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Abstract: Metallomics and metalloproteomics are emerging fields addressing the role, uptake, transport and storage of trace metals ions
both toxic and essential for an organism. Research areas related to the understanding of the mechanisms of life processes associated to
metals are covered. Similarly to the genome and proteome terms, metallome was introduced to refer to metalloproteins, metalloenzymes
and other metal-containing biomolecules in a biological system. This review aims to give an overview of metal ions behaviour in organ-
isms. The interactions of metals with biomolecules such as amino acids, peptides and protein are the main focus. Special attention is paid
to the application of nanotechnology-based techniques using these interactions for medical purposes such as diagnostics, imaging and

therapy.
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1. INTRODUCTION

Across the broad scientific community, there can be recognized
group of scientific branches containing the suffix "-omics". These
branches are quite extensive, but they have a common feature to
target on one type of substances. The question is why metallomics
is among the other "-omics" so little recognized as a comprehensive
area of the study? The answer is not simple. One explanation may
be using the physico-chemical methods for the invetisgation of
inorganic substances and materials. Most of the instrumentation as
atomic absorption spectrometry (AAS), mass spectrometry (MS),
emission spectrometry with inductively coupled plasma (ICP-OES),
X-ray crystallography (X-ray), nuclear magnetic resonance (NMR)
and electrochemical techniques, has not served for biochemical and
biological purposes for decades. Most of these methods over time,
however, have found more than a major application in biochemis-
try, genetics and proteomics. Together with the evolving the main
applications of these analytical methods, the understanding of the
role of metals in organisms has been also developed. Thanks to
methods such as AAS, MS, ICP-OES and electrochemical tech-
niques we can accurately identify and quantify the different metals
in animal tissues and body fluids. Using structural methods such as
X-ray or NMR we are able to explore more structural roles of met-
als in catalytic centres of enzymes. It is more than obvious that the
re-orientation of these techniques from the physico-chemical direc-
tion toward the biological and biochemical purposes gave the basis
to create new branch called metallomics as a multidisciplinary sci-
ence that has long been established, but unfortunately without fast
progression and much-needed euphoria. Thanks to this, there have
been created several smaller branches, however, with common
denominator including the medical inorganic chemistry, which
deals with three main objectives as (i) the uptake of metal ions in
biological systems, (ii) handling and redistribution of metal ions in
an organism and (iii) the transfer of ions [1]. These objectives are
basically a general nature metallomics. We need one or more robust
sequence analysis approaches, using that it is possible to monitor
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metal-organism interactions at the molecular level, and then create
the database. This is one of the milestones, which needs to be
reaching to obtain of more popularity for metallomics among chem-
ists, biochemists, molecular biologists and physicists.

2. METALLOMICS

Metallomics is a new interdisciplinary science that arises from
the growing needs of the knowledge of metals in the biochemistry
of organisms. At the end of 2003, the term "Metallomics" was de-
fined by J. Szpunar [2], who refers to the author H. Haraguchi,
indicating also metallomics as a new branch of science to integrate
research directions that are associated with a biologically active
metals [3]. A half year later, this concept was applied in practice for
computational and experimental studies in the field of structural
genomics [4]. Since then, more than 80 articles containing the met-
allomics in their title, abstract and/or key words have been pub-
lished. However, thematically related works as those that contain
amino acid and metal*, or peptide* and metal*, or protein* and
metal*, or nucleic acid* and metal* in their title, abstract and/or
keywords, is published annually in the hundreds of thousands, and
their number has been increasing. The term “metallome” has been
introduced by R.J.P. Williams by analogy with proteome as distri-
bution of free metal ions in every one of cellular compartments [5].
Subsequently, the term metallomics has been coined as the study of
metallome. Metallomics is then defined as a scientific branch, simi-
lar to genomics and proteomics, which examine the presence of
metals (qualitatively/quantitatively), function, interaction and trans-
formation in biological systems. From a physiological point of
view, biologically active metals can be divided into two groups: i)
essential metals, which are crucial for numerous biochemical proc-
esses; ii) toxic metals, which are harmful to the body.

Cobalt, copper, iron, manganese, molybdenum, nickel, sele-
nium, vanadium, calcium, zinc and tungsten are generally classified
among essential metals. Essential metals are particularly important
due to their occurrence in proteins. The functionality of up to one-
third of all described proteins is closely associated with the binding
of a metal [6-8]. Zinc belongs to the most abundant ones [9].
Zinc(IT) ions are important part of more than three hundred from
more than two thousands enzymes, stabilizes DNA structure and
influences gene expression [10]. Iron is important for the transfer of
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oxygen in the haemoglobin and myoglobin proteins similar to cop-
per in crustaceans and arthropods. Copper also involves in carbo-
hydrate metabolism in mammals. Other metals such as selenium,
tungsten and molybdenum are also important for human health.
Selenium is part of the amino acid selenocysteine, which has its
place in the antioxidant enzymes, playing a key role in protection of
an organism from antioxidants. It is assumed that there are at least
25 proteins containing selenocysteine in humans including glu-
tathione peroxidase 6, selenophosphate synthetase and thioredoxin
reductase [11]. Majority of epidemiological studies have demon-
strated selenium mediated decreased incidence of malignant tu-
mours. Recently published studies showed that selenium increase
effect of chemo and radiotherapy, because it acts on cancer cells
more likely as prooxidant than antioxidant [12-15].

Toxic metals can be defined as all d-elements of the periodic
system beyond third groups and transuranium elements, and all p-
elements with the properties of metals excluded the above-
mentioned essential metals. Toxicity is a property that expresses the
degree of harm (toxicity) of the substance on an organism, respec-
tively, on its part. The degree of toxicity for the organism depends
on the dose of the substance, the size of the organism, the mode of
entry into the organism, duration of exposure, metabolism, etc.
Toxic heavy metals for humans are often referred to arsenic, cad-
mium, lead and mercury. Recently, there are increasingly discussed
the impact of heavy platinum metals (platinum, palladium and rho-
dium), primarily because of their intensive use in the automotive
industry as a part of catalysts [16].

Effects of unbalanced homeostasis or intoxication by different
metal ions can result in numerous other pathological conditions
such as Parkinson's disease, which was found elevated levels of
iron in the cells that produce dopamine, which may indicate the
interaction between iron and dopamine [17]. In Alzheimer's disease
it was again referred to the connection with the homeostasis of zinc,
copper and iron [18]. Aluminium has been implicated as a factor in
this disease but whether it is a sole factor and whether in all cases is
not known until now [19]. A similar relation to different metals was
found for other diseases or pathological conditions such as athero-
sclerosis, Menkes’ and Wilson's disease, cardiovascular disease,
osteoporosis, hemochromatosis, tooth decay, epileptic seizure, and
infectious diseases [20].

3. AN EFFECT OF METALS ON AN ORGANISM

Lack of some metals as well as their presence at higher concen-
trations can cause serious disruption of homeostasis in organism.
The metals are known for more types of toxicities. Brief summary
of symptoms of acute and chronic intoxications by different metals
are shown in Table 1. Besides “standard” metal ions and their ef-
fects, platinum complexes play an important role in the chemother-
apy of various malignancies [21-25]. The biological activity of the
first platinum based cytostatic drug — cisplatin (cis-diammine-
dichloroplatinum(II)), which is still one of the most frequently used
cytotoxic agent, was discovered in 1965 by Rosenberg during his
studies on the effects of an electric current on bacterial growth [26].
Since then hundreds of platinum(Il) and platinum(IV) complexes
have been synthesized and evaluated as anticancer agents over past
40 years. To be specific, the "second generation" Pt drug car-
boplatin  [cis-diammine(1,1-cyclobutane-dicarboxylato)  plati-
num(Il)] was develop in the 1980s as a less toxic alternative to
cisplatin, providing less severe nephrotoxicity, vomiting, neurotox-
icity and ototoxicity [27-29]. Oxaliplatin [oxalato-1,2-diamino-
cyclohexane platinum(II)] was developed in the 1990s as a novel
("third generation") Pt drug to overcome cisplatin and carboplatin
resistance [21, 30, 31]. Besides these commonly used anticancer
drugs, many research groups around the world still develop new
ones such as LA-12 [(OC-6-43)-bis-(acetato)(1-adamantylamine)
amminedichloro-platinum(IV)] [32-34] or analogues of clinically
ineffective transplatin [35, 36]. In addition, behaviour of these
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platinum compounds in an organism with respect to kinetics of
different complex formation has not been well described. Based on
in vitro experiments influencing of platinum complexes stability by
pH, concentration of ions and biologically active compounds in
blood has been described [37, 38]. Particularly, serum concentration
of chloride (about 100 mM) is meaningfully higher than its intracel-
lular concentration (about 4 mM). Due to this difference structural
changing of a platinum based cytostatics passing through cytoplas-
mic membrane appear as was discovered by mathematical model-
ling. It clearly follows from published papers [37, 39] that the pre-
dominant complex among others is [Pt(NH;)Cl,]. Total content of
this complex is about 80 % in comparison with others where their
content does not exceed 1 — 3 %. On the other hand, distribution of
the complex in cell cytoplasm differs markedly. Here predominates
[Pt(NH5)OH,;] complex, whereas content of other forms of cisplatin
is higher in comparison with their blood concentration. It is suppos-
able that these complexes can coordinate to DNA [40-42]. Chaney
et.al. [42-44] and others [40, 45] have found that cisplatin, car-
boplatin and oxaliplatin form the same types of adducts at the same
sites on the DNA. Particularly, a platinum based cytostatic drug can
coordinate to N7 of two neighbouring guanine and/or adenine
bases, as this nitrogen does not form H bonds with other bases, in
the same or in opposite DNA strands (approximately 60 — 65 %
intrastrand GG, 25 — 30 % intrastrand AG, 5 — 10 % intrastrand
GNG, and 1 — 3 % interstrand GG diadducts) [40, 42].

Given the emerging resistance of some cancer cells, there are
also investigating effects of other metals as potential anticancer
drugs. It was found that similar effects as platinum has a kinetically
inert cobalt(Ill) complex, which is suitable for treating tumours in
the absence of oxygen [46], because a resistance of tumour cells to
anticancer drugs is widely observed in hypoxically growing tu-
mours. Under hypoxic conditions cobalt(IIT) can be reduced to co-
balt(Il), which is associated with dissociation of ligands with cyto-
toxic effects [47]. Arsenic has similar effects as copper, which were
discovered due to long-term consumption of arsenic contaminated
water. The long-term intoxication by arsenic increases the risk of
skin, kidney, bladder and other organs cancers [48, 49]. On the
other hand arsenic trioxide as a commercial product called "Trise-
nox" is registered by Food and Drug Administration (USA) for the
treatment of acute promyelocytic leukaemia refractory to conven-
tional therapy because As,O; induces leukemic blast to undergo
apoptosis [50].

Ruthenium is another metal that could have anticancer potential
and would also reduce the increasing resistance of tumour cells
[51], which is studied quite intensively in the emerging field of
inhibition of cyclin-dependent kinases, together with osmium [52].
Chromium(VT) is considered as a carcinogen, particularly in lung
cancer, but compared to the chromium(III) has a positive effect on
lipid metabolism, reducing the risk of cardiovascular disease and
reduce cholesterol serum levels [53]. Lanthanum carbonate could
also serve as the active ingredient in the suppression of hyperphos-
phatemia in chronic kidney diseases [54, 55].

Unlike the toxic properties, physical properties of metals can be
also used in medicine. Due to the large ion radius gadolinium and
certain lanthanides are used in medicine [56, 57]. Their salts serve
as contrast substances in investigations of patients using magnetic
resonance imaging (MRI) [56]. Hypoxic tumours can be observed
using gadolinium by MRI due to the increased oxygen content [58].
Similarly, other metals such as cadmium, zinc, copper, iron, and
others, may be used for mapping the distribution of oxygen in tis-
sues due to tumour angiogenesis [55].

4. ENTERING OF METAL IONS TO AN ORGANISM

Entry of metal ions into body can be performed at different
levels by food, air, through skin or intravenously usually in a medi-
cal procedure. At the cellular level the situation is more complex.
Unlike gases, metals generally cannot penetrate through the plasma
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Table 1. Main Symptoms of Acute and Chronic Intoxication by Silver (Ag), Arsenic (As), Beryllium (Be), Bismuth (Bi), Cadmium
(Cd), Cobalt (Co), Chromium (Cr), Copper (Cu), Iron (Fe), Mercury (Hg), Manganese (Mn), Nickel (Ni), Lead (Pb), An-
timony (Sb), Tin (Sn), Thallium (Th), Vanadium (V), Zinc (Zn). The Oral Lethal doses Were Determined for Rats (if Not
Stated Otherwise).

Lethal D LDsg)* Revi
Symptoms of Acute Intoxication Symptoms of Chronic Intoxication Imge;kgaof l;)zfi; W:;'))ght] t;‘:;v;:’:cn
Very high doses: h h b
ery g Ose,s acmorriage, bone Argyria = blue-grey discoloration of skin, nails, mu- 125
Ag | marrow suppression, pulmonary oedema, [189-192]
. cosae (AgCN)
hepatorenal necrosis
As Nausea, vomiting, diarrhea, encephalopa- | Diabetes; hypopigmentation/ hyperkeratosis; cancero- 20 [146, 193]
thy, painful neuropathy genic — mainly lung, bladder, skin cancer (As,05) ’
Infl i incipally of irat -
Nasopharyngitis, tracheobronchitis and " ammatf)ry re'actlon principa y'o respiratory s'ys 0.6
" . tem and skin: fatigue, weakness, night sweats, weight .
Be pneumonitis; systemic granulomatous . . R [194-197]
diseasse loss, anorexia, cyanosis, clubbing of fingers, cancero- (BeCly)
genic — mainly lung cancer
) ) > 2000
Bi Renal failure; acute tubular necrosis Diffuse myoclonic encephalopathy i [198-200]
(metallic)
Flu-like syndrome, nausea, vomiting, Proximal renal tubular dysfunction and renal failure; 203
Cd diarrhoea, pneumonitis, acute kidney, osteomalacia that may cause spontaneous fractures, [146,201-205]
lung and heart failure anosmia, cancerogenic- mainly lung cancer (Cd (CisH3502))
P itis; goitre; opti trophy; peripheral 42
Co Cardiomyopathy; vertigo, deafness neumonitis; gol ,r?’ optic nerve z,i ToP y perip erz'i [206-208]
neuropathy, cognitive problems, including dementia (CoCly)
Gastrointestinal haemorrhage, haemoly- . .. .
. ) | failure (Cr® i tion) Pulmonary fibrosis, hepatotoxicity, cancerogenic 160
i renal failure (Cr®" ingestion); .
Cr | . S,S’ acute renal fatlure . ges ,0 ’ mainly lung cancer, premature dementia (Cr’*), rhab- [202,209-211]
irritant or contact dermatitis, ulceration of . (K2Cr,05)
. domyolysis
the skin
n Vomlt}llng, g:strom;est'mz; 1rr1ti1t10r'1/ ) Vineyard sprayer’s lung (inhaled); Wilson disease 66
Cu ae;?orr age(,i afemofyms, ycfo ens1f)n, (hepatic and basal ganglia degeneration caused by [212-215]
riuhrorgan Cystunction syn 'rome (in- mutations in the Wilson disease protein (47P7B) gene) (CuCly)
gested); metal fume fever (inhaled)
iting, GI h h iac de- 30
Fe Vomiting, G aemorr 'age,'card'lac de Hepatic cirrhosis (usually after multiple transfussions) [216-219]
pression, metabolic acidosis (Fe,05)
Elemental (inhaled): fever, vomiting,
diarrhoea, acute lung injury, erosive bron-
chitis and intersticial pneumonitis profuse Nausea, metallic taste, gingiva-stomatitis, tremor, 10
Hg | sweating, tachycardia (persistently faster- neurasthenia, nephritic syndrome; hypersensitivity (HgCL,) [203, 220-223]
than-normal heart beat), increased saliva- (Pink disease) mice
tion, and hypertension. Inorganic salts
(ingestion): caustic gastroenteritis
Parkinson-lik i i 260
Mn Hepatotoxicity, flu-like syndrome 'ar. 1nson ,1 ¢ syndr('>me, resplrafory, ma'ngamsm' [224-228]
(mimics manio depressive psychosis or schisophrenia) (MnCl,)
Alergic reaction- dermatitis and asthma. Occupational (inhaled): pulmonary fibrosis, reduced 29
Ni Nickel carbonyl: myocarditis, acute lung sperm count, cancerogenic mainly lung and naso- ) [229-232]
injury, encephalopathy pharyngeal cancer (NiCL,)
b Nausea, vomiting, encephalopathy (head- Encephalopathy, anaemia, abdominal pain, nephropa- 11 (203, 233]
ache, seizures, ataxia, obtundation) thy (organic) ’
iti iarrh le pai - 300
Sb Vomiting, diarrhoea, muscle pain, derma Arythmia, lichen planus, weight loss, indigestion [234-236]

titis, resembles arsenic poisoning

(K2[Sba(C4H40¢)2])
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(Table 1) Contd....

Lethal Dose (LDs)* Reviews on
Symptoms of Acute Intoxication Symptoms of Chronic Intoxication [mg/kg of Bod; W:gzght] the Topic
iting, diarrhoea, h h 4
Sn Nausea, vomiting, (%1arr oea, headache, Hepatotoxicity, genotoxicity [237,238]
chills (CsH;50,Sn)
Vomiting, diarrhoea, painful neuropathy, 15
Th coma, autonomic instability, multi-organ Alopecia, peripheral neuropathy [239-244]
. (Th,SO.4)
dysfunction syndrome
hrotoxicity, h ici diffi - 10
\% Bronchitis and bronchopneumonia Nephrotoxicity, epato?oxwlty, .e cze.m.a., 1Huse pnew [245-247]
mosclerosis, chronic rhinitis (NH,VO;)
7 Metal fume fever (oxide fumes); vomit- Copper deficiency: anaemia, neurologic degeneration, 794 [248-252]
n . -
ing, diarrhoea, abdominal pain (ingestion) osteoporosis (Zn(0,CCH3),)

* LDs, determined for rats (if not stated otherwise). LDs is influenced by both central atoms as metal ion and anions and/or ligands. Based on the current state of the art, the lowest

LDs, for the certain metal ion is listed.

membrane spontaneously. Cells have evolved a variety of mecha-
nisms for transport of various metallic elements. For the metal ions
there exist different receptors and special transporters in cytoplas-
mic membranes recognizing type of metal ions via its ionic radius
and operate under the energy consumption. The transport mecha-
nisms are different for different metallic elements. There are many
carriers for the transfer of metal ions, either in free form or bound
in complexes with proteins, and new ones are still being discovered
and structurally characterized [59]. The preview of the up-to-date
characterized transporters is shown in Fig. 1.
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Fig. (1). Preview of metal transporters in eukaryotic cells. Stimulator of Fe
transport (SFT) is used for transporting of iron. Zinc transporters (ZnT)
serve as a specific transporter for zinc. Copper transport proteins (CTR) as
their name indicating are utilized for copper transporting. Divalent metal
transporter (DMT) is used for cadmium and manganese transporting. Com-
plex of natural resistance-associated macrophage protein-2 (Nramp2) and
divalent cation transporter-1 (DCT1) can be employed for transporting of
iron, zinc, manganese, copper, cobalt, cadmium and lead. CorA transporter
(named the cobalt-resistant phenotype in E. coli that was caused by the
gene’s inactivation [188]) is responsible for transporting of magnesium,
cobalt and nickel. Organic anion transporter (OAT) and L-type large neutral
amino transporter (LAT) serve for handling with mercury ions. Multidrug
resistance protein (MRP) belonging to ABC transporter family can transport
reduced glutathione-metal (GS-Me) species. Menkes protein (MNK) and

Wilson protein (WND) are transmembrane proteins responsible for trans-
porting of copper. Natural resistance-associated macrophage protein-1
(Nrampl) is used for transporting of magnesium and iron, however, other
metal ions are discussed.

Knowledge about the transport of metals across membranes is
still insufficient and varies for different metals. The main attention
is paid to the membrane transporting of essential metal ions in eu-
karyotes as transferrin cycle responsible for transporting of iron
homeostasis in mammals, because this metal is important for
erythropoiesis. Iron is firstly transported to a cell membrane by
transferrin family proteins such as lactoferrin [60], which binds to
the transferrin receptor (TfR-1) on the cell surface. Further, apo-
transferrin binds iron. Interestingly, the affinity of TfR-1 to iron-
bound transferrin is app. 2,000 times higher compared to apo-
transferrin [61]. To release the iron from the complex, reducing the
pH to ~ 5.5 with the ATP proton pump inside the vesicle is used.
Iron(IIT) ions are then reduced onto iron(II) ions by STEAP enzyme
family (DcytB) and transported by symport with protons into the
cytosol [62].

Transfer of one type of ions can be done using more types of
carriers. On the other hand, there are carriers that transport strictly
only one type of ion as hCTR1, which carries the copper or ZnT-1,
2, 3 and 4 transport zinc [63]. Zinc may be also transported with
CDF transporters [64] and/or ZIP proteins [65]. However, the
mechanism of zinc, cadmium and manganese transfer based on ZIP
transporters is unknown in eukaryotic cells [64]. The family of
copper transporters (CTR) is widespread in the most eukaryotic
organisms [66, 67]. Copper is also transported out of cells by the
Wilson disease protein (WND), whose gene is ATP7B [68] or using
Menkes’ protein (ICD, gene ATP7A). At the end of the 20™ cen-
tury, it was assumed that the mammalian transporter DCT-1 carries
only the iron atoms, but in fact this transporter is able to transfer
also zinc, manganese, copper, cobalt, cadmium and lead in coopera-
tion with Nramp-2 transporter. Conversely, Nramp-1 transports iron
and manganese ions out of cells [69].

Study of metal ion transport in humans is most intense in the
area of “metal drugs” or toxic metal ions effects on an organism.
The phenomenon of resistance across-cancer drug has one of its
origins in the transport of xenobiotics across membranes. This is
mainly due to the ABC transporters, which are sophisticated ATP-
binding protein complexes (cassette) [70]. ABC transporters are a
large and highly studied group involved in many physiological and
pathological processes [71]. MRP proteins belong to a subfamily of
ABC transporters, able to transfer various forms of glutathione
(GSH), as oxidized glutathione (GSSG) and nitroso-glutathione
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(GSNO), both alone and in complex with metal [72]. There are
known types as MRP-1, 2 and 3, able to carry nearly identical sub-
strates, but varies in their occurrence in different tissues [73]. ABC
transporters are present both in prokaryotes and in eukaryotic cells,
like CorA family transporters, carrying manganese, cobalt and
nickel [74]. In the case of toxic metal transport through the cyto-
plasmic membrane there are known carriers, transporting mercury
complexed with thiols. These are organic anion transporter (OAT)
in kidney, MRP transporters in liver, or protein for activation of T
cells called LAT in endothelia’s lining the blood-brain barrier [75].
Cadmium can be transported by divalent metal transporter (DMT-1)
in liver cells [75], but its ion radius (0.94 nm) is very similar to that
of calcium with ions radius 1.00 nm. Therefore it can be also trans-
ported by calcium ion channels [76]. Manganese can be transported
using DMT-1 [77]. Receptor proteins called metallo-chaperones
play an important role in the transporting of metal ions across the
membrane also [78]. Generally, even though the transport of metal
ions through the organism is a complex process, the monitoring of
metal behaviour in the body provides valuable information for de-
signing of new metal-based drugs [70, 79].

5. AMINO ACIDS-METAL INTERACTIONS

Amino acids are molecules containing at least one carboxyl
group (-COOH) and at least one primary or secondary amino group
(-NH,). The general formula of amino acids is then H,NCHR
COOH. Due to the acido-basic behaviour amino acids are consid-
ered as ampholytes, which means that they can with the negatively
charged-COO-group or a positively charged-NH;" behave out-
wardly as acids or as basis.

In an organism, amino acids can be both free and bound. Bound
amino acids are either permanently or temporarily incorporated into
proteins or other biochemically functional structures. Among bound
amino acids, both biogenic amino acids and their precursors can be
included. Free amino acids comprise other amino acids generated
by modifying the known biogenic amino acids. These are known as

Zitka et al.

biogenic amines, including histamine, dopamine, noradrenaline,
ornithine, taurine, or growth factors sarcosine, spermine and sper-
midine. The methods using for the determination of free amino
acids in blood plasma [80] or in human milk [81] have been still
developed. Several scientific groups have found similar concentra-
tions of amino acids in human milk as app. 3 mM [82]. Determina-
tion of free amino acids or biogenic amines is insufficient to under-
stand the metal biochemistry. It needs to deal directly with their
own interactions between the metal and amino acids.

Uncontrolled move of metal ions in the body leads to formation
of reactive oxygen species such as superoxide anion radical (O;7),
singlet oxygen ('O,), hydrogen peroxide (H,0,), and the highly
reactive hydroxyl radical (OH). These inorganic compounds can
then oxidize biochemical molecules and disrupt the homeostasis in
an organism. The first-line defence against these free radicals is
always a compound able to mitigate these effects, or completely
scavenge these species, without harming the body or the disruption
of homeostasis (Fig. 2). This is done by chemical reduction using
hydrogen transfer. Cysteine is the best compound for this purpose
followed by methionine, histidine or tryptophan due to the nucleo-
philic properties of their side chains. Cysteine is one of the two
biogenic sulphur containing amino acids. It is biosynthesised from
two amino acids as methionine and serine. Methionine is firstly
converted to homocysteine via S-adenosylmethionine and S-
adenosylcysteine [83]. Cysteine contains sulphur atom in the form
of a thiol group, which is located on the last y-carbon. Due to redox
properties and the ability to be a donor of electrons, cysteine is very
important in the formation of large-scale structural interactions
including binding of metal ions [84]. It is not surprising that cys-
teine is the part of many metal-binding peptide proteins and en-
zymes, which perform these functions. Based on this the cysteine
was formerly used as a remedy for poisoning by heavy metals. Its
derivative N-acetyl-L-cysteine is used as mucolyticum, as antido-
tum in paracetamol poisoning and as nephroprotective agents. In
particular, the mercury is known to be present in the body in the

Heavy metal

. Cys + metal

Fig. (2). Scheme of various mechanisms triggers due to presence of toxic and/or excess of essential metal ions in a cell. (I) Metal ions can generate reactive
oxygen species (ROS). The presence of the generated ROS enhances synthesis of main redox maintainer, reduced glutathione (GSH). This peptide scavenges
ROS and oxidized glutathione (GSSG) and H,O are products of this reaction. (IT) Presence of metal ions can also alter some biochemical pathways including
DNA replication and protein expression through binding to active sites of enzymes involved in these pathways. This action enhances synthesis of reduced
glutathione, metallothionein and other compounds rich in cysteine and histidine. The formed complexes are then excreted out of a cell.
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form of salts or bound to biomolecules such as cysteine, homocys-
teine, N-acetyl-cysteine, glutathione, metallothionein and albumin
but not free [75].

Methionine is the second of two sulphur amino acids and com-
pared to its precursor cysteine, methionine has a less pronounced
metal-binding properties, because the sulphur atom is not present as
an easily accessible thiol group, but as a disulphide. Therefore, the
methionine is more likely as donor of electron pairs during interac-
tions with metal ions, by which this aminoacid can then coordinate
the metals in protein complexes [75, 85]. Methionine also plays a
role in the transport of drugs via hCtr transporters [86] and ensures
a high specificity of copper transport [87]. It has two biologically
significant derivatives. Homocysteine is the first one [88]. The
metal binding potential of homocysteine is essentially analogical to
cysteine, because it does not contain a methyl group bound to a
sulphur atom as methionine. Thus it can be assumed to structural
similarity of its dimer, which is homocystine, with the above men-
tioned cystine. This similarity has a profound effect on differentia-
tion of molecules passing through transmembrane transporters [75].
Formylmethionin is the second derivative serving as the first amino
acid in the process of translation in prokaryotic organisms. S-
adenosylmethionine is also an important compound, which is pro-
duced from methionine and ATP by the enzyme methionine-
adenosyltransferases. S-adenosylmethionine is involved in many
biochemical reactions that are associated with methylation of vari-
ous substrates such as nucleic acids, proteins and lipids. Interactions
of cysteine and methionine cisplatin were also studied to found the
impact of platinum-based drugs [89-91].

The amino acid histidine is studied for its potential metal-
binding properties due to the imidazole nitrogen acting as a nucleo-
phile [92-95]. The histidine-rich glycoproteins, known as HRG-
proteins can bind to cadmium(II) ions [96]. Further, glutamic and
aspartic acids were studied due to the possible complexation of
metal ions via carboxyl [97]. Attention was also paid to other amino
acids and their metallic complexes [98, 99]. A formation of less
reactive metal ions complexes compared to above-mentioned ones
with other amino acids can occur in organism and for this purpose,
advanced computer technologies can be used for theoretical studies,
in which models of the most probable form of interaction are sug-
gested [100].

6. METAL-OLIGOPEPTIDES INTERACTION

A number of various peptide molecules occur naturally in or-
ganisms. The metal ions coordinated in these peptides are often
involved in a range of catalytic or other biochemical processes.
Also the presence of the metal ion in the peptide structure leads to
the significant conformational changes of the biomolecule. System-
atic investigation of the metal-peptide interactions started in the
middle of the 20™ century, when the copper(Il) and nickel(II) coor-
dination by the -CONH- peptide bond have been confirmed [101].
Metal ions are coordinated via two types of interaction: (i) peptide
backbone including the interaction of the metal ion with the termi-
nal -NH, and/or -COOH group as well as coordination by the ni-
trogen atoms of the peptide amide bonds due to the delocalization
of the lone pairs of the nitrogen atoms; (ii) amino acid side chains.
There are three groups of side chain types which can be classified
according to the ability of ion coordination. First group of non-
coordinating side chains including Ala, Val, Leu, Ile, Phe, Trp. Ser,
Thr, Tyr, Lys, Arg, Asp, Glu, Asn, Gln, Arg, Met belong to the
group of weakly-coordinating side chains, and His and Cys are
strongly-coordinating side chains. The metal binding abilities of
oligopeptides, including the effect of the number of histidines and
their position within the peptide amino acid sequence have been
recently summarized [102, 103]. In addition, an exhaustive review
focused on the mechanisms of metal ion-peptide interaction was
published in 2006 [101]. Intensive study of metal ion interactions
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with oligopeptides covers both synthetic as well as naturally oc-
curred oligopeptides [104-107].

Reduced glutathione, tripeptide with the composition of y-L-
glutamyl-L-cysteinyl-glycine (Fig. 3), is probably the most widely
studied biologically active oligopeptide especially due to the crucial
function in detoxification of heavy metals. Glutathione occurs in
cells on the millimolar level and represent over 90% of the total
non-protein -SH groups [108]. Glutathione plays an important role
in cell protection against reactive oxygen species, xenobiotics as
well as heavy metals. Two forms of glutathione can occur as re-
duced glutathione (GSH) having the antioxidant properties and its
oxidized form called glutathione disulphide (GSSG) [109-111]. The
GSH/GSSG ratio is generally accepted as a marker of the oxidative
stress [112]. Glutathione-ascorbate cycle belongs to the most im-
portant processes, which employs the activity of cysteine thiol
groups in the tripeptide called glutathione [113]. The cycle is shown
in Fig. 3. In the first step, hydrogen peroxide is reduced to water by
ascorbate peroxidase. Ascorbate is used as an electron donor. Oxi-
dized ascorbate is reduced again by monodehydroascorbate-
reductase (MDAR). Monodehydroxyascorbate is a radical, which, if
not rapidly reduced, forms the ascorbate and dehydroxyascorbate.
Dehydroxyascorbate is then reduced on ascorbate by dehy-
droxyascorbate-reductase under the simultaneous reduction of two
molecules of reduced glutathione (GSH) to one molecule of oxi-
dized glutathione (GSSG). Finally, GSSG is reduced by glutathione
reductase using NADPH as an electron acceptor.

Interactions of glutathione with the physiologically occurring
metal ions such as Cu and Zn [114-116] as well as with the poten-
tially toxic heavy metals Cd, Pb, Hg, Al and Ni were described
[109, 117-119]. These interactions mostly exhibited a stoichiometry
of 1:2, Metal:GSH [120]. Recently the effect of lithium(I) ions was
also investigated [121] regarding to the use in psychiatry for ther-
apy of bipolar disorders. Due to the exclusive possibility of the
interaction between cisplatin and glutathione in the organism [122-
124], these interactions have been studied both theoretically [100]
as well as by real in vivo experiment [125]. Model of interaction
between two molecules of GSH and one metal(II) ion is shown in
Fig. 4.

Generally, the complexes of the metal ions with peptides were
studied by a wide range of analytical methods including atomic
absorption spectroscopy [126], high performance liquid chromatog-
raphy coupled to inductively coupled plasma atomic emission spec-
troscopy (HPLC-ICP-AES) [127], NMR analysis [109, 128, 129],
UV spectroscopy [129] as well as mass spectrometry [119]. Moreo-
ver the practical exploitation of the metal coordination is repre-
sented by immobilized metal ion affinity chromatography (IMAC),
routinely utilized in molecular biology for purification of protein
products by hexahistidine. [130-132]. Metal ion-peptide interac-
tions in combination with the possibility of immobilization on ei-
ther bulk or nanoparticle-based surfaces are enabling the advances
in the area of miniaturized instrumentation and consequently in
point-of-care and lab-on-chip field. Miniaturized and portable de-
vices are typically based on low size sensors providing simple and
easy to use analyses. The interactions of oligopeptides with metal
ions are widely utilized in construction of sensors [133-135].

7. METAL-PROTEINS INTERACTION

Similarly to peptides, proteins have number of functions in the
body including the binding of inorganic elements including metal
ions. These ions can be bound to proteins due to various purposes
as transportation, implementation of structural features, cofactor in
enzymes, transcription regulation, and last but not least, the creation
of deposits mainly for storage of essential metal ions (Fig. 5). Im-
mediately after entering the body, free metal ions present in body
fluids are bound by metal transporting proteins. These proteins can
be both highly specific for certain metals, or can bind more metals
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Fig. (4). Complex of two molecules of reduced glutathione with divalent
metal ions.

simultaneously. Metal-specific proteins such as transferrin, ceru-
loplasmin, transcobalamin and nickeloplasmin, binding iron, cop-
per, cobalt and nickel respectively, are the most known and studied
vertebrate metal-binding proteins. On the contrary, metals such as
calcium, zinc and cadmium are nonspecifically bound by serum
albumin [96]. Zinc is transported by large family of ZIP proteins in
blood plasma [136] and copper is transported extracellularly
through protein ceruloplasmin, which can also oxidize Fe(Il) ions to
Fe(IIl) [137]. In addition to ceruloplasmin, the transport of copper
in plasma can be performed by albumin, binding copper(Il) ions
with lower strength [138].

Metal ion entering the body as a part of other structure can be
either component of smaller organic molecule — drug, or a complex
with biomolecule — protein. One may mention iron transporting
protein lactoferrin, which belongs to the transferrin family entering
into mammalian body in the form of milk [139]. Lactoferrin is also
found in tears, saliva and sweat secretions [140]. After the metal is
transported via transporting proteins to the cytoplasmic membrane
of cells, it is as a free metal ion transferred to the cytosol using
various types of carriers mentioned-above. Free ion also interacts
with intracellular proteins, which have different functions. Trans-
port of metal ions on the intracellular level is mostly performed by
metallothionein proteins, which have the ability to bind most of the
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Fig. (5). Essential metal ions are, after their entering into a cell milieu vari-
ous targets. Primarily, they are used for activation of transcription factors,
which is responsible for translating of proteins, mainly for enzymes and
transporting proteins in intracellular matrix (ICM). Slight excess of essential
metal ions can be also stored. Some of the ions can be also used for activa-
tion and synthesis of transporting proteins in extracellular matrix (ECM).

essential and toxic metals. The most important biological function
of MTs is probably homeostasis of heavy metal levels. Gene tran-
scription is initiated when metal ions associates with the metal-
regulatory transcription factor-1 (MTF-1). MTF-1 is the only
known mediator of metal responsiveness of MTs [141-143]. MTF-1
binds to metal responsive elements (MREs) that regulate MTs ex-
pression. MREs are located in the promoter regions of MT genes
[142] and are present in multiple copies in the promoter/enhancer
regions of almost all metal-inducible MTs [144, 145]. Further, vari-
ous studies have demonstrated that the presence of other metals can
also activate redox-sensitive transcription factors such as NF-«B,
AP-1 and p53 [146].

Excessive metal ions can be stored in so-called deposits utiliz-
ing the interaction with proteins. This is known especially in the
case of essential metals. The accumulation of toxic metals, known
in plants, has not been satisfactorily demonstrated in higher ani-
mals. Free iron ions in higher concentration toxic for a cell are
stored in the protein ferritin in both plant and animal cells. This
protein has 24 subunits and is able to bind up to 4,500 iron ions to
its structure [147].

Enzymes are great group of molecules, functionally dependent
on metal ions, , binding most essential metals such as iron, magne-
sium, selenium, manganese, zinc, copper and calcium in their active
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sites, and performing its function only if the metal is present in the
active and other sites in the enzyme molecule. From the intracellu-
lar ones dimeric metalloenzyme alkaline phosphatase can be men-
tioned. This enzyme requires two zinc ions, or magnesium for its
proper function namely the hydrolysis of phosphate esters at pH 9.8
to 10.0 and [148]. Superoxide dismutase (SOD) is another impor-
tant enzyme responsible for reducing superoxide anions. SOD re-
quires copper cation but some isozymes may also contain iron,
nickel and manganese [149]. Hydrogen peroxide, which can be also
produced by SOD, may be effectively reduced to water by glu-
tathione peroxidase with the assistance of two molecules of GSH.
Glutathione peroxidase is present in several isoenzymes both intra
and extracellularly [150], and its activity requires the presence of
selenium. Matrix metalloproteinases belong to other large group of
metalloenzymes, which, although expressed intracellularly, acts
extracellularly for cleaving and rearranging extracellular matrix
composed primarily of collagen [151]. These enzymes require cal-
cium(Il) and zinc(II) atoms [152]. Enzymes may not be only mole-
cules functionally dependent on the presence of metal ion. A num-
ber of oxygen carriers depend on the presence of iron. In the case of
mammals, haemoglobin is iron carrier, consisting of protoporphyrin
and iron atom that is coordinated via histidine moieties [153].

8. NANOTECHNOLOGY BASED ON METALS

Nanotechnology is an area of development, production and
utilization of materials, equipment and systems on the nm-length
scale, i.e. at the level of molecules and supramolecular structures. It
may be applied in biotechnology and medicine. Development of
materials and devices for diagnostics and drug delivery systems are
the main applications of nanotechnology in medicine (nanomedi-
cine). Due to the metallic nature of a wide range of nanomaterials,
studying of their interactions with biomolecules is attracting a great
interest of numerous researchers. Physico-chemical properties of
newly developed nanomaterials enable their utilization in
nanomedicine, particularly in targeted drug delivery, laboratory
diagnostics and/or imaging techniques.

Molecular nanotechnology appears from measuring scale, in
which is operating [154-157]. This measuring scale is within the
range from tens to thousandths nanometres, whereas the basic struc-
tural element of molecular nanotechnology is an atom with diame-
ter < one nm. By various organizations of atoms such as carbon or
silicon, properties of resulting product, including elasticity, plastic-
ity, strength, or conductibility can be modified. Nanomedicine, one
the newest member of branches in molecular nanotechnology, can
be defined as monitoring, repairing, building, and control of bio-
logical systems on molecular level carried out by nanocomponents
and nanosystems. Dramatic advancement of these technologies can
be expected, especially in diagnostics of diseases in their early
stages [158-162]. Nowadays, we can divide nanomedicinal ap-
proaches into two sections i) currently in use and ii) real future
perspectives. In the approaches with real future perspectives, we
may see therapeutic abilities of nanorobots in microsurgery and in
treatment of various types of diseases, such as coronary thrombosis
or malignant tumours [163]. We can expect that medical nanorobots
with size up to 1,000 nm can be injected into human body (several
milliards of nanorobots correspond to one millilitre). They can help
the immune system, participate in metabolic processes, perform
repairing operations, eventually cluster together into higher struc-
tures and form more complex and effective repairing and protective
systems. Bio-implants in the field of skin regeneration (special
polymers, silver nanoparticles) are very important nanomedicinal
group currently used.

8.1. Drug Delivery

Drug nanodelivery belongs to another nanomedical area, which
is already implementing. Concerns connected with the drug deliv-
ery, such as troublesome solubility and biological availability, short
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time of circulation in blood vessels and/or inconvenient biodistribu-
tion to the target organ may occur. On the other hand, nanoparticle-
mediated targeted delivery of drugs might significantly reduce the
dosage of the drugs, increase its specificity and bioavailability,
overcome chemoresistance and reduce side effects of therapy which
makes possible to increase doses of active compound [164-166].
Mainly in cancer therapy, targeted delivery in a localized way is
one of the key challenges. The first mentioned improvement is
based on the enhanced permeability and retention effect of the vas-
culature surrounding tumours. The active way relies on ligand-
directed binding of nanoparticles to receptors expressed by tumour
cells [167]. These ligands comprise antibodies, peptides, nucleic
acid aptamers, carbohydrates and small molecules [165]. The key
features of anticancer nanoparticles are mainly nanoparticles size,
surface properties (e.g. hydrophobicity) and targeting ligands. Gen-
erally, 200 nm is considered as upper limit for nanoparticles size,
while the minimal diameter should be about 10 nm. Certainly,
nanoparticles property requirements also depend on tumour charac-
teristics including cancer type, stage of disease, site in the body and
host species. All strategies are summarized in review of Adise-
shaiah et al. [168].

Nanoparticles designed for tumour targeted therapies consist of
various components in most cases from nanocarrier (in some litera-
ture called nanovector) and an active agent (drug) [169]. Drug-
carrier nanoparticles are considered as submicroscopic colloidal
systems that may act as drug vehicles, either as nanospheres (matrix
system in which the drug is dispersed) or nanocapsules (reservoirs
in which the drug is confined in a hydrophobic or hydrophilic core
surrounded by a single polymeric membrane) [170]. Nanoparticle
carriers are mostly composed of iron oxides, gold, biodegradable
polymers, dendrimers, lipid based carriers such as liposomes and
micelles, viruses (viral nanoparticles) and even organometallic
compound [165, 171, 172]. A detailed summary on nanocarriers
was recently reviwed by Peer et al. [173]. The drug encapsulation
in nanocarrier provides better biocompatibility and hence its poten-
tial use in clinical oncology. Several such engineered drugs are
already in clinical practice, including liposomal doxorubicin and
albumin conjugate paclitaxel [174]. However, the potential success
of these particles relies on consideration of above mentioned impor-
tant parameters, but most importantly, minimum toxicity of the
carrier itself [175]. Concerning the nanoparticles shape, following
nanostructures are frequently cited in literature: nanoshells, nano-
rods, nanocages, nanocubes or nanotubes. Adsorption of oligopep-
tides on silver [176, 177] and/or gold [135, 178, 179] nanoparticles
were described.

8.2. Imaging

The targeted drug delivery and in vivo imaging employing
nanoparticles-based contrast agents are one of the most extensively
studied areas of nanotechnology field [180-182]. Molecular imag-
ing refers to the characterization and measurement of biological
processes at the cellular and/or molecular level, its modalities in-
clude optical bioluminescence, optical fluorescence, ultrasound, X
ray methods including CT, MRI, magnetic resonance spectroscopy
(MRS), single-photon-emission computed tomography (SPECT)
and positron emission tomography (PET). In the last decade, mo-
lecular imaging, a subfield of functional imaging, became an essen-
tial tool in the arsenal of bio-imaging, understood as the range of all
imaging technologies covering the full scale of biological and
medical applications from a molecule to a patient. Molecular imag-
ing (MI) can be defined generally as the science and the techniques
for in vivo extraction of biological information on the spatiotempo-
ral distribution of molecular, biochemical, biological, and cellular
processes for diagnostic or therapeutic applications, or their appli-
cation to visually represent, characterize or quantify biological
processes at the cellular levels within intact living organisms. The
recent arrival of MI research is the result of the development in
cellular and molecular biology, genomics and proteomics,
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nanotechnologies, and increased sophistication of imaging tech-
nologies, combined with a large diversification in new contrast
agents and probes. MRI is a powerful imaging tool producing high
resolution images with excellent soft tissue contrast without the
application of harmful radiation. MRI can provide both physiologi-
cal and anatomical details of in vivo systems simultaneously and in
real time, which is not possible with other imaging techniques. For
example there were developed highly lymphotropic superparamag-
netic iron oxide nanoparticles having diameter 2 to 3 nm that have
been used as contrast for high-resolution MRI to diagnose other-
wise undetectable small lymph node metastases of prostate cancer
[183]. In MRI, all nuclei with spin can be employed for image crea-
tion. However, mostly hydrogen protons of water molecules are
exploited to report on biological processes of interest because of
their high abundance. Optical imaging belongs to another important
group of imaging techniques using metal particles. This group in-
cludes several modalities based on in vivo bioluminescence and
fluorescence and is probably the fastest growing biomedical imag-
ing technology nowadays. In general, optical imaging techniques
are non-invasive, fast, very sensitive, and relatively inexpensive.
Bioluminiscence is characterized by extremely high sensitivity. In
fluorescence imaging, an external light source excites fluorophores
(fluorescent protein or dye), which emit the transferred light energy
at a different wavelength. Fluorescence imaging can be performed
at different resolution and depth penetrations ranging from mi-
crometers to centimetres. Since no single imaging technique can
provide complete information about the subject’s structure and
function, using multiple imaging methods, followed by image fu-
sion, is required. Nanostructures provide an outstanding platform to
integrate different functional nanocomponents into one single
nanoentity to exhibit multifunctional properties. Quantum dots
(QDs) portion of matter whose excitons are confined in all three
spatial dimensions, such materials have electronic properties inter-
mediate between those of bulk semiconductors and those of discrete
molecules [184]. They can be combined with MNPs to exhibit
magnetic and fluorescent properties concurrently. Unlike MRI, in
vivo optical imaging utilizes the incomparable fluorescent proper-
ties of QDs such as small size (tens of nm) and unique tuneable
optical features. QDs are widely being used in place of organic dyes
for imaging applications in biological systems due to their much
greater temporal stability and resistance to photobleaching than
fluorescent dyes do. The combination of superparamagnetism and
fluorescence at nanometre scale should increase the biological ap-
plicability of multifunctional nanomaterials. The desirable physical
and chemical properties of contrast agents required for bimodal
optical and magnetic imaging can be combined in a single nanopar-
ticle [185]. Utilization of nanomaterials, particularly nanoparticles
for the in vivo monitoring of cell transplantation is one of future
perspectives. Currently MRI provides low resolution and no differ-
ence, between original and transplanted cells, is registered. Basi-
cally any cells can be labelled as stem cells, Langerhans cells, tu-
mour cells, immunocompetent cells. Incorporation of the contrast
agents into the cells can be done either by fagocytosis or conjuga-
tion of the contrast agent to the cell surface via antibody- antigen or
ligand-receptor interaction. Labelled cells can be transplanted into
the animal.

8.3. Laboratory Diagnostics

Molecular markers, (cellular changes of DNA, RNA, metabo-
lites or proteins) may be used for diagnosis and therapeutics. They
have been detected by nanotechnology and they can be used as
diagnostic markers of diseases or therapeutic target. Markers of
bacteria and viruses have been detected by nanotechnological as-
says, and they improved the possibilities of microbiological diag-
nostics, because nanotechnology enable an RNA, DNA and protein
analysis with higher speed of examination and increased accuracy
and sensitivity compared to classical molecular diagnostics [186].
Antibody conjugated nanoparticles that can recognize a specific
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cancer cell may be applied for the fast and accurate diagnostics and
investigation of prognostic markers and/or therapeutic targets.
Streptavidin-coated quantum dots (QDs) conjugated to anti-EGFR
antibodies bind selectively to glioblastoma multiforme and oli-
godendroglioma cells expressing EGFR, which demonstrated that
antibodies labelled QD can afford fast, specific and accurate
method for detection of specific cellular marker that is useful not
only for diagnose of glioblastoma or oligodendroglioma but also as
a target for cetuximab therapy [187].

9. CONCLUSION

Metallomics as a wide area of studies focused on the interac-
tions of metal ions with biomolecules, transport and behaviour of
metals in organisms as well as the general impact of the exposure to
the metal ions has a great share of the current state of knowledge in
the field of biochemistry and biomedicine. The main advances in
the cancer treatment based on metallic pharmaceuticals were en-
abled by the understanding of the reaction mechanisms between the
drug and the surrounding environment in the living cell. New gen-
erations of metal-based cytostatics as well as nanomaterials-based
targeted pharmaceuticals are developed paying particular attention
to the interaction of metal ions with, amino acids, peptides, and
proteins.

ACKNOWLEDGEMENTS

Financial support from CEITEC CZ.1.05/1.1.00/02.0068, GA
AV TAA401990701, NANOSEMED GA AV KAN208130801,
NANIMEL GACR 102/08/1546 and GACR P301/10/0356 is highly
acknowledged.

REFERENCES

[1] Scott, L.E.; Orvig, C. Medicinal Inorganic Chemistry Approaches
to Passivation and Removal of Aberrant Metal Ions in Disease.
Chem. Rev., 2009, 109(10), 4885-4910.

[2] Szpunar, J. Metallomics: a new frontier in analytical chemistry.
Anal. Bioanal. Chem., 2004, 378(1), 54-56.
[3] Haraguchi, H. Metallomics as integrated biometal science. J. 4Anal.

At. Spectrom., 2004, 19(1), 5-14.

[4] Chance, M.R.; Fiser, A.; Sali, A.; Pieper, U.; Eswar, N.; Xu, G.P.;
Fajardo, J.E.; Radhakannan, T.; Marinkovic, N. High-throughput
computational and experimental techniques in structural genomics.
Genome Res., 2004, 14(10B), 2145-2154.

[5] Williams, R.J.P. Chemical selection of elements by cells. Coord.
Chem. Rev., 2001, 216(583-595.

[6] Shi, W.; Chance, M.R. Metallomics and metalloproteomics. Cell.
Mol. Life Sci., 2008, 65(19), 3040-3048.

[7] Tainer, J.A.; Roberts, V.A.; Getzoff, E.D. Metal-Binding Sites in
Proteins. Curr. Opin. Biotechnol., 1991, 2(4), 582-591.

[8] Degtyarenko, K. Bioinorganic motifs: towards functional
classification of metalloproteins. Bioinformatics, 2000, 16(10),
851-864.

[9] Shi, W.X.; Zhan, C.Y.; Ignatov, A.; Manjasetty, B.A.; Marinkovic,
N.; Sullivan, M.; Huang, R.; Chance, M.R. Metalloproteomics:
High-throughput structural and functional annotation of proteins in
structural genomics. Structure, 2005, 13(10), 1473-1486.

[10] Andreini, C.; Banci, L.; Bertini, I.; Rosato, A. Zinc through the
three domains of life. J. Proteome Res., 2006, 5(11), 3173-3178.

[11] Kryukov, G.V.; Castellano, S.; Novoselov, S.V.; Lobanov, A.V.;
Zehtab, O.; Guigo, R.; Gladyshev, V.N. Characterization of
mammalian selenoproteomes. Science, 2003, 300(5624), 1439-
1443,

[12] Fairweather-Tait, S.J.; Bao, Y.P.; Broadley, M.R.; Collings, R.;
Ford, D.; Hesketh, J.E.; Hurst, R. Selenium in Human Health and
Disease. Antioxid. Redox Signal., 2011, 14(7), 1337-1383.

[13] Novotny, L.; Rauko, P.; Kombian, S.B.; Edafiogho, I.O. Selenium
as a chemoprotective anti-cancer agent: Reality or wishful
thinking? Neoplasma, 2010, 57(5), 383-391.

[14] Papp, L.V.; Lu, J.; Holmgren, A.; Khanna, K.K. From selenium to
selenoproteins: Synthesis, identity, and their role in human health.
Antioxid. Redox Signal., 2007, 9(7), 775-806.

[15] Selenius, M.; Rundlof, A.K.; Olm, E.; Fernandes, A.P.; Bjornstedt,
M. Selenium and the Selenoprotein Thioredoxin Reductase in the



From Amino Acids to Proteins as Targets for Metal-based Drugs

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Prevention, Treatment and Diagnostics of Cancer. Antioxid. Redox
Signal., 2010, 12(7), 867-880.

Zimmermann, S.; Sures, B. Significance of platinum group metals
emitted from automobile exhaust gas converters for the biosphere.
Environ. Sci. Pollut. Res., 2004, 11(3), 194-199.

Carmona, A.; Deves, G.; Ortega, R. In 14th Conference on Solid
State Analysis; Springer Heidelberg: Vienna, AUSTRIA, 2007, pp
1585-1594.

Bush, A.I. The metallobiology of Alzheimer's disease. Trends
Neurosci., 2003, 26(4), 207-214.

Gupta, V.B.; Anitha, S.; Hegde, M.L.; Zecca, L.; Garruto, RM.;
Ravid, R.; Shankar, S.K.; Stein, R.; Shanmugavelu, P.; Rao, K.S.J.
Aluminium in Alzheimer's disease: are we still at a crossroad? Cell.
Mol. Life Sci., 2005, 62(2), 143-158.

McRae, R.; Bagchi, P.; Sumalekshmy, S.; Fahrni, C.J. In Situ
Imaging of Metals in Cells and Tissues. Chem. Rev., 2009, 109(10),
4780-4827.

Raymond, E.; Faivre, S.; Chaney, S.; Woynarowski, J.; Cvitkovic,
E. Cellular and molecular pharmacology of oxaliplatin. Mol.
Cancer Ther., 2002, 1(3), 227-235.

Raymond, E.; Chaney, S.G.; Taamma, A.; Cvitkovic, E.
Oxaliplatin: A review of preclinical and clinical studies. Ann.
Oncol., 1998, 9(10), 1053-1071.

Fuertes, M.A.; Castilla, J.; Alonso, C.; Perez, JM. Cisplatin
biochemical mechanism of action: From cytotoxicity to induction
of cell death through interconnections between apoptotic and
necrotic pathways. Curr. Med. Chem., 2003, 10(3), 257-266.

Ong, S.T.; Vogelzang, N.J. Chemotherapy in malignant pleural
mesothelioma: A review. J. Clin. Oncol., 1996, 14(3), 1007-1017.
Weiss, R.B.; Christian, M.C. New Cisplatin Analogs in
Development - a Review. Drugs, 1993, 46(3), 360-377.

Rosenberg, B.; Van Camp, L.; Krigas, T. Inhibition of cell division
in Escherichia coli by electrolysis products from a platinum
electrode. Nature, 1965, 205(698-699.

Go, R.S.; Adjei, A.A. Review of the comparative pharmacology
and clinical activity of cisplatin and carboplatin. J. Clin. Oncol.,
1999, 17(1), 409-422.

See, H.T.; Freedman, R.S.; Kudelka, A.P.; Burke, T.W.;
Gershenson, D.M.; Tangjitgamol, S.; Kavanagh, J.J. Retrospective
review: re-treatment of patients with ovarian cancer with
carboplatin after platinum resistance. Int. J. Gynecol. Cancer, 2005,
15(2),209-216.

Dy, G.K.; Bruzek, L.M.; Croghan, G.A.; Mandrekar, S.; Erlichman,
C.; Peethambaram, P.; Pilot, H.C.; Hanson, L.J.; Reid, J.M.; Furth,
A.; Cheng, S.; Martell, R.E.; Kaufmann, S.H.; Adjei, A.A. A phase
I trial of the novel farnesyl protein transferase inhibitor, BMS-
214662, in combination with paclitaxel and carboplatin in patients
with advanced cancer. Clin. Cancer Res., 2005, 11(5), 1877-1883.
Grothey, A.; Goldberg, RM. A review of oxaliplatin and its
clinical use in colorectal cancer. Expert Opin. Pharmacol., 2004,
5(10), 2159-2170.

Arango, D.; Wilson, A.J.; Shi, Q.; Corner, G.A.; Aranes, M.J.;
Nicholas, C.; Lesser, M.; Mariadason, J.M.; Augenlicht, L.H.
Molecular mechanisms of action and prediction of response to
oxaliplatin in colorectal cancer cells. Brit. J. Cancer, 2004, 91(11),
1931-1946.

Zak, F.; Turanek, J.; Kroutil, A.; Sova, P.; Mistr, A.; Poulova, A.;
Mikolin, P.; Zak, Z.; Kasna, A.; Zaluska, D.; Neca, J.; Sindlerova,
L.; Kozubik, A. Platinum(IV) complex with adamantylamine as
nonleaving amine group: Synthesis, characterization, and in vitro
antitumor activity against a panel of cisplatin-resistant cancer cell
lines. J. Med. Chem., 2004, 47(3), 761-763.

Sova, P.; Chladek, J.; Zak, F.; Mistr, A.; Kroutil, A.; Semerad, M.;
Slovak, Z. Pharmacokinetics and tissue distribution of platinum in
rats following single and multiple oral doses of LA-12 [(OC-6-
43)bis(acetato)(1-adamantylamine)amminedichloroplatinum(IV)].
Int. J. Pharm., 2005, 288(1), 123-129.

Kozubik, A.; Horvath, V.; Svihalkova-Sindlerova, L.; Soucek, K.;
Hofmanova, J.; Sova, P.; Kroutil, A.; Zak, F.; Mistr, A.; Turanek, J.
High effectiveness of platinum(IV) complex with adamantylamine
in overcoming resistance to cisplatin and suppressing proliferation
of ovarian cancer cells in vitro. Biochem. Pharmacol., 2005, 69(3),
373-383.

Ramos-Lima, F.J.; Vrana, O.; Quiroga, A.G.; Navarro-Ranninger,
C.N.; Halamikova, A.; Rybnickova, H.; Hejmalova, L.; Brabec, V.
Structural characterization, DNA interactions, and cytotoxicity of

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Current Drug Metabolism, 2012, Vol. 13, No. 3 315

new transplatin analogues containing one aliphatic and one planar
heterocyclic amine ligand. J. Med. Chem., 2006, 49(8), 2640-2651.
Najajreh, Y.; Kasparkova, J.; Marini, V.; Gibson, D.; Brabec, V.
Structural characterization and DNA interactions of new cytotoxic
transplatin analogues containing one planar and one nonplanar
heterocyclic amine ligand. J. Biol. Inorg. Chem., 2005, 10(7), 722-
731.

Kukushkin, V.Y.; Oskarsson, A.; Elding, L.I.; Farrell, N.; Vicente,
J.; Chicote, M.T.; Kauffman, G.B.; Houghten, R.A.; Likins, R.E.;
Posson, P.L.; Ray, R.K. Transition metal complexes and
precursors. Inorg. Synt., 1998, 32, 141-228.

Lemma, K.; House, D.A.; Retta, N.; Elding, L.I. Kinetics and
mechanism for reduction of halo- and haloam(m)ine platinum(IV)
complexes by L-ascorbate. Inorg. Chim. Acta, 2002, 331, 98-108.
Deeth, R.J.; Elding, L.I. Theoretical modeling of water exchange
on Pd(H20)(4) (2+), Pt(H20)(4) (2+), and trans- PtCI2(H20)(2).
Inorg. Chem., 1996, 35(17), 5019-5026.

Kartalou, M.; Essigmann, J.M. Mechanisms of resistance to
cisplatin. Mutat. Res-Fund. Mol. M., 2001, 478(1-2), 23-43.
Kartalou, M.; Essigmann, J.M. Recognition of cisplatin adducts by
cellular proteins. Mutat. Res-Fund. Mol. M., 2001, 478(1-2), 1-21.
Chaney, S.G.; Campbell, S.L.; Temple, B.; Bassett, E.; Wu, Y.B.;
Faldu, M. Protein interactions with platinum-DNA adducts: from
structure to function. J. Inorg. Biochem., 2004, 98(10), 1551-1559.
Page, J.D.; Husain, I.; Sancar, A.; Chaney, S.G. Effect of the
diaminocyclohexane carrier ligand on platinum adduct formation,
repair, and lethality. Biochemistry, 1990, 29(4), 1016-1024.

Mani, S.; Graham, M.A.; Bregman, D.B.; Ivy, P.; Chaney, S.G.
Oxaliplatin: A review of evolving concepts. Cancer Invest., 2002,
20(2), 246-263.

Woynarowski, J.M.; Chapman, W.G.; Napier, C.; Herzig, M.C.S.;
Juniewicz, P. Sequence- and region-specificity of oxaliplatin
adducts in naked and cellular DNA. Mol. Pharmacol., 1998, 54(5),
770-7717.

Hall, M.D.; Failes, T.W.; Yamamoto, N.; Hambley, T.W.
Bioreductive activation and drug chaperoning in cobalt
pharmaceuticals. Dalton Trans., 2007, 36, 3983-3990.

Ware, D.C.; Palmer, B.D.; Wilson, W.R.; Denny, W.A. Hypoxia-
Selective Antitumor Agents .7. Metal-Complexes of Aliphatic
Mustards as a New Class of Hypoxia-Selective Cytotoxins -
Synthesis and Evaluation of Cobalt(liil) Complexes of Bidentate
Mustards. J. Med. Chem., 1993, 36(13), 1839-1846.

Carter, D.E.; Aposhian, H.V.; Gandolfi, A.J. The metabolism of
inorganic arsenic oxides, gallium arsenide, and arsine: a
toxicochemical review. Toxicol. Appl. Pharmacol., 2003, 193(3),
309-334.

Thomas, D.J. In Int. Works. Res. Risk Ass. Arsen.; Academic Press
Inc Elsevier Science: Shepherdstown, WV, 2006, pp 365-373.
Soignet, S.L.; Frankel, S.R.; Douer, D.; Tallman, M.S.; Kantarjian,
H.; Calleja, E.; Stone, R.M.; Kalaycio, M.; Scheinberg, D.A.;
Steinherz, P.; Sievers, E.L.; Coutre, S.; Dahlberg, S.; Ellison, R.;
Warrell, R.P. United States multicenter study of arsenic trioxide in
relapsed acute promyelocytic leukemia. J. Clin. Oncol., 2001,
19(18), 3852-3860.

Levina, A.; Mitra, A.; Lay, P.A. Recent developments in ruthenium
anticancer drugs. Metallomics, 2009, 1(6), 458-470.

Schmid, W.F.; John, R.O.; Muhlgassner, G.; Heffeter, P.; Jakupec,
M.A.; Galanski, M.; Berger, W.; Arion, V.B.; Keppler, B.K. Metal-
based paullones as putative CDK inhibitors for antitumor
chemotherapy. J. Med. Chem., 2007, 50(25), 6343-6355.

Urbano, A.M.; Rodrigues, C.F.D.; Alpoim, M.C. Hexavalent
chromium exposure, genomic instability and lung cancer. Gene
Ther. Mol. Biol., 2008, 12B, 219-238.

Behets, G.J.; Verberckmoes, S.C.; D'Haese, P.C.; De Broe, M.E.
Lanthanum carbonate: a new phosphate binder. Curr. Opin.
Nephrol. Hypertens., 2004, 13(4), 403-409.

Kusakabe, T.; Nakajima, K.; Suzuki, K.; Nakazato, K.; Takada, H.;
Satoh, T.; Oikawa, M.; Kobayashi, K.; Koyama, H.; Arakawa, K.;
Nagamine, T. The changes of heavy metal and metallothionein
distribution in testis induced by cadmium exposure. Biometals,
2008, 21(1), 71-81.

Bottrill, M.; Nicholas, L.K.; Long, N.J. Lanthanides in magnetic
resonance imaging. Chem. Soc. Rev., 2006, 35(6), 557-571.

Cutler, C.S.; Smith, C.J.; Ehrhardt, G.J.; Tyler, T.T.; Jurisson, S.S.;
Deutsch, E. Current and potential therapeutic uses of lanthanide
radioisotopes. Cancer Biother. Radiopharm., 2000, 15(6), 531-545.



316 Current Drug Metabolism, 2012, Vol. 13, No. 3

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

O'Connor, J.P.B.; Naish, J.H.; Parker, G.J.M.; Waterton, J.C.;
Watson, Y.; Jayson, G.C.; Buonaccorsi, G.A.; Cheung, S.;
Buckley, D.L.; McGrath, D.M.; West, C.M.L.; Davidson, S.E;
Roberts, C.; Mills, S.J.; Mitchell, C.L.; Hope, L.; Ton, C.; Jackson,
A. Preliminary Study of Oxygen-Enhanced Longitudinal
Relaxation in Mri: a Potential Novel Biomarker of Oxygenation
Changes in Solid Tumors. /nt. J. Radiat. Oncol. Biol. Phys., 2009,
75(4), 1209-1215.

Ma, Z.; Jacobsen, F.E.; Giedroc, D.P. Coordination Chemistry of
Bacterial Metal Transport and Sensing. Chem. Rev., 2009, 109(10),
4644-4681.

Sanchez, L.; Aranda, P.; Perez, M.D.; Calvo, M. Concentration of
Lactoferrin and Transferrin Throughout Lactation in Cows
Colostrum and Milk. Biol. Chem. Hoppe-Seyler, 1988, 369(9),
1005-1008.

Tsunoo, H.; Sussman, H.H. Characterization of Transferrin Binding
and Specificity of the Placental Transferrin Receptor. Arch.
Biochem. Biophys., 1983, 225(1), 42-54.

Anderson, G.J.; Vulpe, C.D. Mammalian iron transport. Cell. Mol.
Life Sci., 2009, 66(20), 3241-3261.

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

Ellis, C.D.; MacDiarmid, C.W.; Eide, D.J. Heteromeric protein
complexes mediate zinc transport into the secretory pathway of
eukaryotic cells. J. Biol. Chem., 2005, 280(31),28811-28818.
Gaither, L.A.; Eide, D.J. Eukaryotic zinc transporters and their
regulation. Biometals, 2001, 14(3-4),251-270.

Aller, S.G.; Eng, E.T.; De Feo, C.J.; Unger, V.M. Eukaryotic CTR
copper uptake transporters require two faces of the third
transmembrane domain for helix packing, oligomerization, and
function. J. Biol. Chem., 2004, 279(51), 53435-53441.

Kaplan, J.H.; Lutsenko, S. Copper Transport in Mammalian Cells:
Special Care for a Metal with Special Needs. J. Biol. Chem., 2009,
284(38), 25461-25465.

Terada, K.; Schilsky, M.L.; Miura, N.; Sugiyama, T. ATP7B
(WND) protein. Int J. Biochem. Cell Biol., 1998, 30(10), 1063-
1067.

Vidal, S.; Belouchi, A.M.; Cellier, M.; Beatty, B.; Gros, P. Cloning
and Characterization of a 2nd Human Nramp Gene on
Chromosome-12q13. Mamm. Genome, 1995, 6(4), 224-230.

Lage, H. ABC-transporters: implications on drug resistance from
microorganisms to human cancers. Int. J. Antimicrob. Agents,
2003, 22(3), 188-199.

Dean, M.; Hamon, Y.; Chimini, G. The human ATP-binding
cassette (ABC) transporter superfamily. J. Lipid Res., 2001, 42(7),
1007-1017.

Ballatori, N.; Krance, S.M.; Marchan, R.; Hammond, C.L. Plasma
membrane glutathione transporters and their roles in cell
physiology and pathophysiology. Mol. Asp. Med., 2009, 30(1-2),
13-28.

Leslie, E.M.; Deeley, R.G.; Cole, S.P.C. Toxicological relevance of
the multidrug resistance protein 1, MRP1 (ABCCl1) and related
transporters. Toxicology, 2001, 167(1), 3-23.

Niegowski, D.; Eshaghi, S. The CorA family: Structure and
function revisited. Cell. Mol. Life Sci., 2007, 64(19-20), 2564-2574.
Bridges, C.C.; Zalups, R.K. Molecular and ionic mimicry and the
transport of toxic metals. Toxicol. Appl. Pharmacol., 2005, 204(3),
274-308.

Jacobson, K.B.; Turner, J.E. The Interaction of Cadmium and
Certain Other Metal-Ions with Proteins and Nucleic-Acids.
Toxicology, 1980, 16(1), 1-37.

Au, C.; Benedetto, A.; Aschner, M. Manganese transport in
eukaryotes: The role of DMT1. Neurotoxicology, 2008, 29(4), 569-
576.

O'Halloran, T.V.; Culotta, V.C. Metallochaperones, an intracellular
shuttle service for metal ions. J. Biol. Chem., 2000, 275(33),
25057-25060.

Ba, L.A.; Doering, M.; Burkholz, T.; Jacob, C. Metal trafficking:
from maintaining the metal homeostasis to future drug design.
Metallomics, 2009, 1(4),292-311.

Jambor, A.; Molnar-Perl, I. Quantitation of amino acids in plasma
by high performance liquid chromatography: Simultaneous
deproteinization and derivatization with 9-fluorenylmethyloxy-
carbonyl chloride. J. Chromatogr. A, 2009, 1216(34), 6218-6223.

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Zitka et al.

Carratu, B.; Boniglia, C.; Agostoni, C.; Gamboni, A.; Mugnoli, S.;
Lammardo, A.; Sanzini, E.; Riva, E. Free aminoacid content in
human milk in the first three months of lactation. Riv. Ital. Pediatr.
Ital. J. Pediatr., 1998, 24(5), 1013-1016.

Agostoni, C.; Carratu, B.; Boniglia, C.; Riva, E.; Sanzini, E.
Comparative free amino acid profiles of human milk and some
infant formulas sold in Europe - Response. J. Am. Coll. Nutr.,
2001, 20(1), 92-93.

Watkins, D.; Ru, M.; Hwang, H.Y.; Kim, C.D.; Murray, A.; Philip,
N.S.; Kim, W.; Legakis, H.; Wai, T.; Hilton, J.F.; Ge, B.; Dore, C.;
Hosack, A.; Wilson, A.; Gravel, R.A.; Shane, B.; Hudson, T.J.;
Rosenblatt, D.S. Hyperhomocysteinemia due to methionine
synthase deficiency, cblG: Structure of the MTR gene, genotype
diversity, and recognition of a common mutation, P1173L. 4m. J.
Hum. Genet., 2002, 71(1), 143-153.

Giles, N.M.; Giles, G.1.; Jacob, C. Multiple roles of cysteine in
biocatalysis. Biochem. Biophys. Res. Commun., 2003, 300(1), 1-4.
Simmons-Willis, T.A.; Koh, A.S.; Clarkson, T.W.; Ballatori, N.
Transport of a neurotoxicant by molecular mimicry: the
methylmercury-L-cysteine complex is a substrate for human L-type
large neutral amino acid transporter (LAT) 1 and LAT2. Biochem.
J., 2002, 367(239-246.

Guo, Y.; Smith, K.; Petris, M.J. Cisplatin stabilizes a multimeric
complex of the human Ctrl copper transporter - Requirement for
the extracellular methionine-rich clusters. J. Biol. Chem., 2004,
279(45), 46393-46399.

Rees, EM.; Lee, J.; Thiele, D.J. Mobilization of intracellular
copper stores by the Ctr2 vacuolar copper transporter. J. Biol.
Chem., 2004, 279(52), 54221-54229.

Selhub, J. Homocysteine metabolism. Annu. Rev. Nutr., 1999,
19(217-246.

Treskes, M.; Holwerda, U.; Nijtmans, L.G.J.; Pinedo, HM.;
Vandervijgh, W.J.F. The Reversal of Cisplatin-Protein Interactions
by the Modulating Agent Wr2721 and Its Metabolites Wr1065 and
Wr33278. Cancer Chemother. Pharmacol., 1992, 29(6), 467-470.
Bierbach, U.; Farrell, N. Structural and reactivity studies on the
ternary system guanine/methionine/trans-[PtCI2(NH3)L] (L =
NH3, quinoline): implications for the mechanism of action of
nonclassical trans-platinum antitumor complexes. J. Biol. Inorg.
Chem., 1998, 3(6), 570-580.

Reedijk, J. Why does cisplatin reach guanine-N7 with competing
S-donor ligands available in the cell? Chem. Rev., 1999, 99(9),
2499-2510.

Beltran, M.; Onoa, G.B.; Pedroso, E.; Moreno, V.; Grandas, A.
Study of the interaction between a histidine-deoxyguanosine hybrid
and cisplatin. J. Biol. Inorg. Chem., 1999, 4(6), 701-707.

Hahn, M.; Kleine, M.; Sheldrick, W.S. Interaction of cisplatin with
methionine- and histidine-containing peptides: competition
between backbone binding, macrochelation and peptide cleavage.
J. Biol. Inorg. Chem., 2001, 6(5-6), 556-566.

Saudek, V.; Pivcova, H.; Noskova, D.; Drobnik, J. The Reaction of
Pt-Antitumor Drugs with Selected Nucleophiles .2. Preparation and
Characterization of Coordination-Compounds of Pt(Ili) and L-
Histidine. J. Inorg. Biochem., 1985, 23(1), 55-72.

Appleton, T.G.; Pesch, F.J.; Wienken, M.; Menzer, S.; Lippert, B.
Linkage Isomerism in Square-Planar Complexes of Platinum and
Palladium with Histidine and Derivatives. Inorg. Chem., 1992,
31(21),4410-4419.

Nair, P.S.; Robinson, W.E. Purification and characterization of a
histidine-rich glycoprotein that binds cadmium from the blood
plasma of the bivalve Mytilus edulis. Arch. Biochem. Biophys.,
1999, 366(1), 8-14.

Appleton, T.G.; Hall, J.R.; Neale, D.W.; Thompson, C.S.M.
Reactions of the Cis-Diamminediaquaplatinum(li) Cation with 2-
Aminomalonic Acid and Its Homologs, Aspartic and Glutamic
Acids - Rearrangements of Metastable Complexes with
Carboxylate-Bound Ligands to N,O-Chelates and Formation of
Dinuclear and Trinuclear Complexes. Inorg. Chem., 1990, 29(20),
3985-3990.

Miller, S.E.; House, D.A. The Hydrolysis Products of Cis-
Diamminedichloroplatinum(li) .5. the Anation Kinetics of Cis-
Pt(X)(Nh3)2(Oh2)+ (X = Cl, Oh) with Glycine, Monohydrogen
Malonate and Chloride. Inorg. Chim. Acta, 1991, 187(2), 125-132.
Kushev, D.; Gorneva, G.; Enchev, V.; Naydenova, E.; Popova, J.;
Taxirov, S.; Maneva, L.; Grancharov, K.; Spassovska, N.
Synthesis, cytotoxicity, antibacterial and antitumor activity of



From Amino Acids to Proteins as Targets for Metal-based Drugs

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

platinum(Il) complexes of 3-aminocyclohexanespiro-5-hydantoin.
J. Inorg. Biochem., 2002, 89(3-4),203-211.

Zimmermann, T.; Zeizinger, M.; Burda, J.V. Cisplatin interaction
with cysteine and methionine, a theoretical DFT study. J. Inorg.
Biochem., 2005, 99(11), 2184-2196.

Sovago, I.; Osz, K. Metal ion selectivity of oligopeptides. Dalton
Trans., 2006 (32), 3841-3854.

Kozlowski, H.; Kowalik-Jankowska, T.; Jezowska-Bojczuk, M.
Chemical and biological aspects of Cu2+ interactions with peptides
and aminoglycosides. Coord. Chem. Rev., 2005, 249(21-22), 2323-
2334.

Kozlowski, H.; Bal, W.; Dyba, M.; Kowalik-Jankowska, T.
Specific structure-stability relations in metallopeptides. Coord.
Chem. Rev., 1999, 184, 319-346.

Kallay, C.; Turi, I.; Timari, S.; Nagy, Z.; Sanna, D.; Pappalardo,
G.; de Bona, P.; Rizzarelli, E.; Imre, S. The effect of point
mutations on copper(Il) complexes with peptide fragments
encompassing the 106-114 region of human prion protein. Mon.
Chem., 2011, 142(4),411-419.

Matera-Witkiewicz, A.; Brasun, J.; Cebrat, M. Interactions between
Ni2+ ions and tetrapeptides containing (Asp/Lys)HisGly(L/D)His
sequence. Polyhedron, 2010, 29(16), 3052-3058.

Murariu, M.; Popa, K.; Dragan, E.S.; Drochioiu, G. Synthetic
cysteine-peptide and its relation with heavy and radioactive metals.
Rev. Roum. Chim., 2009, 54(9), 741-747.

Berezovskaya, Y.; Armstrong, C.T.; Boyle, A.L.; Porrini, M.;
Woolfson, D.N.; Barran, P.E. Metal binding to a zinc-finger
peptide: a comparison between solution and the gas phase. Chem.
Commun., 2011, 47(1), 412-414.

Hultberg, B.; Andersson, A.; Isaksson, A. Interaction of metals and
thiols in cell damage and glutathione distribution: potentiation of
mercury toxicity by dithiothreitol. Toxicol, 2001, 156(2-3), 93-
100.

Delalande, O.; Desvaux, H.; Godat, E.; Valleix, A.; Junot, C.;
Labarre, J.; Boulard, Y. Cadmium - glutathione solution structures
provide new insights into heavy metal detoxification. FEBS J.,
2010, 277(24), 5086-5096.

Hayes, J.D.; Pulford, D.J. The glutathione S-Transferase supergene
family: Regulation of GST and the contribution of the isoenzymes
to cancer chemoprotection and drug resistance. Crit. Rev. Biochem.
Mol. Biol., 1995, 30(6), 445-600.

Sen, C.K.; Packer, L. Antioxidant and redox regulation of gene
transcription. Faseb J., 1996, 10(7), 709-720.

Schafer, F.Q.; Buettner, G.R. Redox environment of the cell as
viewed through the redox state of the glutathione disulfide/
glutathione couple. Free Radic. Biol. Med., 2001, 30(11), 1191-
1212.

Noctor, G.; Foyer, C.H. Ascorbate and glutathione: Keeping active
oxygen under control. Annu. Rev. Plant Physiol. Plant Mol. Biol.,
1998, 49(249-279.

Krezel, A.; Bal, W. Studies of zinc(II) and nickel(IT) complexes of
GSH, GSSG and their analogs shed more light on their biological
relevance. Bioinorg. Chem. Appl., 2004, 2(3-4), 293-305.

Ferretti, L.; Elviri, L.; Pellinghelli, M.A.; Predieri, G.; Tegoni, M.
Glutathione and N-acetylcysteinylglycine: Protonation and Zn2+
complexation. J. Inorg. Biochem., 2007, 101(10), 1442-1456.
Krezel, A.; Wojcik, J.; Maciejczyk, M.; Bal, W. May GSH and L-
His contribute to intracellular binding of zinc? Thermodynamic and
solution structural study of a ternary complex. Chem. Commun.,
2003, (6), 704-705.

Krezel, A.; Szczepanik, W.; Sokolowska, M.; Jezowska-Bojczuk,
M.; Bal, W. Correlations between complexation modes and redox
activities of Ni(Il)-GSH complexes. Chem. Res. Toxicol., 2003,
16(7), 855-864.

Joshi, S.; Husain, M.M.; Chandra, R.; Hasan, S.K.; Srivastava, R.C.
Hydroxyl radical formation resulting from the interaction of nickel
complexes of L-histidine, glutathione or L-cysteine and hydrogen
peroxide. Hum. Exp. Toxicol., 2005, 24(1), 13-17.

Burford, N.; Eelman, M.D.; Groom, K. Identification of complexes
containing glutathione with As(III), Sb(Ill), Cd(Il), Hg(Il), TI(I),
Pb(Il) or Bi(IIl) by electrospray ionization mass spectrometry. J.
Inorg. Biochem., 2005, 99(10), 1992-1997.

Fuhr, B.J.; Rabenste.Dl Nuclear magnetic-resonance studies of
solution chemistry of metal-complexes .9. binding of cadmium,
zinc, lead, and mercury by glutathione. J. Am. Chem. Soc., 1973,
95(21), 6944-6950.

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]
[140]

[141]

Current Drug Metabolism, 2012, Vol. 13, No. 3 317

Khan, H.; Jan, S.U.; Hashmatullah; Khan, M.F.; Khan, K.A_;
Rehman, A.U.; Wahab, A. Effect of lithium metal on the chemical
status of glutathione (gsh) present in whole blood (especially in
plasma and cytosolic fraction in human blood). Pak. J. Pharm. Sci.,
2010, 23(2), 188-193.

Ishikawa, T.; Aliosman, F. Glutathione-Associated Cis-
Diamminedichloroplatinum(li) Metabolism and Atp-Dependent
Efflux from Leukemia-Cells - Molecular Characterization of
Glutathione-Platinum Complex and Its Biological Significance. J.
Biol. Chem., 1993, 268(27),20116-20125.

Kasherman, Y.; Sturup, S.; Gibson, D. Is Glutathione the Major
Cellular Target of Cisplatin? A Study of the Interactions of
Cisplatin with Cancer Cell Extracts. J. Med. Chem., 2009, 52(14),
4319-4328.

Xu, Y.Y.; Jiang, N.; Yu, H.M. Effect of glutathione combined with
cisplatin and oxaliplatin on the proliferation and apoptosis of lung
carcinoma cell line. Toxicol. Mech. Methods, 2010, 20(8), 487-492.
Zitka, O.; Huska, D.; Krizkova, S.; Adam, V.; Chavis, G.J;
Trnkova, L.; Horna, A.; Hubalek, J.; Kizek, R. An investigation of
glutathione-platinum(II) interactions by means of the flow injection
analysis using glassy carbon electrode. Sensors, 2007, 7(7), 1256-
1270.

Kirin, S.I.; Ott, I.; Gust, R.; Mier, W.; Weyhermuller, T.; Metzler-
Nolte, N. Cellular uptake quantification of metalated peptide and
peptide nucleic acid bioconjugates by atomic absorption
spectroscopy. Angew. Chem. Int. Edit., 2008, 47(5), 955-959.

Pei, K.L.; Sooriyaarachchi, M.; Sherrell, D.A.; George, G.N.;
Gailer, J. Probing the coordination behavior of Hg2+, CH3Hg+,
and Cd2+ towards mixtures of two biological thiols by HPLC-ICP-
AES. J. Inorg. Biochem., 2011, 105(3), 375-381.

Krezel, A.; Wojcik, J.; Maciejczyk, M.; Bal, W. Zn(IT) Complexes
of Glutathione Disulfide: Structural Basis of Elevated Stabilities.
Inorg. Chem., 2011, 50(1), 72-85.

Al-Maythalony, B.A.; Wazeer, M.LM.; Isab, A.A. H-1, C-13 NMR
and UV spectroscopy studies of gold(Ill)-tetracyanide complex
with L-cysteine, glutathione, captopril, L-methionine and DL-
seleno-methionine in aqueous solution. /norg. Chim. Acta, 2010,
363(13),3244-3253.

Chaga, G.S. Twenty-five years of immobilized metal ion affinity
chromatography: past, present and future. J. Biochem. Biophys.
Methods, 2001, 49(1-3), 313-334.

Gutierrez, R.; del Valle, EM.M.; Galan, M.A. Immobilized metal-
ion affinity chromatography: Status and trends. Sep. Purif. Rev.,
2007, 36(1), 71-111.

Zatloukalova, E. Immobilized Metal Ion Affinity Chromatography
and its Application. Chem. Listy, 2004, 98(5), 254-259.

Bi, X.Y.; Agarwal, A.; Yang, K.L. Oligopeptide-modified silicon
nanowire arrays as multichannel metal ion sensors. Biosens.
Bioelectron., 2009, 24(11), 3248-3251.

Joshi, B.P.; Park, J.; Lee, W.I.; Lee, K.H. Ratiometric and turn-on
monitoring for heavy and transition metal ions in aqueous solution
with a fluorescent peptide sensor. Talanta, 2009, 78(3), 903-909.
Wang, CK.; Wang, J.E.; Liu, D.J.; Wang, Z.X. Gold nanoparticle-
based colorimetric sensor for studying the interactions of beta-
amyloid peptide with metallic ions. Talanta, 2010, 80(5), 1626-
1631.

Wang, F.D.; Kim, B.E.; Petris, M.J.; Eide, D.J. The mammalian
Zip5 protein is a zinc transporter that localizes to the basolateral
surface of polarized cells. J. Biol. Chem., 2004, 279(49), 51433-
51441.

Gutteridge, J.M.C.; Richmond, R.; Halliwell, B. Oxygen Free-
Radicals and Lipid-Peroxidation - Inhibition by the Protein
Ceruloplasmin. FEBS Lett., 1980, 112(2),269-272.

Moriya, M.; Ho, Y .H.; Grana, A.; Nguyen, L.; Alvarez, A.; Jamil,
R.; Ackland, M.L.; Michalczyk, A.; Hamer, P.; Ramos, D.; Kim,
S.; Mercer, J.F.B.; Linder, M.C. Copper is taken up efficiently from
albumin and alpha(2)-macroglobulin by cultured human cells by
more than one mechanism. Am. J. Physiol. Cell Physiol., 2008,
295(3), C708-C721.

Sanchez, L.; Calvo, M.; Brock, J.H. Biological Role of Lactoferrin.
Arch. Dis. Child., 1992, 67(5), 657-661.

Bernal, V.; Jelen, P. Thermal-Stability of Whey Proteins - a
Calorimetric Study. J. Dairy Sci., 1985, 68(11), 2847-2852.
Ghoshal, K.; Jacob, S.T. Regulation of metallothionein gene
expression. Prog. Nucleic Acid Res. Mol. Biol., 2001, 66(357-384.



318 Current Drug Metabolism, 2012, Vol. 13, No. 3

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

Gunes, C.; Heuchel, R.; Georgiev, O.; Muller, K.H.; Lichtlen, P.;
Bluthmann, H.; Marino, S.; Aguzzi, A.; Schaffner, W. Embryonic
lethality and liver degeneration in mice lacking the metal-
responsive transcriptional activator MTE-1. Embo J., 1998, 17(10),
2846-2854.

Klassen, R.B.; Crenshaw, K.; Kozyraki, R.; Verroust, P.J.; Tio, L.;
Atrian, S.; Allen, P.L.; Hammond, T.G. Megalin mediates renal
uptake of heavy metal metallothionein complexes. Am. J. Physiol.
Renal Physiol., 2004, 287(3), F393-F403.

Culotta, V.C.; Hamer, D.H. Fine Mapping of a Mouse Metallo-
thionein Gene Metal Response Element. Mol. Cell. Biol., 1989,
9(3), 1376-1380.

Searle, P.F.; Stuart, G.W.; Palmiter, R.D. Building a Metal-
Responsive Promoter with Synthetic Regulatory Elements. Mol.
Cell. Biol., 1985, 5(6), 1480-1489.

Valko, M.; Morris, H.; Cronin, M.T.D. Metals, toxicity and
oxidative stress. Curr. Med. Chem., 2005, 12(10), 1161-1208.
Harrison, P.M.; Arosio, P. Ferritins: Molecular properties, iron
storage function and cellular regulation. Biochim. Biophys. Acta
Bioenerg., 1996, 1275(3), 161-203.

Kozlenkov, A.; Manes, T.; Hoylaerts, M.F.; Millan, J.L. Function
assignment to conserved residues in mammalian alkaline
phosphatases. J. Biol. Chem., 2002, 277(25), 22992-22999.
Barondeau, D.P.; Kassman, C.J.; Bruns, CXK.; Tainer, J.A.;
Getzoff, E.D. Nickel superoxide dismutase structure and
mechanism. Protein Sci., 2004, 13(431).

Muller, F.L.; Lustgarten, M.S.; Jang, Y.; Richardson, A.; Van
Remmen, H. Trends in oxidative aging theories. Free Radic. Biol.
Med., 2007, 43(4), 477-503.

Puente, X.S.; Sanchez, L.M.; Overall, C.M.; Lopez-Otin, C.
Human and mouse proteases: A comparative genomic approach.
Nat. Rev. Genet., 2003, 4(7), 544-558.

Dhanaraj, V.; Ye, Q.Z.; Johnson, L.L.; Hupe, D.J.; Ortwine, D.F.;
Dubar, J.B.; Rubin, J.R.; Pavlovsky, A.; Humblet, C.; Blundell,
T.L. X-ray structure of a hydroxamate inhibitor complex of
stromelysin catalytic domain and its comparison with members of
the zinc metalloproteinase superfamily. Structure, 1996, 4(4), 375-
386.

Konigsberg, W.; Hill, R.J. Structure of Human Hemoglobin .3.
Sequence of Amino Acids in Tryptic Peptides of Alpha Chain. J.
Biol. Chem., 1962, 237(8), 2547-2561.
Giljohann, D.A.; Mirkin, C.A. Drivers
development. Nature, 2009, 462(7272), 461-464.
Mirkin, C.A.; Letsinger, R.L.; Mucic, R.C.; Storhoff, J.J. A DNA-
based method for rationally assembling nanoparticles into
macroscopic materials. Nature, 1996, 382(6592), 607-609.

Mirkin, C.A.; Taton, T.A. Materials chemistry - Semiconductors
meet biology. Nature, 2000, 405(6787), 626-627.

Rosi, N.L.; Giljohann, D.A.; Thaxton, C.S.; Lytton-Jean, A.K.R.;
Han, M.S.; Mirkin, C.A. Oligonucleotide-modified gold
nanoparticles for intracellular gene regulation. Science, 2006,
312(5776), 1027-1030.

Marchal, F.; Pic, E.; Pons, T.; Dubertret, B.; Bolotine, L.;
Guillemin, F. Quantum dots in oncological surgery: the future for
surgical margin status? Bull Cancer, 2008, 95(12), 1149-1153.
Zheng, G.F.; Patolsky, F.; Cui, Y.; Wang, W.U.; Lieber, C.M.
Multiplexed electrical detection of cancer markers with nanowire
sensor arrays. Nat. Biotechnol., 2005, 23(10), 1294-1301.

Huska, D.; Hubalek, J.; Adam, V.; Kizek, R. Miniaturized
electrochemical detector as a tool for detection of DNA amplified
by PCR. Electrophoresis, 2008, 29(24), 4964-4971.

Huska, D.; Hubalek, J.; Adam, V.; Vajtr, D.; Horna, A.; Trnkova,
L.; Havel, L.; Kizek, R. Automated nucleic acids isolation using
paramagnetic  microparticles coupled with electrochemical
detection. Talanta, 2009, 79(2), 402-411.

Adam, V.; Petrlova, J.; Wang, J.; Eckschlager, T.; Trnkova, L.;
Kizek, R. Zeptomole electrochemical detection of metallothioneins.
PLoS One, 2010, 5(7), e11441.

Sahoo, S.K.; Parveen, S.; Panda, J.J. The present and future of
nanotechnology in human health care. Nanomed. Nanotechnol.
Biol. Med., 2007, 3(1),20-31.

Patra, C.R.; Bhattacharya, R.; Mukhopadhyay, D.; Mukherjee, P.
Fabrication of gold nanoparticles for targeted therapy in pancreatic
cancer. Adv. Drug Deliv. Rev., 2010, 62(3), 346-361.

of biodiagnostic

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

Zitka et al.

Gu, F.X.; Karnik, R.; Wang, A.Z.; Alexis, F.; Levy-Nissenbaum,
E.; Hong, S.; Langer, R.S.; Farokhzad, O.C. Targeted nanoparticles
for cancer therapy. Nano Today, 2007, 2(3), 14-21.

Chomoucka, J.; Drbohlavova, J.; Huska, D.; Adam, V.; Kizek, R.;
Hubalek, J. Magnetic nanoparticles and targeted drug delivering.
Pharmacol. Res., 2010, 62(2), 144-149.

Wang, J.Q.; Sui, M.H.; Fan, W.M. Nanoparticles for Tumor
Targeted Therapies and Their Pharmacokinetics. Curr. Drug
Metab., 2010, 11(2), 129-141.

Adiseshaiah, P.P.; Hall, J.B.; McNeil, S.E. Nanomaterial standards
for efficacy and toxicity assessment. Wiley Interdiscip. Rev.
Nanomed. Nanobiotechnol., 2010, 2(1), 99-112.

Ferrari, M. Cancer nanotechnology: Opportunities and challenges.
Nat. Rev. Cancer, 2005, 5(3), 161-171.

Juillerat-Jeanneret, L. The targeted delivery of cancer drugs across
the blood-brain barrier: chemical modifications of drugs or drug-
nanoparticles? Drug Discov. Today, 2008, 13(23-24), 1099-1106.
Cho, K.J.; Wang, X.; Nie, S.M.; Chen, Z.; Shin, D.M. Therapeutic
nanoparticles for drug delivery in cancer. Clin. Cancer Res., 2008,
14(5), 1310-1316.

Mishra, B.; Patel, B.B.; Tiwari, S. Colloidal nanocarriers: a review
on formulation technology, types and applications toward targeted
drug delivery. Nanomed. Nanotechnol. Biol. Med., 2010, 6(1), 9-
24.

Peer, D.; Karp, J.M.; Hong, S.; FaroKhzad, O.C.; Margalit, R.;
Langer, R. Nanocarriers as an emerging platform for cancer
therapy. Nat. Nanotechnol., 2007, 2(12), 751-760.

Haley, B.; Frenkel, E. Nanoparticles for drug delivery in cancer
treatment. Urol. Oncol. Semin. Orig. Investig., 2008, 26(1), 57-64.
Puri, A.; Loomis, K.; Smith, B.; Lee, J.H.; Yavlovich, A,
Heldman, E.; Blumenthal, R. Lipid-Based Nanoparticles as
Pharmaceutical Drug Carriers: From Concepts to Clinic. Crit. Rev.
Ther. Drug Carr. Syst., 2009, 26(6), 523-580.

Garrido, C.; Aliaga, A.E.; Gomez-Jeria, J.S.; Clavijo, R.E;
Campos-Vallette, M.M.; Sanchez-Cortes, S. Adsorption of
oligopeptides on silver nanoparticles: surface-enhanced Raman
scattering and theoretical studies. J. Raman Spectrosc., 2010,
41(10), 1149-1155.

Graf, P.; Mantion, A.; Foelske, A.; Shkilnyy, A.; Masic, A.; Thune-
mann, A.E.; Taubert, A. Peptide-Coated Silver Nanoparticles:
Synthesis, Surface Chemistry, and pH-Triggered, Reversible
Assembly into Particle Assemblies. Chem. Eur. J., 2009, 15(23),
5831-5844.

Cheng, W.; Chen, Y.L.; Yan, F.; Ding, L.; Ding, S.J.; Ju, HX;
Yin, Y.B. Ultrasensitive scanometric strategy for detection of
matrix metalloproteinases using a histidine tagged peptide-Au
nanoparticle probe. Chem. Commun., 2011, 47(10), 2877-2879.
Slocik, J.M.; Zabinski, J.S.; Phillips, D.M.; Naik, R.R. Colorimetric
response of peptide-functionalized gold nanoparticles to metal ions.
Small, 2008, 4(5), 548-551.

Yadav, S.C.; Kumari, A.; Yadav, R. Development of peptide and
protein nanotherapeutics by nanoencapsulation and nanobiocon-
jugation. Peptides, 2011, 32(1), 173-187.

Bolhassani, A.; Safaiyan, S.; Rafati, S. Improvement of different
vaccine delivery systems for cancer therapy. Mol. Cancer, 2011,
10(3), 1476-4598.

Obonyo, O.; Fisher, E.; Edwards, M.; Douroumis, D. Quantum dots
synthesis and biological applications as imaging and drug delivery
systems. Crit. Rev. Biotechnol., 2010, 30(4), 283-301.

Jain, K.K. Advances in the field of nanooncology. BMC Med.,
2010, 8(83), 1741-7015.

Murray, C.B.; Kagan, C.R.; Bawendi, M.G. Synthesis and
characterization of monodisperse nanocrystals and close-packed
nanocrystal assemblies. Annu. Rev. Mater. Sci., 2000, 30, 545-610.
Singh, A.; Sharma, P.; Brown, S.; Moudgil, B. Luminescent and
Magnetic Nanoparticulates as Biomarkers. KONA Powder Part. J.,
2010, (28), 20-37.

Jain, K.K. The Role of Nanobiotechnology in the Development of
Personalized Medicine. Med. Princ. Pract., 2011, 20(1), 1-3.
Wang, Y.Z.; Yu, L.; Han, L.M.; Sha, X.Y.; Fang, X.L. Difunctional
Pluronic copolymer micelles for paclitaxel delivery: Synergistic
effect of folate-mediated targeting and Pluronic-mediated
overcoming multidrug resistance in tumor cell lines. Int. J. Pharm.,
2007, 337(1-2), 63-73.



From Amino Acids to Proteins as Targets for Metal-based Drugs

[188]

[189]
[190]

[191]

[192]
[193]
[194]

[195]

[196]

[197]

[198]

[199]
[200]
[201]
[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]
[211]
[212]

[213]

[214]
[215]
[216]

[217]

[218]

Nelson, D.L.; Kennedy, E.P. Transport of magnesium by a
repressible and a nonrepressible system in Escherichia coli. Proc.
Natl. Acad. Sci. U. S. 4., 1972, 69(5), 1091-1093.

Ratte, H.T. Bioaccumulation and toxicity of silver compounds: A
review. Environ. Toxicol. Chem., 1999, 18(1), 89-108.

Lansdown, A.B.G. Critical observations on the neurotoxicity of
silver. Crit. Rev. Toxicol., 2007, 37(3), 237-250.

Panyala, N.R.; Pena-Mendez, E.M.; Havel, J. Silver or silver
nanoparticles: a hazardous threat to the environment and human
health? J. Appl. Biomed., 2008, 6(3), 117-129.

Ratnaike, R.N. Acute and chronic arsenic toxicity. Postgrad. Med.
J., 2003, 79(933), 391-396.

Mandal, B.K.; Suzuki, K.T. Arsenic round the world: a review.
Talanta, 2002, 58(1),201-235.

Preuss, O.; Oster, H. The modern view of beryllium toxicity.
Arbeitsmed. Sozialmed. Praventivmed., 1980, 15(11),270-275.
Marchand-Adam, S.; Guillon, F.; Brauner, M.; Valeyre, D. Chronic
beryllium disease: A model of interaction between environmental
exposure and genetic predisposition. Pathogenesis and clinical
features (Part 2). Rev. Mal. Respir., 2005, 22(2),271-287.

Mederos, A.; Dominguez, S.; Chinea, E.; Brito, F.; Cecconi, F.
Review: new advances in the coordination chemistry of the
beryllium(Il). J. Coord. Chem., 2001, 53(3), 191-222.

Strupp, C. Beryllium Metal II. A Review of the Available Toxicity
Data. Ann. Occup. Hyg., 2011, 55(1), 43-56.

Slikkerveer, A.; Dewolff, F.A. Pharmacokinetics and toxicity of
bismuth compounds. Med. Toxicol. Adver. Drug Exp., 1989, 4(5),
303-323.

Winship, K.A. Toxicity of bismuth salts. Adverse Drug React.
Toxicol. Rev., 1983, 2(2), 103-121.

Bradley, B.; Singleton, M.; Po, A.L.W. Bismuth toxicity - A
reassessment. J. Clin. Pharm. Ther., 1989, 14(6), 423-441.

Stohs, S.J.; Bagchi, D. Oxidative mechanisms in the toxicity of
metal-ions. Free Radic. Biol. Med., 1995, 18(2),321-336.
Domingo, J.L. Metal-induced developmental toxicity in mammals -
areview. J. Toxicol. Environ. Health, 1994, 42(2), 123-141.
Neathery, M.W.; Miller, W.J. Metabolism and toxicity of
cadmium, mercury, and lead in animals - review. J. Dairy Sci.,
1975, 58(12), 1767-1781.

Lazarus, M. Cadmium and selenium interaction in mammals. 4Arh.
Hig. Rada. Toksikol., 2010, 61(3), 357-369.

Matovic, V.; Buha, A.; Bulat, Z.; Dukic-Cosic, D. Cadmium
toxicity revisited: Focus on oxidative stress induction and
interactions with zinc and magnesium. Arh. Hig. Rada. Toksikol.,
2011, 62(1), 65-76.

Barceloux, D.G. Cobalt. J. Toxicol. Clin. Toxicol., 1999, 37(2),
201-216.

Lison, D. Human toxicity of cobalt-containing dust and
experimental studies on the mechanism of interstitial lung disease
(hard metal disease). Crit. Rev. Toxicol., 1996, 26(6), 585-616.
Sunderman, F.W. Review: Nasal toxicity, carcinogenicity, and
olfactory uptake of metals. Ann. Clin. Lab. Sci., 2001, 31(1), 3-24.
Cohen, M.D.; Kargacin, B.; Klein, C.B.; Costa, M. Mechanisms of
chromium carcinogenicity and toxicity. Crit. Rev. Toxicol., 1993,
23(3), 255-281.

Costa, M. Toxicity and carcinogenicity of Cr(VI) in animal models
and humans. Crit. Rev. Toxicol., 1997, 27(5), 431-442.

Costa, M.; Klein, C.B. Toxicity and carcinogenicity of chromium
compounds in humans. Crit. Rev. Toxicol., 2006, 36(2), 155-163.
Gaetke, L.M.; Chow, C.K. Copper toxicity, oxidative stress, and
antioxidant nutrients. Toxicology, 2003, 189(1-2), 147-163.
Flemming, C.A.; Trevors, J.T. Copper toxicity and chemistry in the
environment - a review. Water Air Soil Pollut., 1989, 44(1-2), 143-
158.

Linder, M.C.; HazeghAzam, M. Copper biochemistry and
molecular biology. Am. J. Clin. Nutr., 1996, 63(5), S797-S811.
Theophanides, T.; Anastassopoulou, J. Copper and carcinogenesis.
Crit. Rev. Oncol. Hematol., 2002, 42(1), 57-64.

Papanikolaou, G.; Pantopoulos, K. Iron metabolism and toxicity.
Toxicol. Appl. Pharmacol., 2005, 202(2), 199-211.

Emerit, J.; Beaumont, C.; Trivin, F. Iron metabolism, free radicals,
and oxidative injury. Biomed. Pharmacother., 2001, 55(6), 333-
339.

Porter, J.B. Practical management of iron overload. Br. J.
Haematol., 2001, 115(2), 239-252.

[219]

[220]

[221]
[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]
[231]

[232]

[233]

[234]
[235]
[236]
[237]

[238]

[239]
[240]

[241]

[242]

[243]

[244]
[245]
[246]

[247]

[248]

Current Drug Metabolism, 2012, Vol. 13, No. 3 319

Fubini, B.; Arean, C.O. Chemical aspects of the toxicity of inhaled
mineral dusts. Chem. Soc. Rev., 1999, 28(6), 373-381.

Koos, B.J.; Longo, L.D. Mercury toxicity in pregnant woman,
fetus, and newborn-infant - review. Am. J. Obstet. Gynecol., 1976,
126(3), 390-409.

Langford, N.J.; Ferner, R.E. Toxicity of mercury. J. Hum.
Hypertens., 1999, 13(10), 651-656.

Magos, L.; Clarkson, T.W. Overview of the clinical toxicity of
mercury. Ann. Clin. Biochem., 2006, 43, 257-268.

Zahir, F.; Rizwi, S.J.; Haq, S.K.; Khan, R.H. Low dose mercury
toxicity and human health. Environ. Toxicol. Pharmacol., 2005,
20(2), 351-360.

Crossgrove, J.; Zheng, W. Manganese toxicity upon overexposure.
NMR Biomed., 2004, 17(8), 544-553.

Butterworth, R.F.; Spahr, L.; Fontaine, S.; Layrargues, G.P.
Manganese toxicity, dopaminergic dysfunction and hepatic
encephalopathy. Metab. Brain Dis., 1995, 10(4), 259-267.

Gerber, G.B.; Leonard, A.; Hantson, P. Carcinogenicity, muta-
genicity and teratogenicity of manganese compounds. Crit. Rev.
Oncol. Hematol., 2002, 42(1), 25-34.

Erikson, K.M.; Thompson, K.; Aschner, J.; Aschner, M.
Manganese neurotoxicity: A focus on the neonate. Pharmacol.
Ther., 2007, 113(2), 369-377.

Keen, C.L.; Ensunsa, J.L.; Clegg, M.S. In Metal lons in Biological
Systems, Marcel Dekker: New York, 2000; Vol. 37, pp 89-121.
Coogan, T.P.; Latta, D.M.; Snow, E.T.; Costa, M. Toxicity and
carcinogenicity of nickel compounds. Crec. Crit. Rev. Toxicol.,
1989, 19(4), 341-384.

Denkhaus, E.; Salnikow, K. Nickel essentiality, toxicity, and
carcinogenicity. Crit. Rev. Oncol. Hematol., 2002, 42(1), 35-56.
Barceloux, D.G. Nickel. J. Toxicol. Clin. Toxicol., 1999, 37(2),
239-258.

Hirano, S.; Suzuki, K.T. Exposure, metabolism, and toxicity of rare
earths and related compounds. Environ. Health Perspect., 1996,
104, 85-95.

Patrick, L. 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., 2006, 11(2), 114-127.

Sundar, S.; Chakravarty, J. Antimony Toxicity. Int. J. Environ. Res.
Public Health, 2010, 7(12), 4267-4277.

Gebel, T. Arsenic and antimony: comparative approach on mecha-
nistic toxicology. Chem. Biol. Interact., 1997, 107(3), 131-144.
Winship, K.A. Toxicity of antimony and its compounds. Adverse
Drug React. Toxicol. Rev., 1987, 6(2), 67-90.

Winship, K.A. Toxicity of tin and its compounds. Adverse Drug
React. Toxicol. Rev., 1988, 7(1), 19-38.

Trabucco, A.; Di Pietro, P.; Nori, S.L.; Fulceri, F.; Fumagalli, L.;
Paparelli, A.; Fornai, F. Methylated tin toxicity a reappraisal using
rodents models. Arch. Ital. Biol., 2009, 147(4), 141-153.

Peter, A.L.J.; Viraraghavan, T. Thallium: a review of public health
and environmental concerns. Environ. Int., 2005, 31(4), 493-501.
Cvjetko, P.; Cvjetko, 1.; Pavlica, M. Thallium toxicity in humans.
Arh. Hig. Rada. Toksikol., 2010, 61(1), 111-119.

Ibrahim, D.; Froberg, B.; Wolf, A.; Rusyniak, D.E. Heavy metal
poisoning: Clinical presentations and pathophysiology. Clin. Lab.
Med., 2006, 26(1), 67-97.

Galvan-Arzate, S.; Santamaria, A. Thallium toxicity. Toxicol. Lett.,
1998, 99(1), 1-13.

Leonard, A.; Gerber, G.B. Mutagenicity, carcinogenicity and
teratogenicity of thallium compounds. Mutat. Res.-Rev. Mutat.
Res., 1997, 387(1), 47-53.

Mulkey, J.P.; Ochme, F.W. A review of thallium toxicity. Vet.
Human Toxicol., 1993, 35(5), 445-453.

Barceloux, D.G. Vanadium. J. Toxicol. Clin. Toxicol., 1999, 37(2),
265-278.

Domingo, J.L. Vanadium: A review of the reproductive and
developmental toxicity. Reprod. Toxicol., 1996, 10(3), 175-182.
Assem, F.L.; Levy, L.S. A review of current toxicological concerns
on vanadium pentoxide and other vanadium compounds: gaps in
knowledge and directions for future research. J. Toxicol. Env.
Health B Crit. Rev., 2009, 12(4), 289-306.

Maret, W.; Sandstead, H.H. Zinc requirements and the risks and
benefits of zinc supplementation. J. Trace Elem. Med. Biol., 2006,
20(1), 3-18.



320 Current Drug Metabolism, 2012, Vol. 13, No. 3

[249] Cai, L.; Li, X.K.; Song, Y.; Cherian, M.G. Essentiality, toxicology [251]
and chelation therapy of zinc and copper. Curr. Med. Chem., 2005,
12(23),2753-2763.

[250] Roberts, E.A. Zinc Toxicity: From "No, Never" to "Hardly Ever". [252]
Gastroenterol., 2011, 140(4), 1132-1135.

Received: July 14,2011 Revised: August 3,2011 Accepted: August 4,2011

Zitka et al.

Abdelmageed, A.B.; Ochme, F. A review of the biochemical roles,
toxicity and interactions of zinc, copper and iron .3. iron. Vet.
Human Toxicol., 1990, 32(4), 324-328.

Rout, G.R.; Das, P. Effect of metal toxicity on plant growth and
metabolism: L. Zinc. Agronomie, 2003, 23(1), 3-11.



