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ABSTRACT

The neurotransmitter analogue 6-hydroxydopamine has been proposed
as a selective Chemotherapeutic agent for peripheral neural crest tumors.
It exerts its action through the generation of cytotoxic oxygen free
radicals. Unfortunately, it is toxic to normal peripheral neurons as well.
Ethiofos (WR-2721) is a free radical scavenger which appears to be
preferentially taken up by normal cells relative to some tumor cells. WR-
2721 has been assayed as a protector of the normal autonomie nervous
system in mice treated with 6-hydroxydopamine. Although WR-2721 has
some activity in this regard, its therapeutic window is narrowed by its
depletion of glutathione, a phenomenon which has not previously been
noted with this drug. These findings raise issues regarding the safety of
adjunctive use of WR-2721 with oxygen free radical-generating Chemo
therapeutic agents.

INTRODUCTION

Tumors of neuroectodermal origin, such as neuroblastoma
and pheochromocytoma, are among the most common of on
cological problems (1, 2). Therapies for these diseases have
utilized preexisting Chemotherapeutic modes generally appli
cable to malignant cell types and are not specifically designed
for these malignancies. The studies described herein were ini
tially designed to facilitate the use of Chemotherapeutic ap
proaches which take advantage of the neuronal properties of
these tumors, by minimizing the toxicity of these agents for the
normal peripheral nervous system.

The presence on the surface of neuroblastoma cell lines of
receptors for catecholamines has been proposed as a means of
effecting specific entry of cytolytic neurotransmitter analogues
into these cells (3). One such agent, 6-hydroxydopamine, is
cytotoxic to the peripheral autonomie nervous system by virtue
of the in situ generation of oxygen free radicals (4). Chelmicka-
Szorc and Arnason (3) noted retardation of the growth of C1300
mouse neuroblastoma with 6-hydroxydopamine at a dose of
100 mg/kg/day i.p. for 10 days. This dose was not sufficient to
obliterate the tumor, and higher doses were intolerably toxic
because the damaging effects of 6-hydroxydopamine are not
limited to neoplastic cells (5, 6). Peripherally administered 6-
hydroxydopamine damages the sympathetic neurons of adult
mice, but does not injure the central nervous system because it
does not cross the blood-brain barrier (7). Effects on nonneural
tissues have not been well studied.

New efforts at less toxic chemotherapy of peripheral neural
crest tumors might be aimed at selective protection of normal
cells from the deleterious effects of 6-hydroxydopamine. In
1949, Patt et ai. (8) made the observation that predosing with
cysteine could protect rats from radiation (i.e., free radical)-
induced death. From the time of that observation, efforts with
regard to free radical scavenging have centered upon the design
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of sulfhydryl analogues which would be protective for normal
cells and leave tumor cells susceptible to free radical attack.
One compound, WR-2721 (H2NCH2CH2CH2NHCH2CH2-
SPO3H2), was observed by Yuhas et al. (9-11) to increase
normal tissue resistance to radiation damage, c/s-platinum, and
Cytoxan, without compromise of the susceptibility of tumor
tissue to these agents. Uptake of [35S]WR-2721 appears to be

slower for some tumor tissues than for normal tissue (12), and
we have obtained preliminary evidence that C1300 neuroblas
toma cells in culture do not take up WR-2721. We have
therefore attempted to protect the sympathetic nervous system
from damage by 6-hydroxydopamine with WR-2721.

Many free radical agents, such as 6-hydroxydopamine, de
pend upon glutathione for their detoxification (13). Preliminary
experiments showed that WR-2721 exacerbated the toxicity of
acetaminophen, an agent known to consume hepatic glutathi
one. These preliminary experiments also suggested that toler
ance to free radical-generating and scavenging agents was
mouse strain dependent.

The present paper discusses the potential use of WR-2721 as
an adjunctive agent in the treatment of neuroblastoma with 6-
hydroxydopamine, the toxicity of WR-2721 and 6-hydroxydo
pamine used adjunctively, and the differing effects of these
agents upon the clinical status and hepatic glutathione content
of two different mouse strains.

MATERIALS AND METHODS

Chemicals. WR-2721 was kindly supplied by Dr. K. Borah of Orga-
non, Inc. (West Orange, NJ). WR-2721 was converted to its free thiol
where indicated by boiling in l M HCI under nitrogen for 5 min. This
technique was shown to result in quantitative conversion to the free
thiol (14). The disulfide of WR-2721 was prepared by mild acid hy
drolysis and incubation of the resulting sulfhydryl compound at 37"C,

pH 7.5, for 24 hr. The identity of the disulfide was verified by amino
acid analysis and by monitoring disappearance of free sulfhydryl, as we
have described previously (14). The solution was neutralized with
sodium bicarbonate and used immediately thereafter. 6-Hydroxydopa-
mine hydrobromide, reduced and oxidized glutathione, ATP, NADPH,
and NADH were obtained from Sigma Chemical Corporation (St.
Louis, MO). 4-(2-Hydroxyethyl)-l-piperazineethanesulfonic acid, glu
tathione reducÃase,pyruvate kinase, lactate dehydrogenase, and phos-
phoenolpyruvate were also obtained from Sigma.

Animals. Male C57BL/6J and A/J mice were obtained from Jackson
Laboratories (Bar Harbor, ME) at 6 to 8 wk of age. Mice were given
free access to food (Wayne Rodent Blox, Wayne, OH) and water
throughout the experiments.

Thin Layer Chromatography. Mixtures of the free sulfhydryl analogue
of WR-2721 and reduced glutathione, the free sulfhydryl analogue of
WR-2721 and oxidized glutathione, the disulfide analogue of WR-2721
and reduced glutathione, and the disulfide analogue of WR-2721 and
oxidized glutathione were incubated at 37Â°Cin room air for 24 to 48

h. Aliquots (10 M')were spotted on silica gel plates (Fisher Scientific,
Pittsburgh, PA) and eluted in a thin layer Chromatographie tank pre
viously equilibrated with chloroform:methanol:acetic acid (2:1:1 or
1:2:1). Plates were allowed to dry in room air and stained with ninhydrin
reagent (0.2% in ethanol). Detection of glutathione and WR-2721
analogues was possible because of the primary amine groups on both
of these compounds.
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Treatment of Mice with 6-Hydroxydopamine and WR-2721. The
effect of pretreatment of mice with various doses of WR-2721 prior to
hydroxydopamine treatment was assessed. WR-2721 was dissolved in
distilled water such that a 20-g mouse received 0.5 ml of solution. The
drug was then administered by i.p. injection or by i.g.2 instillation via
orogastric tube at doses of 10 to 400 mg/kg. 6-Hydroxydopamine was
administered at a dose of 400 mg/kg 20 to 30 min after WR-2721
administration as an i.p. injection in normal saline containing 100 fig,/
ml ascorbic acid as an antioxidant following the method of Chelmicka-
Szorc and Arnason (3). This small amount of ascorbic acid protects 6-
hydroxydopamine from autooxidation in solution, but is insufficient to
exacerbate the in vivo toxicity of the drug (Ref. 15; Footnote 3). A 20-
g mouse received 0.2 ml of solution. This time course of i.p. injections
was chosen because it had previously been shown to afford protection
against cyclophosphamide toxicity in mice (10), and because 30 min is
halfway between the times to peak for i.v. and p.o. administration of
WR-2721 (14, 16). The mice were evaluated at various time points
following drug administration. Ptosis was assessed as a measure of
interference with sympathetic function by 6-hydroxydopamine. Ptosis
was graded as follows: 0, round palpebrai (eyelid) fissures; 1, oval
palpebrai fissures; 2, barely patent palpebrai fissures; and 3, closed
eyes. Activity was graded as follows: 3, normal activity; 2, lethargic but
ambulatory; 1, nonambulatory but alive; and 0, dead. Statistical analysis
of the values obtained for each adjunctive dose of WR-2721 at each
time point was performed by comparison of such data with those
obtained with 6-hydroxydopamine alone using the Mann-Whitney Ã•7
test for nonparametric data (17).

Biochemical Determination. Glutathione reducÃaseand â€¢y-glutamyl-

cysteine synthetase were assayed for by the methods of Racker (18) and
Sekura and Meister (19), respectively.

Hepatic glutathione content was determined upon protein-free su
pernatants of tissue homogenates prepared by homogenizing pre-
weighed samples of mouse liver in 1 ml of 5% trichloroacetic acid, 0.01
Mhydrochloric acid in a Tenbroeke glass tissue grinder at 4V. Residual
trichloroacetic acid was removed from the resulting supernatant by
three ether extractions, and the samples were assayed for total gluta
thione (reduced plus oxidized glutathione) by the method of Tietze
(20). These results were analyzed statistically using a 1-tailed t test.

200 mg/kg WR-2721 alone remained normal, indicating that
this effect was not simply an additive result of two independent
toxicities (see Fig. 2).

Strain Dependence of the Effects of WR-2721 plus 6-Hydroxy
dopamine. Previous experiments in our laboratory suggested
that tolerance to free radicals and free radical scavengers is
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Fig. 1. Effects of WR-2721 pretreatment (25, 50, and 100 mg/kg) upon ptosis

score (A) and activity score (B) of C57BL/6J mice treated with 6-hydroxydopa
mine (400 mg/kg). The points for 25 mg/kg differ from control points with a P
value maximally 0.05. Dose of WR-2721 (mg/kg): O, 0; G, 25; â€¢,50; A, 100.

RESULTS

Protection of Mice from 6-Hydroxydopamine Toxicity by WR-
2721. The potential protective effects of WR-2721 were tested
in C57BL/6J mice given 400 mg/kg 6-hydroxydopamine. Fig.
\A shows the effect of WR-2721 pretreatment upon ptosis in
hydroxydopamine-treated animals. Doses of WR-2721 between
25 and 100 mg/kg decreased the severity of initial ptosis and
facilitated reversal of the ptosis by 1 wk postinjection. The
effects of combination treatment upon the activity level of
C57BL/6J mice are shown in Fig. IB. Once again, doses of
WR-2721 between 25 and 100 mg/kg are protective against the
toxicity of 6-hydroxydopamine. The mice do not get as sick
initially, and those which become sick are afforded full recovery
by 4 to 7 days later when pretreated with WR-2721 at these

doses.
Synergistic Toxicity of WR-2721 and 6-Hydroxydopamine.

Although WR-2721 protected C57BL/6J mice from the toxic
effects of 6-hydroxydopamine, it was surprising that, as can be
seen in Fig. 1, increasing doses were decreasingly efficacious in
this regard. This suggests that, in addition to beneficial effects
of WR-2721, there is a simultaneous toxicity of the drug which
becomes increasingly significant with increasing dose. When
C57BL/6J mice were treated with 200 mg/kg WR-2721 fol
lowed by 400 mg/kg 6-hydroxydopamine, they fared worse than
mice treated with 6-hydroxydopamine alone. Mice treated with

2The abbreviation used is: i.g., intragastric.
3 N. F. Schor, unpublished observations.
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Fig. 2. Effects of WR-2721 pretreatment (200 mg/kg) upon ptosis score (A)
and activity score (B) of C57BL/6J mice treated with 6-hydroxydopamine (400
mg/kg). The points for 200 mg/kg differ from control points with a /' value
maximally 0.05. Key: â€¢,400 mg/kg 6-hydroxydopamine; O, 400 mg/kg 6-
hydroxydopamine plus 200 mg/kg WR-2721; A, 200 mg/kg WR-2721.
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Fig. 3. A, effects of WR-2721 pretreatment (10, 25, and 50 mg/kg) upon
activity score of A/J mice treated with 6-hydroxydopamine (300 mg/kg). The
points for 25 and 50 mg/kg differ from those for 0 and 10 mg/kg with a P value
maximally 0.05. WR-2721 alone, at a dose of 100 mg/kg, was without clinically
apparent toxicity. B, effects of WR-2721 pretreatment (25, 50, and 100 mg/kg)
upon activity score of C57BL/6J mice treated with 6-hydroxydopamine (300 mg/
kg). The points for 100 mg/kg differ from control points with a P value maximally
0.005. WR-2721 alone, at a dose of 100 mg/kg, was without clinically apparent
toxicity. â€¢ â€¢,100 mg/kg WR-2721; â€¢ â€¢,300 mg/kg 6-hydroxydopamine
plus 0 mg/kg WR-2721; O, 300 mg/kg 6-hydroxydopamine plus 10 mg/kg WR-
2721; D, 300 mg/kg 6-hydroxydopamine plus 25 mg/kg WR-2721; A, 300
mg/kg 6-hydroxydopamine plus 50 mg/kg WR-2721; O, 300 mg/kg 6-hydroxy
dopamine plus 100 mg/kg WR-2721.

mouse strain dependent. We therefore repeated these experi
ments in A/J mice. A/J mice treated with 400 mg/kg 6-
hydroxydopamine alone were all dead by 2 days after injection.
They did not show statistically significant benefit from pretreat
ment with WR-2721. Attempts at protection of A/J mice with
WR-2721 were therefore carried out with a 6-hydroxydopamine
dose of 300 mg/kg. As Fig. 3/Ãshows, even when this less toxic
dose of 6-hydroxydopamine is used, synergistic toxicity be
comes apparent at WR-2721 doses as low as 25 mg/kg.

In order to directly compare these Findings with those in
C57BL/6J mice, this experiment was repeated in the latter
strain using the lowered dose of 6-hydroxydopamine. The ac
tivity level of C57BL/6J mice treated with 300 mg/kg 6-
hydroxydopamine and 25 or 50 mg/kg WR-2721 remained
unimpaired, and synergistic toxicity only began to become
apparent at 100 mg/kg WR-2721 (Fig. 35).

Glutathione Content of the Livers of Mice Treated with WR-
2721 or 6-Hydroxydopamine. Many agents, such as 6-hydroxy
dopamine, which present the cell with an oxidant stress depend
upon glutathione for their detoxification ( 13). Because of our
previous finding that WR-2721 exacerbates the toxicity of
acetaminophen,4 an agent known to markedly decrease the

hepatic glutathione content and to thereby decrease the ability
of the organism to tolerate oxidant stress, the total glutathione
content (reduced plus oxidized glutathione) of the livers of mice
treated with WR-2721 alone or with 6-hydroxydopamine alone
was measured. Fig. 4 shows that WR-2721 decreases the hepatic
glutathione content of A/J and C57BL/6J mice. In both strains,
this decrease achieves maximal proportions with doses greater
than 100 mg/kg. At no dose given did the animals appear
clinically ill. In addition, Fig. 4 shows that WR-2721 decreased
hepatic glutathione in C57BL/6J mice at lower doses than in
A/J mice. However, this decrease was not of sufficient magni
tude to make these animals ill; indeed, they fared better than
A/J mice in combination treatment. This is in concert with the
findings of Mitchell et al. (21) that hepatic necrosis and clinical
illness do not occur in mice until glutathione levels are below
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Fig. 4. Hepatic glutathione content of mice treated with WR-2721. A/J (D)
and C57BL/6J (la) mice were given i.p. injections of WR-2721, and hepatic
glutathione was measured at 24 h after administration. There is no significant
difference between the glutathione content of A/J and C57BL/6J mice at any
dose of WR-2721, except at 50 mg/kg, where they differ with a P < 0.005. \GSH
+ GSSG], total glutathione (reduced plus oxidized glutathione) concentration.
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' N. F. Schur, submitted for publication.

Fig. 5. Hepatic glutathione content of A/J (D) and C57BL/6J P) mice treated
with i.p. injections of 6-hydroxydopamine. Glutathione was measured at 24 h
after administration. There was no statistical difference in the control glutathione
content between the two strains of mice. The value for A/J mice at 400 mg/kg
differs from the value for C57BL/6J mice with a P < 0.001. [GSH + GSSG],
total glutathione (reduced plus oxidized glutathione) concentration.

30% of their baseline value. The plateau in glutathione level
achieved with increasing WR-2721 dose is the same for both
strains. Thus, while WR-2721 does decrease the total glutathi
one content of the liver, this effect does not by itself account
for the increased morbidity and mortality among animals given
both agents, nor does it account for the interstrain differences
in response to combination therapy.

For this reason, the effect of 6-hydroxydopamine upon he
patic glutathione content in the two strains of mice was exam
ined. As can be seen in Fig. 5, 6-hydroxydopamine, at a dose
of 400 mg/kg, decreases the hepatic glutathione content of A/
J mice to 25% of the control value. The hepatic glutathione
content of C57BL/6J mice remains essentially unchanged. The
magnitude of the decrease in hepatic glutathione correlates with
the inability of A/J mice to tolerate pretreatment with 6-
hydroxydopamine. The treatment of an animal with WR-2721
might be expected to be most deleterious in those strains whose
glutathione will be most drastically reduced by treatment with
6-hydroxydopamine.

DISCUSSION

The present study explores the possibility of selectivity pro
tecting normal peripheral autonomie neurons from free radical
damage due to 6-hydroxydopamine, while leaving tumor cells
susceptible to attack. Because of previous reports of "selectiv-
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ity" of WR-2721 as a free radical scavenger (9-12), this agent

was chosen for investigation.
That it is possible to protect mice from the toxicity of 6-

hydroxydopamine with WR-2721 is apparent from the results
of this combination treatment in C57BL/6J mice at doses of
25 to 100 mg/kg. Surprisingly, however, as one increases the
dose of WR-2721, the margin of protection by this agent
decreases, suggesting that there is a competing toxicity of the
agent when used with 6-hydroxydopamine. This additive tox
icity with 6-hydroxydopamine becomes most significant when
its magnitude exceeds that of the protective effect of WR-2721.
In addition, the ability to tolerate the combination of these two
agents is mouse strain dependent.

Glutathione plays a major role in the detoxification of free
radical-generating agents such as 6-hydroxydopamine (13). The
additive toxicity of WR-2721 and 6-hydroxydopamine appears
to be correlated with the decrease in glutathione caused by each
of these two agents. The degree to which this effect outweighs
the potential benefits of WR-2721 use in mice is correlated
with the strain-dependent degree to which 6-hydroxydopamine
decreases glutathione levels. Glutathione depletion is probably
not the only mechanism of synergistic toxicity between the two
agents. Despite similar levels of glutathione depletion at 100
and 200 mg/kg WR-2721, the latter dose causes greater toxicity
than the former in C57BL/6J mice treated with 6-hydroxydo
pamine. The effects of these drugs upon other endogenous free
radical scavengers, such as Superoxide dismutase, are currently
under study.

The degree to which WR-2721 decreases glutathione levels
appears not to be strain dependent and to plateau at doses of
WR-2721 above 100 mg/kg. This suggests a mechanism for
this decrease other than the simple chemical combination of
the free thiol of WR-2721 with glutathione. Attempts to date
have failed to elucidate the mechanism of this effect of WR-
2721. In preliminary experiments performed in our laboratory,
the activities of glutathione reducÃase,an enzyme which regen
erates reduced glutathione after its consumption by oxidation,
and 7-glutamylcysteine synthetase, one of two enzymes in
volved in the synthesis of glutathione, were assayed. There was
no difference in enzyme activity per gram of tissue, Km,or Vmax
between treated and control animals. In addition, using thin
layer chromatography, we could find no evidence for mixed
disiilfide formation in mixtures of the free sulfhydryl of WR-
2721 and oxidized glutathione, of the disulfide of WR-2721
and reduced glutathione, of the disulfide of WR-2721 and
oxidized glutathione, or of the free sulfhydryl of WR-2721 and
reduced glutathione. It is therefore unlikely that the simple
nonenzymatic reaction of glutathione with the free thiol or
disulfide of WR-2721 is responsible for the decrease in hepatic
glutathione levels.

While WR-2721 is a scavenger of free radicals, it also de
creases the hepatic content of glutathione, itself an endogenous
free radical scavenger. These findings place certain caveats and
potential restrictions upon the use of such compounds in hu
mans. We have shown a strain-related variable tolerance to free
radicals in mice; the variability in tolerance to oxygen radicals
from person to person has not been studied. From the stand
point of cancer chemotherapy, one must proceed with caution
in using agents like WR-2721 adjunctively with systemically
administered compounds, such as bleomycin, which generate
oxygen free radicals. Previous work has shown that WR-2721
is delivered to the lungs and that bleomycin potentiates the

formation of oxygen free radicals in lung (22). We would predict
that WR-2721 would therefore exacerbate, rather than amelio
rate, the pulmonary toxicity of bleomycin.

Mitchell eta!. (13) have divided free radical-generating agents
into those which generate oxygen free radicals and those which
generate organic free radicals, and into those which act directly
upon macromolecules and those which effect oxidation of mac-
romolecules via their addition to and depletion of glutathione.
The unique chemical and pharmacological properties of each
of these agents and the specific properties of the target tissue
must be considered in the design of adjunctive treatments for
cancer chemotherapy.
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