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Abstract: In the last decade, we have been developing some gold(IIl) derivatives showing interesting antitumor proper-
ties and reduced systemic and renal toxicity, compared to the clinically-established reference drug cisplatin. Starting from
the rationale at the base of our investigations, this review has been divided into two sections, with respect to our patented
first- (aminoderivatives) and second-generation (peptidomimetics) potential drugs. Every section describes the in vitro
and in vivo anticancer activity of the compounds, chosen as models, towards different types of tumor. In particular, we
summarize the results achieved so far, in particular taking into account the latest in-depth studies related to their activity,
mechanism of action and toxicological profile. Taken together, our data could open up new prospects for further advanced

preclinical pharmacological testing.
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1. INTRODUCTION

The medical applications of metals have been widely
documented in the treatment of various diseases, including
cancer. The accidental discovery of the anticancer properties
of cisplatin  (cis-dichlorodiamminoplatinum(Il),  cis-
[Pt"Cl,(NH3),]) in the mid-1960s [1], has triggered the de-
velopment of alternative platinum- [2] and other metal-based
[3,4] compounds. As antitumor drugs, metal-based com-
pound have shown remarkable preclinical and clinical re-
sults, and platinum compounds are still widely used in the
modern chemotherapy. Nevertheless, the platinum-based
treatment of tumor diseases is seriously burdened by severe
side-effects and onset of resistance [5]. Consequently, the
development of new metallodrugs with a better pharmacol-
ogical outline is the main objective of the current medicinal
chemistry. The intrinsic nature of metal centers, gives rise to
peculiar coordinations and kinetics and allows metallodrugs
to work through mechanisms that cannot be mimicked by
organic agents, i.e. they otherwise influence crucial cellular
processes, such as cell division and cancer-related pathways.
The modern methodologies are directed to synthetize com-
plexes with tumor-targeting features, thus enhancing the ef-
fect on cancer cells and reducing the incidence of adverse
and disabling side-effects [6,7].

In the field of new non-platinum based antitumor com-
pounds, gold complexes have been obtaining increasing con-
sideration due to their strong antiproliferative activity, usu-
ally attained by exploiting biochemical mechanisms different
from that of cisplatin [8]. The use of gold complexes in
medicine, mainly gold(I) derivatives, has been called
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“chrysotherapy” [9]. In particular, in the past, late-stage
rheumatoid arthritis was treated with several gold drugs,
including aurothioglucose (solganol), aurothiomalate (myoc-
risin), aurothiosulfate (sanocrysin), aurothiopropanol sul-
fonate (allocrysin), and triethylphosphinogold(I)tetra-
acetylthioglucose (auranofin) (Fig. 1). In addition, auranofin
(Fig. 1e) is particularly interesting as it can be administered
orally, contrary to the other marketed gold(I) compounds
usually injected.

In the light of their traditional use in medicine for the
treatment of rheumatoid arthritis, gold compounds could
represent potential alternatives to platinum drugs. In this
context, their anti-arthritic activity derives from the recog-
nized immunosuppressive and anti-inflammatory properties.
This may determine, in principle, a link between the two
therapies. In recent years, many papers about the use of gold
complexes as drugs, have highlighted the special interest in
this class of metal complexes as new medicinal entities,
mostly as anticancer agents [10-14].

The wide range of gold-based agents with stated antipro-
liferative properties, includes a great number of different
ligands coordinated to the metal ion in the +1 or +3 oxida-
tion states. Accordingly, a sole way of action for gold com-
plexes seems to be highly improbable, and a number of in-
tracellular targets (different from the DNA recognized for
cisplatin and its analogues [15]) have to be take into consid-
eration when elucidating the pharmacology action of the
gold-based agents [16, 17].

In this context, during the last decade, a number of
gold(Ill)-dithiocarbamato derivatives have been designed
and tested by our research group as anticancer agents, show-
ing very promising activity [18, 19] thus highlighting the
necessity to carry out detailed biological and mechanistic
studies. Up-to-date results are here summarized and dis-
cussed.
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Fig. (1). Clinically-established gold(I) antiarthritic drugs: solganol (a), myocrisin (b), sanocrysin (¢), allocrysin (d) and auranofin (e).

1.1. The Choice of Dithiocarbamic Ligands

Notwithstanding the therapeutic efficacy in the treatment
of several types of tumors, some severe side-effects, such as
nausea, alopecia, ototoxicity, neurotoxicity, myelosuppres-
sion, and nephrotoxicity, limit the use of cisplatin and subse-
quent platinum-based chemotherapeutics. In particular, neph-
rotoxicity seems result from platinum accumulation in the
body. Even if the negative effects of cisplatin on renal func-
tions are not entirely clarified, latest researches further eluci-
dated the mechanism of cisplatin-induced nephrotoxicity. In
particular, the signaling pathways associated with tubular
cell death and inflammation seems to be involved. The hy-
pothesis that renal failure may be induced by platinum bind-
ing to thiol-containing renal enzymes with the consequent
their function inactivation, is the most accepted [20].

Sulfur-containing biomolecules, such as cysteine, me-
thionine, glutathione, metallothionein and albumin, play a
detoxifying and, at the same time, an antagonist role in plati-
num-based anticancer chemotherapy because of their high
affinity towards platinum(II) ion. In fact, sulfur is involved
in the entire metabolic process of platinum drugs, including
the deactivation and chemical reactions occurring before
entering the cell and bind to DNA .The interaction between
sulfur-containing biomolecules and platinum drugs have
negative effects on the therapeutic effectiveness. In fact,
strong and irreversible binding of cisplatin to intracellular
thiolato ligands is shown as a crucial inactivation stage, and
reactions with sulfur-donor atoms pre sent in peptides and
proteins are able to chnge their conformation, resulting in the
alteration of their specific biological activity, especially
when enzymatic processes are affected [21]. Thus, various
sulfur-containing nucleophiles were tested as chemoprotec-
tants to modulate cisplatin nephrotoxicity (Fig. 2), and some
proved encouraging for clinical use [22]. In this regard, two
main problems were considered for their development;
namely the selective protection of human normal cells, and
their possibly absent or low systemic toxicity. However, a
selective protection of normal tissues without reduction of
the anticancer activity of platinum drugs was challenging.

About that the chemoprotectant sodium diethyldithiocar-
bamate (NaDEDT, showed helpful effects (Fig. 2¢). In fact,
it proved protective against renal, gastrointestinal and bone
marrow toxicity induced by cisplatin without reducing its
antitumor activity. Its chemoprotective peculiarity arises

from the capability to remove platinum from the thiol groups
of proteins without affect the formed platinum-DNA ad-
ducts, widely recognized as liable for its antitumor action.
Remarkably, the treatment with NaDEDT soon after cis-
platin administration, decreases by ca. 50% platinum-DNA
adducts affecting the therapeutic effect. Hovewer, if NaD-
EDT is administered 3 h after the drug, there is no change in
the antiblastic activity . In fact, when the chemoprotectant is
administered later, cisplatin (only 5-10%) is on his way to
reach its target of choice (DNA) [22-23]. Then, NaDEDT
can cleave platinum-sulfur adducts from a variety of sulfur-
containing biomolecules, hence forming a Pt-DEDT deriva-
tive that can itself have some antiproliferative activity, not
relying on DNA adducts. Therefore, the correct dosing of
NaDEDT as chemoprotectant diminishes the nephrotoxicity
connected to cisplatin chemotherapy without affecting its
antitumor efficacy [22]. On the other hand, the general neph-
roprotective benefits of NaDEDT are to some extent limited
by the effects of the acute toxicity showed by dithiocarba-
mates themselves. In fact, potential human health hazards
associated with free (i.e., not coordinated) dithiocarbamates
have been investigated, including genotoxicity [24]. Nowa-
days, chemoprotectants are not clinically used anymore, be-
ing replaced by strong hydration and diuresis along with
antiemetic prophylaxis during the cisplatin treatment. In the
meantime, continuous efforts are still being made by re-
searchers in order to reduce cisplatin-induced toxicity.

Taking into account the previous concerns, we have been
designing a number of metal-dithiocarbamato (hereinafter,
DTC) complexes with the potentiality to associate the cyto-
toxic activity of the metal centers (e.g., Pt(II), Pd(Il), Au(III),
Ru(III), Zn(II), Cu(1l)) with lack of nephrotoxicity due to the
presence of the chemoprotectant DTC ligand (i.e., -NCSS
moiety).

The basis of our approach derived from the chemical fea-
tures of the DTC moiety. In fact, dithiocarbamates are biden-
tate ligands that can coordinate soft metal ions in a chelating
way allowing the resulting complexes to be quite stable
thanks to the “chelate effect”. In this kind of structure, the
electronic and steric influences are able to impede the loss of
the dithiocarbamato ligand. Additionally, the solubility prop-
erties of the resulting metal complexes, could be modulated
through changing the organic backbone of the dithiocarba-
mate.
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Fig. (2). Cisplatin toxicity modulator molecules (sulthydryl and peptide derivatives): glutathione (GSH, (a)), the GSH-depleting antimetabo-
lite L-buthionine sulfoximine (L-BSO, (b)), the sulfydryl metabolite of disulfiram diethyldithiocarbamate (DEDT, (¢)), the parent disulfide
disulfiram (antabuse, (d)), N-acetyl-L-cysteine (L-NAC, (e)), S-mercaptoethane sulfonate sodium salt (mesna, (f)), sodium thiosulfate (g), the
phosphothiolamifostine (WR-2721) and its active metabolite actifostine (WR-1065) formed by alkaline phosphatase activity (h), and the

melanocortin-derived peptide ORG-2766 (i).

Concerning square-planar complexes, the presence of a
chelating dithiocarbamato ligand should impede the coordi-
nation of an additinal S-donor ligands (e.g., methionine and
cysteine residues), in frans to the —NCSS moiety. This
chemical process becomes less favorable because of the
quite strong trans effect of the DTC sulfur atoms, that poten-
tially avoids the interaction of the metal center with thiol-
containing renal enzymes and, accordingly, reduces nephro-
toxic side-effects.

2. FIRST GENERATION

In the light of the abovementioned issues, we first de-
signed a number of platinum(II) and, given the strict similar-
ity, palladium(Il) derivatives with dithiocarbamato (DTC)
ligands, some of which were endowed with a good che-
motherapeutic index (high antitumor activity and lack of
nephrotoxicy) compared to the reference drug cisplatin [25].
Unfortunately, despite these encouraging results, long syn-
thetic routes, low water solubility and inadequate stability
under physiological conditions (for pharmacological pur-
poses) were the major drawbacks, so their advanced evalua-
tion as potential anticancer agents was dismissed. Therefore,
we explored alternative ways, the most promising being the
design of dithiocarbamato derivatives of metals different
from platinum and palladium. In particular, we synthesized a
number of gold(IlT)-dithiocarbamato derivatives of the type
[Au"X,(DTC)] (X = Cl, Br; DTC = various dithiocarbamato
ligands, yield ~ 70-80%) that were in principle designed to
closely reproduce the main features of cisplatin (Fig. 3) [26,
27].

All the compounds were fully characterized by means of
several techniques, confirming that the -NCSS moiety coor-
dinates the metal center in a bidentate symmetrical mode
through the sulfur-donating atoms in a near square-planar
geometry, the remaining coordination positions being occu-
pied by two cis-halogen atoms. When crystals for a X-ray
analysis were not obtained, we performed density functional
calculations, for confirming the structural data of the com-
plexes. [26].

2.1. Antitumor Activity In vitro

From comparative in vitro cytotoxicity studies on Pt(II)-,
Pd(II)-, and Au(III)-MSDT derivatives (MSDT = methylsar-
cosinedithiocarbamate) involving human squamous cervical
adenocarcinoma (HeLa) cells and human leukemic promye-
locytes (HL60), the gold(IIT) complexes resulted to be sig-
nificantly more active (in terms of ICsy values), than both
cisplatin and the platinum(II) and palladium(II) counterparts
under the same experimental conditions (ICso ca. 1 uM vs.
ca. 2,>15, and 5 puM, respectively), inducing apoptosis espe-
cially in HL60 cells [28]. [Au""X,(MSDT)]-type compounds
(Fig. 3) were also tested on a panel of acute myelogenous
leukemia cell lines, representing different French-American-
British subtypes, and toward the Philadelphia-positive
(K562) cells [29]. Compared to the corresponding palla-
dium(II) analogues [30], they were able to inhibit cell growth
in all the tested myeloid cell lines with ICsy values ca. ten-
fold lower than the reference drug. Besides, after short expo-
sure (18 h), [Au"X,(MSDT)]-type compounds induced
strong and rapid apoptosis paralleled by down-regulation of
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Fig. (3). Selected gold-dithiocarbamato derivatives: X = Cl, Br; DMDT = N,N-dimethyldithiocarbamate ((CH3),NCSS’); MSDT = methylsar-
cosinedithiocarbamate (CH3;0(O)CCH,N(CH3)CSS"); ESDT = ethylsarcosinedithiocarbamate (CH;CH,O(O)CCH,N(CH3)CSS")

the antiapoptotic molecule Bcl-2 and up-regulation of the
proapoptotic molecule Bax, whereas cisplatin did not. After
long treatment (72 h), they showed to be able inducing only
modest cell cycle perturbations but high DNA fragmentation,
whereas classical platinum(II) complexes are known to pro-
mote characteristic cell cycle alterations, resulting in in-
creased G,M cell fraction [31]. In addition, [Au"
IIXZ(MSDT)]-type complexes stimulated early apoptosis and
membrane injury to a much greater extent than cisplatin,
suggesting a different mechanism of action [29].

As a consequence of these positive results, we synthe-
tized and developed other gold(Ill)-dithiocarbamato deriva-
tives, namely [AuIHClngMDT)], [Au"'Br,(DMDT)],
[Au™CL(ESDT)] and [Au"Br,(ESDT)] (from now on re-
ferred to as AuL10, AuL14, AuL13 and AuLl12, respec-
tively), where DMDT and ESDT are N,N-
dimethyldithiocarbamate and ethylsarcosinedithiocarbamate,
respectively. The in vitro tests towards human tumor cell
lines sensible and intrinsically resistant to cisplatin (such as
Daudi, MeWo, LoVo and A549 cells) put in evidence the
great cytotoxicity of these compounds with respect to cis-
platin. (Table 1). Moreover, they were still active on cell
lines made resistant to cisplatin treatment, compared to the
corresponding cisplatin-sensitive parent cell lines, thus ex-
cluding the occurrence of cross-resistance. [27].

AuL10 and AuL12 were investigated for their cytotoxic
activity also against the androgen-resistant prostate cancer
PC3 and DU145 cell lines [32]. Among all, AuL10 resulted
to be the best performer, with 1Csy values about four and ten
times lower than cisplatin on PC3 and DU145 cells, respec-
tively. It proved cytotoxic also against the cisplatin-resistant
PC3-R cells, with activity levels comparable to those de-
tected for the parent cisplatin-sensitive PC3 cell line, exclud-
ing, again, the onset of any cross-resistance [32].

In addition to slightly affecting the cell cycle, treatment
of PC3 cells with AuL10 induced mitochondrial membrane
depolarization, cytochrome-c release and caspase-9 activa-
tion, pointing out that it exerts its activity through the mito-
chondrial intrinsic apoptotic pathway. In this regard, it con-
siderably diminished the expression of the pro-survival pro-

tein Bcl-2 and also, led to the up-regulation of the pro-
apoptotic Bax protein. These are two well-known regulators
playing a major role in the mitochondrial apoptotic pathway
[33, 34]. Likewise, other studies on PC3 cells confirmed that
AuL10 causes powerful cytotoxic effects, inducing apopto-
sis, as assessed by Annexin-V assay and by the expression of
APO2.7, a mitochondrial membrane protein exposed on the
cell surface when cells undergo apoptosis [32].

With the aim of get further understandings into the ability
of the investigated gold(IIl) complexes to overcome resis-
tance to cisplatin, we tested their capability to inhibit DNA
synthesis in tumor cells, that had acquired resistance to cis-
platin in vivo, [35]. Remarkably, AuL12 induced a dramatic
inhibition of DNA synthesis in both the tested cell lines
(murine leukemia cisplatin-sensitive L1210 and -resistant
L1210-R) at comparable levels, whereas cisplatin did not.
These results are considerable as L1210-R cells, contrarily to
the resistant sublines previously tested (see Table 1), ac-
quired their resistance in vivo evading all the host defense
mechanisms. Hence, AuL12 circumvented cisplatin resis-
tance in vivo as well [35].

2.2. Antitumor Activity In vivo

Among all the gold(Ill)-dithiocarbamato derivatives,
AuL10, AuL12 and AuL14 have been selected for subse-
quent in vivo studies, due to their general encouraging stabil-
ity, solubility, and antiproliferative properties [32, 36-38].

2.2.1. Murine Tumor Models

In vivo antitumor activity of AuL12 was evaluated on
Ehrlich solid-tumor-bearing mice. The test compound caused
a significant tumor mass reduction (ca. two-fold) if com-
pared with the animals treated with cisplatin [38]. Moreover,
tumors excised from AuL12-treated mice (after 11-d treat-
ment via i.p. at a daily dose of 10 mg kg™, being one third of
LDsg) showed 74% inhibition of tumor growth compared to
untreated animals. Analogous results were obtined for Lewis
lung carcinoma (ip. treatment at 10 mg kg'), for which
AuL 12 induced 80% inhibition of tumor growth [38].
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Table 1.  In vitro cytotoxic activity of Au(III)-dithiocarbamato derivatives [Au""Cly(DMDT)] (AuL10), [Au"'Bry(DMDT)] (AuL14),
[Au™CL(ESDT)] (AuL13) and [Au"™"Bry,(ESDT)] (AuL12), and the reference drug cisplatin tested under the same experi-
mental conditions (over 24 h) towards established human tumor cell lines: human squamous cervical adenocarcinoma
(HeLa), human leukemic promyelocytes (HL60), human Burkitt’s lymphoma (Daudi), human malignant melanoma
(MeWo), human colon adenocarcinoma (LoVo), human non-small lung adenocarcinoma (A549), human ovarian carci-
noma cisplatin-sensitive (2008) and cisplatin-resistant (2008-R), human squamous cervix carcinoma cisplatin-sensitive
(A431) and cisplatin-resistant (A431-R), human osteosarcoma cisplatin-sensitive (U20S) and cisplatin-resistant (U20S-R)
cells. In vitro cytotoxic activity of AuL.10, AuL.12 and cisplatin tested over 72 h towards human prostate cisplatin-sensitive
tumors PC3 and DU145, and cisplatin-resistant cancer R-PC3. Data are expressed in terms of ICsy £+ S.D. (standard devia-

tion) values (uM).
Compound
Cell Line
AuL10 AuL14 AuL13 AuL12 Cisplatin
HeLa 2.10+0.01 3.50+0.01 82+0.2 7.640.2 15.6£0.4
HL60 (0.80£0.01)107 0.70 £0.01)107 0.43 +£0.09 0.14+£0.02 25.6+0.3
Daudi (0.10+£0.01)-10° (0.10+£0.01)-10° 4.65+0.09 58+0.2 95+1
MeWo 20£03 0.10£0.01)107 125+09 10.0£0.9 48+2
LoVo (2.40 £ 0.04)107 3.8+0.1 7.6£0.2 7.9+0.1 56+2
A549 (0.35+0.01)107 0.41£0.03 473 £0.04 9.6+0.2 35+1
2008 (0.20£0.01)10" 30.0£0.1 493+0.1 16.5+0.4 432+04
2008-R 0.10£0.01)10" 21.8+02 23.8+0.1 0.10£0.01)10" 556 +3
A431 (1.20£0.01)107 1.8+0.1 0.29+0.01 (1.50£0.01)107 774+04
A431-R (0.20£0.01)10" 28+02 0.43 +£0.03 0.10£0.01)10" 382+3
U208 48+03 18+1 58+0.4 0.49 £ 0.09 35+2
U20S-R 64+0.1 13+1 52402 0.24+0.09 84+3
PC3 0.7+02 - - 16+04 >25
DU145 0.25+0.05 - - 11+03 25+07
R-PC3 09+03 - - - 10+1

The antitumor potential was also evaluated on Ehrlich
ascitic carcinoma-bearing mice (via i.p.), obtaining a re-
markably greater efficacy than cisplatin (dose: 3.5 mg kg™
which is one third of LDsg) in increasing the life span of
treated animals with %T/C values (average survival time
of treated mice/average survival time of control mice) of
157 and 130%, respectively [38]. Moreover, a higher
value of Long-Term-Survivors (LTS, treated mice alive
after 30 d with total tumor suppression) was observed in
the group of animals treated with AuL12 compared to
cisplatin (37.5% vs. 25%, respectively). AuL12-treated
mice well tolerated chemotherapy and quickly recovered
the initial body weight loss. This proof was paralleled
with the results of acute toxicity tests carried out on non-
tumor-bearing Swiss mice. In that study, we recorded for
AuL12 a LDsy value (i.e., the median lethal dose of a
toxic substance required to kill half the members of a
treated population) of 30 mg kg™, much higher than that
recorded for cisplatin (11.4 mg kg'l) [38].

2.2.2. Human Xenograft Tumor Models

Some gold compounds reported in literature have shown
promising in vitro cytotoxicity that, unfortunately, was not
confirmed by in vivo studies afterwards [11]. In contrast, the
in vivo antitumor activity of our gold(IlI) derivatives is fully
consistent with in vitro results. For example, treatment of
MDA-MB-231 breast tumor-bearing nude mice with AuL14
resulted in significant inhibition of tumor growth (ca. 50%
compared to control, after daily treatment with 1.0 mg kg™
for 29 days) (Fig. 4A), associated with massive apoptosis
induction, inhibition of proteasome activity (Fig. 4B) and
accumulation of protein p27. It has to be highlighted that
during the administration of the test compound, the mice did
not show signs of toxicity with decreased activity or ano-
rexia [37].

With respect to the PC3 prostate tumor, administration of
1 mg kg every other day of AuL10 caused an overall 85%
reduction of the corresponding xenografts in nude mice after
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Fig. (4). The antitumor activity of AuL14 is linked with inhibition of the proteasomal chymotrypsin-like activity and stimulation of apoptosis
in vivo. Female nude mice bearing MDA-MB-231 tumors were treated with either control vehicle or AuL 14 at 1 mg/kg/d for 29 days. inhibi-
tion of MDA-MB-231 tumor growth by AuL14. Points, mean tumor volume in each experimental group; bars, SD. *, p < 0.01. (A) Tumors
were collected after 29 days of treatment, and the prepared tissues were analyzed by the proteasomal chymotrypsin-like activity assay (B). In
vivo anticancer activity of AuL10 on PC3 prostate tumor-bearing nude mice (xenografts). Tumor volume was measured after s.c. injection of
either drug-free vehicle or containing 1 mg kg™ of AuL10 every other day. (C) (adapted from ref. [37] and [32]).

a 19-day treatment (compared to control untreated mice)
(Fig. 4C). Once more, treated mice well tolerated chemo-
therapy and seemed not suffer from systemic toxicity. In
addition, and histology showed no detectable damage to
main animals’ organs (Fig. 5) [32].

2.3. Toxicological Studies

In vivo nephrotoxicity, after treatment with both AuL12
and cisplatin, was explored by assessing some peculiar bio-
markers in either urine or renal cortical slices of treated rats
[38]. In this context, it is well known that a number of xeno-
biotic substances are harmful to the kidney, in particular to
the renal proximal tubule, the portion of the nephron charac-
terized by the greater sensitivity to nephrotoxic agents. It is
subdivided into three segments [i.e., S1-S2 (pars convoluta)
and S3 (pars recta)] present in the cortical labyrinth and the
medullar rays [39].

Increased levels of total urinary proteins (TUP) and of
activity of N-acetyl-B-D-glucosaminidase (NAG) and glu-
tamine synthetase (GS) in treated animals are widely recog-
nized as a sign of a general kidney injury [40]. Moreover,
reduced activity of GS in the kidney cortex of the sacrificed
treated rats is a commonly accepted marker for renal dam-
ages occurring in the S3 segment of the proximal tubules
[41]. As expected, cisplatin induced a significant increase of
GS and NAG activity and TUP excretion in urine. Con-
versely, AuL12-treated rats showed very low changes (if

compared to control rats), in the urinary profile principally
evident at the higher dose (20 mg kg™'; Fig. 6). It has been
demonstrated that reduced PAH (p-aminohippuric acid) up-
take and GS activity in the renal cortical slices of sacrificed
[41, 42] treated rats is related to specific damages touching
S1-S2 and S3 segments, respectively. Significant inhibition
of GS activity in renal cortical slices was detected in cis-
platin-treated rats due to a severe diffuse tubular necrosis of
the S3 segment of the proximal tubule in the outer stripe of
the outer medulla, whereas PAH accumulation was not af-
fected, in agreement with data previously reported [25]. On
the contrary, rats treated with AuL12 did not display any
particular change in the examined renal cortical biomarkers
accounting for the almost total lack of nephrotoxic side-
effects [36]. These results are extremely positive when com-
pared to the few data reported in literature related to the renal
toxicity induced by gold derivatives. For instance, the gold-
based antiarthritic drugs auranofin and myochrysine are well
known to give rise to proteinuria and kidney dysfunction
[43]. In this context, also the gold nanoparticles, which re-
ceived great attention in recent years for their potential ap-
plications in medicine [44-46], proved to have nephrotoxic-
ity as a severe dose-limiting factor because of their ability to
penetrate renal cells causing renal damages [47].

The favorable toxicity profile of the tested gold(II1l) com-
plex was subsequently confirmed by histopathological inves-
tigations, detecting no important sign of toxicity in the
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Fig. (5). The histologic examination of the AuL10-treated mice did not show any differences with respect to the control tissues. All tissues
(A, bone; B, liver, C-D, spleen) were formalin-fixed and paraffin-embedded. Sections 4 micron thick were stained with Hematoxilin-Eosin.
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Fig. (6). Urinary profiles of male albino Wistar rats on a single i.p. injection of cisplatin and AuL12. Evaluation of (a) total urinary proteins
(TUP) excretion, (b) N-acetyl-f-D-glucosaminidase (NAG) activity, and (c) glutamine synthetase (GS) activity in urines collected over 24 h
after administration (adapted from ref. [38]).

treated animals’ heart, liver, spleen, kidneys, testicles, pan- adsorption analyses evidenced, in the investigated tissues, no
creas, lungs and brain. SEM data related to the surface of all traces of gold, thus excluding the accumulation of the metal
examined tissues proved compatible with normal conditions in any of the organs taken into account [38]. Also the accu-

when compared to control animals. Unexpectedly, atomic mulation around the injection site (i.e., peritoneal area) was
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excluded. These results are completely in tune with our ex-
periments demonstrating gold is rapidly cleared from the
body (i.e., within 48 hours), the large majority being ex-
creted through the feces (>89%) and only about 10% via the
urinary system [38].

2.4. Targeting and Delivery Strategies of Gold(III) Com-
plexes through the Encapsulation in Micellar Systems

As previously assessed, our gold(Ill) dithiocarbamato
complexes proved very promising for their biological activ-
ity as antiproliferative agents, but are characterized by very
low water solubility. Efficient carriers can be used to en-
hance the therapeutic properties of not soluble drugs [48].

For the delivery of our compounds, we exploited micellar
systems (Fig. 7A left), characterized by two well-defined
regions: an external hydrophilic layer and a central core with
hydrophobic properties (which can incorporate our lipophilic
substances).

Nardon and Fregona

An important feature to consider when selecting nanocar-
riers for drug delivery is the evaluation of the dimensions of
the supramolecular aggregates, since variations in the
nanoscale range strongly affect blood circulation times and
the bioavailability of the particle-loaded chemotherapeutics
within the body [49]. In particular, it was shown that the
loading of drugs into micelles can diminish their extravasa-
tion into normal tissues while providing a passive drug tar-
geting to tumors via the enhanced permeability and retention
(EPR) effect [50]. Drug-encapsulating systems can selec-
tively extravasate in tumor tissues due to their abnormal vas-
cular nature and escape renal clearance [51].

For pharmaceutical applications, the preferred size range
goes from 10 to 100 nm. Interestingly, particles ranging from
10 to 70 nm are known to offer effective distribution in cer-
tain tissues and are preferred to obtain faster drainage from
the site of injection [52-53].

To date, we have investigated two nanoscale-sized for-
mulations as delivery systems for our compounds. In particu-
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Fig. (7). Schematic depiction of micelles and liposomes (A); chemical drawing of DSPE-PEG2000 (B); Pluronic® F127 (C); PC (D) and
DOPC (E) phospholipids; MonY-BN-AA1 amphiphilic peptide (F); equilibrium of formation of non-targeted (G) and targeted micelles (H)
loaded with the model compound AuL12 (depicted as yellow circle); (C18),-PEG1000-G-CCKS (I).
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lar, we have focused on the supramolecular aggregation of
the amphiphilic polymers DSPE-PEG2000 (i.e., 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine- N-[amino-

(polyethylene glycol)-2000], Fig. 7B) and Pluronic® F127
(PF127, Fig. 7C) [54-55]. In both cases, the gold(IIl)-
dithiocarbamato complex AuL12 was selected as a model
compound to be encapsulated due to its good antiprolifera-
tive rates recorded both in vitro and in vivo.

Regarding the first studied formulation, we used pure
micelles of DSPE-PEG2000, and mixed counterparts, con-
taining PC (L-a-phosphatidylcholine, Fig. 7D) or DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine, Fig. 7E) phos-
pholipids (5, 10 or 20% mol/mol with respect to DSPE-
PEG2000), as delivery systems [54]. A functionalization of
some mixed micelles was carried out in order to obtain a
tumor-selective delivery, thus further improving the che-
motherapeutic index of our compounds (which is defined as
the ratio between the lethal dose [LDso] and the effective
dose [EDs] of a drug). In particular, those involving 10%
PC were labeled on the hydrophilic corona with a bombesin
analogue at 5% (BN-AA1, sequence: D-Phe-GIn-Trp-Ala-
Val-NMeGly-His-Sta-Leu-amide, Fig. 7F) [54]. Remarka-
bly, the structural properties of empty or AuL12-filled mi-
celles did not change after BN-AA1 insertion (diameter
around 20 nm).

BN-AAT1 should drive the final aggregates towards the
gastrin-releasing peptide (GRP) receptors up-regulated by
several cancer types such as prostate and ovarian malignan-
cies [56]. Target-selective properties of these empty and
loaded systems were tested on PC-3 human prostate cancer
cell line, overexpressing the GRP/bombesin receptors. In
these in vitro cytotoxic studies, a decrease of cell viability,
ca. 50%, was observed in cells treated for 48 h with targeted
AuL12-loaded micelles (10 uM drug concentration, Fig. 7G)
with respect to untargeted micelles (Fig. 7H). It should be
underlined that the collected biological data are promising as
these carriers ensure a very low drug release (about 10%
after 72 hours) [54]. A so good activity despite the slow drug
release could be in our opinion associated with an endocytic
process.

With respect to the second investigated formulation, our
gold derivative was loaded into two types of self-assemblina%
supramolecular aggregates, namely consisting of Pluronic
F127 (PF127, Fig. 7C) or its combination with the am-
phiphilic peptide (C18),-PEG1000-G-CCK8 (Fig. 7I), thus
yielding the formation of either non-targeted (Fig. 7H) and
targeted micelles (Fig. 7G), respectively [55]. In fact, upon
self-assembling, the second type of drug carrier is character-
ized by the presence of the octapeptide CCK8 (amino acid
sequence: Asp’®-Tyr’’-Met**-Gly>-Trp*’-Met’'-Asp’>-Phe’*-
amide whose properties are described below) bound to the
external hydrophilic corona of the resulting micelles (Fig.
7H).

Amphiphilic Pluronic molecules form a class of tri-block
copolymers characterized by an A-B-A architecture of
polyoxyethylene-polyoxypropylene-polyoxyethylene (PEO,-
PPO,-PEOy) units (Fig. 7C). For the encapsulation of our
gold(I1l) dithiocarbamato complexes, the Pluronic F127 was
chosen [55], endowed with the stoichiometry PEOgg-PPOs7-
PEOys and an average molecular weight of 12600 g mol™.
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Pluronic® F127 is one of the most used nanocarriers for
biomedical applications, following its first use in clinical
trials for the delivery of the anticancer drug doxorubicin
(Dox) in a mixed formulation named SP1049C, which con-
tains two different types of Pluronic, F127 and L61 [57-58].
Besides Dox, other anticancer drugs, such as Paclitaxel and
Carboplatin, were encapsulated in this type of nanocarriers
and tested in vivo, leading to enhanced drug activity, along
with overcoming multidrug resistance (MDR) in cancer cells
[50]. Concerning the biocompatibility, it is worth highlight-
ing that this class of organic carriers remains metabolically
intact until renal clearance and has proved to be little or no
toxic [59].

The targeting peptide CCKS8 belongs to the family of
cholecystokinin (CCK) peptides whose receptors [60-61] are
normally present on the cell surface and are known to be
overexpressed after malignant transformation. CCK recep-
tors were found up-regulated in medullary thyroid cancers
(92%), in stromal ovarian cancers (100%), in small-cell lung
cancers (57%), in astrocytomas (62%), in meningiomas
(30%), in gastro-entero-pancreatic neuroendocrine tumors
(38%), and in some neuroblastomas (19%) [61-64]. Re-
markably, the octapeptide amide CCKS8 binds with nanomo-
lar affinity its receptors (CCK1-R and CCK2-R), also when
modified at its N-terminus with chelating agents or alkylic
chains [65-66]. Upon binding (Kp ~20 nM), CCKS8 is
internalized into the cell through receptor-mediated
endocytosis, thus leading to a cascade of biological events

[67]After the preparation of both AuL12-loaded PF127 non-
targeted micelles and PF127/CCKS targeted micelles, vari-
ous characterizations and studies were carried out, pointing
out: 1) an average micelle diameter of about 30 nm (dy-
namic light scattering measurements); ii) a good stability in
saline solution up to 72 h; iii) a quite fast compound release
from the micelle systems into the aqueous medium, reach-
ing 50% after 2 h; iv) good solubilizing capabilities, thus
increasing the water solubility; v) satisfying carrier proper-
ties as they keep or increase the antiproliferative activity of
the model compound (compared to the DMSO vehicle)
[55]. In fact, on passing from A431 cells (epidermoid car-
cinoma) to the CCK2-R-transfected counterpart, the
cytotoxicity of the loaded AuL12 compound proved to be
10-fold higher [55].

2.5. Investigation of the Mechanism of Action
2.5.1. Solution Chemistry and DNA Binding Affinity

Although not still completely elucidated, the generally
accepted mechanism of action of cisplatin considers its
uptake into the cell followed by hydrolysis in the cyto-
plasm. This process is chemically permitted by the low
intracellular CI” concentration (4-20 mM) and leads to the
formation of positively charged aquo species that reach the
nucleus and bind to DNA, universally accepted as crucial
biological target of cisplatin [68]. In this regard, we inves-
tigated the behavior under physiologic-like conditions and
the DNA-binding properties of some selected gold(IlI)
complexes [35]. With respect to their solution chemistry,
these gold derivatives were proved to hydrolyze in a
physiological-like milieu by delivering two moles of halide
per mole of starting compound, allowing the formation of
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the corresponding gold(IlI)-diaquo counterparts within 30-
40 min. The hydrolyzed species proved reasonably stable in
aqueous environment, with reduction to gold(I) occurring
after 12-24 h [35].

As the physiological milieu is generally reducing,
gold(IlT) complexes, often characterized by high redox po-
tentials [69], may easily undergo reduction to the corre-
sponding less active gold(I) derivatives, a critical issue for
their pharmaceutical advance. Therefore, we studied , the
intrinsic electrochemical properties of our compounds by
cyclic voltammetry, observing both DMDT (AuLl10 and
AuL14) and ESDT (AuL12 and AuL13) complexes undergo
reduction processes through irreversible steps, resulting in
the formation of the corresponding dinuclear gold(I) species
[Au'(DMDT)], and [Au(ESDT)]s, at ca. -300 mV and -180
mV (vs. saturated calomel electrode, SCE), respectively [35].
Remarkably, these reduction reactions take place at poten-
tials considerably lower than the typical values for the
Au(III)/Au(l) couple known for the corresponding K[AuX4]
(X = Cl, Br) precursors (ca. +1.29 V) [70]. In fact, gold co-
ordination by dithiocarbamates produces a great stabilization
of the metal center in the +3 oxidation state, due to the stabi-
lizing chelate effect and the great electron-donating capabil-
ity of the DTC moiety.

Given the strict chemical and structural similarity of
these gold(IIl) complexes to cisplatin, we firstly hypothe-
sized their cytotoxic properties could spring from a direct
interaction with intracellular DNA. Experimental results
established their high affinity towards some biologically-
relevant isolated macromolecules, resulting in a dramatic
inhibition of both DNA and RNA synthesis in a non-dose-
dependent fashion. On the contrary, as expected, cisplatin
strongly inhibited DNA synthesis in a dose-dependent man-
ner while it does not significantly affect RNA synthesis
[35]. In addition, our gold(IIl) compounds showed to be
able to very fast bind the purified DNA in vitro. Our ex-
periments put in evidence that AuL10 has got a great affin-
ity towards DNA (calf thymus) whose binding is observable
even soon after contact (time zero) [35]. Reaction with
DNA appears to be extremely rapid and dependent on both
1; (molar ratio of tested compound to nucleotides) value and
contact time, achieving 100% binding after less than 3 h,
compared to 51% reached by cisplatin, tested under the
same experimental conditions after 24 h [35]. These com-
pounds were also shown to form interstrand cross-links with
a faster kinetics than cisplatin. In contrast with cisplatin,
they do not seem to act as bifunctional agents as they are
not able to induce DNA-protein cross-links [71]. This phe-
nomenon is of paramount importance taking into account
that the exposure to various DNA-protein cross-linking
agents gives rise to genotoxic and carcinogenic effects, be-
lieved to be mediated via the formation of this type of lesion
[72].

All the experiments, described in this last section, were
performed in vitro with purified biological macromolecules.
For this reason, they are not representative of the chemical
reactivity of the Au(Ill) dithiocarbamato derivatives in
physiological environment and the real target seems not to
be the DNA or the RNA as demonstrated by our next in vitro
(on intact cells) or in vivo (on animal model) experiments.
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2.5.2. Inhibition of Thioredoxin Reductase

A number of reports have recognized the enzyme thiore-
doxin reductase (TrxR) as a effective target for anticancer
gold compounds [73]. The thioredoxin (Trx) system plays a
key role in regulating the cytosolic (Trx1) and mitochondrial
(Trx2) redox balance. In particular, Trx protects cells from a
variety of oxidative stresses by regulating the redox state and
activity of many proteins that regulate cell growth. TrxR is a
large homodimeric selenoenzyme regulating the redox state
of Trx. TrxR was showed to be inhibited by a large number
of gold derivatives able to cause modifications of the mito-
chondrial functions and to induce severe oxidative stress,
ultimately leading to cell apoptosis. With the aim to eluci-
date their mechanism of action, the four gold(II) complexes
AuL10, AuL12, AuL13 and AuL14 were underwent in-depth
studies to assess their capability to inhibit the thioredoxin
system mainly on HeLa cells [74]. All the tested compounds
induced cancer cell death through both apoptotic and non-
apoptotic mechanisms, favored formation of reactive oxygen
species (ROS), modified some mitochondrial features (i.e.,
membrane potential, thus promoting mitochondrial swel-
ling), and inactivated both cytosolic and mitochondrial thi-
oredoxin reductase [74]. The inhibitory effects on thiore-
doxin system are massive and are likely due to the interac-
tion of the selenocysteine residue nearby the active site of
the enzyme. Following these results, we initially suggested a
possible working model where the deregulation of the
TrxR/Trx system could be a key mechanism involved in
their anticancer activity [74].

All the investigated complexes inhibited TrxR by irre-
versibly binding to the catalytic site, thus inactivating the
enzyme that acts as a mediator of electron flow from nicoti-
namide adenine dinucleotide phosphate (NADPH) to perox-
iredoxins through Trx, leading to the accumulation of ROS
(especially hydrogen peroxide). We hypotized the inhibition
of the Trx/TrxR redox system stimulates the dissociation of
the Trx-ASK-1 (apoptosis signal-regulating kinase-1) com-
plex and the consequent activation of the MAPK (mitogen-
activated protein kinase) system [74]. Both the increased
levels of ROS and the stimulation of the MAPK system
cause enhanced long-lasting levels of phosphorylated ex-
tracellular signal-regulated kinases-1 (phosphor-ERK-1) and
-2 (phosphor-ERK-2) that should lead to cell death [74]. In
that work, we assumed that a persistent ERK-1/2 activation
generated initially by accumulation of hydrogen peroxide,
and then by ASK-1 pathway dysregulation, might lead to cell
death throughout both apoptotic and non-apoptotic ways. On
the contrary, cisplatin is able to kill cells only through an
apoptotic pathway (as determined by the poly-(ADPribose)-
polymerase (PARP) cleavage) [74].

In many different types of tumor and transformed cell
lines [75, 76], including prostate cancer [77], the levels of
Trx and TrxR are found higher if compared to the healthy
counterparts from the same patient. Also the resistance of
prostate cancer to clinically used anticancer drugs, such as
cisplatin [78] and docetaxel [79], was associated with in-
creased levels of Trx.

Accordingly, the interest in the development of drugs that
might target the Trx system arises from its key role in regu-
lating apoptosis and its high levels of expression detected in
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different cancer histotypes [80]. In this regard, we investi-
gated the biological activity and the molecular mechanisms
of our gold(Ill) derivatives against prostate cancer [32],
which represents, according to the last WHO data, the third
cause of cancer-related death in males. In fact, a 12-h incu-
bation of PC3 cells with AuL10 at 5 pM strongly inhibited
(90%) the TrxR enzyme activity whereas glutathione reduc-
tase was unaffected by the same treatment [32]. This is in
agreement with the findings on HeLa cells above described
[74]. In fact, although glutathione reductase is a protein
structurally and functionally related to TrxR, and belongs to
the same family of pyridine nucleotide oxidoreductase, it
lacks selenium nearby the catalytic site, a sulfur cysteine
being present (Fig. 8). In this regard, it should be underlined
that, from the chemical point of view, selenium is a more
soft element than sulfur and this can break down the trans
effect of the DTC ligand bound to the gold(Ill) center. On
the contrary, when sulfur cysteine is present the metal reac-
tivity towards the active site is overthrown.

Besides TrxR system unbalance, another aspect of the
androgen-independent prostate cancer is its greater invasive
potential than its hormone-responsive counterpart. Not-
withstanding the benefits of androgen ablation in the early
stages of the disease, many tumors recur in an androgen-
independent form, with a dramatic increase in the mortality
rates [81]. A successful therapeutic approach should sup-
press not only cell proliferation, but also the metastatic
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potential of any cell escaping from the primary tumor site
to colonize the bone marrow [82]. Our study showed
AuL10 is able to both inhibit PC3 cell migration and down-
regulate the surface-expressed and phosphorylated forms of
the epithelial growth factor receptor (EGFR), whose
ligands are paracrine and autocrine growth factors for pros-
tate cancer and are involved in prostate cancer metastasis
[83-85].

2.5.3. Induction of Permeability Transition Pore Opening

In a recent paper [86], we have studied additional targets
affected by our gold(Ill) dithiocarbamato derivatives and
associated with the unbalanced homeostatic redox equilib-
rium of tumor cells. In this regard, survival of malignant
cells is favored by mitochondrial changes that make death
induction more difficult under many stress conditions, in-
cluding the treatment with chemotherapeutics. These
changes have not been completely characterized yet in tumor
mitochondria, but comprise the inhibition of the permeability
transition pore (PTP) opening through kinase signaling
pathways, the unbalance of the redox equilibrium and the
modulation of members of the Bcl-2 protein family. On the
contrary, opening of the mitochondrial PTP, a large channel
located in the inner mitochondrial membrane, leads to mito-
chondrial depolarization, swelling, rupture of the outer
membrane, Ca”" release and delivery of proteins involved in
apoptosis commitment [87].
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Fig. (8). Effect on Thioredoxin and Glutathione Reductase of four gold(IlT) complexes (1=AuL10; 2=AuL14; 3=AuL13; 4=AuL12). Cytoso-
lic (A), mitochondrial (B) and E. coli (C) thioredoxin reductases and glutathione reductase (D) were incubated with the gold compounds at
the indicated concentrations. The final concentrations of the enzymes were 2.1 and 3.8 nM for TrxR1 and TrxR2, respectively. E. coli thiore-
doxin reductase was 40.2 ug/mL while glutathione reductase was 4.3 nM. The inhibitory effect of each tested compound was evaluated in
comparison with the corresponding control (untreated thioredoxin and glutathione reductase). Dose-response curves were calculated over the
indicated range of concentrations to obtain the ICsy values (given as means + SE of at least three independent experiments) (adapted from ref.

[74]).
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Remarkably, our compound AulL12 was able to strongly
inhibit the activity of the respiratory chain Complex I and to
cause a rapid raise in ROS levels, which in turn results in
mitochondrial PTP opening and hence cancer cell apoptosis
[86]. In particular, AuL12 treatment triggers the activation of
the pro-apoptotic protein Bax of the Bcl-2 family, followed
by its interaction with active GSK-30/f (glycogen synthase
kinase) and translocation into mitochondria, resulting in PTP
unlocking and tumor cell death [88-89]. These results pro-
vide evidence that targeting the redox equilibrium kept by
mitochondria in malignant cells, allows hitting key mecha-
nisms that shield tumors from the effect of several anticancer
drugs.

Similarly to AuL12, we recently identified another com-
pound with the general formula [AuHIBrz(PDT)], where PDT
stands for pyrrolidinedithiocarbamate, able to elicit oxidative
stress with effects on the permeability transition pore [90].
[AuHIBrz(PDT)] showed a marked cytotoxicity in a short
treatment time (3 hours) towards different tumor cell types
(i.e., the highly aggressive SAOS-2 osteosarcoma cells, the
HeLa cervix adenocarcinoma cells, the HCT116 colorectal
carcinoma cells and the mouse embryonic fibroblasts MEF-
NF17", obtained from mice where the bona fide tumor sup-
pressor gene NF1 had been genetically ablated), recording
1Cs¢ values in the range 3.6-17.7 uM.

The great activity of this compound on MEF -NF17"" cells
was shown to be associated with an increase of ROS levels,
which in turn causes PTP opening. Interestingly, the pres-
ence of the scavenger Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid; water-soluble analog
of vitamin E) did not affect the ability of the investigated
compound to induce the pore transition in this kind of cells,
thus pointing out the oxidative stress can only partially ac-
count for the efficacy of our potential drug [90].

2.5.4. Proteasome Inhibition

It is known that cancerous cells are more sensitive to
apoptosis-inducing signals than healthy ones. In this context,
proteasome inhibition proved to be a winning strategy to
treat neoplasms. The ubiquitin-proteasome system (UPS)
plays a crucial role in many intracellular processes such as
DNA damage and repair, apoptosis, endocytosis, cell cycle
progression, angiogenesis, drug resistance and cell differen-
tiation [91-92]. In cancer cells protein equilibrium is altered,
making them more sensitive to inhibitors of the UPS than
normal ones [93].

The 268 proteasome is a large multi-subunit protease, lo-
calized both in the nucleus and the cytosol, that identifies
and hydrolyzes the proteins labeled with a chain of ubiquitin
molecules. The proteolytic core of the 26S complex, the 20S
proteasome, contains multiple peptidase activities (i.e., chy-
motrypsin(CT)-, trypsin(T)- and caspase(PGPH)-like) and
acts as a digestive machine. Ubiquitinated proteins are shut-
tled to the 26S proteasome where they undergo final degra-
dation and the ubiquitin is released and recycled (Fig. 9).
Aberrant proteasome-dependent proteolysis seems to be as-
sociated with the physiology of some illnesses, including
cancer, in which some regulatory proteins are either some-
how “up-regulated” due to their decreased degradation or
“down-regulated” due to their accelerated degradation. Thus,
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the ubiquitin-proteasome pathway has become a pharmaceu-
tically-attractive target in oncological chemotherapq%, follow-
ing the FDA approbation of bortezomib (Velcade™) for the
treatment of multiple myeloma [92-94].

Our aim to deepen the knowledge of the mechanism of
action of our gold(III)-dithiocarbamato complexes, has lead
us to test the possible proteasome-inhibiting properties of
AuL14 in human breast cancer cell cultures and xenografts,
so finding such a protease as a major in vitro and in vivo
intracellular target [37, 95]. In this context, in addition to
inhibiting cell proliferation of various breast cancer cell
lines (premalignant MCF10ATIK.cl2, malignant
MCF10dcis.com, estrogen receptor o—positive MCF-7 and
estrogen receptor o-negative MDA-MB-231), AulLl4
showed higher in vitro cytotoxic activity than cisplatin to-
wards the highly metastatic and triple-negative MDA-MB-
231 breast cancer cell line (85% vs. <20% inhibition, respec-
tively, both at 5 pM concentration) [37].

AuL14 proved a strong inhibitor of the proteasomal CT-
like activity in MDA-MB-231 whole-cell extract in a dose-
dependent way, and this outcome is particularly important as
the inhibition of the chymotrypsin-like activity is associated
with growth arrest and/or apoptosis induction in cancer cells
[96-97]. However, in addition to the CT-like pocket inhibi-
tion of 20S proteasome, the simultaneous inhibition of the
PGPH-like and/or T-like sites increases the activity of UPS
inhibitors. In fact, recent studies demonstrated the growing
importance in protein degradation of the two remaining cata-
lytic sites when chymotrypsin-like pocket is blocked [98-99].
Inhibition of all the three catalytic activities was observed on
purified rabbit 20S proteasome [37]. Proteasomal inactiva-
tion was detected also in intact MDA-MB-231 cells and fur-
ther confirmed by western blot analysis in terms of increased
levels of ubiquitinated proteins and the proteasome target
proteins p27 and IkB-o. Proteasome inhibition by AulL14
was correlated with tumor cell death via apoptotic mecha-
nisms by different assays, identifying cellular and biochemi-
cal hallmarks, such as apoptotic morphological changes, the
presence of apoptotic nuclei, and apoptosis-specific PARP
cleavage [37].

2.5.5. Overall Considerations: Activity via Reduction?

In 2009 a group of thirteen gold(IIl) complexes, includ-
ing our compound AuL12, was tested in vitro at Oncotest
GmbH (http://www.oncotest.de) according to a specific
comparative strategy for the development of new antitumor
drugs [69]. Among all, AuL12 proved the second best per-
former with an excellent degree of selectivity (17%) and 1Cs,
values in the low micromolar range against all the screened
36 human cancer cell lines, in particular against ovary and
brain malignancies. It should be highlighted that, from a
comparative analysis involving 110 reference substances
with known mechanism of action, AuL12 resulted to be the
only gold(IlT) complex (covered by this screening study)
whose mode of action was not sortable in a particular class
of any of the reference drugs.

It is worth underlining that the biological activity of
complexes containing metals, hence endowed with different
oxidation states and rich coordination chemistry, can depend
on coordination to different biomolecules and/or on redox
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Fig. (9). The ubiquitin-proteasome pathway. A target protein degraded by the ubiquitin-proteasome pathway is first covalently modified by
multiple ubiquitin (Ub) molecules in a three-stepped, highly regulated enzymatic process involving the Ub-activating (E1), the Ub-
conjugating (E2), and the Ub-ligating (E3) enzymes. The ubiquitinated protein is then escorted to the proteasome, recognized by the 19S cap,
de-ubiquitinated and then hydrolyzed by the catalytic 20S core into oligopeptides. The ubiquitin molecules are released and recycled.

reactions occurring under physiological conditions. In fact,
in the second case, changes in the charge of the involved
metal can result in death-inducing alterations of the cellular
milieu.

Since the physiological environment is generally reduc-
ing, gold(IlT) complexes, characterized by high redox poten-
tials [69], can undergo reduction to the corresponding gold(I)
counterparts (or even to metallic gold). In order to demon-
strate the importance of the metal oxidation state for the
mechanism of action and, ultimately, the overall antitumor
activity of our gold complexes, we carried out a comparative
study on two gold-dithiocarbamato derivatives, namely
AuL12 and AuL15 ([Au'(ESDT)],, Fig. 3), containing the
metal center gold in the oxidation states +3 and +1, respec-
tively [100]. First, we compared their antiproliferative activi-
ties against the human breast cancer cells MDA-MB-231,
observing that AuL15 is less potent than AuL12 (IC5o = 13.5
and 4.5 uM, respectively). In agreement with this finding,
both compounds were shown to inhibit the proteasomal
chymotrypsin-like activity of 26S proteasome in human
breast cancer MDA-MB-231 cells and of purified 20S pro-
teasome (i.e., cell-free conditions), AuL15 being again less
effective than AuL12 (IC5o = 17.7 and 1.13 pM, respec-
tively). Furthermore, contrary to the gold(I) complex AuL15,
the treatment with the gold(Ill) analogue AuL12 was associ-

ated also with ROS production in intact breast cancer cells
[100]. These results point out that the ROS species induced
by the gold(Ill) compound, but not the gold(I) counterpart,
could be, at least partially, responsible for the observed dif-
ferent proteasome-inhibitory properties. Similarly to AuL12,
the gold(IIl) complex AuL14 could stimulate production of
ROS that may oxidize and inactivate the proteasome [37], in
the light of the well-known susceptibility of proteasome to
oxidative modification and inactivation after exposure to free
radical-producing systems [101].

The lack of proteasome inhibition after treatment with
the investigated compounds in the presence of reducing
agents, such as L-NAC or dithiothreitol (DTT), could be the
result of a reduction process from gold(III) to gold(I) or me-
tallic gold, with lower or no capability of producing ROS
species. On the other hand, it is also possible that L-NAC or
DTT are able to take the complex away from the proteasome,
thus preventing proteasome binding and inhibition.

The identification of the proteasome as an important tar-
get of our gold(IIl) complexes is not in contrast with the pre-
viously discussed model related to the TrxR/Trx system, as
key target. In fact, Colomer and co-workers reported that the
proteasome inhibitor bortezomib induces apoptosis also
through generation of ROS [102]. Since treatment with our
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compounds proved to be associated with ROS production,
the observed proteasome inhibition could favor the long-
lasting persistence of phosphorylated ERK-1/2.

On the basis of the results collected so far, we can state
that there is no a sole mechanism involving, for instance, an
unique target, responsible for the biological activity of our
metallodrugs. Furthermore, to date, the dithiocarbamato
ligand has proven to fulfill the chemoprotective role along
with stabilizing the high oxidation state of gold enough to
make possible crucial processes in terms of both redox reac-
tions and coordination events to tumor-relevant bio-
molecules. Remarkably, since every couple of Au'/Au"" in-
vestigated compounds owns the same ligand, the superior
activity of the latter is likely due to the different oxidation
states (+3 vs. +1) and geometry (tetracoordinate square-
planar vs. dicoordinate linear) of the involved gold centers,
thus strengthening our hypothesis of an “activity via reduc-
tion” mechanism for our gold(IlT) compounds.

3. SECOND GENERATION

Cellular uptake of therapeutic agents is a challenging task
because of the plasma membrane, which constitutes an im-
permeable barrier for most of these molecules. In order to
circumvent this issue, several delivery systems have been
developed in the last decades for different applications, in-
cluding drug delivery to solid tumors, antibiotic and pulmo-
nary therapy, tissue repair and regeneration in the central
nervous system [103-114]

In addition to nanocarriers (see section 1.4), our attention
was recently focused on the use of particular biomolecules
able to specifically deliver the cytotoxic metal agent within
the tumor site. In this context, some peptide transporters (in-
tegral plasma membrane proteins) are able to recognize and
mediate the cellular uptake of small peptides, and peptide-
like drugs. Two peptide transporters, namely PEPT1 and
PEPT2, have been identified in mammals. They are present
mostly in epithelial cells of the small intestine, mammary
glands, choroid plexus, lung and kidney, but are also found
in other cell types [115-117] and are overexpressed in some
types of malignancies [118-123]. Both PEPT1 and PEPT2
exhibit a similar substrate specificity but differ in structure,
hence in binding affinity and transport capacity. PEPTI is a
low-affinity, high-capacity transporter whereas PEPT2 acts
with high affinity and low capacity. Their substrate-binding
site can accommodate a wide range of molecules of different
charge, hydrophobicity and size [124]. Thus, functionalizing
various peptide derivatives with transition metals seems to
be a smart strategy to force the tumor cell uptake via the rec-
ognition by PEPT transporters, and hence to selectively in-
duce cell death.

On the basis of these considerations, the rationale of our
second approach of antitumor chemotherapy was the design
of gold(Il)-peptidodithiocarbamato complexes (Fig. 10) able
to maintain both the antitumor properties and the lack of
nephrotoxicity of the previously reported gold(III) analogues
(first generation) [36], together with an enhanced bioavail-
ability through the peptide-mediated cellular internalization
by exploiting peptide transporters PEPT1 and PEPT2.
Moreover, a number of modifications of the peptide chain of
the dithiocarbamato ligands was brought in the formulas
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with the aim to improve the water solubility of the resulting
gold(IIT) complexes [125]. In particular, Fig. (10) shows the
structures of our second-generation compounds with the
general formula [Au""X,(pdtc)] (X = halogen, pdtc = peptid-

edithiocarbamato consisting of 2 to 5 amino acids).
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Fig. (10). Chemical drawing of our gold(Ill) peptidomimetics
(n=2+5). The mainly studied complexes (n=2) are AuD6 (X=Br;
R;= CHj; R,= R;= H; R4= Rs=H; R=0rBu), AuD8 (X=Br; R;=
CH;; R,= R3= H; Rg= Rs=CHj3; R¢=0rBu) and AuD9 (X=CI; R,=
CHj; Ry= R3= H; R4y= Rs=CHj;. R=0rBu). The ester moiety (-
COORg) was also properly modified to enhance the water solubility
of the final gold complexes, for instance by preparing the TEG
(triethylene glycol monomethyl ether)-esterified gold(III) deriva-
tives.

The up-to-date results of this class of gold(III) complexes
are extremely promising and highlight their great deal of
potential as anticancer agents.

3.1. Antitumor Activity In vitro

Preliminary in vitro cytotoxicity tests have been recently
carried out on a panel of five human tumor cell lines in com-
parison with cisplatin over 72-h treatment. The investigated
cell lines were related to the human prostate cancer PC-3 and
DU-145 (androgen-resistant), the ovarian adenocarcinoma
cisplatin-sensitive (2008) and -resistant (2008-R) and the
Hodgkin lymphoma L540 [126-127].

On the whole, the compounds AuD8 (Au"Br,(dtc-Sar-
Aib-O(t-Bu))] and AuD9 (Au"'Cly(dtc-Sar-Aib-O(t-Bu))]
proved the most active with 1Csq values of 0.8 + 0.1 and 1.1
+ 0.1 uM against the PC-3 cell line, respectively. Regarding
the DU-145 cell line, they recorded ICs, values of 1.4 & 0.1
and 2.2 £ 0.1 puM, respectively. AuD8 and AuD9 showed
comparable efficacy against the ovarian adenocarcinoma
cisplatin-sensitive (2008) and -resistant (2008-R) cell lines
with ICs values around 4.5 uM. Again, they displayed simi-
lar antitumor activity towards the Hodgkin lymphoma L540
with ICsq values of about 1.6 pM [126]. It is worth highlight-
ing that these two gold-based agents recorded an antitumor
efficacy superior to cisplatin (ICs, values ranging from 3.3 to
117.2 pM) against all the tested cell lines.

Then, AuD8 and AuD9 were tested also against the cis-
platin-resistant PC3-R and DU145-R cell lines, showing an-
titumor efficacy comparable (ICs, ranging from 1.8 to 2.9
uM) with that observed in the cisplatin-sensitive cell lines
(over 72 h), thus overcoming cisplatin resistance phenomena
[128]. In addition, cell growth recovery experiments were
carried out to check whether tumor cells are able to prolifer-
ate again after removing the gold complex from the medium.
In detail, following 24-h incubation with increasing concen-
trations of two anticancer agents, the cell medium was sub-



Gold(11I) Complexes in the Oncological Preclinical Arena

stituted with fresh drug-free one and cells were incubated for
additional 72 h, detecting ICs, values comparable to those
observed after 72 h treatment (in the low-micromolar range).
These results suggest that the antiproliferative activity is not
reversed, hence excluding a cytostatic effect of our com-
pounds [128].

In another work, we tested the antiproliferative effects of
the complexes AuD6 (Au"'Br,(dtc-Sar-Gly-O(t-Bu))] and
AuDS8 on the triple-negative human breast cancer (TNBC)
cell line MDA-MB-231, as these cells are highly metastatic
and invasive [129]. Even though both compounds inhibited
tumor cell growth in a concentration-dependent manner,
AuDS8 proved more potent than AuD6, with ICs, values = SD
of 6.5+ 0.6 and 17 + 1 puM (24 hours of incubation), respec-
tively. After 72-h treatment, the ICsy of AuD6 decreased to
13 £ 1 uM. It should be underlined that MDA-MB-231 cells
were resistant to cisplatin under the same experimental con-
ditions in agreement with literature data [130].

It should be underlined that our peptidomimetics with
longer ligands (Fig. 10, n ranging from 3 to 5) also showed
good antiproliferative activity (in the low micromolar do-
main) towards the four evaluated human tumor cell lines
(PC3, 2008, 2008-R, and L540). In addition, these oligopep-
tide-derivatives showed no cross-resistance with cisplatin
and inhibited tumor cell proliferation by inducing almost
exclusively late apoptosis/necrosis [127].

3.2. Antitumor Activity In vivo: Two Human Xenograft
Tumor Models

Based on the preliminary cell-line screening [126-129],
we selected the complexes AuD6 and AuD8 for in vivo key
investigations against PC-3 prostate and MDA-MB-231
breast cancer human xenografts.

In the first case, the testing was addressed to PC-3 tumor
model as these cells are more invasive and more resistant to
chemotherapy than DU145 cells [128]. The anti-neoplastic
activity of AuD8, chosen as a model compound, was investi-
gated in nude mice. After s.c. injection of 2 mg/kg of AuDS§
every other day for 19 days of treatment, a reduction of 70%
in tumor volume was recorded with neither weight loss nor
decreased activity, in contrast with animals treated with cis-
platin. Moreover, no organ damage was histologically-
detected in the spleen, liver and kidney of animals except for
the observation of focal lung lymphocyte infiltration [128].

As previously mentioned, the human breast cancer
MDA-MB-231 was taken into account since this cell line is a
triple-negative breast cancer, frequently associated with poor
prognosis and lack of benefit from both monoclonal antibody
therapy (targeting the human epidermal growth factor recep-
tor 2) and the hormonal therapies (based on estrogen and
progesterone receptor antagonists) [131]. Accordingly,
MDA-MB-231 tumors grow quickly and often yield early
gastrointestinal metastases [132].

In this study, mice were treated five days a week by s.c.
injection of vehicle containing 1.0 mg/kg of AuD6 or AuDS,
or vehicle alone. All animals were sacrificed after 27 days of
treatment, or when tumors reached ca. 1,800 mm’. Contrary
to the in vitro results, the two investigated gold compounds
showed comparable antitumor activity against the
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xenografts, observing 53% inhibition compared to control
treatment (Fig. 11A). Remarkably, 40% of mice displayed
85% inhibition and, in some cases, tumor shrinkage after 13
days of treatment (Fig. 11B). Mouse weights were monitored
twice a week with no detected weight loss. It should be noted
that mice appeared healthy and very active throughout the
treatment [129]. In fact, subsequent toxicological studies on
healthy animals detected no death in the treated animals at
different doses, much higher than those used in chemother-
apy, via two administration routes (endovenous and oral). In
addition, no clinical issue was recorded in all the survivors
(data non published yet).

3.3. Investigation of the Mechanism of Action

The ability of our second-generation compounds to in-
duce apoptosis was investigated. In this context, one of the
earliest characteristics of apoptosis is a morphological
change in the plasma membrane, namely the translocation
of the phosphatidylserine (PS) from the internal to the ex-
ternal layer of the cell membrane. Thus, the binding of An-
nexin V to cells with exposed PS is exploited as a sensitive
method to detect apoptosis. However, a population of apop-
totic cells may contain also necrotic cells, similarly able to
bind Annexin V, due to their injured plasma membrane.
The distinction between apoptotic and necrotic cells is car-
ried out by cell staining with the fluorescent dye propidium
iodide (PI) as it can cross damaged plasma membrane of
necrotic cells only. For comparison purposes, also in these
studies we considered for testing the MDA-MB-231 and
PC-3 human tumor cell lines and evaluated the effects of
the complexes AuD6, AuD8 and AuD9 by flow cytometry.
All these Au(IIl) derivatives caused apoptosis, inducing a
significant increase of Annexin V staining [128-129]. Con-
cerning the first experiments, MDA-MB-231 cells were
treated with AuD6 or AuD8 for 16 or 24 h at 20 pM, ob-
serving that the amount of cells undergoing non-apoptotic
cell death was comparable to the solvent control. After 16 h
incubation with AuD8, the greater part of cell death
(62.9%) occurred by apoptosis (late stage) and this percent-
age further enhanced after 24 h (74.1%). Even though both
compounds showed similar percentages of cells in early
stage apoptosis (ca. 7-9%), AuD6 turned out to be less
potent than AuD8 as it triggered late-stage apoptosis in
only 49% of cells after 24 h-treatment [129]. In the other
study involving PC-3 cells, the antitumor agents AuD8 and
AuD9 proved able to induce mainly apoptosis at 10 uM
after 24-h incubation. The majority of cells were found in
early-stage apoptosis (about 58%) or in the late-stage
(18%) [128].

Similarly, cell cycle modifications and DNA fragmenta-
tion were evaluated by PI staining and flow cytometric
analyses. Incubation for 12 h with the gold compounds
AuD8 and AuD9 caused a rise of the S phase population,
with similar % loss (with respect to the control) from both
the Go/M and G¢/G; phases. After 24-h treatment, cell popu-
lation in S phase was comparable to that of the control (upon
percentage reduction with respect to 12 h incubation) paral-
leled with a block in G¢/G; phase (with a low percentage of
cells in G,/M stage with respect to the medium). This condi-
tion of block in Go/G; was again detected after 48 and 72 h
of incubation [128]. DNA fragmentation was significant
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Fig. (11). Antitumor activity in vivo on MDA-MB-231 xenografts. Female nude mice bearing MDA-MB-231 tumors were treated with either
vehicle (control) or the compounds AuD6 and AuDS at 1 mg/kg. Inhibition of xenograft growth by both complexes. Tumor volumes were
measured every other day using a caliper. Points represent the mean + SD (bars) of seven mice per group (A). If only the most responsive
mice are considered, the xenograft growth inhibition is greater (B). (adapted from ref. [129]).

(about 15-20%) only after 48 or 72 h treatment. On the con-
trary, after 72 h an equivalent amount of cisplatin induced a
blockade in the G,/M phase of the cell cycle, with no signifi-
cant DNA fragmentation, thus pointing out a different
mechanism of action for our compounds compared to Pt-
based drugs [128].

In the light of the key role played by the proteins Bcl-x1
(prosurvival protein which prevents the release of cyto-
chrome c), Bcl-2 (important antiapoptotic protein associated
with the corresponding oncogene) and Bax (apoptosis-
promoting protein) in regulating the intrinsic apoptotic
pathway, we investigated whether our compounds AuDS8 and
AuD9 were able to affect their expression. After 24-h treat-
ment with either AuD8/AuD9 or cisplatin (10 uM), PC-3
cells showed a significant reduction of the levels of the pro-
survival Bcl-x1 protein along with increasing the expression
of the pro-apoptotic Bax protein. However, only the antican-
cer agent AuD8 was able to down-regulate the expression of
the anti-apoptotic Bcl-2 protein. Under the same experimen-
tal conditions, cisplatin decreased the levels of expression of
Bcel-xl but had no effect on Bcl-2 and Bax counterparts
[128].

Based on the results collected for our “first-generation”
gold(Il)-dithiocarbamato derivatives (see section 1), we
aimed to check whether a deregulation of the thioredoxin
(Trx)/thioredoxin reductase (TrxR) redox system and an in-
duction of ROS accumulation are likewise involved in the
mechanism of action of this new class of gold(Ill) com-
plexes. Both gold peptidomimetics AuD8 and AuD9 caused
a great increase of mitochondrial ROS, even after a short
incubation time (12 h). Contrary to the reference drug cis-

platin, our complexes were able to promote production of
ROS species that may be involved in the release of Cyt ¢ and
hence the overexpression of proapoptotic factors [128]. As
previously mentioned, it is worth highlighting that higher
levels of Trx and TrxR are found in many different malig-
nant cells compared with healthy ones from the same patient
[75-76, 133]. In addition, increased Trx levels have been
associated with resistance to several anticancer drugs in pros-
tate cancer, including cisplatin [78] and docetaxel [79].
Therefore, therapeutic agents able to selectively target the
Trx system are required [79]. To date, only a few studies
have reported inhibitors of TrxR in cancer cell lines [80-134]
while other experiments are usually carried out in vifro only
on the purified TrxR. In this context, a short incubation (12
h) with either AuD8 or AuD9 at 10 uM resulted in a strong
inhibition (~90%) of the TrxR activity in PC3 cells. It
should be underlined that under the same experimental con-
ditions, cisplatin displayed smaller effects in terms of ROS
formation and TrxR activity inhibition [128].

Since first-generation compounds were able to inhibit the
chymotrypsin-like catalytic pocket of the proteasome [37,
100], we hypothesized that these new complexes could target
the tumor proteasome as well. To test this hypothesis, we
investigated the effects of the compounds AuD8 and AuD9
in PC3 cells, observing a strong and comparable inhibition
(> 90% compared to control) of the proteasome activity at 10
puM after 12 hours. On the contrary, cisplatin had insignifi-
cant inhibiting activity under the same experimental condi-
tions [128].

The antiproteasome activity was also observed in MDA-
MB-231 human breast tumor model, both in vitro (purified
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20S proteasome and cell extracts) and in vivo. In the first
case, the complexes AuD6 and AuD8 were able to inhibit in
the low micromolar range all the three proteasomal enzy-
matic activities described above in a concentration-
dependent manner [129]. As previously discussed, co-
targeting the PGPH-like and/or T-like sites has been sug-
gested as a new approach in treating malignancies as it could
enhance the efficacy of proteasome inhibitors [98-99]. West-
ern blot analysis on cell extracts derived from cells treated
with AuD8 allowed us to further confirm cell death occurs
via apoptotic pathways and it is correlated with the protea-
some inhibition. In fact, we observed accumulation of ubig-
uitinated proteins, p27 and IkBa (proteasome substrates),
caspase-3 activation, PARP cleavage and changes in levels
of the proteasomal CT-like subunit. Treatment with AuD8
also caused greater levels of p36/Bax and subsequent reduc-
tion or complete disappearance of p21/Bax and pl8/Bax
fragments. This is usually followed by release of mitochon-
drial cyt c, activation of caspase-3 and cleavage of PARP
(disappearance of intact PARP (116 kDa) and appearance of
the characteristic fragments p65 and p85), leading to apop-
totic cell death [135].

To validate the proteasome-inhibitory and apoptosis-
inducing activities in vivo, IHC (immunohistochemical)
staining was carried out on AuD6- and AuDS8-treated tumors,
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observing an increase in both p27 staining and TUNEL (ter-
minal deoxynucleotidyl transferase dUTP nick end labeling)
positivity, thus confirming proteasome inhibition and apop-
totic cell death in vivo, respectively. It is worth underlining
that apoptosis stimulation should not be merely due to the
proteasome-inhibitory properties of these gold pepti-
domimetics. In fact, AuDS8 treatment resulted in higher p27
staining than AuD6, whereas AuD6 caused more intense
TUNEL staining. Therefore, their mechanism of action nec-
essarily involves multiple targets which are responsible for
cancer cell death [129].

In conclusion, a major point of the mechanism of action
of successful therapeutics is associated with the research of
drugs able to suppress not only cancer cell proliferation, but
also the metastatic potential of all cells escaping from the
primary tumor site. For instance, androgen-independent
prostate cancer is endowed with a higher metastatic potential
than its hormone-responsive counterpart. In this context,
EGFR (epithelial growth factor receptor) phosphorylation is
known to affect prostate cancer cells migration [136]. Thus,
we tested the effects of AuD8 or AuD9 treatment on PC-3
cells, resulting in a great decrease of the surface expression
of both EGFR and its phosphorylated form (pEGFR) (Fig.
12A-B). In contrast, cisplatin proved basically ineffective. In
the light of these findings, the effect of both gold complexes
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Fig. (12). Inhibition of EGFR expression and cell migration induced by AuD8 and AuD9. (A) Fluorescence-activated cell sorting analysis of
EGFR and the corresponding phosphorylated form pEGFR after treating PC3 cells for 12 h at 37°C, with either AuD8/AuD9 or cisplatin (10
uM). Dotted lines indicate background fluorescence of cells, as determined by isotype-matched immunoglobulins or autofluorescence. x- and
y-axes indicate the logarithm of the relative intensity of fluorescence and the relative cell number, respectively. (B) Quantification of EGFR
and p-EGFR protein levels as MFI. Data are expressed as mean + SD of three independent experiments. (C) Analysis of PC3 cells migration
by a scratch test after incubation at 37°C with either AuD8/AuD9 or cisplatin at 4 uM for 24 h. Cells were then washed, scraped up three
times in the confluent monolayer, and then cultured in low serum medium for additional 24 h (original magnification 10x). °/°°AuD8 or
AuD9 vs cisplatin (°p < 0.01, °°P < 0.0001) (adapted from ref. [128]).
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on PC3 cell migration was studied by the scratch wound
healing assay [137]. After 12-h and 24-h incubation with
either compound at 4 pM, the migration rate of PC3 cells
dramatically decreased (Fig. 12C). In fact, contrary to the
control samples, treated cells were not able to form a conflu-
ent monolayer [128].

CONCLUSION

Gold(IIT) complexes show chemical structures that are
similar to those of clinically-established platinum(II) com-
plexes. In particular, the favorite square-planar coordination
and the characteristic &° electronic configuration, make them
very enticing for testing as antineoplastic drugs. At the be-
ginning, our gold(Ill) dithiocarbamato derivatives were de-
signed to both reproduce the main features of the reference
drug cisplatin and to minimize unwanted side-effects typical
of the platinum-based chemotherapeutics. The first genera-
tion of Au(Ill) anticancer agents was conceived under this
light. Then, our metallodrugs were made more selective to-
wards cancer cells (second-generation) by enhancing the
site-specific cell uptake. In fact, various short peptides were
bound to the Au(IIl) center, so to work as carriers for a can-
cer-selective delivery of such noble transition metal, the
whole system acting as a “smart bomb”.

Our decennial work on gold(IIl) dithiocarbamato deriva-
tives as potential anticancer agents has been here summa-
rized. On the whole, the data collected so far in terms of
great in vitro and in vivo antitumor activity and low toxicity
are beyond the expectations! In fact, the absolutely uncon-
ventional pattern of reactivity and mechanism of action of
our gold(IlT) complexes, has highlighted: i) the capability to
overcome the resistance showed by some types of tumors
towards platinum-based drugs; ii) a good in vivo toxicologi-
cal profile; and iii) the capability to cure some “orphan” tu-
mors as well, including the triple negative breast cancer. In
other words, our molecular design resulted in a tuned gold
reactivity that makes this element a good cytotoxic agent but,
at the same time, a biologically non-dangerous heavy metal.
This behavior is also paralleled with the activation of com-
pletely different intracellular pathways, with respect to the
other clinically-established chemotherapeutics.,

Although the overall mechanism of action of our antican-
cer agents is still far from clear, some important biological
targets have been identified (e.g., the mitochondria, the pro-
teasome and the selenoenzyme thioredoxin reductase) and
their ability to trigger cell death was associated with apopto-
sis rather than necrosis.

These encouraging results prompted us to also design and
develop micellar delivery systems in order to overcome the
poor water solubility. To date, we loaded a model compound
into two different supramolecular systems, involving the
amphiphilic polymers DSPE-PEG2000 and Pluronic F127.
In both cases, cancer-targeting and non-targeting micelles
were prepared and biologically studied in vitro. The tumor-
selective delivery was achieved by labelling the hydrophilic
shell of the two amphiphilic polymers with two oligopep-
tides, bombesin and CCKS8, respectively.

As advanced preclinical studies are required for entering
phase I clinical trials, we have also investigated the acute
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toxicity of the second-generation compounds (protected with
a PCT patent [125]) under GLP (good laboratory practice)
regulations. The obtained excellent outcomes (data not pub-
lished yet) provide us with a solid starting point for their
validation as suitable candidates for further pharmacological
testing. The observed good toxicological profile could be
beneficial in treating patients at a lower dosage if compared
to the drugs already in clinical use, avoiding the onset of
severe side effects and/or beneficial to cure "drugless tu-
mors".
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