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a b s t r a c t

Although cisplatin plays a vital role in the treatment of several types of human cancer, its wide use is
limited by the development of drug resistance and associated toxic side effects. Gold and gold complexes
have been used to treat a wide range of ailments for many centuries. In recent years, the use of gold(III)
complexes as an alternative to cisplatin treatment was proposed due to the similarities of gold and plat-
inum. Gold(III) is isoelectronic with platinum(II) and gold(III) complexes have the same square-planar
geometries as platinum(II) complexes, such as cisplatin. Although it was originally thought that gold(III)
complexes might have the same molecular target as cisplatin, several lines of data indicated that proteins,
rather than DNA, are targeted by gold complexes. We have recently evaluated cytotoxic and anti-cancer
effects of several gold(III) dithiocarbamates against human breast cancer cells in vitro and in vivo. We
have identified the tumor proteasome as an important target for gold(III) complexes and have shown that
proteasome inhibition by gold(III) complexes is associated with apoptosis induction in breast cancer cells

in vitro and in vivo. Furthermore, treatment of human breast tumor-bearing nude mice with a gold(III)
dithiocarbamate complex was associated with tumor growth inhibition, supporting the significance of
its potential development for breast cancer treatment.

© 2009 Elsevier B.V. All rights reserved.

Abbreviations: AC, doxorubicin, cyclophosphamide; Ac-LLnL, N-acetyl-Leu-Leu-Norleu; AIDS, Acquired Immune Deficiency Syndrome; AIF, apoptosis-inducing fac-
tor; ATG, aurothioglucose; ATM, aurothiomalate; CAF, cyclophosphamide, doxorubicin, and fluorouracil; CMF, cyclophosphamide, methotrexate and 5-fluorouracil;
damp, [(dimethylamino)methyl]phenyl; DMDT, N,N-dimethyldithiocarbamate; DNA, deoxyribonucleic acid; DPPE, diphenylphosphine; DTT, 1,4-dithio-dl-threitol; EGCG,
epigallocatechin-3-gallate; ERK, extracellular signal-regulated kinases; ESDT, ethylsarcosinedithiocarbamate; FDA, U.S. Food and Drug Administration; GSH, glutathione;
H&E, Hematoxylin and Eosin; HIV, human immunodeficiency virus; IL-6, interleukin-6; JAK, Janus family of tyrosine kinase; NAC, N-acetyl-l-cysteine; NF-�B, nuclear factor
�B; PARP, poly(ADP-ribose)polymerase; PGPH-like, peptidylglutamyl peptide hydrolyzing-like; Pt, platinum; RNA, ribonucleic acid; ROS, reactive oxygen species; STAT3, signal
transducer and activator of transcription3; TrxR, thioredoxin reductase; TUNEL, terminal deoxynecleotydyl transferase-mediated dUPT-biotin nick end-labeling; Ub, ubiquitin.
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One of the first metal complexes used for cancer treatment is cis-
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. History: gold application in medicine

Medical properties of gold have been explored throughout the
istory of civilization. Even ancient cultures in India and Egypt
xploited gold and used it for various medicinal preparations. The
arliest therapeutic application of gold can be tracked back to
500 b.c. in China where gold was used to treat smallpox, skin
lcers, and measles [1]. Moreover, at that time, people thought of
old as being immortal and everlasting, and associated gold with
ongevity. Some cultures still believe in the healing properties of
old. As an illustration, Japanese tradition suggests that thin gold-
oils placed into tea, sake and food could be beneficial to human
ealth.

Despite the therapeutics effects attributed to gold, several toxic
ide effects were also observed. To avoid toxicity, alchemists sought
o solve the problem by making elixirs of “drinkable gold”. The
lixirs were prepared by mixing gold with various plants, including
hinese herbs traditionally used for medicine. Although the ancient
lchemists did not know much about chemistry, they were still
ble to coax gold into solution, mostly due to gold’s interactions
ith cyanide present in the plants [2]. As a result, “medicinal gold”

golden alloys, mosaic gold and other man-made gold preparations)
nd “potable gold” (neutralized gold solutions) were developed as
lixirs [3].

Although gold and gold complexes have historically been used
or the treatment of a wide range of ailments, the rational use of
old in medicine began in the early 1920s when gold was clinically
ested for its in vitro bacteriostatic effect. The first gold complex
sed for that purpose was gold cyanide, employed by bacteriologist
obert Koch to kill the mycobacteria, the causative agent of tuber-
ulosis [4]. After its initial use for pulmonary tuberculosis, toxicity
ssociated with that treatment was observed, and the treatment
as switched to the less toxic gold(I) thiolate complexes. In the

arly 1930s, the French physician Jacque Forestier introduced the
ame thiolate complexes for the treatment of rheumatoid arthritis,
condition which he believed was related to tuberculosis [2].

Rheumatoid arthritis is an autoimmune inflammatory dis-
ase with the characteristic progressive erosion of the joints
eading to their deformities, immobility and pain. While several
ew strategies for the treatment of this disease are currently
nder development, there is still no complete cure. The first
old(I) thiolates used to treat rheumatoid arthritis were auroth-
omalate (ATM) and aurothioglucose (ATG) (Fig. 1), administered
y an intramuscular injection [5]. Although these gold com-
lexes were rapidly cleared from plasma, much of the drug
as still distributed to organs throughout the body. The high-

st concentration of gold accumulates in kidneys, resulting in
ephrotoxicity [1]. For many decades, gold(I) thiolate complexes
ere considered the drug of choice for treatment of rheuma-

oid arthritis. However, the toxic side effects observed with
hese complexes prompted the search for new, less toxic, thera-
eutic gold complexes.

The main requirement for a new gold-based drug, in addi-

ion to improved toxicological and pharmacological profile, is its
apacity for oral administration in low doses on a daily basis [6].
his treatment modality would give stable serum levels of the
ctive drug, an improved therapeutic response, and reduced tox-

ig. 1. Chemical structures of gold(I) compounds for rheumatoid arthritis treatment.
try Reviews 253 (2009) 1649–1660

icity. As a result of intense work on synthesis and evaluation of
many new gold complexes, triethylphosphine complexes have opti-
mal pharmacological activity in models of rheumatoid arthritis
and one of these complexes, named auranofin, [tetra-O-acetyl-
�-d-(glucopyranosyl)thio](triethylphosphine)gold(I) (Fig. 1), was
developed as a new drug for the rheumatoid arthritis treatment.
Although having the advantage of being orally administered on a
daily basis [7], the disadvantage of auranofin is its reduced effec-
tiveness compared to either ATM or ATG.

Unfortunately, not all patients benefit from gold treatment and
for those who do respond, most suffer from deleterious side effects
to varying extents. These side effects include dermatitis, diarrhea
and problems with internal organs such as kidney and lung. For
those reasons, gold(I) drugs are currently used more as a last-resort
treatment for severe cases of rheumatoid arthritis [8]. Since the
introduction of auranofin in 1985, there has been no new clinically
approved gold drug for either rheumatoid arthritis or any other
disease.

Meanwhile, a possible connection between rheumatoid arthritis
and infection, together with the known therapeutic benefit of gold
complexes, has prompted an exploration of their activities against
other diseases. Since gold possesses a high degree of resistance to
bacterial colonization, it became a material of choice for implants
that are at risk of infection, such as the inner ear. Gold has a long
tradition of use in this application and is considered to be a valuable
metal in microsurgery of the ear.

In the last few decades, the properties of some gold com-
pounds, such as ATM and ATG, have been evaluated against human
immunodeficiency virus (HIV) for the treatment of AIDS [9,10]. Gold
complexes have also been explored for effectiveness against acute
forms of asthma (e.g. chronic corticosteroid-dependent asthma),
pemphigus (an autoimmune disease of the skin), and arthritis.
Additionally, current research has described promising results
using gold complexes to treat malaria [11], Chagas disease [12], and
cancer [13].

2. Gold complexes as potential anti-cancer drugs

One of the major public health problems worldwide is cancer.
Annually, an estimated 10 million people worldwide are diagnosed
with cancer, while approximately 6.2 million die from this disease
[14,15]. Although the initiative to develop suitable chemothera-
peutic agents is a focus of medical research, most of the currently
available chemotherapeutic agents are lacking ability to selectively
target cancer cells. Since gold is one of the oldest metals used in
medicine and gold-containing or coordinated complexes are the
most extensively investigated metal complexes [2], it is not sur-
prising that interests for gold as a potential anti-cancer drug have
dramatically increased.

2.1. Lesson learned from platinum (Pt) complexes
platin (Fig. 2) with its anti-cancer activity discovered in the 1960s
[16]. Cisplatin is responsible for the cure of more than 90% of tes-
ticular cancer cases and plays a vital role in the treatment of other

Fig. 2. Chemical structures of platinum-based drugs, cisplatin, carboplatin, and
oxaliplatin.



hemis

c
m

a
c
[
s
c
[

n
s
d
w
a
t
c
c
h
o
a
i
a
c
a
p

w
c
t
i
c
a
c
m
c
o
i
u
d
i
i
c

m
t
c
t
t
a
o
n
a
m
u
t
h

i
i
e
c
F
r
t
b

V. Milacic, Q.P. Dou / Coordination C

ancers such as ovarian, head and neck, bladder, cervical cancer,
elanoma, and lymphomas [17].
Cisplatin exerts its anti-cancer effect by interacting with DNA

nd forming adducts that interfere with transcription and repli-
ation, thereby triggering programmed cell death (apoptosis)
18]. The interactions of cisplatin with DNA have been exten-
ively studied and it is now well known that a Pt-GG intrastrand
ross-link is the critical lesion that leads to cisplatin toxicity
19].

However, the effectiveness of cisplatin is hindered by the phe-
omenon of tumor resistance and toxic side effects. To reduce toxic
ide effects, an alternative approach to design a second-generation
rug was undertaken. Since then, thousands of platinum complexes
ith various ligands have been synthesized and tested for their

nti-tumor activities. These results showed that toxic side effects on
umor cells were directly related to the rate of ligand loss [19], indi-
ating that beneficial effect of the drug is a result of platinum-ligand
oordination. Even though over 28 new platinum(II) compounds
ave entered human clinical trials, only few of them, carboplatin,
xaliplatin (Fig. 2), nedaplatin and lobaplatin, received approval
nd achieved routine clinical use [20]. However, all these plat-
num(II) drugs are active in the same range of tumors and are still
dministered intravenously [17]. As a result, their impact as anti-
ancer drugs is still reduced by the significant side effects, such
s gastrointestinal and hematological toxicity, and drug-resistance
henomena [20].

Regardless of the observed side effects, the successes achieved
ith cisplatin in cancer chemotherapy stimulated search for other

oordinated metal complexes as potential anti-cancer agents. At
hat time, it was believed that metal complexes that bore chem-
cally and structurally similarities to cisplatin, or with similar
hemical coordination to that of cisplatin, would posses a mech-
nism of action resembling that of cisplatin [21]. However, metal
enters are very important for the biological activity of various
etal-containing proteins and enzymes, and metals in a defined

oordinating position are often responsible for the activity of
rganic drugs. The classic example is again cisplatin, which exerts
ts anti-tumor activity by interacting with DNA [22], forming a
nique lesion that has not been mimicked by any other organic
rugs. Therefore, it is clear that a general metal-biomolecule

nteraction is critical for the activity of a metal-based drug as
s the case for the platinum–DNA interaction observed with
isplatin.

On the other hand, the activity of metal complexes is not deter-
ined solely by the presence of the metal itself, especially when

he metals exist in different oxidation states, thereby having rich
oordination chemistry [23]. In that case, even subtle changes in
he charge of a metal could result in a great change in the coordina-
ion structure of the metal complex, which would lead to dramatic
lterations of the physicochemical and thus biological properties
f this drug. Therefore, the activity of a metal complex depends
ot only on the metal itself, but also on its oxidation state, number
nd types of ligands bound, and the coordination geometry of the
etal complex. Since many metal-based drugs act as pro-drugs that

ndergo ligand substitution and redox reactions before they reach
heir targets, it is important to recognize these processes and learn
ow to control them.

If the precise molecular structure of many metal-based drugs
s not completely established, then the difficulty in understand-
ng their mechanisms of action is further increased. However,
ven for some well-characterized compounds, it is still diffi-

ult to predict their biological activities and molecular targets.
or example, gold(III) complexes were synthesized in a way to
eproduce the main features of cisplatin, and were later found
o have completely different molecular targets (as discussed
elow).
try Reviews 253 (2009) 1649–1660 1651

2.2. Gold(I) complexes

The known immunosuppressive and anti-inflammatory actions
of anti-cancer drugs, such as 6-mercaptopurine and cyclophos-
phamide, have established at least in principle, a connection
between anti-arthritic and anti-cancer therapies [24]. Importantly,
one long-term study showed that risk of cancer for rheuma-
toid arthritis patients was not increased and even suggested that
rheumatoid arthritis patients treated with gold-based drugs have
lower malignancy rate [25].

The most common coordination for gold(I) complexes is lin-
ear two-coordinate, although trigonal or tetrahedral coordinations
are also possible. Using auranofin as an example (Fig. 1), the Au(I)
atom is coordinated with the S atom on the glucopyranose ring and
the P atom on a PEt3 group, and the S–Au–P angle is nearly linear.
After the demonstration that auranofin presented an in vitro activ-
ity similar to or even greater than cisplatin [26,27], a series of gold(I)
coordination complexes, including auranofin analogs, were evalu-
ated for in vitro cytotoxic potency and in vivo anti-tumor activity
[28]. Auranofin and a number of its analogs showed potent cyto-
toxic activity against melanoma and leukemia cell lines in vitro
and anti-tumor activity against leukemia in vivo. However, these
complexes were completely inactive against solid tumors [29].
The main observations from these experiments were that (i) lack
of potency in vitro correlates well with lack of anti-tumor activ-
ity; (ii) potent cytotoxicity in vitro does not necessarily translate
into anti-tumor activity in vivo; and (iii) in vivo anti-tumor activ-
ity is generally optimized by ligation of Au(I) with a substituted
phosphine.

Based on that, a series of digold phosphine complexes, such as
gold(I) 1,2-bis(diphenylphosphine)ethane (DPPE), was synthesized
and found to confer in vitro cytotoxic activity especially in some
cisplatin-resistant cell lines [30]. Surprisingly, mechanistic studies
suggested that, in contrast to cisplatin, DNA was not the primary
target for these gold(I) complexes and that their cytotoxicity was
mediated by their ability to alter mitochondrial function and inhibit
protein synthesis by interfering with DNA–protein interactions [2].
This could be explained by higher affinity of gold(I) toward so-called
soft ligands with sulfur (e.g. thiolates) and phosphorus (e.g. phos-
phines), and the lower affinity for nitrogen and oxygen-containing
ligands. Although these gold(I) complexes had marked cytotoxic
and anti-tumor activity against P388 leukemia, they had limited
activity against solid tumor models. These complexes never entered
clinical trials, due to problems associated with cardiotoxicity high-
lighted during preclinical toxicology studies [31].

2.3. Gold(III) complexes

Since gold(III) complexes are highly reactive, they have not been
as comprehensively investigated as gold(I) complexes. Consider-
ing their high redox potential and relatively poor stability, the
use of gold(III) complexes as anti-cancer drugs under physiologi-
cal conditions was questioned [32]. Under the reducing conditions
characteristic for mammalian environment, gold(III) complexes
could be easily reduced to gold(I) and metallic gold in vivo, which
makes them less effective as drugs [33]. However, higher stabil-
ity of gold(III) complexes could be achieved by using appropriate
ligands, predominantly multidentate ligands such as polyamines,
cyclams, terpyridines, phenanthrolines and damp (N-benzyl-N,N-
dimethylamine). In recent years, this approach renewed the interest
for gold(III) complexes as judged from the increased number of new

gold(III) complexes synthesized by using better ligands that usually
have nitrogen atoms as donor groups [34]. For example, the chelat-
ing effect and great electron-donating ability of dithiocarbamates
induces a large stabilization of gold center in the 3+ oxidation state.
Therefore, gold coordination by dithiocarbamates provides stabil-
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ty for these complexes in different solvents, which is important for
heir use in biological systems [33].

The interests for gold(III) complexes were further stimulated
ith the promising results of platinum(II) complexes against

elected types of cancer. Being isoelectronic (d8) with platinum(II)
nd having tetracoordinate complexes with the same square-planar
eometries as cisplatin [33], gold(III) and its complexes became the
ubject of increased anti-cancer research.

A series of gold(III) complexes with 2-[(dimethylamino)
ethyl]phenyl] (damp) ligand, synthesized in such a way to stabi-

ize gold in its 3+ oxidation state, showed some promising results.
heir cytotoxic effects against several human cancer cell lines
ere comparable to, or greater than cisplatin. More importantly,

hese complexes retained cytotoxic activity even against cisplatin-
esistant cell lines [31].

Another class of gold(III) complexes, cycloaurated N,N-
imethylbenzylamine complexes, was synthesized by Dinger
nd Henderson using either diphenylurea [35] or salicylate
nd thiosalicylate [36] as the dianionic ligands. All these com-
lexes demonstrated cytotoxic activity in vitro, with the methoxy
ubstituted N,N-dimethylbenzylamine cyclometallated gold(III)
hiosalicylate complex being the most potent. However, their effect
as evaluated only against the P388 leukemia cell line, and their in

ivo anti-tumor potential needs further investigation.
Recently, in vitro activities of a series of gold(III) complexes,

Au(en)2]Cl3, [Au(dien)Cl]Cl2, [Au(cyclam)](ClO4)Cl2, [Au(terpy)Cl]
l2, and [Au(phen)Cl2]Cl, against the A2780 ovarian cancer cell

ine and a cisplatin-resistant variant were described [37,38]. The
elative order of cytotoxicity was: Au(terpy) � Au(phen) > Au(en),
u(dien) � Au(cyclam). Although the coordination mode of gold is
he same in all the complexes, the geometry of the used ligands is
uite different since only the terpy and phen ligands have planar
tructures. Interestingly, the three most active complexes retained
ctivity against the cisplatin-resistant cell line [37,38].

Some of the other gold(III) complexes were synthesized and
valuated by numerous groups including those led by Calamai and
runi. Calamai et al. tested a group of square planar gold(III) com-
lexes containing at least two gold–chlorine bonds in cis-position
21], while Bruni et al. synthesized four gold(III) complexes:
richloro(2-pyridylmethanol) gold(III) [AuCl3(Hpm)], dichloro(N-
thylsalicylaldiminato) gold(III) [AuCl2(esal)], trichlorodiethyl-
ndiamine gold(III) [AuCl(dien)]Cl2, and trichlorobisethylendi-
mine gold(III) [Au(en)2]Cl3 [39]. All these complexes showed
ignificant cytotoxic effects against the A2780 human ovarian can-
er cell line, comparable to or even greater than cisplatin, and were
ble to overcome resistance to cisplatin to a large extent [39].

A number of other gold(III) complexes was synthesized by dif-
erent groups and their anti-proliferative and pro-apoptotic effects
ere demonstrated in vitro against leukemia cells including those

esistant to cisplatin [21,40], cisplatin-resistant ovarian cancer cells
21,37], and cervical cancer HeLa cells [41,42]. Buckley et al. syn-
hesized a series of five gold(III) complexes with damp ligand and
ested them against a panel of cancer cell lines in vitro and in vivo.
mportantly, with some of these complexes, non-cross-resistance
o cisplatin was observed in an acquired cisplatin-resistant ovar-
an cancer cell line in vitro, and significant tumor growth inhibition
as found in mice with either human bladder or ovarian cancer

enografts [43].
Results from cellular and molecular studies with gold(III) (damp)

omplexes further supported the previously proposed concept of
ifferent anti-cancer mechanisms utilized by gold complexes com-

ared to cisplatin. These complexes were equally potent against
isplatin-sensitive and cisplatin-resistant ovarian cancer cells and
howed only minimal activity against ADJ/PC6 murine tumor that
s highly sensitive to cisplatin [31]. Taken together, all these studies
mply that different mechanisms are employed by platinum(II) and
try Reviews 253 (2009) 1649–1660

gold(III) coordinated complexes in exerting cytotoxic effects against
cancer cells in vitro and in vivo.

2.4. Search for molecular targets of gold complexes in cancer:
DNA or proteins

The big successes of cisplatin in chemotherapy on one side,
and toxic side effects related to cisplatin treatment on the other
side, each in its own way stimulated the search for new and
more selective metal-based anti-cancer drugs. Since gold(III) is
isoelectronic (d8) with platinum(II) and tetracoordinate gold(III)
complexes have the same square-planar geometries as cisplatin
[33], the potential anti-cancer activity of gold(III) complexes was
investigated.

Unlike cisplatin, the main biological targets for gold complexes
and mechanisms responsible for gold-induced cytotoxicity are still
largely unknown. Considering that some gold drugs have already
been in use for decades and that many gold complexes have been
investigated for their potential use in medicine, it is surprising that
their mechanisms of action are still not well understood. Gold(I)
drugs are in fact pro-drugs that are rapidly metabolized in the
patients generating the pharmacologically active species coordi-
nated to a biologically relevant thiol [8]. In the case of auranofin,
the metabolic pathway most likely involves Au–S bond cleavage
and coordination of the albumin from the blood [8]. Subsequent
metabolism probably involves reduction of the original albumin,
the coordination of another thiol (e.g. from albumin or glutathione),
and oxidation of the phosphine with Au–P bond cleavage. This
results in the gold being embedded in a ball of protein that is deliv-
ered to the site of inflammation [8].

A number of mechanistic studies with auranofin identified sev-
eral potential biological targets important for its anti-inflammatory
and anti-cancer activities. One of the first studies suggested
that auranofin inhibits DNA synthesis, RNA synthesis, and pro-
tein synthesis [44], while later studies identified the ability of
auranofin to generate reactive oxygen species (ROS) in leukemia
and ovarian cancer cells [45,46]. Auranofin also inhibits mito-
chondrial thioredoxin reductase (TrxR) [47] and cathepsin B [48].
Recently, Rigobello et al. demonstrated that auranofin, in the pres-
ence of calcium ions, induces mitochondrial swelling, decreases
mitochondrial membrane potential, and stimulates respiration, a
process dependent on the permeability transition of mitochon-
drial membrane [49]. Several other groups have also suggested that
mitochondria are primary target for gold(I) phosphine complexes
[13,50–53] and Rackham et al. even demonstrated that bis-chelated
gold(I) phosphine complexes, by targeting mitochondria, selec-
tively induced apoptosis in breast cancer but not normal cells [54].

In addition to studies on mitochondria, the most recent obser-
vatios of Kim et al. suggested that the anti-inflammatory effect
of auranofin is associated with inhibition of Janus family of
tyrosine kinase/signal transducer and activator of transcription
(JAK1/STAT3) signalling pathway [55]. By blocking this important
pathway, auranofin interferes with interleukin-6 (IL-6) signalling
that regulates inflammation, proliferation, and differentiation in
various cell types [56]. Constitutively activated STAT signalling, one
of significant regulators of apoptosis, cell cycle progression, and
angiogenesis, was found in a number of leukemias and solid tumors,
directly contributing to cancer development and progression [55].

Since gold(III) complexes were synthesized in such a way to
closely resemble the structure of cisplatin, they were expected
to have the same molecular target—DNA. Therefore, the probable

binding mode of gold(III) to DNA has been modeled by thorough
crystallographic and spectroscopic investigations of gold(III) com-
plexes with nucleosides and nucleotides [57]. In addition, a number
of studies based on different physicochemical techniques were per-
formed and suggested that probable binding sites for gold(III) are
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(1)/N(7) atoms of adenosine, N(7) or C(6)O of guanosine, N(3) of
ytidine, and N(3) of thymidine, which are analogous to the possible
inding sites for the isoelectronic platinum(II) ion [58]. However,

ater studies showed that the in vitro interactions of some gold(III)
omplexes with calf thymus DNA are weak, whereas significant
inding to model proteins takes place. This implies that their mech-
nism of action is substantially different from that of the clinically
stablished Pt(II) compounds and from Pt(II) complexes with the
ame ligands [59].

Although one recent study showed that DNA binding affin-
ty of four new gold(III)-terpyridine complexes correlated to their
ytotoxicity in a variety of cancer cell lines [60] suggesting that
ntracellular DNA is their primary target in vitro, a number of other
tudies support the concept that proteins, rather than DNA, are
ainly targeted by gold complexes.
One such study was conducted by Fricker et al. who demon-

trated a clear preference of a gold(III)-damp complex for S-donor
igands such as glutathione and cysteine, with only limited reactiv-
ty against nucleosides and their bases [29]. This group proposed
new mechanism by which proteins containing exposed cysteine

esidues might be proper targets for that class of gold(III) com-
lexes. Gold(III) complexes cleave the disulfide bond of cystine
61–64], and oxidize methionine [65–67] and glycine [68], suggest-
ng the possibility that amino terminus of peptides and proteins
ould be deaminated by gold(III). Gold(III) complexes also interact
ith bovine serum albumin [69], making very stable adducts that,

nce formed, were destroyed only by the addition of strong ligands
or gold(III) such as cyanide [70]. Based on these observations, it
as been proposed that selective modification of surface protein
esidues by gold(III) complexes in a defined coordination geome-
ry could be the molecular basis for their biological effects. This
as prompted a new search for gold–protein interactions to iden-
ify possible targets responsible for the biological effects of gold
omplexes.

Similarly to gold(I) complexes, thioredoxin reductase (TrxR) is
lso a target for various gold(III) complexes with none, one, two or
hree coordinated carbon–gold bonds [71]. Importantly, TrxR inhi-
ition by these complexes did not correlate with their potency to
ill MCF-7 breast cancer cells in vitro. Moreover, although one of
hese complexes was able to inhibit colony formation by MCF-7
ells, it was completely inactive against MCF-7 breast cancer and
T-29 colon cancer xenografts in SCID mice [71].

Recently, Wang et al. demonstrated the role of mitochon-
ria in apoptotic cell death induced by gold(III) porphyrin 1a in
uman nasopharyngeal carcinoma cell lines [72]. The treatment
as followed by depletion of mitochondrial membrane poten-

ial, alterations of Bcl-2 family proteins, release of cytochrome c
nd apoptosis-inducing factor (AIF), ROS production and apoptosis
nduction. By conducting functional proteomic studies, the same
roup also identified several clusters of altered proteins, following
reatment with gold(III) porphyrin 1a [73]. Some of these proteins
nclude cellular structure and stress-related chaperones, proteins
nvolved in ROS, translation factors, and proteins that mediate cell
roliferation and differentiation. Taken together, it is likely that
ultiple gold targets are involved in drug cytotoxicity that even-

ually leads to apoptotic cell death.
Most recently, Saggioro et al. have confirmed that gold(III)

ithiocarbamates exert their cytotoxic effects, at least partly, by
timulating production of ROS [74]. These gold(III) dithiocarba-
ates also modify some mitochondrial functions, inactivate both

ytosolic and mitochondrial TrxR, and interfere with extracellular

ignal-regulated kinases (ERK) pathway, inducing cancer cell death
hrough both apoptotic and non-apoptotic mechanisms [74]. Addi-
ionally, our recent study suggests that the tumor proteasome is
ne of the important targets of these gold(III) complexes in human
reast cancer cells in vitro and in vivo (see below).
try Reviews 253 (2009) 1649–1660 1653

3. Targeting the ubiquitin-proteasome pathway by novel
gold(III) complexes for breast cancer treatment

3.1. Breast cancer—overview

Breast cancer is a major health problem worldwide. By affecting
1 in 8–12 women, breast cancer is the most frequent form of cancer
in women [75] and according to recent statistics, in 2002 alone, an
estimated 1.15 million new cases were diagnosed [76]. Breast cancer
is also the primary cause of cancer death among women globally,
and was responsible for about 375,000 deaths in the year 2000 [77].

Although the prognosis from breast cancer is generally good, it
still remains the leading cause of cancer mortality in women (and
ranks as the fifth cause of death from cancer overall). It has been
estimated that about 1.5% of the US female population are breast
cancer survivors [76] and that the higher survival rate of breast
cancer is partly due to early detection, and advanced screening
programs and techniques.

After a suspicious lesion is identified by mammography or exam-
ination, the patient’s complete history and physical condition are
assessed. When breast cancer is confirmed, the standard protocol
is surgery (mastectomy or lumpectomy) that is usually followed
by postoperative adjuvant therapy. Mastectomy removes all the
breast tissue, while lumpectomy removes the tumor and some
tissue surrounding the tumor and is followed by postoperative radi-
ation therapy. Radiation therapy is used to “sterilize” the remaining
breast by destroying cells through production and release of free
radicals.

Frequently, adjuvant chemotherapy is also applied and it pro-
vides a 20–30% improvement in long-term survival. The type of
adjuvant chemotherapy is also determined based on the status of
clinical markers in removed tumors. These markers include the
status of estrogen and progesterone receptors, ploidy, HER/2neu,
erbB-2, and MIB status. The most common regiments for breast
cancer chemotherapy include CMF (cyclophosphamide, methotrex-
ate and 5-fluorouracil), CAF (cyclophosphamide, doxorubicin, and
fluorouracil), and AC (doxorubicin, cyclophosphamide).

Although adjuvant chemotherapy therapy increases survival
rate, it is commonly associated with toxic side effects including
pain, diarrhea, constipation, mouth sores, hair loss, nausea and
vomiting, as well as blood-related side effects. Therefore, there is
still a need for new and improved chemotherapeutics with reduced
or no toxic side effects. One of the promising approaches to treat
cancer is focused on targeting the ubiquitin-proteasome pathway.
Since aberant proteasome-dependent proteolysis is associated with
the development and progression of some types of cancer, the use
of proteasome inhibitors might prove useful as an anti-cancer tool.

3.2. The ubiquitin-proteasome pathway

The ubiquitin-proteasome pathway (Fig. 3) is the predominant
means of proteolysis in eukaryotic cells. It plays a major role in the
degradation of proteins that regulate cell cycle progression, pro-
liferation, and apoptosis and abnormal proteins that result from
oxidative damage and mutations. By having these important func-
tions, the ubiquitin-proteasome pathway is essential for controlling
intracellular levels of myriad proteins and maintaining normal cel-
lular function.

Two distinct steps of the ubiquitin-proteasome pathway are:
(i) the covalent attachment of multiple ubiquitin molecules
to a protein substrate and (ii) degradation of the polyubiqui-

tylated protein by the 26S proteasome. With few exceptions,
only proteins containing polyubiquitin chains on sequential
lysine residues are recognized and degraded by the proteasome.
The best-known ubiquitin-independent proteasome substrate is
the enzyme ornithine decarboxylase [78]. Although subject to
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biquitin-dependent degradation, cell cycle regulators p53 and
21 are also degraded via ubiquitin-independent mechanism
79]. Finally, under conditions of cellular stress, many struc-
urally abnormal, misfolded, or highly oxidized proteins could
lso be degraded by the ubiquitin-independent proteasomal
egradation [80].

Ubiquitin is a highly conserved 76-amino acid protein that gets
ovalently attached to a target protein by a sequential activity of
b-activating (E1), Ub-conjugating (E2), and the Ub-ligating (E3)
nzymes. The attachment of an ubiquitin molecule is a three-step
rocess that starts with ubiquitin activation by the E1 enzyme in
n ATP-dependent reaction that generates a high-energy thiol ester
ntermediate, E1-S∼ubiquitin. Activated ubiquitin is then trans-
erred from E1, by one of several ubiquitin-conjugating enzymes,
2, via an additional high-energy thiol ester intermediate, E2-
∼ubiquitin. From E2- to the E3-bound substrate, the activated
biquitin can be then transferred directly or via a third high-energy
hiol ester intermediate, E3-S∼ubiquitin [81]. Once multiple ubiq-
itin molecules are attached to the target protein, it is escorted to
he proteasome for degradation (Fig. 3).

The proteasome is a large multi-subunit protease complex local-
zed in the nucleus and cytosol where it selectively degrades
ntracellular proteins. The typical and most studied proteasome is
he 26S proteasome that contains at least 44 polypeptides and pos-
esses a molecular weight of about 2400 kDa [82]. It is composed

f the 20S catalytic core and two 19S regulatory particles, located
n each side of the catalytic core (Fig. 3) [83–86]. The role of 19S
articles is to recognize ubiquitinated proteins, and regulate pro-
ein entry to the 20S core. In some immunoproteasomes, an 11S
article with a heteroheptameric ring structure can bind to each
teasome pathway is first covalently modified by multiple ubiquitin (Ub) molecules
b-conjugating (E2), and the Ub-ligating (E3) enzymes. The ubiquitinated protein is
en degraded by the catalytic 20S core into oligopeptides. The ubiquitin molecules

end of the 20S core, acting as a potent activator of the proteasome
[87–89].

The eukaryotic 20S proteasome is a barrel-shaped structure with
the primary sites of proteolytic activities located on the inside of the
barrel. It consists of 28 different individual subunits, 14 alpha sub-
units and 14 beta subunits [90–92] arranged in four heptameric,
tightly stacked rings (7�, 7�, 7�, 7�) to form a cylindrical struc-
ture (Fig. 3) [93]. Two outer rings are composed of the �-subunits
while two inner rings contain the �-subunits (Fig. 3). The �-rings
guard the entrance to the active site of the complex by allowing
access only to unfolded and extended substrate polypeptides. The
proteolytic activities are confined to the �-rings that confer the
unique and distinguishing proteasome feature of multiple pepti-
dase activities. Some of these activities include chymotrypsin-like
(cleavage after hydrophobic residues, mediated by the �5 subunit),
peptidylglutamyl peptide hydrolyzing-like or PGPH-like (cleavage
after acidic residues, mediated by the �1 subunit), and trypsin-
like (cleavage after basic residues, mediated by the �2 subunit)
activities [93].

A common component of most proteases, including the pro-
teasome, is the presence of a catalytic triad that contains three
interacting amino acids, one of which is responsible for cleaving
the substrate. The primary residue in the proteasome responsible
for substrate peptide cleavage is the amino (N)-terminal threonine
[90]. The oxygen on the side chain of this N-terminal threonine

is nucleophilic by nature, and its nucleophilicity seems to be
enhanced by surrounding amino acids of the catalytic triad. This
threonine, present in all three catalytically active beta subunits, is
responsible for catalysis and does so through nucleophilic attack
[90]. Several binding pockets, identified near N-terminal threo-
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ine, recognize the side chains of peptides giving each catalytic
ite its specific activity. Based on specificity of residues for these
inding pockets, several proteasome inhibitors have been designed
82,83,94] and played an essential role in studying the functions of
he proteasome [85,95–98].

Proteasome inhibitors can mechanistically work in several ways
82]. One of the most common mechanisms requires binding to the
roteasomal binding pockets, which then prevents substrate bind-

ng. Another frequently observed mechanism involves inactivation
f the primary catalytic amino acid residue, the N-terminal threo-
ine. Many of the most potent proteasome inhibitors combine both
f these aspects of inhibition, by tightly binding the proteasome
ctive site and modifying the N-terminal threonine residue. Some
f those proteasome inhibitors include Ac-LLnL, with an acetyl
roup on its N-terminus that can form a hemi(thio)acetal with the
roteasomal N-terminal threonine [82] and ester bond-containing
roteasome inhibitors, such as lactacystin [99] (Fig. 4) and green tea
olyphenols [100] (epigallocatechin gallate or EGCG, Fig. 4), which
an both inhibit the proteasome via covalent interaction with the
-terminal threonine.

After the observations that aberrant proteasome-dependent
roteolysis might be associated with the pathophysiology of some
alignancies, proteasome inhibitors were suggested as a novel

lass of anti-cancer drugs. Increased proliferation of cancer cells
s associated with higher rate of synthesis and degradation of

any regulatory proteins. Since the key mechanism for prote-
lytic degradation in the cells is the ubiquitin-proteasome pathway,
he increased activity of this pathway in cancer was anticipated.
ndeed, higher proteasome activity is associated with more malig-
ant and aggressive carcinomas, including colorectal carcinoma
101], leukemia [102] and prostate cancer [103]. As a result, can-
er cells were expected to be more dependent upon proteasomal
ctivity and more sensitive to its inhibition.

In recent years, this higher sensitivity of cancer cells, com-
ared to their normal counterparts was undoubtedly confirmed
y many groups [96,104,105]. A number of studies have demon-
trated that inhibition of the ubiquitin-proteasome pathway in
ancer cells results in accumulation of tumor suppressor and pro-
poptotic proteins, followed by cell cycle arrest and apoptosis [106].
ince activation of cellular apoptosis is a current strategy for the
reatment of human cancer, the use of proteasome inhibitors that
ould selectively induce apoptosis in cancer but not normal cells
as proposed. More importantly, proteasome inhibitors have bet-

er apoptosis-inducing potency compared to current anti-cancer
rugs, when tested in various human cancer cell lines [96–98].
ome studies even indicate that proteasome inhibitors are able
ot only to overcome cancer cell resistance to cytotoxic therapies,

ut also to selectively target transformed and cancer cells, but not
ormal, human cells [107–110].

The possibility of targeting the ubiquitin-proteasome pathway
herapeutically was questioned mainly because this pathway plays
n important role in normal cellular homeostasis, as well. However,
s are depicted. Lactacystin is a natural product derived from a microbial metabolite,
gue.

many groups have shown that this pathway is more active in can-
cer cells, causing them to be more dependent upon proteasomal
activity and more sensitive to proteasome inhibitors [96,104,105].
These observations provide a strong rationale for using proteasome
inhibitors in anti-cancer treatment and suggest that the possibility
of targeting the ubiquitin-proteasome pathway in cancer therapy
is a viable option.

The first naturally occurring proteasome inhibitor described to
effectively induce apoptosis [111] was lactacystin, derived from a
microbial metabolite [112]. However, lack of specificity or potency
led to the development of synthetic proteasome inhibitors. A num-
ber of studies have shown that newly synthesized proteasome
inhibitors are active in tumor cells inducing cell growth arrest
and/or apoptosis [96–98]. As a logical expansion of these studies,
some of these inhibitors were tested in in vivo human xenograft
animal models [113–117]. These studies showed that proteasome
inhibitors could reach the proteasome in vivo and be sustained at
therapeutic levels in mice. It should be noted that tumor growth
regression induced by proteasome inhibitors was accomplished
without measurable toxicity to the host. Based on these promising
data, some proteasome inhibitors were considered for clinical trials
in human patients and one of them, bortezomib (Fig. 4), received
regular approval from the U.S. Food and Drug Administration (FDA)
for multiple myeloma treatment.

3.3. Targeting ubiquitin-proteasome pathway in breast cancer

Although proteasome inhibitors were initially synthesized to
study function of the proteasome, after the pro-apoptotic effect of
these inhibitors was demonstrated in a number of cancer cell lines,
they were proposed to be developed as a new class of anti-cancer
drugs. Results from preclinical studies suggest that proteasome
inhibitors might have potential for efficient breast cancer treat-
ment. By targeting several major pathways of importance for breast
cancer growth and progression, proteasome inhibitors could help
overcome breast cancer resistance to chemotherapy. One of these
pathways,the one mediated by transcription factor NF-�B and reg-
ulated by the ubiquitin-proteasome pathway is frequently elevated
in breast cancer. By blocking this pathway, through accumulation
of NF-�B inhibitor—I�B, proteasome inhibitors would be able to
stop cancer cell proliferation and stimulate the apoptotic signalling
pathway, leading to cancer cell death, which is the ultimate goal of
anti-cancer therapy.

Proteasome inhibitors might also be used in combination with
other chemotherapeutic drugs and help overcome resistance of
cancer cells to chemotherapeutic treatment. For example, pro-
teasome has a critical role in maturation of P-glycoprotein, a

membrane pump that, among others, promotes the efflux of
chemotherapeutic drugs [118]. By inhibiting the proteasome, P-
glycoprotein levels in cancer cells membranes will decrease,
allowing for accumulation of the used chemotherapeutic and con-
sequently increasing the drug’s effectiveness [118].
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Table 1
Various drugs with the effect on the ubiquitin-proteasome pathway.

Drug name Effect on the ubiquitin-proteasome pathway Side effects Major application

Doxorubicin Translocation of 20S proteasome to the nucleus Cardiotoxicity, neutropenia,
alopecia

Hematological malignancies,
carcinomas, sarcomas

Arsenic trioxide Inhibition of ubiquitination by affecting I�B kinase Overall toxicity Leukemia, autoimmune diseases
Cyclosporine A Uncompetitive inhibition of proteasomal CT-like activity Nephropathy Solid organ and bone marrow

transplantation
Rapamycin Inhibition of proteasome activator PA28 Impaired wound healing Kidney transplantation
Anti-retroviral agents Inhibition of proteasomal CT-like and T-like activities Various, mild to serious Viral infections (including HIV)
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ovastatin Mechanism unknown, but structurally related to lactacy
inca alkaloids Inhibition of proteasomal CT-like, T-like and PGPH-like a
ortezomib Inhibition of proteasomal CT-like and T-like activities

Targeting the ubiquitin-proteasome pathway might have
lready played an important role in breast cancer treatment with
nthracyclines. One drug from this group, doxorubicin (Adriamycin)
Table 1), binds the 20S proteasome, which then translocates to the
ucleus. 20S proteasome is thereby acting as a carrier for doxoru-
icin and helping doxorubicin exerting its cytotoxic effects [119].
everal other drugs (Table 1), although originally aimed at differ-
nt targets, also have a potential to affect either ubiquitination
r proteasomal degradation in a direct or indirect manner. One
rug that has an indirect effect on the ubiquitin-proteasome path-
ay is arsenic trioxide. By preventing I�B phosphorylation and its

ubsequent degradation, arsenic indirectly inhibits NF-�B activa-
ion [120], having an anti-proliferative and pro-apoptotic effect
Table 1). Since arsenic trioxide also inhibits expression and sig-
alling through the estrogen receptor pathway [121], its possible
pplication in breast cancer treatment alone or in combination with
ther agents has been evaluated in several clinical trials [118].

Some immunosuppressive agents (Table 1) also inhibit the
biquitin-proteasome pathway and were evaluated for breast can-
er treatment. One of them, cyclosporine A is an uncompetitive
roteasome inhibitor which is used in the breast cancer treatment
ostly to block drug resistance [118]. Another immunosuppres-

ive agent, rapamycin, inhibits proteasomal function indirectly
y inhibiting expression of the proteasome activator PA28 [122]
Table 1). Given that rapamycin also prevents estrogen-mediated
1 to S phase progression of breast cancer cells [123], its potential
se in breast cancer treatment should be further investigated.

Other chemotherapeutic agents that were not originally discov-
red as proteasome inhibitors but have an effect on the proteasomal
ctivity include tannic acid [124], anti-retroviral agents [125], lipid-
owering dug lovastatin [126], vinblastine and vincristine (Table 1)
125]. Possible application of these agents against breast cancer
as not been evaluated yet. However, vinca alkaloid vinorelbine
Naelbine®) has been successfully used for breast cancer treatment
or over a decade [127] (Table 1). It is still not clear how much
inorelbine’s anti-cancer effect is attributed to its proteasome-
nhibitory activity.

.3.1. Bortezomib: promises and limitations
Bortezomib (Velcade/PS-341; Fig. 4, Table 1) is the most popular

nd best-known proteasome inhibitor. It is a dipeptide boronic acid
nalogue with cell death-inducing activity found in several cancer
ell lines and animal models, including breast [128], prostate [113],
varian [129], lung [130], and colorectal cancer [131], and non-
odgkins lymphoma [132]. Bortezomib works through inhibition of

he �5 (chymotrypsin-like) and �1 (PGPH-like) subunits with the
5 subunit as the predominant cell-death inducing target [133].

reatment with bortezomib effectively blocks NF-�B activation,
hich is mostly responsible for clinically observed chemoresistance

134]. However, several lines of evidence indicate that, although
mportant, the down-regulation of NF-�B activity is not the only

echanism responsible for the activity of proteasome inhibitors.
Myopathy, rhabdomyolysis Hypercholesterolemia treatment
ies Neurotoxicity, myelosuppression Various cancers

Nausea, diarrhea, peripheral
neuropathy

Multiple myeloma

Since the proteasome degrades almost all endogenous proteins,
proteasome inhibitors induce up-regulation of different proteins,
including transcription factors that stimulate proliferation. When
the cell is exposed to these contradictory signals, it is believed that
the conflicting situation is resolved by initiation of apoptotic path-
ways [135].

With the demonstration that it was well tolerated and had
activity in models of human malignancies in vivo [116], the pro-
teasome inhibitor bortezomib was introduced into Phase I safety
trials [113]. The data from the bortezomib trials showed accept-
able toxicity with significant clinical benefit [136] and as a result,
in the year of 2003, bortezomib (Velcade®, of Millennium Pharma-
ceuticals Inc., Takeda Oncology Company, and Johnson and Johnson
Pharmaceutical Research and Development) became the first pro-
teasome inhibitor to receive a regulatory approval from the U.S.
FDA for the treatment of more refractory multiple myeloma [137].
Two years later, bortezomib was also approved for the treatment
of patients with multiple myeloma who had received at least one
prior therapy. Most recently, on 20 June 2008, bortezomib received
the U.S. FDA approval for injection for the treatment of patients
with multiple myeloma. This approval results from a clinical trial
using bortezomib as an initial treatment for patients with multiple
myeloma.

Although bortezomib appears to exhibit the most substantial
potency against multiple myeloma and non-Hodgkin lymphoma
[138], other hematological aberrations and solid tumors are being
investigated as potential candidates for proteasome inhibition
[139,140]. In a Phase II study with 12 metastatic breast cancer
patients treated with bortezomib, no objective responses were
observed, since the disease remained stable only in 1 patient and
progressed in the remaining 11 [141]. Similar results were reported
from another Phase II study conducted on the same number of
patients with metastatic breast cancer [142]. Since all of the 12
patients experienced disease progression while treated with borte-
zomib, the study was ended after the first stage. Therefore, it was
suggested that for breast cancer treatment in future, bortezomib
should be combined with other conventional chemotherapeutics
[143].

Indeed, an additive effect has been observed in cancer
cells treated with combination of bortezomib and traditional
chemotherapeutics and, in some cases, drug resistance is over-
come [110,131,144]. When used in combination with trastuzumab,
in different regimen combinations, bortezomib induced apop-
tosis and necrosis in various breast cancer cell lines and has
been currently evaluated in Phase I trials [145]. Most recently, a
Phase I/II clinical trial with 35 metastatic breast cancer patients
was conducted to evaluate the combination of bortezomib and

capecitabine in anthracycline-pretreated and/or taxane-pretreated
patients. Although this combination treatment was well tolerated,
it had only moderate anti-tumor activity since the overall response
rate was 15% while 27% patients had stable disease [146]. Several
Phase I clinical trials with bortezomib and various conventional
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ig. 5. Chemical structures of gold(III) dithiocarbamate complexes, Compounds 1–4.

gents showed promising results for breast cancer treatment. Some
f these trials include studies with bortezomib and Doxil® (lipo-
omal doxorubicin) conducted at the University of North Carolina
t Chapel Hill [118]; bortezomib and doxorubicin at the University
f Wisconsin [147]; bortezomib with 5-fluorouracil [148]; borte-
omib with irinotecan [149]; and bortezomib with gemcitabine
150]. Therefore, the anti-tumor activity of bortezomib has been
xamined not only as a mono-therapy but also as a sensitizer in
ombination with various cytotoxic agents in multiple clinical trials.

Unfortunately, bortezomib treatment is sometimes associated
ith toxic side effects, the most frequent of which include nausea,

atigue, and diarrhea [151,152]. More adverse events include throm-
ocytopenia, peripheral neuropathy, neutropenia, lymphopenia,
nd hyponatremia. Thrombocytopenia was observed to dissipate
uring the rest phase of treatments. However, individuals that
tarted bortezomib treatment with low-baseline platelet counts
ere at the greatest risk of developing clinically significant

hrombocytopenia [151]. Peripheral neuropathy led to the highest
roportion of discontinuations in Phase II trials [151,152]. While
aseline symptoms of peripheral neuropathy were often present
nd were attributed to prior treatment with neurotoxic agents, neu-
opathy was improved or was resolved in the majority of patients
pon discontinuation of bortezomib [151]. Therefore, there is still a
eed for new and improved proteasome inhibitors with less or no
oxic side effects.

.3.2. Gold(III) complexes inhibit the proteasome in breast cancer
ells in vitro and in vivo

To obtain gold(III) complexes with superior chemotherapeu-
ic index in terms of increased bioavailability, higher cytotoxicity,
nd lower side effects than cisplatin, Ronconi et al. synthesized
ew gold(III) dithiocarbamate derivatives with defined coordina-
ion geometry [32]. The choice of dithiocarbamate ligands was not
ccidental; they were being evaluated for their efficacy as inhibitors
f cisplatin-induced nephrotoxicity without decreasing its anti-
umor activity [153–155].

The synthesized gold complexes were tested for their in vitro
ytotoxic activity toward a panel of human tumor cell lines.
emarkably, most of them, in particular gold(III) derivatives of
,N-dimethyldithiocarbamate and ethylsarcosinedithiocarbamate

Compounds 1–4; Fig. 5), were shown to be 1–4-fold more cyto-
oxic than cisplatin and to overcome to a large extent both intrinsic
nd acquired resistance to cisplatin.

Coordination of all of these derivatives takes place in a near
quare-planar geometry through the sulfur-donating atoms, the
NCSS group coordinating the metal center in a bidentate sym-

etrical mode and lying in the same plane [33]. Moreover,

he remaining coordination positions are occupied by two cis-
old(III)–halogen bonds that may undergo easy hydrolysis [33].
hese observations further supported the idea that the coordi-
ated gold(III) dithiocarbamates have different molecular targets
try Reviews 253 (2009) 1649–1660 1657

than cisplatin. The key proteins that are modified by gold(III) com-
plexes and are responsible for triggering apoptosis remained still
unknown.

In our previous work, we investigated the molecular mechanism
responsible for gold(III) dithiocarbamate-mediated anti-cancer
activity [156]. We first tested the effect of selected gold(III) dithio-
carbamate complex, Compound 2 (Fig. 5) or Au(DMDT)Br2, on
proliferation of different breast epithelial cell lines, including
pre-malignant MCF10K.cl2 cells and malignant MCF10dcis.com,
estrogen receptor �-positive MCF7, and estrogen receptor �-
negative MDA-MB-231 cancer cell lines. We found that 24-h
treatment with Compound 2 inhibited proliferation of all four
tested cell lines in a dose-dependent manner. Also, the effect of
Compound 2 was much stronger than the effect of cisplatin under
the same experimental conditions. Compound 2 at 5 �M inhibited
85% of MDA-MB-231 cell proliferation, compared to less than 20%
inhibition by 5 �M of cisplatin. Even when 50 �M of cisplatin was
used, only ∼40% inhibition was observed. Moreover, Compound 2
at 5 �M for 2 h induced apoptotic morphological changes in MDA-
MB-231 cells, while cisplatin at 50 �M for 48 h did not induce such
changes [156]. We selected highly malignant, metastatic and inva-
sive breast cancer MDA-MB-231 cell line for further investigation.
It is important to note that anti-proliferative effect was attributed
strictly to the gold(III) coordinated complex, Compound 2, while
neither ligand DMDT nor gold salt KAuBr4 alone had any effect on
proliferation of MDA-MB-231 cells.

Our data are consistent with previous implications that the
mechanism of action utilized by gold complexes is substantially
different from that of the cisplatin. Moreover, it has been pro-
posed that selective modification of surface protein residues by
gold(III) complexes could be the molecular basis for their biological
effects. Since we have previously shown that some copper com-
plexes were capable of irreversible inhibition of the proteasome in
time- and concentration-dependent manner under in vitro condi-
tions [157,158], we hypothesized that gold and copper complexes
might use the same mechanism against cancer cells. We found that
four tested gold(III) dithiocarbamates inhibited the proteasomal
chymotrypsin-like activity in MDA-MB-231 whole cell extract in
a concentration-dependent manner. To provide direct evidence for
proteasome inhibition by gold compounds, we performed a cell-
free proteasome activity assay using purified 20S proteasome and
Compound 2. We discovered that Compound 2 significantly inhib-
ited all three activities of the purified 20S proteasome, especially
its chymotrypsin-like activity [156]. This observation is particularly
important since inhibition of the proteasomal chymotrypsin-like
activity is associated with growth arrest and/or apoptosis induction
in cancer cells [159,107].

After we demonstrated that Compound 2 could inhibit the puri-
fied proteasomal chymotrypsin-like activity, we then tested its
effect in intact MDA-MB-231 cells and found similar inhibitory
effects. Proteasomal inhibition by Compound 2 was confirmed
by decreased proteasomal activity and increased levels of ubiq-
uitinated proteins and the proteasome target protein p27. Most
importantly, inhibition of the proteasome activity and accumula-
tion of p27 were also found in MDA-MB-231 xenografts treated with
Compound 2 [156]. All together, these observations clearly indicate
that Compound 2 can directly target the tumor proteasome in vivo.

It seems that coordination mode of gold is an important factor
for proteasome-inhibitory effect of gold complexes since gold(III)
dithiocarbamate Compound 3 had much stronger inhibitory effect
on the purified and tumor proteasome compared to its gold(I) ana-

log [(ESDT)Au]2 (our unpublished data). Gold(III) dithiocarbamate
Compound 3 has a near-square-planar geometry through the sulfur-
donating atoms; the NCSS group coordinates the gold center in
a bidentate symmetrical mode, while the two remaining coordi-
nation positions are occupied by two cis-gold(III)–chlorine bonds.
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owever, in gold(I) derivative [(ESDT)Au]2, each ligand binds the
wo gold centers in a bidentate symmetrical mode, leading to for-

ation of binuclear cyclic complex with a characteristic S–Au–S
inear structure [32]. This different coordination mode of gold
pparently has a huge impact on the biological effects of gold(III)
ersus gold(I) complexes.

.3.3. Gold(III) complexes induce apoptosis in human breast
ancer cells in vitro and in vivo

Various proteasome inhibitors potently induce tumor cell apop-
osis [96,104,105,107,159]. Therefore, we investigated if gold(III)
ompound 2 behaved similarly in vitro and in vivo. Indeed, we

ound that inhibition of the proteasomal chymotrypsin-like activ-
ty by Compound 2 induced apoptosis in cultured MDA-MB-231
reast cancer cells and in the tumors developed from the same
reast cancer cell line grown in nude mice. Induction of apoptosis by
ompound 2 in vitro and in vivo was confirmed by multiple assays
hat measure characteristic cellular and biochemical hallmark-
rs. For example, apoptotic morphological changes, the presence
f apoptotic nuclei, and apoptosis-specific poly(ADP-ribose) poly-
erase (PARP) cleavage were observed in cultured MDA-MB-231

ells treated with Compound 2. In the treated tumors, apoptosis
nduction was confirmed by PARP cleavage, Terminal nucleotidyl
ransferase-mediated nick end labeling (TUNEL) and Hematoxylin
nd Eosin (H&E staining) assays [156].

Our data strongly suggest that the proteasome is one of the
rimary targets for gold(III) dithiocarbamates and that inhibition
f the proteasomal activity by gold(III) dithiocarbamates is asso-
iated with apoptosis in cancer cells. We found that the effect of
ompound 2 could be completely blocked by two different S-donor

igands, 1,4-dithio-dl-threitol (DTT), or N-acetyl-l-cysteine (NAC).
TT at 1 mM entirely reversed inhibition of the purified 20S pro-

easome by Compound 2, and NAC at 200 �M completely blocked
roteasome inhibition by Compound 2 in intact MDA-MB-231 cells
t both early (4 h) and later (24 h) time points. Consistently, apop-
otic morphological changes, PARP cleavage, and accumulation of
36/Bax were also completely prevented in the cells co-treated with
ompound 2 and NAC [156]. It should be noted that NAC at lower
oncentrations was unable to inhibit copper-mediated proteasome
nhibition in vitro and in tumor cells [157]. We are currently investi-
ating whether NAC at higher concentrations could reverse organic
opper-induced events.

There are several possible mechanisms that might be respon-
ible for the reversal of Compound 2-mediated proteasomal
nhibition by NAC and DTT. First, some gold(III) complexes could
oordinatively bind S-donor ligands, such as glutathione and cys-
eine, and cleave their disulfide bond(s) [68], an event which might
e responsible for the biological effects of gold(III) complexes [70].
herefore, it is possible that gold(III) dithiocarbamates could bind
ulfhydryl groups found in NAC or DTT. NAC or DTT at high concen-
rations could react with all the Compound 2 molecules, thereby
reventing them from binding to and inhibiting the proteasome.
econd, NAC or DTT could reduce gold(III) to gold(I), changing the
oordination mode of gold to an ionic state that does not have
he affinity to bind the proteasome and inhibit its activity. Third,
old(III) porphyrin 1a induces intracellular oxidation, altering glu-
athione (GSH) levels in the cell [72]. GSH is the main antioxidant
ystem in the cell, and its depletion might facilitate accumulation
f reactive oxygen species (ROS) in cells treated with anti-cancer
rugs, which in turn increases the drug lethality [160]. Compound
might stimulate production of ROS, which then oxidize and inac-
ivate the proteasome. This argument is supported by a report that
he proteasome is susceptible to oxidative modification and inac-
ivation upon exposure to free radical generating systems [161].

oreover, we observed that the effect of NAC is much stronger in
ntact cells compared to cell-free conditions. When intact cells were
try Reviews 253 (2009) 1649–1660

treated with Compound 2, NAC at much lower concentrations could
reverse proteasomal inhibition induced by Compound 2, arguing
that NAC can increase the cellular pool of ROS scavengers.

These gold(III) dithiocarbamates stimulate production of ROS
[74]. Moreover, they modify some mitochondrial functions, inacti-
vate both cytosolic and mitochondrial thioredoxin reductase (TrxR),
and interfere with ERK pathway, inducing cancer cell death through
both apoptotic and non-apoptotic mechanisms [74]. It is important
to emphasize that under physiological conditions, these gold(III)
dithiocarbamates undergo hydroxylation process delivering two
moles of halide and two moles of hydrogen ions per mole of start-
ing complex. While DMDT derivatives (Compounds 1 and 2; Fig. 5)
still remain gold center in 3+ oxidation state, ESDT derivatives
(Compounds 3 and 4; Fig. 5), upon hydrolysis undergo a sub-
sequent reduction process within 24 h, forming binuclear gold(I)
complex [(ESDT)Au]2. However, this reduction process should not
have any effect on cytotoxic properties of ESDT derivatives since
their cytotoxic effect is exerted mainly within first 12 h at nanomo-
lar concentrations [33] and within 4 h at micromolar concentrations
(our unpublished data). Also, binuclear gold(I) complex [(ESDT)Au]2
is less toxic than gold(III) analogues (Compounds 3 and 4; Fig. 5)
against a panel of human tumor cells ([32] and our unpublished
data). Taken together, these observations strongly suggest that coor-
dination mode of gold is very important for biological effect of gold
complexes, including their cytotoxic and anti-cancer effects.

3.4. Perspectives of using gold complexes for human breast cancer
therapy

During the past decades, breast cancer treatment has been
rapidly evolved leading to substantial reduction in breast cancer
mortality. Although sometimes compounds with encouraging pre-
clinical data give disappointingly low responses in clinical settings,
the next generation of potential drugs is synthesized and evaluated.
One class of drugs that is getting more attention and is showing
promising results in the area of anti-cancer drug discovery is a
class of gold-based complexes. Considerable interest in this area
is encouraged by a variety of new gold complexes that have already
been synthesized or are still waiting to be synthesized and evalu-
ated.

While developing new gold-based anti-cancer drugs, it is essen-
tial to design a drug that would target a specific biological site,
resulting in reduced or no toxic side effects. For that reason, it
is of paramount importance to better understand the coordina-
tion chemistry and molecular and biochemical mechanisms of gold
complexes, which will also provide the new impetus for develop-
ment of gold-based drugs. By following the interactions between
gold complexes and various biological targets, much progress will
be made in understanding the mode of action of gold complexes.
Therefore, in vitro screening should be mandatory and should be fol-
lowed by relevant in vivo studies, which remain the most important
evaluation of drug effectiveness in preclinical settings.

One of the molecular targets of gold(III) dithiocarbamates
recently identified by our group is the proteasome. One of the
gold(III) dithiocarbamates, Compound 2, showed promising results
in animal studies and has a potential for further development in
breast cancer treatment. Currently, there is mainly one proteasome
inhibitor approved for multiple myeloma treatment—bortezomib.
While very effective against some other hematological malignan-
cies as well, bortezomib did not show promising results as a
single treatment in breast cancer and other solid tumors. However,

when combined with other conventional chemotherapeutics, more
promising results were observed.

Although bortezomib is mainly focused on the proteasome itself,
it seems that potentially promising strategy would also be in tar-
geting other components of the ubiquitin-proteasome pathway. For
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xample, by targeting specific E3 ubiquitin ligases involved in the
rocess of ubiquitination, a more restricted set of proteins could be
ffected, resulting in more specific and better tolerated treatment.
uture studies focused on this approach remain to be conducted.

. Conclusion

The therapeutic and beneficial effect of gold on human health
ave been known for centuries. Despite the considerable effort
o develop new, efficient, and safe gold-based drugs, very few
dvances have been made. A significant amount of effort in medic-
nal gold chemistry involves the development of novel anti-cancer
rugs and identification of their novel molecular targets. The tumor
roteasome is one of the identified in vivo molecular targets of
old(III) complexes. Proteasome inhibition by gold(III) complexes is
ssociated with apoptosis induction in breast cancer cultures and
umors, supporting the conclusion that inhibition of tumor pro-
easome activity contributes to the anti-tumor activity of gold(III)
omplexes. By further investigating gold interactions with other
otential biological targets in cancer cells and identifying them,
ore potent and more specific gold-based drugs could be designed,

ynthesized and, hopefully in near future, developed for treatment
f human breast cancer and other cancers.
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