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Summary. Adult female rats were treated intraperi- 
toneally with 8 mg/kg of cis-dichlorodiammineplati- 
num (II). At  various times after treatment 1, 3, 5, 8, 12 
days replicate animals were killed and liver and kidney 
cytosols examined for activity of glutathione-de- 
pendent transferase activities and levels of glutathione. 
Hepatic levels of glutathione were depressed by 
13-28% at 1, 3, 5 days after dosing. Renal levels of 
glutathione were increased by 3 - 5  fold at 8 and 12 
days after drug administration. Renal levels of gluta- 
thione were decreased at nearly all times studied with a 
nadir at 5 days. Activity of glutathione s-acryl 
transferase was increased and S-epoxidetransferase 
was decreased at 5, 8, 12 days after dosing. When 
cisplatinum was added to incubation mixtures in vitro, 
no changes in enzyme activities were observed. When 
cisplatin and reduced glutathione were determined 
chromatographically in tissue cytosols from treated 
rats, 30% of the recovered platinum was associated 
with glutathione. In tissue cytosols, greater than 95% 
of the total platinum content was retained in the 
supernatant when protein was precipitated with tri- 
chloroacetic acid, while only 3 -5% of the protein 
was retained. 

Introduction 

[17, 19, 31]. The drug decomposes spontaneously by 
replacement of labile chlorine atoms with water or 
hydroxyl groups in a process termed aquation. It has 
been proposed that the electrophilic aquation site of 
the cisPt molecule should interact avidly with various 
nucleophiles, most specifically nitrogen- or sul- 
fur-containing molecules. For instance, the binding of 
cisPt to DNA is thought to occur at a nitrogen atom of 
guanine [21]. Similarly, several thiol-containing com- 
pounds have been shown to reduce the in vivo toxicity 
of cisPt, possibly by such binding [4, 5, 9, 33]. 
Furthermore, cisPt has been shown to bind to the 
sulfur group of phosphorothioates [29] and to the 
sulfur of methionine [23], and to interact with the 
sulfhydryl groups of thymidylate synthetase in vitro 
[2]. It thus seemed reasonable to expect an interac- 
tion in vivo between cisPt and endogenous sulfur-con- 
taining molecules, such as the ubiquitous glutathione. 
Preliminary data [19] suggested that cisPt may alter 
glutathione-dependent cytosolic drug metabolism, 
but a thorough study of this important area has not 
been conducted. We report here studies of the effect 
of cisPt treatment on a variety of glutathione-de- 
pendent enzymatic pathways, endogenous levels of 
glutathione, and a possible in vivo association 
between platinum and glutathione. 

Cis-Dichlorodiammineplatinum-I1 (cisPt) is an anti- 
neoplastic drug with activity toward numerous animal 
and human tumors. The pharmacodynamics, distri- 
bution, and toxicity of the drug are well established 
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Methods and Materials 

Female Sprague-Dawley rats (Taconic Farms, Germantown, NY) 
weighing approximately 200 g were treated IP with 8 mg cisPt/kg in 
0.9% NaC1 (1.0 mg/ml). At various times after treatment, control 
and treated animals were killed by cervical dislocation. Livers and 
kidneys were removed and a post-microsomal supernatant (eyto- 
sol) was prepared by differential ultracentrifugation as described in 
detail previously [18]. Protein content was determined according to 
the method of Lowry et al. [20]. Levels of reduced glutathione 
(GSH) and total glutathione (GSH + GSSG) were determined by 
the methods of Ellman [7] and Tietze [30], respectively. The 

0344-5704/82/0008/0067/$ 01.00 



68 C. L. Litterst et al.: Pt Effects on GSH and on GSH S-Transferases 

method of Mize and Langdon was used to assay glutathione 
reductase activity [25]. Activities of three glutathione S-transfer- 
ases were determined under conditions that have been detailed 
previously [28]. Briefly, incubations contained reduced glutathione 
(10 mM), diluted cytosol (0.6-3.0 mg protein), and an appropriate 
substrate and buffer. Substrates for glutathione S-aryl-, S-aralkyl-, 
and S-epoxidetransferases and their respective final concentrations 
were: 3,4-dichloronitrobenzene (DCNB; 1 mM), 4-nitrobenzyl 
chloride (NBC; 1.0 raM), and 1,2-epoxy-3-(4-nitrophenoxy)pro- 
pane (ENPP; 0.5 raM). The in vitro effect of cisPt on enzyme 
activities was investigated with cytosol from untreated rats. Prior to 
incubation cisPt was added to the cytosol at final concentrations of 
400 and 800 ~tM. In vitro enzyme activity was determined 
immediately, and after standing at room temperature for 1 or 2 h. 
The incubation medium contained 150 mM KCl-tris buffer 
[181. 

To determine the nonspecific binding of platinum to tissue 
proteins, each tissue fraction (homogenate, 9,000 g supernatant, 
cytosol) was analyzed for protein content and for platinum content 
before and after precipitation of proteins with ice-cold 4% (w : v) 
sulfosalicylic acid. Glutathione present in protein-free superna- 
tants was isolated by thin layer chromatography (TLC) with 
n-butanol : acetic acid : water (4 : 1 : 2) [10]. Plates were air-dried 
and then exposed to iodine vapors to allow visualization of the 
glutathione-containing area. Each sample on the plate was then 
arbitrarily divided into the glutathione-containing area 
(Rf=0 .35-0 .65) ,  and those areas between the origin and 
glutathione and between glutathione and the solvent front. Silica 
gel was scraped from these areas and eluted with 2 - 3  ml 0.1 N 
HC1. After vigorous mixing the sample was centrifuged and the 
HC1 supernatant was then analyzed for platinum content by means 
of atomic absorption spectrophotometry [13]. The behavior of 
freshly prepared cisPt standards was also determined in the same 
TLC system. When known amounts of cisPt were added to a TLC 
plate and the plate then analyzed as described, recovery was 
approximately 70%. All data on Pt content of TLC plates have 
been corrected for this recovery. 

Results 

Table 1 shows the effect of cisPt treatment on the 
activity of glutathione-dependent transferases and 
amounts of glutathione in post-microsomal superna- 
tants of liver and kidney. In the liver, the only 
consistent and noteworthy change was a decrease in 
glutathione. In the kidney, however, the effects of 
cisPt treatment were more evident. Activity of 
glutathione-S-aryltransferase (DCNB) was increased 
2 - 4  times at 5, 8, and 12 days post-treatment. Effects 
at earlier times were variable and time-dependent. At 
the same times that S-aryltransferase was significantly 
increased, the activity of glutathione S-epoxidetrans- 
ferase was significantly decreased. Total glutathione 
was increased by 3 - 5  times normal at 8 and 12 days 
post-treatment, but by lesser amounts at earlier 
times. Interestingly, reduced glutathione was 
increased only on the first day after treatment. 
Glutathione reductase was decreased at all times 
except day 3. 

Table L Alterations of in vitro parameters of glutathione-de- 
pendent drug metabolism in cytosol from liver and kidney of rats 
treated with cisPt (8 mg/kg). Data are expressed as percentage of 
controP and represent means of at least three animals per 
time 

Parameter Days post-treatment 

1 3 5 8 12 

Liver 

S-Aryltransferase 104 110 112 102 110 
S-Epoxidetransferase 96 95 103 98 120 b 
S-Aralkyltransferase 95 89 107 91 82 b 

Reduced glutathione 87 u 88 77 b 98 104 
Total glutathione 78 b 82 b 72 b 98 110 
GSH reductase 109 b 98 101 92 97 

Kidney 

S-Aryltransferase 76 b 138 174 b 371 b 201 b 
S-Epoxidetransferase 100 102 69 b 85 b 87 b 
S-Aralkyltransferase i00 124 b 92 108 94 
Reduced glutathione 134 b 93 102 100 93 b 
Total glutathione 169 b 102 141 b 330 b 535 b 
GSH reductase 88 b 102 77 b 85 b 87 b 

a Control values for hepatic and renal enzyme activities (ex- 
pressed as nmol product formed/min per mg protein) and 
glutathione (expressed in raM) are, respectively: S-Aryltrans- 
ferase 43.3 + 5.8, 3.00 + 0.40; S-Epoxidetransferase 131 + 16, 
146 + 16; S-Aralkyltransferase 361 + 59, 266 + 35; GSH- 
Reduced glutathione 5.9 + 1.4; 4.3 + 0.4; total glutathione 
7.1 + 0.4, 6.4 + 0.8; GSSG reductase 105 + 11, 115 + 7 

u treated value significantly different from control (p < 0.05) 

When various concentrations of cisPt were added 
in vitro to cytosol from control rats and the tissue 
allowed to stand for up to 2 h few consistent, 
dose-related changes in enzyme activity were 
observed (Table 2). One explanation for this may be 
that the chloride ion concentration in the in vitro 
incubation mixture was sufficiently high to prevent 
the rapid activation by aquation of the cisPt molecule, 
and thus preclude an early binding or effects [16]. 

In rats treated for 1 h with cisPt, the liver and 
kidney contained 94%-98% acid-insoluble proteins 
(Table 3). Platinum loss after acid addition was 
variable, however, and depended on tissue and tissue 
fractions studied (Table 3). In both liver and kidney, 
the amount of platinum retained after acid addition 
was lowest for crude homogenate (48%-54%),  while 
the cytosol retained larger amounts of platinum 
(94%-111%). When protein and platinum concen- 
trations were studied 30 h after animal treatment or 
1 h after in vitro addition to control homogenates, 
qualitatively similar results were obtained (data not 
presented). 

In the TLC system described, standards of cisPt 
ran more slowly (Rf = 0.18-0.26) and had a different 
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Table 2. Effect of in vitro addition of cisPt on glutathione-dependent S-aryl and S-epoxidetransferase activities (expressed as nmol/min per 
mg protein) in liver and kidney 

Pathway Pt +2 conc Hours post-treatment 
(~M) 

0 1 2 

Liver 

S-Aryltransferase 

S-Epoxidetransferase 

Kidney 

S-Aryltransferase 

S-Epoxidetransferase 

0 73.0 + 12.4 70.2 + 18.1 66.6 + 14.7 
400 73.0 + 10.1 60.0 + 14.2 59.0 + 17.0 
800 61.0 + 8.8 60.0 + 14.9 53.8 + 9.4 

0 123 + 8 101 +12  102 +10 
400 115 +11 131 +14 a 119 +14 
800 115 +10 79 + 8 a 91 +11 

0 3.2 + 0.9 3.7 + 0.9 5.4 + 1.0 
400 3.2+ 1.2 3.7 + 0.6 5.4 + 0.8 
800 3.1 + 0.7 3.6 + 0.7 4.2 + 1.2 

0 107 +12 113 +12 67 + 8 
400 85 +_11 ~ 94 _+10 66 +_14 
800 75 + I P  94 +_13 66 +12  

~p < 0.05 

Table 3. Effect of acid precipitation on tissue Pt and protein 
concentrations in liver and kidney fractions 1 h after animal 
treatment with cisPt. Parenthetical number is the percent remain- 
ing in the acid supernatant 

Tissue Fraction Protein Pt 
(mg/ml) (~tg/ml) 

Liver a Homo- TotaP 57.8 0.54 
genate Retained a 1.12 (1.9%) 0.29 (54%) 

Cytosol Total 30.2 0.28 
Retained 1.05 (3.5%) 0.31 (111%) 

Kidney b Homo- Total 36.6 0.95 
genate Retained 1.12 (3.1%) 0.46 (48%) 

Cytosol Total 20.6 0.54 
Retained 1.15 (5.6%) 0.51 (94%) 

a GSH content of liver was 0.54 + 0.01 mg/ml for all three 
fractions 

b GSH content of kidney was 0.26 + 0.01 mg/ml for all three 
fractions 

c Concentration before addition of acid 
d Concentration in the acid supernatant after sediment of 

precipitate by centrifugation 

color (grey-brown) than did standards of glutathione 
(Rf = 0.41; yellow). When protein-flee tissue frac- 
tions from platinum-treated rats were spotted and 
run, the results were the same as when standards of 
cisPt and GSH were co-chromatographed. Approx- 
imately 30% of the recovered platinum was present at 
the Rf of, and with the color of, GSH. The remaining 

60%-70% of the recovered platinum was present at 
the R~ of, and with the color of, a cisPt standard. 

Discussion 

Much recent work has established the ability of 
platinum-containing compounds to inhibit the activity 
of various enzymes [1-3, 8, 23], and the inhibition 
has often been related to direct interaction between 
platinum and sulfur atoms on the enzyme molecule 
[2, 3, 8, 23]. Thus the interaction of cisPt with 
sulfhydryl-containing glutathione seemed likely, par- 
ticularly in tissues with high concentrations of 
glutathione and glutathione-dependent enzymes (liv- 
er and kidney) and where the predominant plati- 
num-induced toxicity was known to occur (kid- 
ney). 

Decreases in hepatic glutathione have been 
previously reported for several drugs [24]. The 
cisPt-induced decrease in hepatic glutathione (Table 
1) was probably not due entirely to a direct reaction 
between cisPt and GSH, because the decrease in the 
latter was about 100-fold greater than the hepatic 
platinum content previously determined [18]. This is 
consistent with the work of Levi et al., who found that 
cisPt produced a decrease in total cellular thiols but 
that cisPt did not interact directly with thiol-contain- 
ing molecules in vitro [14]. Thus an indirect mech- 
anism may be responsible for the decrease in hepatic 
GSH content. 
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In the kidney, substantial increases in total 
glutathione occurred without significant changes in 
reduced glutathione. Other divalent metal ions than 
Pt-II also have been shown to increase GSH [26], but 
concomitant measurements of total glutathione were 
not made, so direct comparison with the present 
results is difficult. Extremely high GSSG/GSH ratios 
are uncommon [32] because of a feedback inhibition 
of protein synthesis [11]. Therefore, it is questionable 
whether a prolonged elevation of the magnitude 
observed in Table 1 could be maintained for several 
days without drastic consequences. It may be possi- 
ble, therefore, that the large increase in total 
glutathione may be due to the presence of an 
unidentified acid-soluble substance released from the 
damaged kidneys that interferes with the analytical 
method for glutathione. The concomitant occurrence 
of elevated total glutathione levels and decreased 
glutathione reductase activity is probably coinciden- 
tal because the reductase, even though it is involved 
in maintaining glutathione in the reduced form, is 
probably not rate-limiting in this reaction [27]. 

Hepatic GSH S-transferase activities were gener- 
ally unaffected by the cisPt treatment. In contrast, the 
renal S-aryltransferase (DCNB) and S-epoxidetrans- 
ferase (ENPP) activities appeared to be more sen- 
sitive to the drug. The preferential increase in only 
the renal S-aryltransferase activity is an effect which 
is similar to that seen after treatment with pesticides 
[12]. 

The most dramatic changes occurred in kidney at 
times (5 and 8 days) closely corresponding to the most 
severe renal toxicity [31]. It is tempting to postulate a 
cause-effect relation between a platinum-glutathione 
interaction and the severity of renal injury, particu 
lady since the extraction of glutathione by the kidney 
is proposed to occur in the proximal tubules [22], the 
site of the tubular necrosis observed following cisPt 
administration [31]. It is just as likely, however, that 
glutathione and the S-transferases are affected in a 
nonspecific manner secondary to the severe renal 
damage. This latter explanation gains credence in 
light of the results of the in vitro study (Table 2), 
where cisPt had no apparent effect. However, it 
should be kept in mind that the 2-h incubation time 
for the in vitro study may have been too short to allow 
for aquation of the cisPt molecule and subsequent 
binding of the aquated molecule to GSH or other 
cellular constituents [8]. 

The acid-precipitation studies suggest that there 
may not be a generalized, random binding of 
platinum to tissue proteins because the addition of 
acid to tissue fractions resulted in 95%-98% loss of 
protein but only a 0 % - 6 0 %  loss of platinum. Other 
studies of acid-precipitable platinum have led to 

similar conclusions [6]. Unfortunately, the design of 
this study does not provide any evidence for the 
nature of the acid-soluble platinum species or wheth- 
er it is in solution in the cytosol or is bound to an 
acid-soluble polypeptide or other substance. The 
presence of large amounts of glutathione in the 
acid-soluble tissue fractions suggest one possible 
source of binding for platinum. Histones from nuclear 
chromatin are also acid-soluble and have been 
implicated in platinum binding [15], so they represent 
another potential acid-soluble binding site for plati- 
num. 

Because 60%-70% of the platinum from pro- 
tein-free, acidic supernatants was recovered from 
TLC plates at an Rf lower than that of GSH, it 
appears that a majority of the platinum was unas- 
sociated with GSH. Whether the remaining 30% of 
the platinum was bound to glutathione or merely 
exhibited an altered migration when in the presence 
of glutathione cannot be determined from this 
study. 
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