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Abstract
The antitumor, DNA-alkylating agent 1,3-bis[2-chloroethyl]-2-nitrosourea (BCNU; Carmustine), which generates 2-chloroethyl

isocyanate upon decomposition in situ, inhibits cellular glutathione reductase (GR; EC 1.8.1.7) activity by up to 90% at pharmacological

doses. GR is susceptible to attack from exogenous electrophiles, particularly carbamoylation from alkyl isocyanates, rendering the

enzyme unable to catalyze the reduction of oxidized glutathione. Evidence implicates inhibition of GR as a cause of the pulmonary

toxicity often seen in high-dose BCNU-treated animals and human cancer patients. Herein we demonstrate that the prodrug CloretazineTM

(1,2-bis[methylsulfonyl]-1-[2-chloroethyl]-2-[(methylamino)carbonyl]hydrazine; VNP40101M), which yields methyl isocyanate and

chloroethylating species upon activation, did not produce similar inhibition of cellular GR activity, despite BCNU and CloretazineTM

being equally potent inhibitors of purified human GR (IC50 values of 55.5 mM and 54.6 mM, respectively). Human erythrocytes, following

exposure to 50 mM BCNU for 1 h at 37 8C, had an 84% decrease in GR activity, whereas 50 mM CloretazineTM caused less than 1%

inhibition under the same conditions. Similar results were found using L1210 murine leukemia cells. The disparity between these

compounds remained when cells were lysed prior to drug exposure and were partially recapitulated using purified enzyme when 1 mM

reduced glutathione was included during the drug exposure. The superior antineoplastic potential of CloretazineTM compared to BCNU in

animal models could be attributed in part to the contribution of the methyl isocyanate, which is synergistic with the co-generated cytotoxic

alkylating species, while at the same time unable to significantly inhibit cellular GR.

# 2005 Elsevier Inc. All rights reserved.
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1. Introduction

CloretazineTM is a novel sulfonylhydrazine anti-cancer

compound with broad spectrum activity in murine models

and a drug candidate currently in Phase II clinical trials

against acute myelocytic leukemia. The antineoplastic

activity of CloretazineTM is a function of two reactive

electrophiles co-generated by base-catalyzed activation in

situ, one with alkylating activity and the other with carba-

moylating activity [1]. The alkylating species generated

from CloretazineTM, 90CE (Fig. 1), chloroethylates DNA

at the O6 position of guanine then forms a highly cytotoxic
Abbreviations: BCNU, 1,3-bis[2-chloroethyl]-2-nitrosourea; GR, glu-

tathione reductase; MiC, methyl isocyanate; CEiC, 2-chloroethyl isocya-
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crosslink with a complementary cytosine base [2]. This

crosslink is believed to be the critical cytotoxic event

largely responsible for the therapeutic action of Cloreta-

zineTM [2]. The carbamoylating species generated from

CloretazineTM is MiC, a very thiophilic electrophile. In a

cell, MiC will carbamoylate sulfhydryl groups, including

cysteine residues in proteins.

The clinically useful nitrosourea BCNU also decom-

poses in aqueous solution, yielding electrophilic species

with chloroethylating, carbamoylating, vinylating, hydro-

xyethylating, and aminoethylating activities [3–5]. BCNU,

as is the case with CloretazineTM, is believed to owe its

therapeutic efficacy to DNA-crosslinking [6]. Its carba-

moylating activity is a function of CEiC, which has often

been considered a deleterious consequence of the drug’s

activation [5,7]. Other structurally distinct nitrosoureas

yield different isocyanates whose reactivity and pharma-
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cology differ greatly [8]. The activation of CloretazineTM

yields insignificant levels of non-therapeutic vinylating,

aminoethylating, and hydroxyethylating activities [2], all

of which only add to the toxicity of BCNU. While MiC

generation is perhaps unnecessary for the chloroethylating

activity of CloretazineTM, preclinical findings suggest that

MiC is an active participant in therapeutic efficacy [1].

Therapeutically beneficial or not, in vivo targets of

isocyanates are likely to be numerous due to the promis-

cuous nature of carbamoylation chemistry. We previously

identified AGT (EC 2.1.1.63) as a target for carbamoyla-

tion by CloretazineTM-derived MiC in vitro [1,9]. AGT

activity has the capacity to produce resistance to DNA

alkylating agents by repairing the primary lesion, which for

BCNU and CloretazineTM is the chloroethylation of the O6

position of guanine in DNA. Findings suggested that at

least part of the contribution of MiC to cytotoxicity may be

due to inactivation of AGT by carbamoylation; however,

synergism existing between the two reactive electrophiles

in cells lacking AGT indicated that other targets for MiC

carbamoylation are involved [1]. Pre-clinical and clinical

studies involving BCNU identified GR as a target for

inhibition by reactive isocyanates [10]. GR is a critical

enzyme in the homeostasis of intracellular concentrations

of GSH [11]. GSH is the primary line of defense for many

toxic insults, including reactive oxygen species and xeno-

biotics, and is also involved in other redox pathways

[11,12]. It is possible that decreased GR activity in a

cancer cell could facilitate the cytotoxicity of BCNU by

inducing apoptosis, depressing the activity of multidrug

resistance proteins, and/or increasing sensitivity to the

toxic byproducts of BCNU decomposition [13–15]. How-

ever, there is no evidence that these consequences are

specific to neoplastic tissue. In fact, there are well-docu-

mented harmful consequences of a systematic depression

of GR activity, particularly in pulmonary tissue [13,16],

where cells are steadily bathed in reactive oxygen species,

as well as the intestine [11,17], liver [18], and kidney [19],
Fig. 1. Chemical structures of sulfony
where an environment of depleted GSH renders these

tissues hypersensitive to toxic insults.

In its reduced form, GR is very susceptible to inactiva-

tion by the carbamoylating activity of BCNU, which has

been documented both in vitro [20,21] and in vivo [22,23].

There is some evidence to suggest that the active site of GR

was alkylated rather than carbamoylated [24,25], but most

reports indicate that carbamoylation is primarily respon-

sible for the inhibitory activity [21]. However, with intra-

cellular concentrations of glutathione and cysteine in the

millimolar range [17], isocyanates are likely to react non-

specifically with these low molecular-weight thiol com-

pounds with greater frequency than with the active site of a

particular enzyme.

Carbamoylated metabolites of CEiC are also active

against GR in vitro [26,27], as are MiC and its metabolites

[27–29], although the MiC metabolites are substantially

less inhibitory against GR than CEiC metabolites. Little

information exists on the effects of MiC-generating pro-

drugs on in vivo GR activity.

In this paper, the effects of CloretazineTM on GR activity

were investigated using purified enzyme, intact cells, and

cell lysates. Findings are considered relative to BCNU.

Clear differences in the inhibitory potency of BCNU and

CloretazineTM against cellular GR were observed and

possible explanations for these findings are considered.

The results offer evidence that the clinical efficacy and

decreased toxicological profile of CloretazineTM relative to

that of BCNU can be explained in part by its production of

MiC rather than CEiC.
2. Materials and methods

2.1. Enzymes and biochemicals

CloretazineTM, 101MDCE, and 90CE (Fig. 1) were

synthesized, purified, and characterized in this laboratory
lhydrazine prodrugs and BCNU.
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as described elsewhere [2,30]. BCNU was purchased from

Sigma. Drugs were dissolved in dry DMSO to concentra-

tions of 200 mM. Stock solutions were stored desiccated at

�20 8C for up to 2 weeks; all dilutions were also prepared

in dry DMSO. Glutaredoxin from E. coli was purchased

from EMD Biosciences. Purified human glutathione reduc-

tase was purchased from Lab Frontier. All other enzymes,

solvents, and biochemicals were obtained from Sigma.

2.2. Determination of the half-lives of sulfonylhydrazine

prodrugs

The decomposition of sulfonylhydrazine prodrugs in

1 mM potassium phosphate buffer containing 20 mg/ml

of phenol red was followed at 560 nm in a Beckman

model-25 spectrophotometer as previously described

[31]. In brief, this assay uses a pH indicator to detect

the 2 molar equivalents of hydrogen ions released during

the decomposition of the sulfonylhydrazine compounds.

2.3. Cell culture and treatment

The L1210 murine leukemia cell line was cultured in

RPMI 1640 medium, supplemented with 10% fetal bovine

serum and 1% penicillin/streptomycin, in an atmosphere

containing 5% CO2 at 37 8C. Cells were maintained at a

density between 1 � 104 and 1 � 106 cells/mL. Cells were

treated in fresh medium with drug or DMSO control for 1 h

at 37 8C at a density of 2 � 106 cells/mL. Twenty million

cells were harvested by centrifugation, washed in PBS,

resuspended in 200 mL of 100 mM potassium phosphate

buffer (pH 7.4), and lysed by three successive freeze–thaw

cycles (�70 8C/37 8C). Lysates were clarified by centri-

fugation and normalized to the least concentrated sample

using total protein concentration as determined by the

Lowry assay kit from Bio-Rad.

2.4. Glutathione reductase activity from purified

enzyme and L1210 cells

GR activity was determined by monitoring the oxidation

of NADPH as measured by the decrease in absorbance at

340 nm. For reactions using purified GR, CloretazineTM,

101MDCE, 90CE, BCNU, or DMSO control was pre-incu-

bated with GR (0.5 unit/mL from S. cerevisiae, 1 unit/mL

from human) in 100 mM Tris–HCl (pH 8), 1 mM EDTA,

and 100 mM NADPH for 3 h at room temperature unless

stated otherwise. This incubation allows for at least three

half-lives of drug activation (>87.5%) in the presence of the

enzyme. For reactions using L1210 cells, treatment and lysis

were carried out as described above. Standard assay condi-

tions included 100 mM potassium phosphate buffer (pH

7.4), 1 mM EDTA, 300 mM NADPH, 500 mM GSSG,

0.1% DMSO, and purified, pre-incubated enzyme (10 mL

added volume) or normalized cell lysate (15 mL added

volume) in a total volume of 100 mL per reaction. This
reaction was modified as necessary. Reactions were initiated

with the pre-incubated enzyme or cell lysate and carried out

in a UV-transparent 96-well microplate. Reaction progress

was monitored by continuous spectrophotometric analysis

using a SpectraMax250 plate reader (Molecular Dynamics).

Absorbance readings were taken every 6 s and reaction

velocity was calculated using the most linear region of

the NADPH substrate depletion graph inside the first

3 min. All reactions were performed in triplicate. Data were

normalized to the positive and negative controls and

expressed as percent activity. IC50 values were calculated

by fitting the data to the following hyperbolic equation: 1/

(1 + (x/a)b), where x refers to percent activity and a is solved

as the IC50 value.

2.5. Glutathione reductase activity from erythrocytes

Plasma and erythrocytes were separated from whole

human blood containing 1.5 mg/mL EDTA by centrifuga-

tion at 10,000 � g for 10 min. Erythrocyte pellets were

washed four times with buffer (0.9% NaCl, 20 mM sodium

phosphate, 10 mM glucose, pH 7.4). Drugs or the DMSO

control were added to whole blood and incubated at 37 8C.

At various times thereafter, 10 ml samples were removed

and mixed with 90 ml of a lysis buffer composed of

100 mM EDTA (pH 8) and 0.5% SDS. This lysate was

then stored on ice prior to assay for GR activity. Twenty

microliters of lysate was added to a reaction mixture of

100 mM NADPH and 1 mM GSSG in 100 mM sodium

phosphate buffer (pH 8.0) and the GR activity was mea-

sured by following the decrease in absorption at 340 nm at

37 8C in a Beckman model-25 spectrophotometer. Plasma

contains very little GR activity, and the activity measured

in whole blood essentially represents the erythrocytic

content of this enzyme. Experiments using erythrocytes

suspended in phosphate buffered saline plus glucose (cell

density equivalent to whole blood) were performed in an

identical manner. For experiments in which lysed blood

was treated with drugs, 2 mM NADPH was first added to

the whole blood. The blood was then lysed with three

successive freeze–thaw cycles (�70 8C/37 8C) then treated

immediately. The purpose of the NADPH was to maintain

the GR in its reduced form, since it was found that upon

cell lysis, the enzyme rapidly oxidized in the absence of

NADPH and became resistant to inhibition. The drug

induced loss of enzyme activity in lysed blood was mea-

sured in an identical manner to that used for whole blood,

with aliquots being removed, mixed with lysis buffer at

various time intervals, and assayed for GR activity.

2.6. Glutathione peroxidase activity

Glutathione peroxidase (EC 1.11.1.9) activity was mea-

sured by coupling the oxidation of GSH, using cumene

hydroperoxide as the oxidant, to its reduction using GR,

thereby allowing measurement by NADPH consumption as
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described above. CloretazineTM, 101MDCE, 90CE,

BCNU, or DMSO control was pre-incubated (200 mM

final concentration) with 1.25 units/mL bovine liver glu-

tathione peroxidase in 100 mM Tris–HCl (pH 8) and 1 mM

EDTA for 3 h at room temperature. Standard assay con-

ditions included 100 mM potassium phosphate buffer (pH

7.0), 1 mM EDTA, 300 mM NADPH, 1 mM GSH, 200 mM

cumene hydroperoxide, 0.1% DMSO, 1 unit/mL of yeast

GR, and 0.125 unit/mL of glutathione peroxidase (10 mL

added volume) in 100 mL total volume. Reactions were

initiated with the pre-incubated peroxidase and carried out

in a UV-transparent 96-well microplate. Reaction progress

was monitored using a SpectraMax250 plate reader. Absor-

bance readings were taken every 6 s and reaction velocity

was calculated using the most linear region of the NADPH

substrate depletion graph inside the first 3 min. All reac-

tions were performed in triplicate.

2.7. Glutathione S-transferase activity

Glutathione S-transferase (EC 2.5.1.18) activity was

measured using 1-chloro-2,4-dinitrobenzene as the GSH

acceptor and monitoring the accumulation of S-(2,4-dini-

trobenzyl)glutathione, which absorbs 340 nm light. Clor-

etazineTM, 101MDCE, 90CE, BCNU, or DMSO was pre-

incubated (200 mM) with 3 units/mL of bovine liver glu-

tathione S-tranferase in 100 mM Tris–HCl (pH 8) and

1 mM EDTA for 3 h at room temperature. Standard assay

conditions included 100 mM potassium phosphate buffer

(pH 6.6), 1 mM EDTA, 2.5 mM GSH, 2 mM 1-chloro-2,4-

dinitrobenzene, 0.1% DMSO, and 0.3 unit/mL of glu-

tathione S-transferase (10 mL added volume) in 100 mL

total volume. Reactions were initiated with the pre-incu-

bated enzyme and carried out in a UV-transparent 96-well

microplate. Reaction progress was monitored using a

SpectraMax250 plate reader. Absorbance readings were

taken every 6 s and reaction velocity was calculated using

the most linear region of the A340 versus time graph inside

the first 2 min. All reactions were performed in triplicate.

2.8. Glutaredoxin activity

Glutaredoxin (EC 1.20.4.1) activity was measured using

2-hydroxyethyl disulfide to generate the requisite conju-

gate as described elsewhere [32]. CloretazineTM,

101MDCE, 90CE, BCNU, or DMSO control was pre-

incubated (200 mM) with 5 units/mL of E. coli glutare-

doxin in 100 mM Tris–HCl (pH 8) and 1 mM EDTA for 3 h

at room temperature. Standard assay conditions included

100 mM Tris–HCl (pH 8.0), 1 mM EDTA, 300 mM

NADPH, 1.4 mM GSH, 700 mM 2-hydroxyethyl disulfide,

1 unit/mL of GR, 0.1% DMSO, and 0.5 unit/mL of glutar-

edoxin (10 mL added volume) in 100 mL total volume. The

reaction mixture was incubated for 15 min before enzymes

were added, allowing the spontaneous formation of

2-hydroxyethyl glutathione disulfide. Reactions were
initiated with the pre-incubated glutaredoxin and carried

out in a UV-transparent 96-well microplate. Reaction

progress was monitored using a SpectraMax250 plate

reader. Absorbance readings were taken every 6 s and

reaction velocity was calculated using the most linear

region of the NADPH substrate depletion graph inside

the first 1 min. All reactions were performed in triplicate.
3. Results

3.1. CloretazineTM, BCNU, and 101MDCE (but not

90CE) inhibited purified yeast and human glutathione

reductase

The inhibition of GR by CloretazineTM, BCNU,

101MDCE, and 90CE was assessed by incubating the

purified enzyme with drug for 3 h at room temperature

in the presence of 100 mM NADPH. Pre-incubation

allowed for the activation of the prodrugs. Inhibition of

GR by carbamoylation is dependent upon NADPH as

reported elsewhere [10]. CloretazineTM, 101MDCE, and

BCNU inhibited the activity of purified human GR with

IC50 values of 54.6 � 4.3, 32.7 � 7.7, and 55.5 � 2.2 mM,

respectively (Fig. 2A). In contrast, 90CE did not inhibit

human GR until millimolar concentrations were achieved,

which greatly exceeded any realistic pharmacological

concentration. All compounds capable of generating a

carbamoylating moiety in aqueous solution were inhibi-

tory. With IC50 values of the same order of magnitude,

there seemed to be no discernable difference between the

inhibitory potency of the CEiC-generator BCNU and the

MiC-generators, CloretazineTM and 101MDCE. Similar

results were obtained using purified GR from baker’s yeast

(Fig. 2B). The IC50 values for CloretazineTM, 101MDCE,

and BCNU with this enzyme were 44.9 � 7.3, 29.4 � 3.3,

and 37.9 � 8.3 mM, respectively. Again, 90CE was a very

poor inhibitor (IC50 > 1 mM).

3.2. Glutathione reductase inhibition by CloretazineTM,

BCNU, and 101MDCE is a function of the half-life of the

compound in aqueous solution

An extended pre-incubation afforded the prodrugs the

opportunity for requisite activation via base-catalyzed

decomposition in advance of substrate introduction. The

half-lives of 1,2-bis(methylsulfonyl)hydrazines and BCNU

decrease with increasing temperature and pH. In pH 8

buffer at 25 8C, the T1/2 of CloretazineTM is just under 1 h.

The decomposition of BCNU has similar kinetics [21]. T1/2

values for 90CE and 101MDCE are considerably less (0.6

and 3.6 min, respectively, at pH 7.4 and 37 8C) [2]. Since

an assessment of the extent of the inhibitory potency of

these compounds depends upon time, pre-incubation time-

courses were carried out using 200 mM of each compound.

CloretazineTM and BCNU, with their similar T1/2 values,
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Fig. 2. Inhibition of purified GR from human (A) and yeast (B) sources. CloretazineTM (*), BCNU (~), 101MDCE (�), and 90CE (^) were serially diluted in

DMSO such that equal volumes were added to pre-incubation mixtures with enzyme. 3 h pre-incubations were carried out in the presence of 100 mM NADPH at

25 8C in Tris–HCl, pH 8, prior to the addition of substrates at saturating concentrations. Reaction velocities were calculated as described in Section 2. All values

were normalized to a DMSO control and reported as triplicate averages with standard deviations.
exhibited a direct relationship between pre-incubation time

and GR inhibition that leveled off after 1 h (Fig. 3A). The

other carbamoylating agent, 101MDCE with a T1/2 value of

3.6 min, achieved its maximum inhibitory effectiveness

much sooner at approximately 10 min. There was no

discernable relationship between time and inhibition using

90CE. Conversely, when the compounds were exposed to

buffer before a 3 h pre-incubation with GR, inhibitory

compounds became ineffective (Fig. 3B).

3.3. Glutathione peroxidase, glutathione S-transferase,

and glutaredoxin activities are unaffected by

CloretazineTM, BCNU, 101MDCE, and 90CE

There are several other enzymes that utilize glutathione

in some form as a substrate. We examined whether three

of the most studied enzymes of glutathione metabolism

were similarly affected by carbamoylation. Previous

studies with BCNU revealed that glutathione peroxidase,
Fig. 3. Time course for the inhibition yeast GR by CloretazineTM (*), BCNU (~)

with enzyme. Ten microliter aliquots of the pre-incubations were removed at indi

incubated in buffer alone. Aliquots were removed at the indicated times and incuba

addition of saturating substrate concentrations, GR activity was assayed. All values

standard deviations.
which catalyzes the oxidation of GSH, and glutathione S-

transferase, which delivers GSH to an available electro-

phile, were not significantly inhibited by BCNU or by the

CEiC/GSH conjugate [23,28]. We confirmed these find-

ings in this study and further showed that CloretazineTM

does not inhibit these enzymes significantly (Table 1). In

addition, we assayed these agents against the activity of

glutaredoxin, which generates GSSG from a mixed

disulfide and GSH. Neither CloretazineTM nor BCNU

imposed any significant inhibition of glutaredoxin

activity.

3.4. Glutathione reductase activity from cells treated with

methyl isocyanate-generating compounds remains largely

unchanged while 2-chloroethyl isocyanate-generating

compounds dramatically diminish activity

Incubation of whole human blood with BCNU at a

concentration of 50 mM caused an approximate 84% loss
, 101MDCE (�), and 90CE (^); (A) 200 mM compound was pre-incubated

cated time points and assayed for activity; (B) 200 mM compound was pre-

ted with GR for 3 h at 25 8C in Tris–HCl, pH 8, with 100 mM NADPH. After

were normalized to a DMSO control and reported as triplicate averages with



K.P. Rice et al. / Biochemical Pharmacology 69 (2005) 1463–14721468

Table 1

Inhibition of the enzymes of glutathione metabolism by sulfonylhydrazines and BCNU

Agent Percent original activitya

GR Glutathione peroxidase Glutathione S-transferase Glutaredoxin

CloretazineTM 9.0 � 1.3 108 � 12 77.4 � 1.1 87.8 � 22.0

90CE 80.5 � 6.4 95.9 � 9.4 93.4 � 3.9 87.3 � 12.7

101MDCE 5.5 � 0.7 94.8 � 7.8 76.0 � 1.6 85.4 � 22.0

BCNU 9.8 � 2.3 94.4 � 9.4 84.8 � 2.0 83.6 � 15.2

a Agents (200 mM) were pre-incubated with enzymes for 3 h at 25 8C, pH 8 before addition of saturating substrate concentrations. Reaction progress for each

enzyme reaction was monitored as described in Section 2. All reaction velocities were normalized to DMSO controls and reported as triplicate averages with

standard deviations.
in GR activity over the course of 1 h (Fig. 4A). This degree

of inhibition is similar to that observed in patients receiving

therapeutic doses of BCNU [23]. In contrast, treatment

with CloretazineTM produced no significant inhibition of

GR activity in whole blood, even at a 20-fold greater

concentration over the same time course (Fig. 4B). At

the same time, analogues of CloretazineTM that lack either

chloroethylating activity (101MDCE) or carbamoylating

activity (90CE) had at best only nominal effects on GR.

One millimolar 90CE caused only a 20% inhibition of GR

(Fig. 4C) and 101MDCE caused no significant inhibition,

even at a concentration of 1 mM (Fig. 4D). MiC itself was

devoid of GR inhibitory activity in whole blood (Fig. 4E).

However, all agents capable of producing CEiC (BCNU,

101, and 101DCE) were potent inhibitors of GR at 50 mM

as was CEiC itself (Fig. 4A, F, G and H). These results also

confirm that carbamoylation via CEiC, rather than 2-chlor-

oethylation, is responsible for the inhibition of GR. This

finding stands in contrast to other reports suggesting that

the alkylating activities of some nitrosoureas can indeed

inhibit GR under some circumstances in vitro [24,25].

Another possibility was that CEiC itself was alkylating

rather than carbamoylating the active site of GR by first

hydrolyzing into 2-chloroethylamine. This compound

could cyclize to form an ethylenimine capable of alkylat-

ing thiol groups. However, 2-chloroethylamine did not

inhibit whole blood GR activity at concentrations as high

as 1 mM (Fig. 4I). It remains possible that the chloroethyl

side chain of a GR-conjugated carbamoyl group could

subsequently alkylate a secondary nucleophilic center in

the GR active site. Such reactivity might explain the

superiority of CEiC over MiC as an inhibitor of GR in

cells as discussed elsewhere [27].

Despite the wide range of T1/2 values for agents that were

inhibitory to GR in whole blood (CEiC, BCNU, 101,

101DCE) from 17 s for CEiC [33] up to 40 min for BCNU

[21], the time courses of inhibition of GR in whole blood

were very similar, with half maximal inhibition occurring

after 15–20 min, even with the very short-lived CEiC. This

finding indicated that either CEiC is latentiated by reacting

reversibly with a blood component(s) or that more stable

adducts of CEiC were responsible for the direct inhibition

of the GR enzyme. Both explanations involve chemical

reactions preceding the carbamoylation of the enzyme.

This conclusion was confirmed in experiments in which
100 mM CEiC was incubated with plasma at 37 8C for

100 min. These mixtures were then added to an equal

volume of washed blood cells to give an equivalent con-

centration of 50 mM. This mixture was further incubated

for 100 min at 37 8C and then assayed for GR activity.

Aging of CEiC in phosphate buffer caused it to rapidly lose

its inhibitory potency and only a few minutes of aging was

required for loss of activity (data not shown). However,

inhibitory activity persisted at high levels (75 � 4%) when

the CEiC was aged in plasma, even after 100 min of

incubation at 37 8C.

Studies using L1210 leukemia cells gave similar results

to those seen with human erythrocytes in that CEiC, but not

MiC, precursors were strongly inhibitory. Cells were trea-

ted with 50 mM drug in fresh medium, then harvested,

lysed, and normalized to total protein concentration.

Lysates from cells exposed to 50 mM BCNU showed a

94.2 � 3.2% inhibition of GR activity. However, like-

concentrations of CloretazineTM only modestly inhibited

GR activity upon cell lysis (28.2 � 2.9% of control activ-

ity). This finding indicates that the resistance of GR to

inhibition within cells by MiC was not restricted to human

erythrocytes. L1210 cells were selected due to their high

sensitivity to CloretazineTM in pre-clinical studies.

3.5. The effects of drug treatment on GR activity in cell

lysates is equivalent to treatment of whole cells

One possible explanation for the difference between

the inhibitory potencies of precursors of MiC and those

of CEiC in whole cells could be a difference in the

permeability of erythrocytes to their respective parent

compounds, or if inhibitory adducts formed by the reac-

tion of CEiC and MiC with plasma components were

different. To test this possibility, erythrocytes in samples

of whole blood were lysed in the presence of NADPH (to

maintain GR in the reduced state upon lysis) and these

lysates were treated with either CloretazineTM or BCNU

for various periods of time. GR activity was then mea-

sured as a function of time. The results were essentially

identical to those obtained in intact cells; approximately

80% inhibition of GR activity was observed in BCNU

treated lysates, while CloretazineTM treatment produced

no inhibition of GR, even at 1 mM. These results indicate

that selective permeability was not a factor in the
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Fig. 4. Inhibition of erythrocytic GR activity by agents at 50 mM (~) and/or 1 mM (!) concentrations as compared to 1% DMSO (&). BCNU (A),

CloretazineTM (B), 90CE (C), 101MDCE (D), MiC (E), 101 (F), 101DCE (G), CEiC (H), and 2-chloroethylamine (I) were added to whole blood and incubated

at 37 8C. At the indicated times, 10 mL aliquots were removed and lysed with 0.5% SDS. Saturating substrates were then added to the lysates and GR activity

was assayed by monitoring the oxidation of NADPH at 340 nm. Data are reported as triplicate averages of the initial reaction velocity.
inability of MiC precursor agents to inhibit GR in whole

cells.

3.6. Reduced glutathione completely protects purified GR

from inhibition by CloretazineTM but only partially

protects purified GR from BCNU inhibition

In an effort to explain the different inhibitory potencies

of carbamoylating species against purified GR and GR
present in cells or cell lysates, the in vitro assay was

modified slightly. The exposure of purified human GR

to these agents was carried out in the presence of 1 mM

GSH at 37 8C for 1 h. The cytoplasm of cells is rich in

available nucleophiles, including up to 3 mM GSH, with

which isocyanates could react. When GR was exposed to

200 mM CloretazineTM in the presence of 1 mM GSH, the

enzyme activity was completely protected from the strong

inhibition observed in the absence GSH. However, 1 mM
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Table 2

GSH protection from GR inhibition by CloretazineTM and BCNU at 37 8C

Agent Percent original activitya

Without GSH 1 mM GSH

CloretazineTM 3.1 � 0.9 102 � 1.9

BCNU 3.8 � 1.5 70.5 � 1.0

a Agents (200 mM) were pre-incubated with GR with or without 1 mM

GSH for 1 h at 37 8C, pH 8. Reaction velocities were measured by

monitoring the depletion of NADPH at 340 nm, normalized to the DMSO

control, and reported as triplicate averages with standard deviations.
glutathione was less effective at protecting GR from

inhibition by BCNU, with only 70.5 � 1.0% of GR activity

remaining (Table 2).
4. Discussion

The clinical significance of isocyanates generated from

the in situ decomposition of antitumor nitrosourea and

sulfonylhydrazine alkylating agents remains largely enig-

matic. Arguments have been made for advantageous [34],

deleterious [35], and insignificant [33] consequences of

isocyanates formed from nitrosoureas as cancer che-

motherapeutic agents. It seems likely that isocyanates

are indeed therapeutically significant, but in both positive

and negative ways. That MiC is important to the cytotoxi-

city of CloretazineTM is quite evident, with synergism

existing between the chloroethylating and carbamoylating

activities of CloretazineTM, as measured by clonogenic

cytotoxicity assays using Chinese hamster ovary cells [1].

The precise mechanism by which MiC participates in such

a synergistic interaction is not known.

There is further, more anecdotal evidence that supports a

contribution of carbamoylation towards the therapeutic

efficacy of DNA-chloroethylating antitumor compounds.

There are at least three reported classes of highly active

antitumor agents that can be engineered to co-generate

chloroethylating and carbamoylating activities: nitrosour-

eas, sulfonylhydrazines, and acyltriazenes [36,37]. All

nitrosoureas possess carbamoylating activity, while sulfo-

nylhydrazines and acyltriazenes can exhibit cytotoxicity by

alkylation in the absence of carbamoylating activity. The

clinical pursuance of CloretazineTM was due in part to the

characterization of a series of sulfonylhydrazines, includ-

ing several alkyl isocyanate-generating analogues, which

revealed that the MiC-generating agent CloretazineTM was

the most efficacious as an antineoplastic agent [30,38].

Similarly, the acyltriazene with the greatest antitumor

activity possessed methylcarbamoylating activity [36].

No clinically used nitrosourea generates a MiC carbamoy-

lating agent. The experimental antineoplastic agents car-

acemide [39] and N-methylformamide [40] generate MiC

metabolites in situ without chloroethylating activity.

Despite potential benefits of isocyanates in cancer ther-

apy, there are examples of isocyanate toxicity. Perhaps the
most pronounced of which was a 1984 chemical plant

explosion in Bhopal, India, which released massive

amounts of MiC into the atmosphere, resulting in the death

of more than 3000 people within the first 3 days alone [41].

Both acute and delayed toxicity was observed and attrib-

uted to MiC and more stable adducts of MiC formed in the

body [29]. High concentrations of isocyanates are toxic to

the lungs, kidneys, and liver [29,41]. However, even at its

highest doses, CloretazineTM never yields isocyanate con-

centrations that approach the bolus exposure absorbed by

many Bhopal residents. At lower doses, direct actions of

isocyanates should be influenced in cells by an overwhelm-

ing concentration (mM) of low molecular weight thiol

compounds, such as GSH, relative to the concentrations

(nM–mM) of active-site thiols in critical enzymes. How-

ever, inhibition of GR by BCNU observed in our study was

more potent in cells and cell lysates than with purified

enzyme. It is possible, perhaps likely, that the isocyanate

itself is not the reactive inhibitory species in cells, but

rather a transiently carbamoylated metabolite that transfers

its carbamoyl group to a receptive nucleophile in the

enzyme. An isocyanate–glutathione conjugate might not

only be a simple carbamoyl donor for GR, but one that has

specific affinity for the GR active site. The potent effects of

serum in extending the duration of the inhibitory action of

short-lived CEiC lends support to the idea that such con-

jugates are important in the inhibition of GR in biological

systems.

In a simple enzymatic system, devoid of competing thiol

nucleophiles, CloretazineTM (MiC generator) and BCNU

(CEiC generator) inhibit GR, a thiol-dependent enzyme,

equivalently. However, this behavior was not reproduced in

cellular studies, where CloretazineTM was nearly ineffec-

tive as an inhibitor of erythrocyte GR activity, even at

concentrations as high as 1 mM, and only marginally

effective against GR activity in L1210 leukemia cells.

BCNU and other CEiC precursors were, however, very

potent inhibitors of GR activity in both cell types in the

50 mM concentration range. A major contributing factor to

the poor inhibition observed in whole cells by precursors of

MiC compared to those of CEiC possibly relates to the

properties of their respective GSH adducts. Both isocya-

nates readily form carbamate thioesters with GSH, but the

CEiC/GSH adduct is much more strongly inhibitory

towards GR than its MiC/GSH counterpart [26,27]. In

support of this possibility, the inclusion of GSH in our

experiments with purified GR produced results that were

more similar to those found with intact cells. It is likely that

in the complex cellular environment multiple factors play a

role in the disparate inhibition of cellular GR by Cloreta-

zineTM and BCNU.

There are other lines of evidence to suggest that Clor-

etazineTM is superior to BCNU as an antineoplastic agent.

The nitrosoureas appear to generate a lower yield of the

therapeutically important G–C cross-link compared to the

sulfonylhydrazines [2] and generate reactive electrophiles
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of questionable therapeutic relevance. Moreover, while the

CEiC generated by BCNU possesses many of the proper-

ties of MiC that cause synergism with chloroethylating

activity, it also produces deleterious effects not found with

MiC. For example, 2-chloroethylamine, a hydrolysis pro-

duct of CEiC, can form a mono-functional nitrogen mus-

tard that can aminoethylate the N7 position of guanine in

DNA [5]. Mono-functional nitrogen mustards have low

anticancer activity in relation to their mutagenicity and are

therefore not considered desirable as therapeutic agents

[42]. The CEiC/GSH conjugate has been reported to be

damaging to DNA and strongly mutagenic in human and

bacterial cells [43].

The strong inhibition of GR in intact cells by CEiC

probably represents an additional non-therapeutic action,

which could result in the selective sensitization of tissues

such as the lung under high oxidant stress. This sensitivity

could intensify when other toxic electrophiles, such as those

generated by many chemotherapeutic agents, are co-admi-

nistered with BCNU. For example, such interactions could

contribute to the severe delayed lung toxicity observed in

most patients receiving the high dose chemotherapy regimen

aimed at breast cancer that utilizes cyclophosphamide,

cisplatin, and BCNU [7,44]. The intestine is also exposed

to high levels of extracellular GSH via a combination of

endogenous synthesis and millimolar concentrations of

hepatic GSH through biliary supply [11]. This reliance on

GSH for homeostasis may make this tissue particularly

sensitive to the severe and generalized GR inhibition caused

by BCNU. This action may in part explain the lower

incidence of gastrointestinal toxicity observed with Clor-

etazineTM [45] compared to BCNU [46].

The role of the carbamoylating activity of sulfonylhy-

drazine prodrugs and nitrosoureas requires further inves-

tigation in terms of both therapeutic benefits and

detrimental effects. Such information may lead to improve-

ments in the therapeutic indices of both classes of agents.

Early clinical results suggest that CloretazineTM is a

relatively well-tolerated [45] and effective agent against

acute myelocytic leukemia. Phase II clinical trials using

combination therapy of CloretazineTM with cytosine ara-

binoside demonstrated 20% complete remissions for

patients with refractory acute myelocytic leukemia [47].

Substitution of BCNU with CloretazineTM may prove to be

equal or superior in chemotherapeutic regimens, while

perhaps reducing the often-serious complications asso-

ciated with BCNU toxicity.
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