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a b s t r a c t

The medical uses of gold have a long history; rheumatoid arthritis is currently treated with gold-based
drugs and there is increasing interest in the application of gold complexes as potential anticancer agents.
However, the potential use of gold derivatives as drugs against parasitic diseases, also called neglected
diseases, has so far been very little explored. This review focuses on recent advances in developing gold
anti-parasitic agents and new uses of existing gold drugs against these old ailments, with emphasis on
the major tropical diseases, malaria, leishmaniasis, trypanosomiasis and schistosomiasis. These illnesses
afflict millions of people around the world with very limited therapeutic options for their treatment.
arasitic diseases
alaria

eishmaniasis

© 2008 Elsevier B.V. All rights reserved.
merican trypanosomiasis
chistosomiasis

. Introduction

Nowadays, compounds of gold and platinum are being used as
harmaceutical drugs. Although their medical applications are the
esult of serendipitous discoveries, advances in the rational design
f metal-based therapeutic agents have become an increasingly
mportant research effort towards the development of new com-
ounds with less toxic side effects and with an understanding of
heir mechanisms of action [1–5].

Arguably medicinal inorganic chemistry research has been more

ocused in the development of drugs for cancer due to the important
iscovery of cisplatin (Fig. 1), and its second and third generation
nalogues, developed to make better pharmaceutical agents. More
ecently, there has been intense interest in the potential use of com-

∗ Tel.: +58 212 5041642; fax: +58 212 5041350.
E-mail address: mnavarro@ivic.ve.

1 Visiting Fellow at the School of Biomedical, Biomolecular and Chemical Sciences,
he University of Western Australia, 35 Stirling Highway, Crawley, Perth, WA 6009,
ustralia.

010-8545/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2008.12.003
pounds of other metals, such as ruthenium and titanium complexes,
as anti-tumor drugs. Several excellent and encouraging reviews in
this field have already appeared [6–15].

Gold complexes have also attracted considerable attention as
anti-tumor agents [16–19]. A number of gold (I) complexes have
shown potent in vitro and in vivo cytotoxic activity [20–24]. Gold
(III) complexes, isoelectronic and isostructural with platinum (II)
appear as potential candidates as anticancer agents [25–27]. There
is evidence that the cytotoxic effects of a range of gold (I) and gold
(III) complexes are related to the inhibition of mitochondrial thiore-
doxin reductase and mitochondrial function [28–30].

The modern medical applications of gold complexes stem from
1890 with the discovery of [KAu(CN)2] as a bacteriostatic agent on
the tubercle bacillus. Subsequently, gold compounds were used in
the treatment of tuberculosis in the 1920s without providing an
effective therapy. However, in 1935 reports appeared that gold salts

reduce inflammation especially related to rheumatoid arthritis
[31]. After that, gold drugs entered into the clinic to treat this
disease and have been employed for more than seven decades.
The most commonly used drugs for the treatment of rheumatoid
arthritis are gold (I) thiolates (Fig. 2), such as sodium aurothioma-

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:mnavarro@ivic.ve
dx.doi.org/10.1016/j.ccr.2008.12.003
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in the clinic, the chloroquine resistant parasite emerged and spread
Fig. 1. Structure of cisplatin.

ate (MyocrisinTM) and aurothioglucose (SolganolTM), both given
y intramuscular injection. More recently auranofin (RidauraTM)
as introduced into the clinic, as an orally bioavailable drug. Gold

herapy has been extended to treat a variety of other diseases
uch as psoriasis, pemphigus, asthma, urticaria among others
32–35].

Despite the important research advances in the field of inorganic
edicinal chemistry to fight cancer, the use of metal containing

rugs as antiparasitic agents has been very little explored. There is
n urgent need for new effective and non-toxic anti-parasitic drugs
nd an immense number of rational combinations of appropri-
te organic molecules (used in traditional medicine) with different
ransition metals are available. This approach makes use of the con-
ept of metal–drug synergism, which is the enhancement of the
ctivity of the parental organic drug due to binding to the metal
on. This activity enhancement is possibly related to the stabiliza-
ion of the drug by coordination to the metal ion, which leads to a
onger residence time of the drug in the organism and more efficient
iological targeting. It may also result in a decrease in the toxicity
f the metal ion due to complexation with the organic drugs, which
akes it less available for undesirable reactions that lead to toxicity

6,36].
This review focuses on recent advances in developing gold com-

lexes as anti-parasitic agents, based primarily on our work using
he metal–drug synergism approach as a powerful tool which could

rovide effective treatment for parasitic diseases. Also, reviewed
ere is related literature on the use of new gold complexes or exist-

ng gold-based drugs for treatment of tropical diseases such as
alaria, leishmaniasis, trypanosomiasis and schistosomiasis.

Fig. 2. Gold-based drugs most commonly used
Reviews 253 (2009) 1619–1626

2. Gold complexes as antimalarial agents

Malaria is a very old disease, which is still a major cause of
illness and death in children and adults in tropical countries. It
currently affects an estimated 400 million people and is threat-
ening more than one billion people around the world [37,38]. The
disease is caused by protozoan parasites of the genus Plasmodium.
There are four types of human pathogenic Plasmodium (falciparum,
vivax, ovale and malariae) species, usually referred to as malaria
parasites. The most serious forms of the disease are caused by
Plasmodium falciparum and Plasmodium vivax. Malaria parasites are
transmitted to human by the bite of the infected female Anopheles
mosquitoes.

This huge public health problem has been addressed by at
least three different approaches. The first uses insecticides. DDT
(dichloro-diphenyl-trichloroethane) was originally used in order to
control the insects, but this practice was discarded due to envi-
ronmental impact, indiscriminate spraying and development of
resistance to DDT in some populations of malaria vector Anophe-
les mosquitoes. However, today there is renewed interest in the
use of indoor residual spraying (IRS) as one of the primary vec-
tor control interventions for reducing and interrupting malaria
transmission in Africa countries. Secondly, immunological meth-
ods are implemented in order to obtain the vaccines which are
one of the most effective modes of treatment available, but, so
far, despite these efforts there are no available vaccines that effec-
tively target a parasitic infection. The third approach employs
chemotherapy. A number of organic compounds have been used
as antimalarial drugs such as quinine, chloroquine, hydroxychloro-
quine, mefloquine, primaquine, proguanil, cotrifazid, doxycycline,
sulfadoxine, pyrimethamine, artemether, lumefantrine, artesunate,
amodiaquine. The current treatment is based on the combination
of two or three of these drugs [38–40].

Chloroquine (CQ) was one of the most successful drugs ever used
to treat an infectious disease, it was considered a wonder drug due
its low cost, high efficacy against malaria parasites and lack of sig-
nificant side effects. However, after twenty years of successful use
from Asia to Africa and South America. The loss of the usefulness of
CQ as a first line antimalarial drug is one of the major setbacks to the
effective control of malaria. Currently, the therapeutic tools for the
treatment of malaria are very limited, therefore new anti-malarial

for the treatment of rheumatoid arthritis.
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Table 1
IC50 of Au (I) and Au (III) complexes against several strains of P. falciparum.

Compounds IC50 (nM) Strain P falciparum Reference

CQDP 50 FcB1 [43]
110 FcB2 [42]
70 W2 [43]
91 K1 [43]
10 F32 [43]
23 D10 [53]

352 K1 [53]
FQ 16 D10 [53]

5 K1 [53]
Amodiaquine 100 FAN-5 [41]
Primaquine 1000 FAN-5 [41]

Au (I) compounds
Auranofin 142 3D7 [55]
Au(PEt3)Cl 21 × 102 3D7 [55]
Aurothiomalate 168 × 103 3D7 [55]
[Au(PPh3)(CQ)]PF6 5 FcB1 [42]

40 FcB1 [43]
23 FcB2 [42]
70 W2 [43]
99 K1 [43]
18 F32 [43]

[Au(PPh3)(CQ)]NO3 40 FcB1 [43]
40 W2 [43]
58 K1 [43]
10 F32 [43]
21 D10 [53]
62 K1 [53]

[Au(PEt3)(CQ)]PF6 10 FcB1 [43]
50 W2 [43]
99 K1 [43]
13 F32 [43]

[Au(PMe3)(CQ)]PF6 40 FcB1 [43]
50 W2 [43]
93 K1 [43]
17 F32 [43]

[Au(FQ)(PPh3)]NO3 11 D10 [53]
6 K1 [53]

[Au(L1)(PPh3)]NO3 33 D10 [53]
34 K1 [53]

[Au(L2)(PPh3)]NO3 30 D10 [53]
31 K1 [53]

[Au(C6F5)(CQ)] 18 D10 [53]
61 K1 [53]

[Au(C6F5)(FQ)] 10 D10 [53]
4 K1 [53]

[Au(C6F5)(L1) 14 D10 [53]
15 K1 [53]

[Au(C6F5)(L2)] 23 D10 [53]
13 K1 [53]

Au (III) compounds
[Au(CQ)2(Cl)2]Cl 43 K1 [43]

13 F32 [43]
[Au(CQ)(SR)(Cl)(Solv)]Cl 54 K1 [43]

18 F32 [43]
KAuCl4 100 FAN-5 [41]
Au(Primaquine)Cl3 1000 FAN-5 [41]
Au(amodiaquine)Cl3 100 FAN-5 [41]
AuCyclam 439 × 103 3D7 [55]

IC50: 50% inhibitory concentration; CQ: Chloroquine; SR: -thio-ˇ-D-glucose-2,3,4,6-
tetraacetate; L1: N-(7-chloro-quinolin-4-yl)-N′-[2-(N′′ ,N′′-dimethylaminomethyl)
ferrocenylmethyl]-ethane-1,2-diamine; L2: 3-benzyl-1-[2-(7-chloro-quinolin-4-
ylamino)-ethyl]-1-[2-(N′′ ,N′′ dimethylaminomethyl)-ferrocenylmethyl]urea). FcB1
ig. 3. Proposed structure of chloroquine (triphenylphosphine) gold (I) hexafluo-
ophosphate, which has potent antimalarial activity.

rugs, preferably with new structure and or mode of action, are
rgently needed.

Metal–drug synergic effects have been used in order to obtain
ntimalarial metal agents. In 1987, the drugs primaquine and
modiaquine were employed as ligands in the synthesis of 32 metal
omplexes and two of those were based on gold (III). All compounds
ere found to be active against P. falciparum (Table 1) to the same

xtent as the parental drugs [41]. Attaching a gold-containing frag-
ent to chloroquine (CQ) results in a strong modification of the

lectronic properties. Moreover, the almost unlimited variety of
ossible gold–ligand fragments that can be coordinated to base
Q or chloroquine diphosphate (CQDP) represents a very extensive
rea for exploring their anti-malarial properties.

The complex [Au(PPh3)(CQ)]PF6 (Fig. 3, AuCQ) caused marked
nhibition of the in vitro growth of P. berghei and was also very effec-
ive against two chloroquine resistant FcB1 and FcB2 strains of P.
alciparum (Table 1). It displayed a 5–10-fold greater activity than
he corresponding CQDP, demonstrating that gold coordination
esults in a significant enhancement of the activity of the parental
rug against resistant parasites. Further in vivo series of experi-
ents against P. berghei showed that AuCQ is also active against

his type of rodent malaria. The parasitemia of infected mice after
reatment with AuCQ at a dose of 1 mg of CQ per kg of body weight
as reduced by 84% as compared to untreated controls, while the

eduction in parasitemia of mice treated with an equivalent con-
entration of CQDP was only 44%; this shows that complexation
f Au to CQ significantly increased the in vivo susceptibility of P.
erghei to CQ. No apparent adverse reaction or apparent acute toxic
esponses were observed [42].

The enhancement of activity of CQ caused by the coordi-
ation to gold, stimulated the development of new gold-CQ
ntimalarial agents with different changes in the structure of the
Au(PPh3)(CQ)]PF6 complex, thereby generating a series of CQ-
u derivatives. The changes included variation of the phosphine

igand with the purpose of inducing changes in the electronic
nd steric properties, variation of the counteranion (for exam-
le nitrate), variation of the gold oxidation state (both Au (I) and
u (III)) and the use of other biological important ligands such
s 1-thio-ˇ-D-glucose-2,3,4,6-tetraacetate. Fig. 4 summarizes the
old–chloroquine complexes obtained through these variations.

ll of the complexes were evaluated against CQ-sensitive and CQ-
esistant strains of P. falciparum (Table 1). Gold (III) complexes
ere found to be more active than CQDP against CQ-resistant

train K1. The highest activity for this series was found for com-
and FcB2: CQ-resistant Strains of P. falciparum [42]; FcB1, W2, and K1 strains are con-
sidered of medium CQ resistance, while F32 is CQ sensitive [43]. D10 is CQ-sensitive
and K1 CQ-resistance [53].

plex [Au(PEt3)(CQ)]PF6, which is 5-fold more active than CQDP
against CQ-resistant strain FcB1, although no clear structure activ-

ity correlations could be established for this series of compounds.
Interestingly, on pre-incubating uninfected red blood cells (RBC’s)
with the gold [Au(PPh3)(CQ)]PF6, protection against subsequent
infection was observed [43].
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Fig. 4. Gold–chloroquine comp

The possible mechanisms of action of this promising complex
Au(PPh3)(CQ)]PF6 are currently under investigation [44]. Two tar-
ets have been evaluated, based on the accepted mechanisms of
ction for the CQ, viz. the inhibition of haemozoin (malarial pig-
ent) formation and DNA interaction [45–49]. The most accepted

xplanation of the CQ mode of action is based on the interference
f the drug with the detoxification of haem. CQ accumulates in the
ood vacuole of the intraerythrocytic parasite where the digestion
f the haemoglobin takes place. CQ has been shown to be able to
ounteract haem aggregation inside the vacuole by blocking the
equestration of toxic haem into haemozoin, thus promoting accu-
ulation of toxic levels of haem resulting in parasite death. Many

xcellent reviews are available on this exciting area of research

37,45–48]. Several other theories have been proposed such as inhi-
ition of DNA and RNA synthesis and inhibition of protein synthesis,
ut these explanations seem unlikely since the concentration of
rug required for a lethal effect on the parasite would have to be
uch higher than those observed in vivo [49]. Unfortunately, there
ctive against malaria parasites.

is no direct proof of the putative mechanism of CQ action, but there
is considerable evidence in favour of the targets evaluated for this
complex. The preliminary results obtained [44] show that the com-
plex [Au(PPh3)(CQ)]PF6 can interact with DNA by an intercalative
mode, no covalent DNA interaction was detected. Also, this complex
inhibited the �-hematin (synthetic haemozoin) formation at com-
parable concentration to CQ [44]. The evaluation of this complex on
the haeme aggregation inhibition in the water–lipid interface is in
progress [50].

Due to the interesting activity found for gold- and rhodium-
chloroquine [42,51] and ferrocenyl derivatives against malarial
parasites [52], another interesting approach has been investigated
using heterobimetallic complexes through the combinations of

rhodium and gold-containing fragments with ferrochloroquine (FQ)
in contrast to chloroquine [53]. The biological data showed that
the coordination of the CQ to gold (I) or rhodium (I) increases
the efficacy with respect to CQ, most notably in chloroquine-
resistant strains of the P. falciparum (Table 1) confirming the concept
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ig. 5. Heterobimetallic gold–ferroquine complex active against CQ-sensitive and
Q-resistant strains.

f metal–drug synergism [6,36] previously proposed. Ferrocenyl
igands are more active than CQ against both CQ-sensitive and CQ-
esistant strains of the parasite. Furthermore, FQ displayed better
ctivity than metal-chloroquine complexes against the resistant
trains of P. falciparum. The most active of the 16 compounds stud-
ed is the complex Au(C6F5)(FQ) (Fig. 5), the rhodium complexes
valuated were significantly less active than the gold complexes.
owever, the presence of two metal centers in the molecules at
est has little effect on the overall efficacy of the compounds. At
orst, there appears to be a significant antagonistic effect on the

omplexation of the second metal. Although, this antagonistic effect
as not deeply explored, the presence of the second metal made

he ferrocenyl moiety far more difficult to oxidise [53,54].
Recently, the antiarthritic drugs auranofin and aurothiomalate

Fig. 2) as well as triethylphosphine gold (I) chloride and a gold (III)
yclam (Fig. 6) have been tested against 3D7 P. falciparum strain
Table 1). Auranofin causes strong and nearly completed inhibi-
ion of P. falciparum growth, at 142 nM while Et3PAuCl showed
similar trend but at higher concentration (2.1 �M). In contrast,

urothiomalate and AuCyclam were less effective. The strong effect
ound for auranofin against P. falciparum is probably mediated by
evere oxidative stress originating from this parasite thioredoxin
eductase inhibition [55].

. Gold complexes as potential anti-leishmaniasis agents

Leishmaniasis, an emerging and uncontrolled category I disease,
onstitutes a major public health problem, causing significant mor-

idity and mortality in Africa, Asia and the Americas. The disease
urrently threatens about 350 million people around the world.
t is caused by flagellated protozoans of the genus Leishmania
Sarcomastigophora, Kinetoplastida) and ranges from self-healing
utaneous leishmaniasis to progressive mucocutaneous infections,

ig. 6. Structures of Au (III) cyclam and chloro(triethylphosphine) gold (I) tested
gainst 3D7 P. falciparum strain.
Fig. 7. The proposed structure of [Au(dppz)2]Cl3.

and fatal visceral leishmaniasis also called kala-azar. The annual
incidence is estimated at 1-1.5 million cases of cutaneous leishma-
niasis and 500,000 cases of visceral leishmaniasis [56].

Treatments for leishmaniasis available at present are far from
ideal. The classic first line treatment is based on pentavalent anti-
monials (Sb(V)), particularly sodium stibogluconate (Pentostam®)
and meglumine antimoniate (Glucantime). Both drugs only exist
in their parental forms and have been used for over 60 years
[57]. Although these antimonials are successfully employed world-
wide, they have been shown to induce severe side effects. The
second-line compounds, used during the treatment of unrespon-
sive cases, generally include pentamidine and amphotericin B [58],
and a new anti-leishmanial, miltefosine [59], originally developed
as an antineoplastic agent. Another potentially useful compound,
Paramomycin (an aminoglycoside antibiotic) has been clinically
tested for treating the disease [60,61].

The development of metal complexes as potent chemothera-
peutic agents against leishmaniasis remains a priority since the
drugs currently available are not totally safe or active. Moreover,
the appearance of drug-resistant strains of Leishmania spp. justi-
fies the screening of new compounds. Some organometallic and
coordination complexes of iridium, rhodium and platinum and zinc
sulfate have been tested against the leishmania parasite [62–72].
Also, some metallointercalators of DNA based on platinum, cop-
per and silver have been evaluated and have shown remarkable
antileishmanial activity [73]. Gold compounds have been very little
explored against leihmaniasis.

Since metabolic pathways of kinetoplastid parasites are similar
to those present in tumor cells [74,75], there has been some
interest in the design of metallointercalators that could show
activity against some of these pathogenic parasites through
their interaction with DNA. The metal complexes designed to
be DNA intercalating molecules with potential leishmanicidal
activity are based on metals of known clinical application such
as copper [76,77], silver [78] and gold [79] with ligands typically
employed in the synthesis of metallointercalators such as the pla-
nar organic compounds dppz (dipyrido[3,2-a:2′,3′-c]phenazine)
and dpq (dipyrido[3,2-a:2′,3′-h]quinoxoline). The compounds
of this series are [Cu(dpq)(NO3)]NO3, [Cu(dpq)2(NO3)]NO3,
[Cu(dppz)(NO3)]NO3, [Cu(dppz)2(NO3)]NO3, [Ag(dpq)2]NO3,
[Ag(dppz)2]NO3, [Cu(dppz)2]BF4 and [Au(dppz)2]Cl3. The biologi-
cal activity of these eight complexes against the promastigote form
of Leishmania (V) braziliensis and L. (L) mexicana was evaluated, all
of them showing leishmanicidal activity. This biological activity
was higher for the metal-dppz complexes than for the metal-dpq
complexes. Additionally the complexes with two coordinated

molecules of the planar ligand were more active than those with
one.

[Au(dppz)2]Cl3 (Fig. 7) was the most effective complex in the
series. This complex induced a dose dependent antiproliferative
effect with a minimal inhibitory concentration (MIC) of 3.4 nM and



1 istry Reviews 253 (2009) 1619–1626

l
L
w
s
c
(
m

m
r

c
m
e
t
o
t
p

4

t
o
w
t
h
(
p
w
n
r
a
n
e
s
t

A
i
T
i
m

F
r

624 M. Navarro / Coordination Chem

ethal doses LD26 of 17 nM at 48 h. This strong in vitro activity against
eishmania (L) mexicana could be related to their ability to interact
ith DNA through an intercalative mode. Also, preliminary ultra-

tructural studies using Transmission Electron Microscopy (TEM)
arried out with treated parasites at a sublethal concentration
IC7 = 0.34 nM for 24 h) showed polynucleated cells with DNA frag-

entation and drastic disorganization of the mitochondria [73,79].
In 1987, sodium aurothiomalate (Fig. 2) was used in the treat-

ent of 10 patients with kala-azar and showed an excellent clinical
esponse [80].

Recently, five selected gold (III), palladium (II) and rhenium(V)
omplexes have been tested against three Leishmania species (L.
ajor, L. mexicana, L. donovani) and Trypanosoma cruzi, along with

valuation of the inhibitory effect against parasite cysteine pro-
eases. All compounds were inhibitors of this parasite enzyme, and
ne of the palladium complexes assayed was the most active against
hese parasites. The preliminary data indicating that the metal com-
lexes target parasite cysteine proteases [81].

. Gold complexes as potential anti-trypanosomiasis agents

There are at least two groups of diseases caused by the infec-
ion with the protozoa parasites of the genus Trypanosoma. One
f them is Chagas’ disease also called American trypanosomiasis,
hich is the result of an infection caused by the flagellate pro-

ozoan Trypanosoma cruzi. This parasite is usually transmitted to
umans through feces of blood-sucking of infected insect vectors
reduviid bugs). Currently, this illness afflicts over 17 million peo-
le in Latin America and ranks as the third largest parasitic disease
orldwide after malaria and schistosomiasis. Nowadays, there are
o prophylactic drugs to prevent infection with T. cruzi, the cur-
ent treatment is very limited and far from ideal; commercially
vailable drugs are benznidazol (nitroaromatic compounds) and
ifurtimox (discontinued to the public). These drugs have proven
fficient only through the acute phase; both drugs have important
ide effects including allergic dermopathy, peripheral polyneuropa-
hy, anorexia, loss of weight, vomiting, nausea and diarrhea [82,83].

The other important disease caused by this family of parasite is

frican trypanosomiasis, also known as sleeping sickness, which

s caused by Trypanosoma brucei (sub-species T. gambiense and
. rhodesiense), two species of flagellates transmitted by bites of
nfected tsetse flies (Glossina species). Sleeping sickness threatens

illions of people in 36 countries of sub-Saharan Africa. Four drugs

ig. 9. (a) Molecular structure of clotrimazole(triphenylphosphine) gold (I) hexafluoroph
ophosphate.
Fig. 8. The molecular structure of trichloro(clotrimazole) gold (III), active against T.
cruzi parasite.

have been used for the treatment of this illness such as pentami-
dine, melarsoprol, eflornithine and suramin, the treatment used
depends on the type and stage of African trypanosomiasis [84].

In view of the similarity between tumor cells and the pathogenic
African trypanosomes both in metabolism and in drug reactivity,
the trypanocidal activity of selected antitumor drugs and metal
based complexes have been evaluated against Trypanosomas. In
1979, cisplatin showed significant activity against T. rhodiense [85]
and T. cruzi [86]; cisplatin analogs and ruthenium, palladium, rhe-
nium were also reported to be active against Trypanosomes parasites
[81,87–93].

A different approach involves coordination of metals such as
copper, ruthenium, platinum, rhodium, gold (I) and gold (III)
to cotrimazole (CTZ) and ketoconazole (KTZ), known antifungal
agents that are efficient Sterol Biosynthesis Inhibitors (SBIs) [94],
to produce remarkably effective compounds that make use of the
metal–drug synergism [95,96].

Coordination of clotrimazole to gold (III) produced the com-
plex AuCl3(CTZ) (Fig. 8). This complex at 10−5 M inhibited 60% of
the proliferation of the epimastigotes of T. cruzi, slightly higher
than the free CTZ (58%) [97]. Gold (I) has been also coordinated
to CTZ and KTZ to yield the complexes [AuPPh3(CTZ)]PF6 and
[AuPPh3(KTZ)]PF6, respectively (Fig. 9). Both complexes showed
considerable inhibition of the proliferation of the epimastigotes

form of T. cruzi at a concentration of 1 �M (around 70%) while the
parental compound CTZ has no effect on the growth and KTZ only
inhibited 39% at the same concentration [98].

The trypanocidal effects of porphyrins bonded to different met-
als including gold (III) have been evaluated against T. brucei brucei

osphate and (b) structure of ketoconazole(triphenylphosphine) gold (I) hexafluo-
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rowth and sodium tetrachloaurate (III) was found to be more toxic
o this parasite than the gold (III) porphyrin complex; this result
as attributed to free radical generation in the presence of the gold

III) ion [99].

. Gold complexes as potential anti-schistosomiasis agents

Schistosomiasis (also known as bilharziasis) ranks as the second
arasitic disease behind malaria. This disease is caused by the dige-
etic trematode Schistosoma. Three main species are pathogenic

or humans, Schistosoma mansoni, responsible for hepatic bilharzi-
sis, Schistosoma haematobium which leads to urinary bilharziasis,
nd Schistosoma japonicum, responsible for hepato-intestinal bil-
arziasis, these three forms are present in different geographical
istributions. More than 200 million people are exposed to Schis-
osoma in 76 countries worldwide with a concentration in Asia,
frica, and South America [100]. Each year 280,000 people die of

his disease [101]. No vaccine is available, and praziquantel, the only
rug extensively utilized, is currently administered more than 100
illion people yearly. Research for new antischistosome drugs is

learly needed.
Very recently, a study was undertaken of the evaluations of

ntiarthritic gold drugs such as auranofin, aurothiomalate, and
urothioglucose, among several others compounds, as potential
nhibitors of the parasite enzyme thioredoxin glutathione reduc-
ase (TGR) based on the premise that Schistosoma mansoni TGR is
n essential parasite enzyme. TGR (multifunctional enzyme) is a
ajor if not the sole enzyme for thioredoxin reductase (TrxR) and

lutathione reductase GR activities in the adult parasite S. man-
oni. This contrasts with the mammals which have three distinct
nzymes, TGR, TrxR and GR. TGR has a similar amino acid sequence
nd domain structure to mammalian TrxR and GR, with an addi-
ional amino-terminal extension of glutaredoxin (Grx) domain of
100 amino acid, including the active site-Cys-Pro-Tyr-Cys motif.
ike all mammalian TrxR isoforms, S. mansoni TGR is a selenopro-
ein with a carboxyl-terminal Gly-Cys-SeCys-Gly active site motif.
GR should be a key drug target for treatment of schistosomiasis
102,103]. Gold complexes were found to be potent Schintosome TGR
nhibitors. Auranofin was the most potent inhibitor of TGR, with
C50 values in the low nanomolar range. Furthermore, the inhibi-
ion of TGR by auranofin in cultured worms greatly reduced the
SH:GSSG ratio and resulted in rapid worm death. There was a sig-
ificant decrease in worm burden in infected mice treated with
uranofin [103].

. Conclusions

Gold is among the most ancient of all metals used in medicine;
he most common medical use for gold compounds is the treatment
f rheumatoid arthritis and there is emerging interest in the appli-
ation of gold compounds as anticancer agents. Its current use in
odern medicine has allowed information regarding toxicological

nd clinical administration to become available along with valuable
tudies concerning its metabolism and molecular targets. There-
ore, gold has become one of the most promising metals for drug
evelopment in medicine. Due to the urgent need to develop new
rugs, gold compounds are good candidates for parasitic diseases
aused by Plasmodium, Leishmania, Trypanosomes and Schistosomas.
he drugs currently used to treat these diseases have limited effi-
acies and/or are significantly toxic to humans. In addition, the

ccurrence of parasitic strains resistant to current drugs is a grow-
ng and extremely worrying phenomenon.

To treat the millions of people suffering from parasitic diseases
nd attack this immense health problem, the use of the existing
old-based drugs and/or rational design of new gold-based com-
Reviews 253 (2009) 1619–1626 1625

plexes with specific and/or selective parasite target appear as a very
useful alternative, with the potential to develop a clinically accept-
able drug, with high pharmacological potential and low toxicity.
Research on gold-based antiparasitic agents is an area which has
great prospects.

Metal–drug synergism is a powerful tool which could provide
effective treatment for parasitic diseases in the future; however, it
needs to be accompanied by studies involving the recognition of
biomolecules as specific targets in order to understand the mech-
anisms of action of metal drugs and to facilitate the design of new
metallodrugs.
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