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Abstract—We have examined the toxicity of trans-platinum (trans-diamminedichloroplatinum II) to
heme and hemoprotein metabolism in the kidney of glutathione (GSH)-depleted rats and compared it
with that produced by cis-platinum. Unlike cis-platinum treatment (7.0 mg/kg, i.v.) which caused after
7 days significant increases in cytochromes P450 and b5, and a marked decrease in porphyrin content of
the kidney, frans-platinum alone (7 mg/kg, i.v.) did not elicit notable changes in these variables when
measured 1 or 7 days after treatment. Also, cis-platinum treatment significantly altered the heme
degradation pathway by increasing the activity of heme oxygenase and decreasing that of biliverdin
reductase; frans-platinum treatment did not elicit a response in these activities. However, when rats
were given the inhibitor of GSH synthesis, D,L-buthionine-S,R-sulfoximine (BSO), the subsequent
administration (2 hr later) of trans-platinum produced, in 1 day, the spectrum of responses that were
mediated by cis-platinum after 7 days. In the kidneys of rats treated with BSO plus trans-platinum the
concentration of platinum measured only about 50% of that detected in the kidneys of rats treated with
trans-platinum alone. In the liver, trans-platinum by itself or in combination with BSO was ineffective
in altering the measured variables of heme metabolism. The possibility that similarity between cis-
platinum and trans-platinum plus BSO may extend to systems other than heme metabolism, ¢.g. GSH
synthesis and degradation, was examined. cis-Platinum caused significant inhibition of both renal y-
glutamyl synthetase and y-glutamyl transpeptidase after 7 days, but not after 1 day. Twenty-four hours
after treatment, BSO + frans-platinum caused inhibition of y-glutamylcysteine synthetase activity,
whereas this activity in animals treated with BSO alone had returned to control values. At this time
point, neither oxidized glutathione (GSSG)-reductase nor y-glutamyl transpeptidase activity was affected
by trans-platinum + BSO treatment.

The findings suggest that GSH constitutes an important defense mechanism against trans-platinum
alteration of heme metabolism and may play a role in cellular accumulation of the drug in an inactive
complex. It is proposed that BSO treatment, despite resulting in a diminished intracellular concentration
of trans-platinum, allows reaction of the metal complex with target molecules by virtue of its ability to
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deplete GSH.

cis-Platinum (cis-diamminedichloroplatinum II) con-
stitutes the basis for many of the combination chemo-
therapy protocols currently in use in treatment of
solid tumors, in particular nonseminomatous germ
cell cancers [1-3]. Nephrotoxicity caused by the drug,
however, causes serious dose limitations in its usage
[4-6]. The cellular basis for the nephrotoxicity has
not been fully elucidated, although several mech-
anisms have been evoked [7-11], including that
which stemmed from our studies [12, 13]. The heme
and porphyrin metabolism pathway is exquisitely
sensitive to perturbations by various chemicals
including metal complexes [14], and has been pro-
moted as a sensitive indicator for exposure to toxic
agents [15]. Using porphyrin and heme metabolism
as indicators of cis-platinum toxicity [16-18}, major
perturbations in these processes have been observed
in the rat kidney [12]. In this respect cis-platinum
resembles the chlorides of platinum [19, 20]. Also,
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in cis-platinum-treated rats, a time-dependent and
pronounced inhibition of activities of y-glutamyl-
cysteine synthetase, the rate-limiting enzyme in the
production of GSH [21] has been observed.
trans-Platinum is known to be by far more reactive
in vitro than cis-platinum; however, in vivo it is less
nephrotoxic than the cis complex at equivalent doses
[1]. The molecular properties of trans-platinum are
believed to account for its relative lack of cytotoxicity
[1]; one of the chlorides of trans-platinum is more
easily substituted than is a chloride of cis-platinum.
Hence, trans-platinum reacts more readily with side
chains of amino acids including the sulfhydryl groups,
and hydrates four times more rapidly than cis-plati-
num [5, 8]. The rapid rate of reactivity of trans-
platinum is presumed to result in the inactivation of
the compound in the circulation and the cytosol
before reaching the cellular regulatory macro-
molecules. Glutathione (GSH) is the most prevalent
cellular and plasma non-protein thiol. Accordingly,
it could be postulated that altering the availability of
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this ligand may modify the in vivo activity of trans-
platinum.

To examine whether trans-platinum in vivo can be
rendered active we investigated the effects of altered
kidney GSH metabolism using the specific inhibitor
of GSH synthesis, D,L-buthionine-§,R-sulfoximine
(BSO). We have shown that the combined treatment
with BSO and trans-platinum causes a similar pattern
of perturbations in heme and hemoprotein metab-
olism, albeit different in time—course, to those caused
by cis-platinum alone; with both treatments the kid-
ney is the target organ.

EXPERIMENTAL PROCEDURES

Materials. Porphyrin compounds were obtained
from Porphyrin Products (Logan, UT). cis-Plati-
num, frans-platinum, and BSO were obtained from
the Sigma Chemical Co. (St Louis, MO). All chemi-
cals were of analytical grade.

Animals and tissue preparations. Male Sprague—
Dawley rats (180-220 g) were purchased from Har-
lan Industries (Madison, WI), and maintained on
Purina rat chow and water ad lib. trans- or cis-
Platinum was injected as a single dose of 7.0 mg/kg
in a vehicle of 0.9% NaCl intravenously. The time—
course of effect of BSO on renal GSH concentration
was assessed by measuring the concentration of the
tripeptide following a single injection of 4 mmol/
kg (s.c.). In subsequent studies, BSO was given
subcutaneously at a dose of 4.0 mmol/kg 2 hr before
trans-platinum. Control animals received saline or
BSO, depending on the experimental protocol. All
injections were made between 9:30 and 10:00 a.m.
The regimen of treatments is given in the legends to
the appropriate table and figures. When animals
were utilized for measuring the time—course of the
effect of BSO on the renal GSH level, a portion of
the organ was removed immediately after sacrifice
and was homogenized in a buffer of 10% tri-
chloroacetic acid, 0.01 M hydrochloric acid and
0.1mM EDTA (by vol.). The same protocol was
followed when measuring the hepatic GSH con-
centration. The remainder of the kidney was pro-
cessed as described below and analyzed for y-
glutamyleysteine synthetase activity. All other ani-
mals were decapitated, and the liver and kidneys
were perfused in situ with saline. The organs were
homogenized in 4 vol. of 0.01 M Tris-HCI buffer,
pH 7.4, containing 0.25 M sucrose. The microsomal
and the cytosol fractions were prepared by dif-
ferential centrifugation as detailed previously [17].
The tissue homogenate was utilized for deter-
minations of total porphyrin content, and the activity
of y-glutamyl transpeptidase. The miciosomal frac-
tion was used for measurements of heme oxygenase
activity and the contents of cytochromes P450 and
bs. The activity of biliverdin reductase, y-glutamyl-
cysteine synthetase and oxidized glutathione
(GSSG)-reductase was assessed in the cytosol frac-
tion (105,000 g supernatant). Biliverdin reductase
was purified from rat liver as described earlier [22]
and used in the heme oxygenase assay system.

Assay procedures. The activity of heme oxygenase
was measured as detailed previously [23] using iron-
protoporphyrin (heme b) as the substrate. The
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activity of biliverdin reductase was determined as
before [22], at pH 8.6, with NADPH as the cofactor.
GSSG-reductase activity was assayed by the method
of Massey and Williams [24]. The assay medium
(1.0 mL) contained the enzyme source (80-100 ug
protein), EDTA (3mM), bovine serum albumin
(2 mg), NADPH (0.1 mM), GSSG (3 mM) and pot-
assium phosphate buffer (50 mM, pH 7.6). The reac-
tion was started by the addition of GSSG, and
enzyme activity was assessed from the disappearance
of NADPH. The blank assay system did not contain
GSSG. The assay was carried out at 25°; a unit of
activity was defined as 1 nmol NADPH oxidized per
milligram protein per minute.

The assay of y-glutamylcysteine synthetase was
carried out by a modification of the method described
by Sekura and Meister [25]. The reaction mixture
(1.0 mL) contained ATP (5 mM), MgCl, (20 mM),
L-glutamate (10 mM), L-a-aminobutyrate (20 mM),
EDTA (0.1 mM), bovine serum albumin (0.05 mg)
and Tris—HCI buffer (10 mM, pH 8.2). The reaction
was initiated by the addition of the enzyme source
(1-2 mg protein). L-a-Aminobutyrate was not added
to the blank assay mixture. Duration of incubation
was 30 min at 37°. The reaction was terminated by
the addition of 1 mL trichloroacetic acid (10%), and
the protein was precipitated by centrifugation
(5000 g, 10 min). The liberated phosphate (P;) in the
supernatant fraction was determined colorimetrically
(720 nm) by the method of Taussky and Shorr [26].
An enzyme unit was defined as 1 nmol P; released
per milligram protein per minute.

The activity of y-glutamyl transpeptidase was
measured by a modification [27] of the procedure
described by Meister et al. [28]. The assay system
(1.0 mL) consisted of enzyme source (20-50 ug pro-
tein), glycylglycine (2 mM), L-y-glutamyl-p-nitro-
anilide (2.5mM), Triton X-100 (1.0%). NaCl
(7.5mM), and Tris—HCI buffer (0.05M, pH 8.0).
The reaction was initiated by the addition of L-y-
glutamyl-p-nitroanilide. The rate of release of p-
nitroaniline was followed from the increase in
absorption at 405 nm. An extinction coefficient of
9.9mM ' cm™~! was used for the measurement of
enzyme activity. The activity was expressed as the
micromoles of p-nitroaniline formed per milligram
of protein per minute. Renal and hepatic GSH con-
tent was determined fluorometrically by the method
of Cohn and Lyle [29].

Spectral studies. The kidney cytochrome P450 con-
tent was measured using the procedure described
by Jones et al. [30], which corrects for cytochrome
oxidase contamination. The total porphyrin con-
centration was assessed spectrofluorometrically [31];
the excitation wavelength was 400 nm with a slit
width of 20nm and the emission wavelength was
654 nm with a 20-nm slit. Coproporphyrin-III was
utilized as the standard. Protein was measured by
the method of Lowry er al. {32]. Tissue platinum
levels were determined by flameless atomic absorp-
tion spectrometry, using a Perkin-Elmer spec-
trometer, as described by Pera and Harder [33].

The spectral studies were carried out using an SLM
Aminco DW-2C spectrophotometer. The results are
expressed as means = SD for three to four deter-
minations; one rat was used for each determination.
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Table 1. Comparative effects in vivo of trans- and cis-platinum on total porphyrin content
and activities of enzymes of the heme degradation pathway in rat kidney

Total Heme Biliverdin
porphyrin oxygenase reductase
Treatment (pmol/mg) (nmol/mg/hr) (nmol/mg/min)
Control 34287 2.66 £0.22 2.22x0.17
trans-Platinum (1 day) 31796 324 +0.12 222 +0.17
trans-Platinum (7 days) 27.0 6.7 2.68+0.43 2.54 £ 0.02
cis-Platinum (1 day) 26.6 3.4 4.00 = 0.41* 1.98 = 0.22
cis-Platinum (7 days) 12.1 £2.2* 5.75 £ 0.70* 1.32 £ 0.01*

Male Sprague-Dawley rats (180-220 g) were treated (i.v.) with trans- or cis-platinum
(7.0 mg/kg) and killed after the indicated periods. Cell fractions were prepared as described
in the text. The tissue homogenate was used for measurement of porphyrin content. The
cytosol fraction (105,000 g supernatant) was used for the measurement of biliverdin reductase.
Heme oxygenase activity was measured in the microsomal fraction. Results are the
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means = SD of four determinations.

* P < 0.05 when compared with the control group.
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Fig. 1. BSO-mediated depletion of renal glutathione. Rats

were treated with BSO (4 mmol/kg, s.c.) and killed at the

indicated intervals for measurement of renal GSH levels.

Results are the means = SD of four determinations. One
rat was used for each determination.

The data were analyzed by Student’s ¢-test; a P value
of =< 0.05 denoted significance.

RESULTS

Comparative effects of cis- and trans-platinum on
heme metabolism in the kidney. Table 1 shows the
comparative and time-dependent effects of the two
platinum complexes on the kidney total porphyrin
content and on heme oxygenase and biliverdin
reductase activities. In frans-platinum-treated rats
the indicated variables did not change when
measured 1 or 7 days after treatment. This was unlike
exposure to cis-platinum, which caused after 7 days
pronounced decreases in the concentration of por-
phyrins and the activity of biliverdin reductase, and
an increase in the activity of heme oxygenase. One-
day treatment with cis-platinum did not affect bili-
verdin reductase activity or porphyrin concentration;
however, heme oxygenase activity was somewhat
increased. In the liver, trans-platinum treatment or
cis-platinum treatment did not alter any of the
measured variables at 1 or 7 days (data not shown).

The potent inhibitor of GSH synthesis, BSO, was
used to decrease cellular GSH concentration.
Initially the time~course of BSO-mediated (4 mmol/
kg) depletion of the renal GSH content was deter-
mined (Fig. 1). As noted, the concentration of the

tripeptide declined rapidly by 2hr and remained
substantially depressed at 24 hr post-treatment. The
hepatic GSH concentration was also measured at 2
and 24 hr after BSO treatment; at those time points
the values obtained were 63 and 76%, respectively,
of control levels (1240 ug/g tissue). Using this infor-
mation, in the subsequent experiment trans-platinum
was given 2 hr after BSO, and 24 hr later the same
variables measured in the above experiment (Table
1) were assessed. The results are shown in Fig. 2. As
noted, pretreatment of rats with BSO rendered trans-
platinum effective in altering heme metabolism vari-
ables in the kidney. The total porphyrin con-
centration was decreased substantially, the activity
of heme oxygenase was increased significantly, and
that of biliverdin reductase was decreased. In animals
treated with BSO alone, significant changes were not
detected when measured 24 hr after treatment.

The possibility that potentiation by BSO of the
trans-platinum effect on kidney heme metabolism
extends to the microsomal hemoprotein content of
the organ was investigated. As shown in Fig. 3,
significant increases in the concentration of cyto-
chromes P450 and b5 were produced by treatment
of rats with BSO before administration of trans-
platinum (1-day treatment). cis-Platinum treatment,
after 7 days, also caused a significant increase in the
concentration of the cytochromes. trans-Platinum or
BSO alone did not affect significantly the microsomal
content of either cytochrome. Also, 1-day cis-plati-
num treatment was ineffective. As above, in the
liver, the activity of heme metabolic enzymes and
the concentration of hemoproteins did not respond
to trans-platinum, despite BSO pretreatment (data
not shown).

Influence of BSO pretreatment on trans-platinum
effects on enzymes of GSH metabolism. The response
to trans-platinum treatment of y-glutamyl cycle
enzymes, y-glutamylcysteine synthetase, GSSG-
reductase and y-glutamyltranspeptidase was exam-
ined. Results, presented in Fig. 4, show the com-
parative effects of 1-day treatment with rans-
platinum alone or trans-platinum plus BSO, as well
as 7-day treatment with cis-platinum on the activities
of y-glutamylcysteine synthetase and y-glutamyl
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Fig. 2. Potentiation by D,L-buthionine-S$,R-sulfoximine pre-
treatment of trans-platinum effects on total porphyrin con-
centration and activities of heme degradation enzymes.
One group of four male Sprague-Dawley rats (180-220 g)
was treated (s.c.) with BSO (4 mmol/kg) 2hr before
administration of trans-platinum (7.0 mg/kg, i-v.). The ani-
mals were killed 24 hr after the last injection. A second
group of rats was given only BSO. The control group
received saline. Kidneys were perfused and used for prep-
aration of subcellular fractions. The homogenate was used
for measurement of total porphyrin concentration. The
microsomal and the cytosol fractions were used for assess-
ment of heme oxygenase and biliverdin reductase activities.
Experimental details are provided in the text. Data are
means = SD of four determinations. Key: (*) P =<0.05
when compared with the control group.

transpeptidase. As shown, the synthetase activity
was inhibited significantly in BSO plus trans-plat-
inum-treated rats as it was in the cis-platinum-treated
animals. The decrease did not appear to be caused
by BSO since, in animals treated with BSO alone,
after 24 hr, the activity of the synthetase had returned
to the control value. Also, the enzyme activity was
not altered in the kidney of rats treated only with
trans-platinum. The transpeptidase activity was also
decreased by cis-platinum to about 50% of the con-
trol value; the activity, however, was not altered by
either trans-platinum alone or in combination with
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Fig. 3. Comparative effects in vivo of treatments with BSO
plus trans-platinum or cis-platinum on kidney microsomal
cytochromes P450 and bs concentrations. One group of
male Sprague-Dawley rats was treated with BSO and trans-
platinum as described in the legend to Fig. 2, and killed
24 hr after the last injection. Other groups were treated
with cis-platinum (7.0 mg/kg, i.v. and killed 7 days later),
trans-platinum (7.0 mg/kg, i.v. and killed 24 hr later), or
saline. The microsomatl fraction was prepared and used for
the measurement of the concentrations of cytochromes
P450 and bs. Details are provided in Experimental Pro-
cedures. Data are means + SD of four determinations.
Key: (*) P < 0.05 when compared with the control group.

BSO. The inhibition of transpeptidase activity by cis-
platinum after 7 days, but not with trans-platinum
plus BSO in 1 day, may reflect the turnover rate of
the enzyme. Alternatively, it may reflect the struc-
tural properties of the cis-geometry which exerts a
direct inhibitory action on the enzyme [8]. GSSG-
reductase activity was not affected by any of the
treatments. The activity measured 188 * 18 units in
control rats, 195 = 30 units in rats treated with BSO
plus trans-platinum, 210 +23 in (¢rans-platinum-
treated rats, and 213 = 12 in BSO-treated animals.
Effect of BSO pretreatment on the concentration of
platinum in the kidney. In view of the potentiation
of trans-platinum effects that were observed with
BSO pretreatment, the kidney level of platinum was
measured to determine whether BSO alters tissue
uptake of frans-platinum. As shown in Fig. 5, the
platinum level in the kidney of BSO plus trans-
platinum-treated animals was by far less than that of
trans-platinum-treated rats; indeed, the mean value
in the BSO-pretreated rats was about 50% of the
trans-platinum-treated animals.

DISCUSSION

The structural activity studies have established
that antineoplastic activity of cis-platinum, for the
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Fig. 4. Effects in vivo of treatments with trans-platinum,
BSO plus trans-platinum or cis-platinum on activities of y-
glutamyl transpeptidase and y-glutamylcysteine synthetase.
Male Sprague-Dawley rats were treated with platinum
complexes, as described in the legend to Fig. 3. The activity
of the transpeptidase was measured in the homogenate.
The activity of the synthetase was measured in the cytosol
fraction. The assays were performed as described in Exper-
imental Procedure. The results are means = SD of four
determinations. Key: (*)P = 0.05 when compared with the
control group.
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Fig. 5. Platinum concentration in kidneys of rats treated
with trans-platinum or BSO plus trans-platinum. Rats were
treated with the platinum compound, as described in the
legend to Fig. 3. The tissue level of platinum was measured
by flameless atomic absorption, as described in the text.
Key: (*)P = 0.05 when compared with the control group.

most part, is dependent on the cis-geometry. This
molecular property allows the formation of intra-
strand and interstrand adducts with DNA nucleotide
bases and promotes antineoplastic activity. How-
ever, recent findings from various laboratories
using a variety of experimental conditions, have sug-
gested that mechanisms other than binding to DNA
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nucleotide bases also may be involved in the neph-
rotoxicity of the complex [18, 34]. Using alterations
in activities of heme metabolism pathway enzymes
as indicators of cellular toxicity [14, 15], our previous
studies [12, 13] have suggested that in the kidney the
high level of turnover of GSH and activities of y-
glutamyl cycle enzymes may be involved in rendering
the organ a target for toxicity of the platinum
complex.

The trans configuration of dichlorodiammine-
platinum II appears to enhance reactivity of the
complex as is evidenced by more rapid rates of
hydration and binding with a variety of potential
cellular ligands; yet, despite its enhanced reactivity
with cellular macromolecules in vitro, trans-platinum
is less nephrotoxic in vivo than cis-platinum when
given in equivalent doses [1]. The present study
shows that frans-platinum can be rendered essentially
as effective as cis-platinum in altering activities of
heme metabolism and hemoprotein content in the
kidney by pretreatment of animals with BSO, a
specificinhibitor of GSH synthesis [21]. We speculate
that reduction of cellular GSH levels allows trans-
platinum to interact with regulatory molecules
involved with heme, and possibly other metabolic
pathways, as exemplified by the inhibition of y-
glutamyl synthetase. The observed potentiation of
trans-platinum in vivo is consistent with the study of
Andrews et al. [35] who reported that the cytotoxicity
of trans-platinum (but not cis-platinum) could be
enhanced by BSO treatment in vitro, utilizing a
human ovarian carcinoma cell line.

The precise mechanism(s) of cis-platinum neph-
rotoxicity is still not fully understood, but it is evident
from this study as well as previous reports {5, 12]
that the onset of its perturbation of various cellular
functions, including heme metabolism, is delayed by
several days. In this respect, cis-platinum clearly
differs from trans-platinum plus BSO treatment in
which the prompt onset of effects on heme metab-
olism more closely resembles that noted with
chlorides of platinum, as well as other heavy metal
salts [19, 20]. Treatment with such metal complexes
results in a rapid enhancement of heme degradation
activity. Moreover, when metal complexes are given
to animals whose GSH metabolism is compromised,
effects on heme metabolism pathway are magnified
[36]. The present study shows that the potential
effects of trans-platinum on heme metabolism also
can be unmasked by depleting GSH levels prior to
injection of the platinum complex.

As noted above, although the temporal action
of trans-platinum, when given subsequent to BSO
treatment, on heme metabolism variables is similar
to platinum chlorides, the nature of its effects on
microsomal hemoproteins resembles that of cis-plati-
num, but with an accelerated onset. Treatment with
platinum chloride and other heavy metal salts results
in a significant decrease in the microsomal con-
centration of cytochromes in the kidney [14]. In
contrast, treatment with cis-platinum or trans-plati-
num plus BSO resulted in an increase in renal micro-
somal cytochromes P450 and b5 content. Often
induction of heme oxygenase is accompanied by a
decrease in cytochrome P450. This is particularly
notable in the liver [14], and such observations have
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implicated the role of heme oxygenase in degrading
cytochrome P450 heme [14]. However, recently we
have shown that in a reconstituted system not all
forms of cytochrome P450 are directly degraded by
heme oxygenase [37]; rather with certain species,
e.g. P450c, its conversion to P420 is necessary.
Hence, the present finding that induction of heme
oxygenase in the kidney was not accompanied by a
decrease in microsomal cytochrome P450 content
may be explained by a rate of production that exceeds
that of degradation and/or production of species
that are resistant to direct degradation by heme
oxygenase. In turn, the increased production could
reflect an enhanced formation of heme from por-
phyrin precursors. This suggestion is consistent with
the observed decrease in total porphyrin content and
our previous findings demonstrating such occurrence
in the kidney of ¢is-platinum-treated rats [17]. Degra-
dation of cytochrome b5 by heme oxygenase has not
been demonstrated directly, and no comments can
be offered at this time.

Previous work from our laboratory has suggested
that cis-platinum-mediated alterations of renal cyto-
chrome P450 appear to be mediated by systemic
endocrine effects rather than direct effects on the
organ [17]. The possibility that trans-platinum also
may affect endocrine function was not presently
examined, but it is conceivable that trans-platinum
also elicits perturbations in endocrine functions
under conditions of GSH depletion.

The finding that BSO treatment resulted in
enhanced in vivo activity of trans-platinum, yet
caused a decreased tissue concentration of platinum
levels, is similar to that observed with mercury
chloride. Berndt er al. [38] have shown that GSH
depletion by diethylmaleate plus BSO not only
decreases renal accumulation of mercury but also
simultaneously exaggerates inhibition of p-amino-
hippurate transport by mercury. The present experi-
ments do not allow prediction as to whether BSO
treatment prevents initial uptake of trans-platinum
and/or enhances subsequent excretion from the kid-
ney. Nonetheless, regardless of the mechanism, it
would appear that the diminished amount of trans-
platinum accumulating in the organ following BSO
treatment is in a form more effective in altering heme
metabolism.

Acknowledgements—This research was supported by NIH
Grants ES03968. ES04066, ES01247 and PHS S7TRR05403-
26. We are grateful to Joseph Aquilina for purifying bili-
verdin reductase, Elsa Cernichiari for measurement of
platinum levels, and Mrs Lois Schenk for preparation of
the manuscript.

REFERENCES

1. Rosenberg B, VanCamp L, Trosko JE and Mansour
VH, Platinum compounds: a new class of potent anti-
tumor agents. Nature 222: 3985-3986, 1969.

2. Reed E, Yuspa SH, Zwelling LA, Ozols RF and Poirier
MC, Quantitation of cis-diamminedichloroplatinum II
(cisplatin)-DNA-intrastrand adducts in testicular and
ovarian cancer patients receiving cisplatin chemo-
therapy. J Clin Invest 77: 545-550, 1986.

3. Einhorn LH and Donohue J, cis-Diamminedichloro-
platinum, vinblastine, and bleomycin combination

R. D. MAYER and M.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

D. MAINES

chemotherapy in disseminated testicular cancer. Ann
Intern Med 87: 293-298, 1977.

. Blachley JD and Hill JB, Renal and electrolyte dis-

turbances associated with cisplatin. Ann Intern Med 95:
628-632, 1981.

. Safirstein R, Winston J, Goldstein M, Moe PD, Dik-

man S and Gattonplan J, Cisplatin nephrotoxicity. Am
J Kidney Dis 5: 356-367, 1986.

. Winston J and Safirstein R, Reduced renal blood flow'

in early cisplatin-induced acute renal failure in the rat.
Am J Physiol 249: F490-F496, 1985.

. Weiss RB and Poster DS, The renal toxicity of cancer

chemotherapeutic agents. Cancer Treat Rev 9: 37-56,
1975.

. Borch RF and Pleasants ME, Inhibition of cis-platinum

nephrotoxicity by diethyldithiocarbamate rescue in a
rat renal model. Proc Natl Acad Sci USA 76: 6611~
6614, 1979.

. Levt J, Jacobs C, Kalman S, Notigue M and Weiner

M, Mechanism of cis-platinum nephrotoxicity I. Effects
on sulfhydryl groups in rat kidneys. J Pharmacol Exp
Ther 213: 545-550, 1980.

Daley-Yates PT and McBrien DCH, The inhibition of
renal ATPase by cisplatin and some biotransformation
products. Chem Biol Interact 40: 325-334, 1982,
Berry J-P., Pauwells C, Tlouzeau S and Lespinats G.
Effect of selenium in combination with cis-diam-
minedichloroplatinum(II) in the treatment of murine
fibrosarcoma. Cancer Res 44: 2864-2868, 1984.
Maines MD, Differential effect of cis-platinum (cis—
diamminedichloroplatinum) on regulation of liver and
kidney heme and hemoprotein metabolism: possible
involvement of y-glutamyl cycle enzymes. Biochem J
237: 713-721, 1986.

Mayer RD, Lee K and Cockett ATK. Inhibition of
cisplatin induced nephrotoxicity in rats by buthionine
sulfoximine, a glutathione synthesis inhibitor. Cancer
Chemother Pharmacol 20: 207-210. 1987.

Maines MD, New developments in the regulation of
heme metabolism and their implications. CRC Crit Rev
Toxicol 12: 241-314. 1984.

Marks GS, Exposure to toxic agents: the heme biosyn-
thetic pathway and hemoproteins as indicators. CRC
Crit Rev Toxicol 15: 151-179, 1985.

Litterst CL. Tong S, Hirokata Y and Siddik ZH, Stimu-
lation of microsomal drug oxidation in liver and kidney
of rats treated with the oncolytic agent cis-dichloro-
diammineplatinum-11. Pharmacology 26: 46-53, 1983.
Jollie DR and Maines MD, Effect of cis-platinum on
kidney cytochrome P-450 and heme metabolism: evi-
dence for the regulatory role of the pituitary hormones.
Arch Biochem Biophys 240: 51-59, 1985.
Alexopoulos CG, Chalevelakis G, Katsoulis C and
Pollikaris G, Adverse effect of cis-diamminedichloro-
platinum I (CDDP) on porphyrin metabolism in man.
Cancer Chemother Pharmacol 17: 165-170. 1986.
Maines MD and Kappas A, Regulation of heme path-
way enzymes and cellufar glutathione content by metals
that do not chelate with tetrapyrroles: blockage of
metal effects by thiols. Proc Natl Acad Sci USA 74:
1875-1878, 1977.

Maines MD and Kappas A, Enzymes of heme metab-
olism in the kidney. Regulation by trace metals which
do not form heme complexes. J Exp Med 146: 1286
1293, 1977.

. Meister A, The f{all and rise of cellular glutathione

levels: Enzyme-based approaches. In: Current Topics
in Cellular Regulation (Eds. Estabrook RW and Srere
P). Vol. 26, pp. 383-394. Academic Press, New York.
1985.

Kutty RK and Maines MD, Purification and char-
acterization of biliverdin reductase from the rat liver.
J Biol Chem 256: 3956-3962. 1981.



23.

24,

25.

26.

27.

28.

29.

30.

31.

Activation of trans-platinum by GSH depletion

Maines MD and Kappas A, Cobalt stimulation of heme
degradation in the liver: dissociation of microsomal
oxidation of heme from cytochrome P-450. J Biol Chem
250: 4171-4177, 1975.

Massey V and Williams CH Jr, On the reaction mech-
anism of yeast glutathione reductase. J Biol Chem 240:
4470-4476, 1965.

Sekura R and Meister A, y-Glutamylcysteine synthet-
ase. Further purification, “half of the sites” reactivity,
subunits, and specificity. J Biol Chem 252: 2599-2605,
1976.

Taussky HH and Shorr E, A microcolorimetric method
for the determination of inorganic phosphorus. J Biol
Chem 206: 675-682, 1953.

Chung A-S, Maines MD and Reynolds WA, Inhibition
of the enzymes of glutathione metabolism by mercuric
chloride in the rat kidney: Reversal by selenium. Bio-
chem Pharmacol 31: 3093-3100, 1982.

Meister A, Tate SS and Griffith OW, y-Glutamyl trans-
peptidase. Methods Enzymol 77: 237-252, 1981.
Cohn VH and Lyle J, A fluorometric assay for
glutathione. Anal Biochem 14: 434-440, 1966.

Jones DP, Orrenius S and Jakobson SW, Cytochrome
P-450-linked monooxygenase systems in the kidney. In:
Extrahepatic Metabolism of Drugs and Other Foreign
Compounds (Ed. Gram TE). pp. 123-158. Spectrum
Publications, Jamaica, NY. 1980.

Granick S, Sinclair P, Sassa S and Grieninger G, Effects
of heme, insulin and serum albumin on heme protein

32,

33.

34.

35.

36.

37.

38.

1571

synthesis in chick embryo liver cells cultured in a chemi-
cally defined medium and a spectrophotometric assay
for porphyrin composition. J Biol Chem 250: 9215~
9225, 1975.

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

Pera MF and Harder HC, Analysis for platinum in
histological material by flameless atomic absorption
spectrometry. Clin Chem 23: 1245-1249, 1977.
Bodenner DL, Dedon PC, Keng PC, Katz JC and
Borch RF, Selective protection against cis-diam-
minedichloroplatinum (IT) induced toxicity in kidney,
gut, and bone marrow by diethyldithiocarbamate. Can-
cer Res 46: 2751-2755, 1986.

Andrews PA, Murphy MP and Howell SB, Differential
potentiation of alkylating and platinating agent cyto-
toxicity in human ovarian carcinoma cells by gluta-
thione depletion. Cancer Res 45: 6250-6253, 1985.
Maines MD and Sinclair P, Cobalt regulation of heme
synthesis and degradation in avian liver cell culture. J
Biol Chem 252: 219-223, 1977.

Kutty RK, Daniel RF, Ryan DE, Levin W and Maines
MD, Rat liver cytochrome P-450b, P-420b and P-420c
are degraded to biliverdin by heme oxygenase. Arch
Biochem Biophys 260: 638-644, 1988.

Berndt WO, Baggett JM, Blacker A and Houser M,
Renal glutathione and mercury uptake by kidney.
Fundam Appl! Toxicol 5: 832-839, 1985.



