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ARTICLE INFO ABSTRACT
Article history: Metal complexes have shown interesting preclinical and clinical results as antitumor drugs and plat-
Received 1 November 2008 inum compounds are well established in current cancer chemotherapy. However, the platinum based
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¢ ) treatment of tumoral diseases is massively hampered by severe side effects and resistance development.
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Consequently, the development of novel metallodrugs with a pharmacological profile different from that
of the platinum drugs is in the focus of modern medicinal chemistry and drug design.

Among the non-platinum antitumor drugs, gold complexes have recently gained considerable atten-

) . tion due to their strong antiproliferative potency. In many cases the cell growth inhibiting effects could
Thioredoxin reductase R R . . . . .
Metallodrugs be related to anti-mitochondrial effects making gold species interesting drug candidates with a mode of
Mitochondria action different from that of the platinum agents. The spectrum of gold complexes described as antiprolif-
erative compounds comprises a broad variety of different species including many phosphine complexes
as well as gold in different oxidation states.

This presentation gives an overview of the relevant medicinal chemistry of known gold complexes with
in vitro and in vivo tumor growth inhibiting properties.
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1. Introduction eral conditions of patients and are characterised by a high lethality
rate. Despite tremendous efforts to improve therapy and recent

Cancer and tumoral malignancies remain among the most advances, the spectrum of available effective drugs is compara-
widespread and difficult to treat diseases often causing poor gen- bly limited and there is a considerable need for the development
of new drugs and treatment alternatives. Since their serendipi-

tous discovery, platinum based antitumor agents (e.g. cisplatin,

carboplatin or oxaliplatin) have been among those agents, which

E-mail address: ingo.ott@tu-bs.de. significantly influenced and shaped current tumor chemotherapy.
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Fig. 1. Gold complexes used for chrysotherapy.

However, severe side effects and frequent development of resis-
tance phenomena complicate and hamper the clinical application
[1-3].

From the viewpoint of pharmaceutical and medicinal chem-
istry the platinum anticancer drugs are of special interest as
metal complexes are rarely used as therapeutics. Based on
their different kinetics, geometries and reactivities compared
to classical non-metal organic drugs, however, metal com-
pounds might offer a huge unexplored chemical space concerning
modern drug design and development, which has probably
been underestimated by both academic and industrial drug
research so far. Consequently, in recent years the interest in
non-platinum metal complexes for cancer chemotherapy has
been rapidly growing and been stimulated by the possibility
to develop new agents with a mode of action and clinical
profile different from the established platinum metallodrugs
[4-7].

Among the new non-platinum drugs especially gold species
have gained more and more attention due to their generally strong
tumor cell growth inhibiting effects and the observation that many
of the compounds inhibit the enzyme thioredoxin reductase (TrxR)
with high potency and specificity. TrxR is relevant for the prolifer-
ation of tumor tissues and its inhibition is related to the triggering
of anti-mitochondrial effects. Thus, gold species might give access
to a class of non-platinum metal compounds with non-cisplatin-
like pharmacodynamic and pharmacokinetic properties, which are
major goals of bioinorganic and bioorganometallic medicinal chem-
istry research.

The spectrum of gold complexes with described cell growth
inhibiting properties comprises a large variety of different ligands
attached to gold in the oxidation states +I or +III. Based on the great
structural variety of the used ligands a unique mode of action or
pharmacological profile is unlikely to exist and also pharmacody-
namic effects not related to TrxR inhibition are likely to have high
relevance for the pharmacology of gold metallodrugs.

Several reviews on the use of gold complexes have appeared
in the recent years highlighting the special interest in this class
of metal complexes for antitumor drug development [8-11]. This
review aims to give an overview of the medicinal chemistry of
gold complexes as antitumor compounds and to present relevant
examples with described pharmacological activity.

2. From antirheumatic drugs to anticancer drugs

Gold compounds have been playing an important medical role
since ancient times and their use can be dated back more than 2000
years [12-14].

Today still symptoms of rheumatoid arthritis are treated with
various gold drugs (see Fig. 1) including aurothioglucose (sol-
ganol), aurothiomalate (myocrisin) aurothiosulfate (sanocrysin),
aurothiopropanol sulfonate (allocrysin) and triethylphosphine-
gold(I)tetraacetylthioglucose (auranofin). Rheumatoid arthritis is a
painful and disabling chronic autoimmune disease causing inflam-
matory conditions and progressive joint erosion. The cause of the
disease is so far unknown. Current treatment strategies mainly
focus on alleviating the symptoms and preventing the progressive
destructive processes. The pharmacological therapy uses anti-
inflammatory agents, analgetics and so-called disease modifying
antirheumatic drugs (DMARDs). Antirheumatic gold complexes
belong to the class of DMARDs, which are used to halt or slow
down disease progression and lower bone and cartilage damage.
The application of DMARD:s is of special importance as the men-
tioned damages are generally irreversible and cannot be influenced
by anti-inflammatory agents and analgesics. The application of gold
complexes in medicine has been called “chrysotherapy” and aims
at reducing inflammation and disease progression in patients with
rheumatoid arthritis. Of the above-mentioned gold salts auranofin
is of special interest since it can be administered orally in con-
trast to the other gold salts, which are usually given by injection
[15,16].

Experimental research on auranofin revealed that it also dis-
played promising cell growth inhibiting effects in vitro and some
efficacy in experimental in vivo models. Thus, auranofin showed an
increased life span correlating with the administered dose in mice
inoculated with P388 leukemia cells [17]. As it showed only limited
efficiency in other in vivo studies it is so far unclear if auranofin itself
might be a suitable antitumor drug candidate. In a variety of mouse
tumor models auranofin was only active against i.p. P388 leukemia
and only when administered i.p. [18]. However, these studies have
definitely triggered an immense interest in the research on gold
complexes for cancer chemotherapy.

3. The mechanism of action of auranofin and related gold
complexes

The mechanism of action of antirheumatic or antiprolifera-
tive gold complexes had been under question for a long time.
Concerning its antirheumatic properties various enzymes such as
cyclooxygenases (COX) had been considered as possible targets and
the suppression of the activities of these enzymes as well as others
has been reported (see below). Similarly, for auranofin, and auroth-
ioglucose the inhibition of selenium-glutathione peroxidase had
been reported [19,20].
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However, reports that auranofin and other gold(I) complexes
potently inhibited the enzyme TrxR have most probably answered
the question on the biological main target of gold complexes [21].
Auranofin inhibited TrxR with high potency and approximately
1000-fold selectivity compared to other related enzymes (glu-
tathione reductase and glutathione peroxidase) [21]. Based on the
different ligand structures of the many gold complexes, for which
cell growth inhibiting properties have been observed, a unique
mode of action of the agents is not likely to exist but an increas-
ing number of reports on gold complexes with significant TrxR
inhibitory properties underlines the relevance of this enzyme in the
pharmacology of gold metallodrugs. In this context it is of interest
to note that the inhibition of TrxR has been reported not only for
different gold(I) complexes but also for various gold(IIl) compounds
[22].

TrxR is a homodimeric protein belonging to the family of
glutathione reductase like enzymes. It catalyzes the NADPH-
dependent reduction of thioredoxin (Trx) disulfide and many
other oxidized cell constituents. TrxR has been identified in
different species, such as the malaria parasite Plasmodium fal-
ciparum, Drosophila melanogaster, and humans. The enzyme
shows a broad substrate specificity and is involved in numerous
metabolic pathways (e.g. antioxidative network, nucleotide synthe-
sis) and pathophysiological conditions (tumors, infectious diseases,
rheumatoid arthritis, etc. [23]) Due to its antioxidant properties the
thioredoxin system is regarded as preventing cells from oxidative
stress, which is a key factor for DNA damage. Overexpression of TrxR
has been observed in numerous tumor cell lines and potent cyto-
statics, like carmustine and cisplatin, are effective inhibitors of TrxR
[23]. Furthermore, high levels of the substrate Trx have been asso-
ciated with the resistance to the platinum anticancer drug cisplatin
[23-29].

The active site of TrxR contains a selenocysteine (Sec) contain-
ing Gly-Cys-Sec-Gly motif involved in the catalytic mode of action
of the enzyme. During enzyme catalysis reducing equivalents are
transferred from the substrate NADPH to thioredoxin by means of
the FAD prosthetic group [25].

Based on the high affinity of the electrophilic gold center of
gold(I) complexes to the nucleophilic sulfur and selenium contain-
ing residues a covalent interaction seemed likely as a mode of drug
action. The preferred binding of auranofin to the selenocysteine
residue was suggested based on the fact that the agent inhibited
glutathione reductase, an enzyme which is structurally and func-
tionally closely related to TrxR but lacks the Sec residue in the active
site, with significantly lower affinity [21].

Recently, for the gold phosphole complex GoPI covalent binding
to cysteines was indicated by the results of mutation experiments
and confirmed by crystallography experiments on the enzyme glu-
tathione reductase. Interestingly, upon exposure to the enzyme the
gold atom had lost its former ligands and was coordinated by two
cysteine residues of the active site of glutathione reductase (for a
more detailed description of the binding mode see the below sec-
tion). This suggests that the “undressing” of gold complexes might
represent a general mode of interaction of gold agents with cysteine
or selenocysteine containing enzymes [30,31].

In this context the importance of cysteine containing proteins
in the pharmacology of auranofin and analogues is additionally
underlined by the observations that metallothioneins (which are
thiol-rich metal binding proteins) are involved in the resistance of
cells towards gold compounds [32,33].

The inhibition of the mitochondrial form of the above-
mentioned enzyme TrxR by auranofin is in good agreement with
early reports on anti-mitochondrial effects of gold compounds in
several in vitro studies.

TEPAuCl ((triethylphosphine)gold(I)chloride), an analogue of
auranofin containing the triethylphosphine fragment of auranofin

but a chlorine ligand instead of the thiocarbohydrate moiety,
caused anti-mitochondrial effects such as mitochondrial swelling
or increased permeability of the inner membrane in isolated rat
liver mitochondria. These effects could be reversed or weakened
by the thiol reducing agent dithiothreitol suggesting an involve-
ment of mitochondrial thiols [34,35]. Studies on freshly isolated
rat hepatocytes exposed to TEPAuCl similarly indicated that mito-
chondria might be the target organelles for TEPAuCl [36]. Auranofin
itselfinduced the mitochondrial membrane permeability transition
observed as swelling and loss of membrane potential. Both events
could be completely reversed by cyclosporin A, a specific inhibitor
of mitochondrial permeability transition [37].

Besides the inhibition of TrxR and related enzymes different
mechanisms most likely contribute to the pharmacological profile
of gold complexes and based on their different ligands, different
kinetic properties, geometries and other features a unique mode of
action is most unlikely to exist.

Gold(I) species with labile ligands (such as the Cl in TEPAuCl)
interact readily with isolated DNA and therefore this biomolecule
cannot be excluded as a possible target for gold drugs [38]. However,
auranofin, myochrisin and other gold(I) complexes with tight bind-
ing ligands did not bind to the DNA. Interestingly it was observed
that 2-mercaptoethanol caused a dissociation of gold-DNA com-
plexes and a regeneration of closed circular superhelical pBR322
DNA [39,40]. Interaction with the DNA has also been confirmed
for the gold phosphole complex GoPI or several gold(Ill) complexes
[31,41].

Other biological targets have also attracted attention. Auranofin
and arsenic trioxide caused the inhibition of cellular selenoprotein
synthesis, which indicates that gold agents may not only inhibit
their main biological target TrxR directly but also perturb the
related biochemistry concerning protein expression [42]. Auranofin
and TEPAuCl stimulated phospholipase C activity, an enzyme which
is increased in rheumatoid patients [43].

Cyclooxygenases (COX) and lipoxygenases (LOX) represent
another class of enzymes important for the treatment of inflam-
mation and cancer. Recently it was demonstrated that auranofin
inhibited the formation of eicosanoids related to the activity of
COX-1 and 12-LOX in human platelets [44]. In human synovial
fibroblast-like cells auranofin inhibited the biosynthesis of the
COX enzymatic product prostaglandin E, (PGE;) and suppressed
COX-2 expression [45]. In rat peritoneal macrophages dual effects
were observed with auranofin: in unstimulated cells the forma-
tion of PGE; was increased but in TPA stimulated cells inhibited
[46,47]. Auranofin stimulated COX-1-dependent PGE, production
but inhibited COX-2-dependent PGE, production [48].

Based on molecular modeling and mutation experiments for
aurothiomalate the selective targeting of Cys-69 in the PB1 domain
of protein kinase C iota was suggested as a possible mode of action
in human lung cancer cells [49].

For gold(Ill) complexes the partial reversible inhibition of
ribonuclease A (RNase A) and deoxyribonuclease I (DNase I) has
been reported [50].

As an overall result these studies suggest that besides inhibi-
tion of TrxR, which may represent the most relevant target for
most gold complexes, the interaction with various biomolecules
seems to be important for the pharmacology of antiproliferative
gold complexes.

4. Side effects of gold metallodrugs

Similar to the mode of action the occurrence of side effects is
strongly dependent on the concrete structure and the ligands of
the respective gold agents. However, some major side effects have
been reported and need to be addressed in the development of gold
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metallodrugs. Generally side effects occur after the accumulation of
gold in the body and can affect skin, blood, kidneys or other organs.
Of the highest relevance are mucutaneous side effects (e.g. skin
rashes, dermatitis or stomatitis). Other major reported side effects
include proteinurie, thrombocytopenia or nephropathy [51-58].

Toxic effects on the brain have also been observed. However,
long-term treatment of mice with tetrachloroaurate showed that
toxic effects did not readily develop and may be of relevance only at
higher dosage. Investigation of the gold content of the brain resulted
in gold levels below the detection limit of the used atomic absorp-
tion spectrometer and may explain the non-brain toxicity of this
gold salt [59].

5. Cellular biodistribution of gold compounds

Besides the concrete interaction of a drug with its biological tar-
get other parameters regulating its absorption and biodistribution
play important roles.

The cellular association and uptake of auranofin and TEPAuCl did
not require metabolic energy and were temperature dependent. It
was suggested that the rate-limiting step for the uptake and distri-
bution is the exchange of the tetraacetylthioglucose or chloride with
a sulfhydryl group [60]. Experiments in RAW 264.7 macrophages
showed that the cellular association of auranofin was concentra-
tion, time and temperature dependent and that the uptake was
reduced with increasing amounts of fetal calf serum or albumine in
the media. An interesting observation of the same study was that
no tetraacetylglucose from auranofin was associated to the cells
but Au and the triethylphosphine moiety were internalized and
distributed between nuclear, cytosolic and membrane fractions of
the cells. This underlined the importance of the model of a ligand
exchange process being involved in the mode of action [61].

The cellular uptake of auranofin can in general be rated as high
if compared to other metallodrugs and could be correlated with
the triggered cytotoxic effects [62]. Thus, in HT-29 colon carcinoma
cells the intracellular gold concentration exceeded the exposure
level approximately 10-50-fold (for comparison: with the platinum
anticancer drugs cisplatin and carboplatin only up to 6-fold accu-
mulation can be reached [63,64]) and the gold uptake increased
with increasing exposure concentrations of auranofin [62].

6. Other pharmacological uses of gold drugs

Besides their use as antirheumatic drugs and their potential
application in tumor therapy gold drugs could be of interest for
the treatment of various diseases. Thus, future applications are also
envisaged in infectious and parasitic diseases. For example, during
in vitro studies on auranofin and other gold complexes a significant
inhibition of P. falciparum growth was noted indicating that there
might be an additional use as antimalarial drug [65,66]. However,
the use of gold drugs as antiparasitic and antiinfective agents is out
of the scope of this article and is addressed in another contribution
in the same issue of this journal.

7. Gold(I) complexes

Starting from the gold(I) species used in chrysotherapy for the
treatment of rheumatoid arthritis the research on gold complexes
has so far focused mainly on complexes with gold in the oxidation
state +1.

7.1. Auranofin and close analogues

As noted above the lead structure for antiproliferatively
active gold complexes is the gold glucose derivative auranofin,
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Fig. 2. Au-Naphth-1.

which represents a neutral, linear two coordinate gold phos-
phine complex containing a carbohydrate ligand. Consequently,
an increasing number of studies on the potential of gold
complexes as anticancer drugs deals with analogues of this com-
pound.

An early structure-activity relationship study on 63 auranofin
analogues had demonstrated the importance of the phosphine lig-
and as derivatives lacking this moiety were significantly less active.
This study demonstrated that in vitro inactive compounds also were
notactive in vivo. However, activity in vitro did not necessarily trans-
late into activity in vivo [67].

Pharmacological research on auranofin and closely related
derivatives is still the focus of a huge number of ongoing studies
shedding light on the complicated pharmacodynamic and pharma-
cokinetic profile of these drugs.

Thus, it was observed that apoptosis induction by auranofin and
TEPAuCl in Jurkat T cells appeared to be mediated by the inhibition
of the cytosolic and mitochondrial forms of TrxR and that it was
accompanied by an increase in cellular hydrogen peroxide levels.
In contrast aurothiomalate was only little effective concerning TrxR
inhibition and apoptosis induction [68].

Moreover, drug resistance as one of the major problems of cur-
rent cancer chemotherapy might be addressed by the use of gold(I)
complexes as auranofin was also effective in cisplatin-resistant
human ovarian cancer cells, which exhibited elevated levels of TrxR
activity [69].

Au-Naphth-1 (see Fig. 2) is a gold(I) species, which contains
the triethylphosphine moiety of auranofin and a naphthalimide
ligand replacing the carbohydrate ligand of auranofin [70]. The
drug design strategy for this novel gold complex was motivated
by the aim to replace the auranofin carbohydrate ligand, which
is supposedly more relevant for the biodistribution of the com-
pound than for its pharmacodynamic effects, by an other bioactive
ligand. As bioactive ligand the naphthalimide moiety was chosen
based on the promising preclinical results of the naphthalimide
class of antitumor drugs [71]. Au-Naphth-1 displayed promising
cell growth inhibiting effects, induced apoptosis and inhibited
TrxR. Mass spectrometric investigations on a cysteine contain-
ing model peptide showed that Au-Naphth-1 bound covalently
to the cysteine residue under loss of its thionaphthalimide lig-
and, which indicates that the interaction with TrxR might also
be based on a covalent binding mechanism. Evaluation of the
biodistribution of Au-Naphth-1 by fluorescence microscopy and
atomic absorption spectroscopy showed that the compound was
taken up into the compartments of tumor cells and that the
transport of gold into the nuclei was increased in comparison
to the chloro analogue TEPAuCI. Interestingly, Au-Naphth-1 also
exhibited strong inhibitory effects on angiogenesis in zebrafish
embryos. However, this effect could be related to the presence of
the naphthalimide ligand as TEPAuCl was not active in this assay
[70].

An increasing number of research reports also describes linear
gold(I) phosphine species with ligands structurally more distant
from auranofin and its close analogues. Some relevant examples
are described in the following sections.
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GoPI

Fig. 3. The gold phosphole complex GoPI.

7.2. Gold phosphole compounds

Exceptional biological properties have also been reported
recently for gold phosphole complexes. These gold agents are
characterised by a phosphacyclopentadiene ligand attached to the
central metal and are potent inhibitors of TrxR and the related glu-
tathione reductase. The complex GoPI (see Fig. 3) shows ECsq values
for enzyme inhibition in the low nanomolar range and is probably
the most potent inhibitor of glutathione reductase reported so far.
For the interaction with glutathione reductase the covalent binding
to the enzyme was confirmed by crystallographic studies. Interest-
ingly, GoPI bound to a surface exposed cysteine residue (Cys-284)
of the enzyme and cross-linked two cysteine residues (Cys-58 and
Cys-63) of the active site under formation of a Cys-Au-Cys bridge
and loss of its ligands (see Fig. 4). Concerning inhibition of TrxR the
interaction with the relevant Sec residue in the active center was
confirmed by mutation experiments. The strong enzyme inhibitory
potential was accompanied by ICsg values for cell growth inhibi-

A = \ A
Pt

tion in the low micromolar range in several glioblastoma cells. A
thiophene analogue in which one of the 2-pyridyl rings of GoPI was
replaced by a 2-thiophenyl showed comparable activity concern-
ing both enzyme inhibition and antiproliferative effects. Analogous
platinum complexes were similar effective in inhibiting TrxR but
significantly less active in inhibition glutathione reductase and
glioblastoma cell growth [30,31].

A sugar analogue of GoPI, in which the chlorine ligand was
exchanged by the carbohydrate moiety of auranofin, displayed
improved stability, inhibited TrxR in vitro and triggered marked
cytotoxic and cytostatic effects in MCF-7 breast cancer cells [72].

7.3. Gold(I) complexes with multiple phosphine ligands

A broad range of reports exists describing active agents with
multiple phosphine ligands attached to the gold(l) central atom.
The lead compound for this class of compounds is [Au(dppe),]*
(see Fig. 5).

[Au(dppe),]* is a tetrahedral bischelated gold complex, which
showed antitumor activity in vitro and in vivo and induced DNA
protein cross-links and DNA strand breaks in cells. The complex is
kinetically stable in the presence of thiols and its pharmacological
profile appears in general to be different from that of auranofin.
Structure-activity relationship studies suggested that the optimal
length of the bridge connecting the two phosphor atoms is 2-3 C
atoms [73].

Free bisphosphines related to the ligand dppe were active in
mice bearing i.p. P388 leukemia. When coordinated as gold(I) com-
plexes the activity was similar but at a lower dose than free dppe.
Replacement of the phenyl groups with ethyl or benzyl groups led
to inactive compounds whereas by substitution with cyclohexyl or

Fig. 4. Interaction of GoPI with glutathione reductase; the picture was generated from the RCSB protein database entry 2AAQ [30] (www.pdb.org) using ViewerLite 4.2; the
protein backbone is depicted with grey lines; relevant cysteine residues, GoPI, the gold atoms and FAD are highlighted in colored stick display.
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heterocyclic rings active analogues were obtained. Activity was also
observed with complexes containing phenyl rings with fluoro or
methylthio groups but various analogues with methyl, methoxy,
dimethylamino or trifluoromethyl groups were marginally active
or inactive. Concerning the bridge linking the two phenyl rings
optimum activity was found in this in vivo model for ethane and
cis-ethylene derivatives [74].

However, [Au(dppe),]* triggered cardiotoxic effects in rab-
bits. The authors of the study also reported a series of in vitro
experiments on isolated rabbit myocytes showing a disruption of
mitochondrial function (as indicated by mitochondrial swelling or
a rapid dissipation of the mitochondrial inner membrane electro-
chemical potential) [75]. Swelling of mitochondria, dissipation of
mitochondrial membrane potential and other anti-mitochondrial
effects were also observed in isolated rat hepatocytes [76,77].

Physicochemical studies on [Au(I)(dppe), ]* and some analogues
revealed a correlation between drug lipophilicity, cellular uptake
and activity [78]. Furthermore, the influence of the anion on the
antitumor activity was negligible [79].

In this context, [Au(dppe),]* and its analogues belong to the
group of delocalized lipophilic cations (DLCs), which can pass
through cellular membranes and accumulate in the mitochondria.
Consequently, the lipophilicity of the compounds is a very impor-
tant parameter in optimizing the biodistribution and activity.

Structurally related bidentate phenyl and pyridyl phosphine
complexes showed activity against cisplatin-resistant human ovar-
ian cancer cells. Concerning the cytotoxicity the phenyl- and
2-pyridyl analogues were superior to the 3- and 4-pyridyl com-
plexes. During exposure to the dinuclear 2-pyridyl derivative SMIV
gold was mainly found in the mitochondrial fractions of CH-1 cells
compared to nuclear and cytosolic fractions highlighting the special
role of mitochondria for the antitumor potency of gold compounds.
Interestingly, the in vitro hepatotoxicity of the complexes correlates
with the lipophilicity and cellular uptake of the agents. The authors
concluded that complexes with a medium lipophilicity might be
optimal for further development [80,81].

The [Au(dppe),]* propylene analogue [Au(d2pypp), ]Cl showed
selectivity against cancer cells in comparative experiments using
normal and cancer breast cells and selectively induced apopto-
sis in breast cancer cells but not in normal cells. Apoptosis was

1675

induced via the mitochondrial pathway involving mitochondrial
membrane potential depolarisation, depletion of the glutathione
pool and caspase-3 and caspase-9 activation. The accumulation in
the mitochondria was confirmed for the compound. Furthermore,
the complex inhibited both thioredoxin and thioredoxin reductase
activities [82,83].

The mixed gold phosphine compound chlorotriphenylphosph-
ine-1,3-bis(diphenylphosphino)propanegold(I) [Au(dppp)(PPhs)-
Cl] was investigated in the national cancer institute (NCI) 60 cell
panel screening and showed LCsg values in the low micromolar
range in 29 cell lines. The results were most marked in MCF-7 breast
cancer cells with the LCsg value being below the lowest test con-
centration used (0.01 wM). Unexpectedly, the compound was not
active in leukemia cells [84]. Further studies on this agent were
performed in a panel of human melanoma cell lines, in which the
complex displayed ICs¢ values in the low micromolar range. An
apoptotic response was noted with alterations in the nuclear mor-
phology, loss of mitochondrial membrane potential, cytochrome
C and Smac/DIABLO release from mitochondria into cytosol and
enhanced caspase-9 and caspase-3 catalytic activity as well as
a decreased expression of anti-apoptotic proteins [85]. However,
[Au(dppp)(PPh3)Cl] decomposes in solution under formation of
mono- and dinuclear complexes making the nature of the phar-
macologically active species unclear [86].

The dinuclear cationic complex [{AuCI(PPh3)},(j2-DIPHOS)] is
the unexpected outcome of a study aiming at developing an ethy-
lene analogue of [Au(dppp)(PPhs )Cl]. [{AuCI(PPhs3)},(2-DIPHOS)]
showed activity against JR-8, SK-Mel-5 and 2/60 melanoma cell
lines, however, it was less effective than [Au(DPPP)(PPh3)Cl] [86].

Four phosphine ligands at the gold center are realised
in tetrakis((trishydroxymethyl)phosphine)gold(I) chloride
[Au(P(CH,0H)3)4]Cl. The compound showed excellent activ-
ities (with ICsg values in the low nanomolar range!) against
prostate cancer, gastrointestinal and coloncarcinoma cells and
prolonged the G1 phase of the cell cycle. In vivo studies in mice
confirmed the positive results from the in vitro experiments show-
ing a significantly prolonged survival of treated mice compared to
the untreated control [87]. These and preliminary pharmacokinetic
data in dogs suggested the further development of the agent in
clinical phase I trials [88].
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Fig. 5. Gold(I) complexes with multiple phosphine ligands.
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Fig. 6. Gold(I) carbene complexes.

7.4. Gold(I) carbene complexes

N-heterocyclic carbenes are an interesting class of ligands with
donor properties similar to phosphines. They are mostly used in
catalytic applications but a number of recent papers also deals with
their biological functions.

A series of dinuclear gold(I) complexes of bidentate hete-
rocyclic carbene ligands induced mitochondrial swelling in a
Ca%*-dependent manner. Studies on the gold content of the mito-
chondria did not reveal a correlation between the uptake into the
mitochondria and the extent of mitochondrial swelling indicating
the presence of a specific mode of action [89]. For one lumines-
cent derivative (see Fig. 6) the uptake into lysosomes of RAW264.7
cells rather than the mitochondria was observed by fluorescence
confocal microscopy [90].

Mononuclear, cationic, linear Au(l) N-heterocyclic carbene
species induced dose-dependent mitochondrial swelling in iso-
lated rat liver mitochondria, which increased with increasing the

lipophilicity of the alkyl residue at the carbene nitrogen [91].
For a derivative with medium lipophilicity containing an iso-
propyl residue further going experiments have been reported.
[(iPryIm), Au]Cl (see Fig. 6) showed selective cytotoxicity in tumori-
genic liver progenitor cells in comparison to non-tumorigenic cells.
In contrast its neutral chloro analogue (iPryIm)AuCl reduced the cell
growth of the tumorigenic and non-tumorigenic cells in a compa-
rable manner indicating that its lipophilic, cationic properties are
of high relevance for the bioactivity. Furthermore, [(iPr,Im),Au]Cl
was accumulated in the mitochondria and induced apoptosis via
the mitochondrial pathway [92].

The selectivity towards tumorigenic cell lines and apoptosis
induction via the mitochondrial pathway (as indicated by induc-
tion of caspase-3 and caspase-9) was further confirmed by studies
in breast cancer cells. The inhibition of cellular TrxR activity was
measured and in a model reaction with cysteine and selenocys-
teine it was demonstrated that the carbene ligands can be replaced
by thiols or selenols [93].

Interestingly, for gold(I) complexes containing N-heterocyclic
carbene ligands the inhibition of protein tyrosine phosphatase
activity, which is involved in many diseases, was determined in
Jurkat T leukemia cells [94]. This is of special interest as protein
tyrosine phosphatases contain a cysteine residue in the active site,
which supposedly is the target structure of the agents and might
be also of high relevance for other bioactive gold species.

7.5. Various other gold(I) complexes

Various other gold species, which cannot be grouped into the
above described categories showed promising bioactivities. Some
relevant examples are listed in the following paragraphs.

IC59 values in the low micromolar range were obtained
with triphenylphosphinegold(I) complexes with different
sulfanylpropenoate ligands in Hela and A2780 cells (see
[Au(PPh3)(HCLpspa) in Fig. 7 for a relevant example). The free lig-
ands were devoid of activity [95]. The gold(I) 7-azacoumarin species
[Au(TS)(PEt3)] displayed superior cytotoxic effects compared to
cisplatin in A2780 cells and was also strongly active in a cisplatin-
resistant variant of the cell line [96]. Similar results had been
observed with the vitamin K3 derivative [AuPEt3(K3TSC)], which
represents the first gold(I) complex with a thiosemicarbazone
ligand [97].

Et3PAu(S,CNEt;) was the most active agent within a series of
dithiocarbamate and xanthate complexes in a panel of seven human
cancer cell lines [98].

Wiater soluble cyclodiphosphazane gold(I) complexes exhibited
antiproliferative effects in cultured HelLa cells, induced apoptosis
and activated the p53 protein [99].

0 A -PEt,
OH OH HNo S
PEt 2 =
Cl — S/Au & \l/
S, X A
Au | N
P N A 0 |
SO,Na
0
[Au(PPh,)(HCLpspa)] [Au(TS)(PEt,)] [AUPEL,(K3TSC)]

Fig. 7. Various bioactive gold(I) species.
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8. Gold(II) complexes
One report describes the biological properties of a

novel stabilized gold(Il) complex with hematoporphyrin IX
(JAu(I)HP_,4(H,0),], see Fig. 8) [100]. The complex exhibited
cytotoxic effects and triggered apoptosis (DNA fragmentation).
[Au(IHP_,4(H,0),] showed less toxicity than cisplatin against
cultured kidney cells, which indicates that its nephrotoxicity might
also be lower.

OH
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9. Gold(II) complexes

Based on their structural and electronic similarity to cisplatin
and cisplatin-related antitumor drugs gold(Ill) species represent
a promising class of potential anticancer agents. However, the
development of gold(Ill) complexes as therapeutic drugs has been
hampered by their low stability under physiological conditions and
remains a critical parameter in the drug development of these
species.

Gold(Ill) complexes with various ligands have been prepared
and biologically investigated. Most of them are complexes with
Au-N bonds (eventually containing additional Au-O and Au-Cl
bonds) but also some species with Au-S or Au-C bonds and their
bioactivities have been described.

9.1. Gold(Ill) complexes with Au-N bonds

Two gold chloride species with pyridine ligands (AuCl3;(Hpm)
and AuCly(pm)) showed good cytotoxic activity in T-
lymphoblastoid and human ovarian cell lines, which was however
comparable to that of NaAuCl, (see Fig. 9 for structures). Binding to
the DNA was confirmed for both complexes. Both AuCl3(Hpm) and
AuCl,(pm) were relatively stable in organic solvents but underwent
hydrolysis of the chloride ligand in aqueous buffer media, a fact
which might limit their practical application [101].

PF

[Au(bipye-H)(OH)][PF]

T T T
2¢r E R X

—AuNH,
H: ¢ " Hz
[AuCl(dien)]Cl, [Au(en),]Cl,
_ ]+
| RS
cl N._ .=
N
Au

c” \N"”N cr

Au-azpy

Fig. 9. Gold(Ill) complexes with Au-N bonds 1.
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Fig. 10. Gold(IIl) complexes with Au-N bonds 2.

The bipyridine complexes [Au(bipy)(OH),|[PFgs] and [Au(bipy©-
H)(OH)][PFg] were stable in physiological buffer at 37°C and
cytotoxic. Studies on calf thymus DNA indicated that the interaction
of the compounds with DNA is weak and reversible [102].

A series of cationic gold complexes with multidentate lig-
ands, namely [Au(phen)Cl;]Cl, [Au(terpy)CI|Cl;, [AuCl(dien)]Cl,,
[Au(cyclam)](ClO4),Cl and [Au(en);]Cl,, showed reasonable sta-
bility in physiological-like environment. The coordination to the
polyamine ligands caused a marked stabilization of gold in the
3* oxidation state as indicated by measurements of the reduc-
tion potentials. The stabilization was less evident for the less basic
phenanthrene and terpyridine ligands. With exception of the cylam
species [Au(cyclam)](ClO4),Cl all complexes exhibited good cyto-
toxic activities in A2780 human ovarian cancer cells. Furthermore,
results obtained in cisplatin-resistant A2780 cells indicated that the
compounds might overcome resistance phenomena. The free lig-
ands were also investigated in the same assay. Whereas the free
ethylenediamine derived ligands were devoid of any activity the
potency of free phenanthrene and terpyridine was comparable to
that of the respective gold(Ill) complexes making the results of these
two compounds difficult to interprete. Overall this study pointed
out that the cytotoxicity of the ethylenediamine derived complexes
was related to the presence of the gold(IIl) central atom, the activ-
ity was not related to good leaving groups (such as chlorine), no
direct correlation of the antiproliferative effects and the reduction
potentials was present and the strong stabilization of the gold(III)
center led to a loss of activity (as indicated by the results with
[Au(cyclam)](ClO4),Cl). For the compounds [Au(phen)Cl;]Cl and
[Au(terpy)Cl]Cl,, which had also shown good stability under physi-
ological conditions, an easy reduction was observed in the presence
of ascorbate or thiosulfate. This indicates that for these two com-
plexes the release of their toxic ligands upon in vivo reduction might
be the reason for the bioactivity [103].

Astructurally related gold(Ill) complex with a triazacyclononane
ligand was more active than cisplatin and bound efficiently to the
DNA [104].

Au-azpy, a complex containing a bidentate ligand, exhibited
promising cytotoxic activity in cisplatin sensitive and cisplatin-
resistant ovarian carcinoma and leukemia cells. Interestingly,
solutions of Au-azpy showed a cyclisation reaction under forma-
tion of a tricyclic cationic organic compound, which also exhibited
good cytotoxic activity [105].

For several gold(Ill) complexes with terpyridine ligands (see
Fig. 10 for an example) promising cytotoxicities were observed,
which were however comparable to that of the free terpyridine lig-

Qg

o= 0

Fig. 11. Gold(IIl) complexes with Au-N bonds: gold porphyrin 1a.

ands. The gold species were stable in the presence of glutathione
and bound to the DNA. Measurement of the gold content of DNA
isolated from tumor cells exposed to the complexes showed a level
comparable to the DNA platination caused by cisplatin [106]. For
structurally closely related compounds luminescence properties
and DNA binding have been described [107].

Related cyclometalated gold(Ill) compounds were stable in solu-
tion and in the presence of glutathione. Compounds containing
non-toxic N-donor auxiliary ligands exhibited cytotoxicity similar
to that of cisplatin. However, for some other ligands the toxic-
ity of the metal free ligand was in the same range as that of the
metal complex. A 1-methylimidazole derivative triggered apopto-
sis, interacted with the DNA in an intercalative manner and caused
an arrest of the cell cycle in the S-phase. In contrast the triph-
enylphosphine and dppp analogues bound only weakly to the DNA
and did not arrest the cell cycle [108].

Gold(II) complexes with various amidrazone ligands of the gen-
eral formula AuX3(L) (X=Cl, Br, L=amidrazone) showed low cell
growth inhibiting activities in HT-29 colon carcinoma and MCF-7
breast cancer cells [109].

Out of a series of six dinuclear compounds containing the
common structural motif [Au;0,] and bidentate bipyridyl lig-
ands Auoxo6 showed the highest cytotoxic potency. The complexes
exhibited good stability in aqueous media. In contrast to a low active
analogue Auoxo6 bound efficiently to calf thymus DNA and reacted
faster with selected model proteins under loss of the bipyridyl lig-
ands [110].

Gold(Ill) tetraarylporphyrins exhibited excellent cytotoxic
activities mediated by apoptotic pathways [111]. Detailed pharma-
cological studies have been performed on gold(Ill) porphyrin 1a
(see Fig. 11). It was found that the apoptosis inducing effects were
related to caspase-dependent and caspase-independent mitochon-
drial pathways including the activation of caspase-3 and caspase-9.
Gold(IIl) porphyrin 1a treatment led to the release of cytochrome
C, which itself activated caspase-3 and caspase-9 [112]. A pro-
teomic analysis indicated the involvement of multiple pathways
and showed that cellular structure and stress related chaperone
proteins, proteins involved in the formation of reactive oxygen
species, proteins related to cell proliferation and others were in the
altered clusters [113]. The toxicity of the porphyrin complex was
not related to phototoxicity, it interacted with the DNA in a non-
covalent manner and partly abrogated the cell cycle at G(0)-G(1).
The effects on apoptosis and on the cell cycle were p53 depen-
dent[114]. More detailed studies on the mechanisms underlying the
induction of apoptosis revealed that the mitogen activated protein
kinases p38MAPK and ERK were transiently activated upon expo-
sure to gold(Ill) porphyrin 1a, multiple phosphotyrosine proteins
(namely cytoskeleton and cytoskeleton-like proteins, kinase pro-
teins and proteins involved in signal transduction) were involved in
apoptosis related to p38MAPK and mitochondrial permeabilisation
played an important role [115]. In a rat hepatocellular carcinoma
model gold(Ill) porphyrin 1a significantly prolonged survival but
did not lead to a drop down of the body weight of the rats or
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Fig. 13. Gold(IIl) complexes with Au-S bonds.

affected the plasma aspartate aminotransferase level. Furthermore,
it induced necrosis and apoptosis in the tumor tissue but not in
normal liver tissue [116].

Bamet-A1 (see Fig. 12) represents a gold(IIl) bioconjugate with a
bile acid. The compound showed antiproliferative effects in a vari-
ety of tumor cell lines [117].

9.2. Gold(1ll) complexes with Au-S bonds

Gold(IIl) dithiocarbamate complexes (see Fig. 13 for some rele-
vant examples) exhibited superior cytotoxic effects if compared to
cisplatin, were also active in resistant cells and induced apoptosis
[118,119]. The compounds showed good stability under physiolog-
ical conditions, bound readily to the DNA, inhibited both DNA and
RNA synthesis and induced fast DNA lesions. Experiments on red
blood cells indicated that hemolytic properties might contribute
significantly to the bioactivity of the agents [120]. The complexes
triggered cancer cell death via apoptotic and non-apoptotic path-
ways, affected mitochondrial functions, generated free radicals,
increased ERK1/2 phosphorylation and inhibited TrxR [121,122].

N/
C
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gold(lll) complex with strong TrxR
inhibitory properties
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[Au(ppy)(SCN)(NCS)]

For [(ESDT)AuBr;] the inhibition of the activity of purified 20S
proteasome and 26S proteasome in MDA-MB-231 breast cancer
cells was confirmed. Targeting the ubiquitine proteasome pathway
led to an accumulation of ubiquinated proteins and the protea-
some target protein p27 and induction of apoptosis. The free
ligand ESDT did not exhibit proteasome inhibitory activity. The
gold salts KAuCl4 and KAuBry4 also showed inhibitory activity but
were weaker in inhibiting the chymotrypsin-like activities than
[(ESDT)AuBr; ]. Furthermore, they showed less selectivity in target-
ing chymotrypsin-like and trypsin-like activities, which are more
relevant for growth arrest or apoptosis induction in cancer cells.
Interestingly, the treatment of breast cancer bearing nude mice
with [(ESDT)AuBr;] caused tumor growth inhibition, induction of
apoptosis associated with in vivo proteasome inhibition [123].

9.3. Gold(lll) complexes containing Au-C bonds

The TrxR inhibiting and antiproliferative properties of a series
of gold(Ill) complexes including many species with gold-carbon
bonds was studied. The complex depicted in Fig. 14 top left showed

[Au(acetato).(damp)]

DR o) 7N\
o =
DAL
PFg 0
oﬁ
AuXyl AuPyAcO

Fig. 14. Gold(Ill) complexes with Au-C bonds.
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the best cytotoxicity results and inhibited TrxR activity. However,
the extent of TrxR inhibition did not correlate with the antiprolif-
erative properties [124].

A series of 2-phenylpyridine Au(lll) complexes of the
general formula [Au(ppy)X] with various thiolate ligands
([Au(ppy)(SCN)(NCS)] is exemplarily depicted in Fig. 14) were
in vitro more cytotoxic than cisplatin [125].

Gold(IIl) complexes with 2-[(dimethylamino)methyl]phenyl lig-
ands were active in vitro and in in vivo. More detailed investigations
on [Au(acetato),(damp)] showed that the compound did not cause
DNA interstrand cross-links and induced only minor cell cycle alter-
ations [126].

Solution studies on the gold-carbon complexes AuTol, AuXyl
and AuPyAcO revealed that the complexes underwent hydrolysis
of the labile ligands while the gold carbon-bond and the oxidation
state remained intact. In cytotoxicity experiments ICsg values in the
low micromolar range were determined. The agents also induced
anti-apoptotic effects. Interestingly, this was accompanied by only
modest perturbations of the cell cycle [127,128].

10. Summary

Gold(I) complexes related to auranofin have been used for
treatment of rheumatoid arthritis in the so-called chrysotherapy.
Research on this class of complexes also revealed a considerable
potential for the chemotherapy of tumoral diseases.

So far a broad variety of various gold(I) and gold(IIl) (as well
as one gold(Il)) agents have been investigated for their antitumor
effects in vitro and in vivo mostly showing promising preclinical
results. Based on the different ligands and structures a unique
mode of action most probably does not exist. However, some trends
can be considered as general biological effects of antiproliferative
gold species. The most relevant biochemical property is the inhi-
bition of the enzyme TrxR demonstrated for many compounds,
which is supposedly based on the covalent binding of the gold cen-
ter to a selenocysteine residue in the active site of the enzyme.
Other properties common for gold drugs are the triggering of
anti-mitochondrial effects and the induction of apoptotic events.
The interaction with other biological targets (e.g. protein tyrosine
phosphatase or DNA) has also been confirmed for different gold
compounds and contributes to the pharmacological profile of the
complexes.

So far a broad variety of ligands have been investigated as ligands
for bioactive gold(I) species. Of those mainly phosphine ligands play
amajor role. However, recent reports demonstrate that also the use
of different ligands can lead to promising preclinical results. For
example N-heterocyclic carbene complexes have shown interesting
biological properties.

Studies on gold(Ill) compounds mainly use chelating N-donor or
S-donor ligands such as bipyridine or dithiocarbamates. Interest-
ingly, also the use of gold complexes with Au-C bonds with good
bioactivities has been reported.
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