
Evidences for Adduct Formation between Intracellular Non-Protein
Thiols and Nitroazoles Possessing an �,�-Unsaturated Carbonyl

Side Chain and the E�ects on Radiosensitization
of Hypoxic Cells

Ling Zhou, a,* Akira Ino, a Wei-Min Dai b and Sei-ichi Nishimoto a,*
aDepartmentofEnergyandHydrocarbonChemistry,GraduateSchoolofEngineering,KyotoUniversity,Sakyo-ku,Kyoto606-8501,Japan
bDepartment of Chemistry, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, China

Received 18 May 1999; accepted 2 July 1999

AbstractÐReactivity of a number of nitroazole derivatives bearing an a,b-unsaturated carbonyl group on the side chain toward non-
protein thiols (NPSH) was examined both in the phosphate bu�er solution and in the biological system. These a,b-unsaturated com-
pounds reacted with NPSH, such as glutathione (GSH) and l-cysteine (Cys), in the bu�er solution to a�ord the 1,4-addition products.
The reaction gave a second-order rate constant. The adducts of methyl 4-(20-nitroimidazol-10-yl)crotonate (1) with GSH and Cys were
isolated and characterized as two diastereomers (7a,b and 8a,b) in ca. 1:1 ratio, respectively. Similarly, exposure of EMT6/KU cells to 1
at 1.0 mM for 1 h resulted in depletion of the intracellular NPSH by more than 80%. Over 50% of the depleted NPSHwas attributed to
the formation of the conjugated diastereomeric adducts. On the other hand, incubation of EMT6/KU cells with 1 at 1.0 mM under
hypoxic conditions before X-ray irradiation caused concurrently a sharp reduction of the shoulder of the dose-survival curves (reduced
the extrapolation number (n) from 8.0 to ca. 1.0) and an increase in the slope (decreased the mean lethal dose (Do) to ca. 50% of the
control level). The observed e�ects of 1 on the dose±survival curves were due to the NPSH depletion through the Michael addition
occurred in the cellular system. A fairly linear relationship was obtained between the n value and the reduced intracellular NPSH level. It
indicated that the shoulder e�ect of the dose-survival curves of hypoxic cells should be the result of the NPSH depletion by the a,b-
unsaturated carbonyl group attached to the nitroazoles.# 1999 Elsevier Science Ltd. All rights reserved.

Introduction

It has been known that the endogenous non-protein thiols
(NPSH) play an important role in determining the radia-
tion response of DNA.1 In mammalian cells, about 90%
of NPSH is glutathione (GSH). Thus, the cellular GSH
level is a crucial factor that signi®cantly in¯uences the
degree of radiation damage. According to the ®xation±
repair competition hypothesis proposed by Alper,2 mole-
cular oxygen can enhance the radiation damage on DNA
while the endogenous NPSH can protect the irradiated

cells. The extent of radiation-induced damage on DNA
depends on the relative concentrations of molecular oxy-
gen and NPSH presented in the biological system, parti-
cularly at low oxygen tensions.3,4 The radiation-generated
radicals can undergo the competitive reactions with the
cellular oxidizing and reducing species. The radicals can
be oxidized by the highly reactive oxidizing species such as
molecular oxygen, leading to a ®xation of damage and cell
death. On the other hand, the intracellular reducing spe-
cies such as GSH reduce the radicals, resulting in a resti-
tution of damage.5,6 The possible roles of GSH in the
radiation response of cells include hydrogen-transferring
to DNA radicals, radical scavenging,7±9 and involving in
the enzymatic repair processes.10

Since the protective e�ect of intracellular NPSH to
ionizing radiation becomes much more signi®cant under
hypoxic conditions,3,4,10 it raised great interest in
studying the in¯uences of cellular thiol contents on
radiation response of hypoxic tumor cells. The latter are
known to be radiation resistant. Modi®cation of the
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intracellular GSH level may provide a novel strategy for
cancer radiotherapy. A number of studies showed that a
reduction in the intracellular thiol contents by GSH-
reacting agents, such as N-ethylmaleimide (NEM), di-
ethyl maleate (DEM) and l-buthionine S,R-sulfoximine
(BSO), could increase radiosensitivity of tumor cells.11±14

These studies demonstrated that intracellular NPSH
depletion by DEM, or BSO increased the radio-
sensitization activity of the electron-a�nic radiosensitizers
such as misonidazole and SR-2508 both in vitro and in
vivo when administrated in combination.15,16 At present,
the mechanisms involved in radiosensitizing hypoxic cell
by GSH-depleting agents have not been fully understood.
They are known to be di�erent from that of the electron-
a�nic nitroimidazole derivatives. The survival curves of
both types of agents were found to have di�erent patterns.
The GSH-depleting agents, such as the diamide and BSO,
are known to act as ``shoulder modi®er'' and therefore
to be much more e�ective at low radiation doses.17±20 In
contrast, the electron-a�nic nitroimidazole derivatives
were proposed to sensitize hypoxic cells via a redox-
mediated free radical process, giving an oxygen-mimic
e�ect.21 Their radiosensitizing e�ects were found to be
the same as molecular oxygen and dose-dependent and
became less e�ective at low radiation-dose region.22±25

Considering the importance of cell responses to radiation
at the therapeutically relevant low doses, it is of interest
to fully understand the mechanism of radiosensitization
of hypoxic cells by NPSH depletion.

In connection with our e�orts in developing new com-
pounds with thiol-depleting action for radiosensitization
of hypoxic cells, we synthesized a series of nitroazole deri-
vatives bearing an a,b-unsaturated carbonyl group on the
side chain.26,27 These compoundswere found to reduce the
intracellular NPSH level and to exhibit an enormously
high enhancement ratio in vitro (SERvitro), compared with
the ordinary electron-a�nic nitroazole radiosensitizers.
These compounds sensitized hypoxic EMT6/KU cells by
not only making the slope steep but also reducing the
shoulder of cellular survival, thereby providing a high
radiosensitizing capacity at both low and high radiation
doses.27 It is desirable to understand the impacts of the
combined e�ects of NPSH depletion and electron a�nity
originating from the same molecules on the radiation
response of hypoxic cells, particularly in the low radiation
dose region. In this study, we examined the NPSH deplet-
ing activity of the nitroazole compounds bearing an a,b-
unsaturated carbonyl side chain by reacting with a number
of non-protein thiols such as glutathione (GSH), l-cysteine
(Cys), and b-mercaptoethylamine (MEA) both in the
phosphate bu�er solution and in the cellular system.
The e�ects of NPSH depletion by these nitroazole
compounds on radiosensitization of hypoxic cells and
on the pro®les of dose±survival curves were discussed.

Results

Nucleophilic addition in phosphate bu�er solution

A number of nitroazoles 1±5 possessing an a,b-unsatu-
rated carbonyl group on the side chain listed in Table 1

were used to react with the typical NPSH, GSH, Cys,
and MEA, in the phosphate bu�er solution (pH 7.2, at
37�C). Among the nitroazoles tested, 5 having an a-¯uo-
ro-a,b-unsaturated ketone side chain acted similarly as the
well-known misonidazole (6) and did not react with the
thiols at all. In all other cases, the reactions followed the
second-order kinetics and the rate constants are summar-
ized in Table 1. The reactivity of NPSH compounds with
nitroazoles 1±4 commonly increased in the following
order of GSH<Cys<MEA. The parent ring structure of
the nitroazoles also in¯uenced the reactivity toward
NPSH in the order of 3 (3-nitro-1,2,4-triazolyl) <2 (2-
methyl-4-nitro-1,3-imidazolyl) <1 (2-nitro-1,3-imidazo-
lyl) bearing the same a,b-unsaturated ester side chain.
Compound 4 with a b-(aminocarbonyl)-a,b-unsaturated
carboxylic acid side chain showed a much lower reactiv-
ity toward the thiols. These results indicated that di�er-
ent side chain structures as in nitroazoles 1, 4 and 5 had
a quite diverse e�ect on the reactivity. The a,b-unsatu-
rated ester side chain in compounds 1±3 showed a
higher reactivity with NPSH.

Figure 1 shows variations of the second-order rate con-
stants (k2) for the nucleophilic 1,4-addition of GSH,
Cys, and MEA with 1 as a function of pH. The reaction
rates increased rapidly with increasing pH. It is con-
sistent with the nucleophilic addition mechanism. The
pH e�ect on the reactivity of these thiols should be
similar and the observed reactivity order of
GSH<Cys<MEA with 1 is correlated with the bulki-
ness of the nucleophiles. All NPSH used in this study
contain two functional groups, i.e. the mercapto group
and the amino group. Both of them may act as a
nucleophile and react with the a,b-unsaturated carbonyl
compounds. According to the kinetic study by Fried-
man and co-workers,28 at comparable pK values and
steric environments, sulfur anions were about 280-fold
much more reactive than amino groups, the mercaptide
group in aminothiols attacked at the electrophilic center
of a,b-unsaturated carbonyl compound preferentially.
Thus, the possible reaction of the amino group of the
NPSH with 1 could be ignored. Scheme 1 illustrates the
Michael addition of RSH to the a,b-unsaturated ester
moiety on the side chain of nitroimidazole 1 to form a
mixture of adducts 7a,b, 8a,b, and (�)-9, respectively.

Table 1. Second-order rate constants (k2) for the reactions of nitro-

azoles 1±6 with NPSH in phosphate bu�er solution (pH 7.2, 37�C)

Compd Structure k2/mMÿ1 hÿ1

GSH Cys MEA

1 Ar-CH2CH�CHCO2Me 0.74 1.88 2.70
2 Ar0-CH2CH�CHCO2Me 0.60 1.48 2.17
3 Ar00-CH2CH�CHCO2Me 0.47 1.20 1.39
4 Ar-CH2CH(OH)CH2NHCOCH�CHCO2H 0.14 0.12 0.20
5 Ar-CH�CFCOCH2CH2CONH2 0 0 0
6 Ar-CH2CH(OH)CH2OCH3 0 0 0
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The product mixtures were puri®ed by preparative HPLC,
and then characterized by 1H and 13C NMR and MS.
Compounds 7a (�a�20d � ÿ20:11) and 7b (�a�20d � �0:34)
were con®rmed to be the diastereomeric adducts of 1 with
GSH. Similarly, compounds 8a (�a�20d � ÿ20:71) and 8b
(�a�20d � �1:55) were the adducts of 1 with Cys. The ratios
of both pairs of diastereomers 7a,b and 8a,b were nearly
1:1. The con®guration of the newly generated chiral b
carbon cannot be determined. The adduct (�)-9 is a 1:1
mixture of enantiomers.

Reactions within EMT6/KU cells

The reaction of intracellular NPSH toward nitroazoles
possessing an a,b-unsaturated carbonyl group side
chain was examined using the EMT6/KU cells. Figure 2
shows the dependence of total cellular NPSH level in

EMT6/KU cells on the concentration of 1, 2 and 6. The
initial amount of total intracellular NPSH in EMT6/
KU cells before treatment with nitroazole compounds
was 68.6 nmol/107 cells. After 1 h exposure to 1 and 2 at
37�C, total intracellular NPSH decreased with increas-
ing drug concentrations. The remaining intracellular
NPSH after treatment with 1 (1.0 mM) for 1 h was 12.3
nmol/107 cells, accounting for only 17.9% of the initial
intracellular NPSH level. Administration of 2 up to 5.0
mM resulted in a decreased NPSH level of 34.5%.
Treatment using 3 at 1.0 mM for 1 h also caused a
reduction of intracellular NPSH to 47.8% of the control
(data not shown). In contrast, there was no depletion of
intracellular NPSH in EMT6/KU cells after adminis-
tration of compounds 4 and 5. Similarly, treatment of
EMT6/KU cells with misonidazole (6) up to 5.0 mM for
1 h resulted in little decrease in the intracellular NPSH
level (Fig. 2). The extent of intracellular NPSH deple-
tion by these nitroazole compounds having a carbonyl-
conjugated double bond in the side chain is apparently
well correlated to the NPSH reactivity (k2 value) deter-
mined in the phosphate bu�er solution (Table 1). The
remarkable e�ect of 1 on the reduction of intracellular
NPSH is attributed to the thiol-reacting capability of
the conjugated carbonyl side chain.

In order to identify the products formed within the
EMT6/KU cells, the reaction of 1 with intracellular
NPSH was monitored by HPLC using authentic sam-
ples. Figure 3 presents typical HPLC chromatograms
indicating change of total intracellular NPSH level
before and after drug incubation. After 1 h treatment
with 1 at 37�C, the cellular supernatant solution (pH
3.0) containing low molecular weight (<10,000) com-
ponents in EMT6/KU cells was ®ltered through a Mil-
lipore ®lter and subjected to HPLC analysis. Figure 3a
shows the HPLC pro®le of the cellular supernatant of
the control without drug treatment. To con®rm that
there was no reaction between 1 and cellular thiols
occurring during the processes of post treatment under

Figure 1. The pH dependence of the second-order rate constants (k2)
for reactions of NPSH compounds and 1 in the phosphate bu�er
solution at 37�C: GSH (open circles); Cys (solid circles); MEA (solid
triangles).

Scheme 1. The Michael addition of NPSH with 1.

Figure 2. Changes in total intracellular NPSH level of EMT6/KU cells
upon exposure to 1 (solid circles), 2 (solid triangles), and 6 (open cir-
cles) for 1 h at 37�C in air. Total amount of NPSH before treatment
with nitroazole compounds was 68.6 nmol/107 cells. Vertical bars
represent standard errors (SE), calculated from more than three sepa-
rate determinations.
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acidic condition (pH 3.0), cells after short time exposure
to 1 (t=0 min) were immediately washed with PBS (ÿ)
solution and the supernatant was then extracted with
phosphate bu�er solution (pH 3.0). The HPLC chart of
this sample is given in Figure 3b, showing almost
absence of the adducts. Figure 3c illustrates formation
of the adducts after incubation of 1 with the cells for 1 h
at 37�C. The new peaks at tr=9.0 and 9.4 min are con-
®rmed, compared to the HPLC pro®les of the authentic
samples given in Figure 3d, to be the diastereomeric
adducts 8a,b formed from 1 and Cys while the pair of
peaks at tr=16.7 and 17.5 min are the adducts 7a,b
between 1 and GSH. The biological reaction products
between 1 and MEA were not detected in this cell line.
In addition, the unreacted compound 1 within the cells
could be detected at a retention time of tr=20.6 min,
when phosphate bu�er solution containing 20% MeOH
was used as the eluent (data not shown).

Figure 4 shows the decrease of the total intracellular
NPSH level and the formation of nucleophilic addition
products as a function of incubation time during treat-
ment of EMT6/KU cells with 1 (1.0 mM) at 37�C, as
monitored by HPLC analysis. The concentrations of
GSH- and Cys-derived products 7a,b and 8a,b formed
within the EMT6/KU cells (open circles and squares,

respectively) increased with decrease of the total intra-
cellular NPSH concentration (solid triangle) during the
course of incubation with 1. Up to a maximum of 26
nmol/107 cells for 7a,b and 2.2 nmol/107 cells for 8a,b,
respectively, were produced at 60 min incubation. The
yield of 7a,b is ca. 12.5-fold higher than that of 8a,b. In
view of the higher reactivity of Cys compared to GSH
(k2(Cys)>k2(GSH)) as given in Table 1, the results indi-
cate that GSH is the major component of the intracel-
lular NPSH compounds presented in the EMT6/KU cell
line. On the other hand, the penetrated intracellular
concentration of 1 increased gradually at the beginning
of incubation, up to 2.6 nmol/107 cells at 30 min incu-
bation, and then disappeared after 60 min incubation. It
indicates that the penetration of 1 into the interior of
EMT6/KU cells should facilitate its reaction with the
cellular NPSH. After prolonged incubation, the con-
centrations of both adducts decreased, suggesting that
decomposition of the adducts occurred possibly through
the retro-Michael addition to return to GSH and Cys
followed by unknown reaction pathways. This could be
true on the fact that the total concentration of products
7a,b and 8a,b is 28.2 nmol/107 cells at maximal, which
only accounts for about 50% of the depleted NPSH
(56.3 nmol/107 cells). It is possible that the NPSH
depletion by the nitroazole compounds bearing an a,b-
unsaturated carbonyl side chain might involve some
di�erent mechanisms other than the nucleophilic 1,4-
addition. The insert of Figure 4 shows the HPLC ana-
lysis results of the GSH adducts, indicating that the two
diastereomers 7a and 7b were produced in almost 1:1
ratio (about 13 nmol/107 cells for each) through the
reaction course. It has been reported that the nucleo-
philic addition of a,b-unsaturated carbonyl compounds
with GSH occurring within cells is usually catalyzed by
enzyme(s), especially GSH-S-transferase, to a�ord one
of the stereoisomers in excess yield.29 However, it seems
that the in¯uence of enzyme(s) or the asymmetric
environment of the nucleophile on the formation of the

Figure 3. Typical HPLC chromatograms indicating the formation of
diastereomeric adducts in the nucleophilic 1,4-addition of cellular GSH
and Cys to 1 within EMT6/KU cells. After treatment with 1 (1.0 mM)
at 37�C, the cellular supernatant solution (pH 3.0) containing low
molecular weight (<10,000) components was ®ltered through a Milli-
pore ®lter and was subjected to HPLC analysis using phosphate bu�er
solution (pH 4.5) containing 15% MeOH as the eluent with UV detec-
tion at 320 nm. (a) control, without drug treatment; (b) at t=0 min,
cells were washed by phosphate bu�er solution (pH 3.0) immediately
after treatment with 1; (c) at t=60 min, cells were exposed to 1 for 60
min, and then washed by phosphate bu�er solution (pH 3.0); (d)
authentic samples synthesized from 1 and GSH (7a,b) or Cys (8a,b).

Figure 4. Time-courses of the decrease in total intracellular NPSH
concentration (solid triangle), the formation of 7a,b (open circles) and
8a,b (open squares), and concentration of the penetrated 1 (solid cir-
cles) within EMT6/KU cells after treatment with 1.0 mM of 1 at 37�C.
The insert illustrates almost equal yields of diastereomers 7a and 7b
derived from nucleophilic addition of cellular GSH to the a,b-unsatu-
rated carbonyl side chain of 1.
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diastereomeric adducts 7a,b would be at least minor in
this study.

Radiosensitizing e�ects in vitro

EMT6/KU cells were used to investigate the in¯uence of
the intracellular NPSH depletion by nitroazoles having
an a,b-unsaturated carbonyl side chain on the radio-
sensitization of hypoxic cells. After administration with
graded concentrations of compounds 1, 2, and mis-
onidazole (6), the cells were exposed to varying doses of
X-ray under hypoxic conditions, and survival was deter-
mined by colony assay. The survival data were ®tted to
the single-hit multi-target model: S � 1ÿ �1ÿ eÿD=Do�n,
as described in our previous study,26 where D is the
radiation dose, n is the extrapolation number, and Do is
the dose required to reduce cell survival to eÿ1 (or 37%),
or the mean lethal dose.

Figure 5 shows values of Do, Dq and n as a function of
the drug concentration. The Do values for compounds
1, 2, and misonidazole (6) showed similar concentration
dependence (Fig. 5a). Treatment of EMT6/KU cells
with 1.0 mM of 1 decreased the mean lethal dose (Do)
by 50%, from 3.2 Gy for control to 1.6 Gy. Figure 5b
demonstrates that the decrease of Dq is dependent both
on the drug concentration and on the structure of

nitroazole compounds, the extent of which is in the
order of compound 1<2<misonidazole (6). Treatment
with 1 resulted in decrease of the extrapolation number
(n) from 8.0 to 2.0 with increasing drug concentration,
as seen in Figure 5c. A similar shoulder reduction of
survival curves was also observed in the cases of 2. In
contrast, misonidazole (6) up to 5.0 mM did not show
the shoulder reduction e�ect of the dose±survival
curves. The di�erent e�cacy of nitroazoles with and
without an a,b-unsaturated carbonyl group on the pro-
®les of dose±survival curves, with respect to the changes
in n andDq values, reveals their di�erent radiosensitizing
actions. Compound 1 not only altered the slope but also
reduced the initial shoulder of the survival curve.

Relationship between n value and intracellular NPSH
depletion

With an attempt to reveal the in¯uence of intracellular
NPSH depletion on the shape of dose±survival curves of
hypoxic cells, especially initial shoulder, and to under-
stand the mechanisms by which nitroazole compounds
with a,b-unsaturated carbonyl side chains sensitize
hypoxic cells, we plotted the extrapolation number (n
value) of survival curves as a function of the NPSH
depletion of EMT6/KU cells as showed in Figure 6. The
data for n value were obtained from the experiments
described in Figure 5, and the percentages of decreased
intracellular NPSH were quoted from Figure 2. A ®ne
linear relationship was found between the n value and
the decreased NPSH level. Independent of concentra-
tion and the structure of the nitroazole compound used,
a depleted NPSH level in EMT6/KU cells preceeded by
the NPSH-reactive nitroazoles resulted in a decrease in the
n value. This relationship suggests that the decrease of the
shoulder of dose±survival curves is closely associated with
reduction of the cellular NPSH level.

Figure 5. Deferences in (a) the mean lethal dose (Do), (b) quasithres-
hold dose (Dq), and (c) extrapolation number (n) of cell survival as a
function of drug concentrations: 1 (solid circles); 2 (solid triangles); 6
(open squares). Vertical bars represent standard errors (SE), calculated
from more than ®ve separate determinations.

Figure 6. Relationship between extrapolation number (n) of dose±
survival curves and intracellular NPSH depletion in EMT6/KU cells
upon treatment with varying concentrations of 1 (open circles), 2
(solid circles), and 6 (open squares) for 1 h, respectively. Vertical bars
represent standard errors (SE), calculated from more than ®ve sepa-
rate determinations.
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Discussion

As the results of these studies, we have identi®ed and
characterized the properties of nitroazoles bearing a
NPSH-reactive side chain: (a) the evidence to support
the Michael addition of the intracellular non-protein
thiols (NPSH) toward the a,b-unsaturated carbonyl
moiety attached to the nitroazole compounds; and (b)
the unique e�ects of intracellular NPSH-depletion on
radiosensitization of hypoxic cells.

Studies on e�ects of endogenous thiols on radio-
sensitization of hypoxic cells have led to the develop-
ment of the thiol-depletion agents, and their reaction
with intracellular thiols, especially GSH, has been
reported in varied ways, for example, oxidizing GSH to
GSSG by diamide,30 removing NPSH by covalent bond
formation by N-ethylmaleimide (NEM), diethyl maleate
(DEM), and dimethyl fumarate (DMF),17,31 and block-
ing GSH synthesis by l-buthionine S,R-sulfoximine
(BSO).20,32 Enhancement in radiosensitivity of hypoxic
cells has been obtained with the use of these thiol-reac-
tive agents. However, only indirect evidence, mainly the
decrease in the NPSH level measured by Ellman's
reagent after drug treatment33,34 has been employed to
investigate the mechanism of hypoxic cell radio-
sensitization in terms of the NPSH depletion. In this
study, with the use of HPLC analysis, the reaction pro-
ducts 7a,b and 8a,b of 1 with intracellular GSH and Cys
have been successfully detected by UV absorbence at a
maximum wavelength of 320 nm, at which most of
intracellular protein components did not show UV
absorption. These adducts 7a,b and 8a,b were isolated
and their chemical strucutres have been characterized by
the conventional 1H and 13C NMR and MS spectro-
scopical methods. The reaction pathway of the intracel-
lular nucleophilic addition has been found to be similar
to that occurred in the phosphate bu�er solution. Thus,
the endogenous thiols such as GSH and Cys react with
a,b-unsaturated ester functionality of the nitroazole
compound 1 to produce the diastereomers of the 1,4-
addition products in ca. 1:1 ratio (Scheme 1 and Fig. 3).

A linear relationship between the extrapolation number
n of the dose±survival curve and reduction of cellular
NPSH level, as shown in Figure 6, indicates that the
shoulder reduction e�ect of nitroazoles bearing an a,b-
unsaturated carbonyl side chain originates from the
NPSH-depletion activity. Electron-a�nic compounds
have been known to enhance radiosensitivity of hypoxic
cells by increasing the slope but not a�ecting the
shoulder of the dose±survival curve and they are less
e�ective in the low radiation dose region.23,35,37 Such a
reduction also becomes a serious limitation for their
clinical application in tumor radiotherapy. There have
been reported that a prolonged exposure of mammalian
cells to nitroimidazole such as misonidazole (6) under
hypoxic conditions reduced the intracellular level of
GSH, and resulted in reduction of the shoulder as well as
the slope of survival curves.23,36 It is likely that intracel-
lular GSH binds to hydroxylamine, an important reduc-
tive intermediate of 2-nitroimidazole in biological
system, to form hydoxylamine-GSH conjugate, since

biological reduction is an important pathway for 2-
nitroimidazole and the reduction process at least leads
to the hydoxylamine and sometimes to the amine
stage.36 Such a bioreduction of nitro group would result
in the loss of its oxygen-mimic e�ect due to its dimin-
ished electron a�nity, in compensation for the gain of
GSH depletion activity.

Among the thiol-depleting agents developed, diamide
and NEM alter the shoulder of hypoxic cellular survival
curve,17,31 and BSO reduces shoulder even under aero-
bic conditions.20 Skov et al. reported that GSH level
a�ects the shoulder portion of the survival curves in
both V79 and CHO cell lines. They found that the
enhancement ratios were much greater at low doses (0±4
Gy) than at high doses in hypoxic cells after treatment
with BSO.20 Analysis of DNA damage by an alkaline
elution assay indicated that DEM enhanced radiation-
induced single-strand breaks but did not signi®cantly
a�ect on the repair, while diamide and NEM inhibited
repair in addition to enhancing radiation-induced sin-
gle-strand breaks.37 Inhibition of repair might explain
the e�ect on the shoulder of the dose±survival curves, as
observed with the nitroazole compounds bearing an
a,b-unsaturated carbonyl side chain investigated in this
study.

Compounds with a NPSH-reactive side chain sensitizes
hypoxic EMT6/KU cells by not only changing the slope
but also reducing the initial shoulder of cellular survi-
val, thereby leading to higher SERvitro at both low and
high radiation doses. This shoulder modi®cation e�ect
should be contributed from the NPSH reactivity of
these nitroazole compounds possessing an a,b-unsatu-
rated ester moiety through a chemical reaction with
GSH occurring within the cells, since electron-a�nic
radiosensitizers do not a�ect the shoulder of the radia-
tion-survival curves.25,38 On the other hand, the nitro
group attached on the parent nuclei remains its electron
a®nity and thereby plays a ®xation e�ect of radiation±
induced damage on DNA at higher doses. In view of the
clinical importance of fractionation regimens in the
radiotherapy for tumor control, it is important to
develop a sensitizer which can sensitize hypoxic cells in
low radiation dose regions without inducing serious
toxicity. A radiosensitizer capable of enhancing radio-
sensitivity of hypoxic cell at low and therapeutic relevent
doses is promising in clinical application. The e�ective-
ness of the nitroazole compounds bearing a,b-unsatu-
rated carbonyl side chains at both low and high
radiation dose regions would provide a new approach to
the development of hypoxic cell radiosensitizers with
potential application to the fractionation radiotherapy.

Experimental

Materials

Methyl 4-(20-nitroimidazol-10-yl)crotonate (1), methyl 4-
(20-methyl-40-nitroimidazol-10-yl)crotonate (2), and meth-
yl 4-(30-nitro-10,20,40-triazol-10-yl)crotonate (3) were pre-
pared from reaction of the corresponding nitroazole
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with methyl 4-bromocrotonate in absolute ethanol con-
taining sodium hydride.27 Compounds 4 and 5 were sup-
plied by Daikin Industries Ltd. (Japan). Misonidazole (6)
was obtained from Nippon Roach (Japan). Reduced glu-
tathione (GSH), l-cysteine (Cys), b-mercaptoethylamine
(MEA), and Ellman's reagent (DTNB; 5,50-dithiobis(2-
nitrobezoic acid)) were purchased from commercial sour-
ces. All other reagents are of the best available grades
from commercial sources and were used as received.

Kinetic measurements

The reactivity of NPSH compounds toward various
nitroazole compounds were measured by the Ellman's
method.33 Nitroazole compound was dissolved in the
phosphate bu�er (pH 7.2) to give a 0.01 M solution, to
which 0.01 M NPSH dissolved in 0.02 M aq EDTA.2Na
solution was added. The mixture was purged with N2

and then was kept at 37�C for the desired periods of
reaction time. Aliquot (0.1 mL) was withdrawn from the
reaction mixture at appropriate time intervals and was
poured immediately into the phosphate bu�er solution
(0.9 mL) containing 0.2 mM of the Ellman's reagent (5,50-
dithiobis(2-nitrobenzoic acid), DTNB). The concentra-
tion of unreacted GSH in each aliquot was determined by
UV absorption spectroscopy at the maximum absorption
wavelength of 412 nm, resulting from 3-carboxy-4-nitro-
phenylmercaptide anion, the reaction product of DTNB
with GSH. Shimadzu MPS-2000 multi-purpose spectro-
photometer equipped with a Shimadzu graphic printer
PR-3 was used for UV measurement. The reaction of
compound 1 with GSH in the presence of rat liver glu-
tathione-S-transferase (EC 2.5.1.18, 4.4�10ÿ2 mg pro-
tein) was also determined in a similar manner as
described above.

Product analysis and characterization

The reaction of nitroazoles with thiol compounds such
as GSH, Cys, and MEA was performed in phosphate
bu�er solution, and was monitored by high performance
liquid chromatography (HPLC) at the wavelength of 210
nm or 320 nm using a Shimadzu SPD-6A solvent delivery
system equipped with a reverse-phase column (M and S
pack C18, 4.6 mm f�150 mm). The products were
separated and puri®ed by HPLC using automatic sam-
pler (AS-8000) equipped with Wakosil 10 C18 column
(10 mm f�300 mm) and collected by fraction collector
(FC-8000). 5% MeOH in H2O was delivered as the
mobile phase at a ¯ow rate of 6.0 mL/min. Proton
nuclear magnetic resonance spectrum (1H NMR) and
carbon nuclear magnetic resonance spectrum (13C
NMR) were obtained in the indicated solvents with TMS
as the internal reference. Mass spectrum (MS) and high
resolution mass spectrum (HRMS) were obtained under
+FAB condition. Speci®c rotations were determined on
a HORIBA SETA-200 high sensitive polarimeter.

Adduct 7a. 36%; �a�20d ÿ20.11 (c 0.22, H2O); 1H NMR
(270 MHz, D2O) d 7.54 (s, 1 H), 7.22 (s, 1 H), 4.78 (dd,
J=13.5, 5.4 Hz, 1 H), 4.65 (dd, J=13.5, 8.1 Hz, 1 H), 4.55
(dd, J=8.1, 5.4 Hz, 1 H), 3.78±3.71 (m, 3 H), 3.68 (s, 3 H),
3.62 (t, J=8.1 Hz, 1 H), 3.04 (dd, J=13.5, 5.4 Hz, 1 H),

2.89±2.71 (m, 3 H), 2.52 (t, J=5.4 Hz, 2 H), 2.14 (q,
J=8.1 Hz, 2 H); 13C NMR (67.8 MHz, D2O) d 179.0,
177.8, 176.1, 174.2, 147.4, 131.6, 130.7, 57.1, 56.0, 55.9,
55.4, 46.2, 44.5, 40.3, 35.3, 34.4, 29.4; HRMS (+FAB)
calcd for C18H27N6O10S: 519.1509 (M+H+). Found m/
z 519.1482.

Adduct 7b. 49%; �a�20d +0.34 (c 0.15, H2O); 1H NMR
(270 MHz, D2O) d 7.53 (s, 1 H), 7.21 (s, 1 H), 4.70 (d,
J=8.1Hz, 2 H), 4.37 (dd, J=10.8, 5.4 Hz, 1 H), 3.80±3.73
(m, 3 H), 3.70 (s, 3 H), 3.60 (t, J=8.1 Hz, 1 H), 3.08 (dd,
J=13.5, 5.4 Hz, 1 H), 2.86 (dd, J=8.1, 2.7 Hz, 2 H), 2.74
(dd, J=13.5, 8.1 Hz, 1 H), 2.47 (t, J=5.4 Hz, 2 H), 2.11
(q, J=8.1 Hz, 2 H); 13C NMR (67.8 MHz, D2O) d 179.0,
177.6, 176.2, 174.4, 147.3, 131.5, 130.7, 57.1, 56.0, 55.9,
55.6, 46.2, 44.6, 40.7, 35.3, 34.2, 29.5; HRMS (+FAB)
calcd for C18H27N6O10S: 519.1509 (M+H+). Found m/z
519.1547.

Adduct 8a. 41%; �a�20d ÿ20.71 (c 0.21, H2O); 1H NMR
(270 MHz, D2O) d 7.59 (br s, 1 H), 7.27 (br s, 1 H), 4.79
(dd, J=14.0, 6.5 Hz, 1 H), 4.68 (dd, J=14.0, 7.6 Hz, 1 H),
4.21 (t, J=7.5 Hz, 1 H), 3.69 (s, 3 H), 3.69±3.61 (m, 1 H),
3.06 (d, J=5.4 Hz, 2 H), 2.87 (dd, J=17.3, 5.4 Hz, 1 H),
2.77 (dd, J=17.3, 7.7 Hz, 1 H); 13C NMR (67.8 MHz,
D2O): d 176.2, 176.0, (N±C(NO2)�N, not observed),
131.6, 130.9, 60.4, 56.1, 55.5, 44.5, 39.9, 34.3; HRMS
(+FAB) calcd for C11H17N4O6S: 333.0869 (M+H+).
Found m/z 333.0891.

Adduct 8b. 45%; �a�20d +1.55 (c 0.22, H2O); 1H NMR
(270 MHz, D2O) d 7.56 (s, 1 H), 7.23 (s, 1 H), 4.79±4.70
(m, 2 H), 4.12 (t, J=5.5 Hz, 1 H), 3.68 (s, 3 H), 3.72±3.60
(m, 1 H), 3.17 (dd, J=14.6, 4.9 Hz, 1 H), 2.99 (dd,
J=14.6, 6.2 Hz, 1 H), 2.85 (dd, J=16.5, 6.3 Hz, 1 H),
2.77 (dd, J=16.5, 7.5 Hz, 1 H); 13C NMR (67.8 MHz,
D2O) d 176.1, 173.6, (N±C(NO2)�N, not observed),
131.6, 130.9, 60.6, 56.3, 55.5, 45.2, 40.3, 34.3; HRMS
(+FAB) calcd for C11H17N4O6S: 333.0869 (M+H+).
Found m/z 333.0898.

In vitro assay

EMT6/KU single cells were grown as monolayer in
Eagle's minimum essential medium (MEM) supple-
mented with 12.5% fetal bovine serum (FBS) and l-glu-
tamine. MEM was adjusted to pH 7.5 by 10% aqueous
NaHCO3 solution. Ellman's reagent was adjusted to the
appreciated concentrations immediately before use. All
nitroazole compounds for evaluation were dissolved in
FBS free MEM at appropriate concentrations and ®l-
tered through a Millipore ®lter immediately before use.
Cells were seeded into glass cultural dishes (80 mm f) in
about 3±5�105 cells per dish, 24 h prior to experiment, to
establish an exponential growth condition which is neces-
sary for cellular NPSH determination and irradiation
survival assay.

Intracellular NPSH depletion

Total intracellular NPSH was determined by the reported
method39 with minor modi®cation. About 1.0�107 cells
trypsinized from monolayer cultures were suspended in a
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spinner ¯ask and allowed to expose to the compound at
37�C for a period of time. After removal of the drug by
centrifugation (1500 rpm for 5 min), cells were washed
with PBS (ÿ) solution twice and then extracted with 0.1
M phosphate bu�er solution (pH 3.0) by sonication
(160 W) at room temperature for 5 min. The cellular
supernatant was ®ltered by an LGC Millipore ®lter to
cut the proteins with molecular weight higher than
10,000, and then determined for cellular NPSH level
with Ellman's reagent by measuring the change in UV
absorbency at wavelength of 412 nm before and after
treatment. The biological reaction products which were
formed within cells during the incubation were identi-
®ed and quanti®ed by HPLC analysis monitored by UV
detection at wavelength of 320 nm as illustrated above.

Radiosensitizing activity in vitro

Sensitizing e�ect of nitroazole compounds on EMT6/
KU cells was evaluated as described previously.40

Brie¯y, each nitroazole compound was added to a dish
containing exponentially growing cells, followed by
incubation at 37�C for 45 min. The dish was then
purged with N2 containing 5% CO2 for 15 min before
and during irradiation to establish acute hypoxic con-
ditions. Irradiation was performed at a dose rate of 1.42
Gy/min by an X-ray source (250 kVp, 10 mA) with a 1.0
mm Al ®lter. After irradiation, nitroazole compound
was aspirated o� immediately and cells were seeded in
plastic cultural dishes (6 mm f) at appreciated amounts,
and then were incubated at 37�C in air containing 5%
of CO2. Following a 7-day incubation, cells were ®xed
with alcohol and stained with diluted Gimusa dye. Cell
survival was assayed by a colony-formation method.
Any colony consisting of greater than 50 cells was
counted. The planting e�ciency after treatment with
compounds were higher than 70%, similar to that of
untreated cells (73%). Each survival curve was obtained
from 4 to 7 di�erent doses of irradiation.
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