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The cytotoxic effects of some selected gold(IIT) complexes on 4T1 cells and their
role in the prevention of breast tumor growth in BALB/c mice
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Summary

Purpose: To investigate the cytotoxic activity of new-
ly synthesized gold(Ill) complexes [AuCl,(en)]", [AuCl,
(SMC)]*, [AuCIl,(DMSO),] " (en: ethylenediamine, SMC: S-
methyl-L-cysteine and DMSO: for dimethylsulfoxide) in 4T1
mouse breast cancer cell line in vitro and in vivo and to com-
pare their antitumor characteristics with cisplatin complex

[PtC]zﬂVHg)Z]
Methods: The in vitro, effects of the tested complexes

on 4T1 cell viability were determined using MTT colorimetric

technique. In vivo, progression of mouse breast tumor growth
in BALB/c mice was measured by using external caliper:

Results: Among the tested gold(1ll) complexes, [AuCl,

(en)] " showed best cytotoxic effects in vitro. The cytotoxic ef-

fects of [AuCl,(en)] " and [PtCI,(NH;),] were similar at all

Introduction

In preclinical studies it is necessary to test the cy-
totoxic effects of newly synthesized anticancer drugs in
vitro and in vivo [ 1]. The use of orthotopic systems gives
the most precise information about the capacities of the
tested, newly synthesized anticancer drugs to prevent
and/or to stop progression of primary tumor growth [2].
In addition, it is of crucial importance to test the newly
synthesized therapeutic agents on murine cell lines that
will metastasize in a similar manner and to similar loca-
tions as the same tumor type will in human.

The human breast cancer is the most prevalent ma-
lignancy among women, representing the second cause
of cancer-related deaths [3,4]. The 4T1 mammary car-
cinoma cell line, originally isolated by Fred Miller and
coworkers at the Karmanos Cancer Institute [5,6], when

concentrations. The data from the in vivo experiment showed
that among the tested gold(IIl) complexes only [AuCly(en)]”
can prevent the primary breast tumor growth. [AuCl,(en)]*
was tolerated well and much better than [AuCl,(DMSO),] ",
[AuCly(SMC)]* and [PtCl,(NH3),] complex which was con-
firmed by weight gain in mice that received [AuCl,(en)]”.
In addition, mice that received [AuCly(en)] " showed better
survival time in comparison with mice that received [PtCl,
(NH3),] complex.

Conclusion: [AuCly(en)]" complex seems to be good
candidate for future pharmacological evaluation in breast
cancer research.

Key words: cytotoxic effects in vitro/in vivo, gold(I11) com-
plexes, mouse breast cancer, prevention

introduced orthotopically is useful model for evaluation
of primary breast cancer tumor growth progression [7].
In addition, the 4T'1 tumor cell line has the capacity to
metastasize to all organs affected in human breast can-
cer, including lungs, liver, brain and bone [8-14].

Although novel molecular pathways relevant to
breast cancer biology and breast cancer therapy are ex-
plored continuously [15,16], it is expected that a whole
array of new agents should be tested in combination or in
sequence to standard chemotherapy with the aim to im-
prove the outcome of high-risk breast cancer patients.

The big successes of cisplatin in cancer chemo-
therapy on one side, and the toxic side effects related
to cisplatin treatment on the other side, stimulated the
search for new and more selective metal-based anti-
cancer drugs [17].

During the last 20 years, much interest has fo-
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cused on gold(IIl) complexes and several reports that
described their anticancer characteristics suggested
gold(I1l) compounds as very good candidates for fur-
ther anticancer investigations [18,19]. Although there
is some evidence about their in vivo antitumor effects
[20,21], gold(IIT) complexes are not stable under physi-
ological conditions [19], so during the past few years
much interest has focused on gold(III) complexes in a
number of new synthesized complexes [22,23]. The ac-
ceptable solution stability of these newly synthesized
gold(IIl) complexes facilitated extensive pharmacolog-
ical investigation, both in vitro and in vivo [24-28].

However, compared to the corresponding pla-
tinum(Il) complexes, ligand substitution reactions of
gold(IIl) complexes have not been extensively stud-
ied [29].

Because gold(I1T) is isoelectronic (d®) with plati-
num(Il) and tetracoordinate gold(I1l) complexes have
the same square-planar geometries as cisplatin [30]
we decided to investigate the potential cytotoxic ac-
tivity of some gold(III) complexes: [AuCl,(en)]”,
[AuCly(SMC)]", [AuCl,(DMSO),]" in 4T1 mouse
breast cancer cell line in vitro and in vivo and to com-
pare their cytotoxic effects with the cytotoxic effects of
cisplatin [PtCl,(NHj3),] (Figure 1).

It was envisaged that this study could throw more
light on the anti-cancer properties of gold(Ill) com-
plexes and to suggest the newly synthesized gold(I1I)
complex that showed best anti-tumor characteristics for
future pharmacological investigation.
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Figure 1. Structures of the investigated complexes.

769

Methods

Chemicals and ligands

The ligands: ethylenediamine (en), S-methyl-L-
cysteine (SMC) and dimethyl sulfoxide (DMSO) were
obtained from Sigma-Aldrich (Munich, Germany).
Starting potassium tetrachloridoaurate(Ill) complex,
KJAuCly], was purchased from ABCR GmbH & Co.
(Karlsruhe, Germany), while cisplatin (cis-diammi-
nedichloroplatinum(Il), cis-[Pt(NH3),Cl,]), was pur-
chased from Sigma-Aldrich. All chemicals were of the
highest purity commercially available and were used
without further purification. Ultra pure water was used
in all experiments.

For the cytotoxicity determination further chemi-
cals were used: fetal bovine serum (FBS), growth medi-
um RPMI 1640, penicillin G, streptomycin, (3-(4,5)-di-
methylthiazol-2-yl)-2,5-diphenyl-tetrazolium-bromide
(MTT), phosphate buffered saline (PBS). dimethylsul-
foxide (DMSO), trypan blue staining (all from Sigma
Chemicals, Germany); 96-well plates (Sarstedt, Germa-
ny) and Haemaccel (Theraselect Gmbh, Germany).

Synthesis of complexes

The [AuCl,(en)]Cl-2H,0 complex was pre-
pared according to the published procedure [31]. Di-
chloridobi(dimethylsulphoxide)gold(111)-chloride,
[AuCl, (DMSO),]Cl, was synthesized by dissolving
K[AuCl4] (0.2 g,0.53 mM) in 5 cm? 0.05 M HCl in the
dark. Under continuous stirring, to the solution were
dropped, first, 75 pL of DMSO (1.06 uM) and later
0.1M NaOH, to adjust pH about 4.5. The mixture was
stirred for 5 h at room temperature and the obtained yel-
low solution was left in the darkness to evaporate. Af-
ter few days, the formed dark yellow crystals were fil-
tered and dried. Found: H 1.87; C7.21; S 7.18. Calc. for
AUC48202H12C13Z H 1.84; C 7.32; S 7.76%.

[AuCly(SMC)]CI-H,0 complex was synthesized
starting from acid H[AuCly]. An acid (0.2 g, 0.8 mmol)
was dissolved in a little amount of water on magnetic stir-
rer. S-methyl-L-cysteine (0.105 g, 0.8 mmol) was added
to the solution. After mixing, the pH was adjusted between
4-5with 0.1 M NaOH. The mixture was stirred a few hours
and the clear solution was left to evaporate in the dark at
room temperature. A brown powder was formed after few
days. Found: H 3.08; C 10.73; N 2.47; S 7.01. Calc. for
AuC4SOsH;1NCl3: H3.07; C 10.52; S 7.02%.

Cell culture

The mouse breast tumor cell line 4T 1, syngeneic
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in BALB/c mice, was purchased from American Type
Culture Collection (ATCC).

Animals

The cytotoxic effects of the tested complexes were
evaluated on BALB/c female mice. Animals were
housed in cages under constant temperature and humid-
ity conditions, exposed to light and dark for 12 h respec-
tively, with food and water available ad libitum.

BALB/c female mice (n=30), 7-9 weeks old, were
divided into one control and 4 experimental groups
(n=6 in each group).

Tumor implantation and drug injection

4T1 mouse breast tumor cells (5% 10%), previously
resuspended in 60 pl of RPMI 1640, were inoculated into
the 4th mammary fat pad of BALB/c mice. Ten min af-
ter tumor inoculation (1st day) and at 4th, 8th, 12th, 16th
and 20th day of experiment, mice from the control group
received saline (100 pl) in the tail vein, while mice from
the experimental groups received [AuCl,(DMSO),]
Cl, [AuClL(SMC)]CI, [AuCl,(en)]CI and cisplatin
[PtCl,(NHj3),] (100 pl in the tail vein in a concentration
of 62.5 uM, previously diluted in DMSO).

Cytotoxicity assay (MTT)

Gold(1IT) complexes are biologically active substan-
ces of special interest as potential anticancer agents. Effects
of [AuCly(en)]*, [AuCl,(SMC)]*, [AuCl,(DMSO),]*
and cisplatin, [PtCl,(NHj3),], on cell viability were deter-
mined using MTT colorimetric technique [32].4T1 cells
were diluted with medium to 1x10° cells/ml and aliquots
(5%10% cells/100 pl) were placed in individual wells in
96-multiplates. About 24 h later, after the cell adherence,
each well received 100 pl of either [AuCl,(DMSO),]
Cl, [AuCl,(SMC)]CI, [AuCly(en)]Cl or [PtCl,(NH3),],
which had been serially diluted 2-fold in medium to con-
centrations ranging from 2000 pM to 0.98 uM. Cells
were incubated at 37° C in a 5% CO, incubator for 24 h.
After incubation, multiplates were centrifuged, the su-
pernatant was removed, fresh medium and MTT solu-
tion (5 mg/ml in PBS) 20 pl were added to each well and
the plates were incubated for an additional 4 h. The mul-
tiplates were centrifuged, cell-free supernatants were suc-
tioned off, and DMSO (150 pl) and glycine buffer were
added to dissolve the crystals. The plates were shaken
for 10 min. The optical density of each well was deter-
mined at 595 nm using microplate multimode detector
Zenyth 3100.

The percentage of cytotoxicity was calculated us-

ing the formula: cytotoxicity % = 100-[(TS—BGO0)—E/
(TS—BGO) x 100], where BGO is for background of me-
dium alone, TS is for total viability/spontaneous death of
untreated target cells, and E is for experimental well.

Measurement of primary tumor growth and tumor
volume

External caliper is currently the standard method
for determination of tumor volume due to the low cost
and high throughput of this simple method [33,34]. Dur-
ing 21 days, the growth of primary tumors was measured
every day by external caliper. In order to determine tu-
mor volume by external caliper, experimental animals
were sacrificed on the 21st day and tumors were re-
moved. The greatest longitudinal diameter (length) and
the greatest transverse diameter (width) of tumors were
determined. Tumor volume based on caliper measure-
ments was calculated by the modified ellipsoidal formu-
la: Tumor volume = 1/2 x (length x width®) [33,34].

Results

All 4 complexes showed cytotoxic effect in vitro
on4T]1 cells (Figure 2 and 3).

Decrease of concentration was followed by mark-
edly decrease of apoptotic cells percentage.

Concentrations from 2000 uM to 500 pM of
[AUCIQ(GH)]CI, [AUC12(DMSO)2]C1 and [PtClz(NH3)2]
complexes showed higher cytotoxic effect in compari-
son with the same concentrations of [AuCl,(SMC)]CI
complex.

Concentrations from 500 uM to 62.5 uM of [AuCl,
(en)]Cl and [PtCly(NHj3),] complexes showed higher cy-
totoxic effect in comparison with the same concentrations
of [AuCl,(SMC)]Cl and [AuCl,(DMSO),]CL.
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Figure 2. Toxicity of [AuCl,(DMSO),]Cl, [AuCl,(SMC)]CI,
[AuCl,(en)]Cl and cisplatin [PtCl,(NH3),] complex, using 4T1 cells
as target cells. 4T1 cells were cultured with different doses of the
tested complexes ranging from 0.98 to 2000 uM. Cell viability was
determined based on MTT assay. Each point represents a mean value
and standard deviation of 3 experiments with 3 replicates per dose.
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Figure 3. Semi-logarithmic plot of cytotoxic effects of [AuCl,
(DMSO0),]ClL, [AuCl,(SMC)]CL, [AuCl,(en)]Cl and cisplatin on
4T1 cells. Each point represents a mean value of 3 experiments
with 3 replicates per dose.

At concentrations 125 uM and 62.5 pM, [AuCl,
(en)]Cl complex showed higher cytotoxic effect than
[PtCL,(NHj3),], [AuCl,(DMSO),]Cl and [AuCl,(SMC)]
CL

Nevertheless, [PtCl,(NH3),] complex showed
higher cytotoxic effect in comparison with the same
concentrations of all 3 gold(IIl) complexes at the con-
centration of 31.5 uM.

At concentrations 15.63 uM and 7.81 uM [AuCl,
(en)]Cl, [AuCl,(SMC)]CI and [PtCI,(NH3),] com-
plexes showed approximately the same cytotoxic ef-
fect on 4T1 cells, while at the concentration of 3.9 uM
[AuCl,(SMC)]Cl showed higher cytotoxic effect than
all other tested complexes (Figure 2).

At low concentration (1.95 uM) [AuCl,(en)]Cl
and [AuCl,(SMC)]CI complexes showed higher cyto-
toxic effect than [PtCl,(NH3),].

The concentrations from 500 uM to 1.95 uM of
[AuCl,(DMSO),]|CI showed significantly lower cy-
totoxic effect in comparison with the same concentra-
tions of all other tested complexes (Figure 2).

The concentration 0.98 uM of all tested gold(I1I)
complexes and cisplatin showed no cytotoxic effect on
4T1 cells (Figure 2).

All 3 tested gold(IIl) complexes and cisplatin
(concentration from 2000 uM to 0.98 uM) showed
concentration-dependent cytotoxic effect on 4T1 cells
(Figure 3).

The tumors were noticed for the first time on
the 8th day of the experiment in one mouse from the
control group as well as in two mice that received
[AuCl,(DMSO),]Cl and in one mouse that received
[AuCl,(SMC)]CI. The tumor was noticed on the 9th day
of the experiment in one mice that received [AuCly(en)]
Cl. That mouse was the only mouse from the [AuCl,(en)]
Cl group that got tumor (Figure 4).

Till the end of the experiment, a tumor was noticed
in all mice from the control group (6/6) and in all mice
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Figure 4. The breast tumor growth in BALB/c mice after injection

of 5x10% 4T1 cells. Each point represents a mean value of tumor

size measured daily in mice from each group.

that received [AuCl,(SMC)]Cl and [AuCl,(DMSO),]Cl
(6/6). However, tumor was noticed in only one mouse
that received [AuCl,(en)]C1 (1/6) (Figure 4).

In order to determine the tumor volume by external
caliper, experimental animals were sacrificed on the 21st
day and tumors were removed (Figure 5). We noticed
that tumors removed from control mice were bigger than
tumors removed from mice which received gold(III)
complexes (Figure 5). Among the tested gold(II) com-
plexes, [AuCl,(SMC)]Cl most effectively prevented tu-
mor growth. The smallest tumor volume was noticed in
mice that received [ AuCl,(SMC)]CI (Figure 5).

Mice from the control group and mice that re-
ceived [AuCl,(DMSO),]Cl, [AuCl,(SMC)]Cl and cis-
platin showed weight loss and only mice that received
[AuCl,(en)]CI gained weight during the experiment
(Figure 6).

Discussion

The results from the in vitro experiment showed
that all tested gold(IIl) complexes and cisplatin dis-
played cytotoxic effect on 4T1 cells. Decreases in con-
centrations were followed by markedly decrease in the
number of apoptotic cells.

Il Control
B [AuCL(SMC)ICI

& [AuCly(en)ICI

& [AuCl,(DMSO),]CI
O [PtCIy(NHy),]

Tumor volume [mm?]

Figure 5. The tumor volume measured on the 21st day of the ex-
periment. Each column represents a mean value of tumor volumes
noticed in each group.
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Figure 6. Weight of BALB/c mice during the experiment (mea-
sured on the 1st and last day of the experiment). Each column rep-
resents a mean value of mice weight from each group.

Among the tested Au(I1I) complexes, [AuCly(en)]
ClI showed the best cytotoxic effects in vitro. The cy-
totoxic effects of [AuCl,(en)]CI and [PtCI,(NH3),]
were similar at all concentrations. Only at the con-
centration of 3.9 uM [AuCIl,(SMC)]CI complex
showed higher cytotoxic effect than [AuCl,(en)]Cl and
[PtCI,(NH3),], while at very low concentration (1.95
uM) both [AuCl,(en)]CI and [AuCl,(SMC)]Cl com-
plexes showed higher cytotoxic effect than cisplatin.

All 3 tested gold(IIT) complexes and cisplatin (at
all tested concentrations) showed concentration-depen-
dent cytotoxic effect on 4T1 cells.

The data from the in vivo experiment showed that
[AuCl,(en)]ClI can prevent the primary breast tumor
growth in BALB/c mice (Figures 4 and 5). Only one
from 6 mice that received [AuCl,(en)]CI got tumor
and the tumor in that mouse appeared later than the tu-
mors which appeared in mice in the control group and
in mice in the [AuCl,(SMC)]Cl and [AuCl,(DMSO),]
Cl-groups (Figure 4).

So, the in vivo experiment confirmed the data ob-
tained in vitro that [AuCl,(en)]Cl has shown the best
cytotoxic effects on 4T1 cells among all tested gold(I1I)
complexes.

Although no tumor was noticed in mice that re-
ceived cisplatin (0/6), 2 mice that received cisplatin died
during the experiment. One mouse died on the 9th day
and the second mouse died on the 20th day of the ex-
periment, while all mice that received [AuCl,(en)]Cl,
[AuCl,(DMSO),]Cl and [AuCl,(SMC)]Cl stayed alive
till the end of the experiment (Figure 4).

[AuCl,(en)]Cl was tolerated well and much better
than [AuCl,(DMSO),]Cl, [AuCl,(SMC)]Cl and cispl-
atin; this was confirmed by weight gain in mice that re-
ceived [AuCl,(en)]Cl (Figure 6) and by better survival
time in mice that received [ AuCly(en)]Cl in comparison
with mice that received cisplatin. The possible reason
why [AuCl,(en)]Cl was less toxic than cisplatin might

be the different anticancer mechanisms utilized by gold
complexes compared to cisplatin. Cisplatin exerts its
anticancer effect by interacting with DNA and form-
ing adducts that interfere with transcription and repli-
cation, followed by apoptosis [36]. The interactions of
cisplatin with DNA result in Pt-GG intrastrand cross-
link that is the critical lesion leading to cisplatin toxic-
ity dominantly manifested by dysfunction of gastroin-
testinal and hematological systems [36,37]. Although
the main biological targets for gold(III) complexes and
the precise mechanisms responsible for gold-induced
cytotoxicity are still unknown, some recently published
data suggest that their mechanisms of action, such as
modification of surface protein residues and inhibition
of proteasome function [30], are substantially different
from that of the Pt(II) complexes [38].

Several lines of evidence suggested that proteins
rather than DNA are mainly targeted by gold complex-
es. The selective modification of surface protein resi-
dues by gold(IIl) complexes in a defined coordination
geometry could be the molecular basis for their biologi-
cal effects. Proteins containing exposed cysteine resi-
dues might be proper targets for gold(IlI) complexes
that might cleave the disulfide bond of cystine and oxi-
dize methionine and glycine suggesting the possibil-
ity that amino terminus of peptides and proteins could
be deaminated by gold(I1l) complexes. In addition, it
has been recently shown that proteasome inhibition
by gold(IIT) complexes is associated with apoptosis of
breast cancer cells in vitro and in vivo [30].

In our in vivo experiment we showed that [AuCl,
(en)]Cl complex is more stable under physiological con-
ditions than [AuCl,(SMC)]Cl and [AuCl,(DMSO),|Cl.
The possible explanation is that [AuCl,(SMC)]CI and
[AuCl,(DMSO),|Cl have S donor atom in the coordina-
tion sphere and, because of that, these complexes are less
stable and probably less active under physiological con-
ditions than [AuCl,(en)]Cl complex [19].

In line with all these results, [ AuCl,(en)]CI com-
plex seems to be a good candidate for future pharmaco-
logical evaluation in the field of breast cancer research
and treatment.
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