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Abstract. Platinum is well known for its anticancer activity,
firstly used as cis-diaminedichloroplatinum (II) (CDDP), with a
wide range of activity. Its main mechanism of action involves its
binding to DNA. Gallium, another metal, has also demonstrated
apoptotic effects on malignant cells, but through interaction with
targets other than DNA, such as the membrane, cytoskeleton and
proteasome, and on enzyme activities. An antitumor synergism
between CDDP and both gallium and rhenium compounds has
been demonstrated. For these reasons, we proposed to combine
these three metals and to determine at which doses each
compound could be administered without major toxicity. CDDP,
tetrakis(1-octanol) tris(5-aminosalicylate)gallium(Ill), and a
diseleno-ether rhenium(I)
experimental study in breast cancer MCF-7 tumor-bearing mice.
CDDP was administered intraperitoneally (i.p.) twice a week at
the dose of 3 mglkg. Tetrakis(1-octanol) tris(5-aminosalicylate)
gallium (IllI) and rhenium(l) diseleno-ether complexes were
administered orally, daily, five days a week for three weeks, at
doses ranging from 20 to 100 mg/kg for the gallium compound

complex were used in this
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and from 10 to 50 mg/kg for the rhenium compound. Doses of 10
mglkg of rhenium(l) diseleno-ether, and 100 mglkg of the
salicylate gallium compound, in combination with CDDP
induced a significant decrease of 50% of the tumor volume, by
comparison with the control group. In contrast, the decrease of
the tumor volume in mice treated by CDDP alone was less than
25%. Changes in the sequence of administration of the three
metals will be discussed to improve the therapeutic index.

Cis-diaminedichloroplatinum (CDDP) has been studied since
1968 for its powerful anticancer activity and is still a major
agent for the treatment of lung and bladder cancer. In order to
improve the solubility and anticancer activity of CDDP,
further platinum (Pt) compounds have been used such as
carboplatin and oxaliplatin. The study of DNA binding could
inspire new drug design (1). The main mechanism of action
of CDDP involves covalent binding with DNA, leading to the
formation of adducts and cross links, and finally to apoptosis.

A steady interest in gallium (Ga) compounds is due to the
proven ability of Ga cations to inhibit tumor growth, on the
one hand, and enhanced bioavailability and efficacy provided
by the conversion of Ga into chelate complexes, on the other.
Ga was first studied as a nitrate salt and it was observed that
a continuous venous infusion was better tolerated than a
single intra-venous (i.v.) infusion, allowing the administration
of higher doses without therapy limiting renal toxicity (2, 3).

It was noted that the inhibitory effects of Ga on malignant
cells were not only dependent on the doses, but also on the
duration of exposure (4, 5). Gallium chloride (GaCl;) has
thus been proposed as a prolonged daily oral administration
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Figure 1. Structure of tetrakis(1-octanol) tris(5-aminosalicylate)
gallium(III).

to favor selective uptake by malignant cells and to allow
continuous exposure to the drug (6, 7). The mechanism of
action of Ga does not seem to involve DNA (8), but seems to
be more due to its effect on ribonucleotide reductase, with a
competitive effect with iron (9-11). Many other biological
effects of Ga have been observed on membrane permeability
(12-14), the cytoskeleton (15), mitochondria (16), the activity
of several enzymes involved in the development of cancer
cells (9, 17-20) and proteasome activity (21). Ga induces the
synthesis of collagen and fibronectin (22), which could
explain the fibrosis of tumors observed after its prolonged
administration (7, 23). Ga is implicated in intracellular
oxidative stress, with a decrease in the ratio of cellular
glutathion reduced form (GSH) on glutathione oxidized form
(GSSG), an increase in metallothionein (MT) and in
hemeoxygenase-1 (HO-1) gene expression (24).

Pt and Ga can act synergistically as their mechanisms of
action are different. This synergism has been observed in
ovarian and colon carcinoma cells (25) and in cancer patients
(26) with the combination of a Ga compound with Pt. On the
other hand, it has been shown that Ga is able to potentiate
other cytotoxic agents, such as paclitaxel and vinorelbine (27).
Finally, Ga compounds have been demonstrated to be active
against multicellular resistance in cancer cells (28). Organic
Ga compounds have been also proposed, in particular, fris(8-
quinolinolato) gallium(III) (29-32), gallium maltolate (33, 34)
and gallium salicylate (35). Salicylates have anti-
inflammatory, antitumor (36-43) and antiangiogenic properties
(44, 45) as well as the capacity to inhibit tumor cell
invasiveness (46). Salicylates can protect from CDDP toxicity
(47, 48) and from irradiation toxicity (49), and increase
chemosensitivity to anticancer drugs (50). Pt complexes of
salicylate derivatives have also been proposed (51). The
compound that we used for this study is tetrakis(1-octanol)
tris(5-aminosalicylate) gallium(III).

Rhenium (Re) compounds present significant cytotoxicity
towards breast cancer MCF-7 tumoral cells (52). When
combined with rhenium, the biological effects of CDDP are
improved (53). Rhenium adamantate, dichlorotetra-p-
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Figure 2. Structure of rhenium(I)diseleno-ether.

isobutyratodirhenium(IIl) and gamma-aminobutyric acid
(GABA) rhenium(III), as liposomes, have antioxidant
properties (54) and synergistic antitumor effects with CDDP,
when administered as subcutaneous injections to Wistar rats
bearing a Guerink carcinoma (55-57). Since most of these
compounds are not soluble in water, use of a water-soluble
rhenium(I) diseleno-ether complex has been proposed by
Kermagoret et al. (58) and we used this compound in the
current experimental study.

Materials and Methods

Synthesis and analytical structure of metal-based compounds.
Tetrakis(1-octanol) tris(5-aminosalicylate)gallium(III) was
synthetised by Syntheval (Caen, France) with the cooperation of
Abdelfattah Badawi.

Tetrakis(1-octanol) tris(5-aminosalicylate)gallium(IIl) (Figure 1):
Gallium hydroxide (2 g, 16.6 mmol) was added to a solution of 5-
aminosalicylic acid (7.6 g, 49.8 mmol) in 100 ml of anhydrous
octanol and heated in an autoclave with stirring for 24 h at 150°C.
After cooling, the brown solution was filtered. The filtrate was
evaporated to dryness under vacuum and the residue was
resuspended by shaking three times with 100 ml of diethyl ether and
then dried. A purplish residue was obtained: mass=3.5 g, yield=20%.

The analytical structure was confirmed by IR (cm~1): 3530 (OH),
3136 (CH arom.), 2956, 2929 (CH Aliph.), 1680 (CO), 1600 (C=C
arom.); 1 H;NMR (DMSO-d6): 6.86 (1H, s, H5), 6.62 (1H, d, H4),
6.46 (1H, d, H2), 1.5 to 3.5 (56H, CH2), 0.8 (12H, t, CH3); MS:
m/z 526, 152, 130.

This compound is not soluble in water and was administered to
mice in carboxymethylcellulose (CMC, 0.5%).
Rhenium(I)diseleno-ether ~ Re(CO);Cl(NaO,CCH,Se(CH,);SeCH,
CO,Na) (Figure 2): was synthesized by ligand exchange from
pentacarbonylchlororhenium with 3,7-diselenanonanedioic acid
followed, by disodium salt formation with sodium carbonate and
characterized as reported earlier (58).

Experimental design. Human hormone-dependent breast cancer
MCF-7 cells were used to induce experimental tumors in athymic
nude mice. The experiment was performed at Cellvax Laboratory,
Maison Alfort, France.
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Table 1. Doses of rhenium diselenate (Re complex) and of tetrakis(1-octanol) tris(5-aminosalicylate)gallium(Ill) (Ga complex) for each treated

group.

Group 3 Group 4 Group 5 Group 6 Group 7 Group 8 Group 9 Group 10 Group 11
Re complex (mg/kg) 10 10 10 20 20 20 50 50 50
Ga complex (mg/kg) 20 40 100 20 40 100 20 40 100

Animal husbandry. The animals, athymic nu/nu mice (Balb/C
nude), provided by Harlan, France, were 5 to 6 weeks old, female,
of about 20 g each and specific and opportunistic pathogen free.
They were acclimatized for at least seven days before the
initiation of the designed study. A total of 110 mice were used for
this pilot study.

Animals were housed in polyethylene cages (5/cage) measuring
36.5%20.7x14.0 cm, corresponding to a ground surface of 530 cm3,
in a climate-and light-controlled environment. All animals were kept
under environmentally controlled housing conditions: lights on
between 7:00 AM to 7:00 PM; temperature inside of the animal
facility strictly maintained at 21+1°C; relative humidity of 70%
throughout the entire study period, and maintained in accordance
with Cellvax approved standard operation procedures (SOP) and
with local Ethical Committee approval. Animals were fed with
commercially available rodent food (Safe, Les Tremblats, Augy,
France). Water (sterilized water) was available ad libitum.

Animals were numbered and given a unique animal identification
ear notch mark.

Ethical manager. A Ph.D. and Veterinary Doctor at Cellvax
company assumed the function of ‘Ethical Manager’ within this
project.

Hormonal treatment. All mice were treated prior to the study with
estradiol sulfate (E 2S) hormone (Innovative Research of America,
FL, USA). Pellets of hormone were subcutaneously administered to
mice 72 h before tumor cell implantation.

Tumor cell transplantation. Human breast tumor MCF-7 cells,
derived from the pleural effusion of mammary gland, of epithelial
cell type reference number: ATCC#HTB-22YTM, obtained from the
American Type Culture Collection (ATCC), Manassas, Virginia,
USA were cultured with several passagings in order to ensure their
viability and to reach the required number of cells. The log-growing
tumor cells were then trypsinized, counted, washed and resuspended
in ice-cold Matrigel (BD Biosciences, Le Pont-De-Claix, France)
for injection into the right flanks of athymic nu/nu mice. With a cell
viability of about 97%, 5.0x100 cells per mouse were
subcutaneously (s.c.) injected.

Experimental groups. Eleven groups of 10 mice each for a total of
110 mice, were treated.

Group 1: negative control; mice were treated with vehicle control;
Group 2: positive control; mice were treated with a standard
chemotherapeutic agent, CDDP (Mylan, France) at a dose of 3 mg/kg,
twice a week for three weeks, by intraperitoneal (i.p.) injection;
Groups 3-11: test groups; mice were treated with a combination of
CDDP (same treatment regimen as in group 2) and the two metal
complexes per os (p.o.), once a day from Monday to Friday, for a

period of three weeks (15 days). The doses of the Re complex and
of the Ga complex differed according to the group, as shown in
Table I.

The treatments were started when the average volume of the
induced tumors reached approximately 70-100 mm3, corresponding
to day 13 after the inoculation of the tumor cells.

Toxicity evaluation. Determination of body weight was performed
twice a week for each mouse. The lethal toxicity was reported.

Antitumor effect. The tumor growth was measured (tumor length,
width and volume) twice a week by using an external caliper. The
mean tumor volumes [MTV; MTV + (SD); MTV + (SEM)] were
estimated. The tumor growth data was recorded for each
individually identified mouse. Tumor volume was calculated by
using the following formula: V=length x width?/2.

Tumor growth inhibition (T/C%) was defined as the ratio of the
mean tumor volumes of treated versus vehicle-treated (control)
groups as a percentage.

Statistical evaluation of the antitumor effect was assessed by
using a non parametric statistical analysis, the Wilcoxon signed-rank
test, comparing two related groups.

Results

Efficacy. The combination of CDDP, Ga and Re complexes
induced a significant reduction (p=0.04, Wilcoxon test) of
the volume of the tumors in group 5 (434+183 mm?) versus
the control group (891+538 mm?) at day 32. The minimal
T/C% was observed in this group 5 at day 32, with a
decrease of more than 50% of the tumor volume, by
comparison with the control group (T/C%=49). In
comparison, T/C% was only 76% at day 32 for the CDDP
treated group. In groups 3 and 4, the decrease of the tumor
volume was similar to that of the CDDP group. In groups 6,
7, 8, 10 and 11, the reduction in tumor volume was not
greater than in group 5 and there was an increase of the
toxicity.

Results are presented in Table II showing the mean
volume of the tumors, their SD and the SEM, at day 32 after
the inoculation of the tumor cells for each group. The ratio of
the tumor volume of the treated group to the tumor volume
of the control is expressed as T/C%.

The SD observed for tumor volumes was very important
in each group, with a great interindividual variability. In
order to reach statistically significant results, showing a
much greater reduction of the tumor volumes in mice treated
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Table II. Volume of the tumors of the mice at day 32 after the
inoculation of the tumor cells.

Table III. Weights of the mice at day 32 after the inoculation of the
tumor cells.

Group  Volume of the tumor (mm3) SD SEM  T/C (%) Groups Weight of the mice (g) SD Loss of weight (%)
1 891 538 170.26 1 24 .34 2.27
2 678 279 93.05 76.09 2 22.23 3.78 8.7
3 673 230 76.66 75.53 3 22.00 2.07 9.6
4 727 75 33.34 81.59 4 19.99 2.63 179
5 434 183 61.01 48.71 5 22.98 1.62 5.6
6 552 284 100.39 61.95 6 223 2.16 8.4
7 572 230 76.59 64.20 7 22.84 241 6.2
8 558 227 75.63 62.63 8 21.18 2.09 13.0
9 547 163 57.71 61.39 9 22.58 2.72 7.2

10 657 232 81.97 73.74 10 20.6 3.18 154

11 617 241 80.47 69.25 11 23.11 1.3 5.1

SD: Standard deviation; SEM: standard error of the mean; T/C%=mean
tumor volume of treated group /mean tumor volume of vehicle-treated
group x100.

by Ga, Re and CDDP combined versus CDDP alone, a
greater number of mice might be necessary.

Table III shows the mean weight of the mice of each
group, (£SD), at day 32 after the inoculation of the tumor
cells. The percentage of weight loss by comparison with the
control group is also shown.

Figure 3 represents the tumor volumes in terms of days
after the inoculation of the tumor cells.

Toxicity. There was one death in the control group at day 39;
one death in the group treated with CDDP alone, observed
at day 25; one death in group 3 at day 21; and one death in
group 5 at day 28. Group 4 was considered an outlier and
was excluded due to an abnormal unexplained great number
of deaths. In groups 6 to 11, an increase of lethal toxicity
was observed, with two deaths in groups 6, 8, 9 and 10, and
five deaths in groups 7 and 11. In group 5, the loss of body
weight was less than 6% in comparison with the control
group.

Use of the maximal dose (100 mg/kg) of the Ga complex
did not increase the toxicity by comparison with the group
treated with CDDP alone (group 2), nor with the control
group (group 1), when administered with 10 mg/kg of the Re
complex. The same dose of the Ga complex with higher
doses of the Re complex induced lethal toxicity.

Figure 4 shows the graph of the body weight of mice in
terms of the days following the inoculation of the tumor
cells.

We conclude from this study that the maximum tolerated
doses were 10 mg/kg of Re complex in combination with
100 mg/kg of the Ga complex, when they are associated with
CDDP at the dose used in this study. These doses induced a
significant reduction of the tumor volume by comparison to
the control groups, which was not observed in the CDDP-
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SD: Standard deviation.

treated group. Higher doses of the Re complex did not
improve the antitumour activity but did increase the toxicity.

Discussion

Doses of 10 mg/kg of the Re complex and 100 mg/kg of the
Ga complex might be considered as the optimal therapy, but
the therapeutic index could probably be improved by several
approaches: the sequence of the treatment by each metal
compound, the determination of the duration of each
sequence of treatment, a pharmacological approach, and the
choice for the ligand. The best indication for this schedule
of treatment will also be discussed.

Sequence of treatment. In this study, the Ga and the Re
complexes were given simultaneously orally and CDDP was
administered twice a week during the same period. It might
be more useful to administer the Ga complex first, then stop
it and then only administer the CDDP treatment when
gallium is selectively retained in cancer cells after a wash-
out period. The time of the administration of the Re complex
remains to be defined: simultaneously with the Ga complex
or as a sequential administration, but in any cases also before
the CDDP injection.

To propose this new sequence of treatment, we shall use
the results obtained with other Ga and Re complexes.

Rationale for a wash-out period between the administration
of the Ga complex and the administration of CDDP. The
inhibitory effects of Ga are delayed and augmented after
cessation of the exposure to Ga. Previous studies already
showed that with GaCls, the inhibitory effects were
dependent not only on the dose but also on the duration of
the exposure to the cancer cells and that this effect was
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Figure 3. Tumor weight as a function of days after the inoculation of the tumor cells.
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Figure 4. Representative the graph of the mice weights as a fonction of the day after the inoculation of the tumor cells.
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delayed (59). This was studied with the malignant cell line
U937, derived from lymphoma. The exposure time of
malignant cells to GaCl3 was 72 h, using doses of 50, 100
and 200 pM. After this exposure, the cells were washed,
resuspended in culture medium without GaCl3 and cell
growth was observed for up to 76 h. Cell viability was
measured by the method of Trypan blue exclusion every 24
h. The percentage of growth inhibition was determined
relative to growth of control cells.

Only the concentration of 200 uM of GaCl; induced a
growth inhibition of 50% of cells at the end of 72 h of
exposure. However, inhibition of cell growth was prolonged
even after cessation of cell exposure to GaCl3; this inhibition
reached 80% at a concentration of 100 uM and was almost
complete at 200 pM on day 6 after the end of exposure.

Tissue retention of Ga after the interruption of Ga treatment.
It was observed that Ga was taken up by the tumor cells,
with selective retention in the tumor and much more in
metastases when the treatment was interrupted.

Tissue Ga concentrations were assayed after death in
patients having received a prolonged treatment by GaCls, but
with cessation of the treatment before death.

Ga was assayed in two patients with lung cancer (60). One
patient with squamous cell carcinoma, who died of cerebral,
hepatic and kidney metastases, received GaCl; for a period
of six months (maximum dose of 600 mg/24 h). In this
patient, the Ga concentration was 5.5 ug/g (wet tissue) in the
primary tumor (with large necrosis) versus 6.5 ug/g in the
healthy pulmonary tissue; 46.3 pg/g in the liver metastasis
versus 18.5 pg/g in the healthy liver; and 12.7 ug/g in a
kidney metastasis versus 1.7 pg/g in the healthy kidney. The
second patient had adenocarcinoma and died of adenopathies,
pleural, hepatic and spleen metastases after eight months of
treatment by GaCl; (maximum dose of 1200 mg/24 h). The
Ga concentration was 1.5 ug/g in the primary tumor versus
2.8 pg/g in the lung; 13.3 ug/g in a malignant adenopathy
versus 4.2 pg/g in a healthy node; 12.4 pg/g in a liver
metastasis (also with a large necrosis and fibrosis) versus 25.2
ug/g in the healthy liver; 3.3 pg in a metastatis of the adrenal;
2.6 ug/g in a pleural metastasis, 2.1 pug in a metastasis of the
pericardum; 43.5 pg/g in the spleen, and 2.9 ug in the kidney.

Tissue Ga concentrations were also assayed after death in
two other patients (61).

The first one had a lymphoma of the oesophagus and
received 600 mg per day of GaCl; for three months: the Ga
concentration was 6.7 ug/g (0.096 umol/g) inside the tumor,
1.95 ug/g (0.028 wmol/g) in the healthy tissue of the same
organ and 2.0 pg/g (0.029 umol/g) in the kidney. In the
second patient, who was treated for more than 2 years, the
treatment with GaCl; was stopped two months before death
and the concentration of Ga was 7.8 ug/g (0.112 umol/g) in
the lung tumor (adenocarcinoma), in a metastatic brain tumor
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4.8 pg/g (0.069 pmol/g), and in a metastatic tumor of the
kidney 10.1 pg/g (0.145 umol/g). In the healthy tissue of all
these organs of this patient, the concentration was less than
1.0 pg/g (0.014 umol/g) (wet tissue).

If Ga is mainly localized in cancer cells, and moreover
after a period of interruption of the Ga treatment, this should
increase the cytotoxicity of CDDP only in these cells, not in
healthy cells. The effects should even be more important in
metastatic situations than in primary tumors, with higher
concentrations in metastases than in the primary tumor.

The importance of the sequence of administration of Ga was
demonstrated in an experiment with paclitaxel. It was proven
that synergism can occur in vitro between Ga and paclitaxel
in a study comparing different modalities of exposure to Ga
nitrate to paclitaxel; Ga nitrate had to be administered before
the exposure to paclitaxel, and not simultaneously, in order
to obtain a synergistic effect (62).

Sequence of administration of the Ga and the Re complexes.
Re compounds have been proposed to protect the membrane
of red blood cells from the toxicity of CDDP thanks to their
antioxidant properties (54), and avoidance of CDDP-induced
anemia (55). It was further demonstrated that rhenium
compounds can increase the antitumor effects of CDDP (53,
56, 57), without increasing its toxicity, while a protective
effect on CDDP-induced erythrocyte damage was confirmed.

Ga-induced anemia may be due to another mechanism of
action via its effect on ribonucleotide reductase (9, 63, 64).
Therefore, Re compounds may not protect against this
decrease of hemoglobin production. Interactions between Ga
and Re compounds are not known and more pharmacological
and toxicological data with both Re diselenoether and Ga
salicylate are necessary. Such data will indicate if Re
compounds increase the toxicity of Ga compounds and if
these two metals have to be administered concomitantly or
as sequential treatments.

Choice of CDDP dose to be administered after Ga and Re
treatments. It might be better to administer CDDP as a single
injection, after Ga exposure, but also at the end of the Re
treatment and not simultaneously. In that case, the choice of
the CDDP dose should be in the range of 5-10 mg/kg, at
which antitumor activity and toxicity are acceptable (65-67).
The dose of 8 mg/kg of CDDP was used by Shtemenko and
Collery when they demonstrated synergism between CDDP
and several Re compounds (53, 56, 57).

Duration of each sequence of treatment. The duration of the Ga
treatment, in order to obtain an antitumour effect could be a
more important parameter than the dose. Concentrations of Ga
were assayed in healthy rats receiving an oral administration of
GaClj; of 200 mg/kg per day for 20 and 30 days (68).
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In the rats receiving oral 200 mg/kg/24 h of GaCl; for
20 days, the highest concentrations of Ga were found in the
bone (29.9+5.7 mg/g) and then in the lungs (11.5+15.3 mg/g).
Concentrations were comparable in kidneys (5.9+1.4 mg/g),
spleen (5.8+2.5 mg/g), adrenal glands (4.6+2 pg/g), liver
(4.3+2.3 mg/g) and ovary (2.9+1.3 mg/g). Concentrations were
much lower in muscle (1.4+1.5 mg/g), heart (0.6+0.3 mg/g)
and brain (0.3+0.5 mg/g). Plasma concentrations reached
values as high as 1 mg/L (68).

Ga concentrations increased with the duration of
administration of GaCl; for 30 days in the bones, spleen,
adrenals and heart, while the plasma concentrations of Ga
remained steady, indicating tissue accumulation of Ga.

Ga tissue retention was noted after stopping the
administration of GaCl;. After a period of five days without
treatment, Ga concentrations decreased significantly in plasma
and kidney, but did not vary in other tissues, indicating tissue
retention of Ga. Retention of Ga in the bone, liver and spleen
was observed, while it was rapidly cleared from plasma and
kidney.

Increasing of the dose of GaCl; was deleterious concerning
the selective uptake of Ga by the tumor (69). After an
administration of 200 mg/kg GaCl; per day for 30 days, the
Ga concentrations in mice bearing C3H-BA carcinoma were
of 2.16+0.93 pg/g in the tumor and 2.03+0.80 pg/g in the
kidney. Higher doses of 400 mg/kg GaCl; per day increased
the Ga concentrations in the kidney (3.27+0.88 ug/g) much
more than in the tumor (2.60+0.88 ug/g).

Biological effects depend on the duration of the Ga
treatment. With the oral dose of 200 mg/kg GaClj per day,
the tumor Ga concentrations depended on the duration of the
treatment: 38.4+30 nmol/g after 21 days of administration
and 13.4+7.3 nmol/g after 42 days of oral administration. To
interpret these results, it is necessary to consider that the
GaClj treatment induced fibrosis inside the tumors after 42
days of treatment, which was not observed after 21 days
(23). This tumor fibrosis was also observed in female dogs
with spontaneous mammary carcinoma after a prolonged
treatment of GaCl; (7).

Rhenium. There is no study comparing the effects of Re
compounds with different durations of treatment. In studies
demonstrating the synergistic effects of Re compounds
with CDDP, the duration of the treatment with the Re
compound was of 18 days (53, 56, 57), but as
subcutaneous injections every two days and not as an oral
administration. Further studies are required with the Re
diselenoether compound, either after oral or parenteral
administrations.

CDDP. CDDP is usually administered every 21 days or 28
days in patients.

Adaptation of the doses according to pharmacological data.
The synergism between CDDP and Ga was observed in lung
cancer patients receiving either CDDP-etoposide or CDDP-
etoposide and an oral daily administration of 400 mg/kg of
GaCl;. In this study, the cohort was small but very
significant: the four patients receiving GaCl; had a major
response of more than 50%, while the four patients without
GaCl; experienced disease progression (26). This effect was
observed after three cycles of chemotherapy with CDDP-
etoposide. However, severe toxicity appeared during the
subsequent cycles in patients receiving GaCls, thus requiring
an interruption of the treatment.

To avoid this cumulative toxicity which could mainly be
due to CCDP, an adaptation of the dose of CDDP has been
proposed to maintain the same area under the curve (AUC)
of the plasma Pt concentrations during the five days of each
continuous platinum infusion (AUC_;5(). It is possible to
maintain an AUC,,_;,, between 80 000 and 100 000 pg/(I h),
thanks to an adaptation of the dose of CDDP at 72 hours of
each infusion as a function of the Pt concentrations observed
during the first 48 h (70-72).

In these conditions, the treatment with CDDP with a
targeted AUCy_15( of 80 000 pg/(lh), etoposide and a daily
oral administration of 400 mg/kg GaCl; was administered to
nine patients with a non-small cell lung cancer (NSCLC) and
to three patients with small cell lung cancer (SCLC). An
objective response was observed in five of the NSCLC
patients and in the three SCLC patients after three cycles of
the combined therapy. In six responders, three additional
courses were given without major toxicity, allowing for a
much more important decrease in the tumor volume in four
of them. The maximal plasma Ga concentrations were
statistically higher in the responders (244+34 pg/l in
NSCLC; 243£132 ug/l in SCLC) than in the non-responders
(112457 pg/) .

However, if the dose of GaCl; was raised to 800 mg/kg
and to 1200 mg/kg, there was no benefit but only the
appearance of signs of toxicity (70-72).

The results of a multicentric French clinical trial with
1200 mg/kg GaCl; and CDDP without adaptation of the
doses, completely failed to demonstrate any benefit in lung
cancer patients (73).

When administered concomitantly, the optimal schedule
of treatment should then be an adaptation of CDDP with a
targeted AUC and an oral dose of GaCl; of 400 mg/24 h,
allowing for objective responses to be obtained and for this
therapy to be maintained without cumulative toxicity.

In a pilot study, 30 cancer patients were treated with GaCls.
The dose was gradually increased from 300 to 800 mg/day
(76). The median time of treatment was 4.5 months. Serum
Ga concentrations were assayed by atomic absorption
spectrophotometry (AAS) in 10 patients. A relationship was
observed between the serum Ga concentrations and the clinical
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response: the mean value was 415167 pg/l in five patients
with progressive disease versus 771+205 ug/l for 5 others with
a non-evolutive disease. All patients were evaluable for
toxicity: no renal toxicity was observed even in patients
treated daily for more than one year with 800 mg GaCls;.
Microcytosis was common, as well as a Mg deficiency, with a
more frequent decrease in red blood cells (RBC) than in
plasma. Twenty-three patients were evaluable for efficiency.
Two partial responses were observed, one in a patient
previously treated for locoregional recurrence of an ovarian
adenocarcinoma and another in a case treated for a peritoneal
carcinosis of an ovarian adenocarcinoma. According to this
study, GaCl; dose should be adjusted to obtain serum Ga
levels higher than 600 ug/l.

This serum Ga concentration was not achievable in a
pharmacoclinical trial in 45 lung cancer patients. Doses of
400 mg/kg per day of GaCl; were determined as the optimal
dose to be delivered to lung cancer patients. With this dose,
the plasma Ga concentration at the steady state was of
371142 png/l (60). Higher doses of GaCl; did not
significantly increase the plasma Ga concentration, but a
very high interindividual variability was observed.

Plasma Ga concentrations depend on the tumor mass
(74), the plasma transferrin concentration, the presence or
not of metastases (75), the type of the primary tumor and
the type of metastases (76), but also on the Ga ligand (30,
33). It does not appear possible to manage plasma Ga
concentration by monitoring the dose of the GaCly
treatment, but rather to use the plasma Ga concentration as
a marker of the efficacy of therapy.

Choice of the ligand. Gallium: Several type of Ga complexes
have been proposed; tris(8-quinolinolato)gallium(IIl),
gallium maltolate and gallium salicylate, with the objective
of increasing the bioavailability of Ga.
Tris(8-quinolinolato)gallium(III): Tris(8-quinolinolato)
gallium(III) is lipophilic, with a higher bioavailibility than
GaCls, with a high uptake by bone (30). It was ten fold more
effective against cancer cells in culture than was GaCls (77).
With doses of 48 mg/kg, a significant decrease of the tumor
volume of Walker 256 carcinosarcoma in Fisher rats was
observed after 10 days of an oral administration by
comparison with the control. The maximum dose inducing
no lethal toxicity was 62.5 mg/kg after daily oral
administration for 14 days (30). The therapeutic index thus
seems low, probably due to a poor selective uptake by the
tumor cells (78). A phase I clinical trial has been performed
(31) but no further phase II trial has yet been conducted.
Gallium maltolate: Ga maltolate was proposed by Bernstein
et al. in 2000 due to better bioavailability than gallium nitrate
(33), and the ability to circumvent lymphoma cell resistance
to gallium nitrate (79). It has been mainly proposed for the
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treatment of hepatocellular carcinoma (34), and for lymphoma
in combination with bortezomib (80). Pharmacokinetic studies
have been performed (81, 82) , but the therapeutic index of
this compound has not yet been defined.

Gallium salicylate: Gallium salicylate has the advantage of
combining Ga and an active ligand, salicylate. The growth
arrest induced by salicylate is associated with its action on
signaling factors such as mitogen activated protein kinases (83,
84), cmyc, cyclin D1, cyclin A, proliferating cell nuclear
antigen (37), p21 WAF-1/CIPI (36, 39), (ERK1/2) (40),
nuclear factor kappaB (85), (TNF) alpha (41) and (ICAM-1)
(42). Salicylate compounds inhibit angiogenesis (44, 45, 86),
cell migration and invasion (42, 46), increase chemosensitivity
to anticancer drugs (50), modulate the production of reactive
oxygen species (40, 87, 88), and reduce the side-effects of
CDDP (47, 48). Copper salicylate (49, 89), platinum (II)
complexes of salicylate derivatives (51), and gallium ethanol
salicylates (35) have been synthesized.

In this study we proposed the use of a 4-aminosalicylic
acid Ga salt, yet many studies are still required with this new
compound to determine its bioviability and its toxicity. New
salicylate Ga compounds could also be investigated, with the
aim of improving the solubility.

Rhenium compounds. Shtemenko et al. showed that Re
compounds had a synergistic effect with CDDP (53, 56, 57).
This was observed after 18 days of treatment with three
rhenium compounds, administered as liposomes, at a dose of
7 umol/kg, after a subcutaneous injection every two days, in
Wistar rats bearing Guerink carcinoma. These three Re
compounds were rhenium adamantate, dichlorotetra-p-
isobutyratodirhenium(IIl) and (GABA) rhenium (III). The
weight of the tumors were 44.87+25.19 g in controls. There
was a decrease, but not statistically significant after the
administration of the Re compounds alone : 38.27+16.77 g,
with rhenium adamantate; 36.88+15.60 g with dichlorotetra-
p-isobutyratodirhenium(Ill); 25.30+5.30 g with GABA
rhenium (IIT). In rats treated with CDDP alone, the weight
of the tumor was significantly reduced (9.88+9.90 g),
compared to controls. The combination of CDDP with the
Re compounds was superior to the effect of CDDP alone,
with a significant decrease of the tumor volume: 3.92+2.55 g
with CDDP plus rhenium adamantate; 0.28+0.30 g with
CDDP plus dichlorotetra-p-isobutyratodirhenium(III);
5.90+1.20 g with CDDP plus GABA rhenium (III)).

A folate conjugate of Re(I) was screened against an
adriamycin-and cisplatin-resistant human ovarian cancer cell
line (A2780/AD) that overexpresses the folate receptor (FR).
This Re compound was found to be cytoxic toward the FR-
positive cell line (90).

Organometallic Re thymidine complexes [Re(CO);]+ and
[Re(CO),(NO)],+ have been synthezised with the aim of
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targeting human cytosolic thymidine kinase (hTK1), a key
enzyme in cancer cell proliferation (91, 92). Their cytotoxicity
was assessed against the A549 lung carcinoma cell line.
Moderate toxicity was observed for conjugates carrying the
rhenium moiety at position C5’ or N3. No toxicity was
observed for complexes modified at C2’ or C5. Complex 53,
with a dodecylene spacer at C5’, exhibited remarkable toxicity
and was more potent than cisplatin. In competitive inhibition
experiments with A549 cell lysates and purified recombinant
hTK-1, enzyme inhibition was observed for complexes
modified at either N3 or C5’ (93).

A series of five long chain Re glucosamine conjugates
were tested as substrates of hexokinase: two of them were
found to be competent inhibitors of hexokinase but
cytotoxicity studies found that they were non toxic to
concentrations as high as 1 mM (94).

Octahedral Re cluster compounds have been synthesized
but did not exhibit acute cytotoxic effects up to 50 uM (95).

A series of mononuclear Re (IV) compounds displayed
potent in vitro antiproliferative activity against selected cancer
cells (96). Re (V) mixed ligand oxorhenium complexes have
been shown to be inhibitors of cysteine proteases (97).

Oximine Re (I) complexes were assessed in vitro in
human metastatic melanoma A375 and human chronic
myelogenous leukemia K562 cells. Chloride complexes were
more efficient than bromide compounds in inducing
apoptotic cell death in both types of cancer cell (98).

The rhenium(I) diseleno-ether that we chose has the
advantage of being soluble in water. We found that the
recommended doses of rhenium(I) diseleno-ether were
10 mg/kg with a daily oral administration of five days a week
for three weeks, when administered with Ga and Pt.

Choice of the best indication for treatment: bone metastases
of solid tumors. The action of Ga on bone metabolism is
particularly important (27). The action of Ga on bone
metabolism was studied primarily because it reduces the
hypercalcemia associated with cancer. Ga inhibits osteoclastic
activity. In addition, there is an increase of collagen synthesis
related to the bone concentration of Ga and an increase of
bone tissue formation in vitro. It was also noted that Ga
nitrate was able to increase type I collagen, fibronectin
mRNA and collagen protein levels in bone and fibroblast
cells. There is a high affinity of Ga for bones, as shown with
GaClj (68) and with #ris quinolinolato gallium (IIT) (30).

For all these reasons, the best indication for Ga treatment
might be bone metastases of solid tumors, mainly from
breast, lung and prostatic cancer.

Re as !86Re-hydroxyethylidiene diphosphate (HEDP) and
188Re—dimercaptosuocinic acid (99) are effective in the
treatment of bone tumors (100-103). An animal model of
bone metastases of prostate cancer demonstrated a selective
uptake of '88Re-HEDP by bone metastases (104).

Patients with bone metastases could thus represent a good
indication for therapy with Ga and Re. The combination of Pt
with Ga and Re could be proposed for lung cancer patients,
while for patients with prostatic or breast cancer, an alternative
could be proposed, replacing platinum with a taxane. In
patients with breast metastatic cancer, platinum could be used
but only in the case of triple-negative cancer (105, 106).

Conclusion

The oral administration of Ga and Re compounds allows for
continuous cell exposure to these metals. The optimal doses
of 100 mg/kg of gallium salicylate octanol 1 and 10 mg/kg
of rhenium (I) diselenoether have been shown to be active in
combination with CDDP, without increasing toxicity by
comparison with controls.

The schedule of administration of these two metal-based
anticancer drugs could be improved, either with CDDP or
with other chemotherapeutic agents.

We propose to determine the period of interruption of the
Ga treatment before the administration of CDDP, or of an
other chemotherapeutic agent, in order to allow the
elimination of Ga from the healthy cells and its selective
retention in the cancer cells. Under these conditions, there
will be no cumulative toxicity between Ga and CDDP or the
other chemotherapeutic agent in healthy cells, but only a
synergistic effect against the tumor cells.

Concerning the administration of the Re compound, it will
be necessary to define if its administration should be
concomittant with the Ga compound, or sequential.
Additional pharmacological and toxicological data will be
necessary to achieve this objective.

A long period of administration for this combined therapy
by Ga and Re is required to take into account the delayed
antitumor effects, as well as the induction of tumor fibrosis,
and therefore to improve the survival time.

The best indication for the Ga and Re treatments should
be bone metastases, either combined with Pt for patients with
lung cancer, or with other chemotherapeutic agents, such as
a taxane, in the case of metastases from breast or prostatic
cancer.
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