l-cysteine and NAD(P)H, which in turn reacts with hydrogen perox-
ide via the Fenton reaction to produce hydroxyl radicals, detected
by both Electron Paramagnetic Resonance spectroscopy and HPLC
(Shi et al., 1993a,b). Cr(III) species have been found to be capable
of producing reactive oxygen species from both hydrogen peroxide
and lipid peroxides. The formation of intermediate oxidation states
of chromium, Cr(V) and Cr(IV) in both in vitro studies and in vivo
animal studies administered Cr(VI) have been directly detected
using EPR spectroscopy (Shi et al., 1993a,b). In the course of the
Cr(VI) reduction, many reactive oxygen species, including free rad-

icals, such as the hydroxyl radical, singlet oxygen, superoxide anion
are formed. Generated hydroxyl radicals are able to react with
DNA bases, e.g. guanine producing a variety of radical adducts, the
best described is 8-hydroxyguanosine (8-OH-dG), a good marker
of oxidative damage of an organism. Several types of DNA dam-
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Fig. 4. Biological reducta

ge occur in chromium(VI)-exposed cells, including single-strand
reaks, DNA–DNA interstrand crosslinks, DNA–protein crosslinks,
hromium–DNA adducts, oxidative nucleotide changes and chro-
osomal aberrations (De Flora and Wetterhahn, 1989; Singh et al.,

998).
Chromium is known to activate the MAP kinase signal trans-

uction pathway. NF-�B, ATF-2 and p53 participate in regulation
f critical cellular processes, including apoptosis. Cr(VI)-induced
xidative stress triggers the hypoxia signalling pathways, leading
o increase in HIF-1� and VEGF protein levels. Chromium(III) defi-
iency in humans has been associated with cardiovascular disease,
etabolic disease (e.g. diabetes) and infertility (see below).

.2. Chromium and human disease

Chromium(VI) at high doses is considered to be the greatest
ealth risk (Keegan et al., 2008). Cr(VI) enters the body by all three of
outes of exposure: inhalation, ingestion or absorption through the
kin. For occupational exposure, the airways and skin are the pri-
ary routes of uptake (De Flora et al., 1995). Breathing high levels of

hromium(VI) can cause irritation to the nasal cavity, breathing dif-
culty (asthma and cough). Skin contact with certain chromium(VI)
ompounds can cause skin ulcers. Allergic symptoms such as red-
ess and swelling of the skin have been reported following contacts
ith chromium compounds.

According to the International Agency for Research on Can-
er (IARC), carcinogenicity of Cr(VI) compounds in the lung and
n the nasal cavity has been confirmed. Hexavalent chromium
s recognized as a human carcinogen via inhalation and known
o cause lung cancer in humans (Quievryn et al., 2002). Welders
re heavily exposed to chromium and therefore are at particular
isk. For example, workers exposed to hexavalent chromium in
orkplace air had significantly increased incidence of lung can-

er than workers in control group. However, lung cancer can only
e induced when Cr(VI) doses overwhelm these defense mecha-
isms. Incidences of cancers of nasal cavity have also significantly

ncreased over the past decade (Sunderman, 2001). In conclusion,
r(VI) compounds are carcinogenic to humans, but epidemiological
tudies provide evidence that its carcinogenicity is strictly site-
pecific.

Various case reports of occupational and nonoccupational Cr(VI)
ngestion have been reviewed (Barceloux, 1999a,b). Adverse health
ffects seen in these cases include gastrointestinal symptoms,

ypotension, and hepatic and renal failure. An increase rate in
tomach tumours was observed in humans and animals exposed
o chromium(VI) in drinking water. Sperm damage and damage to
he male reproductive system have also been seen in laboratory
nimals exposed to chromium(VI).
Cr(III)
Fenton

Cr(IV)

Cr(VI) and its reactions.

The Occupational Safety and Health Administration (OSHA)
announced limits of occupational exposure to Cr(VI) (Occup. Safety,
2006). Safe environment represents less than 5 �g of Cr(VI) per
cubic meter of air. Very recent studies using cells cultures revealed
a much greater potential for Cr(VI) to cause chromosomal dam-
age and mutations (Reynolds et al., 2007) than was previously
expected.

The metal, Cr(0), is less common and does not occur naturally.
Cr(0) is not currently believed to cause a serious health risk.

The US National Academy of Science has established a safe daily
intake for chromium in adults of 50–200 �g per day (Institute of
Medicine, 2001). Chromium(III) is an essential mineral which has a
beneficial role in the regulation of insulin, metabolic syndrome and
cardiovascular disease. Chromium potentiates insulin and there-
fore plays a role in the normal glucose metabolism. Decreased levels
of chromium in human tissues have been found which correlated
with the incidence of diabetes 2.

Deficiency of chromium has been associated with disturbed glu-
cose tolerance, fasting hyperglycemia, glucosuria, increased body
fat, dyslipidemia and impaired fertility (De Flora et al., 1995).

There is growing evidence that chromium may facilitate insulin
signalling and chromium supplementation therefore may improve
systemic insulin sensitivity (Hummel et al., 2007).

Chromium metabolism has signs of disturbance in humans with
cardiovascular disorders. Picolinate is a byproduct of the amino
acid tryptophan and chromium picolinate (200 �g per day) has
been shown to reduce insulin resistance and to help reduce the
risk of cardiovascular disease and type 2 diabetes (Bagchi et al.,
2002). In order to explore whether chromium intake in the form of
dietary supplements would be effective in cardiovascular disease
prevention, clinical trials are necessary to conduct (Alissa et al.,
2009).

5. Cobalt

Cobalt forms a number of organic and inorganic salts with the
most stable oxidation numbers being +3 [Co(III)], and +2 [Co(II)].
Cobalt is an element that occurs naturally in many different chem-
ical forms throughout our environment (Lison et al., 2001).

5.1. Cobalt and oxidative stress
Vitamin B12 contains 4% cobalt which confirms that this ele-
ment is essential to man (Kim et al., 2008). Experimental studies
confirmed that cobalt can not only interfere with DNA repair
processes but can also cause direct induction of DNA damage,
DNA-protein crosslinking, and sister-chromatid exchange. It is
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ell-established that cobalt-mediated free radical generation con-
ributes to the toxicity and carcinogenicity of cobalt.

Cobalt particles in suspension [Co(0)] do not react with
ydrogen peroxide via the Fenton reaction. EPR spin trapping
xperiments in the presence of oxygen indicated the generation of
he radical intermediate Co(I)-OO• species described by the reac-
ion (Leonard et al., 1998; Valko et al., 2005):

o + O2 → Co(I) + O2
−• → Co(I)-OO• (16)

In the presence of SOD, the enzyme catalyzes the decomposition
f Co(I)-OO• species to H2O2 and Co(I):

o(I) − OO · SOD−→H2O2 + Co(I) (17)

here H2O2 is produced from O2
−• via a dismutation reaction and

2
−• by one-electron reduction of molecular dioxygen catalyzed

y Co. EPR spectroscopy revealed the Fenton reaction for Co(I) as
ell as for Co(II) (Leonard et al., 1998):

o(I) + H2O2 → Co(II) + •OH + OH− (Fenton) (18)

Co(II)-chelate] + H2O2 → [Co(III)-chelate] + •OH + OH−

(Fenton) (19)

The catalytic activity of cobalt ions depends on the applied
helators. Cobalt(II) complexed with GSH or cysteine has been
ound to generate under physiological conditions hydroxyl radi-
als and other oxygen- and carbon-centered radicals from model
ipid peroxides (Shi et al., 1993a,b). NADH, GSH and anserine (beta-
lanyl-N-methylhistidine) render Co(II) reactive with hydrogen
eroxide to produce hydroxyl radicals (Mao et al., 1996).

Co(II) plus hydrogen peroxide was found to induced DNA cleav-
ge at all bases with a preference for G > T, C � A. Spin trapping
PR experiments showed that Co(II) reacts with hydrogen perox-
de forming not only •OH, but also singlet oxygen (using TEMPOL)
specially in the presence of chelators (Kawanishi et al., 1989). The
obalt-mediated formation of free radicals according to the reac-
ions outline above suggests the involvement of Co(II) in oxidative
tress mediated toxicity and carcinogenicity, as proved in the stud-
es of hepatocytes (Pourahmad et al., 2003).

Cobalt(II) exposure is known to deplete intracellular ascorbate
Salnikow et al., 2004). To understand the molecular mechanism
f this process, both uptake and efflux of 14C-labeled ascorbate in
he presence of Co(II) have been investigated. Interestingly, while
he influx of ascorbate is blocked by cobalt, the efflux is metal-
ndependent process. Compared with that in the control cells, the
nitial rapid uptake of ascorbate in cobalt(II)-exposed cells has
topped 2–4 h after the addition of the cobalt to the cell culture
edium. Then, within the next 16–18 h, the cellular [14C] ascorbate

ecreased gradually to barely detectable levels. This time course
ould be the result of a relatively slow interaction of the metals
or metal complexes) with critical target molecules (ligands) in the

edium and/or cells, including ascorbic acid. Exposure of cells to
obalt(II) causes activation of the HIF-1 transcription factor and up-
egulates many of the hypoxia-inducible genes (Yuan et al., 2003).
owever, the exact mechanism of HIF-1 activation by cobalt (and
lso other metals) is not known.

Very recently it has been shown that HIF-1alpha stabilization in
uman lung epithelial cells occurred following exposure to various
etal ions, including those that cannot substitute for iron in the

ydroxylases. In each case addition of the reducing agent (ascorbic

cid) abolished HIF-1alpha protein stabilization. To better under-
tand the role of iron oxidation in hydroxylase inhibition and to
efine the role of ascorbic acid in the enzyme recovery, applied
olecular modeling techniques were adopted. The results indicate

hat the energy required for iron substitution by divalent metal ions
ogy 283 (2011) 65–87 75

in the enzyme is high and unlikely to be achieved in a biological
system (Kaczmarek et al., 2009).

5.2. Cobalt and human disease

As described above, cobalt is a potent inducer of oxidative stress
causing free radical generation, which in turn induce DNA damage,
inhibit DNA repair mechanisms and the exchange of DNA between
sister-chromatids and aneuploidy (Galanis et al., 2009).

The toxicity of cobalt is relatively low compared to many other
metals (Gal et al., 2008). Its toxic effect in higher concentrations
affects mainly the lungs, leading to asthma, pneumonia and wheez-
ing. Overdosing of cobalt (>5 mg/day) may lead to abnormal thyroid
functions, polycythemia and overproduction of red blood cells
(erythropoiesis), with increased production of the hormone ery-
thropoietin. There is also a risk of pulmonary edema, peripheral
vascular thrombosis, optic nerve atrophy. Intranasal use of vita-
min B12 includes symptoms such as headache, sore throat and
rhinitis.

Inhalation of Co alone can cause asthma (Barceloux, 1999a,b)
and simultaneous inhalation of cobalt and tungsten carbide (WC)
particles induce the development of hard metal lung disease via
ROS mechanisms. The International Agency for Research on Cancer
(IARC) recently classified the mixture Co/WC as “probably carcino-
genic to humans”. Cobalt alone was only classified as “possibly
carcinogenic to humans”. Several studies reported that metallic
cobalt acquires a higher genotoxicity when associated to WC or
to other carbides.

Investigators have demonstrated greater generation of ROS for
Co in the presence of WC relative to ROS generation among the
individual constituents (Co or WC) (Fenoglio et al., 2008). Thus,
available data suggest that WC particles in association with Co par-
ticles, rather than WC or Co particles alone, should be considered
a specific toxic combination in development of hard metal lung
disease. The free radical formation has possible consequences of
oxidative damage, as detected in the murine RAW 264.7 cell line
using EPR spectroscopy.

Particle size-dependent differences in ROS generation were
observed for all study powders [tungsten (W), tungsten carbide
(WC, W2C), cobalt (Co) and admixture (WC, W2C and Co)] except
Co alone, which did not generate radicals in the cellular model
(Stefaniak et al., 2010). When the dose of powders was normal-
ized to surface area (expressed as m2/g), the formation of hydroxyl
radicals was independent of particle size, suggesting that particle
surface chemistry may be an important exposure factor.

Inhaled particles interact primarily with the lung surface made
up by surfactants and antioxidants (Fenoglio et al., 2008). GSH acts
as a ROS scavenger, thus constituting one of the first lines of defense
against lung injury due to the over-production of ROS. Both ascorbic
acid and GSH are able to scavenge superoxide and hydroxyl radi-
cals. In addition, GSH and cysteine residues in proteins also have
an important role in redox regulation. The concentration of GSH
and Cys is significantly reduced in the presence of the Co/WC mix-
ture, while the single components alone do not react or react to a
much lesser extent with GSH and Cys. The extent of the reduction
of the thiols concentration correlates to the amount of dust and,
consequently, with the surface area exposed.

The reactivity of Co/WC mixture with cysteine and thiols (GSH)
is quite significant. Cysteine alone reacts with Co/WC more exten-
sively than the cysteinyl fragment in the tripeptide GSH. The results
are consistent with the oxidation occurring at the surface con-

taining mainly cysteine S–H groups involved in the generation of
sulphur-centered radicals. Such a reaction, will enhance the level of
oxidative stress caused by particles and cell-generated free radicals
(Stefaniak et al., 2009). A detailed experiment on particle surface
chemistry elucidated the importance of close contacts of metals
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ith biologically active surface area in the formation of free radicals
y particle mixtures.

Interestingly, a reversed effect of cobalt on free radical gener-
tion has been reported (Shukla et al., 2009). Hypobaric hypoxia
s accompanied by increased formation of free radicals and sup-
ressed activities of antioxidant enzymes. Exposure of rats to
ypobaric hypoxia revealed increased oxidation of lipids and pro-
eins and decreased reduced oxidized glutathione (GSH/GSSG) ratio
nd increase in SOD, GPx, and GST levels. In addition, increase in
eme oxygenase 1 (HO-1) and heat shock protein 70 (HSP70) was
lso recorded. Intake of cobalt significantly suppressed free rad-
cal formation, oxidation of lipids and proteins. In addition, the
SH/GSSH ratio was similar to that of control cells activated by
O-1. These results look promising in view of the prospective
harmacological benefits of cobalt in preventing hypoxia-induced
xidative stress.

. Cadmium

Cadmium is a heavy metal and the most common oxidation
umber of cadmium is +2. Food is the main source of cadmium

or the non-smoking population (Cuypers et al., 2010). Estimates
f dietary cadmium intake worldwide range from 10–40 �g/day
n nonpolluted areas to several hundred micrograms in cadmium-
olluted regions.

.1. Cadmium, oxidative stress and human disease

The routes of cadmium intake involve the lungs, intestines and
kin. Cadmium in the body is predominantly bound to metalloth-
oneins (Hamer, 1986). The cadmium–metallothionein complex is
istributed to various tissues and organs and is ultimately reab-
orbed in kidney tubuli (Ohta and Cherian, 1991). There is no
echanism for the excretion of cadmium in humans, thus cad-
ium accumulates in tissues. The half-life of cadmium in kidney

ortex is 20–35 years. In humans, the largest amount of cadmium
s deposited in the kidneys, liver, pancreas and lungs.

Cadmium itself is unable to generate free radicals directly,
owever, indirect formation of ROS and RNS involving the super-
xide radical, hydroxyl radical and nitric oxide has been reported
Waisberg et al., 2003). Some experiments also confirmed the gen-
ration of non-radical hydrogen peroxide which itself in turn may
e a significant source of radicals via Fenton chemistry (Elinder
t al., 1976). Cadmium can activate cellular protein kinases (pro-
ein kinase C) which result in enhanced phosphorylation of various
ranscription factors which in turn lead to activation of target gene
xpression.

An interesting mechanism explaining the indirect role of cad-
ium in free radical generation was presented, in which it was

roposed that cadmium can replace iron and copper in various
ytoplasmic and membrane proteins (e.g. ferritin, apoferritin), thus
ncreasing the amount of unbound free or poorly chelated copper
nd iron ions participating in oxidative stress via Fenton reactions
Price and Joshi, 1983). These results are supported by recent find-
ngs by Watjen and Beyersmann (2004). Displacement of copper
nd iron by cadmium can explain the enhanced cadmium-induced
oxicity, because copper, displaced from its binding site, is able to
atalyze breakdown of hydrogen peroxide via the Fenton reaction.

The toxic mechanisms of cadmium are not well understood, but
t is known to act intracellularly, mainly via free radical-induced

amage, particularly to the lungs, kidneys, bone, central nervous
ystem, reproductive organs and heart (Waalkes, 2000).

The effect of cadmium exposure in drinking water on mark-
rs of oxidative stress in rat cardiac tissue has shown significantly
ncreased lipoperoxides, MDA and decreased activities of SOD and
ogy 283 (2011) 65–87

glutathione peroxidase (GPx) (Novelli et al., 2000). No alterations
were observed in catalase activity. In addition, decreased glucose
levels and increased total lipid content in cardiac tissue of rats
following cadmium exposure were observed. The decreased activ-
ities of alanine transaminase and aspartate transaminase reflected
decreased metabolic protein degradation and increased lactate
dehydrogenase activity. Since the metabolic pathways were altered
by cadmium exposure, it can be concluded that Cd2+-induced for-
mation of ROS initiates a series of events that occur in the heart
which in turn resulted in alterations of metabolic pathways.

The testis is a good marker of cadmium exposure. Cadmium-
induced testicular damage and testicular necrosis have been
documented by many reporters (see for example Dalton et al.,
2005). Various studies have been performed on the cadmium-
induced testicular toxicity in rat models. A significantly increased
content of malondialdehyde and glutathione peroxidase (GSH-Px)
in exposed groups has been observed (Yang et al., 2003). Glu-
tathione was found to scavenge intracellular oxygen radicals either
directly or via the GSH peroxidase/GSH system. The activity of
superoxide dismutase in the tested animals was lowered. This study
also revealed that the number of cells with DNA single strand breaks
and the levels of cellular DNA damage were significantly higher in
exposed groups than in controls.

Cadmium is a potent human carcinogen causing preferentially
prostate, lung and gastro-intestinal (kidney and pancreas) cancers.
Smoking synergistically increases the carcinogenic effect of cad-
mium (Flora et al., 2008; Flora and Pachauri, 2010). The effect of
environmental exposure to cadmium on cancer incidence (par-
ticularly that of the lung) in the environmentally contaminated
north-east Belgium (the neighbourhood of zinc smelters) has been
extensively investigated (Sartor et al., 1992). The results have
shown an association between risk of cancer and cadmium expo-
sure as shown by 24-h urinary excretion – a finding that remained
consistent after adjustment for sex, age and smoking.

New findings in the explanation of cadmium-induced carcino-
genicity with respect to cell adhesion have recently been published.
E-cadherin, a transmembrane Ca(II)-binding glycoprotein playing
an important role in cell–cell adhesion, can bind cadmium to Ca(II)-
binding regions, changing the glycoprotein conformation (Pearson
and Prozialeck, 2001). Thus the disruption of cell–cell adhesion
induced by cadmium could play an important role in tumour induc-
tion and promotion.

6.2. Cadmium and antioxidants

Intoxication with cadmium led to significantly increased con-
centration of lipid peroxides in rats and altered activity of
antioxidant enzymes such as Cu, Zn-SOD, catalase, glutathione
peroxidase, glutathione reductase and glutathione-S-transferase
(Ognjanovic et al., 2003). Pretreatment with vitamin E revealed
a protective role against the toxic effects of cadmium as
substantiated by the hematological values of lipid peroxides. Sup-
plementation with vitamin C and/or vitamin E has been shown to
reduce the level of ROS-initiated testicular damage. The combined
effect of vitamins restored normal testicular function in Cd-exposed
rats (Sen Gupta et al., 2004). The effect of dietary vitamin E intake
on lipid peroxidation as measured by the production of thiobar-
bituric acid reactive substances (TBARS) was assessed. It appears
that reduction in the increase in TBARS due to Cd-induced toxicity
may be an important factor in the action of vitamin E (Beytut et al.,

2003).

The protective role of melatonin, an effective antioxidant
and free radical scavenger, against cadmium was also studied
(Karbownik et al., 2001). Melatonin slightly reduced lipid perox-
idation in the testes induced by cadmium.
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. Arsenic

The most common oxidation numbers of arsenic are +5, +3, and
3, in which the element is able to form both inorganic and organic

ompounds in the environment and within the human body (Hei
nd Filipic, 2004). In combination with other elements such as oxy-
en, sulphur and chlorine the element is referred to as inorganic
rsenic and as combined with hydrogen and carbon as organic
rsenic. Since most arsenic compounds are colourless and/or do
ot smell, the presence of arsenic in food, water or air, is a serious
uman health risk.

.1. Arsenic, toxicity and free radicals

Inorganic arsenic includes arsenite (As(III)) and arsenate (As(V))
nd can be either methylated to form monomethylarsonic acid
MMA) or dimethylated as in dimethylarsinic acid (DMA) (Arnold
t al., 2006; Wang and Rossman, 1996). The metabolism of inor-
anic arsenic involves a two-electron reduction of pentavalent
rsenic, mediated by GSH, followed by oxidative methylation to
orm pentavalent organic arsenic.

Arsenic trioxide (As2O3) is the most prevalent inorganic arseni-
al found in air, while a variety of inorganic arsenates (AsO4

3−) or
rsenites (AsO2

−) occur in water, soil, or food (Ding et al., 2005).
allium arsenide (GaAs) is used in electronics industry and has
lso negative impact on human health. Although gallium arsenide
s poorly soluble, it undergoes slow dissolution and oxidation to
orm gallium trioxide and arsenite (Webb et al., 1986). The toxic
ffects of GaAs consist of liberated arsenic enhanced by the other
ffects of the gallium.

Arsenic is toxic to the majority of organ systems; inorganic
rsenic being more toxic than methylated organic arsenic (Mandal
nd Suzuki, 2002). The trivalent forms are the most toxic and react
ith thiol groups of proteins. The pentavalent forms possess less

oxicity, however uncouple oxidative phosphorylation.
Trivalent arsenic inhibits various cellular enzymes, including for

xample pyruvate dehydrogenase, resulting in a reduced conver-
ion of pyruvate to acetyl coenzyme A (CoA) (Wang and Rossman,
996). Enzyme inhibition occurs through binding to sulphydryl
roups. Arsenic also inhibits the uptake of glucose into cells, glu-
oneogenesis, fatty acid oxidation, and further production of acetyl
oA. Most importantly, arsenic inhibits the synthesis of GSH, one
f the most powerful cellular antioxidant.

The toxicity of pentavalent inorganic arsenic occurs via its
eduction to trivalent arsenic (Ferrario et al., 2008). Pentavalent
rsenic resembles to inorganic phosphate and substitutes for phos-
hate in glycolytic and cellular respiration pathways. Uncoupling
f oxidative phosphorylation occurs because of the loss of the high-
nergy ATP phosphate bonds due to the preferential formation of
DP-arsenate.

As mentioned above, methylated organic arsenicals are usually
iewed as being less toxic than the inorganics (Mandal and Suzuki,
002). This is substantiated by the majority of studies supposing
hat the acute toxicity of inorganic arsenic was greater than organic
rsenic. Thus, the methylation of inorganic arsenic was considered
o be a detoxication process. However, the results presented in the
ast decade show that human cells are more sensitive to the cyto-
oxic effects of MMAIII than arsenite (Petrick et al., 2000; Styblo
t al., 2001) and that DMAIII is at least as cytotoxic as arsenite in
everal human cell types (Styblo et al., 2000). Thus the process of
ethylation of arsenic does not have to be a detoxication mecha-
ism. Further detailed studies dealing with the possible toxic effects
f organic arsenic are awaited. Several organic arsenicals are found
o accumulate in fish and shellfish. These include arsenobetaine
nd arsenocholine, both referred to as “fish arsenic” that have been
ound to be essentially nontoxic (Hindmarsh, 2000).
ogy 283 (2011) 65–87 77

Many studies confirmed the generation of various types of
ROS during arsenic metabolism in cells (reviewed in Valko
et al., 2005). Oxidative stress has been linked with the develop-
ment of arsenic related diseases including cancers. In addition
to ROS, reactive nitrogen species (RNS) are also thought to be
directly involved in oxidative damage to lipids, proteins and
DNA in cells exposed to arsenic. Many recent studies have pro-
vided experimental evidence that arsenic-induced generation of
free radicals can cause cell damage and death through acti-
vation of oxidative sensitive signalling pathways (Roy et al.,
2009).

Arsenic-mediates formation of the superoxide anion radical
(O2

−•), singlet oxygen (1O2), the peroxyl radical (ROO•), nitric oxide
(NO•), hydrogen peroxide (H2O2), dimethylarsinic peroxyl radicals
([(CH3)2AsOO•]) and also the dimethylarsinic radical [(CH3)2As•]
(Yamanaka and Okada, 1994). The exact mechanism responsible
for the generation of all these reactive species is not yet clear,
but some studies proposed the formation of intermediary arsine
species.

Recent studies on the arsenite toxicity in the brain reported
that some of its effects have been connected to the generation of
the damaging hydroxyl radical (Mishra and Flora, 2008). The time-
evolution of the formation of the hydroxyl radical in the striatum
of both female and male rats who underwent a direct infusion of
different concentrations of arsenite was investigated. The treat-
ment with arsenite induced significant increase in hydroxyl radical
formation. These results support the participation of hydroxyl
radicals in arsenic-induced disturbances in the central nervous sys-
tem. In this connection, an interesting route to produce H2O2 was
explained by the oxidation of As(III) to As(V) which, under phys-
iological conditions, results in the formation of H2O2 (a source of
damaging hydroxyl radical):

H3AsO3 + H2O + O2 → H3AsO4 + H2O2

(�rG� = −40.82 kcal/mol) (20)

The above reaction is spontaneous and exergonic with an esti-
mated standard reaction free energy change for H2O2 formation of
−40.82 kcal/mol (−170.87 J/mol).

In addition to ROS, arsenic exposure can also initiate the genera-
tion of RNS. Several conflicting reports concerning arsenic-induced
production of NO• have been published (Shi et al., 2004). One
report concluded that there was no cadmium-induced increase in
NO• generation in hepatocytes and human liver cells, which inhib-
ited inducible NO synthase gene expression in cytokine-stimulated
human liver cells and hepatocytes (Germolec et al., 1996). In
another report, arsenite was found to inhibit inducible NO syn-
thase gene expression in rat pulmonary artery smooth muscle cells
(Kodavanti et al., 1996). Similarly, a third study with low levels
of arsenite reported no change in intracellular concentration of
Ca(II) as well as no NO• generation as detected by EPR spectroscopy
(Barchowsky et al., 1999).

GSH is a very effective cellular antioxidant and plays an impor-
tant role in maintaining cellular redox status. In addition, GSH level
is a good marker of oxidative stress of an organism (Halliwell and
Gutteridge, 2007). Several papers have reported decreased levels
of GSH after exposure to arsenic. It was reported that following
oral intake of arsenic, the GSH concentration was significantly
decreased in the liver of male Wistar rats (Maiti and Chatterjee,
2001). After 6 months exposure to arsenic, hepatic GSH and the

enzymes glucose-6-phosphate dehydrogenase and GPx were sig-
nificantly lowered in mice. Overall, from these studies follow that
GSH possibly acts as an electron donor for the reduction of pen-
tavalent to trivalent arsenicals and that arsenite has high affinity to
GSH.
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.2. Arsenic and human disease

The exact molecular mechanism of arsenic toxicity and carcino-
enesis is still not known. Current views of molecular mechanisms
f arsenic toxicity involve genetic changes, the involvement of
ncreased oxidative stress, enhanced cell proliferation and altered
ene expression. Arsenic is known to induce hypoxia signalling
athways. For example in prostate cancer cells treated with
rsenite induced HIF-1alpha expression in a concentration- and
ime-dependent manner, whereas the level of HIF-1beta remained
naffected (Posey et al., 2008). The VEGF protein level was also ele-
ated. ROS formation was linked with the activation of the PI3K/Akt
athway and the subsequent induction of HIF-1alpha and VEGF.

Arsenic is a well-documented carcinogen in a number of stud-
es (Waalkes et al., 2004). Chronic exposure to inorganic arsenic
rom contaminated water is responsible for various adverse health
ffects such as developing tumours of the lung, skin, liver, bladder
nd kidney. Skin lesions, peripheral neuropathy and anemia are
allmarks of chronic arsenic exposure. Arsenic is also a potential
isk factor for atherosclerosis.

While cardiovascular disorders following oral exposure to
rsenic are well documented, there is some evidence from epi-
emiological trials that also inhaled inorganic arsenic can affect
he cardiovascular system (Das et al., 2010). A systematic review
f the epidemiologic evidence on the association between arsenic
nd cardiovascular outcomes in Taiwan has been performed (Tseng,
008). In addition, the estimation of relative risks for coronary
isease, for stroke, and for peripheral arterial disease has been
onducted. Methodological constraints, however, limited interpre-
ation of the moderate-to-strong associations between high arsenic
xposure and cardiovascular outcomes in Taiwan. Such studies of
rsenic and cardiovascular outcomes should be a research priority.

An interesting association between intellectual deficiencies in
hildren and exposure to arsenic has been found (Wang et al., 2007).
dolescents from various regions of Taiwan and China exposed to

ow (0.0017–0.0018 mg As/kg/day) levels of inorganic arsenic in
he drinking water showed decreased performance in the switch-
ng attention task, while children in the high exposure group
0.0034–0.0042 mg As/kg/day) showed decreased performance in
oth the switching attention task and in tests of pattern memory,
elative to unexposed controls.

Neurological effects have also been confirmed in animal studies.
hanges in levels of neurotransmitters such as dopamine, nore-
inephrine, and 5-hydroxytryptamine were noted in rats exposed
o sodium arsenite in drinking water over a period of 16 weeks
Kannan et al., 2001).

There is a positive health effect of arsenic trioxide used in treat-
ent of acute promyelocytic leukemia (AML), the most common

ype of acute leukemia (Wang and Chen, 2008; Wetzler et al.,
007). AML is a fast-growing cancer in which the bone marrow
roduces abnormal myeloblasts, which would normally develop

nto white blood cells that fight infection. AML is the most malig-
ant form of acute leukemia with a severe bleeding tendency and
fatal prognosis. For more than two and half decades therapeutic

pplications of arsenic in the treatment of this type of leukemia
ave been investigated. An effort is now made to characterize the
nderlying mechanisms of arsenic trioxide action and its interac-
ions with different proteins to enhance its therapeutic potential
Ferrara, 2010).
. Zinc

The most common and most stable oxidation number of zinc is
2 [Zn(II)]. Zinc is a ubiquitous trace element found in plants and
nimals. The adult human body contains approximately 1.5–2.5 g of
ogy 283 (2011) 65–87

zinc, present in all organs, tissues, fluids and secretions. The level of
free intracellular Zn(II) is as low as 0.5 nM, as estimated from mea-
surements of the zinc-specific 19F-NMR signal of a fluorinated metal
chelating probe (Benters et al., 1997). Zinc is an element present in
more than 70 different enzymes that function in many aspects of
cellular metabolism, involving metabolism of proteins, lipids and
carbohydrates.

8.1. Zinc, metabolism and oxidative stress

The observations performed in 1961 on Iranian males have
shown that zinc deficiency may cause growth retardation and
hypogonadism in humans (Prasad et al., 1961). Following studies
later showed that zinc was essential for humans and that zinc defi-
ciency was prevalent in the Middle East (Prasad et al., 1963). Zinc
deficiency is related to poor dietary zinc intake, excessive dietary
phytate intake, chronic illness or over-supplementation with iron
or copper. Zinc deficiency incidence in well-nourished humans is
unknown due to difficulties in sufficiently diagnosing zinc defi-
ciency and the diversity of its metabolic roles. Other symptoms of
zinc deficiency include loss of appetite, dermatitis, reduced taste
acuity, delayed wound healing, impaired reproduction and poor
immune function. Zinc helps manage insulin action and blood glu-
cose concentration and has an essential role in the development and
maintenance of the body’s immune system. Severe zinc deficiency
is rare and usually caused by genetic or acquired conditions.

Zinc is a redox inert metal and does not participate in oxidation-
reduction reactions. Zinc’s function as an antioxidant involves two
different mechanisms: (i) the protection of sulphydryl groups of
proteins against free radical attack and (ii) reduction of free radical
formation through the prevention mechanisms or in other words
antagonism of redox-active transition metals, such as iron and
copper (Bray and Bettger, 1990). Any of these models result in a
decreased reactivity of sulphydryl groups.

The first model considers direct binding of zinc to the sulphydryl
groups, the second model assumes binding of zinc to a binding site
close to the sulphydryl groups and finally the third assumed binding
of zinc to another site of the protein resulting in a conformational
change of the protein. Zinc was found to protect various sulphydryl-
containing proteins, for example dihydroorotase (Kelly et al., 1986),
DNA zinc-binding proteins (zinc fingers) (Klug and Rhodes, 1987),
protein farnesyltransferase (Fu et al., 1996) and others.

The process of protein oxidation is a site-specific reaction and
oxidative modifications occur predominantly around the metal
binding site. In the second mechanism outlined above, there are
two potential processes that would antagonize/prevent the for-
mation of hydroxyl radicals. The first process involves removal or
“pull” of the metal from its binding site through the use of a high-
affinity ligand-chelator. The second process consists of “pushing”
the redox metal off of its binding site through replacement by an
isostructurally similar redox-inactive metal (e.g. copper replace-
ment by zinc) (Stadtman, 1990). The displaced redox metal can
then leave the cell, reducing thus its ability to catalyze decomposi-
tion of Fenton reaction (hydroxyl radical formation). An example of
the zinc antagonism mechanism is documented by iron-mediated
xanthine/xanthine oxidase-induced peroxidation of erythrocyte
membranes. Antagonism of radical formation by zinc was reported
in copper–iron ascorbate-induced DNA strand breaks, superoxide
and hydroxyl radical from xanthine oxidase and NADPH oxidase,
Fe(III)-ascorbate-induced methemoglobin formation in red blood
cells and other systems.
Zinc deficiency has been associated with increased levels of
oxidative damage including increased lipid, protein and DNA oxi-
dation (Prasad, 2009). Animal studies confirmed that chronic or
long-term absence of zinc makes an organism more to oxidative
stress-induced injury. Zinc deficiency effects, combined with ROS
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Fig. 5. Zinc as an antioxidant and anti-inflammatory agent.

ormation has been documented by carbon centered free radical
roduction and lipid peroxidation in lung damage, formation of
onjugated dienes and malondialdehyde in liver microsomes and
ipoprotein oxidation and galactosamine-induced hepatitis in rats
reviewed in Valko et al., 2005).

The metallothioneins are metal-binding proteins
6000–7000 kDa) containing 60–68 amino acid residues. The
eneficial effects of long-term administration of zinc can be linked
o the induction of some other species that serves as the ultimate
ntioxidants, among which one of the most effective seems to be
etallothioneins (Powell, 2000). About 25–30% of all aminoacids

n metallothioneins are cysteine, containing no aromatic amino
cids or disulphide bonds and therefore can effectively bind
–7 g zinc (mol/protein). Recent studies have reported that the
etallothioneins represent a connection between cellular zinc and

he redox state of the cell (Maret, 2008). Under conditions of high
xidative stress, changes in the cellular redox state result in release
f zinc from metallothionein as a result of sulphide/disulphide
xchange.

Zinc as an antioxidant, reduces formation of free radicals by sev-
ral ways (Prasad, 2009) (Fig. 5). Zinc acts as an inhibitor of NADPH
xidase, inducer of metallothionein (effective scavenger of radicals)
nd is an integral metal of Cu, Zn-SOD. ROS are known to activate
F-kappaB which in turn activates growth factors, antiapoptotic
olecules resulting in cell proliferation (cancer), inflammatory

ytokines and adhesion molecules (Prasad, 2009). Zinc reduces
nflammatory cytokine production by upregulation of a zinc-finger
rotein, A20, which inhibits NF-kB activation via TRAF pathway
Prasad, 2008). Thus zinc functions not only as an antioxidant but
lso as an anti-inflammatory agent.

.2. Zinc and human disease

A beneficial effect of intake of the zinc on oxidative stress mark-
rs in elderly people has been reported (Prasad et al., 2007). Inter-
eukin (IL-2) is a molecule of cytokine immune system responding
o microbial infection. IFN-� is a cytokine that is critical for adap-
ive immunity against bacterial and viral infections. Zinc deficiency

n humans is characterized by a reduction of IL-2 and IFN-�. A
andomized double-blind, placebo-controlled trial of zinc supple-
entation was conducted in elderly people (Prasad et al., 2007).

he zinc supplementation decreased incidence of infections and ex
ivo generation of TNF-alpha and plasma oxidative stress mark-
ogy 283 (2011) 65–87 79

ers than in the placebo group. Zinc supplementation was effective
in decreasing incidences of infections in the elderly patients with
sickle cell disease (Bao et al., 2008) and has beneficial effect on
respiratory tract infections in children (Veverka et al., 2009).

Zinc may have a preventive role in some cancers such as colon
and prostate and in atherosclerosis inasmuch as chronic inflam-
mation has been implicated in the development of these disorders.
Clinical trials have confirmed that the group taking zinc supple-
ments had a shorter mean overall duration of cold and shorter
duration of cough. The results of zinc supplementation in AIDS are
contradictory (Bobat et al., 2005). It has been observed that only
zinc deficient patients would respond to zinc supplementation and
zinc sufficient patients may not have any beneficial effects. More
studies are needed in this respect.

Zinc supplements intake together with IFN-alpha was more
effective against chronic hepatitis C than therapy with IFN-alpha
alone (Takagi et al., 2001). It is also possible that zinc has an antiox-
idant effect and this may have benefited a few cases of hepatitis.
Zinc intake seems also promising to inhibit herpes simplex virus
(Kumel et al., 1990) and rhinoviruses (Korant et al., 1974). While
one study reported the beneficial effects of zinc supplementation
with respect to joint swelling in patients with rheumatoid arthritis,
two other studies did not confirm this observation (Overbeck et al.,
2008).

Preventive effects of zinc supplemention in a group receiving
zinc gluconate have shown significantly decreased incidence
of infections and ex vivo generation of TNF-alpha and plasma
oxidative stress markers with respect to a placebo group (Prasad
et al., 2007).

The zinc-supplemented group of patients with sickle cell disease
had decreased incidences of infection in comparison to the placebo
group (Bao et al., 2008). After zinc supplementation, antioxidant
power increased. In addition, plasma nitrite and nitrate (NOx), lipid
peroxidation products, DNA oxidation products, and soluble vascu-
lar cell adhesion molecule-1 (VCAM-1) decreased compared to the
placebo group.

Since oxidative stress and chronic inflammation may play
important causative roles in many chronic diseases, including
atherosclerosis, cancers, neurological disorders, and autoimmune
diseases, more thorough studies exploring the status of zinc defi-
ciency and supplementation are necessary.

9. Lead

Lead has atomic number 82 (symbol Pb) and is one of the
heavy metals. Lead is a persistent metal and because of its unusual
physical–chemical properties it is used in various industrial appli-
cations (Brannvall et al., 1999). Well known is its use as a radiation
shield. Lead is a toxic metal to humans and animals and its per-
sistency causes prolonged occurrence in the environment – in
water, soil, dust and in manufactured products containing lead.
Since young organisms bear the heaviest burden of sensitivity
to lead exposure, lead-based paint covers represent a serious
health threat to children worldwide (Kumar and Clark, 2009).
Soil containing lead also represent a serious hazard for children.
Gastrointestinal absorption of lead is higher in children (40–50%)
than in adults (3–10%). Lead toxicity is most commonly diagnosed
through elevated blood levels. Blood levels of 10 �g/dL (equivalent
to 0.48 �mol/L) or higher are considered toxic and result in neuro-
logical disorders, cognitive impairments, hypertension and other
disorders (Patrick, 2006a).
9.1. Lead and oxidative stress

Similar to other persistent toxic metals such as arsenic, cad-
mium and mercury, lead damages cellular components via elevated
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evels of oxidative stress. The pathogenetic effect of lead is mul-
ifactorial since it directly interrupts the activity of enzymes,
ompetitively inhibits absorption of important trace minerals and
eactivates antioxidant sulphydryl pools (Patrick, 2006b).

Free radical-induced damage by lead is accomplished by two
ndependent, although related mechanisms (Ercal et al., 2001). The
rst involves the direct formation of ROS including singlet oxygen,
ydrogen peroxides and hydroperoxides and the second mech-
nism is achieved via depletion of the cellular antioxidant pool.
nterrelations between these two mechanisms exist so that the
ncrease in ROS on one side simultaneously leads to depletion of
ntioxidant pools on the other (Gurer and Ercal, 2000). Glutathione
epresents more than 90% of the non-tissue sulphur pool of human
ody and the major effect of lead is on glutathione metabolism
Hunaiti and Soud, 2000). In addition, glutathione is an important
ubstrate acting in the metabolism of specific drugs and toxins via
lutathione conjugation in the liver. The sulphydryl groups of glu-
athione bind effectively toxic metals such as arsenic and mercury.
herefore an organism exposed to lead has significantly lowered
evels of glutathione, with respect to the control groups, which may
n turn enhance the toxicity of other metals.

There are two specific enzymes, glutathione reductase (GR)
nd deltaaminolevulinic acid dehydrogenase (ALAD) that are both
nhibited by lead (Hoffman et al., 2000). An epidemiological survey
f lead exposure among children (lead concentration >10 �g/dL)
n India has shown significantly suppressed levels of ALAD with
espect to children with lead concentration (<7 �g/dL) (Ahamed
t al., 2005). A direct correlation between blood lead levels, ALAD
ctivity and erythrocyte levels of MDA has been observed among
orkers exposed to lead. Inhibition of ALAD by lead increases levels

f the substrate delta-aminolevulinic acid (ALAD) which is known
o stimulate the formation of ROS substantiated by the elevated
evels of MDA.

GR is an enzyme responsible for recycling of oxidized glu-
athione (GSSG) to reduced glutathione (GSH) and lead has been
hown to interfere with this cycle resulting in depressed GSH levels.
oth trends, elevated and suppressed blood levels of catalase, SOD
nd glutathione peroxidase have been observed (Sugawara et al.,
991).

Studies using animal models and human populations have
hown a causal relationship between low-level lead exposure and
ypertension (Abadin et al., 2007). Since there are various factors
uch dietary intake of calcium, exposure to various environmental
oxins, fat diet and intake of alcohol, it is difficult to separate unam-
iguously lead as a risk factor. However, hypertension is clearly

inked with the enhanced levels of oxidative stress and exposure to
ow levels of lead has been shown to increase production of ROS.
OS-induced oxidative stress has been identified in lung, sperm,
estes, liver and brain (Hsu and Guo, 2002). ROS formation following
xposure to lead in animal studies has been linked with decreased
perm counts.

.2. Lead toxicity and antioxidants

In addition to ROS, RNS has also been shown to play a signif-
cant role in incidence of hypertension following lead exposure
n humans (Valko et al., 2007). Nitric oxide is known as an
ndothelium-derived relaxing factor. ROS formed as a consequence
f lead exposure may oxidize nitric oxide in vascular endothe-
ial cells by forming peroxynitrite (ONOO−) which is a highly
eactive ROS capable of damaging DNA and lipids. Depleted NO•
ollowing lead exposure causes hypertension in animal models.
uppressed availability of NO• can be recovered using antioxidants.
n hypertensive rats with blocked glutathione production, the
dministration of vitamin E (5000 IU/kg) and vitamin C (3 mmol/L
f drinking water) completely eliminated the hypertension. In addi-
ogy 283 (2011) 65–87

tion the level of glutathione returned nearly to normal (Vaziri et al.,
2000). In another animal model of lead-induced hypertension, a
SOD-mimetic drug tempol (dimethylthiourea) was applied (Vaziri
et al., 2001). Administration of tempol completely suppressed lead-
induced hypertension via elimination of superoxide radical anion.

Methionine is known to react with ROS forming methionine
sulphoxide (Jomova et al., 2010). Administration of methionine led
to increases in thiol group containing molecules (mainly proteins
with –SH groups) acting as antioxidants preventing lipid peroxida-
tion processes in the kidneys and liver. N-acetylcysteine has also
been shown to be effective not only in reducing but also revers-
ing the oxidant effect of increased levels of aminolevulinic acid
enhanced as a consequence of the lead effect.

Lead-exposed animals supplemented with zinc exhibited
restored level of SOD and ALAD (Batra et al., 1998). It has been
proposed that zinc acts as an antioxidant and possibly as a chelator
agent in lead toxicity.

Selenium supplementation has been shown to have a protec-
tive effect when administrated to animals prior to lead exposure
(Othman and El Missiry, 1998). Selenium increased levels of SOD,
GSH and GPx in kidney and liver tissues. Selenium creates a sta-
ble lead–selenium complex which has been proposed to play a
protective role against lead toxicity.

Alpha-lipoic acid is an effective antioxidant with chelating
properties. In studies of lead-induced toxicity, alpha-lipoic acid
suppressed the harmful effect of lead on liver and kidney glu-
tathione and oxidative stress markers (Pande and Flora, 2002).

In vitro studies using cell cultures treated with lead have shown
improved cell survival and decreased MDA levels following tau-
rine treatment (Selvaraj et al., 2006). In these experiments taurine
exhibited antioxidant and membrane-stabilizing properties.

There are several effective chelators of lead used in treatment of
lead toxicity. The most effective chelators used in both pediatric and
adult treatment of lead toxicity are meso-2,3-dimercaptosuccinic
acid (DMSA) and calcium disodium ethylenediaminetetraacetic
acid (CaNa2EDTA) (Gurer et al., 1998; Flora et al., 2003). In addition,
DMSA has been shown to have antioxidant properties lowering ROS
level in erythrocytes.

10. Metal-chelation therapy in medicine

Chelation therapy is a medical treatment used to treat heavy
metal poisoning and chelate redox active metals. The aim of chela-
tion therapy is an attempt to prevent or reverse health problems of
individuals exposed to high levels of metals.

10.1. Chelation of redox active iron and copper

As described above, the reactivity of iron significantly varies
depending upon its ligand environment and damage caused by
iron-mediated formation of hydroxyl radicals evoke the following
question. Can suitable iron chelator inhibit production of hydroxyl
radicals to desirable extent? (Kell, 2009; Andersen, 1999). Quantifi-
cation of the effectiveness of a given chelate to inhibit formation of
ROS is often rather difficult because some chelators can only sup-
press formation of ROS by chelating iron. However, other chelators
can trap produced radicals or act by additional mechanisms.

Catalytic action of iron in the Fenton reaction involves the par-
ticipation of its d orbitals. More saturated coordination sites of iron
reflect the lower catalytic activity of metal (d’Hardemare et al.,

2006). Generally, ligands containing oxygen atoms stabilize Fe(III)
and ligands with nitrogen (and also sulphur) donor atoms prefer
Fe(II) (Valko et al., 2005). Thus ligands bearing oxygen atoms pro-
mote the oxidation of ferrous to ferric ions and chelators containing
nitrogen ligands such as phenantroline and bipyridine inhibit oxi-
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Fig. 6. The iron chelator deferoxamine.

ation of ferrous ions. The maximum coordination number of iron
nd copper is six. Thus hexadentate chelators can saturate the coor-
ination environment around the iron atom and thus completely
eactivate the “free iron”. Iron complexes with bidentate or triden-
ate chelators have at least one or two coordination sites left free to

aintain catalytic activity of iron and thereby promote free radical
ormation.

A proper iron chelator should fulfill certain requirements such
s high affinity for Fe(III), oral activity, low toxicity and penetra-
ion ability through biological membranes. Deferoxamine (DFO,
FB, desferrioxamine B, known also as Desferal) (Fig. 6) is a bacte-

ial siderophore produced by a gram-positive bacteria Streptomyces
pecies (Henretig et al., 1983; Imbert et al., 1995). It is hexadentate
nd the most frequently used chelator proved to be very effective
n the treatment of a number of diseases originating in excess body
ron. Deferoxamine can bind iron both oxidation states (Kell, 2010).
erriprox (deferiprone) is a bidentate chelator with a high affinity
or iron acting at molecular, cellular, tissue and organ levels (Kell,
009). Another effective chelator used in the treatment of neuro-

ogical disorders is clioquinol (CQ, 5-chloro-7-iodoquinolin-8-ol)
hydroxyquinoline antibiotic containing the 8-hydroxy quinoline
otif. CQ was found to be an effective high-affinity chelator of iron

n blocking the formation of hydrogen peroxide by Amyloid beta
Bush, 2008).

Various copper chelators, such as d-Penicillamine (d-pen),
imercaprol, trientine, tetrathiomolybdate and clioquinol have
een used in cancer treatment, especially in inhibiting angiogen-
sis both in vitro and in vivo (Brem et al., 1990; Gooneratne and
hristensen, 1997; Pan et al., 2002). Brem et al. (1990) observed
reduced tumour growth following a low copper diet and d-pen

reatment in glioma implanted intracerebrally in rabbits.d-pen and
riente are chelators used to remove excess copper associated with

ilson’s disease. Trientine is another copper chelator, acting pri-
arily by enhancing urinary copper excretion. A decreased tumour

rowth and lowered production of IL-8 with trientine treatment
n hepatocellular carcinoma has been observed (Moriguchi et al.,
002). Copper deficiency induced by tetrathiomolybdate resulted

n impairment of tumour growth and angiogenesis in two animal
odels of breast cancer.
A number of clinical trials with copper chelators such as d-pen

nd tetrathiomolybdate to determine their anti-angiogenic activity
ave also been conducted (Brewer, 2005). A phase II trial of cop-
er depletion and penicillamine as anti-angiogenesis therapy for

lioblastoma reported an effective ceruloplasmin depletion after
wo months of combination therapy of penicillamine and a low cop-
er diet. However, the achievement of hypocupremia was reported
ot to significantly increase survival in glioblastoma patients.
ogy 283 (2011) 65–87 81

Polyphenolic compounds represent one of the most commonly
occurring groups of plant metabolites (Melidou et al., 2005; Flora,
2009; Perron et al., 2010). Their structure consists of a diphenyl-
propane moiety containing aromatic rings linked through three
carbon atoms that form an oxygenated heterocycle. Polyphenols
may not only act as antioxidants terminating free radical chain reac-
tions but they may act as effective chelators of redox-active metals
capable of catalyzing lipid peroxidation.

Catechol (contains two hydroxyl groups) and gallol (contains
three hydroxyl groups) and the many functionalized derivatives
including the majority of polyphenol compounds are effective
metal chelators (Perron and Brumaghim, 2009). They possess the
key structural features responsible for the chelation of redox-
active metals and thus prevent catalytic decomposition of hydrogen
peroxide via Fenton chemistry. Polyphenols containing gallol or
catechol groups are not only efficient redox-metal chelators, but
they are effective antioxidants, primarily because of the large iron-
binding stability constants for these compounds.

Several conflicting results in studies discriminating the effect
of metal-chelation and antioxidant activity of flavonoids have
been reported. One of the most effective flavonoids is quercetin
which has been studied for discrimination between its antioxidant
versus iron-chelating properties in the system containing tert-
butylhydroperoxides. The results have shown that the prominent
activity of quercetin resides in its efficiency to chelate redox active
iron (Sestili et al., 1998). Thus the inhibitory effects of quercetin
on DNA damage caused by the hydroperoxides were explained by
an iron chelating mechanism. Conversly, another study (van Acker
et al., 1998) reported that iron chelation by flavonoids does not
play a significant role in the antioxidant activity in microsomal
lipid peroxidation. From this study it follows, that only flavonoids
with a low antioxidant activity may benefit from its metal-chelating
ability.

10.2. Chelation of toxic metals

As described above, heavy metal toxicity is a serious condition
and can cause a wide range of complications including severe injury
to the body organs and the brain. Chelation therapy of toxic metals
involves the use of chelates injected into the blood, muscle or taken
orally to bind metals that are present in toxic concentrations so they
can be excreted from the body, most frequently in urine (Rogan
et al., 2001).

One of the most frequently used chelators applied in the
treatment of heavy metal toxicity is dimercaprol ((RS)-2,3-
disulphanylpropan-1-ol, BAL) (Blanusa et al., 2005). BAL is a
compound containing two –SH groups and is used as a preferred
agent for arsenic, mercury, cadmium and other metal toxicity.
Dimercaprol competes with the thiol groups of enzymes for binding
the arsenic or other metals to form a stable metal-chelate which is
then excreted from the body in the urine. Dimercaprol is however,
itself toxic with a tendency to accumulate arsenic in some organs
and exhibits side effects including nephrotoxicity and hyperten-
sion.

Another effective chelator used in the treatment of lead toxicity
mentioned above is CaNa2EDTA (Patrick, 2006b). Since this drug
chelates only extracellular lead (not intracellular) it is frequently
used in conjunction with BAL to increase its efficiency.

Progress in chelation therapy for cadmium removal is rather
difficult since this metal is tightly bound to metallothionein in the
liver and kidneys. There is a lack of evidence of beneficial effects
Chelation therapy with CaNa2EDTA may be prescribed in the early
period after acute cadmium exposure. Besides its beneficial effects,
this chelating agent has several disadvantages. The most adverse
effect of CaNa2EDTA administration is the redistribution of lead to
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he brain. Its gastrointestinal absorption is rather limited and there-
ore must be given parenterally. CaNa2EDTA causes renal toxicity
nd can deplete the body of essential minerals (Aposhian et al.,
995).

Dimercaptosuccinic acid (DMSA) is an analogue of dimercaprol
nd is indicated for the treatment of lead or arsenic poisoning in
hildren (Bradberry and Vale, 2009; Andersen and Aaseth, 2002).
MSA can cross the blood brain barrier of some laboratory animals,
ut not that of humans, limiting thus its use in the treatment of the
entral nervous system. One of the major disadvantages of DMSA
pplicability in clinical practice is its low efficiency to remove lead
rom the intracellular sites because of its lipophobic nature (Kalia
nd Flora, 2005).

Application of various chelating agents exhibited a range of side
ffects. A significant amount of patients treated with BAL expe-
ienced vomiting, fever, nausea and cardiological complications
Andersen and Aaseth, 2002). In the course of DMSA chelation ther-
py in patients with chronic lead intoxication, hemolytic anemia
as been observed (Andersen and Aaseth, 2002). After termination
f therapy, hematological values returned back to normal.

When antioxidants were combined with chelating agents, one
rial clearly showed a synergism that improved chelating ability.

combination of DMSA with alpha-lipoic acid in lead-exposed
nimals was more effective in preventing oxidative damage as
easured by alterations in erythrocyte membrane enzyme levels

Sivaprasad et al., 2004). A similar effect of improved chelating abil-
ty was observed for CaNa2EDTA administrated in conjunction with
inc (Batra et al., 1998). It appears that chelating agents used in con-
unction with antioxidants can be a standard strategy in treatment
f heavy metal toxicity.

A new trend in clinical practice is combined chelation therapy
reatment. This includes the use of structurally different chelators
n order to achieve a more effective removal of toxic metals (Kalia
nd Flora, 2005).

1. Concluding remarks

The current knowledge in the field of metallo-biochemistry of
xidative stress indicates that metal-induced and metal-enhanced
ormation of free radicals and other reactive species can be regarded
s a common factor in determining metal-induced toxicity and car-
inogenicity.

The above discussion provides an insight into the role of
etals capable of direct or indirect generation of free radicals

hrough various mechanisms. Among these mechanisms, Fenton–
nd Haber–Weiss type reactions are most common leading to gen-
ration of the superoxide and hydroxyl radicals (Fig. 7).

Through ROS-mediated reactions, metals cause “indirect” DNA
amage, lipid peroxidation, and protein modification. Metal-

nduced formation of free radicals has most significantly been
videnced for iron and copper then for chromium and partly for
obalt. The “direct” damage by metals may involve conformational
hanges to biomolecules due to the coordinated metal.

Studies with cadmium revealed that the primary route for its
oxicity is depletion of glutathione and bonding to sulphydryl
roups of proteins. It has been described that arsenic also binds
irectly to critical thiols, however, an alternative mechanism lead-

ng to formation of hydrogen peroxide by oxidation of As(III) to
s(V) under physiological conditions has been proposed. Nitric
xide seems to be involved in arsenite induced DNA damage and
yrimidine excision inhibition. Arsenic-induced formation of free

adicals and depletion of antioxidant pools results in disruption of
he antioxidant/prooxidant equilibrium of cells.

Metals interfere with cell signalling pathways and affect growth
eceptors, tyrosine and serine/threonine kinases, and nuclear
ranscription factors by ROS-dependent and ROS-independent
gene activationcancer

Fig. 7. Pathways of redox active metal-induced oxidative stress.

mechanisms. Many of the DNA base modifications caused by free
radicals are pro-mutagenic, pointing to a strong link between
oxidative damage and the carcinogenesis of metals. Various antiox-
idants (both enzymatic and non-enzymatic) provide protection
against deleterious metal-mediated free radical attacks. Generally,
antioxidants can protect against redox-metal (iron, copper) toxicity
by (i) chelating ferrous ion and preventing the reaction with molec-
ular oxygen or peroxides, (ii) chelating iron and maintaining it in a
redox state that makes iron unable to reduce molecular oxygen and
(iii) trapping any radicals formed. One of the most effective classes
of antioxidants are thiol compounds, especially glutathione, which
provide significant protection by trapping radicals, reduce perox-
ides and maintain the redox state of the cell. The non-enzymatic
antioxidant vitamin E can prevent the majority of metal-mediated
damage both in vitro systems and in metal-loaded animals.

As outlined above, metal-induced oxidative stress is linked with
a number of diseases and results partly from declined antioxidant
mechanisms. Thus design of dual functioning antioxidants, pos-
sessing both metal-chelating and ROS/RNS-scavenging properties
is awaited.

Conflict of interest

None.

Acknowledgements

The authors appreciate funding by the Scientific Grant Agency of
the Slovak Republic (Projects VEGA #1/0856/11 and #1/0018/09)
and by the Slovak Research and Development Agency of the Slovak
Republic under the contract No. VVCE-0004-07.

References

Abadin, H., et al., 2007. Agency for Toxic Substances and Disease Registry. 2005.
Toxicological Profile for Lead, Atlanta. U.S. Department of Health and Human
Services, Public Health Service, pp. 43–59.

Ahamed, M., Verma, S., Kumar, A., Siddiqui, M.K., 2005. Environmental exposure to
lead and its correlation with biochemical indices in children. Sci. Total Environ.
346, 48–55.

Alissa, E.M., Bahjri, S.M., Ahmed, W.H., Al-Ama, N., Ferns, G.A.A., 2009. Chromium
status and glucose tolerance in Saudi men with and without coronary artery

disease. Biol. Trace Elem. Res. 131, 215–228.

Amit, T., Avramovich-Tirosh, Y., Youdim, M.B., Mandel, S., 2008. Targeting multiple
Alzheimer’s disease etiologies with multimodal neuroprotective and neu-
rorestorative iron chelators. FASEB J. 22, 1296–1305.

Andersen, O., 1999. Principles and recent developments in chelation treatment of
metal intoxication. Chem. Rev. 99, 2683–2710.



oxicol

A

A

A

A

A

B

B

B

B
B
B

B

B

B

B

B

B

B

B

B

B

B

B

B

B

B

B

B

B

C

C

C

K. Jomova, M. Valko / T

ndersen, O., Aaseth, J., 2002. Molecular mechanisms of in vivo metal chelation:
implications for clinical treatment of metal intoxications. Environ. Health Per-
spect. 110, 887–890.

poshian, H.V., Maiorino, R.M., Gonzales-Ramirez, D., Zuniga-Charles, M., Xu, Z.,
Hrlbut, K.M., Junco-Munoz, P., Dart, R.C., Aposhian, M.M., 1995. Mobilization
of heavy metals by newer, therapeutically useful chelating agents. Toxicology
97, 23–38.

rnold, L.L., Eldan, M., Nyska, A., van Gemert, M., Cohen, S.M., 2006. Dimethylarsinic
acid: results of chronic toxicity/oncogenicity studies in F344 rats and in B6C3F1
mice. Toxicology 223, 82–100.

ruoma, O.I., Halliwell, B., Gajewski, E., Dizdaroglu, M., 1991. Biochem. J. 273,
601–604.

ydin, A., Orhan, H., Sayal, A., Ozata, M., Sahin, G., Işimer, A., 2001. Oxidative
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atés, J.M., Pérez-Gómez, C., Núñez de Castro, I., 1999. Antioxidant enzymes and
human diseases. Clin. Biochem. 32, 595–603.

atés, J.M., Segura, J.A., Alonso, F.J., Márquez, J., 2008. Intracellular redox status and
oxidative stress: implications for cell proliferation, apoptosis, and carcinogene-
sis. Arch. Toxicol. 82, 273–299.

atés, J.M., 2000. Effects of antioxidant enzymes in the molecular control of reactive
oxygen species toxicology. Toxicology 153, 83–104.

attie, M.D., Freedman, J.H., 2004. Copper-inducible transcription: regulation by
metal- and oxidative stress-responsive pathways. Am. J. Physiol. Cell Physiol.
286, C293–C301.

attie, M.D., McElwee, M.K., Freedman, J.H., 2008. Mechanism of copper-activated
transcription: activation of AP-1, and the JNK/SAPK and p38 signal transduction
pathways. J. Mol. Biol. 383, 1008–1018.

elidou, M., Riganakos, K., Galaris, D., 2005. Protection against nuclear DNA damage
offered by flavonoids in cells exposed to hydrogen peroxide: the role of iron
chelation. Free Radic. Biol. Med. 39, 1591–1600.

ishra, D., Flora, S.J.S., 2008. Differential oxidative stress and DNA damage in rat

brain regions and blood following chronic arsenic exposure. Toxicol. Ind. Health
24, 247–256.

origuchi, M., Nakajima, T., Kimura, H., Watanabe, T., Takashima, H., Mitsumoto,
Y., Katagishi, T., Okanoue, T., Kagawa, K., 2002. The copper chelator trientine
has an antiangiogenic effect against hepatocellular carcinoma, possibly through
inhibition of interleukin-8 production. Int. J. Cancer 102, 445–452.
ogy 283 (2011) 65–87 85

Moriwaki, H., Osborne, M.R., Phillips, D.H., 2008. Effects of mixing metal ions on
oxidative DNA damage mediated by a Fenton-type reduction. Toxicol. In Vitro
22, 36–44.

Mozaffarian, D., Nye, R., Levy, W.C., 2003. Anemia predicts mortality in severe heart
failure: the Prospective Randomized Amlodipine Survival Evaluation (PRAISE).
J. Am. Coll. Cardiol. 41, 1933–1939.

Nelson, N., 1999. Metal ion transporters and homeostasis. EMBO J. 18,
4361–4371.

Nelson, R.L., 1992. Dietary iron and colorectal cancer risk. Free Radic. Biol. Med. 12,
161–168.

Nemeth, E., Rivera, S., Gabayan, V., Keller, C., Taudorf, S., Pedersen, B.K., Ganz,
T., 2004. IL-6 mediates hypoferremia of inflammation by inducing the
synthesis of the iron regulatory hormone hepcidin. J. Clin. Invest. 113,
1271–1276.

Novelli, E.L.B., Marques, S.F.G., Almeida, J.A., Diniz, Y.S., Faine, L.A., Ribas, B.O., 2000.
Mechanism of cadmium exposure on cardiac tissue. Toxic Subst. Mech. 19,
207–217.

O’Brien, T., Mandel, H.G., Pritchard, D.E., Patierno, S.R., 2002. Critical role of
chromium (Cr)-DNA interactions in the formation of Cr-induced polymerase
arresting lesions. Biochemistry 41, 12529–12537.

Occupational Safety and Health Administration (OSHA), Department of Labor (Occu-
pational Exposure To Hexavalent Chromium), 2006. Final rule. Fed. Regist. 71,
10099–10385.

Ognjanovic, B.I., Pavlovic, S.Z., Maletic, S.D., Zikic, R.V., Stajn, A.S., Radojicic, R.M.,
Saicic, Z.S., Petrovic, V.M., 2003. Protective influence of vitamin E on antioxidant
defense system in the blood of rats treated with cadmium. Physiol. Res. 52,
563–570.

Ohta, H., Cherian, M.G., 1991. Gastrointestinal absorption of cadmium and metal-
lothionein. Toxicol. Appl. Pharmacol. 107, 63–72.

Othman, A.I., El Missiry, M.A., 1998. The role of selenium against lead toxicity in
male rats. J. Biochem. Mol. Toxicol. 12, 345–349.

Overbeck, S., Rink, L., Haase, H., 2008. Modulating the immune response by oral zinc
supplementation: a single approach for multiple diseases. Arch. Immunol. Ther.
Exp. 56, 15–30.

Pan, Q., Kleer, C.G., van Golen, K.L., Irani, J., Bottema, K.M., Bias, C., De Carvalho,
M., Mesri, E.A., Robins, D.M., Dick, R.D., Brewer, G.J., Merajver, S.D., 2002. Cop-
per deficiency induced by tetrathiomolybdate suppresses tumor growth and
angiogenesis. Cancer Res. 62, 4854–4859.

Pan, Y., Loo, G., 2000. Effect of copper deficiency on oxidative DNA damage in Jurkat
T-lymphocytes. Free Radic. Biol. Med. 28, 824–830.

Pande, M., Flora, S.J., 2002. Lead induced oxidative damage and its response to com-
bined administration of alpha-lipoic acid and succimers in rats. Toxicology 177,
187–196.

Park, H.S., Kim, S.R., Lee, Y.C., 2009. Impact of oxidative stress on lung diseases.
Respirology 14, 27–38.

Pastor, N., Weinstein, H., Jamison, E., Brenowitz, M., 2000. A detailed interpre-
tation of OH radical footprints in a TBP-DNA complex reveals the role of
dynamics in the mechanism of sequence-specific binding. J. Mol. Biol. 304,
55–68.

Patrick, L., 2006a. Lead toxicity, a review of the literature. Part 1. Exposure, evalua-
tion, and treatment. Altern. Med. Rev. 11, 2–22.

Patrick, L., 2006b. Lead toxicity part II: the role of free radical damage and the use of
antioxidants in the pathology and treatment of lead toxicity. Altern. Med. Rev.
11, 114–127.

Pearson, C.A., Prozialeck, W.C., 2001. E-cadherin, beta-catenin and cadmium car-
cinogenesis. Med. Hypotheses 56, 573–581.

Peralta-Videa, J.R., Lopez, M.L., Narayan, M., Saupe, G.J., 2009. The biochemistry of
environmental heavy metal uptake by plants: implications for the food chain.
Int. J. Biochem. Cell. Biol. 41, 1665–1677.

Perron, N.R., Wang, H.C., Deguire, S.N., Jenkins, M., Lawson, M., Brumaghim, J.L.,
2010. Kinetics of iron oxidation upon polyphenol binding. Dalton Trans. 39,
9982–9987.

Perron, N.R., Brumaghim, J.L., 2009. A review of the antioxidant mechanisms of
polyphenol compounds related to iron binding. Cell Biochem. Biophys. 53,
75–100.

Petrick, J.S., Ayala-Fierro, F., Cullen, W.R., Carter, D.E., Aposhian, H.V., 2000.
Monomethylarsonous acid (MMA(III)) is more toxic than arsenite in Chang
human hepatocytes. Toxicol. Appl. Pharmacol. 163, 203–207.

Petrilli, F.L., De Flora, S., 1978. Oxidation of inactive trivalent chromium to the muta-
genic hexavalent form. Mutat. Res. 58, 167–173.

Ponka, P., Lok, C.N., 1999. The transferrin receptor: role in health and disease. Int. J.
Biochem. Cell. Biol. 31, 1111–1137.

Posey, T., Weng, T., Chen, Z., Chintagari, N.R., Wang, P., Jin, N., Stricker, H., Liu, L.,
2008. Arsenic-induced changes in the gene expression of lung epithelial L2 cells:
implications in carcinogenesis. BMC Genomics 9, 115.

Pourahmad, J., O’Brien, P.J., Jokar, F., Daraei, B., 2003. Carcinogenic metal induced
sites of reactive oxygen species formation in hepatocytes. Toxicol. In Vitro 17,
803–810.

Powell, S.R., 2000. The antioxidant properties of zinc. J. Nutr. 130, 1447S–1454S.
Prasad, A.S., 2008. Clinical, immunological, anti-inflammatory and antioxidant roles
of zinc. Exp. Gerontol. 43, 370–377.
Prasad, A.S., 2009. Zinc: role in immunity, oxidative stress and chronic inflammation.

Curr. Opin. Clin. Nutr. Metab. Care 12, 646–652.
Prasad, A.S., Beck, F.W.J., Bao, B., et al., 2007. Zinc supplementation decreases inci-

dence of infections in the elderly: effect of zinc on generation of cytokines and
oxidative stress. Am. J. Clin. Nutr. 85, 837–844.



8 oxicol

P

P

P

P

P
P

Q

Q

R

R

R

R

R

R

R

R

S

S

S

S

S

S

S

S

S

S

S

S

S

6 K. Jomova, M. Valko / T

rasad, A.S., Halsted, J.A., Nadimi, M., 1961. Syndrome of iron deficiency anemia,
hepatosplenomegaly, hypogonadism, dwarfism, and geophagia. Am. J. Med. 31,
532–546.

rasad, A.S., Miale, A., Farid, Z., et al., 1963. Zinc metabolism in patients with the
syndrome of iron deficiency anemia; hypogonadism and dwarfism. J. Lab. Clin.
Med. 61, 537–549.

rice, D.J., Joshi, J.G., 1983. Ferritin. Binding of beryllium and other divalent metal
ions. J. Biol. Chem. 258, 10873–10880.

roctor, D.M., Otani, J.M., Finley, B.L., Paustenbach, D.J., Bland, J.A., Speizer,
N., Sargent, E.V., 2002. Is hexavalent chromium carcinogenic via inges-
tion? A weight-of-evidence review. J. Toxicol. Environ. Health A 65,
701–746.

rousek, J., 1995. Fenton reaction after a century. Chem. Listy 89, 11–21.
rousek, J., 2007. Fenton chemistry in biology and medicine. Pure Appl. Chem. 79,

2325–2338.
uievryn, G., Messer, J., Zhitkovich, A., 2002. Carcinogenic chromium(VI) induces

cross-linking of vitamin C to DNA in vitro and in human lung A549 cells. Bio-
chemistry 41, 3156–3167.

uievryn, G., Peterson, E., Messer, J., Zhitkovich, A., 2003. Genotoxicity and muta-
genicity of chromium(VI)/ascorbate-generated DNA adducts in human and
bacterial cells. Biochemistry 42, 1062–1070.

ae, T.D., Schmidt, P.J., Pufahl, R.A., Culotta, V.C., O’Halloran, T.V., 1999. Undetectable
intracellular free copper: the requirement of a copper chaperone for superoxide
dismutase. Science 284, 805–808.

ahman, K., 2007. Studies on free radicals, antioxidants, and co-factors. Clin. Interv.
Aging 2, 219–236.

ajendran, R., Ren, M.Q., Ynsa, M.D., Casadesus, G., Smith, M.A., Perry, G., Halliwell, B.,
Watt, F., 2009. A novel approach to the identification and quantitative elemental
analysis of amyloid deposits—insights into the pathology of Alzheimer’s disease.
Biochem. Biophys. Res. Commun. 382, 91–95.

eynolds, M., Stoddard, L., Bespalov, I., Zhitkovich, A., 2007. Ascorbate acts as
a highly potent inducer of chromate mutagenesis and clastogenesis: link-
age to DNA breaks in G2 phase by mismatch repair. Nucleic Acids Res. 35,
465–476.

oberts, R.A., Smith, R.A., Safe, S., Szabo, C., Tjalkens, R.B., Robertson, F.M., 2010. Tox-
icological and pathophysiological roles of reactive oxygen and nitrogen species.
Toxicology 276, 85–94.

ogan, W.J., Dietrich, K.N., Ware, J.H., Dockery, D.W., Salganik, M., Radcliffe, J., Jones,
R.L., Ragan, N.B., Chisolm, J.J., Rhoads, G.G., 2001. The effect of chelation therapy
with succimer on neuropsychological development in children exposed to lead.
New Eng. J. Med. 344., 1421–1426.

olfs, A., Hediger, M.A., 1999. Metal ion transporters in mammals: structure, function
and pathological implications. J. Physiol. (London) 518, 1–12.

oy, A., Manna, P., Sil, P.C., 2009. Prophylactic role of taurine on arsenic medi-
ated oxidative renal dysfunction via MAPKs/NF-B and mitochondria dependent
pathways. Free Radic. Res. 43, 995–1007.

alnikow, K., Donald, S.P., Bruick, R.K., Zhitkovich, A., Phang, J.M., Kasprzak, K.S., 2004.
Depletion of intracellular ascorbate by the carcinogenic metals nickel and cobalt
results in the induction of hypoxic stress. J. Biol. Chem. 279, 40337–40344.

alnikow, K., Zhitkovich, A., 2008. Genetic and epigenetic mechanisms in metal car-
cinogenesis and cocarcinogenesis: nickel, arsenic, and chromium. Chem. Res.
Toxicol. 21, 28–44.

artor, F.A., Rondia, D.J., Claeys, F.D., Staessen, J.A., Lauwerys, R.R., Bernard, A.M.,
Buchet, J.P., Roels, H.A., Bruaux, P.J., Ducoffre, G.M., et al., 1992. Impact of envi-
ronmental cadmium pollution on cadmium exposure and body burden. Arch.
Environ. Health 47, 347–353.

elvaraj, N., Bobby, Z., Sathiyapriya, V., 2006. Effect of lipid peroxides and antiox-
idants on glycation of hemoglobin: an in vitro study on human erythrocytes.
Clin. Chim. Acta 366, 190–195.

en Gupta, R., Sen Gupta, E., Dhakal, B.K., Thakur, A.R., Ahnn, J., 2004. Vitamin C and
vitamin E protect the rat testes from cadmium-induced reactive oxygen species.
Mol. Cell 17, 132–139.

estili, P., Guidarelli, A., Dacha, M., Cantoni, O., 1998. Quercetin prevents DNA sin-
gle strand breakage and cytotoxicity caused by tert-butylhydroperoxide: free
radical scavenging versus iron chelating mechanism. Free Radic. Biol. Med. 25,
196–200.

hi, H., Shi, X., Liu, K.J., 2004. Oxidative mechanism of arsenic toxicity and carcino-
genesis. Mol. Cell. Biochem. 255, 67–78.

hi, X., Dalal, N.S., Kasprzak, K.S., 1993a. Generation of free radicals from model lipid
hydroperoxides and H2O2 by Co(II) in the presence of cysteinyl and histidyl
chelators. Chem. Res. Toxicol. 6, 277–283.

hi, X.L., Dalal, N.S., Kasprzak, K.S., 1993b. Generation of free-radicals from
hydrogen-peroxide and lipid hydroperoxides in the presence of Cr(III). Arch.
Biochem. Biophys. 302, 294–299.

higenaga, M.K., Gimeno, C.J., Ames, B.N., 1989. Urinary 8-hydroxy-2′-
deoxyguanosine as a biological marker of in vivo oxidative DNA damage.
Proc. Natl. Acad. Sci. U.S.A. 86, 9697–9701.

him, H., Harris, Z.L., 2003. Genetic defects in copper metabolism. J. Nutr. 133,
1527S–1531S.

hukla, D., Saxena, S., Jayamurthy, P., Sairam, M., Singh, M., Jain, S.K., Bansal, A.,

Ilavazaghan, G., 2009. Hypoxic preconditioning with cobalt attenuates hypo-
baric hypoxia-induced oxidative damage in rat lungs. High Alt. Med. Biol. 10,
57–69.

ingh, J., Carlisle, D.L., Pritchard, D.E., Patierno, S.R., 1998. Chromium-induced
genotoxicity and apoptosis: relationship to chromium carcinogenesis (review).
Oncol. Rep. 5, 1307–1318.
ogy 283 (2011) 65–87

Sinicropi, M.S., Amantea, D., Caruso, A., Saturnino, C., 2010. Chemical and biological
properties of toxic metals and use of chelating agents for the pharmacological
treatment of metal poisoning. Arch. Toxicol. 84, 501–520.

Sivaprasad, R., Nagaraj, M., Varalakshmi, P., 2004. Combined efficacies of lipoic acid
and 2,3 dimercaptosuccinic acid against lead-induced lipid peroxidation in rat
liver. J. Nutr. Biochem. 15, 18–23.

Skrzydlewska, E., Sulkowski, S., Koda, M., Zalewski, B., Kanczuga-Koda, L., Sulkowska,
M., 2005. Lipid peroxidation and antioxidant status in colorectal cancer. World
J. Gastroenterol. 11, 403–406.

Speisky, H., Gómez, M., Burgos-Bravo, F., López-Alarcón, C., Jullian, C., Olea-Azar,
C., Aliaga, M.E., 2009. Generation of superoxide radicals by copper-glutathione
complexes: redox-consequences associated with their interaction with reduced
glutathione. Bioorg. Med. Chem. 17, 1803–1810.

Speisky, H., Gómez, M., Carrasco-Pozo, C., Pastene, E., Lopez-Alarcón, C., Olea-Azar,
C., 2008. Cu(I)-glutathione complex: a potential source of superoxide radicals
generation. Bioorg. Med. Chem. 16, 6568–6574.

Stadler, N., Lindner, R.A., Davies, M.J., 2004. Direct detection and quantification of
transition metal ions in human atherosclerotic plaques: evidence for the pres-
ence of elevated levels of iron and copper. Arterioscler. Thromb. Vasc. Biol. 24,
949–954.

Stadtman, E.R., 1990. Metal ion-catalyzed oxidation of proteins: biochemi-
cal mechanism and biological consequences. Free Radic. Biol. Med. 9,
315–325.

Stayner, L.T., Dankovic, D.A., Lemen, R.A., 1996. Occupational exposure to chrysotile
asbestos and cancer risk: a review of the amphibole hypothesis. Am. J. Public
Health 86, 179–186.

Stefaniak, A., Harvey, C.J., Bukowski, V.C., Leonard, S.S., 2010. Comparison of free rad-
ical generation by pre- and post-sintered cemented carbide particles. J. Occup.
Environ. Hyg. 7, 23–34.

Stefaniak, A.B., Leonard, S.S., Hoover, M.D., Virji, M.A., Day, G.A., 2009. Dissolution
and reactive oxygen species generation of inhaled cemented tungsten carbide
particles in artificial human lung fluids. INHALED PARTICLES X Book Series. J.
Phys. Conf. Ser., 151 Pages.

Steinebach, O.M., Wolterbeek, H.T., 1994. Role of cytosolic copper, metallothionein
and glutathione in copper toxicity in rat hepatoma tissue culture cells. Toxicol-
ogy 92, 75–90.

Stoesz, S.P., Friedl, A., Haag, J.D., Lindstrom, M.J., Clark, G.M., Gould, M.N., 1998. Het-
erogeneous expression of the lipocalin NGAL in primary breast cancers. Int. J.
Cancer 79, 565–572.

Stohs, S., Bagchi, D., 1995. Oxidative mechanisms in the toxicity of metal ions. Free
Radic. Biol. Med. 18, 321–336.

Stoltzfus, R.J., 2001. Defining iron-deficiency anemia in public health terms: a time
for reflection. J. Nutr. 131, 565S–567S.

Styblo, M., Del Razo, L.M., Vega, L., Germolec, D.R., LeCluyse, E.L., Hamilton, G.A., Reed,
W., Wang, C., Cullen, W.R., Thomas, D.J., 2000. Comparative toxicity of trivalent
and pentavalent inorganic and methylated arsenicals in rat and human cells.
Arch. Toxicol. 74, 289–299.

Styblo, M., Lin, S., Del Razo, L.M., Thomas, D.J., 2001. Trivalent methylated arseni-
cals: toxic products of the metabolism of inorganic arsenic. In: Abernathy, C.O.,
Calderon, R.L., Chappell, W.R. (Eds.), Arsenic Exposure and Health Effects. Else-
vier Science Ltd., London, pp. 325–337.

Sugawara, E., Nakamura, K., Miyake, T., Fukumura, A., Seki, Y., 1991. Lipid peroxida-
tion and concentration of glutathione in erythrocytes from workers exposed to
lead. Br. J. Ind. Med. 48, 239–242.

Suh, J., Zhu, B.Z., Frei, B., 2003. Ascorbate does not act as a pro-oxidant towards lipids
and proteins in human plasma exposed to redox-active transition metal ions and
hydrogen peroxide. Free Radic. Biol. Med. 34, 1306–1314.

Sunderman Jr., F.W., 2001. Nasal toxicity, carcinogenicity, and olfactory uptake of
metals. Ann. Clin. Lab. Sci. 31, 3–24.

Swain, J., Gutteridge, J.M., 1995. Prooxidant iron and copper, with ferroxidase and
xanthine oxidase activities in human atherosclerotic material. FEBS Lett. 368,
513–515.

Takagi, H., Nagamine, T., Abe, T., et al., 2001. Zinc supplementation enhances the
response to interferon therapy in patients with chronic hepatitis C. J. Viral Hepat.
8, 367–371.

Takahashi-Makise, N., Ward, D.M., Kaplan, J., 2009. On the mechanism of iron sensing
by IRP2: new players, new paradigms. Nat. Chem. Biol. 5, 874–875.

Touyz, R.M., Schiffrin, E.L., 2004. Reactive oxygen species in vascular biology: impli-
cations in hypertension. Histochem. Cell. Biol. 122, 339–352.

Toyokuni, S., 1996. Iron-induced carcinogenesis: the role of redox regulation. Free
Radic. Biol. Med. 20, 553–566.

Tseng, C.H., 2008. Cardiovascular disease in arsenic-exposed subjects living in the
arseniasis-hyperendemic areas in Taiwan. Atherosclerosis 199, 12–18.

Udenfriend, S., Clark, C.T., Axelrod, J., Brodie, B.B., 1954. Ascorbic acid in aromatic
hydroxylation. I. A model system for aromatic hydroxylation. J. Biol. Chem. 208,
731–739.

Uriu-Adams, J.Y., Keen, C.L., 2005. Copper, oxidative stress, and human health. Mol.
Aspects Med. 26, 268–298.

US Department of Health and Human Services Toxicological profile for chromium,
1993. Agency for Toxic Substances and Disease Registry. US Department of Com-

merce, Springfield, VA.

Valko, M., Leibfritz, D., Moncol, J., Cronin, M.T.D., Mazur, M., Telser, J., 2007. Free
radicals and antioxidants in normal physiological functions and human disease.
Int. J. Biochem. Cell Biol. 39, 44–84.

Valko, M., Morris, H., Cronin, M.T.D., 2005. Metals, toxicity and oxidative stress. Curr.
Med. Chem. 12, 1161–1208.



oxicol

V

V

v

V

V

V

V

V

W

W

W

W

W

K. Jomova, M. Valko / T

alko, M., Morris, H., Mazur, M., Rapta, P., Bilton, R.F., 2001. Oxygen free radical
generating mechanisms in the colon: do the semiquinones of vitamin K play
a role in the aetiology of colon cancer? Bioch. Biophys. Acta Gen. Subj. 1527,
161–166.

alko, M., Rhodes, C.J., Moncol, J., Izakovic, M., Mazur, M., 2006. Free radicals, metals
and antioxidants in oxidative stress-induced cancer. Chem. Biol. Interact. 160,
1–40.

an Acker, S.A.B.E., van Balen, G.P., van den Berg, D.-J., Bast, A., van der Vijgh,
W.J.F., 1998. Influence of iron chelation on the antioxidant activity of flavonoids.
Biochem. Pharmacol. 56, 935–943.

an Lenten, B.J., Hama, S.Y., de Beer, F.C., Stafforini, D.M., McIntyre, T.M., Prescott,
S.M., La Du, B.N., Fogelman, A.M., Navab, M., 1995. Anti-inflammatory HDL
becomes pro-inflammatory during the acute phase response. Loss of protective
effect of HDL against LDL oxidation in aortic wall cell cocultures. J. Clin. Invest.
96, 2758–2767.

aziri, N.D., Ding, Y., Ni, Z., 2001. Compensatory upregulation of nitric-oxide
synthase isoforms in leadinduced hypertension; reversal by a superoxide
dismutase-mimetic drug. J. Pharmacol. Exp. Ther. 298, 679–685.

aziri, N.D., Wang, X.Q., Oveisi, F., Rad, B., 2000. Induction of oxidative stress by
glutathione depletion causes severe hypertension in normal rats. Hypertension
36, 142–146.

everka, D.V., Wilson, C., Martinez, M.A., Wenger, R., Tamosuinas, A., 2009. Use of
zinc supplements to reduce upper respiratory infections in United States Air
Force Academy Cadets. Comp. Ther. Clin. Pract. 15, 91–95.

incent, J.B., 2010. Chromium: celebrating 50 years as an essential element? Dalton
Trans. 39, 3787–3794.

aalkes, M.P., 2000. Cadmium carcinogenesis in review. J. Inorg. Biochem. 79,
241–244.

aalkes, M.P., Liu, J., Ward, J.M., Diwan, L.A., 2004. Mechanisms underlying arsenic
carcinogenesis: hypersensitivity of mice exposed to inorganic arsenic during
gestation. Toxicology 198, 31–38.

aisberg, M., Joseph, P., Hale, B., Beyersmann, D., 2003. Molecular and cellular
mechanisms of cadmium carcinogenesis. Toxicology 192, 95–117.
ang, M., Dhingra, K., Hittelman, W.N., Liehr, J.G., de Andrade, M., Li, D., 1996. Lipid
peroxidation-induced putative malondialdehyde-DNA adducts in human breast
tissues. Cancer Epidemiol. Biomark. Prev. 5, 705–710.

ang, S.H., Wang, Z.H., Cheng, X.T., et al., 2007. Arsenic and fluoride exposure in
drinking water: Children’s IQ and growth in Shanyin County, Shanxi Province,
China. Environ. Health Perspect. 115, 643–647.
ogy 283 (2011) 65–87 87

Wang, Z., Rossman, T.G., 1996. The carcinogenicity of arsenic. In: Chang, T. (Ed.),
Toxicology of Metals. CRC Press, Boca Raton, FL, pp. 221–229.

Wang, Z.Y., Chen, Z., 2008. Acute promyelocytic leukemia: from highly fatal to highly
curable. Blood 111, 2505–2515.

Watjen, W., Beyersmann, D., 2004. Cadmium-induced apoptosis in C6 glioma cells:
influence of oxidative stress. Biometals 17, 65–78.

Webb, D.R., Wilson, S.E., Carter, D.E., 1986. Comparative pulmonary toxicityof
gallium-arsenide, gallium(III) oxide, or arsenic(III) oxide intracheally instilled
into rats. Toxicol. Appl. Pharmacol. 82, 405–416.

Weiss, G., Goodnough, L.T., 2005. Anemia of chronic disease. New Engl. J. Med. 352,
1011–1023.

Weizer-Stern, O., Adamsky, K., Margalit, O., Ashur-Fabian, O., Givol, D., Amariglio,
N., Rechavi, G., 2007. Hepcidin, a key regulator of iron metabolism, is transcrip-
tionally activated by p53. Br. J. Haematol. 138, 253–262.

Wetzler, M., Earp, J.C., Brady, M.T., Keng, M.K., Jusko, W.J., 2007. Synergism between
arsenic trioxide and heat shock protein 90 inhibitors on signal transducer and
activator of transcription protein 3 activity-pharmacodynamic drug-drug inter-
action modeling. Clin. Cancer Res. 13, 2261–2270.

Witting, P.K., Bowry, V.W., Stocker, R., 1995. Inverse deuterium kinetic isotope
effect for peroxidation in human low-density lipoprotein (LDL): a simple
test for tocopherol-mediated peroxidation of LDL lipids. FEBS Lett. 375,
45–49.

Yamanaka, K., Okada, S., 1994. Induction of lung-specific DNA damage by metabol-
ically methylated arsenics via the production of free radicals. Environ. Health
Perspect. 102, 37–40.

Yang, J.M., Arnush, M., Chen, Q.Y., Wu, X.D., Pang, B., Jiang, X.Z., 2003. Cadmium-
induced damage to primary cultures of rat Leydig cells. Reprod. Toxicol. 17,
553–560.

Yim, M.B., Yim, H.S., Lee, C., Kang, S.O., Chock, P.B., 2001. Protein glycation: cre-
ation of catalytic sites for free radical generation. Ann. N.Y. Acad. Sci. 928,
48–53.

Yuan, Y., Hilliard, G., Ferguson, T., Millhorn, D.E., 2003. Cobalt inhibits the
interaction between hypoxia-inducible factor-alpha and von Hippel-Lindau pro-

tein by direct binding to hypoxia-inducible factor-alpha. J. Biol. Chem. 278,
15911–15916.

Zhitkovich, A., 2005. Importance of chromium-DNA adducts in mutagenicity and
toxicity of chromium(VI). Chem. Res. Toxicol. 18, 3–11.

Zhou, B., Gitschier, J., 1997. hCTR1: a human gene for copper uptake identified by
complementation in yeast. Proc. Natl. Acad. Sci. U.S.A. 94, 7481–7486.


	Advances in metal-induced oxidative stress and human disease
	Introduction
	Iron
	Iron metabolism
	Oxidative stress and iron
	Iron and human disease

	Copper
	Copper metabolism
	Oxidative stress and copper
	Copper and human disease
	Cancer
	Neurological disorders
	Chronic disease: diabetes, cardiovascular disease and atherosclerosis


	Chromium
	Oxidative stress and chromium
	Chromium and human disease

	Cobalt
	Cobalt and oxidative stress
	Cobalt and human disease

	Cadmium
	Cadmium, oxidative stress and human disease
	Cadmium and antioxidants

	Arsenic
	Arsenic, toxicity and free radicals
	Arsenic and human disease

	Zinc
	Zinc, metabolism and oxidative stress
	Zinc and human disease

	Lead
	Lead and oxidative stress
	Lead toxicity and antioxidants

	Metal-chelation therapy in medicine
	Chelation of redox active iron and copper
	Chelation of toxic metals

	Concluding remarks
	Conflict of interest
	Acknowledgements
	References


