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Abstract

Nephrotoxicity is one of the major dose limiting side effects of cisplatin chemotherapy. The antitumor and toxic effects are mediated in
part by different mechanisms, thus, permitting a selective inhibition of certain side effects. The influence of O-(3-piperidino-2-hydroxy-1-
propyl)nicotinic amidoxime (BGP-15) — a poly(ADP-ribose) polymerase (PARP) inhibitor — on the nephrotoxicity and antitumor efficacy
of cisplatin has been evaluated in experimental models. BGP-15 either blocked or significantly reduced (60—-90% in 100-200 mg/kg oral
dose) cisplatin induced increase in serum urea and creatinine level in mice and rats and prevented the structural degeneration of the kidney, as
well. The nephroprotective effect of BGP-15 treatment was revealed also in living mice by MRI analysis manifesting in the lack of oedema
which otherwise developed as a result of cisplatin treatment. The protective effect was accompanied by inhibition of cisplatin-induced poly-
ADP-ribosylation and by the restoration of the disturbed energy metabolism. The preservation of ATP level in the kidney was demonstrated
in vivo by localized NMR spectroscopy. BGP-15 decreased cisplatin-induced ROS production in rat kidney mitochondria and improved the
antioxidant status of the kidney in mice with cisplatin-induced nephropathy. In rat kidney, cisplatin caused a decrease in the level of Bcl-x, a
mitochondrial protective protein, and this was normalized by BGP-15 treatment. On the other hand, BGP-15 did not inhibit the antitumor
efficacy of cisplatin in cell culture and in transplantable solid tumors of mice. Treatment with BGP-15 increased the mean survival time of
cisplatin-treated P-388 leukemia bearing mice from 13 to 19 days. PARP inhibitors have been demonstrated to diminish the consequences of
free radical-induced damage, and this is related to the chemoprotective effect of BGP-15, a novel PARP inhibitor. Based on these results, we
propose that BGP-15 represents a novel, non-thiol chemoprotective agent. ©© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Cisplatin is one of the most frequently used anticancer
agents. It is highly effective against ovarian, testicular,
bladder, head and neck, osteogenic and uterine cervics
carcinomas. Unfortunately, high-dose cisplatin therapy is
often accompanied by serious side effects affecting the
kidney, peripheral neurons, and cochlea, which may force
termination of the treatment or dose reduction.

Cisplatin-induced renal toxicity is characterized by
reduced renal blood flow and proximal tubule injury. Inten-
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sive hydration in combination with forced diuresis, addition
of hypertonic saline, and the use of chemoprotective agents
provide some protection against cisplatin-induced nephro-
toxicity [1]. Most of the chemoprotective agents in clinical
use for reducing side effects of cisplatin, such as amifostine,
diethylthiocarbamates, sodium thiosulfate and glutathione
possess thiol group. Of these drugs, amifostine has gained
the most widespread clinical application. Amifostine is a
prodrug, which is converted by membrane bound alkaline
phosphatases to a free sulthydryl containing compound, and
this binds directly to active derivatives of cisplatin [2].
However, neither amifostine nor other treatments provide
complete protection against the nephrotoxic effect of cis-
platin, especially against long-term damages.
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The exact mechanism of cisplatin-induced nephrotoxicity
is not yet clear. Cisplatin generates reactive oxygen species
(ROS), superoxide anions and hydroxyl radicals [3,4],
which in turn cause oxidative damage in the kidney
[5,6]. The protective effect of free radical scavengers and
antioxidants in cisplatin-induced nephrotoxicity supports
the central role of oxidative damage in the pathomechanism
of the disease [7]. Mitochondria, where endogenous free
radicals are mostly generated are also affected by cisplatin.
It has been proposed that mitochondrial dysfunction and an
increased release of free radicals may directly contribute to
cytotoxicity during cisplatin chemotherapy [8]. Reactive
oxygen species induce single-strand DNA breaks, which, in
turn, activate nuclear PARP (E.C. 2.4.2.30). Indeed, activa-
tion of PARP has been observed in cisplatin-treated cells [9].
Excessive PARP activation depletes its substrate, NAD™ and
subsequently ATP, which eventually leads to cell death.
PARP inhibitors can prevent overactivation of the enzyme
and the subsequent energy crisis thereby saving the cell.
Indeed, beneficial effects of PARP inhibition have been
documented in various diseases where oxidative damage
plays an important role in the pathomechanism.

BGP-15, is a nicotinic amidoxime derivative with PARP
inhibitory activity. It has been demonstrated that BGP-15
protects against ischemia-reperfusion injury [10]. In the
present paper, we investigated the effect of BGP-15 on the
nephrotoxicity and antitumor activity of cisplatin in rat and
mouse experimental models.

2. Materials and methods
2.1. Animals

NMRI CV1 mice for the nephrotoxicity studies, BD2F1
mice for the tumor studies, and Wistar rats were purchased
from Charles River Hungary Breeding Ltd. The animals
were kept under standardized conditions; tap water and rat
chow were provided ad libitum. Animals were treated in
compliance with approved institutional animal care guide-
lines.

2.2. Chemicals

Cisplatin-TEVA and Amifostine were obtained from
TEVA Pharma and Schering-Plough Ltd., respectively.
Thiopental sodium and diazepam were purchased from
Byk Gulden (Germany) and Richter (Hungary). All other
chemicals were purchased from Sigma. Cell culture tools
were Falcon and Corning products. BGP-15 was synthe-
sized in the Institute for Drug Research Ltd., Hungary.

2.3. Cisplatin-induced nephrotoxicity model

Nephrotoxicity was induced in mice and rats by single
and repeated administration of cisplatin. Mice received

20 mg/kg (i.p.) cisplatin in single dose experiments, and
3.8 mg/kg per day or 5 mg/kg per day cisplatin for 5
consecutive days i.p. in the repeated dose experiments.
In rats, repeated doses of cisplatin (5 x 2 and 5 x 2.5 mg/
kg doses) were used to induce nephropathy.

Dosing schedules in experiments were as follows:

1. Groups of six mice were treated with a single 20 mg/
kg, i.p. dose of cisplatin with and without BGP-15
(100 mg/kg, p.o.). Animals were sacrificed on day 4.

2. Groups of 10 mice were treated with two doses of
cisplatin (3.8 and 5 mg/kg, i.p.) with and without BGP-
15 (200 mg/kg, p.o.) for 5 consecutive days. BGP-15
treatment continued for 2 additional days. Animals
were sacrificed on day 7.

3. Groups of 10 rats were treated with cisplatin (2 mg/kg,
i.p.) with and without BGP-15 (100, 200 mg/kg, p.o.)
for 5 consecutive days. BGP-15 treatment continued
for 2 additional days. Animals were sacrificed on day
11.

4. B-16 tumor bearing mice were treated as in the second
experiment.

Renal damage was assessed by monitoring blood urea
and serum creatinine levels, and by histological and MRI
analysis. Urea and creatinine levels were determined by UV
photometry [11,12] and by Jaffe’s kinetic method [13,14],
respectively. Formalin-fixed, paraffin-embedded kidney
sections were stained with hematoxylin—eosin. Tissue sec-
tions were evaluated under a light microscope, and damage
scores were determined by an examiner who was blind to
the experiment. Tubular degeneration was classified by
their extent as focal (effecting only a part of the tubulus)
or diffuse (effecting several tubuli) and by their severity as
(1) mild, (2) moderate, (3) severe (including focal necrosis).
The differences between total scores of the groups were
examined with Kruskal-Wallis ANOVA test.

BGP-15 was dissolved in water or physiological saline
and administered 15-30 min prior to cisplatin treatment.
Amifostine was used as a reference chemoprotective agent,
and was administered i.p. according to the same schedule
as BGP-15.

2.3.1. MRI analysis

Groups of five mice were treated with 5 mg/kg cisplatin
(i.p.) for 5 consecutive days with and without BGP-15
(100 mg/kg, p.o.). The mice were sedated on day 7 with a
mixture of thiopental sodium (25 mg/kg) and diazepam
(5§ mg/kg) administered i.p. and were placed into an epoxy
resin animal holder tube.

MRI measurements were performed on a Varian
UNITYINOVA 400 spectrometer (Varian, Inc.) with a
89 mm vertical bore magnet of 9.4 T (Oxford Instruments
Ltd.) using a 35 mm inner diameter hollow microimaging
probe with built-in self-shielded gradient system up to
400 mT/m (Doty Scientific, Inc.). After tuning, shimming
(*H linewidth of ~150 Hz) and RF calibration, the location
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of the kidneys was determined using a multislice spin-echo
sequence (TR = 1000 ms, TE = 12 ms). T,-weighted
images were recorded using multislice spin-echo sequence
(4.0 ms sinc pulses, TR = 3000 ms, TE = 50 ms, slice
thickness = 1 mm, FOV = 30mm X 30 mm, acquisition
matrix 128 x 128). One average was taken and images
were reconstructed as 256 x 256 matrices.

2.4. Evaluation of the poly(ADP-ribose) content
and energy metabolism in the kidney

2.4.1. Western blot analysis of poly-ADP-ribosylation

Group of four C57BI mice were treated on 5 consecutive
days with cisplatin (3.8 mg/kg, i.p.), cisplatin (same dose)
in combination with BGP-15 (100 mg/kg, p.o.) or vehicle.
On the following day animals were sacrificed and kidneys
were excised and homogenized in cold buffer containing
10 mM Tris—HCI, pH 8.0, 2mM DTT, 0.1 mM PMSF,
10 pg/mL leupeptin and 0.25 mM sucrose then samples
were centrifuged for 5 min at 14,000 g and the pellet was
resuspended in the same buffer. Protein concentration was
determined with Bradford assay and 40 pg of protein were
loaded on SDS-PAGE gel. Protein was transferred to
Hybond-P membrane (Amersham) and was incubated with
1:2000 dilution of anti-poly(ADP-ribose) polyclonal anti-
body (LP96-10, Biomol). Specifically bound antibody was
visualized with peroxidase-conjugated anti-rabbit antibody
and with enhanced chemiluminescence reagent (Amer-
sham). Films were scanned and integrated density was
evaluated by the ImageTool program Version 2 (University
of Texas).

2.4.2. Analysis of energy metabolism
by localized 3'P NMR spectroscopy

Measurements were performed on a Varian
UNITYINOV A 400 spectrometer with a 89 mm vertical bore
magnet of 9.4 T field strength using a 35 mm inner dia-
meter hollow multinuclear microimaging probe with Litz
volume coil for 'H studies, R1T volume coil for 3!'P studies
and built-in self-shielded gradient system up to 400 mT/m
(Doty Scientific, Inc.).

Mice were divided into three groups. The first (control)
group was injected with saline intraperitoneally. The sec-
ond group was injected with 3.8 mg/kg per day cisplatin
intraperitoneally. The third group was injected i.p. with
3.8 mg/kg per day cisplatin and 100 mg/kg per day BGP-
15 orally. After 5 days treatment, mice underwent localized
NMR spectroscopic experiments. Before spectroscopy,
mice were anaesthetized by urethane.

In vivo localized 3'P NMR spectra were recorded by
employing the ISIS pulse sequence (repetition
time = 4000 ms, middle interval = 1 ms, adiabatic Gaus-
sian inversion pulses and 90° square readout pulses) after
planning the voxels of interest using spin-echo scout
images (repetition time = 1000 ms, echo time = 12 ms)
recorded in transversal and coronal orientations. Voxels

(typically 6 mm x 4 mm x 2 mm) were planned to contain
kidney tissue only (see Fig. 7a). For all kidneys, phos-
phorus metabolite levels were quantified after deconvolu-
tion of the spectra using Vnmr 6.1B software (Varian Inc.)
provided with the spectrometer. In order to maintain non-
invasive conditions, no internal standard was used; there-
fore, sample-to-sample comparisons of the metabolite
levels would not be reliable enough. Thus, ratios of the
metabolites (ATP/ADP ratio, ATP/P; ratio and phosphor-
ylation potential [ATP/(ADP-P;)]) were calculated for each
kidney. Data were expressed as mean + SEM, statistical
analysis was performed by ANOVA.

2.5. Evaluation of the antioxidant status in nephropathy

2.5.1. Determination of renal glutathione content

Groups of five CD-1 mice were treated with 5 mg/kg
cisplatin i.p. for 5 consecutive days either by itself or in
combination with 100 mg/kg BGP-15. BGP-15 was admi-
nistered orally. On day 7, the kidneys were perfused with
cold physiological saline and renal GSH content was
determined according to Beutler ef al. [15].

2.5.2. Determination of renal superoxide dismutase
and catalase activity

Groups of six CD-1 mice were treated as above, but
BGP-15 was applied in 200 mg/kg dose. Renal catalase
activity was measured by the method of Aebi [16]. Briefly,
tissue extract was prepared in phosphate-EDTA buffer.
Ethanol (20 pL) was added to 200 pL extract and the
mixture was kept on ice for 30 min, then 20 pL. Triton
X-100 was added. In all, 250 pLL of treated extract was
added to equal volume of 0.066 M H,0, and change of the
optical density was measured at 240 nm for 30s. The
molar extinction of 43.6 M/cm was used to calculate
catalase activity.

SOD activity was determined according to the method of
Misra and Fridovich [17]. Tissue extract was added to
880 uL sodium carbonate (0.05M, pH 10.2; 107*M
EDTA) buffer. Then 20 pL. of 30 mM epinephrine (dis-
solved in 0.5% acetic acid) was added to the reaction
mixture. The production of adrenochrom was measured
at 480 nm for 4 min at 30°. SOD activity is expressed as the
amount of enzyme that inhibits the autooxidation of epi-
nephrine by 50%.

2.5.3. Protein assay

Protein concentration of kidney homogenates was deter-
mined by Bradford reagent (Sigma) according to the
manufacturer’s recommendation, using serum albumin
as standard.

2.6. Evaluation of the Bcl-x(L) content of the kidney

Kidney samples were homogenized in 20 mM Tris—HCI
buffer, pH 7.4 containing 3 mM EDTA, 5 mM mercap-
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toethanol and 1% SDS with Ultra Turrax homogenizer.
After the addition of 1% bromphenol blue, samples were
boiled for 2 min and clarified by centrifuging (8000 g for
2 min). Sodium dodecylsulfate-polyacrylamide gel elec-
trophoresis was carried out on 12% gel. A low molecular
weight calibration kit (Pharmacia) was used for estimation
of the molecular weight. For immunoblotting, separated
proteins were transferred to nitro-cellulose filters. The
filters were blocked with 2% no-fat milk in TBS
(150 mM NaCl, 20 mM Tris-HCIl, pH 7.5) containing
1% polyethylene glycol 6000, and incubated with anti-
Bcl-x(L) (monoclonal antibody) or anti-lactate dehydro-
genase polyclonal antibodies diluted in the same solution.
Adsorbed IgG was detected by either anti-mouse IgG
peroxidase complex or anti-rabbit IgG peroxidase complex
and visualized by enhanced chemiluminescence (ECL)
method. Western blot data were analyzed by ImageTool
image processing program.

2.7. Evaluation of the ROS production in rat
mitochondria

ROS formation was detected using the oxidation-sensi-
tive non-fluorescent probe dihydrorhodaminel23, which
can be oxidized by ROS to fluorescent rhodamine123 [18].
Cisplatin and cisplatin + BGP-15 (100 mg/L) were added
to isolated rat kidney mitochondria in the presence of 1 uM
dihydrorhodamine123 and the formed rhodamine123 was
monitored by a Perkin-Elmer fluorescence spectroscope at
an excitation wavelength of 496 nm and an emission
wavelength of 536 nm.

2.8. Antitumor assays

2.8.1. In vitro cytotoxicity assay

Human tumor cell lines A549, HCT-15, HCT-116, and
Du-145 were maintained in RPMI 1640 medium supple-
mented with 10% FCS in humidified air containing 5%
CO,. For in vitro cytotoxicity assays, 5 x 10° to 5 x 10*
cells were plated into the wells of 96-well plates in 100 pL
culture medium. On the following day, cells were exposed
to BGP-15 (10, 30, 100 pg/mL) and to a series of con-
centrations of cisplatin either by itself or in combination.
Cultures were incubated in a total volume of 200 puL
for 3 more days at 37°. Samples were prepared in dupli-
cates or triplicates. Cell growth was evaluated by MTT or
SRB assays [19]. Growth inhibition curves were calcu-
lated.

2.8.2. Transplantable mouse tumors

Transplantable mouse tumors S-180 sarcoma, B-16
melanoma, and P-388 leukemia were obtained from the
National Cancer Institute (Frederick) and tumors were
maintained by serial subcutaneous and intraperitoneal
transplantation. B-16 and S-180 tumors were transplanted
by tissue homogenate containing 50 mg tumor tissue or 10°

tumor cells. Treatment of animals started when the trans-
planted tumors reached 3—5 mm in diameter. Tumor sizes
were either measured percutaneously with a caliper and
tumor volumes were calculated from the perpendicular
diameters or tumors were excised at the termination of the
experiment and tumor weights were measured.

P-388 leukemia was transplanted by 5 x 10° cell
i.p. Cisplatin treatments (10 mg/kg, i.p.) were applied on
days 3 and 10. BGP-15 was administered in 100 mg/kg
daily oral doses from the third day throughout of the
experiment. Survival time was recorded till the 35th day
of the experiment.

3. Results
3.1. Effect on nephrotoxicity

The applied single and repeated dose cisplatin treatment
resulted in reproducible renal damage both in mice and rats
as evidenced by increased blood urea (25-50 mmol/L) and
serum creatinine (100-300 pmol/L) levels. In mice,
administration of BGP-15 in 100 mg/kg oral dose pre-
vented the single dose (20 mg/kg, i.p.) cisplatin induced
increase in urea and creatinine levels on day 4 (Fig. 1).
Similarly to single application, administration of BGP-15
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Fig. 1. Effect of cisplatin (20 mg/kg, i.p.) and cisplatin + BGP-15
(100 mg/kg, p.o.) on serum creatinine (a) and blood urea (b) concentration
in mice 4 days after treatment. Mean values &= SEM are shown. The
asterisk (x) values are different (P < 0.05) as compared to BGP-15-treated
and control groups.
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Fig. 2. Serum creatinine (a) and urea (b) concentrations in cisplatin-
induced acute renal failure. Mice were treated for 5 consecutive days with
cisplatin (3.8/C3.8 and 5.0/C5/mg/kg, i.p.), cisplatin + BGP-15 (200 mg/
kg, p.0./C3.8 + BGP and C5 + BGP) and cisplatin 4 amifostine (200 mg/
kg, i.p./C3.8 + amifostine and C5 + amifostine). The concentration of
serum creatinine and urea was evaluated on day 7. Mean values + SEM are
shown. Values are different (P < 0.05) as compared to control (x), 3.8 mg/
kg cisplatin (+), and 5 mg/kg cisplatin (#).

in 200 mg/kg oral dose almost completely blocked the
increase in urea and creatinine levels when it was induced
by repeated doses of cisplatin (5 x 3.8 mg/kg). When
cisplatin was used at higher doses (5 x 5 mg/kg), BGP-
15 inhibited the effects of cisplatin by more than 50%
(Fig. 2). Intraperitoneally administered amifostine
(200 mg/kg) had a similar protection against cisplatin-

induced nephrotoxicity (Fig. 2). The nephroprotective
effect of BGP-15 treatment was somewhat less pronounced
in rat than in mice, but it still resulted in a substantial and
significant protection as suggested by changes in blood
urea and serum creatinine levels (Fig. 3).

Histological examination revealed focal tubular degen-
eration in mice after low dose (3.8 mg/kg) cisplatin treat-
ment. Treatment with higher (5 mg/kg) cisplatin dose
morphological signs of extensive tubular degeneration
were manifested, which were largely prevented by BGP-
15 (Fig. 4). The score values of histological alterations are
listed in Table 1. This valuation also demonstrates that
BGP-15 significantly alleviates morphological alterations
(Kruskal-Wallis, P = 0.02).

MRI analysis of mice kidney have demonstrated that T;-
weighted transverse spin-echo images (TR = 1000 ms,
TE = 12 ms, 118 pm x 118 um x 1 mm resolution) were
rather indistinguishable. In contrast, T,-weighted trans-
verse spin-echo images (TR = 3000 ms, TE = 50 ms,
same resolution) showed marked differences in the per-
ipheral regions of the kidneys (Fig. 5). In control animals,
the kidney tissues appeared to be rather homogeneous,
whereas animals treated with cisplatin showed marked
increase of intensity in the peripheral regions, probably
due to an increase in the ‘““free’” water content (oedema) of
the tissues. In animals treated with cisplatin and BGP-15,
the increase in intensity was considerably smaller.

Cisplatin treatment resulted in serious general toxicity
and lethality. The primary cause of lethality in mice was
gastrointestinal damage rather than renal failure. Daily
administration of 200 mg/kg BGP-15 during 5 x 3.8 mg/
kg, i.p. cisplatin treatment increased the survival rate from
5/15 to 9/15 (P = 0.06).

3.1.1. Effect on the poly(ADP-ribose) content

The applied cisplatin treatment significantly increased
the poly(ADP-ribose) content of the kidney (Fig. 6). The
means + SEM of integrated densities in arbitrary units

Table 1
Individual and total score values of tubular degeneration in the kidney section of mice
Control Treatment
Cisplatin 5 x 5 mg/kg, i.p. Cisplatin 5 x 5 mg/kg, i.p. + BGP-15 5 x 100 mg/kg, p.o.
Focal Diffuse Focal Diffuse Focal Diffuse
0 0 0 3 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 2 0 0
1 0 0 3 1 0
Total score
1 0 1 9 1 0

Mice were treated for 5 consecutive days with 5 mg/kg cisplatin intraperitoneally with and without the addition of BGP-15 in 100 mg/kg daily oral dose.
Kidneys were removed on day 7. Focal and diffuse tubular degenerations were scored separately as follows: (0) no specified change, (1) mild change,
(2) moderate change, (3) severe change. The difference between the total scores of the cisplatin- and cisplatin + BGP-15-treated groups is significant

(P = 0.02, Kruskal-Wallis ANOVA).
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Fig. 3. Serum creatinine (a) and urea levels (b) in cisplatin-induced nephrotoxicity. Rats were treated for 5 consecutive days with cisplatin (5 x 2 mg/kg, i.p.),
cisplatin + BGP-15 (100, 200 mg/kg, p.o.) or cisplatin + amifostine (50 mg/kg, p.o.). Serum creatinine levels were evaluated on day 10. Mean values &+ SEM

are shown. Values are different (P < 0.05) as compared to control (x), 2 mg/kg cisplatin treatment ().

were the following: cisplatin, 80.1 & 8.1; cisplatin + BGP-
15, 50.3 £ 10.2; control, 46.6 £ 11.3. BGP-15 treatment
normalized the elevated poly-ADP-ribosylation.

3.1.2. In vivo determination of phosphorus metabolite
levels by localized 3'P NMR spectroscopy

Selection of the area for localized *'P NMR spectro-
scopy is demonstrated in Fig. 7a. Representative spectra
are shown in Fig. 7b indicating that cisplatin causes a
decrease in ATP level. BGP-15 treatment combined with
cisplatin prevents the ATP decreasing effect of cisplatin.
Quantitative data analysis is presented in Table 2. Data

Table 2

show that cisplatin induced decrease in ATP/ADP ratio,
ATP/P; ratio and phosphorylation potential. These changes
were reverted by BGP-15 treatment.

3.1.3. Influence on the antioxidant status of the kidney

Glutathione level was by 31% (P < 0.05) higher in
animals treated with cisplatin + BGP-15 as compared to
that in cisplatin-treated groups. The same cisplatin treat-
ment had no significant influence on SOD activity, while
catalase activity was 30% higher (P < 0.05) in cisplatin +
BGP-15-treated group than in the cisplatin-treated group
(data not shown).

Quantitative determination of ATP/ADP ratio, ATP/P; ratio and phosphorylation potential in mice kidneys in vivo

Metabolite ratio Control Cisplatin Cisplatin + BGP-15
ATP/ADP 275 £ 021 1.91 £ 0.20 272 £0.18

ATP/P; 1.63 + 0.06 1.20 + 0.05 1.61 + 0.06
ATP/(ADP-P;) (1.13 + 0.09) x 1073 (0.61 + 0.08) x 1072 (1.10 + 0.07) x 1073

Animal treatments and in vivo determination of metabolite levels by localized 3'P NMR spectroscopy is described in Section 2. Values are mean + SEM
for five animals. Significant difference could be observed for control vs. cisplatin-treated (P < 0.05) and cisplatin-treated vs. cisplatin + BGP-15-treated

animals (P < 0.05).
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Fig. 4. Histology of the kidney. Mice were treated with 5 mg/kg cisplatin
i.p. for 5 days either with or without the addition of BGP-15 (100 mg/kg
per day, p.o.). Kidneys were removed on day 7. Sections were stained with
hematoxilin—eosin. The tissue of normal kidney is shown in (a). Cisplatin
treatment (b) results in oedomatous tissue, atrophic epithelium of tubuli
and tubular degeneration (arrows). BGP-15 largely prevents the effects of
cisplatin (c). Original magnification 300x.

3.1.4. Effect on the Bcl-x content of kidney

Western blot analysis of kidneys of cisplatin-treated
animals showed a significant (about 80%) decrease in
Bcl-x quantity as compared to that in control tissue, which
may contribute to the defective function of mitochondria
following cisplatin treatment. Combined treatment of ani-
mals with cisplatin and BGP-15 abrogated the cisplatin-
induced decrease in Bcl-x content (Fig. 8).

Table 3
Effect of cisplatin on the mitochondrial ROS production in rat kidney
mitochondria

Cisplatin (M) Rhodamine123 fluorescence in arbitrary units

0* 100*

0 04 +£03 03 +02
37.5 9.0 £0.5 7.5 £ 0.4*
75 11.7 £ 04 10.7 £ 0.3

150 14104 114 £ 0.5*%
300 152 £ 0.5 13.4 £ 0.4*

Values are means = SEM for five experiments.

# Concentration of BGP-15 in mg/L.

* Values are different (P <0.05) between BGP-15 treated and
untreated samples.

3.1.5. Effect on mitochondrial ROS production

Mitochondrial ROS production was detected by deter-
mining the oxidation of non-fluorescent dihydrorhoda-
minel23 to fluorescent thodamine123. It was found that
cisplatin treatment increased the mitochondrial ROS for-
mation in a dose-dependent manner, and this was moder-
ately decreased by BGP-15 (Table 3).

3.1.6. Effect on antitumor activity

BGP-15 did not have significant effects on the dose—
growth inhibition curve of cisplatin in vitro in A549, HCT-
15, HCT-116, and Du-145 human tumor cell lines (data not
shown). The influence of BGP-15 on the antitumor activity
of cisplatin in vivo was evaluated in three transplantable
mouse tumors. Cisplatin and cisplatin + BGP-15 treat-
ments resulted in 87 and 95% growth inhibition of the
S-180 sarcoma 16 days after tumor transplantation. Tumor
growth curves are shown in Fig. 9a. In B-16 melanoma
bearing mice, cisplatin treatments (5 x 3.8 and 5 x 5 mg/
kg, i.p.) inhibited tumor growth by 69 and 80%, respec-
tively (Fig. 9b). Combined treatment with BGP-15 resulted
in 79 and 81% growth inhibition (Fig. 9b). The nephrotoxic
side effect of cisplatin was fully inhibited by BGP-15 in
tumorous animals (data not shown) as well. In P-388
mouse leukemia combined treatment significantly
increased the average survival time and the rate of long-
term survival (Fig. 10) (Wilcoxon test, P = 0.027).

4. Discussion

The effect of BGP-15 was evaluated on cisplatin-
induced nephrotoxicity and antitumor activity. BGP-15
administered in 100-200 mg/kg oral doses shortly before
cisplatin treatment either prevented or significantly inhib-
ited the development of cisplatin-induced acute renal fail-
ure as evidenced by functional and morphological findings.
The nephroprotective effect was accompanied by the nor-
malization of the cisplatin induced increase in poly-ADP-
ribosylation and by the preservation of ATP level in the
kidney. BGP-15 had a significant effect on the antioxidant
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Fig. 5. Effect of cisplatin treatment on T - and T,-weighted image of mice kidney. T,-weighted transverse spin-echo images (TR = 1000 ms, TE = 12 ms,
118 um x 118 um x 1 mm resolution) were rather indistinguishable (right). T»-weighted images of kidneys (left) in cisplatin-treated (middle), cisplatin +
BGP-15-treated (lower) and untreated (upper) mice are shown. Kidney of cisplatin-treated mice showed marked increase of intensity in the peripheral regions
(arrow). In animals treated with cisplatin and BGP-15 the increase in intensity was considerably smaller. For imaging parameters see Section 2.

Cisplatin Cisplatin + BGP-15 Control

Fig. 6. Analysis of poly-ADP-ribosylation in the kidney. Equal amount of kidney proteins were separated on SDS-PAGE gel and were transferred to Hybond-
P membrane. Poly-ADP-ribosylation was detected by anti-poly(ADP-ribose) polyclonal antibody (LP96-10) and it was visualized with enhanced
chemiluminescence reagent.
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Fig. 7. (a) The voxels of interest for two subsequent localized experiments are marked with rectangles in a typical spin-echo scout image (TR = 1000 ms,
TE = 12 ms) representing a transversal slice of a mouse abdomen. (b) Representative spectra of localized NMR spectroscopy. The observed peaks represent
the following species: P; (ca. 5 ppm), creatine phosphate (0.0 ppm), y-ATP + B-ADP (—2.5 ppm), a-ATP + o-ADP + NAD" + NADH (—7.5 ppm), 3-ATP

(—16 ppm). (1) Control, (2) cisplatin, (3) cisplatin + BGP-15.

status of kidney during cisplatin-induced nephrotoxicity. It
elevated the decreased glutathione and catalase levels, but
did not affect SOD activity. BGP-15 treatment decreased
the cisplatin-caused ROS production and restored the level
of high energy phosphate intermediates. While BGP-15
protected against cisplatin-induced nephrotoxicity, it did
not reduce the antitumor efficacy of this cytostatic agent.
Tumor growth inhibition by cisplatin was identical in the
presence and absence of BGP-15 in several cancer cell
lines and in two transplantable solid mouse tumors (S-180,
B-16). In addition, BGP-15 increased the survival of
cisplatin-treated P-388 leukemia bearing mice.

Reduced renal blood flow and proximal tubular injury
are considered as primary tissue alterations in the patho-
genesis of cisplatin-induced nephrotoxicity. The exact

subcellular and molecular targets and the precise mechan-
ism of damage are being debated. A series of relevant
observations indicate that generation of free oxygen radi-
cals in tubular cells plays a crucial role in the pathogenic
process [6,20]. Increased level of oxygen radicals (super-
oxide anion and hydroxyl radicals) was observed after
cisplatin treatment [3]. It has been suggested that cisplatin
induced release of free iron may have a role in the gen-
eration of ROS [21]. Free radical scavengers and antiox-
idants, such as SOD [22], a-tocopherol, ascorbic acid,
ebselen, and glutathione protect against cisplatin-induced
nephrotoxicity, whereas buthionine sulfoximide, a GSH
depleting compound potentiates that [23]. Depletion of
GSH below a critical level seems to trigger lipid peroxida-
tion and further alterations in mitochondria [24].
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Fig. 7. (Continued).

Decreased SOD, catalase, glutathione-peroxidase activ- cause DNA damage both directly and indirectly through
ities have been observed after cisplatin treatment, which the elevated level of ROS [9,18]. DNA damage triggers a
diminishes the ability of the kidney to neutralize H,O, and series of adaptive and repair mechanisms including the
lipid peroxides [7]. Anticancer or anti-viral drugs can activation of PARP. PARP has a dual role in response to

Bcl-x(L)
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Fig. 8. Effect of cisplatin and BGP-15 treatment on the Bcl-x content of mice kidney mitochondria. Lanes: 1, 2 control; 3, 4 cisplatin-treated; 5, 6
cisplatin + BGP-15-treated. The lanes were loaded with equal amount of protein. Control protein: LDH.
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Fig. 9. Effect of BGP-15 on the antitumor activity of cisplatin in S-180 mouse sarcoma (a) and B-16 mouse melanoma (b). Tumor cells were transplanted
subcutaneously. Tumor size was measured with a caliper (S-180) or the weight of the excised tumor was determined 7 days after the cisplatin treatment
(B-16). Treatment: (a) ((J) control, (A) cisplatin 10 mg/kg, i.p., (@) cisplatin 10 mg/kg i.p. + BGP-15 200 mg/kg, p.o., (b) C3.8, C5 =5 x 3.8 mg/kg and
5 x 5 mg/kg cisplatin i.p., C3.8 + BGP-15, C5 + BGP-15 =5 x 3.8 mg/kg, or 5 x 5 mg/kg cisplatin + 200 mg/kg BGP-15 p.o. daily. Data represent
mean + SEM. The asterisk () values are different (P < 0.05) relative to control (ANOVA Post-hoc Duncan).

DNA damage. It recognizes DNA breaks and binds to participates in averting cell damage, its excessive activa-
histones at the damaged site. Poly-ADP-ribosylation of tion can have deleterious effect, as well. This is due to an
histones destabilizes the chromatin structure and makes it abnormally increased consumption of NAD™ that PARP
accessible to DNA repair enzymes thereby initiating the uses for building up poly(ADP-ribose) chains. This activity

assembly of the DNA repair complex [25]. Whereas PARP leads to depletion of cellular NAD ™, and subsequently ATP

P388 MOUSE LEUKEMIA
120

— 2x10mg/kg cisplatin i.p.
100 . ==~ 2x10mg/kg cisplatin i.p.+BGP-15(100mg/kg)

N +--- control

80

60
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Survival (%)

20

5 10 15 20 25 30 35 40
SURVIVAL/DAY
Fig. 10. Effect of BGP-15 on the antitumor efficacy of cisplatin in P-388 mouse leukemia. Mice were injected with 5 x 10° leukemia cells i.p. Cisplatin

treatment started on the third day. The difference in survival time between cisplatin- and cisplatin + BGP-15-treated groups was compared with Wilcoxon test
(P = 0.02683).
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resulting in metabolic collapse and eventually in cell death
[26-28].

It has been demonstrated that PARP inhibition is ben-
eficial in various conditions with oxidative injury (hypoxia-
reoxygenation, streptozotocin-induced diabetes, and
inflammation) [10,29,30]. The PARP inhibitor and tissue
protective effect of BGP-15 against oxidative damage has
been demonstrated in several in vitro and in vivo systems
[10]. In this study, we have shown that BGP-15 inhibits the
cisplatin-induced poly-ADP-ribosylation in the kidney. At
the same time, BGP-15 restored the cisplatin-induced
disturbance in energy metabolism and preserved the
ATP level in the protected tissue. This activity may well
be the most important mechanism of this protection. In
addition, BGP-15 can directly protect the mitochondria
[10]. Considering the role of oxidative damage in the
nephrotoxic effect of cisplatin, it is not surprising that
PARP inhibitors can alleviate these side effects. To our best
knowledge, the present work provides the first experimen-
tal evidence for it. Furthermore, the protection of renal
GSH content indicates that PARP inhibition has beneficial
influence on the antioxidant status in cisplatin-induced
oxidative stress. The observed modest inhibition of cis-
platin induced increase in ROS production by mitochon-
dria and the prevention of the loss of Bcl-x are in
accordance with the proposed mechanism of BGP-15.
The increased catalase activity may contribute to the
nephroprotective effect, but further study is needed to
determine whether this change is a cause or rather con-
sequence of the nephroprotective effect.

A very important observation is that BGP-15 does not
diminish the antitumor activity of cisplatin in several in
vitro and in vivo systems. Furthermore, co-administration
of BGP-15 increased the survival of cisplatin-treated P-388
leukemia bearing mice. A possible explanation for this
observation is that cisplatin affects DNA both directly and
indirectly. The antitumor activity of cisplatin depends on
its direct interaction with the DNA. The cisplatin—-DNA
adducts are repaired primarily by nucleotide excision
repair, a process which is PARP independent [31]. Cispla-
tin, however, also inflicts a less specific damage to the
genetic material via ROS generation. The cisplatin-
induced oxidative damage should affect tumor tissues less
seriously for several reasons. Tumors usually grow in
hypoxic environment, they contain a greatly reduced
number of mitochondria and rely mostly on glycolysis
for energy. These conditions do not favor the generation of
free radicals. The cisplatin-induced, ROS-mediated
damages affect predominantly well-oxygenated normal
tissues like the kidney, where the cisplatin concentration
is especially high. Inhibition of PARP prevents an exces-
sive activation of the enzyme in normal cells which would
otherwise cause an energy crisis and subsequently cell
death.

The presented data suggest that BGP-15 is a potentially
effective chemoprotective agent, which can prevent

nephrotoxicity of cisplatin without compromising its anti-
tumor activity. BGP-15, which is not a sulthydryl group-
based scavenger, represents a new type of chemoprotective
compounds. The chemoprotective activity of BGP-15
seems to rely on the modulation of PARP activity. Further-
more, considering the mitochondrion-protective effect of
PARP inhibitors [10,26], and the protective activity of
BGP-15 against the AZT-induced mitochondrial damage
[32], the chemoprotective activity of BGP-15 presumably
involves direct protection of mitochondria as well. Efficacy
of BGP-15 is comparable to that of amifostine, the most
frequently used chemoprotective agent. It is, however, a
clear advantage that BGP-15 is active orally, whereas
amifostine should be administered intravenously. Our most
recent data indicate that the chemoprotective activity of
BGP-15 is not limited to cisplatin but exists in combination
with other antitumor agents, as well.
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