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Abstract

The aim of this study was to classify the protective mechanisms of DL-buthionine-(S,-R)-
sulphoximine, glutathione and methimazole on cisplatin-induced nephrotoxicity in rats. An
Emax model was used to study the effect of these compounds on the pharmacokinetics of
cisplatin, especially renal handling and intra-renal biotransformation.

Cisplatin (5 mg kgÿ1) was administered as an intravenous bolus to rats treated with either
0�9% NaCl (control), buthionine sulphoximine, glutathione or methimazole. The blood
urea nitrogen level was monitored to estimate cisplatin-induced nephrotoxicity. To esti-
mate renal handling of cisplatin, cisplatin was infused intravenously to rats treated with
0�9% NaCl, buthionine sulphoximine, glutathione or methimazole. The concentrations of
unchanged cisplatin in plasma, urine and kidney were determined by a post-column
derivatization HPLC method. The relationship between the pharmacokinetics and tox-
icodynamics of cisplatin was analysed using a sigmoid Emax model.

All compounds studied ameliorated signi®cantly the nephrotoxicity of cisplatin. The
renal accumulation of cisplatin was reduced signi®cantly by pretreatment with buthionine
sulphoximine but not by either glutathione or methimazole. Although glutathione treatment
did not affect the renal accumulation of cisplatin, it signi®cantly decreased the binding of
cisplatin to the intrarenal organelle and the decreased binding was well correlated to the
decrease of the blood urea nitrogen level.

In summary, pharmacokinetic±toxicodynamic analysis will be useful for classifying the
protective mechanism of cisplatin-induced nephrotoxicity.

Cisplatin (cis-diamminedichloro-platinum (II)) is
one of the most potent agents for chemotherapy for
various types of cancer. Cisplatin, however, causes
several adverse effects, in particular severe
nephrotoxicity is a dose-limiting factor (Deconti et
al 1973).

Cisplatin undergoes ligand exchange reactions,
which are virtually irreversible (Daley-Yates &
McBrien 1984; Nagai et al 1996). In biological
¯uids, cisplatin is biotransformed through binding
to low-molecular-mass substances (such as glu-
tathione, methionine and cysteine) and to high-
molecular-mass substances (such as albumin and

nucleotides), and the resulting metabolites are
called `̀ mobile'' and `̀ ®xed'' metabolites, respec-
tively (Farris et al 1985, 1988). Many investigators
have studied the pharmacokinetics of cisplatin by
measuring either total or ®ltered platinum (includ-
ing cisplatin and its mobile metabolites) con-
centration. However, it is dif®cult to estimate
exactly the pharmacokinetic±pharmacodynamics
based on the mixed concentrations of these plati-
num species because the pharmacokinetics of these
platinum species are different.

Nagai et al (1996) reported a relationship
between nephrotoxicity and the disposition of cis-
platin in cancer patients, suggesting that the
nephrotoxicity induced by cisplatin was caused
mainly by unchanged cisplatin. They also per-
formed a quantitative pharmacokinetic±toxico-
dynamic analysis of cisplatin in rats (Nagai &
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Ogata 1997) and, using a sigmoid Emax model,
established a relationship between the nephrotoxi-
city induced by cisplatin (as estimated by blood
urea nitrogen (BUN) level) and the area under the
above-threshold cisplatin concentration of the
plasma±time curve. They applied this model to the
effect of sodium thiosulphate on the relationship
between the pharmacokinetics and toxicodynamics
of cisplatin (Nagai et al 1995). When cisplatin and
sodium thiosulphate were administered con-
comitantly, the nephrotoxicity estimated by blood
urea nitrogen was ameliorated. In this situation, the
plasma ®ltered platinum (cisplatin plus mobile
metabolites) concentration changed little, but the
plasma cisplatin concentration decreased dramati-
cally, because cisplatin bound strongly to the
sodium thiosulphate. The result suggested that it
was important to separate the platinum species into
unchanged cisplatin and mobile metabolites, and
the effect of sodium thiosulphate was associated to
the alteration of the pharmacokinetics of cisplatin.

We recently extended this relationship to the area
under the curve of cisplatin concentration in the
kidney versus time (AUCk) (Hanada et al 1999).
This showed that the renal uptake of cisplatin was
inhibited by the basic drugs disopyramide and
verapamil unless there was a signi®cant change in
the pharmacokinetics of cisplatin in plasma, and
this inhibition resulted in the amelioration of
nephrotoxicity. In this way, pharmacokinetic±
pharmacodynamic models can be used to identify
whether the protective mechanism is related to
pharmacokinetics and=or pharmacodynamics (or
toxicodynamics).

Glutathione, a major non-protein thiol in mam-
malian cells, has many cellular functions, such as
detoxi®cation of exogenous substances, antioxidant
properties and regulation of various enzyme activ-
ities (Meister 1994). The effect of glutathione
inhibitors on cisplatin-induced nephrotoxicity is
controversial. Mayer et al (1987) reported that after
pretreatment of rats with DL-buthionine-(S,-R)-sul-
phoximine, a speci®c inhibitor of g-glutamyl-
cysteinylsynthetase, nephrotoxicity induced by
cisplatin was reduced without reducing its anti-
tumour activity. In contrast, signi®cant increases of
nephrotoxicity were observed after pretreatment
with diethylmaleate, a non-speci®c glutathione
inhibitor, or after pretreatment with diethylmaleate
or buthionine sulphoximine in rats (Litterst et al
1985; Gemba et al 1992) and mice (Ishikawa et al
1990), respectively. The concomitant administra-
tion of glutathione reduced the nephrotoxicity of
cisplatin, which was attributed to the antioxidative
properties of glutathione (Zunino et al 1983, 1989).
Similar results were obtained by administering

methimazole, which also has antioxidant properties
(Sausen et al 1992; Vail et al 1993).

Although many investigators have focused on the
biochemical mechanisms by which these com-
pounds reduce nephrotoxicity, it is possible that
pharmacokinetic factors also contribute to this
effect because these compounds have a sulphydryl
group in their structure. Furthermore, the effects of
these compounds on the pharmacokinetics of cis-
platin cannot apparently be detected if only total
platinum concentration is monitored, and little
attention has been paid to this possibility.

Therefore, we have studied the effect of buthio-
nine sulphoximine, glutathione and methimazole
on the pharmacokinetic±toxicodynamic relation-
ship with cisplatin, especially renal handling and
intra-renal biotransformation, to clarify whether the
protective mechanism results from pharmacoki-
netic or toxicodynamic interactions.

Materials and Methods

Materials
All reagents and chemicals used were of analytical
grade except where stated otherwise. Cisplatin was
a kind gift from Nippon Kayaku Co. (Tokyo,
Japan). Buthionine sulphoximine, glutathione,
methimazole and acivicin were obtained from
Sigma Chemical Co. (St Louis, MO). The blood
urea nitrogen assay kit was obtained from Wako
Pure Chemical Industries (Tokyo, Japan). Cisplatin
was dissolved at 1 mg mLÿ1 in 0�9% (w=v) NaCl
just before use. Buthionine sulphoximine was dis-
solved in 1 M HCl and subsequently readjusted to
pH 7�0 with 1 M NaOH to obtain a 400 mM solution
of buthionine sulphoximine (Mayer et al 1987).

Male Wistar rats (250±290 g) were maintained in
a controlled environment on a standard laboratory
pellet diet with water freely available. The animals
were fasted for 18 h before the experiments, but
were allowed water freely.

Effect of buthionine sulphoximine, glutathione and
methimazole on cisplatin-induced nephrotoxicity
Rats were anaesthetized by intraperitoneal injection
of sodium pentobarbital (50 mg kgÿ1). For the
buthionine sulphoximine-treatment study, buthio-
nine sulphoximine (4 mmol kgÿ1) was administered
subcutaneously to rats 4 h before pentobarbital
administration. Glutathione or methimazole were
infused intravenously at a constant rate (18�3 or
2�15 mmol minÿ1 kgÿ1, respectively) for 1 h before
and after cisplatin administration.
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Cisplatin was administered as a bolus via the
jugular vein at a dose of 2�5, 3�5, 4, 5 or
10 mg kgÿ1. After the rats regained consciousness,
they were maintained on a standard laboratory
pellet diet with water freely available in a tem-
perature-controlled environment.

Blood samples (0�3 mL) were taken from another
jugular vein just before and on days 1, 3, 5 and 7
after administration of cisplatin, and were cen-
trifuged at 1000 g for 5 min. The plasma was stored
at ÿ20�C until analysis of blood urea nitrogen.

Effect of buthionine sulphoximine, glutathione and
methimazole on the renal accumulation of cisplatin
Rats were treated with buthionine sulphoximine,
glutathione or methimazole as described above. At
3, 5, 15, 30 and 60 min after cisplatin administra-
tion, the rats were killed and ice-cold 0�9% (w=v)
NaCl was injected into the heart to remove the
blood from the other organs. The kidneys and liver
were excised quickly, blotted on ®lter paper,
weighed and homogenized with a ®vefold volume
of 0�9% (w=v) NaCl. The tissue homogenate was
ultracentrifuged at 105 000 g for 65 min at 4�C
(Beckman L8-60M). Blood samples were centri-
fuged at 1000 g for 5 min at 4�C, and the plasma
and tissue supernatant were ultra®ltered at 4000 g
for 30 min at 4�C using a membrane ®lter (Milli-
pore ®lter UFC3GC, molecular weight cut-off
10 000). These samples were stored at ÿ20�C until
analysis. The cisplatin concentration was deter-
mined within three days.

Effect of buthionine sulphoximine, glutathione
and methimazole on the renal disposition and
metabolism of cisplatin
Rats were anaesthetized by intraperitoneal injection
of sodium pentobarbital (50 mg kgÿ1). Polyethylene
cannulae (0�28 mm i.d.6 0�61 mm o.d.) were
implanted into the femoral vein and artery of one
leg and into the ureters. For buthionine sulphox-
imine treatment, the rats were pretreated with
buthionine sulphoximine as described above. NaCl
(0�9%, w=v), glutathione or methimazole solutions
containing 0�5% inulin were infused throughout the
experimental periods via the jugular vein at a
constant rate of 0�037 mL minÿ1, 18�3 or
21�5 mmol minÿ1 kgÿ1, respectively. At 60 min
after starting the infusion, cisplatin was infused at a
constant rate of 1�28mmol minÿ1 kgÿ1 through the
femoral venous cannula. Urine was collected at
90±120, 120±150, and 150±180 min after starting
the cisplatin infusion, and blood samples were
taken from the femoral artery at the midpoint of the

urine sampling periods. Rats were killed 180 min
after the start of the cisplatin infusion, and the
excised kidneys were treated as described above.

In-vitro degradation of cisplatin in urine
The rats were treated as described above but cis-
platin was not administered. Urine samples were
collected 90±180 min after the start of infusion of
0�9% NaCl, glutathione or methimazole. A small
volume (50mL) of cisplatin (2 mg mLÿ1 in 0�9%
NaCl) was added to 450 mL of the urine sample
collected and the mixture was incubated at 37�C.
The concentration of unchanged cisplatin was
determined at 0, 1, 2, 4, 6 and 8 h.

Cisplatin uptake by rat renal cortical slices
Kidney cortical slices were obtained from male
Wistar rats (200±250 g) using a Stadie-Riggs
microtome as described by Harada et al (1998). The
slices (thickness 0�3±0�4 mm, weight 20±40 mg)
were incubated at 37�C and=or at 4�C for 60 min in
an incubation medium consisting of (in mM): 120
NaCl, 16�2 KCl, 1 CaCl2, 1�2 MgSO4 and 0�1%
inulin buffered with 10 mM phosphate buffer
(pH 7�5).

Cisplatin uptake into the renal cortical slices was
studied under three conditions. Renal cortical slices
were obtained from rats pretreated with 0�9% (w=v)
NaCl (5 mL kgÿ1, control) or buthionine sulphox-
imine (4 mmol kgÿ1) as described above. After pre-
incubation of the cortical slices in an incubation
medium with or without buthionine sulphoximine
(8 mM), glutathione (0�5 mM) or methimazole
(0�5 mM) for 5 min, cisplatin was added to the
incubation medium (®nal cisplatin concentration
was 50mM) and the incubation was continued at 37
or 4�C. After 60-min incubation, the slices were
placed on ice, blotted on ®lter paper, weighed and
homogenized with a 20-fold volume of 0�05%
Triton X-100 solution. Atomic platinum and inulin
(as a marker of extra-cellular ¯uid) in the incuba-
tion medium and slices were determined.

Assay procedures
Non-protein sulphydryl in tissues was determined
by the method of Levi et al (1980). Inulin con-
centrations were determined by the method of
White & Samson (1954). The concentrations of
unchanged cisplatin in ®ltrates were determined by
post-column derivatization HPLC method (Hanada
et al 1995). Atomic platinum concentrations in
tissue homogenates and supernatants (cytosol
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fraction) were determined by atomic absorption
spectrophotometry (Hitachi Z-9000, Japan).

Data analysis
All data are presented as mean� s.d. Platinum in
the tissues was expressed as micrograms of plati-
num=gram wet weight of tissue (mg Pt (g tissue)ÿ1).
The cisplatin concentration in the kidney was cor-
rected by a factor of 0�7 because 30% of unchanged
cisplatin is lost during ultracentrifugation (Hanada
et al 1995). The area under the curve of con-
centration of unchanged cisplatin in the plasma or
kidney versus time (AUCp? or AUCk?, respec-
tively), total systemic clearance (CLt) and renal
clearance (CLr) values were calculated as follows:

AUCp1 � AUCp0ÿt1
� Cpt1

=kep

AUCk1 � AUCk0ÿt1
� Ckt1

=kek

CLt � infusion rate=Cpss

CLr � urinary excretion rate=Cpss

where AUCp0ÿt1
and AUCk0ÿt1

are the areas under
the curves of concentrations in plasma and kidney
versus time from time zero to the ®nal sampling
time (t1), respectively, as calculated by the trape-
zoidal rule; Cpt1

and Ckt1 are the concentrations in
plasma and kidney, respectively at t1; kep and kek

are the terminal elimination rate constants from
plasma and kidney, respectively; and Cpss is the
plasma cisplatin concentration at steady state. The
concentrations of platinum metabolites in renal
cytosol and organelles were calculated as follows:

platinum metabolites concentration in cytosol �
total platinum concentration in cytosol ÿ
concentration of unchanged cisplatin

platinum metabolites concentration in organelles �
total platinum concentration in homogenate ÿ
total platinum concentration in cytosol

The area under the curve of concentration of pla-
tinum metabolites in renal organelles versus time
from time zero to the ®nal sampling time (AUCo)
was calculated by the trapezoidal rule.

The degradation of cisplatin in urine was ana-
lysed as an apparent ®rst-order process and the rate
constant was calculated by a linear regression
technique using WinNonlin (Pharmacyt, Scienti®c
Consulting, NC).

Cisplatin uptake by rat renal cortical slices was
expressed as concentration ratio of slice to medium

(S=M) for platinum, corrected for the extravesicular
space.

The relationships between AUC and maximum
blood urea nitrogen level were analysed with a
sigmoid Emax model. A non-linear least-squares
regression technique was applied using the NLS
program (Sugiyama et al 1987):

BUN level �mg dLÿ1� �
BUNbase � �BUNmaxAUCg=

�AUC50g � AUCg��
where BUNbase and BUNmax are the baseline and
maximum blood urea nitrogen levels, respectively,
and AUC50 and g are 50% of the AUC for the
maximum blood urea nitrogen level and the slope
factor, respectively.

Statistical analysis
The statistical analysis was performed using one-
way analysis of variance. Dunnett's test was
applied if a signi®cant difference among means was
detected, and differences were considered to be
statistically signi®cant when P< 0�05.

Results

Effect of buthionine sulphoximine, glutathione
and methimazole on cisplatin-induced
nephrotoxicity in rats
Four hours after buthionine sulphoximine admin-
istration glutathione concentration, estimated as
non-protein thiol, in the kidney and liver was
decreased by 55 and 53% of the control value,
respectively (kidney: 0�56� 0�08 vs 0�31� 0�05 mg
(g tissue)ÿ1; liver: 1�14� 0�17 vs 0�61� 0�06 mg
(g tissue)ÿ1).

Figure 1 shows the effect of buthionine sul-
phoximine, glutathione and methimazole on cis-
platin-induced nephrotoxicity as estimated by
blood urea nitrogen. Blood urea nitrogen levels
were changed little by treatment with buthionine
sulphoximine, glutathione or methimazole alone
(data not shown), indicating that these compounds
themselves did not in¯uence renal function at the
doses studied. Blood urea nitrogen was increased
signi®cantly at 3 and 5 days after cisplatin admin-
istration. When the animals were pretreated with
buthionine sulphoximine, blood urea nitrogen
levels at 3 and 5 days after cisplatin administration
were suppressed signi®cantly compared with
cisplatin (5 mg kgÿ1) alone. These results suggested
that buthionine sulphoximine treatment could
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ameliorate cisplatin-induced nephrotoxicity, as
estimated by blood urea nitrogen level, in rats.
Plasma creatinine levels were also decreased in the
same manner as those of blood urea nitrogen (data
not shown). Similarly, the increase of blood urea
nitrogen levels was also suppressed by co-admin-
istration of either glutathione or methimazole when
compared with cisplatin alone. These results are
consistent with those reported previously (Zunino
et al 1983, 1989; Mayer et al 1987; Sausen et al
1992; Yoon et al 1993).

Effects of buthionine sulphoximine, glutathione and
methimazole on the pharmacokinetics of cisplatin
None of the compounds studied in¯uenced the CLt

of cisplatin (Table 1), but CLr was decreased sig-
ni®cantly by pretreatment with buthionine sul-
phoximine and infusion of glutathione without any
signi®cant changes in glomerular ®ltration rate
(GFR). CLr=GFR (clearance ratio) was sig-
ni®cantly decreased to unity by either buthionine
sulphoximine or glutathione. The apparent kidney-
to-plasma cisplatin concentration ratio (Kpapp) was

signi®cantly decreased by pretreatment with
buthionine sulphoximine only.

These drugs have a chemical structure containing
a sulphur atom, and if cisplatin binds chemically to
these drugs in biological ¯uids, especially in urine,
it is possible that CLr may be underestimated.
Therefore, we determined the degradation rate
constants of cisplatin in urine obtained from rats
treated with 0�9% NaCl, buthionine sulphoximine,
glutathione or methimazole. The apparent degra-
dation rate constants (Kdeg) of cisplatin in urine
obtained from rats treated with 0�9% NaCl or
buthionine sulphoximine were 0�052� 0�009 and
0�060� 0�006 hÿ1, respectively. The Kdeg values of
cisplatin in urine obtained from rats treated with
glutathione or methimazole (0�249� 0�018 and
0�187� 0�011 hÿ1) were signi®cantly larger
(P< 0�005) compared with the 0�9% NaCl-treated
group.

Effects of buthionine sulphoximine, glutathione
and methimazole on cisplatin uptake into rat
renal cortical slices
We studied the effect of buthionine sulphoximine
on cisplatin uptake into the kidney using renal
cortical slices to elucidate whether the protective
mechanism of buthionine sulphoximine pretreat-
ment resulted from inhibition of cisplatin uptake
into the kidney or from other mechanisms.

Cisplatin uptake (S=M ratio) at 37�C by renal
cortical slices from a buthionine sulphoximine-
pretreated rat was decreased signi®cantly
(1�25� 0�04) compared with slices from 0�9%
NaCl-pretreated rats (1�79� 0�10). Uptake of cis-
platin into slices from untreated rats was not
inhibited signi®cantly when the slices were incu-
bated with buthionine sulphoximine, glutathione or
methimazole (Figure 2).

Analysis of the protective mechanisms by the
sigmoid Emax model
Blood urea nitrogen levels at 5 days after cisplatin
administration were plotted against AUCp? and

Figure 1. Effects of buthionine sulphoximine, glutathione
and methimazole on cisplatin-induced nephrotoxicity in rats.
Each point represents the mean� s.d. (n� 4). **P< 0�01
compared with cisplatin.

Table 1. Effect of buthionine sulphoximine, glutathione and methimazole on the pharmacokinetics and renal accumulation of
cisplatin.

CLt (mL minÿ1 kgÿ1) CLr (mL minÿ1 kgÿ1) CLr=GFR Kpapp
a

Control 21�0� 1�5 7�87� 2�24 1�32� 0�04 3�52� 0�85
Buthionine sulphoximine 21�7� 1�9 4�50� 1�09* 1�03� 0�16* 2�35� 0�42*
Glutathione 21�1� 3�4 4�42� 1�33* 0�61� 0�20* 3�90� 1�31
Methimazole 20�3� 4�6 5�44� 1�33 0�91� 0�45 2�98� 0�35

aKpapp, kidney-to-plasma cisplatin concentration ratio. Each value represents the mean� s.d. (n� 4). *Signi®cantly different
from cisplatin (P< 0�05).

PHARMACOKINETIC±TOXICODYNAMICS OF CISPLATIN 1487



AUCk? (Figure 3) to clarify the protective
mechanisms of buthionine sulphoximine, glu-
tathione and methimazole. The resulting data after
treatment with buthionine sulphoximine, glu-
tathione or methimazole were shifted from a curve
obtained from total plasma cisplatin alone, i.e.
AUCp. When AUC values from the curve of intact
cisplatin concentration in the kidney versus time
(AUCk) were related to blood urea nitrogen levels,
the data obtained after pretreatment with buthio-
nine sulphoximine were almost on the curve. Fur-
thermore, when AUC values determined from the

curve of organelle platinum concentration in the
kidney vs time (AUCo) were plotted against blood
urea nitrogen levels at 5 days after cisplatin
administration, the data sets obtained from
buthionine sulphoximine pretreatment and glu-
tathione co-administration were on the curve.

Discussion

Glutathione and methimazole were administered by
constant infusion because the drug-drug interac-
tions may be more readily detectable. All com-
pounds studied signi®cantly suppressed the
increase of the blood urea nitrogen level induced by
cisplatin administration.

A pharmacokinetic and toxicodynamic model
reported previously was applied to clarify whether
the protective mechanisms of these compounds
were related to pharmacokinetics and=or tox-
icodynamics in rats. The blood urea nitrogen level
5 days after cisplatin administration was not related
to the AUCp? of intact cisplatin in plasma after co-
administration of any of the compounds studied.
An in-vivo renal clearance study also showed that
systemic clearance of intact cisplatin was not
affected by the compounds. In animals pretreated
with buthionine sulphoximine, the blood urea
nitrogen level ®tted well to the AUCk? of intact
cisplatin in the kidney using a sigmoid Emax model.
The AUCk? in rats treated with buthionine sul-
phoximine was decreased by 41% of control (cis-
platin 5 mg kgÿ1 alone), and the blood urea
nitrogen level 5 days after cisplatin administration

Figure 2. Effects of pretreatment with buthionine sulphox-
imine or incubation with buthionine sulphoximine on the
cisplatin uptake into rat renal cortical slices. The slices were
prepared from rats that had been pretreated with subcutaneous
buthionine sulphoximine (4 mmol kgÿ1) or 0�9% (w=v) NaCl.
The slices were pre-incubated with or without 8 mM buthionine
sulphoximine for 15 min, 75 mL 3�33 mM cisplatin was added
(initial cisplatin concentration was 50mM) and the reaction was
incubated for 60 min at 37 and 4�C. Each column represents
mean� s.d. (n� 4). *P< 0�01 compared with cisplatin.

Figure 3. Effects of buthionine sulphoximine, glutathione and methimazole on the relationships between blood urea nitrogen
level and area-under the curve of cisplatin concentration in plasma and kidney vs time in rats. The lines show computer simulations
following the equation:

Plasma; BUN �mg dLÿ1� � 20 � 0� ��202 AUC8�85
p �=�1 � 938�85 � AUC8�85

p ��
Kidney; BUN �mg dLÿ1� � 20 � 4� ��197 AUC7�73

k �=�7 � 557�73 � AUC7�73
k ��

Organella; BUN �mg dLÿ1� � 19 � 6� ��201 AUC7�22
o �=�3 � 127�22 � AUC7�22

o ��
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was decreased by 60% of control. These results
suggested that the protective mechanism of
buthionine sulphoximine against cisplatin-induced
nephrotoxicity might be due to a decrease in the
renal accumulation of cisplatin. When cisplatin was
co-administered with glutathione, the blood urea
nitrogen level 5 days after cisplatin administration
was related to AUCo, but not to AUCp? or
AUCk?. This suggested that the platinum bound to
the organelle fraction was the more direct function
of cisplatin-induced nephrotoxicity. If the rela-
tionship between free and bound cisplatin was not
changed by co-administered compounds, AUCk?
could be reasonably substituted by AUCo. This
seemed to be the case for buthionine sulphoximine
pretreatment. However, for glutathione co-admin-
istration it could be speculated that the binding of
intact cisplatin to cellular organelles might be
decreased by glutathione. This hypothesis was
supported by the fact that the concentration of non-
protein sulphydryl groups in the kidney was sig-
ni®cantly increased after administration of glu-
tathione (Zunino et al 1989).

The nephrotoxicity of cisplatin was reduced also
when methimazole was administered con-
comitantly. However, for methimazole the AUCo

of platinum was not related to the blood urea
nitrogen level 5 days after cisplatin administration,
suggesting that methimazole reduced the nephro-
toxicity of cisplatin via toxicodynamic rather than
pharmacokinetic mechanisms. Administering
methimazole up to 4 h after cisplatin administration
ameliorated the nephrotoxicity of cisplatin (Sausen
et al 1992). Again, this suggested that methimazole
affected the toxicodynamics rather than pharma-
cokinetics of cisplatin because the half-life of cis-
platin is very short (approximately 14 min). These
results suggested that the effects of the tested
compounds on the pharmacokinetics and tox-
icodynamics of cisplatin could be analysed by the
modi®ed sigmoid Emax model based on the target
concentration in the kidney.

The clearance ratio and Kpapp of cisplatin were
signi®cantly decreased by pretreatment with
buthionine sulphoximine, suggesting that uptake
of cisplatin into the kidney via the basolateral
membrane may be inhibited by buthionine sul-
phoximine. It is known that cisplatin uptake into rat
renal cortical slices is temperature-dependent and
the mechanism of cisplatin uptake by renal cortical
slices is thought to involve partly the organic cation
transport systems (Sa®rstein et al 1984; Harada et
al 1998). However, cisplatin was not transported by
the proton=cation exchange transport system in
brush-border membranes (our unpublished data).
The uptake of cisplatin into kidney slices was

inhibited by pretreatment of the animals with
buthionine sulphoximine but not by co-incubation
of the slices with buthionine sulphoximine.
Buthionine sulphoximine treatment may have
decreased the transport activity of the organic
cation transport system because buthionine sul-
phoximine reduced the cellular concentration of the
sulphydryl groups, which are essential for this
transport system in the kidney (Sokol et al 1986).

Although the CLr of cisplatin was signi®cantly
decreased when co-administered with either glu-
tathione or methimazole, these decreases may be
artifactual. Cisplatin was signi®cantly degraded in
urine obtained from rats after infusion of either
glutathione or methimazole. Consequently, the
cisplatin that had undergone glomerular ®ltration
and=or active secretion was degraded in the urine,
resulting in the apparently low CLr. Intact glu-
tathione undergoes glomerular ®ltration but is
hydrolysed rapidly by the tubular luminal trans-
peptidase and aminopeptidase, and the catabolized
cysteine is absorbed into the tubular cell from the
luminal side (Meister 1994).

The stability of cisplatin in plasma and kidney
must also be considered. In plasma, the con-
centration of cisplatin was changed little in the
presence of glutathione or methimazole (data not
shown). On the other hand, the uptake of cisplatin
into the renal slices was not signi®cantly inhibited
by either glutathione or methimazole. The Kpapp

value after co-administration of either glutathione
or methimazole was also unchanged. This value is a
function of both the rate of uptake into, and the rate
of elimination from the kidney. The absence of any
effect of glutathione on Kpapp may be due to the
fact that the rate of elimination from the kidney was
apparently unchanged, although the rate of forma-
tion of mobile cisplatin metabolites was increased.

In summary, cisplatin-induced nephrotoxicity in
rats was ameliorated by buthionine sulphoximine,
glutathione and methimazole. In renal tissue
buthionine sulphoximine may decrease the uptake
of cisplatin, whilst glutathione may decrease the
binding of cisplatin to organelles. We suggest that
these are the principal mechanisms of amelioration
of cisplatin toxicity by these compounds and
pharmacokinetic±toxicodynamic analysis will be
useful for classifying the protective mechanism of
cisplatin-induced nephrotoxicity.
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