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Abstract—The possible role of lipid peroxidation in the nephrotoxicity of the antitumour drug cisplatin
was studied in vitro. In contrast to Adriamycin®, cisplatin did not induce lipid peroxidation in rat kidney
microsomes containing a NADPH-generating system. Pretreatment of rat kidney microsomes with
cisplatin did not reduce the activity of a microsomal glutathione (GSH)-dependent protective factor
against lipid peroxidation induced by Fe?*-ascorbate. However, pretreatment of rat kidney microsomes
with 0.1 mM N-ethyl maleimide (NEM) did reduce this GSH-dependent protection. Cisplatin also did
not reduce the activity of a cytosolic GSH-dependent protective factor against Fe?*-ascorbate-induced
lipid peroxidation. The results of our experiments indicate that, in contrast to Adriamycin, cisplatin
does not induce lipid peroxidation in vitro in various test systems. It also does not destroy microsomal
and cytosolic GSH-dependent protective factors against lipid peroxidation.

Cisplatin is an important anti-neoplastic drug which
is used against several types of tumour, especially
of the testis and ovary [1]. The dose-limiting side-
effect of cisplatin chemotherapy is nephrotoxicity
[2, 3]. Pathological lesions are predominant in the
S;-segment of the proximal tubule, localized in the
outer stripe of the outer medulla [2].

The molecular mechanism of the nephrotoxicity
induced by cisplatin is still unknown, in contrast
to the molecular mechanisms of various other
nephrotoxicants [4]. The nephrotoxicity of cisplatin
has been attributed to covalent binding of platinum
to critical protein thiol- or thiomethyl-groups
[5]. Renal brush border enzymes, such as ion-
translocases, have been excluded as primary sites of
toxicity [6]. Decrease in glutathione (GSHY) levels
and depression of macromolecule synthesis in the
kidney may play a role in cisplatin nephrotoxicity

Sugihara et al. [8, 9] have suggested that cisplatin
exerts its nephrotoxic effects by the generation of
free radicals, which may cause oxidative damage in
the kidney. McGinness et al. [10] have shown that
orgotein (superoxide dismutase) reduced to some
extent the nephrotoxicity of cisplatininrats. Orgotein
plays an important role in the scavenging of
superoxide anion-free radicals by catalysing their
conversion to molecular oxygen and hydrogen
peroxide [10]. Recently, Dobyan et al. [11} and Bull
et al. {12] have demonstrated that the free radical
scavenger O-(f-hydroxyethyl)-rutoside also affords
some protection against cisplatin-induced nephro-
toxicity in rats. Naganuma ef al. [13] and Baldew et
al. [14] have shown that sodium selenite protects
rodents against the nephrotoxicity of cisplatin: in
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t Abbreviations: GSH, glutathione; NEM, N-ethyl
maleimide; TBA, thiobarbituric acid; TCA, trichloroacetic
acid.

principle, this protection could be due to anti-
oxidative properties of sodium selenite, The
nephrotoxicity of cisplatin could be attributed to
free radical-mediated lipid peroxidation similar to,
for example, the nephrotoxicity of the heavy metal
cadmium {15].

Xenobiotics can cause lipid peroxidation in several
ways. Firstly, xenobiotics can generate free radicals,
initiating the process of lipid peroxidation. For
example, some metals can react with hydrogen
peroxide to form hydroxyl radicals, which can cause
lipid peroxidation [16]. Secondly, xenobiotics can
reduce the efficiency of defense mechanisms of the
body against free radical-mediated damage, making
the organism more vulnerable to factors which
can induce lipid peroxidation. Several defense
mechanisms against lipid peroxidation have been
described, including a microsomal GSH-dependent
factor {17, 18] and a cytosolic GSH-dependent factor
[19-21]. However, up until now it has not been
known whether destruction of these defense
mechanisms is involved in cisplatin-induced neph-
rotoxicity.

The aim of the present study was to investigate
whether cisplatin can cause lipid peroxidation in
vitro, either directly or indirectly, by reducing the
microsomal or cytosolic defense mechanisms against
lipid peroxidation. Adriamycin®, an antitumour drug
known toinduce nephrotoxicity via lipid peroxidation
[22], was chosen as a model compound to test the
validity of the experimental set-up.

MATERIALS AND METHODS

Chemicals. Cisplatin was synthesized as described
previously [23]. GSH, adenosine 5'-diphosphate,
NADP, glucose-6-phosphate, glucose-6-phosphate
dehydrogenase, thiobarbituric acid and N-ethyl
maleimide (NEM) were obtained from the Sigma
Chemical Co. (St Louis, MO, U.S.A.). Adriamycin
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(Adriablastina) was obtained from Farmitalia
(Rotterdam, The Netherlands). All other chemicals
were of analytical grade.

Preparation of kidney microsomes. Male Wistar
rats, 220-250g, were obtained from the Central
Institute for the Breeding of Laboratory Animals/
Harlan Sprague-Dawley (CPB/HSD) (Zeist, The
Netherlands). The rats were killed by decapitation,
the kidneys were removed and homogenized (30%
w/v) in ice-cold 50mM potassium phosphate
buffer pH 7.4 using a Potter homogenizer. Kidney
microsomes were prepared from whole kidney
homogenates as described elsewhere for rat liver
microsomes [17] and stored at —80° until use.

Fe?*-ascorbate system. Kidney microsomes (stored
at —80°) were thawed and diluted 5-fold with ice-
cold Tris-HC] buffer (50 mM, pH 7.4) containing
150 mM KCl and, in order to remove cytosolic
contamination, washed twice by centrifugation at
115,000g for 40min. Finally the pellet was
resuspended inice-cold Tris-HCl buffer. To denature
proteins, microsomes were heated first for 2 min at
100° and cooled subsequently in ice. The heat-
pretreated microsomes (final concentration 1.5 mg
microsomal protein/mL) were incubated in Tris—
HCI/KCl buffer at 37° in a shaking water bath.
Cisplatin, dissolved in the Tris—HCl buffer, was
added in the presence or absence of 0.2 mM ascorbic
acid and 10 uM FeSO,. Ascorbic acid was neutralized
with KOH before addition. Reactions were started
by adding a freshly prepared FeSO, solution, or by
adding a freshly prepared cisplatin solution. After
several time-points the reactions were stopped and
lipid peroxidation was measured as described below.

NADPH-generating system. Kidney microsomes
were prepared as described above and were incubated
in a Tris~HC! buffer (50 mM, pH7.4) with an
NADPH-generating system, consisting of NADP
(1.9 mM), glucose-6-phosphate (20 mM), glucose-6-
phosphate dehydrogenase (1.1 U/mL), magnesium
chloride (4.3mM), FeSO, (10uM)})-ascorbate
(0.2 mM), and cisplatin (0.02, 0.1, 0.2. 2 or 4 mM)
or Adriamycin (0.1 mM). Adriamycin is a well
known lipid peroxidation-inducing agent [22].

Microsomal protecting factor. The influence
of cisplatin on the GSH-dependent microsomal
protecting factor was studied in two types of
experiments with non-heat-pretreated kidney micro-
somes: in the first set of experiments microsomes
were pre-incubated at 37° with cisplatin (0.1, 1, 2 or
4 mM) or 0.1 mM NEM for 30 min. NEM is known
to reduce the efficacy of the microsomal protecting
factor [17]. The pre-incubation was terminated by a
5-fold dilution with ice-cold Tris—-HCI buffer (50 mM,
pH7.4). The diluted incubation mixture was
immediately centrifuged twice with the Tris—HCI
buffer (115,000g at 4° for 40 min) to wash out
residual cisplatin or NEM. The microsomal pellet
was then resuspended in the Tris—-HCI buffer. In
order to stimulate lipid peroxidation, the pre-
incubated microsomes were incubated with 0.2 mM
ascorbate, 10 uM FeSO, and 1 mM GSH. GSH was
added to activate the microsomal protecting factor.
In the second set of experiments, microsomes were
pre-incubated with buffer at 37° for 30 min (i.e.
without cisplatin or NEM pretreatment) and
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subsequently incubated with cisplatin (0.1, 1, 2 or
4mM), FeSO, (10 uM)-ascorbate (0.2 mM) and
1mM GSH. In all experiments ascorbic acid and
GSH were neutralized with KOH before use.

Cytosolic protecting factor. Kidney cytosol was
prepared from male Wistar rats according to the
method of McCay et al. [19]. Kidney microsomes
were prepared from the same animals and washed
twice in ice-cold potassium phosphate buffer (0.15 M,
pH 7.5) by centrifugation (115,000 g at 4° for 40 min).
The microsomal pellet was resuspended in the same
buffer, heat-pretreated at 100° for 2 min (in order
to inactivate the microsomal protecting factor) and
subsequently cooled in ice.

The influence of cisplatin on the GSH-dependent
cytosolic factor was studied in two types of
experiments with these heat-pretreated kidney
microsomes. In the first set of experiments the
microsomes (1.5 mg protein/mL) were incubated
with ascorbate (0.2mM) and FeSO, (10 uM) to
induce lipid peroxidation. The influence of the
cytosolic GSH-dependent protective factor on lipid
peroxidation in these microsomes was studied by
adding cytosol (10mg cytosolic protein/mL final
concentration) and GSH (1 mM) to the microsomal
incubation mixture. The influence of cisplatin on
this system was studied by adding cisplatin (0.1, 1,
2 or 4 mM) to the incubation mixture. In the second
set of experiments, it was investigated as to whether
pretreatment of cytosol with cisplatin could reduce
the efficacy of the cytosolic protective factor on the
Fe**-ascorbate-induced lipid peroxidation in the
heat-pretreated kidney microsomes. To this end,
cytosol was pre-incubated with cisplatin at 37° for
40 min, dialysed to remove excess of cisplatin and
then added to the heat-pretreated microsomal
incubation mixture in which lipid peroxidation was
induced by Fe’*-ascorbate. Control experiments
were also carried out with cytosolic preparations
subjected to the same manipulations, but with
addition of phosphate buffer instead of cisplatin.

Assays. Lipid peroxidation was measured with the
standard thiobarbituric acid (TBA) assay essentially
as described by Haenen and Bast [17], and was
expressed as the absorbance at 535 vs 600 nm
(AAs35.600). Briefly: an aliquot (0.3mL) of the
incubation solution was mixed with 2.0 mL ice-cold
TBA-trichloroacetic acid (TCA)-HCl-butylhy-
droxytoluene solution. After heating (15 min,
80°) of this incubation solution and subsequent
centrifugation, the supernatant was collected and
the absorbance at 535 vs 600 nm measured.

At concentrations higher than 2.5mM in the
incubation medium cisplatin interfered with the
standard TBA assay: an insoluble pink precipitate
was observed after centrifugation of the solution.
Therefore, in these cases, the TBA assay was slightly
modified: the incubations were stopped by adding
1.0mL TCA-HCI solution (16.8% w/v in 0.125N
HCI) to 0.3mL of the incubation mixture. After
standing on ice for 15min and subsequent
centrifugation, the supernatant was collected. To
1mL of this supernatant 1 mL of a cisplatin~-TBA
solution (1.20mg cisplatin and 4.16 mg TBA
in TCA-HCl-butylhydroxytoluene solution) was
added. After subsequent heating (15 min at 80°) and
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Fig. 1. Time course of lipid peroxidation in heat-pretreated rat kidney microsomes during incubation

with 10 uM FeSO, plus 0.2 mM ascorbate (A), 10 uM FeSO,, 0.2 mM ascorbate plus 2 mM cisplatin

(O), 2mM cisplatin alone (@) or 0.2 mM ascorbate plus 10 uM cisplatin (W). Similar results were

obtained when other cisplatin concentrations (1, 2 or 4 mM) were used. Data represent one typical
example out of three independent duplicate experiments.

centrifugation (15 min) of this solution, the pellet was
dissolved in dimethylsulfoxide and the absorbance at
555 vs 600 nm (AAsss g0) Was measured.

Protein determinations were made according to
the method of Lowry et al. [24] using bovine serum
albumin as standard.

RESULTS

Modified TBA assay

Absorption measurements in the presence of
cisplatin concentrations of 2.5 mM or higher with
the modified TBA assay (see Materials and Methods)
of standard malondialdehyde solutions and of
microsomal test solutions in which lipid peroxidation
was induced by the Fe?*—ascorbate system appeared
to correlate well with corresponding absorption
measurements with the standard TBA assay (see
Materials and Methods) in the absence of cisplatin:
(AA555—600)modiﬁed assay 0.72 (1004) X
(AAs35 600)standard assay (N = 5). At concentrations of
cisplatin lower than 2.5 mM the standard TBA assay
could be used accurately.

FeX*—ascorbate system

Optimum conditions for Fe?*—ascorbate-induced
lipid peroxidation in heat-pretreated kidney micro-
somes were established at 0.2mM ascorbate and
10 uM Fe** (Fig. 1). Incubation of cisplatin (0.01~
4 mM) did not induce appreciable lipid peroxidation
in heat-pretreated kidney microsomes (Fig. 1). Co-
incubation of Fe?*-ascorbate with 2mM cisplatin
neither enhanced nor reduced the lipid peroxidation
induced by Fe?*-ascorbate (Fig. 1). To investigate
whether cisplatin could replace Fe?* in the
microsomes with the Fe?*-ascorbate system as
catalyst for lipid peroxidation, cisplatin—ascorbate
incubations were performed. Lipid peroxidation
induced by 10 uM cisplatin in this system, however,
was equal to that induced by ascorbate alone (Fig.

1). Similar results were obtained when other cisplatin
concentrations (0.02-4 mM) were used (data not
shown).

In order to study whether Fe?* could catalyse lipid
peroxidation in combination with cisplatin, kidney
microsomes were incubated with both 10 uM Fe?*
and 0.2 mM cisplatin: in these experiments, however,
no appreciable lipid peroxidation was observed.
Similar results were obtained when other cisplatin
concentrations (0.02-2mM) were used (data not
shown).

NADPH-generating system

Cisplatin, 0.1 mM, in contrast to both Adriamycin
(0.1 mM) and Fe?*-ascorbate (10 uM/0.2 mM) did
not cause lipid peroxidation in heat-pretreated
rat kidney microsomes containing an NADPH-
generating system (Fig. 2). Moreover, 2 mM cisplatin
neither enhanced nor reduced Adriamycin- or Fe**-
ascorbate-induced lipid peroxidation in this test
system. Similar results were obtained with other
concentrations of 0.001-4 mM cisplatin in this system
(data not shown).

Microsomal protecting factor

GSH (1 mM) protected non-heat-pretreated rat
kidney microsomes against Fe?*—ascorbate-induced
lipid peroxidation as derived from the observed
delay in the lipid peroxidation process (Fig. 3).
Pretreatment of the microsomes with NEM (0.1 mM)
reduced this microsomal GSH-dependent protection
against Fe?*-ascorbate-induced lipid peroxidation.
However, pretreatment of the kidney microsomes
with 2 mM cisplatin for 1 hr did not reduce this GSH-
dependent protection factor (Fig. 3). Co-incubation
of non-heat-pretreated kidney microsomes with
2 mM cisplatin also did not reduce the activity of the
GSH-dependent microsomal protective factor against
Fe**-ascorbate-induced lipid peroxidation (Fig. 3).
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Fig. 2. Time course of lipid peroxidation in rat kidney microsomes with the NADPH-generating system

and with 0.2 mM ascorbate plus 10 uM FeSO, (O), 0.1 mM Adriamycin (4), 0.1 mM Adriamycin plus

0.1 mM cisplatin (A), 0.2 mM ascorbate (@), 0.2mM ascorbate plus 10 uM cisplatin (¢) or 0.1 mM
cisplatin (). Data represent one typical example out of three independent duplicate experiments.
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Fig. 3. The influence of NEM and cisplatin on the GSH-dependent microsomal protective factor against

lipid peroxidation in (non-heat-pretreated) rat kidney microsomes. NEM (0.1 mM) pretreated

microsomes were incubated with 10 uM FeSO,~0.2 mM ascorbate plus 1mM GSH (¢). Buffer-

pretreated microsomes were incubated with 10 uM FeSO,~0.2 mM ascorbate (O), 10 uM FeSO,-0.2 mM

ascorbate plus 1 mM GSH (A), 10 uM FeSO,0.2 mM ascorbate plus 1 mM GSH and 2 mM cisplatin

(A), 1mM GSH and 2 mM cisplatin (@), or 2 mM cisplatin alone (l). Data represent one typical
example out of three independent duplicate experiments.

Similar results were obtained with 0.2, 1 and 4 mM
cisplatin (data not shown).

Cytosolic protective factor

Cytosolic rat kidney protein (10 mg/mL incubation
mixture) provided protection against Fe?*-ascorbate-
induced lipid peroxidation in heat-pretreated kidney
microsomes in the presence of 1 mM GSH, but not
in the absence of this concentration of GSH (Fig.
4). Co-incubation of this incubation mixture with
2 mM cisplatin had no influence on the activity of
the added cytosolic GSH-dependent protective
factor. Pre-incubation of kidney cytosol with 2 mM
cisplatin and subsequent incubation of this cytosol

with heat-pretreated kidney microsomes and Fe?*~
ascorbate resulted in the same protection against
lipid peroxidation as obtained when the cytosol was
pre-incubated with buffer instead of cisplatin (data
not shown). Similar results were obtained upon co-
incubation and pre-incubation of kidney cytosol with
0.2, 1 and 4 mM cisplatin (data not shown).

DISCUSSION

The aim of the present study was to investigate in
vitroinratkidney fractions whetherlipid peroxidation
plays a role in the nephrotoxicity of cisplatin.
Because cisplatin at concentrations higher than
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Fig. 4. The influence of cisplatin on the GSH-dependent cytosolic protective factor against lipid

peroxidation in rat kidney microsomes. Heat-pretreated rat kidney microsomes were incubated with

10 uM FeSO,~0.2 mM ascorbate plus phosphate buffer (O), 10 uM FeSO,-0.2 mM ascorbate plus 1 mM

GSH (#), 10 uM FeSO,-0.2 mM ascorbate plus 10 mg cytosolic protein/mL (@), 10 uM FeSO~0.2 mM

ascorbate plus 1 mM GSH and 10 mg cytosolic protein/mL (M), 10 uM FeSO,-0.2 mM ascorbate plus
1 mM GSH, 10 mg cytosolic protein/mL and 2 mM cisplatin (A), or 2 mM cisplatin only (A).

2.5 mM interfered with the standard TBA assay, we
developed first a modified TBA assay for lipid
peroxidation. This modified TBA assay allowed the
detection of TBA-reactive species in the presence
of cisplatin at concentrations as high as 4 mM.

The results presented in this paper demonstrate
that neither in the presence nor the absence of
ascorbate and Fe®* does cisplatin itself generate
TBA-reactive species in heat-pretreated rat kidney
microsomes (Fig. 1). This means that cisplatin at
concentrations up to 4 mM is apparently not able to
cause lipid peroxidation in heat-pretreated kidney
microsomes. The kidney microsomes were briefly
heat-pretreated in order to destroy GSH-dependent
protective factors in the microsomes, thus making
the microsomes more vulnerable to lipid peroxidation
[17].

Cisplatin also did not generate TBA-reactive
species in rat kidney microsomes containing an
NADPH-generating system (Fig. 2). This indicates
that cisplatin is not oxidized by NADP through one-
electron reactions. In contrast, Fe’*-ascorbate
efficiently generated TBA-reactive species in this
system (Fig. 2).

The anti-tumour drug Adriamycin, which was
used as a positive control in this study, caused
lipid peroxidation in the heat-pretreated kidney
microsomes (Fig. 2). Adriamycin induces nephro-
toxicity in rodents [25]. Adriamycin-induced lipid
peroxidation is NADPH-dependent and requires
activation of Adriamycin to a semiquinone free
radical intermediate by microsomal NADPH-
cytochrome P450 reductase [22] or cytochrome P450.
Our experiments show that cisplatin had no influence
atallon the lipid peroxidationinduced by Adriamycin
in kidney microsomes, indicating that cisplatin
is neither reduced nor oxidized chemically or
biochemically in this system.

GSH protects non-heat-pretreated kidney micro-
somes against Fe**-ascorbate-induced lipid per-

oxidation (Fig. 3). This GSH-dependent protection
against lipid peroxidation is thermally labile and
probably proceeds via a vitamin E-dependent
microsomal protein as has been shown by Haenen
and Bast [17] for liver microsomes. Apart from heat
pretreatment, this GSH-dependent protection can
be reduced by pre-incubation of microsomes with
the thiol inactivator NEM (Fig. 3), probably as a
result of inactivation of GSH and the vitamin E-
dependent microsomal protein [17]. Pre-incubation
of microsomes with cisplatin (instead of NEM), at
concentrations as high as 4 mM, did not result in
any significant change in the generation of TBA-
reactive species by Fe?*-ascorbate, indicating that
the microsomal GSH-dependent protective factor is
not inactivated by cisplatin. The lack of infiuence
on this protective factor was found to be independent
of the time of incubation of the kidney microsomes
with cisplatin (Fig. 3).

In the presence of cytosol, GSH also protects
heat-pretreated kidney microsomes against Fe?*—
ascorbate lipid peroxidation (Fig. 4). This is probably
due to a GSH-dependent cytosolic protective factor
as described by Gibson et al. [20]. Pre-incubation of
heat-pretreated kidney microsomes with cisplatin
did not reduce the GSH-dependent cytosolic
protection against Fe?*-ascorbate-induced lipid
peroxidation in kidney microsomes. This lack of
effect of cisplatin on the cytosolic protective factor
was also found to be independent of the time of
incubation with cisplatin, since both pre-incubation
of the cytosol with cisplatin and co-incubation with
FeX*-ascorbate yielded similar results (Fig. 4). This
indicates that cisplatin is not able to inactivate the
cytosolic GSH-dependent protective factor against
lipid peroxidation.

Our results show that cisplatin itself does not
induce lipid peroxidation in rat kidney microsomes,
either directly orindirectly, by destroying microsomal
or cytosolic GSH-dependent protective factors.
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Sugihara and Gemba [8] have used rat renal cortical
slices to study the role of lipid peroxidation in the
nephrotoxicity of cisplatin. Incubation of the renal
slices with 2 mM cisplatin for 2 hr increased levels
of TBA-reactive species by 50%. Mannitol prevented
the cisplatin-induced elevation of the levels of TBA-
reactive species, an effect which was suggested to
be mediated by the anti-oxidant effect of mannitol.
However, it is questionable as to whether mannitol
might also inactivate cisplatin by the formation of
adducts with cisplatin [26, 27).

Sugihara et al. [28] have also observed increased
levels of TBA-reactive species in rat kidneys, 72 hr
after treatment with cisplatin. Cisplatin-induced
nephrotoxicity is generally manifested 3—4 days after
treatment with cisplatin, although early events
responsible for the nephrotoxicity may have occurred
already shortly after administration of cisplatin
[14,29]. In contrast, there is generally no delay of
several days in the expression of lipid peroxidation
after its initiation. The lipid peroxidation in kidneys
of rats only 72hr after treatment with cisplatin,
observed by Sugihara et al. [28], may therefore be
a consequence of the nephrotoxicity induced by
cisplatin rather than its cause {30,31]. This
explanation is also in accordance with results of
Litterst et al. [32] who observed that levels of TBA-
reactive species in kidneys of rats treated with
nephrotoxic doses of cisplatin were not elevated
24 hr after administration of the drug.

It has been shown that cisplatin nephrotoxicity
can be reduced by the administration of free radical
scavengers such as O-(B-hydroxyethyl)-rutoside
{9, 11]. However, it is not known whether the
protective effects of these agents and their free
radical scavenging capacity are causally linked.
O-(B-Hydroxyethyl)-rutoside, for example, is a
bioflavonoid, belonging to a class of compounds with
prominent anti-oxidant activities [33], probably
related to metal-chelating properties [34]. This latter
property or other pharmacological activities of O-
(B-hydroxyethyl)-rutoside [34] might, however, be
responsible for its protective effect against cisplatin
nephrotoxicity rather than its anti-oxidant activity.
The results presented in this paper suggest that the
protective effect of sodium selenite against cisplatin-
induced nephrotoxicity, which was observed recently
[13, 14], is therefore most likely not mediated by the
anti-oxidant properties of sodium selenite. A direct
interaction between selenol-metabolites of selenite,
formed by reactions between selenite and GSH or
other thiols, and cisplatin covalently bound to
essential proteins has been proposed as an alternative
explanation [35].

In conclusion, the present results demonstrate that
cisplatin is not able to induce lipid peroxidation in
vitro in a variety of rat kidney test-systems, either
directly or indirectly, by damaging kidney microsomal
or cytosolic GSH-dependent protection mechanisms
against lipid peroxidation. It is therefore unlikely
that the protective effect of sodium selenite or other
anti-oxidants against cisplatin-induced nephro-
toxicity in rodents is due to their anti-oxidative
properties.

Acknowledgements—This work was supported by a grant

N. P. E. VERMEULEN and G. S. BALDEwW

from the Netherlands Cancer Society, Amsterdam, The
Netherlands. We would like to thank Dr G. R. M. M.
Haenen for valuable discussions and Prof. Dr. Ir. J. J. M.
de Goeij for critical comments regarding the manuscript.

REFERENCES

1. Prestayko AW, Crooke ST and Carter SK (Eds),
Cisplatin: Current Status and New Developments.
Academic Press, New York, 1981.

2. Chopra S, Kaufman JS, Jones TW, Hong WK, Gehr
MK, Hamburger RK, Flaumenbaum W and Trump BF,
Cis-diamminedichloroplatinum-induced acute renal
failure in the rat. Kidney Int 21: 54-64, 1982.

3. Krakoff [IH, Nephrotoxicity of cis-dichloro-
diammineplatinum(Il). Cancer Treat Rep 63: 1523-
1525, 1979.

4. Commandeur JNM and Vermeulen NPE, Molecular
and biochemical mechanisms of chemically induced
nephrotoxicity: a review. Chem Res Toxicol 3: 171-
194, 1990.

5. Levi ], Jacobs C, Kalman SM, McTigue M and Weiner
MW, Mechanisms of cis-platinum nephrotoxicity: I.
Effects of sulfhydryl groups in rat kidneys. J Pharmacol
Exp Ther 213: 545-550, 1980.

6. Dedon PC and Borch RF, Characterization of the
reactions of platinum antitumor agents with biological
and non-biological sulfur-containing nucleophiles.
Biochem Pharmacol 36: 1955-1964, 1987.

7. Goldstein RS and Mayor GH, The nephrotoxicity of
cisplatin. Life Sci 32: 685-690, 1983.

8. Sugihara K and Gemba M, Modification of cisplatin
toxicity by antioxidants. Jpn J Pharmacol 40: 353-355,
1986.

9. Sugihara K, Nakano S and Gemba M, Effect of cisplatin
on in vitro production of lipid peroxides in rat kidney
cortex. Jpn J Pharmacol 44: 71-76, 1987.

10. McGinness JE, Proctor PH, Demopoulos HB,
Hokanson JA and Kirkpatrick DS, Amelioration of
cis-platinum nephrotoxicity by orgotein (superoxide
dismutase). Physiol Chem Phys 10: 267-277, 1978.

11. Dobyan DC, Bull JMC, Strebel FR, Sunderland
BA and Bulger RE, Protective effects of O-(8-
hydroxyethyl)-rutoside on cis-platinum-induced acute
renal failure in the rat. Lab Invest 55: 557-563, 1986.

12. Bull JMC, Strebel FR, Sunderland BA, Bulger RE,
Edwards M, Siddik ZH and Newman RA, O-(6-
Hydroxyethyl)-rutoside-mediated protection of renal
injury associated with cis-diamminedichloroplatinum
(II)/hyperthermia treatment. Cancer Res 48: 2239-
2244, 1988.

13. Naganuma A, Satoh M and Imura NK, Effect of
selenite on renal toxicity and antitumour activity of cis-
diamminedichloroplatinum in mice inoculated with
Ehrlich ascites tumor cell. J Pharmacobiodyn T: 217-
220, 1984.

14, Baldew GS, van den Hamer CJA, Los G, Vermeulen
NPE, de Goeij JJM and McVie JG, Selenium-induced
protection against cis-diamminedichloroplatinum (IT)
nephrotoxicity in mice and rats. Cancer Res 49: 3020~
3023, 1989.

15. Jamall IS and Smith JC, Effects of cadmium on
glutathione peroxidase, superoxide dismutase, and
lipid peroxidation in the rat heart: a possible mechanism
of cadmium cardiotoxicity. Toxicol Appl Pharmacol
80: 3342, 1985.

16. Czapski G and Goldstein S, Role of metal complexes
in the formation—detoxication action of active oxygen
species. Bioelectrochem Bioenerg 18: 21-28, 1987.

17. Haenen GRMM and Bast A, Protection against
microsomal lipid peroxidation by a glutathione
dependent heat-labile factor. FEBS Lett 179: 24, 1983.



18.

19.

20.

21.

22.

23.

24,

25.

26.

Role of lipid peroxidation

McCay PB, Lai EK, Powell SR and Breuggemann G,
Vitamin E functions as an electron shuttle for
glutathione-dependent “free radical reductase” activity
in biological membranes. Fed Proc Faseb 45: 451, 1986.
McCay PB, Gibson DD, Fong KL and Hornbrook KR,
Effect of glutathione peroxidase activity on lipid
peroxidation in biological membranes. Biochim
Biophys Acta 431: 459468, 1976.

Gibson DD, Hawrylko J and McCay PB, GSH-
dependent inhibition of lipid peroxidation: properties
of a potent cytosolic system which protects cell
membranes. Lipids 20: 704-710, 1985.

Burk RF, Trumble.MJ and Lawrence RA, Rat hepatic
cytosolic glutathione-dependent protection against
lipid peroxidation in the NADPH-microsomal lipid
peroxidation system. Biochim Biophys Acta 618: 35—
41, 1980.

Mimnaugh EG, Trush MA and Gram TE, A possible
role for membrane lipid peroxidation in anthracycline
nephrotoxicity. Biochem Pharmacol 36: 4327-4335,
1986

Baldew GS, Volkers KJ, de Goeij JJM and Vermeulen
NPE, Determination of cisplatin and related platinum
complexes in plasma ultrafiltrate and urine by high-
performance liquid chromatography with on-line
radioactivity detection. J Chromatogr Biomed Appl
491: 163-174, 1989.

Lowry OH, Rosebrough NJ, Farr AL and Randall RJ,
Protein measurement with the Folin phenol reagent. J
Biol Chem 193: 265-275, 1951.

Giroux L, Smeesters C, Boury F, Faure MP and Jean
G, Adriamycin and adriamycin-DNA nephrotoxicity
in rats. Lab Invest 50: 190-196, 1984.

Ruegg CE, Gandolfi AJ, Nagle RB, Krumdieck CL
and Brendel K. Preparation of positional renal slices
for study of cell-specific toxicity. J Pharmacol Methods
17: 111-123, 1987.

27.

28.

29.

30.
31.

32.

33.

34,

3s.

1199

Eshaque M, McKay MJ and Theophanides T, D-
Mannitol platinum complexes. Clin Hematol Oncol 7:
338-348, 1977.

Sugihara K, Nakano S, Koda M, Tanaka K, Fukusihi
N and Gemba M, Stimulatory effect of cisplatin on
production of lipid peroxidation in renal tissues. Jpn J
Pharmacol 43: 247-252, 1987.

Heidemann HTh, Gerkens JF, Jackson EK and Branch
RA, Attenuation of cisplatinum-induced nephrotoxicity
in the rat by high salt diet, furosemide and
acetazolamide. Arch Pharmacol 329: 201-205, 1985.
Boobis AR, Fawthrop DJ and Davies DS, Mechanisms
of cell death. TIPS 10: 275-280, 1989.

Jewell SA, DiMonte D, Richelmi P, Bellomo G and
Orrenius S, tert-Butylhydroperoxide-induced toxicity
in isolated hepatocytes: contribution of thiol oxidation
and lipid peroxidation. J Biochem Toxicol 1: 13-22,
1986.

Litterst CL, Tong S, Hirokata Y and Siddik ZH,
Stimulation of microsomal drug oxidation in liver and
kidney of rats treated with the oncolytic agent cis-
dichlorodiammineplatinum-II. Pharmacology 26: 46—
53, 1983.

Ratty AK and Das NP, Effect of flavanoids on
non-enzymatic lipid peroxidation: structure-activity
relationship. Biochem Med Metabol Biol 39: 69-79,
1988.

Afanas’ev IB, Dorozhko Al, Brodskii AV, Kostyuk
VA and Poptapovitch Al, Chelating and free radical
scavenging mechanisms in the inhibiting action of rutin
and quercetinin lipid peroxidation. Biochem Pharmacol
38: 1763-1769, 1989.

Baldew GS, Mol JGJ, de Kanter FJJ, van Baar B, de
Goeij JM and Vermeulen NPE, The mechanism of
interaction between cisplatin and selenite. Biochem
Pharmacol 41: 1429-1437, 1991.



