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We have previously reported that the thiol compound
tiopronin protects rat kidneys in vitro against the toxic
activity of cisplatin. The influence of tiopronin and sodium
thiosulfate (STS) on the cytotoxicity of cisplatin has been
investigated on P388 leukemic cells in vitro after 3 days. The
combination has also been investigated in vivo in BDF1 mice
bearing a P388 s.c. tumor. In contrast to STS, tiopronin did
not significantly reduce the cytotoxic activity of cisplatin in
vitro and nor did it affect the uptake of platinum (cisplatin-
derived), binding to DNA or the percantage of interstrand
cross-links (%ISCL) formation. The co-administration of
cisplatin (4 mg/kg) and tiopronin (150 and 300 mg/kg) to
BDF1 female mice bearing a s.c. P388 tumor produced a
significant reduction in tumor growth similar to that of a
single 6 mg/kg dose of cisplatin. Interestingly, pre-incubation
in vitro of either tiopronin or STS for 2 h with the species
formed from cisplatin by hydrolysis demonstrated their
ability in inhibiting the cytotoxicity of these reactive platinum
products. These results indicate that tiopronin does not
reduce the cytotoxicity of cisplatin in vitro, as STS does. This
may be, at least partly, because of a different effect of the two
thiol compounds on the cellular uptake and binding of
platinum to DNA. Notably, tiopronin substantially reduced
tumor growth in mice treated with a non-toxic dose of
cisplatin (p <0.0277), suggesting some positive influence of
this thiol compound on the antitumor properties of cisplatin.
The ability of tiopronin to protect in vitro against the
cytotoxicity of the aquation products of cisplatin may be
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Introduction

Cisplatin is one of the most effective antineoplastic
drugs used in several types of cancers including those
of testis and ovary.' However, its clinical usefulness
is hampered by its side effects, among which
nephrotoxicity is the the most severe and dose-
limiting.*  Although many compounds have been
tested as antidotes in order to minimize the toxicity
of cisplatin,”® particularly its nephrotoxicity, the
preclinical findings have demonstrated for most of
them that, besides reducing the nephrotoxic activity of
cisplatin, they also reduced its antitumor activity.” At
present the infusion of NaCl, mannitol or furose-
mide'®'? is generally utilized to reduce this dose-
limiting nephrotoxicity in a clinical setting.

It has been demonstrated previously that tiopronin
[N<2-mercaptopropionyl)glycine], a SH-containing
compound already used in the clinic in the treatment
of rheumatoid arthritis and cysteine urolithiasis,'*"*
was able to protect kidneys against the toxic activity of
cisplatin both in vitro'® and in vivo in rats'¢ Tiopronin
can be administrated orally, its pharmacology is
known, and its adverse effects are few and non-
fatal."*'” Overall these characteristics should simplify a
possible clinical role for tiopronin as a protective drug.

In the present paper we have evaluated the
influence of tiopronin on the cytotoxic and antitumor
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activity of cisplatin both in vitro and in vivo. In vitro
experiments were performed using as reference the
thiol compound STS, which has previously been
reported to reduce both the cytotoxicity of cisplatin
in vitro and its antitumor efficacy in vivo."'®

Materials and methods
Chemicals

Cisplatin and tiopronin were obtained from Sigma (St
Louis, MO), while STS was obtained from Merck
(Milano, Italy).

Transformation of cisplatin to its hydrolysis
products

The hydrolysis products of cisplatin were obtained by
the incubation of cisplatin (50 ug/mb) in distilled water
for 72 h at room temperature. Under these conditions,
after the incubation, more than 80% of the platinum is
present as hydrolysis products with the remainder
being cisplatin.'?*°

Cell line

Murine P388 leukemic cells were maintained in
exponential growth in RPMI 1640 medium containing
glutamine (2 mmol/l), gentamycin (100 mg/mi) and
10% fetal calf serum (complete medium).

Studies of cytotoxicity in vitro

The effects of either cisplatin or its hydrolyzed forms
combined with tiopronin or STS were tested in vitro
using a continuous exposure to the compounds for
72 h. P388 cells were plated in round-bottomed
microtiter plates at 800 cells/well and treated with
the single compounds (cisplatin, tiopronin and STS
were diluted in normal saline, while the hydrolysis
products derived from cisplatin were diluted in distilled
water) and appropriate combinations of the two
compounds used in each specific experiment. The
final volume of each well was 200 ul, while drugs were
added in a volume of 20 ul, alone or after being mixed
at the relevant concentrations. Three different kinds of
experiment were performed. In the first, cisplatin and
tiopronin or STS were mixed and added to the cells
immediately after mixing. In the second, combined
drugs were incubated for 2 h at 37°C and then added to
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the cells. Thirdly, cells were incubated with tiopronin
or STS for 2 h at 37°C, then washed with complete
medium and cisplatin was then added. Cisplatin and its
hydrolysis species were used over the concentration
range of 0.0125-0.4 uM, while tiopronin and STS were
used in the range of 0.0156-1 mM. After 3 days an
aliquot (30 ul) of 3(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT; Sigma, St Louis, MO)
solution (2 mg/ml in PBS) was added to each well and
incubated for 4 h at 37°C. At the end of the culture
period plates were centrifuged at 275 g for 5 min.
Then, culture medium was carefully aspirated and
100 ul of 100% dimethylsulfoxide was added. Com-
plete solubilization of the formazan crystals was
achieved after 10 min of incubation at 37°C and
vigorous mixing of well contents with a multichannel
pipette. The absorbance was measured on a micro-
culture plate reader 400 ATC (SLT Labinstruments,
Vienna, Austria) at 540 nm.?' Individual experiments
were performed 4-6 times and the ICs, values
calculated on the basis of probit analysis of single
concentration-response curves.

Measurement of cellular platinum
accumulation

P388 cells were treated for 2 h at 37°C with cisplatin at
different concentrations with or without tiopronin or
STS. The molar ratio between tiopronin or STS and
cisplatin was maintained constant (156), while cisplatin
concentration varied (8-32 uM). This molar ratio was
chosen because it was representative of the prevalent
result of addittivity shown in the cytotoxicity experi-
ments with combinations of tiopronin and cisplatin in
vitro. Cells were exposed to drugs at a density of 1 x 10°
cells/ml and maintained in suspension by continuous
agitation for the whole period of drug exposure. Under
these culture conditions no significant loss of viability
was observed, as determined by the Trypan blue dye-
exclusion assay. Cells were then collected by centrifu-
gation and rapidly washed twice with cold normal
saline to remove extracellular drug. Collected cells
were then treated with 2-3 ml of HNO; (65%) at 120°C.
The mixture was digested until all the HNO3; had
evaporated and the residue was dissolved in 10 mM
HNO; (0.1-0.2 ml). Platinum concentrations were
determined by flameless atomic absorption spectro-
scopy (AAS; Atomic Absorption Spectrophotometer,
Hitachi Model Z-9000 simultaneous spectrophot-
ometer, W Pabisch Instrument, Milano, Italy).22 Indivi-
dual experiments were performed 3 times. The
detection limit was 30-50 ng Pt/ml, while intracellular
platinum levels were expressed as ng Pt/ 10° cells.



Determination of platinum binding to DNA

P388 cells were exposed to cisplatin (16 uM), with
or without tiopronin (the molar ratio between
tiopronin and cisplatin was 78, 156 and 312), for
2h at 37°C and then washed twice with cold
normal saline. High molecular weight DNA was
isolated by means of the salting out technique.?”
Briefly, cells were pelleted and then 6 ml of a lysis
solution (2 mM EDTA, 10 mM Tris-HCl, pH 8,
400 mM NaCl), 240 ul proteinase K (Boehringer
Mannheim, Mannheim, Germany) and 800 ul 10%
sodium dodecylsulfate (BioRad, Richmond, CA)
were added. The solution was mixed gently and
left overnight in a waterbath at 37°C. After
incubation, 2 ml CH;COONa saturated solution
was added and mixed vigorously for 15 s. Vials
were then centrifuged at 750 g for 30 min, super-
natants recovered and DNA precipitated with 1
volume of isopropyl alcohol. DNA was dissolved
overnight in TE solution (10 mM Tris-HCl, pH 8,
1 mM EDTA, pH 8) at 50°C. Then 50 ug of DNA,
whose yield and purity were measured by absor-
bance at 260 and 280 nm [the mean A,s0/Azg0 ratio
was 2.16+0.29 (SD)], was kept for the analysis of
interstrand cross-links (ISCL), while the rest of DNA
was digested in 65% HNO; and the residue diluted
in 10 mM HNOj;. Bound platinum was determined
by AAS. The %ISCL was evaluated by the ethidium
bromide fluorescence technique.?* Briefly, DNA was

resuspended in TE, then 3 ml of a solution
containing ethidium bromide (0.5 mg/ml in
0.4 mM EDTA, 20 mM K,HPO,, pH11.8) was

added to 0.2 ml (20 ug) aliquots of DNA extracted
from control and treated cells. The fluorescence
was measured before and after heating at 90°C for
10 min (Perkin-Elmer LS-5B spectrofluorimeter; ex-
citation wavelength, 525 nm; emission wavelength
580 nm). The %ISCL was determined by the
formula:

(e =fa)/(1 =fq) x 100

Where f, and f, are the fluorescence after
denaturation divided by the fluorescence before
denaturation of treated (f) and control (f,) samples.
Single experiments were repeated 6 times. For both
parameters data obtained in each experiment from
all drug combinations were expressed as percentage
relative to cells treated with cisplatin alone.

Animals

C57BL/6 x DBA/2 hybrid female mice (hereafter

Antitumor activity of cisplatin and tiopronin

called BDF1), weighing 18-20 g, were used. Mice
were obtained from Charles River (Calco, Italy) and
allowed a 7 day rest period before experiments.
They were housed six per cage and maintained at
22°C with a 12 h light/dark cycle, and fed on a
standard diet (4RF-25; Italiana Mangimi, Settimo
Milanese, Italy) and water ad libitum.

In vivo studies

Cisplatin was dissolved in normal saline (.e. 0.9%
NaCD) at a concentration of 0.8 mg/ml, while
tiopronin was diluted in 0.9% NaCl at a concentra-
tion of 6 and 12 mg/ml. P388 cells were maintained
by weekly i.p. transplantation of 10° cells, ditluted in
0.1 ml of 0.9% NaCl. On day 0 of each experiment,
mice were randomized into groups of six and
injected s.c. with 10° P388 leukemic cells diluted
in 0.1 ml of 0.9% NaCl. Drug treatment was started
on the next day (day 1). Tiopronin was administered
orally (p.o.) at the final doses of 150 and 300 mg/kg.
Cisplatin was administered i.p. 1 h later at doses of
4 and 6 mg/kg In order to avoid unnecessary
suffering because of over-developed tumor masses,
mice were sacrificed at day 11. Before killing,
perpendicular tumor diameters were measured by a
caliper and tumor volumes calculated using the
formula:*®

length x (width)?
2

The weights of animals were recorded during the
course of the experiments and the percent change
in body weight on day 7 was used as an index of
overall drug toxicity.

Data analysis

The cytotoxicity data were analyzed by two
different methods according to the cytotoxic effect
observed when tiopronin and STS were used alone
over the different ranges of concentrations. When
these compounds did not show any evident
cytotoxic affect (this was only for STS) the
reciprocal interference of the two compounds
was evaluated by the simple statistical analysis of
the differences found between the different survi-
val curves obtained with the different concentra-
tions of STS, combined with cisplatin or its
hydrolysis products. When these compounds
showed a cytotoxic effect at the concentrations
used (this was for tiopronin), then the concentra-
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tion-response curves for single compounds were
firstly drawn by probit analysis and then the effect
of the combination treatment was analyzed by the
isobole method.*® Briefly, for a combination of
compounds A and B the combination index D is
calculated by the equation:

Ac  Bc

Ae  Be
where Ac and B¢ are the concentrations of the
compounds in the combination, and Ae and Be are
the concentrations of compounds which alone gave
the same magnitude of effect. If D< 1, the effect of
the combination was considered synergistic; if D=1,
the effect was considered simply additive; finally, if
D>1, the effect was considered antagonistic. Each
experiment was performed with six to 10 replicates.
Calculation of p values was performed by the
unpaired Student’s #test. Experimental D values for
additivity (sham combinations) were calculated using
combinations of two preparations of cisplatin or
tiopronin.

One way analysis of variance (ANOVA) followed
by a multiple comparison procedure (Fisher’s PLSD
test) was used for testing the significance of
differences in platinum uptake, platinum-DNA
binding and %ISCL of P388 cells in vitro and in
tumor volumes of animals bearing s.c. tumors.

Results

Cytotoxic effect of cisplatin alone, its
hydrolysis products or tiopronin and STS
on P388 cells

As expected, cisplatin and its hydrolysis products
demonstrated a high cytotoxic activity against P388
cells. The mean IC;, found for cisplatin was
0.05+0.02 uM, while for the species formed from
cisplatin by hydrolysis the mean IC5, was
0.114+0.03 uM. Tiopronin was significantly more
cytotoxic than STS, its mean ICsy being
0.096+0.024 mM versus a mean ICs, for STS much
higher than 1 mM (the percent of viable cells at this
concentration was about 100%).

Effect of tiopronin and STS on the
cytotoxicity of cisplatin

When co-incubated with cisplatin, tiopronin did not
generally interfere with the cytotoxic activity of the
antineoplastic drug. As shown in Table 1, a
moderate antagonism was seen at the lowest
cisplatin concentration used in combination with
tiopronin at doses ranging from 0.0156 to

Table 1. Cytotoxic activity of combinations of tiopronin plus cisplatin on P388 celis in vitro

Tiopronin Cisplatin concentrations (uM)

concentrations

(mM) 0.2 0.1 0.05 0.025 0.0125

0.25 D=1.26 D=0.90 D=0.78 D=0.72 D=0.69
NS? p<0.05 p<0.01 p<0.001 p<0.001
add syn syn syn syn

0.125 D=1.47 D=1.16 D=1.12 D=1.25 D=1.24

p<0.01 NS NS NS NS

ant add add add add

0.0625 D=1.32 D=1.19 D=1.16 D=1.34 D=1.69
NS NS NS NS p<0.01
add add add add ant

0.0312 D=1.23 D=0.95 D=1.09 D=1.30 D=1.76
NS NS NS NS p<0.001
add add add add ant

0.0156 D=1.14 D=0.95 D=0.94 D=1.35 D=235
NS NS NS NS p<0.001
add add add add ant

“p values were calculated according to the unpaired Student’s test by comparing D values for the combinations of cisplatin and tiopronin with
the experimental D values for additivity obtained using sham combinations of two cisplatin and tiopronin solutions (D value for additivity:
1.1340.26 (SD)}; add, additivity; ant, antagonism; syn, synergism; NS, not significant.
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0.0625 mM, as well as after combined treatment of
0.2 uM cisplatin and 0.125 mM tiopronin. Interest-
ingly, the combinations of 0.25 mM tiopronin and
cisplatin at concentrations equal to or lower than
0.1 uM resulted in a synergistic effect. In the same
culture conditions STS exhibited a significant antag-
onism when used at concentrations of 0.25, 0.125
and 0.0625 mM (Figure 1).

When drugs were incubated together for 2 h
before being added to the cells the behavior of
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Figure 1. Concentration—response curves for the cytotoxic
activity on P388 cells of cisplatin alone (ll) or administered
together with different concentrations of STS (O, 0.25 mM;
@, 0.0625 mM; O, 0.0156 mM). Data relative to some STS
concentrations (0.125 and 0.0312 mM) were omitted for
more clarity. 2p<0.001; °p<0.05; °p<0.02. Bars, SD.

120
100

& 80

©

>

£ 60 1

3

T 40

3
20 -
0

0 0.05 0.10 0.15 0.20 0.25

Cisplatin concentration (LM)

Figure 2. Concentration—response curves for the cytotoxic
activity of cisplatin (Ilf) added to P388 cells after being mixed
and incubated for 2 h at 37°C with different concentrations of
STS (O, 0.25 mM; @, 0.0625 mM; O, 0.0156 mM). Data
for STS concentrations of 0.125 and 0.0312 mM were
omitted. 2p<0.05; °p<0.001. Bars, SD.

Antitumor activity of cisplatin and tiopronin

tiopronin and STS was similar. In fact, STS reduced
the cytotoxicity of cisplatin in a concentration-
dependent manner. Cytotoxicity was nearly comple-
tely abrogated when STS was used at a concentra-
tion of 0.25 mM (Figure 2) and was still inhibited at
the concentration of 0.0156 mM. Similarly, tiopronin
significantly inhibited the cytotoxic activity of
cisplatin in most of the combinations tested (Table
2).

In a third series of experiments, cells were exposed
for 2h to tiopronin or STS, then washed and
incubated with cisplatin. In this case neither tiopronin
nor STS inhibited cisplatin cytotoxicity (data not
shown).

Assessment of platinum
accumulation into the cells and
binding to DNA

To try to explain the differences observed between
tiopronin and STS in the inhibition of cisplatin
cytotoxicity we evaluated platinum accumulation into
P388 cells treated with cisplatin incubated either with
or without tiopronin or STS (Table 3). The ratio
between tiopronin or STS and cisplatin was maintained
constant (156). While STS significantly inhibited
platinum uptake by P388 cells (about 50% inhibition
after incubation with 16 and 32 uM cisplatin), tiopronin
induced only a small, although statistically significant
(p=0.0181), reduction of platinum accumulation (about
22%) at a cisplatin concentration of 32 uM.

Assessment of platinum—DNA
binding and determination of
%ISCL

In order to analyze the influence of tiopronin on the
process of DNA platination, platinum-DNA binding
and the %ISCL were determined in vitro on P388 cells
after incubation with cisplatin and either tiopronin or
STS. Table 3 also shows that STS, unlike tiopronin,
significantly reduced the extent of platinum-DNA
binding (»=0.0001). A reduction, although not
significant, was also seen in the %ISCL. By the Fisher
PLSD multiple comparison procedure following
ANOVA a highly significant difference in platinum-
DNA binding was also observed when the associations
of cisplatin plus 1.25, 2.5 and 5 mM tiopronin were
compared to the associations of cisplatin plus 1.25, 2.5
and 5 mM STS (104+9 versus 75+ 27%, p=0.0142;
87410 versus 53+22%, p=0.0103; 87+ 16 versus
39+ 23%, p=0.0005), respectively (Table 3).
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Antitumor activity against P388 s.c. tumor in tumor volume was observed when P388 tumor-
bearing mice were treated with 300 mg/kg tiopronin
A slight (—29%), but statistically significant, reduction  alone, compared to untreated controls (1.18+0.23

Table 2. Cytotoxic activity of combinations of tiopronin and cisplatin, after prior incubation together for 2h, on P388 cells
in vitro

Tiopronin Cisplatin concentrations (uM)
concentrations
(mM) 0.2 0.1 0.05 0.025 0.0125
0.25 D=1.37 D=1.03 D=1.03 D=0.99 D=0.93
NS? NS NS NS NS
add add add add add
0.125 D=1.62 D=1.40 D=1.08 D=1.00 D=1.16
p<0.001 p<0.05 NS NS NS
ant ant add add add
0.0625 D=2.14 D=212 D=214 D=1.80 D=2.29
p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
ant ant ant ant ant
0.0312 D=2.06 D=1.98 D=214 D=273 D=3.75
p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
ant ant ant ant ant
0.0156 D=1.88 D=1.75 D=1.85 D=1.74 D=250
p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
ant ant ant ant ant

#p values were calculated according to the unpaired Student’s ttest by comparing D values for the combinations of cisplatin and tiopronin with
the experimental D values for additivity obtained using sham combinations of two cisplatin and tiopronin solutions [D value for additivity:
1.13+0.26 (SD)]; add, additivity; ant, antagonism; NS, not significant.

Table 3. Effect of tiopronin and STS on platinum uptake, total platinum binding to DNA and the %ISCL formation in P388
leukemic cells treated with cisplatin

Platinum uptake

Cisplatin (uM)?

8 16 32
Cisplatin alone 1.37+0.20 2.68+0.36 5.31+0.96
Cisplatin+tiopronin 1.124+0.13 250+044 4.33+0.98°
Cisplatin+STS 1.00+£0.19 1.35+0.07° 2.64+0.87°

Platinum—DNA binding and ISCL®

Cisplatin (16 uM) plus STS Cisplatin (16 uM) plus tiopronin
1.25mM 25mM 5mM 1.25mM 25mM 5mM
Platinum—DNA binding 75+27' 53+229 39+23" 104+9 87+10 87+16
ISCL 73+9° 64+29 62+17 871416 85+15 90+25

“Data (mean + SD) are expressed as ng PY10° cells, while the p value for the analysis of variance, evaluated by the ANOVA test followed by
Fisher's PLSD test for a multiple comparison between groups, was 0.0001. Tiopronin and STS were used at a molar concentration 156 times
higher than that utilized for cisplatin.

®p=0.0181, °p=0.0042, 9p=0.0001, as compared to cisplatin alone.

°Data (mean + SD) are expressed as percentage relative to cells treated with cisplatin alone (mean platinum-DNA binding, 7.6 +2ng Pt/ug
DNA; mean %ISCL, 5.1 +1.3%, n=6). The p values for the analysis of variance, evaluated as before, were 0.0001 for the platinum—DNA
binding and 0.1275 for the ISCL formation.

'p=0.0142, 9p=0.0103, "p=0.0005, as compared to cells exposed to cisplatin plus the corresponding concentrations of tiopronin.
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Table 4. Antitumor activity in vivo of cisplatin plus tiopronin in mice bearing s.c. P388 tumors

Treatment
Control® Cisplatin Cisplatin Tiopronin Tiopronin Cisplatin+ Cisplatin
(4 mg/kg) (6 mg/kg) (150mg/kg) (300 mg/kg) tiopronin tiopronin
(4+150mg/kg) (4+300 mg/kg)

Tumor
volume (cm®)  1.66+058° 094+031° 041+0.09% 132+031 1.18+023° 052+027' 0.45+0.119
Percent
change in
body weight
atday 7 +3.8 +0.8 +0.3 +3.3 +4.6 +2.2 —2

3Mice treated with normal saline alone.
®Tumor volume (mean + SD)=length x (width)%/2.

°p=0.0009, 9p<0.0001. ®p=0.0156, as compared to untreated control mice. 'p=0.0277, 90=0.0114, as compared to mice treated with
cisplatin alone. p values were calculated by the ANOVA analysis of variance followed by Fishers PLSD test for a multiple comparison between

groups.

versus 1.66+0.58 cm®, p=0.0156). When cisplatin was
administered at 4 mg/kg plus tiopronin at 150 and
300 mg/kg, the mean tumor volumes were significantly
smaller than in mice receiving cisplatin alone
(0.524+0.27 and 0.45+0.11 versus 0.94+0.31 cm?,
Pp=0.0277 and p=0.0114, respectively) (Table 4). The
combined in vivo treatment with cisplatin 4 mg/kg and
tiopronin produced a mean reduction in tumor volume
similar to that obtained with the highest dose of cisplatin
administered as a single agent (6 mg/kg, 0.41+
0.09 cm?), suggesting a possible potentiation of the
cisplatin activity by tiopronin. The percent change in
body weight at day 7 was not greatly different between
the groups of mice treated with cisplatin and cisplatin
plus tiopronin, although a slight decrease in body
weight was observed in animals given the combined
treatment with the highest dose of tiopronin (Table 4).

Effect of tiopronin and STS on the
cytotoxicity of hydrolysis products of
cisplatin

Tiopronin, depending on the concentrations used,
significantly inhibited the cytotoxic activity of solu-
tions containing the hydrolysis products of cisplatin
(Figure 3). Similarly, STS lowered the cytotoxic activity
of the same aquated species, and its activity was
particularly evident and significant at their highest
concentrations (data not shown).

Discussion

In previous work'> attention was focused on the
protective effect of the SH-containing compound

D values

0.0126 0025 0.05 0.1 0.2
Cisplatin hydrolysis product concentration (LM)

Figure 3. D values in the combined experiments on P388
cells involving tiopronin and cisplatin hydrolysis products,
previously mixed together and incubated for 2 h at 37°C.
The experimental mean D values for addittivity was
calculated using combinations of two serial dilutions of
tiopronin and cisplatin (mean D value: 1.13+0.26). Con-
centrations of cisplatin hydrolysis products: () 0.25, ()
0.125, (@) 0.062, (O) 0.0312 and (A) 0.0156mM.
3p<0.001, Pp<0.05, as compared to the experimental
mean D value for the sham combinations.

tiopronin on cisplatin-induced nephrotoxicity. The
results demonstrated that this drug protected rat
kidney slices against enzyme leakage and the decrease
in reduction of MTT caused by cisplatin. Preliminary
experiments in normal Wistar rats /n rvivo have
demonstrated that tiopronin, given p.o. or i.p. 1 h
before a cisplatin dose of 6 mg/kg, protected against
the nephrotoxicity induced by the platinum com-
pound.'®

The capability of SH-containing compounds, such as
dithiothreitol, sodium diethyldithiocarbamate, reduced
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GSH, i-methionine and WR-2721, to counteract the
depletion of GSH is essential for the protection they
provide. This kind of compound may serve as
precursor of glutathione, may maintain glutathione in
a reduced state and protect protein -SH groups by the
reaction of the nucleophilic sulfur atoms with the
hydration products of cisplatin. We have already
demonstrated that cisplatin, when co-incubated with
tiopronin, lowered the concentration of -SH groups,
presumably by forming a complex between these two
compounds.'® In some cases it has been observed that,
besides reducing the toxic activity of cisplatin, this
kind of reaction may also diminish its antineoplastic
efficacy. This is particularly true for STS. This
compound inactivates cisplatin in blood,”” and re-
duces its cytotoxic and antitumoral activity in vitro
and in vivo.”®*° These observations also explain the
failure of STS to increase the therapeutic index of
cisplatin in some rodent tumor models.'®>*’ In fact,
although STS can protect against the toxicity of
cisplatin and allow higher doses of cisplatin to be
given, it concomitantly and markedly reduces the
antitumor activity of cisplatin. For its clear ability to
inactivate cisplatin in such experimental conditions,
STS was chosen as the positive reference compound
for tiopronin in our experiments in vitro.

These experiments clearly show that tiopronin,
when added together with cisplatin to P388 cells,
inhibited the cytotoxicity of cisplatin only in a few
drug combinations and generally less than did STS. It is
also noteworthy that in other drug combinations,
tiopronin, used at a highly cytotoxic concentration,
was able to synergize with cisplatin. Only when
tiopronin was incubated for 2 h with cisplatin before
being added to the cells was the cytotoxicity of the
platinum compound significantly reduced, as was the
case when cisplatin was preincubated with STS. This
finding indirectly suggests that the rate of inactivation
of cisplatin by tiopronin is slower than by the
reference compound STS. The observation that both
tiopronin and STS have no effects on cisplatin
cytotoxicity, when cells were exposed to both
compounds for 2 h before being incubated with
cisplatin, indicates that the reactivity of these thiol
compounds towards cisplatin is a crucial step, but
probably not the only one, for the efficacy of these
drug combinations.

Tiopronin, unlike STS, even at a concentration
higher than that reached in plasma in vivo,'” did not
generally inhibit the platinum uptake, the platinum-
DNA binding or the %ISCL in P388 cells exposed to
cisplatin. This could explain, at least in part, the
different effect of equimolar concentrations of these
two -SH compounds on cisplatin cytotoxicity and
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suggests that the antitumor efficacy of the cisplatin
and tiopronin combination is better than cisplatin and
STS combination.?®** This possibility was verified in
vivo using the tumor model consisting of P388
leukemic cells implanted s.c. in BDF1 female mice.
In accordance with our previous experiments in rats,16
tiopronin was given p.o. 1 h before i.p. cisplatin.
Under our experimental conditions the antitumor
efficacy of a non-toxic dose of cisplatin (4 mg/kg)
was significantly increased by doses of tiopronin
which were either ineffective (150 mg/kg) or effective
(300 mg/kg) on tumor progression as single agents.
Indeed, a slight (—29%), but significant (»=0.0156)
antitumor activity was observed in mice receiving
300 mg/kg tiopronin compared to untreated animals,
whereas the single treatment with 150 mg/kg tiopro-
nin did not exhibit a significant antitumor effect. The
ability of a non-effective dose of tiopronin to improve
the antitumor efficacy of cisplatin was also observed in
a preliminary experiment performed on BDF1 female
mice bearing i.p. P388 leukemia. The combination of
150 mg/kg tiopronin p.o. and 4 mg/kg cisplatin i.p.
exhibited a considerably greater activity than did
cisplatin alone. The median survival time of tumor-
bearing mice receiving cisplatin alone was increased
by tiopronin by 186%, while the percent of survivors
at day 60 (period of observation) increased from 16.7
to 50% (unpublished observations).

The possibility that tiopronin, similarly to STS, could
inhibit the cytotoxic activity of hydrolysis products
derived from cisplatin, which significantly contribute
to the adverse effects of the parent drug,so'5 ! was
investigated in vitro. Tiopronin reduced the cytotoxi-
city of these species in murine P388 cells, presumably
by a reaction of the nucleophilic sulfur atom of
tiopronin with the hydration products of cisplatin.'> It
is of note that a similar effect was also observed when
the human A2780 ovarian cancer cell line was utilized
as target (unpublished observations). This observation
along with the indication that tiopronin may be
actively concentrated in rat kidney suggests a possible
mechanism for the previously reported reduction of
cisplatin ncphrotoxjcity.’5

The results in vivo generally confirmed the previous
ones obtained in wvitro, underlining the interesting
effect exerted by tiopronin administered in combina-
tion with cisplatin. The mechanism(s) of this pharma-
cological interaction, however, remains an open
question. Indeed, although the ability of tiopronin to
counteract the cytotoxicity of the hydrolyzed forms of
cisplatin may contribute to its nephroprotective
potential, it could not, by itself, explain how an
improved antitumor efficacy was observed in mice
receiving a non-toxic dose of cisplatin. The effect of



tiopronin on platinum-DNA binding and the ISCL
formation suggests that this -SH compound, unlike
STS, did not counteract the process of DNA platination
by cisplatin. Consequently, the antitumor activity of
cisplatin was not impaired. Nevertheless, our observa-
tions have not yet provided an insight into how an
increased antitumor activity #n vivo may be obtained
after co-administration of cisplatin and tiopronin.

Whatever the mechanism(s), the fact that tiopronin
did not show acute toxicity in mice at doses which
improve the antitumor efficacy of cisplatin in our
tumor model, along with the advantages that tiopronin
can be administered orally, that its pharmacology is
known and that its adverse effects are few and non-
fatal, are a considerable encouragement to clinical
investigation of this drug in combination with
cisplatin.
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