
Biochemical Pharmacology. Vol. 42. No. 11. pp. 2125-2130, 1991 
Rinted in Great Britain. 

OK6-2952/91 $3.00 + 0.00 
@ 1991. Pergamon Press plc 

THE CHEMICAL REACTIVITY OF THE MODULATING 
AGENT WR2721 (ETHIOFOS) AND ITS MAIN 

METABOLITES WITH THE ANTITUMOR AGENTS 
CISPLATIN AND CARBOPLATIN 

MARCO TRESKES,* ULBE HOLWERDA, INA KLEIN, HERBERT M. PINEDO and 
WIM J. F. VAN DER VIJGH 

Department of Oncology, Free University Hospital, De Boelelaan 1117, 1081 HV Amsterdam, 
The Netherlands 

(Received 29 March 1991; accepted 23 July 1991) 

Abstract-The antitumor agents cisplatin [cis-diamminedichloroplatinum(II), CDDP] and carboplatin 
Icb-diammine(l,l - cycIobutanedicarboxylato)platinum(II), CBDCA] can react with a nucleophilic 
agent by a direct l&and exchange of the (labile) anionic ligands or through hydrolysis of these ligands 
followed bv a fast reaction of the hvdration oroduct with the nucleophile. At OH 7.4 and 37”. CDDP 
and CBDCA were incubated with several molar excesses of the modulating agent WR2721, its active 
thiol metabolite WR1065 or the symmetrical disulphide WR33278. The reaction rate constants for the 
hydrolysis and the direct inactivation by the WR-compounds were obtained from the pseudo first-order 
disappearance of the intact Pt-drug, with or without the WR-compounds at molar ratios of 50, 100 and 
200. The hydrolysis of carboplatin (k,,,ceocn = 2 x lo-*M-’ set-‘) was lOO-fold less rapid than that 
of cisplatin (k,,,,-nor = 2 x 10e6 M-’ set-I). However, direct inactivation by WR2721, WR1065 and 
WR33278 was only 4-, 4- and 22-fold less rapid for carboplatin than for cisplatin, respectively. This direct 
inactivation was slow compared to the strong nucleophiles thiosulphate (TS) and diethyldithiocarbamate 
(DDTC) and decreased for both Pt-drugs in the following order: WR1065 (kwa,,,,conr = 
49.1 x 10e4 M-i set’, k,,,,,,csncn = 12.4 x 1O-4 M-i set-‘) > WR2721 (kw,,,,,cooP = 25.3 X lo-’ 
M-i set-‘, k WRZ,2,,cr,DcA = 6.07 x lo-“ M-i set-I) > WR33278 (kWR3327RIcnDP = 8.60 x 10m4 M-i set-‘, 
k WR)3278,CBDCA = 0.39 x 1O-4 M-’ set-‘). Thus for CDDP, the hydrolysis-mediated interaction with the 
WR-compounds contributed more to the disappearance of intact platinum antitumor agent than it did 
for CBDCA. Considering the relatively low reactivity of WR2721 and its main metabolites with the 
platinum antitumor agents, in addition to their pharmacokinetic behavior, a significant inactivation of 
the plantinum antitumor drugs by WR2721 and its main metabolites is, in contrast to TS, not expected 
in the circulation. 

Cisplatin (CDDPt) and its most promising second 
generation analog carboplatin (CBDCA) (Fig. 1) 
are potent cytostatic drugs used against several types 
of solid tumor [ 11. Their efficacy is limited by several 
side effects [2,3]. A lot of effort has been put into 
combining them with so-called modulating agents to 
decrease the toxic side effects of the platinum 
antitumor agents without interfering with their 
antitumor activity [4,5]. These modulating agents 
generally contain sulfur which, as a strong 
nucleophilic moiety, has a high affinity for 
platinum(I1). Protection against toxic side effects 
allows an increase of the dose which means that due 

H3N\pt/C’ 
H N’ 3 ‘Cl 

to the steep dose-response curve of platinum 
antitumor agents, a considerable increase in 

Fig. 1. Structural formulas of the antitumor agents cisplatin 

antitumor efficacy could be achieved [l]. 
(top) and carboplatin (bottom). 

TS is mainly successful in two-route regimens, i.e. 

the platinum antitumor agent is administered locally 

* Address correspondence to: Marco Treskes, Depart- 
(i.a. or i.p.) to the tumor while TS is given 

ment of Oncology (BR232), Free University Hospital, De 
systemically to protect the non-tumor tissues [6-g]. 

Boelelaan 1117, 1081 HV Amsterdam, The Netherlands. 
DDTC is given several hours after the platinum 

t Abbreviations: CDDP, ci.r-diamminedichloropla- 
antitumor agent to selectivity reverse Pt-protein 

tinum(II), cisplatin; CBDCA, cb-diammine(l,l-cyclobu- lesions responsible for (part of) the nephrotoxic side 

tanedicarboxylato)platinum(II), carboplatin; TS, thio- effects [N-13]. DDTC may also lower myelotoxicity 

sulphate;DDTC,diethyIdithiocarbamate;WR2721,~-2-(3- by stimulation of stromal cells in the bone marrow 

aminopropylamino)ethylphosphoro-thioic acid, ethiofos; [ 141. However, clinical studies were disappointing 
GSH, glutathione. due to toxic side effects of DDTC itself and 
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WWYZI : H2N-(CH&,-NH-(CH&--S-P0,H2 

WFIlO6S : It+-(CH&- NH-(CH&-St4 

ox- 

1 

WRXIZT~ : HzN--(CH&- NH-(C&i&-S 

I 
YN-(C&ah- NH-@H&-S 

Fig. 2. Structural formulas of the modulating agent WR2721 
and its conversion into the main metabolites WR1065 and 

WR33278. 

insufficient protection against CBDCA-induced 
myeiotoxicity [U, 161. 

WR2721 was developed as a radioprotecting agent 
[17]. When administered prior to radiotherapy 
it selectively protects non-tumor tissue against 
~diation-induced damage. This selectivity may be 
the result of the preferential formation and uptake 
of the dephosphorylated thiol metabolite WR1065 
in non-tumor tissues [l&19]. WR1065 can be 
oxidized, formingmixeddisulphides with endogenous 
thiols or the symmetrical disuiphide WR33278 with 
a second molecule of WR1065 (Fig. 2). Due to the 
nucleophilic nature of the thiol WR1065 and its 
preferential accumulation in non-tumor tissue, 
WR2721 was also expected to protect selectively 
against the toxic side effects of platinum antitumor 
agents. Indeed, animal studies [20,21] and early 
clinical trials [22] demonstrated this selective 
protection. 

To gain understanding of the mechanisms behind 
the protective action of WR2721 and to contribute 
to rational administration schedules of WR2721 in 
combination with platinum antitumor agents, we 
investigated the direct inactivation of CDDP and 
C!BDCA by the modulating agent WR2721, its thiol 
metabolite WR1065 and the symmetrical disulphide 
WR33278. 

MATERIALS AND METHODS 

Chemicals. CDDP and CBDCA were obtained 
from the Bristol Myers Co. (Syracuse, NY, U.S.A.). 
WR2721 and WR1065 were obtained from US 
Bioscience (West ~onshohocken, PA, U.S.A.). 
WR33278 was prepared by bubbling moisturized air 
through a solution of WR1065 (0.1 M) in a 10 mM 
phosphate buffer of pH 7.4 for 24 hr. Completion 
of the reaction was confirmed by electrochemical 
me~urement with a +0.4 to -1.6 V sampled direct 
current scan using a PAR303 static mercury drop 
electrode with a PAR 174 potentiostat (EG&G 
Instruments, Nieuwegein, The Netherlands) and a 
strip chart recorder (model BDlOO, Kipp & Zonen, 
Delft, The Netherlands). The oxidation wave of the 
thiol-mercury complex (-0.38V vs Ag/AgCl) was 
replaced by the reduction wave of the disulphide 

(-0.55V vs Ag/AgCl). Sodium thiosulphate (Ph. 
Eur. grade) was purchased from Brocacef b.v. 
(Maarssen, The Netherlands). All other chemicals 
used were of analyti~1 grade. 

Analysis. CDDP and CBDCA were quantitated 
by HPLC with UV detection. the HPLC system 
consisted of a Spectroflow 400 solvent delivery 
system (Separations Analytical Inst~ments, N.I. 
Ambacht, The Netherlands), a Valco six port 
injection valve equipped with a 50,uL loop, 
a Spectroflow 773 variable wavelength UV/Vis 
detector (Separations Analytical Instruments) set at 
213 nm and a strip chart recorder (model BDlOO, 
Kipp & Zonen). The platinum drugs were retained 
on a 10 X 46 cm id. stainless steel column (Analytica 
b.v., Rijswijk, The Netherlands) slurry-packed with 
MCigel-CDRlO from Mitsubishi Chemical Industries 
(AnaIytica b.v.) [23]. NH&l, 0.1 M, pH 6.0 was 
degassed by passage through a 0.2~ membrane- 
filter (Sartorius, Breukelen, The Netherlands) and 
used as the eluent at a flow rate of 1.0 mL/min. The 
separation was carried out at 40’. 

~~c~~u~~~~. CDDP or CBDCA (0.1 mM) was 
incubated with an excess of WR2721, WR1065 or 
WR33278 in 10 mM phosphate buffer, pH 7.4 at 37”. 
WR-compounds were present at molar ratios of 0, 
50,100 and 200. To compare with existing literature 
[24,253, the rate for the direct interaction between 
TS and CDDP or CBDCA was also determined with 
our system under the above mentioned conditions. 

Kinetics. The Pt-drug can react with the modulating 
agent by a direct interaction or through a rate- 
limiting hydrolysis step followed by a rapid reaction 
of the hydrolysis species with the modulating 
agent. Rate constants were determined for the 
disappearance of the intact Pt-drug in the presence 
of 5,lO and 20 mM WR-com~und (a molar excess 
of 50, 100 and 200, respectively). The rate of 
hydrolysis was measured by incubating the platinum 
antitumor agent (0.1 mM) in the same buffer without 
mod~ating agent. With Hz0 and the modulating 
agent being present at a molar excess 250, pseudo 
first-order kinetics are expected for the disappearance 
of the intact Pt-drug. From the log[Pt-drug] vs time 
plot. the reaction rate &,, (= -slope x 2.3) is 
obtamed. Plottmg kobs against the concentration of 
the modulating agent [MA], a linear relationship 
(/cobs = k,,[HsO] + kr[MA]) is expected with an 
intercept equal to k,s x [HsO] (in which [Hz01 = 
55.5 M) and a slope representing the second-order 
rate constant (k2) for the direct inactivation of the 
Pt-drug by the modulating agent. 

RESULTS 

Retention of both CDDP and CBDCA on the 
MCI gel-CDRlO was sufficient to separate them 
from interfering components in the (relatively 
simple) incubation matrix. 

The disappearance of both platinum antitumor 
agents obeyed pseudo first-order kinetics in all 
incubations. As an example, Fig. 3 shows the log[Pt- 
drug] vs time plots for CDDP and CBDCA (0.1 mM) 
incubated with 10 mM of each modulating agent. In 
Table 1, the pseudo first-order reaction rates and 
the corresponding half-life times (T,p = In 2/k& 
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are presented as well as the coefficients of 
determination for the log[Pt-drug] vs time plots 
calculated by the linear least squares method. In 
contrast to CDDP, no measurable hydrolysis of 
CBDCA could be observed within 8 hr. For both 
platinum antitumor agents there was an increase in 
the disappearance of parent drug when incubated 
with TS or the WR-compounds, demonstrating a 
direct interaction of the modulating agents with the 
platinum antitumor agents. When kobs was plotted 
against the modulating agent concentration, an 
excellent linear relationship was obtained for each 
modulating agent with both platinum drugs. The 

turm hld reaction rate constants kaq and k2 are presented in 
Table 2 together with the coefficients of determination 
for the linear k,,bvs [WR-compound] plots calculated 
by the least squares method. The hydrolysis of 
CBDCA, calculated from the intercept, was lOO- 
fold slower than the hydrolysis of CDDP. The direct 
interaction of all modulating agents with CDDP was 
also faster than with CBDCA. However, the direct 
interaction by WR2721, WR1065, WR33278 and TS 
was only 4-, 4-, 22- and 7-fold less rapid for CBDCA 
than for CDDP, respectively. For both platinum 
antitumor agents, the rate of the direct interaction 
decreased in the following order: TS 9 WR1065 > 
WR2721 > WR33278. 

DISCIJSSlON 

tim Orsl 

WR2721 is one of the modulators presently under 
investigation to prevent the toxic side effects of 
CDDP and CBDCA. It differs from TS and DDTC 
by the preferential formation and uptake of its main 
metabolite WR1065 by non-tumor tissues. With 
WR2721, the only mechanistic studies performed 
concerned the metabolism and uptake of WR2721 
by tumor and non-tumor tissues in vivo and in vitro, 

Fig. 3. L.og[Pt-drug] vs time curves for CDDP (0.1 mM, 
top) and CBDCA (0.1 mM, bottom) when incubated alone 
(0) or with a 10mM of WR2721 (+), WR1065 (A), 

WR33278 (0) or TS (0). 

Table 1. Observed reaction 
of CDDP and CBDCA (0. 

rates (k& and half-life times (T,,*) of the pseudo first-order disappearance 
,l mM) in the presence of TS, WR2721 and its metabolites WR1065 and 

WR33278 at several concentrations 

Compound 
Concentration 

(mM) 

CDDP CBDCA 

k&# x lo5 kobs x lo5 
(set-‘) 

T1/2 

r2* (see-‘) 
T112 

(hr) (hr) r2* 

WR2721 5 13.4 1.44 0.995 0.319 60.3 0.817 
10 14.7 1.31 0.999 0.658 29.2 0.920 
20 17.2 1.12 0.995 1.24 15.6 0.972 

WR1065 5 14.0 1.38 0.999 0.733 26.3 0.948 
10 16.9 1.14 0.999 1.30 14.8 0.978 
20 21.4 0.898 0.999 2.58 7.45 0.997 

WR33278 5 10.1 1.92 0.996 0.365 52.9 0.939 

;: 11.5 11.0 1.75 1.68 0.996 0.994 0.585 0.950 33.0 20.2 0.965 0.992 
TS 5 44.9 0.428 0.998 3.97 4.85 0.985 

10 66.4 0.290 0.990 8.14 2.37 0.988 
20 108 0.179 0.999 16.4 1.17 0.991 

Control - 9.25 2.08 0.996 0 - - 

* The coefficient of determination for the log[Pt-drug] vs time plots. 
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Table 2. The second-order rate constants for the hydrolysis (k,) and the direct interaction (k,) of 
CDDP and CBDCA obtained from the kobl vs [modulator] plots 

Compound 

CDDP CBDCA 

k, x lo6 k2 x lo4 k2 x lo4 
(M-r set-‘) (M-l set-‘) rz* 

k, x lo* 
(M-l set-r) (M-’ set-I) r2* 

WR2721 2.19 25.3 0.998 0.55 6.07 0.999 
WR1065 2.11 49.1 1.00 1.68 12.4 1.00 
WR33278 1.78 8.60 0.923 3.23 0.39 0.999 
TS 4.40 416 1.00 0.0 82.4 1.00 

* The coefficient of determination for the kobl vs [WR-compound] plots. 

mostly related to their radiation protection [6-8, 
26-281, and its influence on the structure of DNA 
[27]. To contribute to an understanding of the actions 
of WR2721 in combination with platinum antitumor 
agents and a rational design of treatment schedules, 
we studied the direct chemical interaction of WR2721 
and its main metabolites with CDDP and CBDCA. 

CBDCA with its bidentate leaving ligand is less 
reactive than CDDP. With WR1065, WR2721 and 
WR33278 the second-order rate constants differ by 
a factor of 4, 4 and 22, respectively, while the rate 
of hydrolysis differs by a factor of 100 (Table 2). 
Thus for CDDP, the hydrolysis-mediated interaction 
with the WR-compounds contributed more to the 
disappearance of the intact platinum antitumor agent 
than it did for CBDCA. The second-order rate 
constant for the hydrolysis of CDDP (167 X 
10-8M-1 see-‘), as calculated from the observed 
hydrolysis, is in good agreement with the mean 
second-order rate constant for the hydrolysis of 
CDDP calculated from the intercept in the kobs 
vs [modulator] plots (188 (+35) x 10-8M-1 set-‘, 
Table 2) and with earlier findings (141 x 
1OmR M-l set-‘, [24]). The slightly faster hydrolysis 
rate we observed might be caused by a direct 
interaction of CDDP with the weak phosphate ligand 
(lOmM), which was not taken into account. This 
assumption is supported by the even faster hydrolysis 
rate observed in a 50mM phosphate buffer 
(198 x 10-sM-l set-‘, [25-j). For CBDCA, no 
significant hydrolysis was observed within 8 hr. The 
mean second-order rate constant for the hydrolysis 
of CBDCA calculated from the kobs vs [WR- 
compound] plots (1.82 (k1.35) X 10-8M-1sec-1) 
was about 100 times lower than that of CDDP, which 
is also in good agreement with earlier findings [25]. 
Variations in the hydrolysis rate constants, as 
calculated from the intercepts, are rather large. This 
may be expected for linear fits with large slopes 
and small intercepts. This uncertainty was very 
pronounced in the case of the steep kobs vs [TS] plot 
for CBDCA; this intercept has not, therefore, been 
taken into account. 

The second-order reaction rate constants of CDDP 
and CBDCA with the WR-compounds are low 
compared to the modulating agent TS (&orlrs = 
577 x 10e4 M-l set-i, kCBDCmS = 82.4 x lo- M-i 
see-l). These second-order reaction rate constants 
for TS are in good agreement with previous findings 
[24,25]. Therefore, it seems possible to correlate 

our results to the results from these studies with 
other physiologically important thiols [24]. Thus, it 
can also be concluded that the WR-compounds react 
slowly with CDDP and CBDCA, when compared 
to DDTC (kCDDPpDTC = 614 x 10-4M-1 set-l, 
kcBDcaiDDTc = 76.2 x 10m4 M-l set-‘, [24]). 

WR1065, which is considered to be the protective 
species, is the most reactive WR-compound towards 
CDDP and CBDCA. In mice treated with WR2721, 
tissue levels of WR1065 are maximal in the mM 
range after 5-15 min and WR1065 is subsequently 
cleared rapidly from most tissues [26]. GSH, which 
reacts at a faster/similar rate with CDDP/CBDCA 
(kcnor/osn = 132 X 10m4 M-l sec-‘/kCBDcA,GsH = 
9.15 x 10-4M-1 set-‘, [14]) compared to WR1065, 
is present inside the cell in the millimolar range [26]. 
Therefore, WR1065 is not expected to add much to 
the cytoplasmic inactivation of CDDP (and maybe 
hydrolysed species) by GSH. Because WR1065, in 
contrast to GSH, is concentrated near DNA [27], 
the inactivation of reactive Pt-species near the DNA 
could explain the protective action of WR2721 [20- 
22] if toxic side effects are, at least in part, the result 
of damage to the DNA. If this is the case, then the 
selective protection of non-tumour tissues by 
WR2721 can be understood. Furthermore, a relative 
lack of formation and uptake of WR1065 by the 
tumour is then expected to be crucial for the 
selectivity of protection. 

In the clinic, WR2721 is given 30min prior to 
the platinum drug as a 15 min infusion to allow 
(preferentially) non-tumor tissues to accumulate 
protective WR1065 before exposing the body to the 
platinum antitumor agent. WR2721 (740 mg/m*, 
15 min infusion) attains rapidly steady state plasma 
levels in the 0.1 mM range and it is cleared rapidly 
from plasma (T, 2 < 5 min, [19]). In a patient 
receiving 750 mg m* WR2721 as five repeated I 
injections over 15 min, WR2721 fluctuated around 
0.3 mM during the first 15 min and decreased rapidly 
thereafter. WR1065 plasma levels increased over 
15 min to 0.1 mM and decreased slowly thereafter, 
probably due to a sustained release of WR1065 from 
a pool of mixed disulphides [28]. Plasma levels of 
(mixed) disulphides have not been reported yet. The 
low reactivity of WR33278 may be expected to be 
representative of the reactivity of mixed disulphides 
of WR1065 (e.g. with free or even protein-bound’ 
cystein) . 

CDDP is cleared rapidly from the circulation by 
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renal excretion and protein binding (T, 2o = 31.6 min, 
k = 3.66 x 10e4 set-‘, [29]). CBD&A is mainly 
cleared by renal filtration (TI,zo = 120 min, k = 
9.63 X 10e5 set-‘, [30]). Even with 0.1 mM of the 
thiol metabolite WR1065 constantly present in 
plasma, the plasma half-life times (and with first- 
order kinetics, also the AUCs) of CDDP and 
CBDCA would decrease by less than 1%. Therefore, 
a noticeable inactivation of intact Pt-drug by WR2721 
or one of its metabolites is not expected in the 
circulation even when the Pt-drug and WR2721 are 
administered at the same time. This is in contrast to 
the simultaneous administration of CDDP with TS 
which was shown to inactivate a substantial part of 
the platinum drug [7-91. This is in accordance with 
the calculated 19% decrease in T1izB (and AUC for 
first-order kinetics) of CDDP at a steady state 
plasma level of 1.5 mM TS [7] (kCDDP,TS = 
577 x 10V4 M-l set-‘). 

The administration of 4 g/m2 DDTC 45 min after 
100 mg/m2 CDDP did not change the total and 
ultrafilterable Pt kinetics [31]. Using the second- 
order rate constant (614 x 10m4 M-’ set-‘, [24]) and 
the mean plasma DDTC level of 0.466 mM [31], 
TljzS of CDDP in the circulation is expected to 
decrease by 7%. This might have been shown by an 
increase in (inactive) ultrafiltrate Pt and a subsequent 
decrease in protein-bound Pt. This was not observed 
(311 but interpatient variability may have obscured 
the small difference in T1i2p. Because the infusion 
of DDTC starts 4.5 min after finishing the CDDP 
infusion [31], the effect of DDTC on the total AUC 
of CDDP will be much smaller than the estimated 
7% reduction in T1,2B. 

Considering (a) the expected low level of Pt-drug 
inactivation in the circulation and (b) the rapid 
uptake and subsequent rapid decrease of WR1065 
in non-tumor tissues, the question arises as to 
whether the protection of non-tumor tissues by 
WR2721 prior to CDDP, without interfering with 
antitumor activity, can be improved by administering 
WR2721 close to or even concomitantly with the 
platinum antitumor agent. To test this hypothesis 
we are presently studying the effect of WR2721 on 
the toxicities and antitumor activities of CDDP and 
CBDCA when administered shortly before the Pt- 
drug. 

Acknowledgements-This study was financially supported 
by the Netherlands Cancer Foundation (IKA 87-12) and 
U.S. Bioscience. 

REFERENCES 

1. 0~01s RF, Cisplatin dose intensity. Semin Oncol 16: 
22-30, 1989. 

2. Roberts JJ, van der Vijgh WJF, Vermorken JB and 
Douole EB. Cisolatin. In: Cancer Chemotherazw 
AnnLal (Eds: Pi&do HM and Chabner BA), pp. lf& 
132. Elsevier, Amsterdam, 1984. 

3. Wagstaff AJ, Ward A, Benfield P and Heel 
RC, Carboplatin. A preliminary review of its 
pharmacodynamic and pharmacokinetic properties and 
its therapeutic efficacy in the treatment of cancer. 
Drugs 37: 162-190, 1989. 

19. Shaw LM, Glover D, Turrisi A, Brown DQ, Bonner 
HS, Notieet AL, Weiler C, Glick JH and Kligerman 
MM, WR2721 pharmacokinetics. Pharmacol Ther 39: 
195-201, 1988. 

20. Yuhas JM, Spellman JM, Jordan SW, Pardini MC, 
Afzal SMJ and Culo F, Treatment of tumours with the 
combination of WR-2721 and c&diamminedichloro- 
pIatinum(II) or cyclophosphamide. Br J Cancer 42: 
574-585, 1980. 4. Borch RF and Markman M, Biochemical modulation 

of cisplatin toxicity. Pharmacol Ther41: 371-380,1989. 21. Wasserman TH, Phillips TL, Ross G and Kane LJ, 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

1.5 

Schmalbach TK and Borch RF, Diethyldithiocarbamate 
modulation of murine bone marrow toxicity induced by 
c~-diammine(cyclobutanedicarboxylato)~latinum(II~. 
Cancer Res 49: 6629-6633, 1989. 
Leeuwenkamp OR, Neijt jP, Pinedo HM and van der 
Vijgh WJF, Reaction kinetics of cisplatin and its 
monoaquated species with the potential renal protecting 
agents (di)mesna and thiosulphate. Estimation of the 
effect of protecting agents on the plasma and peritoneal 
AUCs of CDDP. Cancer Chemother Pharmacol 27: 
111-114, 1990. 
Goel R, Cleary SM, Horton C, Kirmani S, Abramson 
IS, Kelly C and Howell SB, Effect of sodium 
thiosulphate on the pharmacokinetics and toxicity of 
cisplatin. J Nail Cancer Inst 81: 1552-1560, 1989. 
Goel R, Andrews PA, Pfeiffle CE, Abramson IS, 
Kirmani S and Howell SB, Comparison of the 
pharmacokinetics of ultrafilterable cisplatin species 
detectable by derivatization with diethyldithio- 
carbamate or atomic absorption spectroscopy. Eur J 
Cancer 26: 21-27, 1990. 
Abe R, Akiyoshi T and Baba T, Inactivation of cis- 
diamminedichloroplatinum(I1) in blood by sodium 
thiosulphate. Oncology 47: 65-69, 1990. 
Borch RF and Pleasants ME, Inhibition of &-platinum 
nephrotoxicity by diethyldithiocarbamate in a rat 
model. Proc Nat1 Acad Sci USA 76: 6611-6614, 1979. 
Borch RF, Katz JC, Lieder PH and Pleasants ME, 
Effect of diethyldithiocarbamate on tumor response to 
&platinum in a rat model. Proc Nat1 Acad Sci USA 
77: 5441-5444, 1980. 
Bodenner DL, Dedon PC, Keng PC, Katz JC 
and Borch RF, Selective protection against cis- 
diamminedichloroplatinum(II)-induced toxicity in kid- 
ney, gut, and bone marrow by diethyldithiocarbamate. 
Cancer Res 46: 2751-2755, 1986. 
Bodenner DL, Dedon PC, Keng PC and Borch RF, 
Effect of dithiocarbamate on cls-diamminedi- 
chIoroplatinum(II)-induced cytotoxicity, DNA cross- 
linking, and y-glutamyl transpeptidase inhibition. 
Cancer Res 46: 2745-2750, 1986. 
Schmalbach TK and Borch RF, Mechanism of 
diethyldithiocarbamate modulation of murine bone 
marrow toxicity. Cancer Res 50: 6218-6221, 1990. 
Quazi R, Chang AYC, Borch RF, Montine T, Dedon 
PC, Louahner J and Bennett J. Phase I clinical and 
pharma&kinetic study of diethyidithiocarbamate as a 
chemoprotector from toxic effects of cisplatin. J Nat1 
Cancer Inst 80: 1486-1488, 1988. 

16. Rothenberg ML, Ostchega Y, Steinberg SM, Young 
RC, Hummel S and 0~01s RF, High dose carboplatin 
with diethyldithiocarbamate chemoprotection in treat- 
ment of women with relapsed ovarian cancer. J Nat1 
Cancer Inst 80: 1488-1492, 1988. 

17. Brown DQ, Graham WJ, McKenzie LJ, Pittock JW 
and Shaw LM, Can WR2721 be improved upon? 
Pharmacol Ther 39: 157-168. 1988. 

18. Calabro-Jones PM, Aguilera JA, Ward JF, Smoluk 
GD and Fahey RC, Uptake of WR2721 derivatives by 
cells in culture: identification of the transported form 
of the drug. Cancer Res 48: 3634-3640, 1988. 



2130 M. TRESKES et al. 

Differential protection against cytotoxic chemo- 
therapeutic effects on bone marrow CFUs by WR- 

treatment with WR-2721. Int J Radiat Oncol Biol Phys 
10: 1525-1528, 1985. 

2721. Cancer Clin Trials 4: 3-6, 1981. 27. Smoluk GD, Fahey RC and Ward JF, Equilibrium 
22. Glover D, Fox KR, Weiler C, Kligerman MM, Turrisi dialysis studies of the binding of radioprotector 

A and Glick JH, Clinical trials of WR-2723 prior to compounds to DNA. Radiat Re.s 107: 194-204,1986. 

alkylating agent chemotherapy and radiotherapy. 28. Shaw LM, Bonner HS, Turrisi A, Norfleet AL and 

Pharmacol Ther 39: 3-7, 1988. Kligerman M, Measurement of S-2-(3-amino- 

Kiiu R, Hayakawa K and Miyazaki M, HPLC p~pyI~ino)ethanethiol (WRlO65) in blood and 

dete~ination of c~-atone-dichloroplatinum(I1) in 
tissue. J Liquid Chromatogr 9: 84=9,19&i. 

plasma and urine with UV detection and cohrmn 
29. Reece PA, Stafford I, Davy M and Freeman S, 

switching. Biomed Chromatogr 3: 14-19, 1989. 
Disposition of unchanged cisplatin in patients with 

Dedon PC and Borch RF, Characterization of the 
ovarian cancer. Cfin Pharmacol Ther 42: 320-325, 
1 w7 

23. 

24. ___, . 
reactions of platinum antitumor agents with biologic and 30. Elferink F, van der Vijgh WJF, Klein I, Vermorken 

JB, Gall HE and Pinedo HM. Pharmacokinetics of 

25. 

26. 

nonbiologic sulfur-containing nucleophiles. Biochem 
Pharmacol 36: 1955-1964, 1987. 
Borch RF, Dedon PC, Gringeri A and Montine TJ. In 
Platinum and Other Metal Coordination Compounds 31 
in Cancer Chemotherapy (Eds. Nicolini M and Bandoli 
G), pp. 216-227. Martinus Nijhoff, Boston, 1987. 
Utley JF, Seaver N, Newton GL and Fahey RC, 
Pharmacokinetics of WR-1065 in mouse tissue following 

carboplatin after iv. administration. Cancer Treat Rep 
71: 1231-1237, 1989. 
DeGregorio MW, Gandara DR, Holleran WM, Perez 
EA, King ChC, Wold HG, Montine TJ and Borch 
RF, High-dose cisplatin with diethyldithiocarbamate 
(DDTC) rescue therapy: preliminary pharmacologic 
observations. Cancer Chemother Pharmacol21: 276 
278. 1988. 


