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Abstract: Several chemical elements are required by living organisms in addition to the four elements carbon, hydrogen,
nitrogen and oxygen usually present in common organic molecules. Many metals (e.g. sodium, potassium, magnesium,
calcium, iron, zinc, copper, manganese, chromium, molybdenum and selenium) are known to be required for normal
biological functions in humans. Disorders of metal homeostasis and of metal bioavailability, or toxicity caused by metal
excess, are responsible for a large number of human diseases. Metals are also extensively used in medicine as therapeutic
and/or diagnostic agents. In the past 5000 years, metals such as arsenic, gold and iron have been used to treat a variety of
human diseases. Nowadays, an ever-increasing number of metal-based drugs is available. These contain a broad spectrum
of metals, many of which are not among those essential for humans, able to target proteins and/or DNA. This mini-review
describes metal-containing compounds targeting DNA or proteins currently in use, or designed to be used, as therapeutics
against cancer, arthritis, parasitic and other diseases, with a special focus on the available information, often provided by
X-ray studies, about their mechanism of action at a molecular level. In addition, an overview of metal complexes used for

diagnosing diseases is presented.
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INTRODUCTION

Four elements, i.e., hydrogen, oxygen, carbon and
nitrogen, account for 99% of the total human body weight;
however, we require as many as 25 elements in total [1, 2].
The list of essential elements for human life comprises many
metals, including iron, zinc, copper, manganese, sodium,
potassium, calcium and magnesium, and also metals
formerly thought of only as poisons, such as selenium,
molybdenum, nickel, silicon, vanadium and, possibly,
arsenic [3]. Different metals have different physical-
chemical properties and perform diverse functions in the
human body. As an example, sodium and potassium bind
weakly to organic ligands and are used for the generation of
ionic gradients across membranes and maintenance of
osmotic balance. Magnesium stabilizes nucleic acids,
participates in phosphoryl group transfer reactions and is a
structural component of several enzymes. Calcium is an
essential structural component of many proteins and of the
bones, and is used as a charge carrier, trigger for muscle
contraction and universal second messenger for signal
transmission. Metal ions, such as iron and copper, bind
strongly to organic ligands, participate in innumerable redox
reactions and are required for oxygen transport.

Empirical evidence for the effectiveness of metal-based
therapeutics has existed for centuries. The use of metals and
metal-containing compounds in medicine dates back
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millenniums: copper was used by Egyptians and gold was
utilized by Chinese and Arabic practitioners. Hippocrates
(400 BC) employed copper and mercury in the treatment of
diseases, while Paracelsus (XVI century) used Sb, As and
Mg salts. More recently, K[Au(CN),] has been used against
tuberculosis, while arsenic-based Salvarsan has been
considered to be the mainstay for the treatment of syphilis
for the first decades of the XX century. However, the
potential of metal-based compounds has been fully
appreciated only after the discovery of the anticancer activity
of cisplatin [4].

At present, metal-containing compounds are in use
against several diseases, and are increasingly being studied
by modern medicinal chemistry. Because of their unique
features, including a wide range of redox states, charges,
coordination geometries, thermodynamic and kinetic
properties, metals can be exploited in the design of metal-
based compounds alternative to fully organic molecules
[5, 6].

Though many metals are essential to life, and many
disorders affecting metal homeostasis and bioavailability are
responsible for several human diseases, metals can be toxic
at very low concentrations. Indeed, many metals are
considered to be poisons although, as stated by Paracelsus,
the right dose differentiates a poison from a medicine.
Reaching a balance between potential positive impact and
toxicity of an active formulation is therefore a particularly
relevant issue in the design of metal-containing therapeutic
and diagnostic agents [4].

© 2013 Bentham Science Publishers
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PLATINUM-BASED COMPOUNDS AGAINST CANCER

Cisplatin, ie., cis-diamminedichloroplatinum(Il), a
square planar compound containing Pt(II) complexed by
anionic ligands (Fig. 1A), has been the first metal-based
agent to enter into worldwide clinical use for the treatment of
cancer [7]. Currently, cisplatin is used either by itself or in
combination with other drugs for treating lung, ovarian,
bladder, testicular, head and neck, esophageal, colon, gastric,
breast, prostate cancer and melanoma being particularly
effective against testicular cancer [8]. Toxicity and resistance
issues have prompted the design and clinical approval of
second and third generation of cisplatin analogues with
lower toxicity profiles, namely carboplatin and oxaliplatin
(Fig. 1B,C) [9]. Carboplatin is used in the treatment of
ovarian carcinoma, lung and head and neck cancers, while
oxaliplatin is used against colorectal cancer, which is
resistant to cisplatin [10, 11].
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Fig. (1). Platinum-based drugs, targeting primarily DNA.

The molecular mechanism of action of cisplatin and its
analogues is quite complex (Fig. 2). They are prodrugs
whose activation occurs through dissociation of the anionic
ligands, which is slow for cis compounds of Pt(Il) [12, 13].
These compounds enter cells both by passive diffusion and
transported by CTR1 the major copper influx transporter [14,
15]. Chloride ions play an important role in the mechanism
of action of cisplatin and its analogues: inside the cell, the
low chloride ion concentration allows the hydrolysis of these
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compounds; in the blood, this reaction is prevented by the
high [CI]. Cisplatin aquation, ie. the replacement of
chloride ligands with water molecules, generates the
positively charged mono-aqua [PtCl(H,0)(NH;),]" ion and,
more slowly, the di-aquo [Pt(H,0),(NH3),]*" ion. These
species cross the nuclear membrane and bind to RNA,
protein sulthydryl groups, and DNA. The antitumour activity
results from the coordination of the aquated compounds to
DNA, with formation of intrastrand (less frequently
interstrand) crosslinks to adjacent purine residues. Aquated
cisplatin invariably reacts with the N’ atom of purines,
preferentially those of guanine residues, which bind 1,2-cis-
{Pt(NH3)2}2+. The chelation of two N’ atoms of adjacent
guanine residues in cis conformation produces a kink in the
double-stranded DNA, which alters its secondary structure
(Fig. 2B). This effect is at the basis of the anticancer activity
of these compounds, since it results in the inhibition of DNA
replication and transcription and in the activation of signal-
transduction  pathways implicated in DNA-damage
recognition and repair, cell-cycle arrest, and apoptosis [16-
20].

Carboplatin and oxaliplatin are more water-soluble and
have more favourable pharmacokinetic profiles with respect
to cisplatin, mostly due to their slower rate of conversion
into active aquated products [21, 22]. The rate of Pt(I1)-DNA
adduct formation is ten-fold slower for carboplatin, and
several-fold higher doses of carboplatin can be administered
compared to cisplatin. However, although carboplatin has
fewer side effects with respect to cisplatin, the mechanism of
action of the two drugs is the same, and the same
mechanisms are involved in the onset of resistance towards
both compounds. These include: decreased expression of
CTRI1; overexpression of the copper- and platinum-efflux
proteins ATP7A and ATP7B; increased concentrations of
glutathione and metallothionein, which form very stable
Pt(I[)-S adducts and, possibly, of enzymes involved in
nucleotide excision repair and mismatch repair [15, 23-26].
Conversely, oxaliplatin retains anticancer activity against
cisplatin-resistant cells [27-29]. The bulky
diaminocyclohexane ligand of oxaliplatin forms DNA
adducts with a narrow minor groove and a decreased kink
with respect to cisplatin (Fig. 2C), which bind mismatch
repair proteins with lower affinity compared to cisplatin-GG
adducts.

Toxicity, poor solubility, low bioavailability and
resistance issues have prompted the search for novel
platinum-based anticancer compounds containing either
Pt(IT) or Pt(IV), which is reduced to Pt(II) in vivo and can be
coordinated by two additional ligands. Satraplatin (Fig. 1D)
forms intrastrand and interstrand Pt(II)-DNA adducts upon
in vivo activation, as cisplatin does, can be administered
orally, and is undergoing advanced clinical studies against
hormone-refractory prostate cancer [30, 31].

Encapsulation of platinum compounds or of other metal-
containing molecules into carriers has been carried out to
improve drug cellular uptake or selective delivery to cancer
cells. Major classes of such metal-based nanoparticles
include drug conjugates and complexes, dendrimers,
vesicles, micelles, core-shell particles, microbubbles, and
carbon nanotubes (for a review, see Janib ef al., 2010 [32]).
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Fig. (2). Effect of cisplatin and oxaliplatin on the secondary structure of double-stranded DNA. A: X-ray structure of a DNA fragment (PDB
ID: 2NQ1); B: cisplatin-GG adduct (PDB ID: 2KOT); C: oxaliplatin-GG adduct (PDB ID: 1A2E). Both DNA (shown in sticks), and
cisplatin and oxaliplatin (both shown as spheres) are coloured by atom type: C, green; N, blue; O, red; P: orange; Pt, grey. The adducts
formed by cisplatin and oxaliplatin with the N” atoms of two adjacent guanine residues determine a kink in the DNA double helix, which is
the basis of the anticancer activity of these compounds. Significant conformational differences have been observed between the cisplatin-GG
and the oxaliplatin-GG adducts, which may be related to the ability of various DNA binding proteins (e.g., DNA repair proteins and DNA

polymerases) to discriminate between these adducts.

Cisplatin and oxaliplatin have been encapsulated in
liposomes, within the ferritin protein, and in bacterial
minicells labelled with specific antibodies [33-35]. Further,
photo-activatable Pt compounds and pH-sensitive platinum-
polymer derivatives have been obtained, while a Pt(IV)
prodrug has been attached non-covalently to single-walled
carbon nanotubes [36-38].

NON-PLATINUM METAL-BASED THERAPEUTICS
TARGETING DNA

Like platinum, metals such as ruthenium, osmium,
gallium and titanium can be coordinated by ligands. These
metals undergo ligand substitution reactions whose
mechanism and kinetics are similar to those of Pt(II) and,
therefore, are suitable candidates for anticancer drug design.

Recently, organometallic compounds, ie.  metal
complexes containing at least one covalent metal-carbon
bond, have been found to be promising anticancer drug
candidates. Organometallic agents offer a wide structural
variety (ranging from linear to octahedral geometries and
beyond), are kinetically stable, often uncharged and rather
lipophilic. Several classes of organometallics agents such as
metallocenes (Fig. 3A), half-sandwiches, carbene-, CO- or n-
ligands, have been explored for the design of novel classes
of drugs [39]. Half-sandwich Ru(Il) arene complexes (Fig.
3B) of the type [(n(’-arene)Ru(YZ)(X)], where YZ is a
bidentate chelating ligand and X is a good leaving group
(e.g. CI), have been widely explored by rational substitution
of metal ligands. Some of these compounds have anticancer
activity, due to the formation of adducts with DNA. Ru(Il),
like P(II), can coordinate the N’ atoms of guanines; the

extended arene moiety can intercalate within the double
helix of DNA and the bidentate chelating ligand can
establish additional hydrogen-bonding interactions with the
C® carbonyl group of guanine. Such a binding mode
determines distortions in the DNA double helix that are
markedly different from those caused by cisplatin [40, 41].
As a consequence, these compounds are not cross-resistant
with cisplatin.

Osmium(Il)-arene complexes structurally analogous to
Ru(Il) complexes have recently been synthesized. They were
shown to possess anticancer activity based on a large
unwinding of double stranded DNA and not to be cross-
resistant with cisplatin [42, 43].

Metal complexes have also been designed to bind
specific DNA structures. Telomers, i.e. single-stranded ends
of DNA consisting of TTAGGG repeats and known to fold
into G-quadruplex structures, are interesting targets for drug
design. Telomeric DNA shortens after every cell division,
and telomerase, which maintains the length of the telomeric
DNA, is needed to avoid cell death. In cancer cells,
telomerase is overexpressed and cells have the ability to
replicate indefinitely. Since telomerase accepts only single-
stranded DNA, stabilization of the G-quadruplex structure is
an attractive strategy to prevent telomerase from maintaining
telomere length [5]. Metal-based molecules have been
designed that are able to form stable complexes with G-
quadruplexes. Both a Ni(Il)-salphen complex and a
manganese porphyrin (Fig. 3C,D) have been shown to bind
strongly to the telomeric quadruplex (Fig. 3E), inhibit
telomerase with ICsp below 1 puM and have very high
selectivity for quadruplex over duplex DNA [44, 45].
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Fig. (3). Ruthenium-based and other metal-based anticancer compounds. A: Structure of metallocenes. B: Structure of organometallic Ru(II)
arene complexes. C: Ni(II)-salphen compound and D: Mn-containing porphyrin compound designed for quadruplex-stabilization. E:
G-quadruplex telomeric DNA (PDB ID: 1KF1). DNA is shown as sticks. F: Titanocene dichloride.
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Ti(IV) compounds, such as titanocene complexes and
budotitane, are studied as potential drugs against cancer.
Titanium complexes are very reactive and unstable, and bind
to DNA by intercalation and to many protein targets [46-48].
Képf-Maier and collaborators have studied the anticancer
properties of metallocenes containing Ti, Mo, V and Nb.
Based on these studies, titanocene dichloride (Fig. 3F) was
shown to be active against melanoma, prostate cancer and
colon carcinoma, resulted to be less toxic than cisplatin and
showed no nephro- or myelotoxicity. Therefore, it was selected
as the first nonplatinum metal complex to enter clinical trials.

METAL COMPOUNDS AGAINST PROTEIN TARGETS

DNA is not always the primary target of metal-
containing anticancer agents. Many of these compounds
actually bind proteins more strongly than DNA [49, 50],
indicating that different modes of action occur depending on
the specific type of metal complex.

Eight of the amino acids commonly found in proteins,
namely aspartic and glutamic acid, tyrosine, histidine, lysine,
methionine, cysteine and selenocysteine, have electron-donor
atoms in their side chains that are potential targets for
coordination by metallo-drugs. According to Pearson’s
classification [51], large and polarizable ions (soft acids) and
small, compact and less-polarizable ions (hard acids) form
highest affinity complexes with large and polarizable ligands
(soft bases) and compact and less-polarizable ligands (hard
bases), respectively. In particular, aspartate, glutamate,
lysine and tyrosine are considered to be hard bases, and
prefer binding to hard acids such as sodium, calcium,
magnesium, iron and cobalt. Methionine, cysteine and
selenocysteine are soft bases, and form stable complexes
with soft-acid metal ions like platinum, gold, copper, zinc
and cadmium. Histidine is considered to be intermediate
between soft and hard bases [51].

A number of three-dimensional (3D) structures of
proteins in complex with metal-based compounds have been
solved by X-ray crystallography, including: the selenoenzyme
thioredoxin reductase; the cysteine proteases cathepsins;
ribonucleotide reductase; topoisomerases; histone deacetylases;
protein kinases; and proteasome [52-61]. Although binding
to proteins and peptides contributes to drug toxicity and lack
of specificity, many metal-binding proteins represent
interesting anti-cancer targets.

Thioredoxin reductase (TrxR) and glutathione reductase
(GR) are redox enzymes essential for antioxidant defence
and redox homeostasis. Since they are overexpressed in
many tumour cell lines and associated with apoptosis and
cancer proliferation, TrxR and GR are regarded as valuable
targets for anticancer therapy [62]. Au(I) compounds are
strong inhibitors of TrxR, since they bind with high affinity
to selenocysteine residues at the enzyme active site.
Phosphole—gold(I) complexes inhibit both TrxR and GR at
nanomolar concentrations (Fig. 4). Au(IIl) porphyrins
exhibit potent in vitro and in vivo anticancer activity towards
hepatocellular and nasopharyngeal carcinoma, while Au(III)
thiocarbamates are more cytotoxic than cisplatin in vitro.
Gold compounds induce mitochondria-dependent apoptosis,
probably via proteasome inhibition [63-69]. The crystal
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structure of the Au(I)-phosphole-GR complex, where two
gold atoms are bound to the enzyme, is shown in (Fig. 4).

Fig. (4). Gold(I) inhibits human glutathione reductase. The 3D
structure of human GR in the presence of Au(I)-phosphole contains
two gold atoms (shown as spheres) bound to the enzyme (PDB ID:
2AAQ). a-Helices and B-strands are shown as ribbons and arrows,
respectively.

Two Ru(Ill) complexes are currently in clinical trials
(Fig. 5A,B), namely trans-[RuCl,(DMSO)(Im)]ImH (NAMI-
A, where Im = imidazole) and trans-[RuCly(Ind),]IndH
(KP1019, where Ind = indazole). Both compounds are
prodrugs, which need to be reduced in vivo to Ru(Il) to be
active [70]. However, they have a different spectrum of
interaction with targets, since NAMI-A has been shown to be
active against metastases as well, while KP1019 is active
mostly against primary tumors [71, 72]. NAMI-A interacts
with DNA in vitro, but its pharmacological activity relies
mostly on its interaction with specific proteins. It inhibits
neoangiogenesis by modulating the action of protein kinase
C, dephosphorylating the extracellular signal-regulated
kinase (ERK) and inhibiting c-myc transcription. Additionally,
it has powerful anti-invasive properties depending on its ability
to interact with and activate 1 integrins.

Compounds such as gallium nitrate and the orally
administrable gallium maltolate (Fig. 5C) have antitumour,
immunosuppressive and anti-inflammatory activity, and do
not cross-react with other chemotherapeutics. Gallium
compounds, used for the treatment of hypercalcemia
associated with malignancies, interfere with iron metabolism
and inhibit the iron-dependent activity of the enzyme
ribonucleotide reductase, which plays a key role in DNA
synthesis. Additionally, they induce apoptosis in human
lymphoma cell lines through an intrinsic mitochondrial
pathway that involves the activation of the proapoptotic Bax
protein, loss of mitochondrial membrane potential, release of
cytochrome c¢ from the mitochondria, and the activation of
caspase-3 [73].
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Fig. (5). Anti-cancer metal compounds interacting primarily with
protein targets. A: NAMI-A; B: KP1019; C: gallium maltolate; D:
marimastat-Co(III)-derivative.

A different approach uses the toxic metal as a chaperone
for selective delivery of established inhibitors to target
proteins that are overexpressed in cancer cells. An example
is provided by the complex of the matrix metalloproteinase
(MMP) inhibitor marimastat to a Co(IlI)-derivative [74]
(Fig. 5D). MMPs are overexpressed in tumours with poor
prognosis. Cobalt provides an inert scaffold for marimastat
transport to the target cells. /n vivo reduction of the prodrug
yields the more labile Co(II)-complex, which releases the
inhibitor. Cobalt-alkyne analogues of the non-steroidal anti-
inflammatory drug acetylsalicylic acid inhibit
cyclooxygenase and are highly toxic in breast cancer cell
lines [75]. Other interesting drugs include the kinetically
inert organometallic ruthenium complexes designed to
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mimic staurosporine, a natural inhibitor of protein kinases
that controls signalling pathways involved in cancer (e.g.,
GSK-3 and Pim-1). One of these half-sandwich compounds
inhibits Pim-1 in picomolar concentrations by binding to the
protein ATP-binding site (Fig. 6). Additionally, it activates
p53 and induces apoptosis in human melanoma cells [76-78].

Fig. (6). Organometallic compounds mimicking staurosporine, a
specific inhibitor of enzymes important for cancer onset. A:
staurosporine; B: Ru complex mimicking staurosporine; C: Crystal
structure of Pim-1 in complex with staurosporine (PDB ID: 1YHS)
D: Crystal structure of Pim-1 in complex with the organometallic
inhibitor (PDB ID: 2BZI). In both panels C and D the inhibitor is
shown as sticks and protein residues, a-helices and B-strands are
shown as lines, ribbons and arrows, respectively.
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METAL-CONTAINING COMPOUNDS
OTHER DISEASES

AGAINST

Gold(I) complexes such as auranofin [I-thio-B-D-
glucopyranosato-(triethylphosphine)gold 2,3,4,6-tetraacetate]
(Fig. 7A), gold sodium thiomalate, gold thioglucose and
others have been used for decades against rheumatoid
arthritis. These gold-thiol drugs act on multiple targets. They
inhibit many enzymes, including the serine esterases elastase
and cathepsin G; can inactivate the first component of
complement (Cl); inhibit lysosomal hydrolytic enzymes,
such as acid phosphatases and B-glucuronidase; reduce all
classes of immunoglobulin and serum rheumatoid factors;
and hamper lymphoblastogenesis in vitro by directly
inhibiting mononuclear phagocytes. In particular, auranofin
has a strong inhibitory effect on lymphocyte functions (for a
review, see Kean and Kean, 2008 [79]).

Only a few drugs are effective against parasitic diseases
like malaria, trypanosomiases and leishmaniases. The most
widely used antimalarial drug is currently chloroquine (CQ).
However, after twenty years of successful use, CQ-resistant
malarial parasites have started to emerge and spread. Metal-
chloroquine complexes like Ru(II)-CQ and Au(I)-CQ, and
organo-Ru(II)-CQ compounds are effective against several
Plasmodium species resistant to CQ [80, 81]. Ferroquine
(FQ) is the ferrocenyl analogue of CQ, is currently
undergoing clinical studies (Fig. 7B). FQ derivatives are
strong antimalarial compounds, which couple iron-dependent
radical generation with the inhibition of [-hematin
formation, essential to the survival of the malaria parasite.
Powerful trioxaferroquine compounds have also been
synthesized, which contain a 1,2,4-trioxane moiety covalently
linked to FQ. As a result, these compounds combine, within
a single structure, an iron(Il) species, a 1,2,4-trioxane, as in
artemisinin, and a substituted quinoline, as in chloroquine
[82, 83]. Other metallodrugs such as auranofin, aurothiomalate,
triethylphosphine gold(I) chloride, cisplatin, the Ru(III)
complex NAMI-A, mononuclear and dinuclear gold(III)
complexes, and compounds containing bismuth or antimony
are endowed with antiplasmodial properties [84].

Many metal-based agents have been developed against
trypanosomatides, the aetiological agents of trypanosomiases
and leishmaniases. These compounds belong to three classes:
i) metal complexes of trypanocidal ligands (e.g.,
clotrimazole, ketoconazole, S-nitrofuryl and 5-nitroacroleine
containing thiosemicarbazones; 2-mercaptopyridine N-
oxide); ii) metal complexes of DNA intercalators, such as
(2,2°:6°2”-terpyridine)-Pt(II); iii) metal compounds acting as
direct inhibitors of parasite enzymes (e.g., Pd(II) and Au(III)
cyclometallated complexes; Re(V) complexes, which inhibit
cruzipain, the major cysteine protease of Trypanosoma cruzi
[84-86]). These metal-based agents have been shown to be
effective against Trypanosoma parasites in vivo or in vitro.

To date, the classic first-line treatment against Leishmania
species relies on pentavalent antimonial derivatives, such as
meglumine antimonate and sodium stibogluconate, which
have been used for decades (Fig. 7C,D). Both are prodrugs
that become active upon in vivo reduction to Sb(III). The
determination of the 3D structure of Leishmania infantum
trypanothione reductase (TR) in complex with NADPH and
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Sb(Ill) by X-ray crystallography [87] revealed the
mechanism of enzyme inhibition by antimonial agents. Upon
NADPH binding, the trivalent antimony ion binds to the
protein active site residues Cys52, Cys57, Thr335 and
His461’ (from the symmetry related subunit) with high
affinity, strongly inhibiting enzyme activity (Fig. 8).
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Fig. (7). Metal compounds against diseases. A: Auranofin. B:
Ferroquine, the ferrocenyl analogue of Chloroquine; C: meglumine
antimoniate (Glucantim); D: sodium stibogluconate (Pentostam).

METAL COMPLEXES FOR DIAGNOSING DISEASES

Many metals are used in medical diagnosis. The most
extensively studied paramagnetic metal ions are transition
metal ions (i.e., high-spin Mn(II) and Fe(IIl), each having
five unpaired electrons) and lanthanides (essentially Gd(III),
having seven unpaired electrons). Gadolinium is quite toxic
to mammals but chelated Gd(III) compounds are far less
toxic. The contrast agent Gd-DTPA has been administered to
more than 20 million patients. To improve the diagnostic
efficacy of contrast agents many approaches have been
attempted, including coupling to: i) antibodies against
membrane receptors selectively expressed by specific cell
types; ii) transferrin, whose receptor is over-expressed by
tumour cells; 1iii) annexin V, a protein that binds to
phosphatidylserine, as a marker of apoptosis [2].

Technetium is the lowest atomic number element without
any stable isotopes: every form of it is radioactive. Nearly all
available technetium is produced synthetically and only trace
amounts are found in nature [88]. The vast majority of the
Tc-99m ("m" indicates that this is a metastable nuclear
isomer) used in medicine is produced upon decay of Mo-99
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Fig. (8). Antimonial compounds inhibit TR from Leishmania parasites. Crystal structure of the complex between Leishmania infantum TR,
NADPH, FAD and Sb(IlI). The two symmetry related subunits of the enzyme are shown as ribbon and coloured cyan and red, respectively;
residues in the TR active site, NADPH and FAD are shown as sticks and coloured by atom type: N, blue; O, red; S, yellow; C, cyan in FAD
and residues from the first TR subunit, red for residues from the second TR subunit and orange in NADPH; Sb(III) is a purple sphere. Sb(III)
binds directly to the TR active site residues Cys52, Cys57 and Thr335 from one subunit and His461' from the other, thereby blocking hydride
transfer and trypanothione reduction.

Table 1. Mechanisms of Anticancer Actions and Side Effects of Metal-Containing Compounds.
Compound Mechanism of Action Side Effects References
Au(), Au(IIL d
u(D, u( ) (.:ompoun S Inhibition of thioredoxin reductase and glutathione reductase Protein binding [62-69]
(porphyrins, thiocarbamates)
I d
Co(Ih compounds Analogue of acetylsalicylic acid: inhibition of cyclooxygenase [75]
(Cobalt alkynes)
Reduced in vivo ti 1I), with rel f marimastat: inhibiti f
Co(IIl) compounds e L‘lCC in vivo to Co(1I), with release of marimastat: inhibition o Induction of metastases [74]
matrix metalloprote
111 d
GE,I( ) compounds Inhibition of ribonucleotide reductase, apoptosis [73]
(nitrate, maltolate)
Mn(III)-porphyrin Stabilization of G-quadruplex telomeric structure [45]
Ni(II)-salphen complex Stabilization of G-quadruplex telomeric structure [44]
Os(IT) compounds DNA ir.ltr'fistrand cross}ink; inhibition of DNA replication and Binding O.f proteins and [42.43]
transcription, apoptosis RNA; resistance
Pt(IT) complexes (Cisplatin, Prodrugs. DNA intrastrand crosslink; inhibition of DNA replication and | Binding of proteins and [15-26]
Oxaliplatin, Carboplatinum) transcription, apoptosis RNA; resistance
PL(IV) complexes Satraplatin Prodrug, redlllcefi in vivo to Pt(I.I)..DNA intrast-rand crosslink; inhibition Binding O.f proteins and (30.31]
of DNA replication and transcription, apoptosis RNA; resistance
Ru(ll) complexes DNA ir.ltr?lstrand cross}ink; inhibition of DNA replication and Binding O.f proteins and [40.41]
transcription, apoptosis RNA; resistance
Ru(ll) structural complexes ‘Ru(.H.):. scaffolding role in .a compleix m-imicking staurospo-rine: [76-78]
inhibition of GSK-3 and Pim-1, activation of p53, apoptosis
Ru(III) complexes Reduced in vivo to Ru(I); DNA intrastrand crosslink, binding of kinases [70-72]
(NAMI-A, KP1019) and integrins.
TiIV d:
iIV) compounds DNA intercalation Protein binding [46-48]

(titanocene, budotitane)
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Table2. Mechanisms of Action of Metal-Containing Compounds for Therapy against Rheumatoid Arthritis and Parasite
Infections.
Compound Mechanism of Action Side Effects References
Au(l), Au(III d
u(D), Au( )compoun S Anti-arthritic effect: Inhibition of many protein targets. Anti- . s
(auranofin, gold thiomalate, gold . . . . . Aspecific protein binding [79, 84]
. parasitic activity (Plasmodium, Leishmania ...)

thioglucose)
Anti iti tivity (P1 di ; M t ts: tei

Bi(IIl), Bi(V) compounds D;faram ic activity (Plasmodium); Many targets: proteins, Aspecific protein binding [84]
Antimalaria. Many targets: lipids, hematin (inhibition of

Fe(II) compounds: ferroquines ntimal ‘arla an.y argets 1p.1 s, hema 1T1 (inhibition o . [80-83]
hemozoin formation), generation of reactive oxygen species
Antit tileishmania. Inhibition of cystei

PA(1I) cyclometallated complexes ntitrypanosoma, antileishmania. Inhibition of cysteine [86]
protease

Pt(I) compounds DNA metallointercalator with antileishmanial activity Binding of proteins and RNA [84,85]

Re(V) cyclometallated ompounds Antitypanosomal and antileishmanial activity. Inhibition of [86]
cysteie protease

Aspecific protein binding.

Sb(V) compounds) Prodrugs. Bi.ore.duction to Sb(II.I). Binding to trypanothione ‘Resistar?ce. Cardiot().xicity, renalA - [87]

reductase; binding to trypanothione. insufficiency, anemia, pancreatitis,
leucopenia.

from an instant generator. Tc-99m is used in radioactive
isotope medical tests as a radioactive tracer that medical
equipment can detect in the human body. It emits 140 keV
gamma rays, and its half-life is 6.01 hours (about 94% of this
isotope decays in 24 hours). At least 31 commonly used
radiopharmaceuticals for imaging and functional studies of
the brain, myocardium, thyroid, lungs, liver, gallbladder,
kidneys, skeleton, blood, and tumours are based on Tc-99m
[89].

CONCLUSIONS

The significant progress in the use of metals in medicine
that has taken place in recent years has been mostly based on
a deeper understanding of the mechanism of action and
pharmacological effects of metal-based compounds. The
rational design of new metal-based drugs has yielded many
new molecules with reduced toxicity and high specificity.
Application of new methodologies, including the screening
of large libraries of compounds, such as those generated by
combinatorial chemistry, which has been extensively used in
organic drug discovery, will be beneficial for the
development of novel classes of metal-based compounds as
therapeutics.

CONFLICT OF INTEREST

The authors confirm that this article content has no
conflicts of interest.

ACKNOWLEDGEMENTS

PRIN 2007 and Bilateral CNR/CSIC grants to GC, and
Istituto Pasteur — Fondazione Cenci Bolognetti grant to AB
are acknowledged.

REFERENCES

[10]

[11]

[12]

[13]

[14]

[15]

Levi, P. The Periodic Table; Michael Joseph, London, 1985.
Crichton, R.R. Biological Inorganic Chemistry, An Introduction;
Elsevier, Amsterdam 2008.

Thompson, K.H.; Orvig, C. Boon and bane of metal ions in
medicine. Science, 2003, 300 (5621), 936-939.

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

Bruijnincx, P.C.A.; Sadler P.J. New trends for metal complexes with
anticancer activity. Curr. Opin. Chem. Biol., 2008, 12, 197-206.
Frezza, M; Hindo, S.; Chen, D.; Davenport, A.; Schmitt, S.;
Tomco, D.; Dou, Q.P. Novel metals and metal complexes as
platforms for cancer therapy. Curr. Pharm. Des., 2010, 16 (16),
1813-1825.

Rosenberg, B.; VanCamp, L.; Trosko, J.E.; Mansour, V.H.
Platinum compounds: A new class of potent antitumor agents.
Nature, 1969, 222, 385-386.

Kelland L. The resurgence of platinum-based
chemotherapy. Nat. Rev. Cancer, 2007, 7, 573-584.
Alama, A.; Tasso, B.; Novelli F.; Sparatore F. Organometallic
compounds in oncology: implications of novel organotins as
antitumor agents. Drug. Discov. Today, 2009, 14, 500-508.

Harrap, K.R. In: Preclinical studies identifying carboplatin as a viable
cisplatin alternative. Cancer. Treat. Rev., 1985, 12 (Suppl A), 21-33.
de Gramont, A.; Figer, A.; Seymour, M.; Homerin, M.; Hmissi, A.;
Cassidy, J.; Boni, C.; Cortes-Funes, H.; Cervantes, A.; Freyer, G.;
Papamichael, D.; Le Bail, N.; Louvet, C.; Hendler, D.; de Braud,
F.; Wilson, C.; Morvan, F.; Bonetti. A. Leucovorin and fluorouracil
with or without oxaliplatin as first-line treatment in advanced
colorectal cancer. J. Clin. Oncol., 2000, 18,2938-2947.

Kostova 1. Platinum complexes as anticancer agents. Recent. Pat.
Anticancer Drug Discov., 2006, 1, 1-22.

Montana, A.M.; Batalla, C. The rational design of anticancer
platinum complexes: the importance of the structure-activity
relationship. Curr. Med. Chem., 2009, 16,2235-2260.

Jamieson ER, Lippard SJ. Structure, Recognition, and Processing
of Cisplatin-DNA Adducts. Chem. Rev., 1999, 99, 2467-2498.

Lin, X.; Okuda, T.; Holzer, A.; Howell, S.B. The copper
transporter CTR1 regulates cisplatin uptake in Saccharomyces
cerevisae. Mol. Pharmacol., 2002, 62, 1154-1159.

cancer



220 Mini-Reviews in Medicinal Chemistry, 2013, Vol. 13, No. 2

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[29]

[30]

[33]

[34]

[35]

Takahara, P.M.; Rosenzweig, A.C.; Federick, C.A.; Lippard, S.J.
Crystal structure of double stranded DNA containing the major
adduct of the anticancer drug cisplatin. Nature, 1995, 377, 649-652.
Imamura, T.; Izumi, H.; Nagatani, G.; Ise, T.; Nomoto, M.; Iwamo,
Y.; Kohno, K. Interaction with p53 enhances binding of cisplatin-
modified DNA by high mobility group 1 protein. J. Biol. Chem.,
2001, 276, 7534-7540.

Wang, D. and Lippard, S.J. Cellular processing of platinum
anticancer drugs. Nat. Rev.. Drug Discov., 2005, 4,307-320.
Fuertes, M.A.; Castilla, J.; Alonso, C.; Perez, .M. Novel concepts
in the development of platinum antitumor drugs. Curr. Med. Chem.
Anticancer Agents, 2002, 2, 539-551.

Galanski, M. Recent developments in the field of anticancer
platinum complexes. Recent Pat Anticancer Drug, Discov., 2006,
1,285-295.

Knox, R.J.; Friedlos, F.; Lydall, D.A.; Roberts, JJ. Mechanism of
cytotoxicity of anticancer platinum drugs: evidence that cis-
diamminedichloroplatinum(II) and cis-diammine-(1,1-
cyclobutanedicarboxylato)platinum(Il) differ only in the kinetics of
their interaction with DNA. Cancer Res., 1986, 46(4 Pt2), 1972-1979.
Kelland L.R. An update on satraplatin: the first orally available
platinum anticancer drug. Expert. Opin. Investig. Drugs, 2000, 9,
1373-82.

Komatsu, M; Sumizawa, T; Mutoh,M.; Chen, Z.; Terada, K.
Furukawa, T.; Yang, X.; Gao, H.; Miura, N.; Sugiyama, T
Akiyama, S. Copper transporting P-type adenosine triphosphatase
(ATP7B) is associated with cisplatin resistance. Cancer Res., 2000,
60, 1312-1316.

Ishida, S.; Lee, J.; Thiele, D.J.; Herskowitz, 1. Uptake of the
anticancer drug cisplatin mediated by the copper transporter Ctrl in
yeast and mammals. Proc. Natl. Acad. Sci. U.S.A., 2002, 99,
14298-14302.

Zisowsky, J.; Koegel, S.; Leyers, S.; Devarakonda, K.; Kassack,
M.U.; Osmak, M.; Jachde U. Relevance of drug uptake and efflux
for cisplatin sensitivity of tumor cells. Biochem. Pharmacol., 2007,
73,298-307.

Hall, M.D.; Okabe, M.; Shen, D.-W.; Liang, X.J.; Gottesman,
M.M. The role of cellular accumulation in determining sensitivity
to platinum-based chemotherapy. Ann. Rev. Pharmacol. Toxicol.,
2008, 48, 495-535.

Spingler, B.; Whittington, D.A.; Lippard, S.J. 2.4 A Crystal
Structure of an Oxaliplatin 1,2-d(GpG) intrastrand crosslink in a
DNA dodecamer duplex. Inorg. Chem., 2001, 40, 5596-5602.
Wu,Y.; Pradhan, P.; Havener, J.; Boysen, G.; Swenberg, J.A.;
Campbell, S.L.; Chaney, S.G. NMR solution structure of an
oxaliplatin 1,2-d(GG) intrastrand cross-link in a DNA dodecamer
duplex. J. Mol. Biol., 2004, 341, 1251-1269.

Chaney, S.G.; Campbell, S.L.; Bassett, E.; Wu,Y. Recognition and
processing of cisplatin- and oxaliplatin-DNA adducts. Critical Rev.
Oncol./Hematol., 2005, 53, 3-11.

Sternberg, C.N; Petrylak, D.P.; Sartor, O.; Witjes, J.A.; Demkow, T.;
Ferrero, J.M., et al. Multinational, double-blind, phase III study of
prednisone and either satraplatin or placebo in patients with castrate-
refractory prostate cancer progressing after prior chemotherapy: the
SPARC trial. J. Clin. Oncol., 2009, 27, 5431-5438.

Dabrowiak, J.C. Metals in medicine; Wiley, Chichester, UK, 2009.
Janib SM, Moses AS, MacKay JA Imaging and drug delivery using
theranostic nanoparticles. Adv. Drug Deliv. Rev., 2010, 62, 1052-
1063.

Stathopoulos, G.P;.Boulikas, T.; Kourvetaris, A.; Stathopoulos, J.
Liposomal oxaliplatin in the treatment of advanced cancer: a phase
I study. Anticancer Res., 2006, 26(2B), 1489-1493.

Yang, Z.; Wang, X.Y.; Diao, H.J.; Zhang, J.F.; Li, H.Y.; Sun, H.Z.,
Guo, Z.J. Encapsulation of platinum anticancer drugs by
apoferritin. Chem. Commun., 2007, 33, 3453-3455.

MacDiarmid, J.A.; Mugridge, N.B.; Weiss, J.C.; Phillips, L.; Burn,
A.L.; Paulin, R.P.; Haasdyk, J.E.; Dickson, K.A.; Brahmbhatt,
V.N.; Pattison, S.T. ef al.: Bacterially derived 400 nm particles for
encapsulation and cancer cell targeting of chemotherapeutics.
Cancer Cell, 2007, 11,431-445.

Campone, M.; Rademaker-Lakhai, J.M.; Bennouna, J.; Howell,
S.B.; Nowotnik, D.P.; Beijnen J.H.; Schellens, J.H. Phase I and
pharmacokinetic trial of AP5346, a DACH-platinum-polymer
conjugate, administered weekly for three out of every 4 weeks to

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]
[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Colotti et al.

advanced solid tumor patients. Cancer Chemother. Pharmacol.,
2007, 60, 523-533.

Feazell, R.P., Nakayama-Ratchford, N. Dai, H. Lippard, S.J.
Soluble single-walled carbon nanotubes as longboat delivery
systems for platinum(IV) anticancer drug design. J. Am. Chem.
Soc.,2007, 129, 8438-8439.

Phillips, H.I.A.; Ronconi, L.; Sadler, P.J., Photoinduced reactions
of cis,trans,cis [Pt(IV)(N;),(OH),(NH3),) with 1-methylimidazole,
Chemistry, 2009, 15, 1588-1596.

Gasser, G.; Ott, I.; Metzler-Nolte, N. Organometallic Anticancer
Compounds. J. Med. Chem., 2011, 54, 3-25.

Chen, H.; Parkinson, J.A.; Morris, R.E.; Sadler, P.J. Highly
selective binding of organometallic ruthenium ethylenediamine
complexes to nucleic acids: novel recognition mechanisms. J. 4m.
Chem. Soc., 2003, 125, 173-186.

Chen, H.; Parkinson, J.A.; Novéakova, O.; Bella, J.; Wang, F.;
Dawson, A.; Gould, R.; Parsons, S.; Brabec, V.; Sadler, P.J.
Induced-fit recognition of DNA by organometallic complexes with
dynamic stereogenic centers. Proc. Natl. Acad. Sci. U.S.A., 2003,
100, 14623-14628.

Peacock, A.F.A.; Sadler, P.J. Medicinal organometallic chemistry:
designing metal arene complexes as anticancer agents. Chem. Asian
J., 2008, 3, 1890-1899.

Kostrhunova, H.; Florian, J.; Novakova, O.; Peacock, A.F.A.;
Sadler, P.J.; Brabec V. DNA interactions of monofunctional
organometallic osmium(II) antitumor complexes in cell-free media.
J. Med. Chem., 2008, 51,3635-3643.

Reed, J.E.; Arnal, A.A.; Neidle, S.; Vilar R: Stabilization of
Gquadruplex DNA and inhibition of telomerase activity by square-
planar nickel(Il) complexes. J. Am. Chem. Soc., 2006, 128, 5992-
5993.

Dixon, I.M.; Lopez, F.; Tejera, A.M.; Esteve, J.P; Blasco, M.A.;
Pratviel, G.; Meunier, B. A G-quadruplex ligand with 10 000-fold
selectivity over duplex DNA. J. Am. Chem. Soc., 2007, 129, 1502-
1503.

Kopf, H. and Kopf-Maier, P. Titanocene dichloride - the first
metallocene with cancerostatic activity. Angew. Chem. Int. Ed.,
1979, 18, 477-478.

Melendez, E. Titanium complexes in cancer treatment. Critical
Rev. Oncol./Hematol., 2002, 42, 309-315.

Caruso, F.; Rossi, M. Antitumor titanium compounds and related
metallocenes. Metal lons Biol. Syst., 2004, 42,353-384.

Ravera, M.; Baracco, S.; Cassino, C.; Colangelo, D.; Bagni, G.;
Sava, G.; Osella, D. Electrochemical measurements confirm the
preferential bonding of the antimetastatic complex [ImH]-
[RuCl(4)(DMSO)(Im)](NAMI-A) with proteins and the weak
interaction with nucleobases. J. Inorg. Biochem., 2004, 98, 984-990.
Novakova, O.; Kasparkova, J.; Bursova, V.; Hofr, C.; Vojtiskova,
M.; Chen, H.; Sadler, P. J.; Brabec, V. Conformation of DNA
modified bymonofunctionalRu(II) arene complexes: recognition by
DNA binding proteins and repair. Relationship to cytotoxicity.
Chem. Biol., 2005, 12, 121-129.

Pearson, R.G. Hard and soft acids and bases. J. Am. Chem. Soc.,
1963, 85, 3533-3539.

Huang, R.; Wallqvist, A.; Covell, D.G. Anticancer metal
compounds in NCI's tumor-screening database: putative mode of
action. Biochem. Pharmacol., 2005, 69, 1009-1039.

Schmid, W.F.; John, R.O.; Miihlgassner, 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, 6343-6355.

Casini, A.; Gabbiani, C.; Sorrentino, F.; Rigobello, M.P.; Bindoli,
A.; Geldbach, T.J.; Marrone, A.; Re, N.; Hartinger, C.J.; Dyson,
PJ.; Messori. L. Emerging protein targets for anticancer
metallodrugs: inhibition of thioredoxin reductase and cathepsin B
by antitumor ruthenium(Il)-arene compounds. J. Med. Chem.,
2008, 57, 6773-6781.

Gianferrara, T.; Bratsos, I.; Alessio, E. A categorization of metal
anticancer compounds based on their mode of action. Dalton
Trans., 2009, 7588-7598.

Yu, Y.; Kalinowski, D.S.; Kovacevic, Z.; Siafakas, A.R.; Jansson,
P.J.; Stefani, C.; Lovejoy, D.B.; Sharpe, P.C.; Bernhardt, P.V.;
Richardson, D.R. Thiosemicarbazones from the old to new: Iron
chelators that are more than just ribonucleotide reductase
inhibitors. J. Med. Chem., 2009, 52, 5271-5294.



Metals and Metal Derivatives in Medicine

[57]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[71]

[72]

Lo, Y.-C.; Ko, T.-P.; Su, W.-C.; Su, T.-L.; Wang, A.W.J.
Terpyridine-platinum(II) complexes are effective inhibitors of
mammalian topoisomerases and human thioredoxin reductase 1. J.
Inorg. Biochem., 2009, 103, 1082-1092.

Vergara, E.; Casini, A.; Sorrentino, F.; Zava, O.; Cerrada, E.;
Rigobello, M.P.; Bindoli, A.; Laguna, M.; Dyson, P.J. Anticancer
therapeutics that target selenoenzymes: synthesis, characterization,
in vitro cytotoxicity, and thioredoxin reductase inhibition of a
series of gold(I) complexes containing hydrophilic phosphine
ligands. Chem. Med. Chem., 2010, 5, 96-102.

Mura, P.; Camalli, M.; Casini, A.; Gabbiani, C.; Messori. L.
Transcis-cis-[RuCI2(DMS0)2(2-amino-5-methyl-thiazole)2], (PMRu52),
a novel ruthenium(II) compound acting as a strong inhibitor of
cathepsin B. J. Inorg. Biochem., 2010, 104, 111-117.

Chow, K.W.M.; Sun, RW.Y.; Lam, J.B.B.; Li, C.L.L.; Xu, A.X,;
Ma, D.L.; Abagyan, R.; Wang, Y.; Che, C-M. A gold(IIl)
porphyrin complex with antitumor properties targets the Wnt/B-
catenin pathway. Cancer Res., 2010, 70, 329-337.

Zhang, X.; Frezza, M.; Milacic, V.; Ronconi, L.; Fan, Y.; Bi, C.;
Fregona, D.; Dou, Q.P. Inhibition of tumor proteasome activity by
gold-dithiocarbamato complexes via both redox-dependent and -
independent processes. J. Cell. Biochem., 2010, 109, 162-172.

Urig, S.; Becker, K. On the potential of thioredoxin reductase inhibitors
for cancer therapy. Semin. Cancer Biol., 2006, 16,452-465.

Urig, S.; Fritz-Wolf, K.; Reau, R; Herold-Mende, C.; Toth, K;
Davioud-Charvet, E.;Becker K. Undressing of phosphine gold(I)
complexes as irreversible inhibitors of human disulfide reductases.
Angew. Chem. Int. Ed., 2006, 45, 1881-1886.

Wang,Y.; He, Q.Y.; Che, CM.; Chiu, J.F. Proteomic
characterization of the cytotoxic mechanism of gold(IIl) porphyrin
1a, a potential anticancer drug. Proteomics, 2006, 6, 131-142.
Barnard P.J.; Berners-Price SJ: Targeting the mitochondrial cell
death pathway with gold compounds. Coord. Chem. Rev., 2007,
251, 1889-1902.

Sun, RW.Y.; Ma, D.L.; Wong, E.L.M.; Che, C.M. Some uses of
transition metal complexes as anti-cancer and anti-HIV agents.
Dalton Trans., 2007, 4884-4892.

Jackson-Rosario, S.E.; Self, W.T. Targeting selenium metabolism
and selenoproteins: novel avenues for drug discovery.
Metallomics., 2010, 2, 112-6.

Pratesi, A.; Gabbiani, C.; Ginanneschi, M.; Messori, L. Reactions
of medicinally relevant gold compounds with the C-terminal motif
of thioredoxin reductase elucidated by MS analysis. Chem.
Commun (Camb), 2010, 46, 7001-3.

Ronconi, L.; Aldinucci, D.; Dou, Q.P.; Fregona, D. Latest insights
into the anticancer activity of gold(IlI)-dithiocarbamato complexes.
Anticancer Agents Med. Chem., 2010, 10, 283-92.

van Rijt, S.H.; Sadler, PJ.. Current applications and future
potential for bioinorganic chemistry in the development of
anticancer drugs. Drug Discov. Today, 2009, 14(23-24), 1089-
1097.

Rademaker-Lakhai, J.M.; van den Bongard, D.; Pluim, D.; Beijnen,
J.H.; Schellens, J.H.M. A phase I and pharmacological study with
imidazolium-trans-DMSO-imidazole-tetrachlororuthenate, a novel
ruthenium anticancer agent. Clin. Cancer Res., 2004, 10, 3717-
3727.

Jakupec, M.A. Arion, V.B.; Kapitza, S.; Reisner, E.; Eichinger, A.;
Pongratz, M.; Marian, B.; Graf von Keyserlingk, N.; Keppler, B.K.
KP1019 (FFC14A) from bench to bedside: preclinical and early
clinical development - an overview. Int. J. Clin. Pharmacol. Ther.
2005, 43, 595-596

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

(82]

[83]

[84]

(85]

(86]

(87]

(88]

(89]

Mini-Reviews in Medicinal Chemistry, 2013, Vol. 13, No. 2 221

Chitambar , R.C. Medical Applications and Toxicities of Gallium
Compounds. Int. J. Environ. Res. Public Health, 2010, 7, 2337-
2361.

Failes, T.W.; Cullinane, C; Diakos, C.I.; Yamamoto, N.; Lyons,
J.G.; Hambley, T.W. Studies of a cobalt(III) complex of the MMP
inhibitor marimastat: A potential hypoxia-activated prodrug. Chem.
Eur. J., 2007, 13,2974-2982.

Ott, I.; Schmidt, K.; Kircher, B.; Schumacher, P; Wiglenda, T;
Gust, R. Antitumor-active cobalt alkyne complexes derived from
acetylsalicylic acid: Studies on the mode of drug action. J. Med.
Chem., 2005, 48, 622-629.

Meggers, E; Atilla-Gokcumen, G.E.; Bregman, H.; Maksimoska,
J.; Mulcahy, S.P.; Pagano, N.; Williams, D.S. Exploring chemical
space with organometallics: Ruthenium complexes as protein
kinase inhibitors. Synlett., 2007, 8, 1177-1189.

Debreczeni, J.E.; Bullock, A.N.; Atilla, G.E.; Williams, D.S.;
Bregman, H.; Knapp, S.; Meggers, E. Ruthenium half-sandwich
complexes bound to protein kinase Pim-1. Angew. Chem. Int. Ed. ,
2006, 45, 1580-1585.

Smalley, K.S.M.; Contractor, R.; Haass, N.K.; Kulp, A.N.; Atilla-
Gokcumen, G.E.; Williams D.S.; Bregman, H.; Flaherty, K.T.;
Soengas, M.S.; Meggers, E. et al. An organometallic protein kinase
inhibitor pharmacologically activates p53 and induces apoptosis in
human melanoma cells. Cancer Res., 2007, 67,209-217.

Kean, W.F.; Kean, LR.L. Clinical pharmacology of gold.
Inflammopharmacology, 2008, 16, 112-125.

Navarro, M. Gold complexes as potential anti-parasitic agents.
Coord. Chem. Rev.,2009, 253, 1619-1626.

Rajapakse, C.S.K.; Martinez, A.; Naoulou, B.; Jarzecki, A.A.;
Suarez, L.; Deregnaucourt, C.; Sinou, V.; Schrével, J.; Musi, E.;
Ambrosini, G.; Schwartz, G.K.; Sanchez-Delgado R.A. Synthesis,
characterization and in vitro antimalarial and antitumor activity of
new ruthenium (II) complexes of chloroquine. Inorg. Chem., 2009,
48, 1122-1131.

Biot, C.; Daher, W.; Chavain, N.; Fandeur, T.; Khalife J.;Dive, D.;
De Clercq, E. Design and synthesis of hydroxyferroquine
derivatives with antimalarial and antiviral activities. J. Med. Chem.
2006, 49, 2845-2849.

Bellot, F.; Coslédan, F.; Vendier, L.; Brocard, J.; Mecunier, B.;
Robert, A. Trioxaferroquines as new hybrid antimalarial drugs. J.
Med. Chem., 2010, 53,4103-4109.

Navarro, M.; Gabbiani, C.; Messori, L.; Gambino, D. Metal-based
drugs for malaria, trypanosomiasis and leishmaniasis: recent
achievements and perspectives. Drug Discov. Today, 2010, 15,
1070-1078.

Lowe, G.; Droz, A.S.; Vilaivan, T.; Weaver, G.W.; Tweedale, L.;
Pratt, J.M.; Rock, P.; Yardley, V.; Croft, S.L. Cytotoxicity of
(2,2°:6,27’-terpyridine) platinum (II) complexes to Leishmania
donovani, Trypanosoma cruzi and Trypanosoma brucei. J. Med.
Chem., 1999, 42, 999-1006

Fricker, S.P. Cysteine proteases as targets for metal-based drugs.
Metallomics 2010, 2, 366-377.

Baiocco, P.; Colotti, G.; Franceschini, S.; Ilari, A. Molecular basis
of antimony treatment in leishmaniasis. J. Med. Chem., 52, 2009,
2603-2612.

Dixon, P.; Curtis, D.B.; Musgrave, J.; Roensch, F.; Roach, J.;
Rokop, D. Analysis of naturally produced Technetium and
Plutonium in geologic materials. Anal. Chem., 1997, 69, 1692-
1699.

Eckelman, W.C. Unparalleled contribution of technetium-99m to
medicine over 5 decades. JACC Cardiovasc. Imaging., 2009, 2,
364-368.

Received: August 21, 2011

Revised: February 21, 2012

Accepted: February 28,2012



