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Summary

The use of disulfiram (DSF) to prevent cyclophosphamide (CPA)-induced urotoxicity was
studied in mice. A single dose of CPA (100-400 mg/kg, 7.p.) produced a significant increase
in urinaary bladder weight in a dose dependent manner within 48 hr of treatment. DSF
prevented CPA-induced bladder damage in a dose-dependent manner in mice when orally
administered simultaneously with antitumor agent. The protective effect of DSF on the
bladder was critically dependent on the timing of administration. Oral administration of
DSF between 60 min before and 60 min after the injection of CPA was found to be effective.
The optimum time was simultaneous administration of both drugs. DSF potentiated slightly
the antitumor activity of CPA against EL-4 leukemia in vivo when administered
simultaneoulsy with CPA. From these preliminary studies, DSF appears to be a like
candidate for protecting against CPA-induced urotoxicity without compromising the thera-
peutic utility of the alkylating agent.

Introduction

Cyclophosphamide (CPA), an alkylating agent, is the most commonly prescribed
chemotherapeutic agent in clinical medicine. CPA is also used as an immunosuppressive
agent in preparation for organ transplantation procedures and in treatment of disease states
thought to be of autoimmune etiology. Unfortunately, its clinical use has been compromised
by the dose-dependent/dose limiting toxicity to the bone marrow and bladder (1). CPA must
be metabolically activated by components of the microsomal mixed-function oxidase (MFO)
system to generate cytotoxic species. Of these, acrolein and chloroacetaldehyde are consi-
dered to be the prime candidates responsible for the potent urotoxicity of CPA (1). The
phosphoramide mustard also liberated during CPA metabolism is not thought to contribute
to the bladder damage, but rather responsible for the antitumor activity of CPA (2).
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Glutathione is known to be important in the detoxification of oxazaphosphorine
metabolites (1). Also, the protective role that thiol compounds have against toxic effects of
alkylating agents has been recognized. In particular, glutathione has been shown to prevent
CPA-induced bladder damage (1). Therefore, much work has centered on relievintg the
toxicity of CPA by using thiol-containing compounds such as N-acetylcystein (3), 2-mer-
captoethane sulfonate (4) and dimercaptosuccinic acid (5) that may achieve “sulfhydryl”
rescue.

Recently, antitumor drugs in combination with various detoxifying agents have been
studied, as well as derivatives with weaker side-effects of CPA. We have carried out a
variety of studies on the combined use of routine drug (e.g, biological response modifiers,
imipramine, caffeine, cysteamine, cysteine, disulfiram, etc.) with antitumor drugs (6-12). Up
to now, we investigated the effects of several routine drugs used in combination with CPA (6,
7,9, 10) and to determine whether or not their combined use could promote antitumor activity
without compromising antitumor activity.

We observed, during the course of another investigation, that mice treated with
disulfiram (DSF, Antabuse) and CPA for cancer chemotherapy diminished urotoxicity with
compared to CPA alone. This observation suggested a possible interaction of two drugs on
the combined use of routine drug for detoxifying of CPA. DSF has been used as an alcohol
adverse drug in the treatment of alcoholism (13). We set out to determine whether DSF
could function as a protective agent against CPA urotoxicity without compromising its useful
therapeutic activity.

Materials and methods

Animals Male ddY and Cs; BL/6 mice (Japan SLC, Hamamatsu, Japan) at the age of
5 weeks and weighing of 23-24 g and 18-19 g, respectively, were used. Mice were caged in
groups of 8-10 and maintained identically on a 12 hr light/dark cycle in a humidity- and
temperature-controlled facilities, and received commercially available mouse diet (CE-2,
Japan Clea Co., Tokyo, Japan) and water ad libitum until the day throughout the experi-
ments. All animal used were performed in compliance with guidelines established in “Guide-
line for Animal Experimentation for Tohoku College of Pharmacy”. Animals were housed
in facilities accredited by the Japan Association of Laboratory Animals Care, and the
research protocols were approved by the Institutional Animal Care and Use Committee of the
Tohoku College of Pharmacy. .

Materials Cyclophosphamide (CPA) for injection and disulfiram were purchased from
Shionogi Pharmaceutical Co. (Osaka ; Endoxan®) and Tokyo Tanabe Pharmaceutical Co.
(Tokyo ; Nocbin®), respectively. Drugs were dissolved in saline and injected into mice
intraperitoneally or orally. All other chemicals used were of the highest purity available.

Urotoxicity studies The assay of bladder toxicity, based on the drug-induced increase
in bladder weight was essentially similar to that described previously (9). Organ weight was
expressed in milligrams of bladder weight per 100 g body weight. Mice were divided into
experimental groups of 8-12 animals and were injected i.p. with CPA at various doses. DSF
was administered p.o. according to different treatment schedules as indicated. DSF dosage
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and treatment schedule, as were selected after preliminary examination of the protective
effect of DSF on the urotoxicity of CPA.

Mice received CPA i.p. alone or in combination with DSF administered p.o. simultane-
ously with CPA, unless otherwise indicated, and killed by cervical dislocation 48 hr later.
Control animals were treated with identical volumes of solvent solution for drug. To
correlate bladder weight changes with the extent of CPA-induced bladder damage, the
bladders were fixed in 109 neutral phosphate buffered formalin and prepared for histological
examination.

Antitumor activity studies To determine the effect of DSF on the therapeutic efficacy
of CPA, the following experimental models and treatment schedules were used. Groups of
10 mice received CPA i.p. alone, or in combination with DSF administered p.o. simultaneous
with CPA. CPA was administered intraperitoneally to tumor-bearing mice in a volume of
10 ml/kg on 1day after tumor cell inoculation. (A) The experiments with transplantable
EL-4 leukemia were carried out in male Cs;BL/6 mice inoculated subcutaneously with 3 < 10*
cells/mouse into the flank of mice, and the long and short diameters of the tumor were
measured after the transplantation. The tumor size was calculated according to the follow-
ing equation : Tumor size (cm® =23x/4 X (long diameter/2) X (short diameter/2)%. (B) Experi-
ments with Sarcoma 180 were initiated by inoculating male ddY mice intraperitoneally with
3X10° cells. Animals were observed daily and antitumor activity was determined on the
basis of two parameters : i) the fraction of long-term survivors (> 60 days=cured mice), and
ii) the % T/C, which was defined as the median survival time (MST) of mice dying in the
drug-treated group (T) divided by the MST of the untreated control group (C), X100.

Acute toxicity test Mice were divided into experimental groups of 10 animals and were
injected intraperitoneally with CPA at various doses. The mortality rate of the animals was
observed for 21 days, during which the survivors were observed daily.

Statistical analysis Data were analyzed for statistical significance using Students’s
t-test, and P <0.05 was considered significantly.

Results

Effect of DSF on CPA-induced bladder toxicity

The effect of DSF on the bladder toxicity of CPA was studied at various dose levels of
both antitumor agent and DSF. As shown in Fig. 1, the administration of CPA caused a
dose-dependent increase in the bladder weight coupled with a decrease in body weight.
Macroscopic evaluation of the bladder showed dramatic inflammation and hemorrhage in the
organ. Profound pathological changes in bladder tissue were also visible by light micro-
scopic examination of tissue slides. DSF administered simultaneously with CPA prevented
the CPA-induced increase in bladder weight (at doses of DSF as low as 100 mg/kg). The
uroprotection was accompanied by a reduction in body weight loss. It also reduced the
bladder inflammation but did not bring bladder weights back to levels recorded for untreated
animals. Visual evaluation revealed a decrease in tissue changes following the administra-
tion of DSF but, again, did not show complete reversal of these changes. Histological
sections examined at this point showed that damage had been done to the bladder tissue in
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Fig.1 Effect of disulfiram on cyclophosphamide-induced increase in bladder weight of mice
Mice were given various doses of cyclophosphamide (CPA, intraperitoneally) simultaneous-
ly with various doses of disulfiram (DSF, orally), and 48 hr later bladder wet weights and
body weights were measured. Data are represented as the mean+S.E. of the relative
bladder weights (mg/100 g body weight) of 8-10 animals in a previous report (10). Closed
and open starts indicate significant differences form the control and CPA alone, respectively
(P <0.05).

some animals even in the presence of DSF. DSF itself exhibited no toxicity to the bladder.

Since 200 mg/kg of CPA consistently increased urinary bladder weight without life-
threatening toxicity, this dose was administered in the subsequent toxicity studies.

Since the uroprotection efficacy of thiol compounds is critically depedent on the timing
of thiol administration (1), further experiments were designed to determine whether a similar
schedule-dependence also occurred for the uroprotective effect of DSF. When given simulta-
neously with CPA, DSF prevented an increase in bladder weights at doses lower than 200 mg/
kg ; in the subsequent studies, 200 mg/kg of DSF was used. Fig.2 shows that DSF was
effective if administered within 60 min before or 60 min after CPA. Administration of DSF
earlier, or later, diminished the protective efficacy.

Interference by DSF on the antitumor activity of CPA

The interference by DSF with CPA antitumor activity was examined against EL-4
leukemia cells transplanted into mice in two experimental models. EL-4-bearing mice were
given DSF, using the dosing schedule that most effectively prevented CPA-induced bladder
damage (Fig.1). As seen in Fig. 2, suppression of the tumor growth and prolongation of the
survival time were obviously observed after the treatment with CPA (90 mg/kg, 7.p.). DSF
(200 mg/kg, p.o.) alone did not alter the antitumor activity of tumor-bearing mice, but further
increase the antitumor activity of mice treated with CPA (90 mg/kg, 7.p.). To confirm the
increase in the antitumor activity of CPA in DSF-coadministered mice, another study was
undertaken, employing a range of CPA doses (Table 1). DSF produced an increase in the
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Time (hr) of
Treatment administration Relative bladder weight (%)
with respect to

DSF, 200mg/kg O 40 80 120 160

None None

CPA, 200 mg/kg None
CPA, 200mg/kg -3
-2
-1

-0.5

Simultaneously
+0.5
+1
+2

+3

Fig.2 Influence of the treatment schedule on the protective effect of disulfiram on cyclophos-
phamide-induced bladder toxicity in mice
Mice were given cyclophosphamide (CPA, 200 mg/kg, intraperitoneally) and disulfiram
(DSF, 200 mg/kg, orally) at various times before or after CPA administration. The
experimental condition analysis are as in Fig. 1.
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Fig. 3 Interference by disulfiram with the antitumor activity of cyclophosphamide against EL-4
leukemia

Groups of 10 mice were inoculated with 3X10* EL-4 leukemia cells, and 24 hr later were
treatd with saline (control, O), cyclophosphamide (CPA, 90 mg/kg, ®), or CPA together with
disulfiram (a). Animals were observed daily for 30 days. Antitumor activity are expres-

sed as the tumor growth and survivours. * indicate significant differences from the CPA
alone (P <0.05).
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Tablel Interference of disulfiram on the antitumor activity of cyclo-
phosphamide against Sarcoma 180 in mice

Treatment MST ILS Survivous
CPA DSF (mean+S.E.) (%) (>60 days)
0 0 185+1.05 100 0/10
60 0 20.7+1.95 112 0/10
60 200 22.9+2.239 124 1/10
90 0 28.3+2.989 155 1/10
90 200 35.5+3.018% 192 2/10
120 0 32.9+3.239 189 2/10
120 200 40.8+3.642% 221 3/10

Groups of 10 mice were inoculated with 3X10® Sarcoma 180 cells, and 24
hr later were treated with saline (control), cyclophosphamide (CPA, 60
to 120 mg/kg, intrapertitoneally), disulfiram (DSF, 200 mg/kg, orally),
or CPA together with DSF. Animals were observed daily for 60 days.
Antitumor activity was determined by calculations of % T/C, which is
defined as the median survival time (MST) in the treatment group (T)
divided by that of the control group (C), multiplied by 100. MST was
determined only using dying animals. The study was terminated at 60
days. ® and ® indicate significant differences from the control and CPA
alone, respectively (P <0.05).

antitumor activity of CPA, which was statistically significant at CPA doses of 90 and 120
mg/kg. At a dose of CPA of 60 mg/kg the increase in % ILS was not statistically
significant, but there was increase in 60-day survivor.

The effect of DSF on the acute lethal toxicity of CPA was studied at various dose levels
of both the antitumor agent and the thiol compound. CPA doses were chosen in the range
which allowed determination of LDs, values. The results suggest a slightly increased
lethality but there was not statistically significant when mice were given CPA simultaneous
with DSF (data not shown).

Discussion

The major problem in cancer chemotherapy is still the lack of selectivity of the available
drugs. A promising approach to enhancement of the selective toxicity of anticancer drugs
against tumor cells is represented by pharmacological attempts to reduce side effects (with
particular reference to dose limiting) without interfering with antitumor properties of the
cytotoxic agents (1). Since this approach may require administration of an antidote, the
detoxifying interaction between the protective agent and the cytotoxic drug could also
produce a partial loss of antitumor activity. Thus, the possibility of preventing toxic side
manifestations without any adverse influence on therapeutic effectiveness occurs in two main
situations: (a) when differences in the pharmacokinetic behavior between antitumor drug
and protective agent are expected to afford a regional detoxification to prevent specific
organotoxicity ; and (b) when different mechanisms are responsible for antitumor effect and
some organ-specific damage.
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Haemorrhagic cystitis, which is produced by CPA and related compounds (1), is an
example of the latter situation. Indeed, metabolic products of CPA, including acrolein,
which is characterized by weak cytotoxic properties, and chloroacetaldehyde have been
implicated in this characteristic toxic effect (5, 14, 15), which is limiting factor in the thera-
peutic use of the drug, particularly in high-dose chemotherapy regimens (16).

It is well known that glutathione serves many roles in the cell : it can act as a reductant ;
as a transport and store form of cysteine; and as a protective agent against free radicals,
reactive oxygen species, and toxic compounds. Several studies have suggested that an
increase in cellular glutathione may protect aganist CPA cytotoxicity, whereas a decrease
may potentiate the effect of the drug (1). Also, the addition of thiol compounds (cysteine, N-
acetylcysteine, sodium 2-mercaptoethanesulfonate, glutathione or glutathione esters) to in
vivo or in vitro systems seems to protect cell against the toxicity of CPA and its metabolites
(1). Furthermore, recently, we have attempted to assess the effect of both a depletion of and
an increase in glutathione on CPA toxicity in mice. We showed that the depletion of
glutathione by injection of buthionine sulfoximine potentiated the acute toxicity and urotoxi-
city of CPA, whereas the injection of cysteine increased glutathione levels and protected
these effect against CPA (9, 10).

Collectively, these studies suggest that thiol-containg compounds protect against CPA
toxicity ; however, the role of cellular glutathione in the metabolism and efficacy of the drug
can be better understood only by studying the effect of careful modulation of cellular
glutathione levels on the toxicity of CPA in a given system. Therefore, much work has
centered on relieving the toxicity of CPA by using thiol-containing compounds that may
achieve “sulfhydryl” rescue. Recently, parenteral administration of DSF has been reported
to prevent haemorrhagic cystitis due to ifosfamide (IFA) (11). Many of the histological
lesions caused by IFA are similar to those observation in CPA-induced haemorrhagic cystitis
(1), and DSF has also been reported to decrease the toxicity of several alkylating agents (11,
17) as well as to inhibit the carcinogenicity of various N-nitroso compounds (18). In the
present study, we investigated the effect of DSF on the bladder toxicity of CPA in mice.

Appropriate sulfhydryl-containing compounds have been reported to provide effective
protection against CPA-induced urotoxic effects, probably through deactivation of toxic
metabolites, without interfering with the chemotherapeutic activity of the antitumor drug (1,
19, 20). In the mechanism of the protective action of these thiol compounds, a central role
of endogenous glutathione has been generally recognized (20, 21). In particular, a preferen-
tial interaction of the endogenous glutathione with the electrophilic metabolite, acrolein, has
been proposed as a mechanism for protection against some toxic effects of CPA (20).

DSF has been used widely as a major adjunctive agent for the treatment of alcoholism
(22). In vivo, DSF is metabolized to diethyldithiocarbamate methyl ester, carbon disulfide,
and diethylamine, and these metabolites have been found in biological fluids and tissues.

The actual mechanism by which DSF protects against CPA urotoxicty is not known.
Certainly, CPA and three of its metabolites have been shown to react with thiol compounds
such as cysteine, N-acetylcysteine, sodium 2-mercaptoethanesulfonate, or glutathione (1).
The reversible formation of 4-thioderivatives by substitution of the hydroxyl group of 4-
hydroxy CPA has been reviewed (23). However, since several synthetic representatives of 4-
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thio CPA have been shown to undergo rapid hydrolysis (24), the role of the reversible
formation of thiol adducts as a mode of deactivation of the drug has been questioned (23).
Upon the opening of the oxazaphosphorine ring and the release of phosphormide mustard, the
chloroethyl groups react readily with nucleophilic centers, and substitution of the chlorides
of phosphoramide mustard by thiol compounds has been described (14,23). Another
metabolite of CPA, acrolein, which has been suggested to be responsible for the urotoxicity
of the drug, can also react with sulfhydryl groups (25, 26). Such reaction is explained in
clinical treatments by the administration of sodium 2-mercaptoethanesulfonate to patients
receiving CPA therapy so as to protect them against CPA-induced haemorrhagic cystitis (26).

Since DSF is currently in clinical use and has few undesirable side effects, its protective
effect may be useful in cancer chemotherapy.

DSF has shown the ability to protect against the potent urotoxicity of CPA without
adversely affecting its antitumor activity. Numerous studies concerning the dose response
and the time of administration will assist in the evaluation of DSF as a sulfhydryl rescue
agent for CPA. Thus it appears that the use of DSF in combination with CPA may be
helpful to decrease the toxicity of CPA and thus increase the therapeutic index of CPA.
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