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ABSTRACT

Decyl and phenyl disulfide derivatives of 6-mercaptopurine and 6-
thioguanine (6-TG) were examined for antineoplastic activity under aero
bic and hypoxic conditions toward EMT6 cells in culture. Although these
derivatives did not display selective toxicity toward the hypoxic cells,
they were significantly more toxic than 6-TG to this cell line at 500 n\i
after a 2-h exposure. In conjunction with this cytotoxicity, these agents
were found to deplete the cellular glutathione (GSH) levels to varying
degrees at this same concentration after a 1-h period. Therefore, the
effect of modulating the cellular GSH on the cytotoxicity of these agents
was investigated. When the GSH was depleted to <5 or 41% of control
levels, the cytotoxicity exhibited by these agents was significantly in
creased while that of 6-TG remained unchanged. The cytotoxicity of
these agents was similar to that of decanethiol and thiophenol, the thiol
portion of the molecules, both under normal treatment conditions or after
depletion of GSH.

The lack of selective toxicity toward hypoxic cells was correlated to
the finding that the disulfides were broken down to the parents, 6-
mercaptopurine, and 6-TG, by cells under aerobic conditions. However,
these studies demonstrate that manipulation of GSH levels might yield
a therapeutic gain for these disulfide derivatives of antitumor agents.

INTRODUCTION

Hypoxic cells of solid tumors are an obstacle to effective
cancer therapy (1, 2). Residual malignant cells protected from
radiotherapy or chemotherapy by hypoxia may be capable of
proliferating and causing a tumor to recur. One approach to
the problem of hypoxic cells has been the development of
chemotherapeutic agents which, through their physical and
chemical properties and mode of activation will selectively
attack this therapeutically resistant population (3-7). Two
classes of agents have been identified, which exhibit preferential
cytotoxicity toward hypoxic cells through reductive activation:
(a) quinone bioreductive alkylating agents, a naturally occurring
prototype of which is mitomycin C (8), and (b) the nitroaro-
matic heterocylic hypoxic cell sensitizers, such as misonidazole
and metronidazole (9, 10). An area in which limited research
has been undertaken is that of the disulfide compounds (11-
14). Martinez et al. ( 11) and Lown ( 12) have examined disulfide
derivatives of nitrosoureas for antineoplastic activity, while
others have demonstrated that disulfide derivatives of 6-MP2
and 6-TG display antineoplastic activity toward L-1210 leuke
mia and Sarcoma 180 (13, 14).

This present investigation involves the examination of the
decyl and phenyl disulfide derivatives of 6-MP and 6-TG (Fig.
1) for selective cytotoxicity toward hypoxic EMT6 cells in
culture. The decyl disulfide derivatives had previously shown
an increase in antitumor activity over their parents, 6-MP and
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6-TG (14), in a leukemia test system; however, they had not
been examined for the possibility of bioreductive activation, nor
had they been examined under conditions where cellular GSH
had been depleted.

It was envisioned that the cytotoxic activity of these disulfides
may be the result of an interaction with the cellular thiol, GSH
(15). Mannervik et al. (15) report that disulfides of GSH can
be formed by thiol-disulfide interchange with other disulfides
catalyzed by thioltransferases. The possibility of such an inter
action was examined by measuring the GSH levels in the EMT6
cells after exposure to these agents.

Since the role of GSH on cellular metabolism has recently
received increased attention (16), it was also of interest to
continue this investigation into the effects of cellular GSH on
the cytotoxicities of the disulfide derivatives. A number of
investigators have found that GSH depletion alters misonida
zole metabolism (16) and cytotoxicity (17). It has also been
found that in vitro GSH depletion may make nitro compounds
more effective radiosensitizers under hypoxic conditions (18,
19), as GSH may protect against radiation damage for cells
under hypoxia (16). Others have investigated the effect of GSH
depletion on the activity of clinical anticancer agents (20-22).
In addition, it has been reported that a selective differential in
chemotherapeutic response toward normal versus tumor cells
may be possible through manipulation of the GSH snythetic
cycle (23). Therefore, concomitant to the investigation into
hypoxic cell cytotoxicity, this paper reports the enhancement
of toxicity of four disulfide compounds in EMT6 cells following
BSO pretreatment to deplete cellular GSH (24).

MATERIALS AND METHODS

Materials. Compounds I-IV were synthesized by previously de
scribed methods (13, 25) and purified by recrystallization prior to use.
Dimethyl sulfoxide was used to solublize these agents for experimental
use. BSO (Chemilog, Plainfield, NJ) was dissolved in PBS, pH 7.4.
PBS and antibiotics were supplied by GIBCO/BRL, Burlington, On
tario. Other chemicals and solvents of reagent grade were obtained
from common chemical suppliers. Data were analyzed by Student's t

test.
Cells. EMT6/Rw cells were maintained in culture with Waymouth's

MB 752/1 media (GIBCO/BRL, Burlington, Ontario), supplemented
with Clex 15% (Dextran Products, Scarborough, Ontario). For cyto
toxicity experiments penicillin (100 units/ml) and streptomycin (100
Mg/ml) were added to the media. Eagle's MEM (GIBCO) was used for

experiments involving nonprotein thiol measurement or GSH deple
tion.

Hypoxic/Aerobic Cytotoxicity. The techniques for handling EMT6
cells in culture and measuring cytotoxicity under aerobic and hypoxic
conditions have been described previously (26, 27). Cells were exposed
to various concentrations of compounds I-IV or vehicle alone for 2 h.
After performing a colony forming assay, colonies were allowed to
grow to a countable size for 10 to 14 days. Survival fraction was
calculated, comparing the plating efficiency of vehicle-treated versus
drug-treated cells under the aerobic or hypoxic conditions employed.

Measurement of Cellular GSH. Milk dilution bottles were seeded
with 2 x IO6 EMT6 cells in Waymouth's media, 48 H priOr to the

measurement. Approximately 32 h later the media was replaced with
Eagle's MEM (15% Clex). To initiate the experiment, vehicle or
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Fig. 1. Structure of compounds I-IV.
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compounds I-IV, 6-TG, DT, or TP, final concentration 500 /IM, were
added to the media of each bottle and the cells were incubated for 10
to 60 min. Viability of the cells after the 60-min exposure was measured
as described above. For comparison, BSO (SO^M or 10 HIM)was added
to bottles either 16 h or 1 h, respectively, prior to the thiol measurement.
Following the incubation the media was removed, the cells were washed,
trypsinized, and centrifuged. After washing three times with ice-cold
PBS, the cells were suspended in 2 ml PBS and counted. An aliquot of
these cells was analyzed for protein content and a second aliquot of
500 ii\ was sonicated, the protein precipitated by the addition of 100 til
of 15% sulfosalicylic acid and finally centrifuged for 30 min at 14,000
x g. After centrifugation the supernatant was analyzed for nonprotein
thiol content following the method of Tietze (28). Duplicate experi
ments were performed on five separate occasions.

Disulfide Cytotoxicity following Thiol Depletion. One day preceding
the experiment, the media covering the exponentially growing cells was
changed to Eagle's MEM (15% Clex). To deplete the nonprotein thiol

content to <5% of control levels, 50 pM BSO was added to the media
16 h prior to the experiment. BSO (10 tmi) was added l h prior to the
experiment to deplete the levels to 41% of control. On the day of the
experiment, immediately prior to the addition of compounds I-IV, 6-
TG, TP, or DT, the media was removed, the cells were washed with
PBS and 10 ml fresh Eagle's MEM were added. Vehicle or drug at

various concentrations in 1(KM was added and the cells were incubated
for 2 h. Cell survival was measured by colony formation.

Breakdown of Compound I-IV. Compounds I-IV were dissolved in
dimethyl sulfoxide and added to Waymouth's media to give a final

concentration of 500 Â¿IMin the presence or absence of EMT6 ceils (1
x IO6).The absorbances from 200 to 400 nm were monitored spectro-

photometrically over a period of 2 h. The breakdown of each compound
was evident by a decrease in their respective A,,,.,,which was accom
panied by an increase at 324 nm for 6-MP or 342 nm for 6-TG, the
parent molecules of compounds I and HI or II and IV, respectively.

RESULTS

Hypoxia Cell Cytotoxicity. Compounds I-IV were evaluated
for Cytotoxicity toward EMT6 tumor cells and compared to
that of 6-thioguanine under both aerobic and hypoxic condi
tions. No differential in Cytotoxicity was seen under the two
levels of oxygÃ©nation(data not shown), however compounds I
IV were significantly more cytotoxic (I-III, P = 0.005 and IV,
P = 0.01), than 6-TG at 500 MM (Fig. 2, O) in an aerobic
environment.

Glutathione Measurement. Results of the analysis of the
EMT6 cells for nonprotein thiols, which consists mainly of
GSH, after exposure to the disulfides I-IV over time are dis

played in Fig. 3. GSH content of control cells was 30.3 Â±5.6
nmol/mg protein. The decanethiol derivatives of 6-MP (I) and
6-TG (II) were found to deplete the cells of GSH to a greater
extent (95 and 90%, respectively) than the thiophenol deriva
tives III and IV (63 and 46%, respectively) after 60 min expo
sure (P < 0.001). The viability of the cells after the 60 min
exposure to compounds I-IV decreased to 4, 11, 18, and 28%
of controls. Treatment of the EMT6 cells with 6-TG, DT, or
TP had no effect on the cellular GSH. Exposure of EMT6 cells
to BSO, 50 MMfor 16 h or 10 HIMfor 1 h was found to deplete
cellular GSH to <5% or 41 Â±6% of controls, respectively. The
surviving fraction was only moderately reduced after these
treatments, decreasing to 78% after exposure to 10 mM BSO
for 1 h and 90% after 50 MMBSO for 16 h.

Cytotoxicity of Disulfides after Depletion of Nonprotein
Thiols. Fig. 2 (A-E) illustrates the effect of 50 MMBSO pre
treatment on survival after 2 h of exposure to 6-TG and
compounds I-IV, respectively. Contrary to the results with 6-
TG, where the depletion of GSH had little effect on Cytotoxicity,
even after increasing the concentration of 6-TG to 5 mM (data
not shown), depletion of GSH to <5% of control in combination
with compounds I-IV produced >1 log decrease in the survival
at 500 MM.The survival of the EMT6 cells, exposed to DT and
TP, was also diminished after extensive GSH depletion: SF%
(100 MM, 500 MM); TP (97, 45), DT (91, 16.9): SF% after
cellular GSH depleted to <5% of control; TP (50, 0.42), DT
(92, 0.24).

The effect of depleting the cellular thiol to 41% of control
prior to exposure to the disulfides is shown in Table 1. While
little effect is seen at the lower concentrations of the disulfides,
the survival after exposure to 500 MM of these agents and
depletion of the GSH to approximately half of control levels,
is intermediate to that seen under the other conditions (i.e., no
depletion or virtually 100% depletion of GSH). Compounds I,
III, and IV show significantly greater Cytotoxicity when the
GSH is depleted to 41% than when the levels are unaltered (P
= 0.01).

Breakdown of Disulfides I-IV. Compounds I-IV were moni
tored for 2 h while dissolved in Waymouth's media in the

absence of cells. Since disulfides are alkaline labile, 44, 34, 54,
and 2% of the agents I-IV, respectively, were broken down into
6-MP or 6-TG while in the media at pH 7.4. When EMT6 cells
were present (1 x IO6)over this 2-h period, the reduction of the

disulfides increased to 81, 78, 98, and 51%, respectively.

DISCUSSION

Early studies have shown that the main degradation pathway
of 6-MP and 6-TG is oxidation of the mercapto group at the
6-position (29). To protect the mercapto group from oxidation,
many 6-alkylthio derivatives of purine were synthesized by
Clarke et al. (30) and Skipper et al. (31). It was found that the
thio ether linkage of these compounds was stable and it was
relatively difficult to liberate the active parent compound.
Among them, 6-(l-methyl-4-nitro-5-imidazole)thiopurine and
-thioguanine were found to be the most effective against exper
imental tumors because the bond between the nitroimidazole
and sulfur is relatively labile due to the electron-withdrawing
effect of the nitroimidazole group (32). Since a disulfide bond
is more liable to reducing agents than an alkylthio bond it was
anticipated that in the hypoxic milieu of solid tumors the
disulfide derivatives I-IV would release the active parent com
pounds. It was found that upon simulation of these hypoxic
conditions in vitro, there was no increase in the Cytotoxicity
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Fig. 2. Surviving fraction of EMT6 cells exposed to 6-TG and compounds I IV (.!-/.) for 2 h: O, without BSO pretreatment; â€¢,after SO Â»ATBSO pretreatment
for 16 h (GSH depleted to <S% of control). Data, mean for at least four experiments; bars, Â±SD.

100

Table 1 Percentage of survival ofEMTo cells exposed to compounds I-IV
following depletion of cellular GSH to 41% of control levels

30

TIME (min)
Fig. 3. Cellular GSH levels (expressed as a percentage of control values for

EMT6 cells exposed to compounds I-IV as a function of time). Data, mean of
five duplicate experiments (control GSH content ave: 30.3 Â±5.6 nmol/mg
protein).

CompoundI

IImIV50

MM34

Â± 9.0Â°

77 Â±12
87 Â±11
4SÂ±13Survival

(%)100

MM44

Â± 7.8
57 Â±11
75 Â± 9.4
39 Â±10500

MM4.6

Â±2.1
5.2 Â±0.6
1.8Â±1.1
4.7 Â±1.6

" Data, mean Â±SD for at least four experiments.

over that produced by the disulfides under aerobic conditions
(data not shown). This may be related to the fact that 6-MP
and 6-TG are released upon exposure of these agents to the

EMT6 cells even in an aerobic atmosphere.
Fig. 2 (O) does show, however, that these four compounds

are significantly more cytotoxic than the parent, 6-TG. It was

felt that increase in cytotoxicity might be due to the interaction
of these agents with cellular GSH, since thiol-disulfide inter

change between GSH and disulfides had been reported (15).
The measurement of cellular levels of GSH after exposure to
these compounds seemed to correlate with this hypothesis.
Within l h the GSH levels had decreased to 5,10, 37, and 54%
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of control (I-IV respectively, Fig. 3). The survival after this
period also decreased to 4, 11, 18, and 28% of control (I-IV),
respectively. 6-TG did not effect the GSH levels (data not
shown) over the same period of time.

Fig. 3 suggests that compounds I and II affect different pools
of cellular GSH than III and IV. It is possible that I and II
deplete total cellular GSH (cytoplasmic and mitochondrial)
while III and IV only deplete the cytoplasmic pool (33). Reed
et al. (34) found that the mitochondrial pool in six cell lines
examined, ranged from 21 to 46% of the total intracellular
GSH as was measured by their resistance to GSH depletion
upon exposure to diethyl malÃ©ate.These authors also reported
that during severe drug intoxication studies, depletion of the
cytoplasmic pool of GSH had less damaging consequences than
was seen with the additional depletion of the mitochondrial
pool. This could explain the decreased cytotoxicity displayed
by disulfides III and IV even though the thiol, TP was found to
be more toxic than DT.

If the disulfide linkage was protecting 6-MP and 6-TG from
metabolism as suggested previously (29), it was felt that a thiol-
disulfide interchange with GSH would activate compounds I-
IV to effective antitumor agents. It was anticipated that by prior
depletion of the cellular GSH, the cytotoxicity demonstrated
by these compounds would decrease. Fig. 2 and Table 1 illus
trate the effects of GSH depletion on the disulfide toxicity. At
500 fiM of I-IV and depletion to levels <5% of controls, a
significant decrease in survival was observed. When the GSH
was depleted to 41 % of control levels the increase in cytotoxicity
was correspondingly moderate at this same concentration (Ta
ble 1), however still significantly greater than with no depletion.
This demonstrated that the interaction with GSH resulted in
protection rather than activation, with the degree of protection
correlating to the cellular GSH content.

These results are similar to those observed for acetaminophen
by MoldÃ©usand Jernstrom (35). At low doses of acetaminophen
liver cells were able to protect themselves from damage by
trapping the reactive metabolite of acetaminophen with GSH.
At higher doses, GSH was depleted by the formation of a GSH
conjugate. When the GSH was depleted the cells were found to
lose viability indicating a protective effect of GSH against the
toxic effects of acetaminophen (35). Other investigators have
also observed the protective action of GSH against the hypoxic
toxicity of misonidazole (17, 36) in vitro. As well, an increase
in toxicity has been reported for combined BSO/misonidazole
treatments in vivo (37).

In an analogous manner, our data suggest that compounds
I-IV interact with cellular GSH causing a depletion of this
tripeptide and a loss of viability. This loss of viability appears
to correspond to the level of GSH depletion that each agent
causes, possibly illustrating that these disulfides affect the dif
ferent pools of intracellular GSH. In addition, extensive deple
tion of cellular GSH prior to exposure to these disulfides,
results in an even greater decrease in the survival of the cells.

It appears that as the cells attempt to detoxify these agents
via GSH-disulfide interchange, the interaction results in the
release of 6-MP or 6-TG, and the formation of a decanethiol
or thiophenol mixed disulfide derivative of GSH. Examination
of the kinetics of the reaction between these disulfides and GSH
in an aqueous system are currently underway.3 In the present

lies breakdown of the four disulfides was monitored spec-
trophotometrically, as the decrease in absorbance A,,,,nof each
compound was accompanied by an increase in absorbance at

3 D. I Kirkpatrick, unpublished data.

324 nm for 6-MP (I, III) or 340 nm for 6-TG (II, IV). Since
disulfides are alkaline labile (13), as expected, exposure to
media alone caused some breakdown of the agent compounds.
When cells were present in the media a significant increase in
the release of 6-MP or 6-TG was noted.

The toxicity displayed by disulfides I-IV, however, does not
appear to be attributed to the purine portion of the molecule.
The cytotoxicity of 6-TG in combination with BSO pretreat
ment was not significantly different from that produced by 6-
TG alone. In contrast, the cytotoxicity of DT and TP was
enhanced by prior GSH depletion. This suggests that these
alkyl and aryl thiols, the metabolites of compounds I-IV, are
responsible for the toxicity in this test system.

Although additional work is needed to assess the chemother-
apeutic use of BSO in combination with these disulfides in vivo,
the enhanced toxicity of compounds I-IV in tumors depleted
of GSH could be of benefit in arresting neoplastic growth. It
has been demonstrated that after treatment of mice with BSO,
normal tissues (liver, brain, kidney, and bone marrow) regain
their GSH levels faster than tumor tissues (38); therefore, it is
possible that a tissue differential may be obtained. With this
differential established, the disulfides I-IV, may exert selective
toxicity toward the GSH-depleted tumor tissue, sparing normal
tissue from their toxic effects.
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