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ABSTRAC1@

Diethyldithiocarbamate (DDTC) has been shown to protect against
the toxicity of cis-diamminedichloroplatinum(II) (DDP) without inhibi
lion of antitumor effect. We report here that DDTC is unreactive toward
DDP complexes in which both chlorides have been replaced by guanine
residues but removes platinum from a variety of other ligands, and that
this difference in reactivity may provide the basis for the selective
protection observed with DDTC. Platinum-DNA complexes were unreac
live toward DDTC (10 mM, >4 h) when the platinum:base ratio r < 0.02.
DDTC did not react with the 1:2 complex of DDP:guanosine but reacted
rapidly with the 1:1 complex and with the 1:2 complexes of
DDP:adenosine. Reaction of DDP with DDTC was second order with a
rate constant k = 4.4 si@' min' at 37Â°C,corresponding to a@ 150
mm at IDDTCI = I mM. Treatment of L12l0 cells with DDTC (0.5â€”I
m@i)after exposure to DDP indicated that DDTC had no effect on cell
kill if DDTC treatment was delayed for I h after DDP. The effect of
DDTC on DDP-induced DNA interstrand cross-links was also examined
in LI 210 cells. Interstrand cross-links were decreased by -.50% when

cells were treated with DDTC immediately after DDP@, no change in
DNA interstrand cross-links was observed when DDTC treatment oc
curred 3 h after DDP. A modified alkaline elution procedure was used to
evaluate the effects of high concentrations of DDTC, thiourea, and
cyanide on platinum:DNA cross-links from L1210 DNA. Exposure to
DDTC (0.5 si, 4 h) did not alter interstrand cross-links, but both thiourea
and cyanide caused extensive reversal of cross-links at concentrations as
low as 10 and I msi, respectively. Both commercial and rat kidney brush
border preparations of y-glutamyl transpeptidase were inhibited by ex
posure to 2 msi DDP; exposure of the inhibited enzyme to DDTC (I or
10 msi) resulted in significant restoration of enzyme activity. These data
indicate that DDTC has unique chemical specificity in its reactions with
platinum complexes and that this specificity is ideal for application as a
chemoprotective drug against cis-platinum toxicity.

INTRODUCTION

DDP3 is believedto generate tumoricidal lesions by formation
ofbifunctional adducts with DNA (I). In contrast, the mechan
istic basis for DDP's toxicity to the kidney and other organ
systems is not known. We previously hypothesized that neph
rotoxicity and gastrointestinal toxicity may be a consequence
of platinum binding and inactivation of thiol-containing en
zymes, and that the ability of DDTC to inhibit DDP toxicity
results from DDTC's ability to remove platinum from these
protein thiol groups (2). Evidence in support of this enzymatic
basis for DDP toxicity has appeared (3, 4). A number of sulfur
nucleophiles has been studied as inhibitors of DDP-induced
nephrotoxicity (5â€”10);however, selective protection of normal
tissue without inhibition of antitumor effect has been difficult
to achieve. Thiourea reacts rapidly with platinum complexes
and has been shown to reverse platinum:DNA cross-links in
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solution (11) and inhibit platinum:DNA cross-links in cultured
cells (12, 13). We and others (14â€”21) have shown that DDTC
provides protection against renal, gastrointestinal, and bone
marrow toxicity induced by DDP without concomitant inhibi

tion of DDP's antitumor effect. We describehere the results of
our studies on the reaction of DDTC with a number of platinum
complexes,which support the hypothesis that DDTC selectively
reverses platinum:thiol complexes without reversal of plati
num:DNA cross-links.

MATERIALS AND METhODS

Chemicals. cis-Platinum was obtained through the Drug Synthesis
and Chemistry Branch, Division ofCancer Treatment, National Cancer
Institute, or from Bristol Laboratories. Sodium diethyldithiocarbamate,
salmon sperm DNA, y-glutamyl p-nitroanilide, guanosine, adenosine,
cytidine, Tris, sodium dodecyl sulfate, and -y-glutamyl transpeptidase
were obtained from Sigma Chemical Co. HPLC solvents, sodium
cyanide, thiourea, and EDTA were obtained from Baker Chemical
Company. Noble agar was obtained from Difco Laboratories, and
proteinase K and tetrapropyl ammonium hydroxide were obtained from
Merck and RSA, Inc., respectively. Radiolabeled thymidine and Aqua
sol were purchased from New England Nuclear. RPMI Medium 1640
and horse serum were obtained from Gibco.

Hydrolysis of DDP. A chloride ion-specific electrode (Orion, Inc.)
was placed in a solution of DDP (1.7 or 3.3 mM in 5 mM sodium
nitrate), the electrode was connected to a Corning pH meter set on the
millivolt scale, and liberated chloride ion was measured every 2 mm for
2 h by comparison of the millivolt readings to those obtained from
chloride ion standard curves. Determinations were made in triplicate
at both 20T and 37C.

Kinetics of the Reaction between DDP and DDTC. A solution of 5
mM DDTC and 50 mM Tris (pH 7.4, 37'C) in distilled water was
divided into ten 975-@ilportions. To each sample were added 25 @ilof a
freshly prepared DDP solution (0.60 mg in 1.0 ml of distilled water) to
give a final DDP concentration of 50 MM.Samples were removed from
the constant temperature bath at intervals over 2 h; CHC13 (2.0 ml)
was added, the sample was agitated for 1 mm, and the CHC13 layer was
analyzed for platinum bis(diethyldithiocarbamate) by HPLC (Footnote
4; Ref. 22). The pseudo-first order rate constant was determined from
the slope of the plot of ln(H.. â€”H,) versus t, where H.. and H@are the
Pt(DDTC)2 peak heights at 3 h and time t, respectively. The slope was
3.62 x l0@ s@@'determined by linear regression, r@= 0.995.

Kinetics of DDP Binding to DNA. A solution of salmon sperm DNA
was prepared in 20 mM NaCIO4 to give a solution which was 2.5 mM
in DNA base, determined by absorbance at 260 nm. A solution of DDP
(I mg/ml in 20 mM NaCIO4) was prepared, and aliquots were added to
the DNA solution in amounts required to produce platinum:base ratios
of0.Ol, 0.02, 0.05, 0.08, and 0.1, respectively. Final base concentration
was adjusted to 2.2 mM by the addition of 20 mM NaClO4. Aliquots (1
ml) were removed every 15 mm for 3 h and every 30 mm for an
additional 5 h, added to I ml of 0.1 MNaCI, and centrifuged for 7 mm
at 450 x g through spin dialysis cones (Amicon; Mr cutoff, 30,000).
The platinum concentration in the ultrafiltrate was determined by
flameless atomic absorption analysis and by formation, extraction, and
HPLC analysis of platinum bis(diethyldithiocarbamate) (Footnote 4;
Ref. 22). Excellent agreement was obtained between the two methods.

The effect of phosphate buffer on binding kinetics was examined at
a platinum:base ratio of0.01. The solutions were prepared as described

4 P. H. Lieder and R. F. Borch, unpublished results.
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DIETHYLDITHIOCARBAMATE AND cu-PLATINUM TOXICITY

above, except that the appropriate concentrations ofsodium phosphate
buffer were used in place of the NaC1O4 solutions.

Reversal of Platinum:Base and Platinum:DNA Complexes. Plati
num:DNA complexes were prepared at platinum:base ratios 0.01-0.1
using the procedures described above and allowing the reactions to go
to completion in the dark. The resulting solutions ofthe platinum:DNA
complexes were equilibrated at 3TC for 15 mm, and DDTC was added
to a final concentration of 10 m@i. Aliquots were removed at 30-mm
intervals and extracted with CHCI3 (1 ml), and the CHCl@extract was
analyzed for Pt(DDTC)2 by HPLC as described previously (Footnote
4; Ref. 22).

The platinum:bis-nucleoside complexes were prepared by reacting
80 zmolof adenosine,guanosine,or cytidineand 20 Mmolof DDP in
20 ml of water. The samples were heated to SOT in the dark for 48 h
and then allowed to go to completion at room temperature; the extent
of reaction was monitored by HPLC as described below. The plati
num:guanosine monoadduct was prepared by reaction of guanosine
with excess DDP; the reaction was monitored by HPLC and terminated
when monoadduct formation was maximal. Adducts were isolated by
preparative HPLC and characterized by UV, nuclear magnetic reso
nance, and platinum atomic absorption spectroscopy, and by compari
son of HPLC retention times using conditions identical to those re.
ported by Eastman (23). The bisadenosine complexes were obtained as
an inseparable mixture of two isomers, and subsequent reactions were
carried out on the isomeric mixture. The kinetics of platinum:base
reversal was measured by adding DDTC to these solutions to a final
concentration of 10 m@iat 37T. Aliquots were removed, and the
platinum:base complex was quantified by HPLC.

Cell Treatments. Exponentially growing L1210 cells in RPMI Me
dium 1640 containing 10% horse serum were labeled for 24â€”48h with
12-'4Clthymidine(0.01 MCi/mi). The cells were washedtwice with
RPMI Medium 1640 and then resuspended in this medium to give a
final density of 5â€”8x 10@cells/ml after addition of drug solution. The
cells were equilibrated at 37C for 15â€”30mm and then treated with

DDP for 1 h. Cells were then washed 3 times with supplemented
medium, resuspended in the same medium, and treated with DDTC
for 1 h at the ooncentrations and times indicated. Again cells were
washed 3 times in supplemented medium and assayed for viability by
the method of (Thu (24). Between 10@and l0@cells were suspended in
3 ml of medium containing 0.01% Noble agar, and colonies were
counted after 12â€”15days of incubation.

DNA Interstrand CrOSS-Linking. The alkaline elution assay was per
formed as previouslydescribed(25). L1210 cells were labeledand
exposed to DDP with or without DDTC as described above. Experi
mental cells were subjected to 300 rods of X-ray at 4'C, and 3H-labeled
internal standard L1210 cells received 100 rads of X-ray at 4C. Equal
numbers (2 x 10@)of treated and control cells were mixed, deposited
on polyvinyl chloride filters, and lysed with a solution of 2% sodium
dodecyl sulfate, 0.3% glycine, 20 m@iEDTA, and proteinase K (0.5
mg/ml). The filters were then eluted with a solution of 0.1 M tetrapro
pylammonium hydroxide and 0.02 MEDTA at pH 12.1 with an elution
rate of 2 mI/h. A total of ten 3-ml fractions was collected, and the
radioactivity of the eluted fractions and filter was determined by scm
tillation countingin Aquasol.Cross-linkingwasexpressedin rodequiv
alents with the 35% internal standard DNA retention as the end point
as described previously (13).

A modified alkaline elution procedure was developed to evaluate
platinum:DNA reversal by toxic levels of various drugs. Cells were
labeled and exposed to DDP as described above and then incubated in
RPMI Medium 1640 containing 10% horse serum for 8â€”12h at 37C
to maximize cross-linking. The cell suspensions were then irradiated
and lysed on polyvinyl chloride filters as described above. The filters
were washed twice with EDTA (1.5 ml, 20 mM, pH 10.0). Solutions of
sodium DDTC, thiourea, and sodium cyanide at the appropriate con
centrations containing 20 m@t EDTA were placed on the filter and
eluted at the rate of 2 mI/h for the specified times. The filters were
then washed with EDTA, and the DNA was eluted as described above.
Reversal was determined from the difference in rad-equivalent cross
links between control and filter-treated DNA and is expressed as a
percentage of the control value.

Effect ofDDP with or without DDTC on GGT Activity. Bovine kidney
GGT (Sigma)(30 units/ml) wasincubatedin Tris buffer (50 mat,pH
7.4, 37C) in the presence or absence of DDP (1 or 2 mM) which had
been incubated in distilled water overnight. A sample of the solution
was removed at appropriate intervals, diluted 10-fold with Tris buffer,
and assayed by measuring the liberation of p-nitroaniine from @y
glutamyl-p-nitroanilide (26). Enzyme activity was constant for > 4 min
during the assay,and < 10% of activity was lost over 8 h at 37C in
control experiments. After incubating for 6 h, the mixture was dialyzed
for I h against the incubation buffer to remove excess DDP, and DDTC
was added to give a final concentration of 1 or 10 mi.i. Enzyme activity
was measured as described above. Enzyme solution without drug cx
posure was otherwise treated identically, and enzyme activities were
determined as a percentage of the control enzyme activity at that time.

GGT activity was also measured in brush border preparations iso
latedasdescribedbyBoothandKenny(27)from Fischer344rats.The
membranes were isolated and stored frozen in a solution of 10 mM
mannitoland2 mMTris (pH 7.0)at aproteinconcentrationof 1.0mg/
ml. Neither freezing nor prolonged incubation at 3TC affected enzyme
activity. Aliquots were thawed and centrifuged at 15,000 x g for 15
min, and the pellets were resuspended in an identical volume of Tris
(20 mM, pH 7.4, 37C). The resulting membrane suspensions were
incubated with 2 mM platinum solutions consisting of DDP, DDP plus
100 m@iNaCl, or DDP treated with 2 equivalents of AgClO4. Enzyme
activity was assayed as described above. The incubation mixtures were
then centrifuged (15,000 x g, 15 min), the supematant was discarded,
and the pelleted membranes were resuspended in Tris (100 m@.i,pH
7.4, 37t) containing 0-10 mM DDTC. Enzyme activity was measured
at 30- and 60-min intervals. Addition of DDTC to control enzyme
preparations had no effect on activity.

RESULTS

DDP Reaction Kinetics. Rate constants for the hydrolysis of
DDP in 5 mM aqueous NaNO3 were 1.7 Â±0.3 x i0@ min'
and 6.4 Â±0.8 x i0@ min@ at 20Â°Cand 37Â°C,respectively,
determined by measuring chloride release from the platinum
complex.This correspondsto a half-life of almost 2 h at 37C
for the replacement of the first chloride ligand by a water
molecule. These rate constantsare in reasonableagreement
with reported values(28) and were determined to provide a
base-line value for the experiments to be described. The second
order rate constantfor the reaction of DDP with DDTC was
4.4 M@min' at 37Â°C,over 4 orders ofmagnitude greater than
the rate constant for reaction of DDP with water. When
[DDTCJ = 1 mM, however, the reaction rates between DDP
and water or DDTC are comparable(tÂ½,110 and 150 mm,
respectively, at 37Â°C). Thus, DDTC is essentially unreactive
toward DDP at maximal plasma concentrationsof approxi
mately 1 mMobservedafter a protectivedosein vivo,suggesting
that the mechanismofDDTC protectiondoesnot involvedirect
interception and inactivation of the parent drug.

The rate constant (6.2â€”6.9x 10@ min') for reaction of DDP
with salmon sperm DNA (pH 6.8, 37Â°C)was essentially iden
tical to the rate of DDP hydrolysis and was independent of the
platinum:base ratio over the range 0.01â€”0.1. Reaction of
salmon sperm DNA with the diaquocomplex of DDP was
complete in minutes. These resultsare consistentwith DDP
hydrolysis as the rate-determining step in DNA binding as
reportedpreviously(29).

The presence of phosphate buffer decreases the rate of plati
num binding to DNA in a concentration-dependentmanner
(Table 1); 100 mM phosphate decreases the rate of binding
approximately 3.5-fold. The rate of binding at a constant
phosphate buffer concentration is also pH dependent, with a
slower rate at increasedpH above6.8. These data are consistent
with the reactive platinum species having the structure
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Table I
bindiEffect

ofphosphate concentration andpH on the rate of cis-platinum
ng to salmon sperm DNA (pIatinum.@baseratio r@ 0.01) at37'CP04

(mM) pH 10@x k(min')5

6.8 5.2
20 6.8 4.3
50 6.8 3.3

100 6.81.950

6.5 3.5
50 7.0 2.4
50 7.5 1.4

60 120 180 240

Table 2 Effectofl-h DDTC
extreatment

on L1210 cell
posure (1-20 @sv,I h)survival

aftercis-platinumDDTC

(mM)Interval (h@D@(ILM)@Control3.6

Â±0.7c0.5â€”2.08.4
Â±O.4@0.51.54.4Â±0.51.01.55.1Â±0.30.52.03.4

Â±0.3.

0.54.04.1Â±0.8

DIETHYLDITHIOCARBAMATE AND cis-PLATINUM TOXICITY

for 1 h to DDTC alone at a concentrationrangingfrom 0.5â€”5
mM, and cell survivalwas evaluatedby the soft agar cloning
assay. Cell survival was >90% at DDTC concentrations@ 2
mM, so DDTC was used at a concentrationof 0.5â€”1mr@iin
subsequent experiments.

The effect of DDP on L1210 survivalwas assessedusinga
1-h exposureat DDP concentrationsof 1â€”20@M;this concen
tration range gave dose-responsecurves with reproducible D0
values (the concentration of DDP that reduces survival to 37%

as derivedfrom the exponentialportion of the survivalcurve).
The effect of a 1-h DDTC exposurebeginning1.5, 2, and 4 h
after the start of a 1-h DDP exposureis summarizedin Table
2; these times corresponding to an interval of Â½,1, and 3 h,
respectively, between the end of DDP treatment and initial
DDTC exposuredemonstrate that DDTC has no effect on
DDP cytotoxicityunder theseconditions.Thesedata indicate.
that a delayof at least 1 h betweenDDP and DDTC adjninis
tration in vitro should be sufficient to prevent the inhibition of
DDP-induced cytotoxicity.

Effect of DDP with or without DDTC on DNA Interstrand
Cross-Links. The effect of DDTC on DDP-induced DNA inter
strand cross-links was evaluated by the alkaline elution tech
nique; all cells received 300 R to introduce single-strand breaks
(25). L1210 cells were treated with DDP (20 @M,1 h) withor
without DDTC (1 mM, 1 h) 3 h later. The effect of DDTC
alone was also evaluatedin cells receivingno DDP. Alkaline
elution was carried out 6 h after DDP treatment. DDTC alone
had no effect on the.DNA elution profile; similarly, DDTC
treatment 3 h after DDP had no effecton the extent of DDP
induced DNA interstrand cross-linking. The effect of DDTC
immediately and 3 h after DDP treatment and washing of cells
wasevaluatedby alkalineelution at differenttimes.The results
are expressed in rad-equivalent cross-links (Fig. 2). Although
exposureto DDTC 3 h after DDP had no effecton interstrand
cross-linking, a significant reduction in cross-links wasobserved
when cells were exposedto DDTC immediately after DDP
treatment.

The alkaline elution technique was modified in order to
examine the effect of toxic concentrations of DDTC and other
agents on platinum:DNA interstrand cross-links formed after
an 8â€”12 h incubation period following cell treatment with DDP.
Rad-equivalent cross-links were determined asdescribedfor the
normal alkaline elution procedure; reversal is expressed in
percentage and determined from the decrease in cross-links
resulting from exposure of DNA to drug on the filter compared
with controls (Table 3). DDTC was unable to reverse inter
strand cross-links even after exposure of the DNA to 0.5 M
DDTC for 4 h. In contrast, exposureof DNA to thiourea
causedsignificant removal of platinum interstrand cross-links;

a Pseudo-first-order rate constant k determined from the slope of ln (DDT,/
DDP0)versust derivedfrom linear regression;r@> 0.98 for all experiments.

..J
0.

0'S.-
(j(.)

oc@

TIME (mEn)

Fig. I. Reaction of DDP:guanosine and DDP:adenosine complexes with
DDTC (10 mM,3TC). Unreacted complex was quantitated by HPLC analysis
and expressed as a fraction of that present at time zero. S Pt(NH@ (guano
sine)(OH2)2@;Q, Pt(NH3)2(guanosine)@2@;@,0, two isomeric complexes of
Pt(NH3)2(adenosineh2@.n = 5; bars, Â±SD. (â€¢,SD < 0.03, bars omitted for
clarity).

Pt(NH3)2ffj2O)(OH)@;the plc of the underlined hydrogen is
7.2, and as this proton dissociates, the easily replaced water
molecule becomes a far less reactive hydroxide ligand. Phos
phatepresumablycompeteswith DNA for thereactiveplatinum
speciesto form a stabilized phosphate complex.

Effect of DDTC on Platinum:DNA and Platinum:Purine Corn
plexes. Platinum:DNA complexes were prepared by reaction of
salmon sperm DNA with DDP at different platinum:basera
tios. These complexes were then reacted with DDTC (10 m@t,
37Â°C),and the platinum was removed and quantified as the
DDTC complexby HPLC analysis.For platinum:baseratios<
0.05, < 1% of the platinum bound to DNA was removed after
2 h of DDTC treatment (data not shown). This suggests that
DDTC should not reverse the cytotoxic lesion in tumor cells,
where the platinum:baseratio is@ 0.01 (27). Reaction of
DDTC with the DDP:guanosine mono- and bisadductsand
with a mixture of the DDP:adenosine bisadducts was also
examined(Fig. 1). The bisadductwith guanosinewasstableto
DDTC (10 mM, 37Â°C),showing no evidenceof reaction after 4
h. In contrast, the DDP:guanosine monoadductand the two
DDP:adenosinebisadductsreactedrapidly with DDTC, show
ing pseudo-first-order kinetics with half-times of approximately
2, 30, and 100 mm, respectively. These data suggest that
replacement of both chloride ligands by guanosine residues
confers unique stability to DDTC for the platinum complex;
the absenceof significant platinum:DNA reversal at low plati
num:base ratios is consistent with the observations of Eastman
that guanineis the initial platinum coordinationsite in DNA
(23).

Effect of DDP with or without DDTC on L1210 Cell Survival.
In order to assure that DDTC was used at concentrations which
had no direct effect on cell survival,L1210 cellswereexposed

a Time between the beginning of DDP and DDTC exposure. The interval

between the end of DDP and the beginning of DDTC treatment is I h less than
this value.

b ,@ is dose of DDP which decreases survival to 37% of control as derived

from the log-linearportion ofthe survivalcurve.
C Mean Â± SD.

d SignificantlydifTerent from control(P< 0.01, the Student t test); other values

not significantlydifferent(P > 0.1).
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4 6@ 1@ 2

Cross-linkAgentConcentration

(mM)Exposure time (h)reversal(%)GDDTC10I0Â±5DDTC10040Â±5DDTC25040Â±5DDTC50040Â±5Thiourea2115Â±8Thiourca10423

Â±7Thiourea500454

Â±10Cyanide2127

Â±SCyanide10240
Â±7Cyanide40475
Â±9(1

2

DIETHYLDITHIOCARBAMATE AND cis-PLATINUM TOXICITY

fashion. DDTC restores activity to the platinum-inhibited en
zyme, with the higher DDTC concentration providing more

rapid and complete recovery. GGT activity was also measured
in F344 rat kidney brush border membranes. Incubation with
DDP (2 mM) shows first-order loss of enzyme activity (rate
constant k = 4.2 x l0@ min'). Addition of chloride ion
decreasesthe concentration of aquated platinum species and
retards the rate of enzyme inhibition. In contrast, exposure of
enzyme to aquated DDP acceleratesthe initial rate of enzyme
inhibition.

Membrane suspensionswere incubated with DDP (2 mM) for
3 h and then incubated with 0â€”10m@iDDTC (Fig. 4). Resto
ration of enzyme activity is observed after treatment with 1 or
10 mM DDTC; recovery is more rapid at the higher DDTC

concentration. Enzyme activity after treatment with 0.1 mM
DDTC is not significantly different from that observed when
the enzyme was resuspended in drug-free medium. These results
demonstrate that DDP inhibition of a model renal enzyme can
bereversedby pharmacological concentrations of DDTC which
provide chemoprotection in vivo (14).

DISCUSSION

DDP is a relatively unreactive specieschemically; even with
a powerful nucleophile like DDTC, the reaction half-life is
approximately 15 mm and 2.5 h at DDTC concentrations of
10 and 1 mM, respectively (37Â°C). The rate ofplatinum binding

to DNA which we and others (29) have observed, the rate of
DDP-induced inactivation of GGT, and the ability of chloride
ion to interfere with DNA binding and enzyme inhibition are
consistent with DDP hydrolysis as the rate-limiting step in
these reactions. In contrast, the reaction of DDP with DDTC
is 40,000-fold faster than with water, confirming that DDTC
reacts with DDP by direct substitution rather than by initial
rate-limiting hydrolysis. It is important to note, however, that
the concentration differences between water (55 M) and phar
macological DDTC (1 mM) in vivo result in nearly equivalent

0@ 12 18

(@ mo

:@
(I)

@ g @o

@ 25
0)

@ 0

TIME (hr)

Fig. 2. Effect of DDTC on DNA interstrand cross-linking following 1-h
treatment of L I2 10 cells with 20 pM DDP. Cells were washed and then received
no further treatment (0) or were incubated with DDTC (1 msi, I h) immediately
(0) or 3 h (@)after washing.Alkalineelution wascarried out after incubatingfor
various times, as described for Fig. 3. Bars, Â±SD: n = 3.

Table 3 Effect oJDDTC. thiourea. and cyanide on intersirand cross-/in/cs after
reaction with D1%@4isolatedfrom L1210 cells previously treated with cis-platinum

(20 @w,1h)

Â¶
ODTC

a Percentage of re@ersal = I 00 x â€”cross-links treated/cross-links control)

Â±SD@ cross-links calculated in rad equivalents using a modified alkaline elution

procedure(n = 3). See text for details.

0

0
0

1-tOURS

Fig. 3. Effect of DDP and DDTC on bovine -y-glutamyl transpeptidase. GGT
(Sigma) (30 units/mI) was incubated with 2 mM DDP and periodically assayed
for enzyme activity. After 7 h. excess DDP was removed by dialysis, and the
enzyme was treated with 1 mM(â€¢)or 10 mM(0) DDTC. Enzyme activity is
expressedas percentageof control enzymeincubatedin the absenceof drug; n =
S. Bars. SD.

this property of thiourea has been reported previously (I 1).

Cyanide is a ligand with high affinity for platinum, and its
ability to reverse DNA interstrand cross-links was used to
demonstrate the feasibility of the DNA filter method.

Effect of DDP with or without DDTC on y-GlutamylTrans
peptidase Activity. GGT was incubated with 2 mrvi DDP at

37Â°C,and enzyme activity was assayed at various times (Fig.
3). DDP clearly inhibits enzyme activity in a time-dependent

2748

HOURS

Fig. 4. Effect of DDP and DDTC on @y-glutamyltranspeptidase activity in rat
kidney brush border preparations. Brush border membranes were isolated from
F344 rats and incubated with 2 mr@iDDP in Tris buffer. Enzyme activity was
assayed at various times for 6 h (s). Identically treated membranes were pelleted
after 3 h and incubated with DDTC. Enzyme activity was monitored for an
additional 4 h. Activity is expressed as percentage of a control preparation
incubated in the absence of drug. Bars. SD; n = 3. DDTC concentration: S. 10
mM;t@, I mM;A,0.l mM;D,OmM.
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DIETHYLDITHIOCARBAMATE AND cis-PLATINUM TOXICITY

half-lives under these conditions.
The reaction of DDTC with platinum:nucleoside and plati

num:DNA complexes was examined to determine whether
DDTC's selective chemoprotection might be based upon a
fundamental difference in reactivity among different platinum
complexes. Both the initial (30) and predominant (31) cytotoxic
platinum:DNA lesions involve replacement of chloride by gua
nine basesin the same (32) or opposite strand bound at the N-
7 position. Our observation that DDTC is unreactive toward
platinum:bisguanine complexes prepared from both the nucleo
side and from DNA may explain its failure to inhibit DDP's
antitumor response.

Thiourea is another ligand with high affinity for platinum
complexes. It is effective as a chemoprotector against DDP

nephrotoxicity in animal models, but it also inhibits tumor
response to DDP in vivo (5) and enhances survival of DDP
treated tumor cells in vitro (>1 log unit even after a 2-h interval
between DDP and thiourea treatment) (13). In contrast, DDTC
had no effect on L 12 10 cell survival when an interval of at least
I h between DDP and DDTC treatment was used. The effects
of thiourea and DDTC on platinum:DNA interstrand cross
linking in Ll210 cells are also quite different. Thiourea does
not reverse preformed cross-links in cells; it presumably en
hances survival by inhibiting subsequent cross-linking of plati
num:DNA monoadducts when cells are treated with thiourea
after DDP exposure (1 3). Interstrand cross-links continue to

accumulate after DDTC treatment, however, and the extent of
cross-linking at later times is unaffected if DDTC treatment is
sufficiently delayed. Thiourea (1 M) has been shown to reverse
lethal platinum:DNA cross-links in a noncellular system (1 1).
Using a modification of the alkaline elution assay, we observe
that thiourea at concentrations as low as 10 mM reversesinter
strand cross-links, whereas 500 mM DDTC has no effect on
platinum:DNA interstrand cross-links. Thus, in spite of their
similarities in affinity for platinum complexes, DDTC and
thiourea behave very differently in both their chemical reactions
and their effects on DDP-treated cells.

-y-Glutamyl transpeptidase is an enzyme of considerable im
portance in the renal tubule; it is concentrated in proximal
tubule brush border and contains a sulthydryl group essential
for enzymatic activity. This enzyme was chosen as a model to
evaluate DDP-induced inhibition and DDTC-induced recovery
of enzyme activity. First-order inhibition of the enzyme by
DDP was observed at a rate consistent with initial DDP hy
drolysis as the rate-limiting step. Enzyme activity was restored
to the inhibited complex by treatment with DDTC at concen
trations which have been observed in vivo after pharmacological
doses(14). These results do not implicate GGT as the primary
target in DDP-induced nephrotoxicity; however, they do pro
vide a model for DDTC reversal of cis-platinum-induced inhi
bition of an important biochemical process. DDP is known to
inhibit other enzymes containing essential sulfhydryl groups (3,
4), and a similar effect of DDTC on DDP-induced cross-linking
and inactivation of human a2-macroglobulin has also been
described (33).

The data presented in this paper provide a mechanistic basis
for the selectivity of DDTC to inhibit DDP toxicity in vivo
without inhibition of antitumor effect (14). DDTC provides
effective chemoprotection even when given after DDP; this is a
unique property of platinum drug chemoprotectors and is con
sistent with a mechanism involving reversal of toxic platinum
lesions. The effect of structural differences on reactivity of
platinum complexes can be subtle; DDTC reacts readily with
platinum:bisadenine complexes but is essentially unreactive

toward the corresponding guanine complexes. The plati
num:DDTC complex is thermodynamically stable and chemi
cally and biologically unreactive;4thus, platinum removed from
sites of potential toxicity is essentially inactivated. We are
currently evaluating the potential of DDTC as a DDP chemo
protector in the clinic; the results will be described in a forth
coming publication.
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