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Abstract—2-Nitroimidazoles were introduced into radiation therapy to test their ability to radiosensitize
hypoxic cells in solid human tumours. In addition, they are selectively reduced in hypoxic cells to form
reactive metabolites that may be effective cytotoxins. 1-Methyl-2-nitroimidazole (INO,) was investigated
as a model compound to study the mechanism of selective bioreduction in hypoxic cells. Results
demonstrated that INO, was toxic under hypoxic conditions (tested via colony-forming assay) at
concentrations where no toxicity was observed for aerobic cells. This selective hypoxic toxicity was a
function of both concentration and time. The depletion of both glutathione and protein thiols occurred
under hypoxic conditions and preceded a rise in intracellular calcium levels. Previous work with INO,
the nitroso intermediate of INO, reduction, also showed concentration-dependent cytotoxicity, and
glutathione and protein thiol depletion, which was followed by an increase in intracellular calcium
levels. The kinetics of cytotoxicity and cellular reactions were slower for the parent compound, INO,,
as compared with the 2e™ reductive metabolite, INO, reflecting the limited enzymatic production of
the reactive intermediate in the INO, experiments. Zeiosis (membrane blebbing) and chromatin
condensation occurred shortly after treatment of cells with equitoxic concentrations of both ING,
(under hypoxic conditions) and INO (under aerobic conditions), suggesting that an apoptotic-like death
mechanism may be involved. However, analysis of DNA isolated from both INO,- and INO-treated
cells, up to 2 hr after treatment, did not reveal any nucleosomal fragmentation, another characteristic
feature of cells undergoing apoptosis. The toxicity of high INO, concentrations toward CHO cells is
consistent with the production of an INO intermediate and has several features characteristic of an

apoptotic mechanism of cell death.

Itis well documented that some solid human tumours
contain regions of low oxygen tension, and cells in
these hypoxic regions may limit the tumouricidal
effects of ionizing radiation compared with their
aerobic counterparts {1}. Introduction of electron-
affinic compounds such as 2-nitroimidazoles as
adjuncts to radiotherapy showed some therapeutic
benefit clinically. However, dose-limiting neuro-
toxicity was experienced in patients [2, 3]. Clinical
Phase II and Phase III trials have been carried out
and are currently in progress using combinations of
2-nitroimidazole analogues with radiotherapy [4, 5].
In addition to their use as radiosensitizers, 2-
nitroimidazoles are also preferentially toxic to
hypoxic cells. This selective hypoxic cytotoxicity is
due to the generation of reactive toxic species via
cellular bioreductive metabolism of the nitro moiety
of the 2-nitroimidazole compound. Moreover, this
selective hypoxic bioreduction has stimulated the
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use of radiolabelled 2-nitroimidazoles for imaging
tumour hypoxia, thereby allowing for more effective
treatment regimens to be administered [6, 7).

Although bioreduction of 2-nitroimidazoles results
in hypoxic cell toxicity, uncertainty as to the cytotoxic
intermediate(s) and its cellular targets still remains.
The 4 electron (e™) reduction product of MISOJ,
the hydroxylamine, has been shown to react
with protein and DNA [8,9]. Further analysis
demonstrated that the hydroxylamine was unstable
at neutral physiological pH with a short half-life
compared with its stability under acidic conditions
[10]. However, the hydroxylamine was non-toxic
when added to cellular systems [11]. By contrast,
more recent studies have shown that the nitroso
intermediate (INO) of INO,, the 2e~ reduction
product, is also highly reactive and cytotoxic to
human and rodent cell lines [11, 12]. Furthermore,
cellular incubation with INO demonstrated intra-
cellular thiol depletion followed by a sustained
elevation in intracellular calcium levels, which were
lethal to the cell [13]. In these previous experiments,
INO cellular testing was performed by adding the
drug from outside the cells. Thus, it can be questioned
to what degree these results model what occurs with
INO,, which is reduced enzymatically in the cell to
form INO over a prolonged period of time under
hypoxia.

To further evaluate the possible role of the INO
intermediate of INO; as the toxic species involved
in the selective hypoxic cytotoxicity of 2-npitro-



362 C. B. BREZDEN, R. A. MCCLELLAND and A. M. RAUTH

imidazoles, the parent compound INO, was
investigated. The toxicity of INO, to CHO cells was
determined under hypoxic and aerobic conditions.
The effect of INO, on intracellular glutathione,
reduced (GSH) and oxidized (GSSG) forms, Pr-SH
and intracellular calcium levels was determined and
compared with previous results for INO at equitoxic
drug levels. In addition, morphological effects of
INO, and INO were determined using transmission
and scanning electron microscopy, and DNA damage
was assessed by gel electrophoresis. The results of
these experiments are presented and discussed in
terms of a possible mechanism of cell death by INO,
that involves changes in the intracellular redox state
[14] leading to an apoptotic-like cell death.

MATERIALS AND METHODS

Chemicals and reagents. Both INO, and INO were
synthesized by Dr. R. A. McClelland in the
Department of Chemistry at the University of
Toronto, and characterized as previously described
[11, 15]. Stock solutions of INO, were prepared in
PBS prior to each experiment. Concentrations were
confirmed by diluting stocks and measuring drug
absorbance using &5 = 8000 [11]. INO was prepared
as reported by Noss ef al. [11], and concentrations
were measured spectrophotometrically using &gy =
20,000 prior to each experiment. For GSH and Pr-
SH determination: GR, NADPH, NEM and DTNB
were purchased from the Sigma Chemical Co., St.
Louis, MO, U.S.A.; EDTA and SDS were obtained
from GIBCO, Burlington, ON, Canada; HCI and
TCA were purchased from Fisher Scientific, Toronto,
ON, Canada. For Ca’* measurements: indo-1AM
was purchased from Molecular Probes, Eugene, OR,
U.S.A.; ionomycin was obtained from Boehringer
Mannheim, Laval, PQ, Canada; and MnCl, and
verapamil were from Sigma. For DNA gel
electrophoresis: GT, Tris, 2-mercaptoethanol,
ammonium acetate and Sarkosyl were purchased
from Sigma; agarose, ethidium bromide and
¢x174RF DNA-Hae III (all ultra-pure grade) were
purchased from GIBCO,; glycogen, RNase and
ADNA-Hind III were purchased from Boehringer
Mannheim. Glutaraldehyde, used for electron
microscopy, was purchased from Morivac Labora-
tories, Halifax, NS, Canada.

Cells. Cells used for all experiments were the
CHO cell subclone AA8-4, which was obtained
originally from Dr. L. H. Thompson of Lawrence
Livermore Laboratories, Livermore, CA, U.S.A.
CHO cells were grown routinely in suspension
culture at 37° in growth medium consisting of a-
MEM (Sigma) supplemented with 10% FBS
(Whittaker Bioproducts Inc., Walkersville, MD,
U.S.A)). Cell survival was measured following
incubation of stirred suspension cultures (10 mL with
a cell density of 10°cells/mL) in 40 mL polyshell
vials (John’s Scientific Inc., Toronto, ON, Canada)
with INO, at a constant concentration for varying
lengths of time at 37° under aerobic conditions (95%
air:5% CO,) or hypoxic conditions (95% N,:5%
CO, <10ppm O,) (Gas Dynamics Inc., Toronto,
ON, Canada) in a-MEM plus 10% FBS. Aliquots
were removed at specific times, diluted and plated

in 5 mL of growth medium (a-MEM plus 10% FBS)
in tissue culture dishes (60 X 15mm) (Falcon,
Beckton Dickinson Labware, Lincoln Park, NJ,
U.S.A.). After 8 days, plates were stained with
methylene blue, and colonies consisting of 50 cells
or more were scored and counted. Exposure of cells
to INO was carried out as a function of drug
concentration as previously described [11].

As a positive apoptotic control for DNA gel
electrophoresis, cells from the murine cytotoxic T-
lymphocyte cell line CTLL-2 (ATCC TIB 214) were
grown routinely in flasks in growth medium consisting
of HEPES-medium (Fisher) supplemented with 10%
FBS and 50 uM murine IL-2 [16].

GSH determination. Total intracellular GSH (both
GSH and GSSG) was measured using the procedure
of Tietze [17] as modified by Bump et al. [18].

Pr-SH assay. Intracellular Pr-SH levels were
measured using the procedure previously described
by Albano et al. [19]. Briefly, 1-mL aliquots of
10%cells/mL. were removed from INO,-treated
stirred suspensions either under hypoxic or aerobic
conditions at desired times. These aliquots were
washed once in PBS and then resuspended in 0.5 mL
PBS and 1mL of 5% TCA-EDTA (1.5mM).
Samples were then vortexed lightly, left on ice for
30 min to allow for complete protein precipitation,
and then microcentrifuged for 6 min at 8000 g; the
pellet was resuspended in 3 mL of 0.1 M Tris-HCl
buffer (containing SmM EDTA and 0.5% SDS,
pH 8.6). The 3-mL volume was divided equally into
1-mL aliquots for Pr-SH determination: a 1-mL
aliquot was reacted with 5 mM NEM followed by a
6 mM DTNB reaction to give a control value; the
other two aliquots were reacted with 6 mM DTNB.
All three samples were left in the dark for 20 min,
and absorbances were then read in a Perkin—-Elmer
model Lambda 3B spectrophotometer at wavelength
412 nm. The NEM-treated value for each sample
was subtracted from the corresponding DTNB
samples. Absorbances obtained were then multiplied
by the appropriate extinction coefficient and dilution
factors, and values were calculated as nanomoles Pr-
SH per 10 cells.

Ca’* determination. Intracellular calcium con-
centrations were determined using the fluorescent
dye indo-1AM. Aliquots of 10°cells/mL were
removed from INO,-treated, stirred suspensions and
washed in loading medium (serum free HEPES-
medium without bicarbonate). Samples were then
resuspended in 1 mL loading medium, and 50 uM
verapamil was added in order to inhibit P-
glycoprotein activity. Inhibition of P-glycoprotein
on CHO cells was crucial for this assay because
the fluorescent dye used for intracellular Ca®*
determination, indo-1AM, has been shown pre-
viously to be a substrate for P-glycoprotein* and use
of verapamil resulted in higher and more reproducible
loading levels of indo-1AM. Though verapamil is
noted for being a voltage-gated (Class II) Ca?*
channel inhibitor, this voltage-sensitive channel is
considered not to be constitutively expressed or
active in cultured non-muscle cells such as CHO
cells [20]. In addition, P-glycoprotein inhibition by

*Brezden CB, unpublished work.
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verapamil has been shown previously to be exclusive
from its effect on intracellular Ca?* levels [21].
Following a 10-min incubation with verapamil, 3 yM
indo-1AM was added, and the samples were then
incubated for 30 min at 37°. After this incubation
period, samples were centrifuged (1300 g for 1 min),
and the pellet was resuspended in Ca?* reading
buffer containing: 1 mM CaCl,, 140 mM NaCl, 5 mM
KCl, 10mM Na*-HEPES (free acid), 10 mM
glucose, pH 7.35. Fluorescence measurements were
performed using a Perkin—Elmer model LS-3
spectrofluorometer with excitation at 355nm and
emission at 405 nm. The solution was maintained at
37° and stirred continuously. Ionomycin and MnCl,
were used to calibrate the assay, and the intracellular
Ca’* concentration was calculated as previously
described by Grynkiewicz et al. [22].

Celi preparaiion for electron microscopy. Foliowing
a 1-hr exposure to 40mM INO, under hypoxic
conditions, or 45 uM INO treatment under aerobic
conditions for 30min, cell samples containing
10° cells/mL were washed once in PBS and prepared
for both transmission and scanning electron
microsco(Py. For transmission electron microscopy,
cells (10° cells/mL) were resuspended and fixed in
2.5% glutaraldehyde solution (prepared in PBS) at
room temperature. The sample was then centrifuged
and the pellet was washed twice with PBS. Post-
fixation of the sample was in 1% osmium tetroxide
(prepared in PBS) for 1 hr followed by two rinses in
distilled water. Dehydration of the sample in a series
of ethanol rinses was carried out, and the sample
was then resuspended in a propylene oxide/epon
mix and allowed to dessicate and polymerize. The
polymerized sample was then sectioned on a
microtome and prepared for transmission electron
microscopy. For scanning electron microscopy, a
washed droplet of cells (in PBS) was placed on a
poly-L-lysine-treated glass coverslip for 30 min prior
to fixation in 2.5% glutaraldehyde. The coverslip
was then dehydrated in a series of ethanol rinses
followed by critical point drying. Coverslips were
then mounted and coated with a gold-palladium
mixture for scanning electron microscopy.

DNA gel electrophoresis. DNA from INO,-treated
CHO cells or IL-2-depleted CTLL-2 cells was
isolated as previously described by Cumano et al.
[23] with a few modifications. Briefly, 1-mL aliquots
containing 10° cells were removed for DNA
extraction. Cells were washed initially with PBS and
then microcentrifuged for 15 sec at 8000 g at room
temperature. The supernatant was removed, the cell
pellet was resuspended in 200uL of SM GT
(supplemented with 100 mM 2-mercaptoethanol),
and the sample was vortexed vigorously. To this
200-uL GTsample, 7.5 M ammonium acetate, 20 mg/
mL glycogen and 600 uL of 100% ethanol were
added, and the sample was then vortexed and
precipitated at —20° overnight. Following this, the
sample was centrifuged for 30 min at high speed
(8000g) at —4°. The supernatant was carefully
removed and washed twice with 75% ethanol. The
pellet was air-dried and dissolved in TrissEDTA
(pH 8.0) buffer. Finally, RNase (20 ug/mL) was
added, vortexed lightly, and allowed to incubate for
30 min at 37°. The DNA was electrophoresed on a
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Fig. 1. Cell survival following hypoxic exposure to various
concentrations of INO,. Results display CHO cell survival
at (W) 2.5mM, (¢) SmM, (@) 10mM, (A) 20mM, (V)
40 mM, and (O) 40 mM (aerobic) INO, that occurred in
both a concentration- and time-dependent manner. Values
are an average of N = 3 experiments. For clarity SEM are
shown only for the 2.5 mM INO, survival curve. These
errors are representative for the other 5 curves.

2.5% agarose gel prestained with ethidium bromide
(0.6 ug/mL) at 80V for 4hr. DNA size markers
AHind 111 and ¢x were run concurrently on each gel.
Another protocol that isolated only the DNA
fragments was also employed to verify the
sensitivity of nucleosomal ladder detection using gel
electrophoresis. This protocol was followed as
previously described [24)].

RESULTS

INO, selective hypoxic cytotoxicity. Various
concentrations of INO, were incubated with CHO
cells either under hypoxic or aerobic conditions.
Figure 1 illustrates selective hypoxic cytotoxicity of
INO, which was both concentration and time
dependent. Moreover, it was evident that this
dependency was not a simple concentration and time
relationship since doubling the INO, concentration
from 5 to 10 mM or from 20 to 40 mM did not halve
the time to induce cytotoxicity under hypoxic
conditions (Fig. 1). This result has been seen
independently by others using the same cells.” In
contrast, concurrent aerobic INO, treatment at the
same concentrations did not show any significant
cytotoxicity even up to 7hr at a 40mM drug
concentration. This was consistent with a reduced
degree of drug activation due to the inhibition by
oxygen at the one electron reduction stage.

Effect of INO, on intracellular GSH levels. When
INO, was added to hypoxic cells at 2.5, 10 and
40 mM concentrations, GSH depletion was observed
to be both concentration and time dependent (Fig.

*Bérubé L, personal communication. Cited with

permission.
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Fig. 2. Glutathione levels in CHO cells following INO,
hypoxic exposure at (H) 2.5 mM, (@) 10 mM, (V) 40 mM,
and (V) 40 mM (aerobic) INO,. Values are expressed as
percent of control, where control values (samples with no
drug) were measured concurrently with the drug-treated
samples. Values are an average of N = 3 experiments, and
errors shown only on the 2.5 mM data (for clarity) represent
SEM. The GSH level taken as 100% was 6.3 + 0.4 nmol/
108 cells (=SEM).

2). At the shortest time measured, within 1 min after
2.5 or 10 mM INO, addition, there was a significant
degree of GSH depletion (20%). This was even
more notable at the 40 mM drug concentration level.
This rapid depletion was not due to a direct reaction
of high concentrations of INO, with GSH or an
inhibitory effect of INO, on the Tietze assay (data
not shown). GSH levels were not depleted
completely, suggesting that access or activation of
the drug in some areas of the cell, such as within
the mitochondrion [25], may be limited and account
for the remaining 2~10% GSH. GSH depletion was
correlated with INO, cytotoxicity under hypoxic
conditions (Fig. 1) for 2.5, 10 and 40 mM INO,,
since the degree of GSH depletion for equitoxic
drug levels was similar for the 16-fold range of drug
concentrations. Significant cell killing was seen at
GSH levels below 20% of control levels, suggesting
that GSH depletion may be one factor responsible
for this selective hypoxic cytotoxicity of INO,.
Incubation of cells with INO, under aerobic
conditions at the concentrations employed above did
not result in such a drastic GSH depletion, although
initial reductions in GSH levels of up to 65% were
observed at the highest drug concentration of 40 mM
(Fig. 2) but with no evidence of cytotoxicity. This
immediate GSH depletion may be a direct result of
redox cycling of the drug at such a high concentration.

Effect of INO, on intracellular Pr-SH levels. The
same concentrations of INO, used for measuring
GSH depletion were investigated for their effects on
total Pr-SH within the cell. Incubation of cells with
2.5, 10 or 40 mM INO, revealed maximum depletions
of 5, 25 and 40%, respectively; however, the 2.5 mM
INO,; results were not significantly different from
the control (Fig. 3). This latter result may suggest
that the cells are capable of repairing damage to Pr-
SH resulting from INO, hypoxic metabolism. There
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Fig. 3. Protein sulfhydryl levels in CHO cells following
hypoxic exposure at (H) 2.5mM, (@) 10mM, and (V)
40 mM INO,. Values are expressed as percent of control,
where control values (samples with no drug) were measured
concurrently with the drug-treated samples. Values are an
average of N = 3 experiments, and errors shown only on
the 2.5 mM data (for clarity) represent SEM. The Pr-SH
level taken as 100% was 24.7 = 0.4 nmol/10° cells (+ SEM).
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Fig. 4. Intracellular calcium levels measured in CHO cells
following INO, hypoxic exposure at (N) 2.5mM, (B)
10mM, (8) 40mM, and (M) control (no drug). Time
intervals studied for the above drug concentrations
correspond to the concentration-time dependent cyto-
toxicity (see Fig. 1). Values are an average of N=3
experiments, and errors shown represent SEM.

was not as good a correlation between Pr-SH
depletion (Fig. 3) and hypoxic toxicity (Fig. 1) as
seen for GSH depletion. Different mechanisms of
toxicity may be involved at low and high drug
concentrations. Aerobic incubation at 2.5, 10 and
40 mM INO, did not reveal any significant changes
in Pr-SH levels (data not shown), once again
suggesting that INO, hypoxic bioreduction is
imperative for extensive thiol depletion.

Effect of INO, on Ca** homeostasis. Since INO,
treatment caused an altered cellular redox state
under hypoxic conditions, it was of interest to study
intracellular Ca?* levels during drug incubation.
Furthermore, Bérubé et al. [13] showed that INO
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Fig. 5. Transmission electron microscopy of CHO celis assayed following a 1-hr hypoxic treatment with
no drug (hypoxic control) [a] and 40 mM INO, [b}; and aerobic exposure following 30 min with no drug
(controt) [c] and 45 uM INO [d]. Approximately 90% of all drug-treated cells were undergoing the
above morphological perturbations of membrane blebbing, chromatin condensation and organelle
compaction, typical of cells undergoing apoptosis. Further inspection of the apoptotic bodies (blebs)
revealed that they contained some degraded DNA, free ribosomes and intact organelles.

treatment resulted in a sustained elevation of
intracellular Ca?* at INO concentrations that were
toxic to the cell. Figure 4 illustrates intracellular
Ca?* levels following 2.5, 10, and 40 mM INO,
treatment under hypoxic conditions along with
control values. At increasing INO, concentrations
(10 and 40 mM), a rise in intracellular Ca®* levels
to values 3 to 8-fold higher than control was observed
at 3—4 hr; however, there was no change with2.5 mM
INO; incubation up to 6 hr, the longest time studied.
Aerobic INO, treatment at the above concentrations
and time periods did not perturb intracellular Ca?*
levels (data not shown), suggesting that reductive
species of INO,, generated under hypoxia, could
cause such effects. A sustained rise in the intracellular
Ca’* concentration may result in the activation
of Ca**-dependent catabolic enzymes (proteases,
phospholipases, endonucleases) that can be detri-
mental to the cell.

Effect of INO, on cellular morphology. Treatment
of hypoxic cells with INO, resulted in thiol depletion
and Ca?* elevation in a manner analogous to INO

treatment [13]. Since the kinetics of both GSH and
Pr-SH depletion and Ca?* increase were similar for
the highest concentration of INO, (40 mM) compared
with the previous results for INO at 45 uM, these
two concentrations were used to study cell
morphology via electron microscopy. Figure 5
illustrates transmission micrographs of CHO cells
treated for 60 min with 40 mM INO, under hypoxic
conditions (Fig. 5b) and 30 min after 45 uM INO
treatment (Fig. 5d) along with corresponding controls
for the above treatments. It is evident from Fig. 5b
that following a 1-hr hypoxic exposure to 40 mM
INO,, cellular morphology drastically changed as
compared with the control population (Fig. 5a):
transmission micrographs of 40 mM INO,-treated
CHO cells revealed plasma membrane blebbing
(zeiosis), cell and nuclear shrinkage, chromatin
condensation and organelle compaction with
organelle membrane integrity maintained. Scanning
micrographs displayed loss of microvilli and extreme
membrane blebbing or “boiling of the cytoplasm”
(Fig. 6). Such perturbations of cellular morphology
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Fig. 6. Scanning electron microscopy of CHO cells assayed following a 1-hr hypoxic treatment with no

drug (hypoxic control) [a] and 40 mM INO, [b]; and aerobic exposure following 30 min with no drug

(control) [¢] and 45 uM INQ [d]. Control populations ([a] and [c]) displayed spherical cells with surface

microvilli, whereas drug-treated cells ([b] and [d]) showed drastic membrane blebbing (“boiling of the

cytoplasm”) with loss of microvilli. Approximately 90% of drug-treated cells were undergoing the
apoptotic morphological perturbations shown above.

were present in 80-90% of both 45 uM INO- and
40 mM INO,-treated cells under aerobic and hypoxic
conditions, respectively. Furthermore, trypan biue
staining at the time of microscopy (30 min after
45uM INO and 1hr following 40mM INO,
treatment) showed no stain uptake by the blebbed
cells (data not shown), indicating that the plasma
membrane was still intact. The above observations
of altered cellular morphology are characteristic of
cells undergoing an apoptotic cell death [25].

INO; and DNA gel electrophoresis. Since both
40 mM hypoxic INO, and 45 uM aerobic INO cellular
treatments resulted in morphological features of
cells undergoing apoptosis, total DNA was isolated
from these treated cells in order to determine
whether DNA ladders were present. Figure 7
illustrates a DNA gel from CHO cells exposed for
various lengths of time to 40mM INO, (hypoxic
conditions). A cytotoxic T lymphocytic cell line
(CTLL-2) was used as a positive control for the
protocol. CTLL-2 cells were deprived of IL-2 for a
period of 14 hr. Figure 7 displays this DNA ladder
from CTLL-2 IL-2-deprived cells along with DNA

isolated from INO,-treated CHO cells at the times
indicated. It is evident that DNA ladders were not
observed in cells treated with 40 mM INO, (hypoxic)
at the times studied. Similar negative results were
obtained for INO-treated cells (data not shown). A
possible explanation for the failure to observe DNA
ladders could be attributed to the sensitivity of the
assay applied for DNA fragment detection. Another
protocol that isolated only fragmented DNA was
therefore employed (see Ref. 24) with the above
treatment conditions, but ladders were still not
observed in CHO cells; however, IL-2-deprived
CTLL-2 cells did reveal the characteristic apoptotic
DNA ladder (data not shown).

DISCUSSION

There is good evidence to support the proposal
that bioreduction of the nitro moiety of 2-
nitroimidazoles resuits in formation of reactive
intermediate species that are implicated in selective
hypoxic cytotoxicity, neurotoxicity, and chemo-
sensitization [26-28]. Djuric {29] suggested that a
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Fig. 7. Gel electrophoresis of DNA from control CHO cells and CHO cells following treatment with
40 mM INO, for the times indicated as follows: Lanes 1 and 17 show DNA markers AHindIII and ¢y,
respectively; Lanes 2, 4, 6, 8, 10, 12, and 14 display DNA from control CHO cells at times 0, 15, 30,
45, 60, 90 and 120 min following hypoxic treatment, respectively; Lanes 3, 5, 7,9, 11, 13, and 15 display
DNA isolated from 40 mM INO,-treated CHO cells at times 0, 15, 30, 45, 60, 90 and 120 min following
hypoxic drug treatment, respectively. Lane 16 is DNA isolated from CTLL-2 cells deprived of IL-2 for
14 hr. Drug-treated cells did not reveal any DNA ladders, whereas the IL-2-deprived CTLL-2 cells did
display the characteristic DNA ladder of cells undergoing apoptosis.

possible mechanism for the cytotoxicity of MISO
was the formation of reductive intermediates that
bind to DNA and induce lethal strand breaks.
In fact, DNA damage induced by reduced
nitroimidazoles has been considered to be the
primary cause leading to cell death [30~32]. These
studies provided a biochemical understanding of the
DNA adducts formed when 2-nitroimidazoles were
reduced either chemically or enzymatically in cell-
free systems. However, these examples of DNA
interaction with reduced MISO do not differentiate
whether DNA binding is the primary cause of cell
death or simply an effect due to interactions with
other cellular targets (e.g. intracellular thiols).
Raleigh and Koch [33] demonstrated the import-
ance of intracellular thiols in the reductive binding
of 2-nitroimidazoles to cellular protein rather than
to DNA. It was observed by Cline et al. [34] that
reduced 2-nitroimidazole binding was concentrated
in the cytoplasm of cells of spontaneous canine
tumours. Hence, cytoplasmic reduction of 2-
nitroimidazoles may occur with cellular proteins
being the primary target for cytotoxicity with the
possible diffusion of these reactive intermediates
into the nucleus for further binding to DNA. It was
therefore of interest to study cellular reactions of 2-
nitroimidazoles under both hypoxic and aerobic
conditions by using INO, as a model. Furthermore,

data on the reactivity of the 2e~ reduction product
of INO,, the nitroso (INO), was available for
comparison with data generated with INO,; [13].
Selective hypoxic cytotoxicity to CHO cells
was observed with INO,, which occurred in a
concentration- and time-dependent manner but not
by a simple concentration—time relationship (Fig. 1).
In addition, INO, depleted intracellular GSH levels
by greater than 90% selectively under hypoxic
conditions. This depletion was correlated with cell
killing (Fig. 2), and this depletion was similar to
what was observed previously with the INO
intermediate at equitoxic concentrations [11]. It has
been shown that chemically reduced MISO can form
stable GSH conjugates that may be responsible for
intracellular GSH depletion [35]. INO can react
chemically with excess GSH in a cell-free system to
form INO:GSH adducts in a 1:3 stoichiometric
reaction [36]. The kinetics of depletion were slower
following INO, hypoxic treatment than observed for
INO, since INO, has to be reduced to a toxic species,
presumably INQO, in order to react with and deplete
GSH. Depletion of GSH was approximately 90%
for both hypoxic INO, treatment and aerobic INO
treatment, consistent with INO being the reductive
species responsible for the observed GSH depletion.
GSH is the most abundant non-protein thiol and
plays a very important role in cellular detoxification
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of harmful xenobiotics [37]. This ubiquitous
tripeptide also plays a pivotal role in many
physiological processes including cellular redox state,
enzyme activity and maintenance, microtubule
assembly and cytoskeletal structure, mixed disulfide
exchange and neurotransmitter release from axonal
endings [37]. GSH has also been shown to provide
cellular radioprotection against ionizing radiation
[38]. Therefore, depletion of this very important
molecule could have serious consequences to cellular
processes, especially those dependent on a balanced
redox state.

Pr-SH levels were also depleted with higher
concentrations of INO, preferentially under hypoxic
conditions as was seen previously with INO treatment
[13]. Pr-SH exist at a 10-fold higher concentration
than GSH in the cell, and depletion either through
mixed disulfide exchange or as a result of inter- or
intra-protein disulfide bridges may lead to an
impairment of normal protein function that is
dependent on reduced thiol configurations [14].
These functions may include proteins whose
enzymatic activity depends on key SH groups. Such
a critical role of protein SH groups for enzymatic
activity was demonstrated by Bellomo et al. [39],
who showed that oxidation of key SH groups located
on ATP-dependent Ca?* translocases may contribute
to perturbations of Ca* homeostasis during oxidative
stress. In fact, following hypoxic treatment with
INO, at concentrations that depleted Pr-SH
levels, intracellular Ca?* levels increased to values
considered lethal to the cell (Fig. 4). This observation
was similar to that seen with INO treatment [13],
suggesting that INO is the toxic reductive species of

2.

Mirabelli et al. [40, 41] have also shown that thiol
depletion by the redox-active quinone menadione
results in perturbations in cytoskeletal integrity.
These alterations in membrane morphology were
shown to be due to the oxidation of critical thiol
groups in the cytoskeletal protein actin, which
resultedin plasmamembraneblebbing. Furthermore,
disturbances in intracellular thiol and Ca?* hom-
eostasis have been suggested as the mechanism
responsible for plasma membrane bleb formation in
hepatocytes {42]. These morphological pertur-
bations, or membrane blebs, along with increases in
intracellular Ca’?* levels are two characteristic
features of cells undergoing an apoptotic cell death
[25].

Apoptosis or “programmed cell death” was first
characterized by Wyllie, Kerr and Currie who
described two modes of cell death: apoptosis and
necrosis [25]. Apoptosis differs from necrosis both
morphologically and biochemically. Morphological
changes in apoptosis involve cell shrinkage, chroma-
tin condensation, maintenance of normal organelle
structure, organelle compaction and plasma mem-
brane blebbing (zeiosis). Necrotic or “accidental cell
death” is characterized by cell swelling with plasma
and organelle membrane rupture, resulting in a total
loss of organized cellular structure. Biochemically,
necrotic cells display loss of osmoregulation that
leads to the observed cell swelling and random DNA
digestion by non-specific lysosomal enzymes released
from ruptured lysosomes. In contrast, apoptotic cells

demonstrate specific DNA digestion due to the
action of endogenous endonucleases that are
activated either by elevated levels of Ca?* [43] or
decreased intracellular pH ([44]. When elec-
trophoretic separation is performed on DNA isolated
from cells undergoing programmed cell death, a very
distinct band pattern or “ladder” is observed. This
DNA ladder consists of oligonucleosomal fragments
that are multiples of 200 base pairs resulting from
endonucleolytic cleavage at specific nucleosomal
sites on the DNA.

Both INO, (hypoxic) and INO (aerobic) treated
CHO cells revealed extensive membrane blebbing
with additional features characteristic of apoptotic
cells when observed under electron microscopy
(Figs. 5 and 6). These features included cell and
nuclear shrinkage, organelle compaction, chromatin
condensation, and maintenance of organelle and
plasma membrane integrity (measured by trypan
blue exclusion) with loss of surface microvilli. Also,
upon further observation of the micrographs, it was
noted that the apoptotic bodies (blebs) contained
ribosomes, intact organelles and some degraded
chromatin. However, further analysis of DNA
isolated from cells treated with 40 mM INO, did not
reveal the characteristic DNA ladders up to 2 hr
after treatment (Fig. 7). Even longer times of
incubation, 2-72 hr after drug exposure, failed to
show any evidence of DN A ladders (data not shown).
However, the morphological effects evidenced by
INO; are consistent with previous data showing that
MISO induced hypoxic specific membrane blebbing
of Chinese hamster V79 cells [45]. The biochemical
feature of increased intracellular Ca?*, which has
been shown to activate endogenous endonucleases
of apoptotic cells [43], and the morphological
features of both INO,- and INO-treated cells were
consistent with cells dying apoptotically. It is
important to note that examples showing nucleosomal
ladders represent extreme cases of DNA frag-
mentation, where most if not all DNA is
cleaved and therefore can be detected with gel
electrophoresis. Digestion of all the cellular DNA
is not required for cell death [46]. Hence, in cases
where internucleosomal digestion of DNA is not
observed, as in the present case, the cells may still
be undergoing apoptosis with only a minimal fraction
of genomic DNA being fragmented. It should
therefore not be discredited that following INO,
treatment under hypoxic conditions, morphological
and biochemical changes typical of apoptotic cells
are occurring, even though DNA ladders are not
detected [47]. Perhaps more sensitive flow cytometric
techniques that quantitate the amounts of degraded
DNA would detect DNA fragmentation following
both INO, and INO exposure. The dependence of
blebbing and intracellular Ca>* levels on protein
synthesis following both INO, and INO exposure
could be evaluated with cycloheximide and actino-
mycin D treatment to further test the apoptosis
model.

In conclusion, the present paper addresses the
underlying factors responsible for the cytotoxic
effects of reduced 2-nitroimidazoles by using INO,
as a model. It provides evidence consistent with the
2e” reduction product of INO,, the INO derivative
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being the toxic reductive species mediating INO,
selective hypoxic cytotoxicity. Cytotoxic effects
involved in the action of reduced INO, were shown
to cause perturbations in intracellular thiol and Ca®*
homeostasis as well as alterations in cellular
morphology. These alterations in Ca?* levels and
cell morphology are characteristic features of cells
dying apoptotically. Hence, INO, selective hypoxic
cytotoxicity is similar to that mediated through the
2¢~ reduction product added directly to cells, which
also affects cellular homeostasis and mediates cell
death through an apoptotic-like death mechanism.
By further understanding the mechanism involved
in 2-nitroimidazole selective hypoxic cytotoxicity,
procedures may be implemented to target these
agents more selectively to neoplastic cells and
thereby decrease normal tissue toxicity, such as the
peripheral neuropathy experienced by patients
receiving 2-nitroimidazoles in combination with
radiotherapy.
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