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Misonidazole, or l-(2-nitro-l-imidazoyl)-3-methoxy~2-propanol, was orig-
inally developed as a radiosensitizing agent (1), and is now undergoing
clinical trial (2,3). More recently it has been shown to be selectively
cytotoxic to hypoxic cells in vitro (4-7) and to have chemotherapeutic
effects in vivo (1,8), even in the absence of radiation treatment.

The biochemical basis of misonidazole action is not known. We have con-
sidered the possibility that it may act, at least in part, by affecting the
energy generating processes and ATP concentrations of cells for the following
reasons: (a) it is toxic when cells are dependent on one particular type
of energy metabolism (anaerobic glycolysis); (b) like the glycolytic inhibi-
tor, S5-thioglucose (9,10), misonidazole is toxic toward hypoxic cells and
this toxicity is potentiated by hyperthermia (11-13); (c) it is activated
by reduction of the nitro group (7,14,15) and hence interacts directly or
indirectly with cellular oxidation-reduction processes; and (d) some other
nitro compounds, such as 2,4-dinitrophenol, are well known inhibitors of
enexgy generating processes. We have therefore studied the effects of mis-
onidazole on ATP generation and catabolism in Ehrlich ascites tumor cells
under aerobic and anaercbic conditions, and report here the results of these
studies,

Misonidazole was a gift of Dr. D. Chapman, Cross Cancer Institute,
Edmonton, Alberta, and was dissolved in 0.154 M sodium chloride for use.
Sources of other materials, methods of tumor cell preparation and incubation,
and procedures for the separation and measurement of radiocactivity in purine
bases, ribonucleosides and ribonucleotides have been reported previously
(16,17). ATP and its metabolites were separated by thin-layer chromatography,
and their radioactivity was measured. The initial total concentration and
specific activity of ATP were determined by these methods plus high perform-
ance liquid chromatography; it has previously been established (18) that
there is no compartmentation of radioactive and non-radioactive ATP with
respect to catabolism. Changes in concentrations of metabolites were calcu-
lated from the initial specific activity of ATP.

To study ATP catabolism, tumor cells were first incubated with [14C]-
adenine to produce radioactive ATP. Unused radiocactive adenine was removed
by centrifugation and resuspension in fresh medium. Concentrations of
radiocactive metabolites were measured in cells incubated for an additional
30 min under various conditions, with or without misonidazole (18). Details
are given in the legend of Table 1.

The effects of 5 and 10 mM misonidazole on ATP catabolism were studied
under aerobic and anaerobic conditions and when cells were depending on
three different modes of ATP generation: (a) aerobic glycolysis plus oxida-
tive phosphorylation; (b) oxidative phosphorylation alone; and (c) anaerobic
glycolysis alone. Table 1 shows that 5 mM misonidazole did not induce ATP
catabolism under any of the conditions used. At 10 mM, however, substantial
catabolism was induced on cells incubated aerobically without glucose and
in those incubated anaerobically with glucose; however, no catabolism was
induced in cells incubated aerobically with glucose.
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*
Table 1. ATP catabolism induced by misonidazole

Conditions Misonidazole ATP concentration
concn (percent of control)

(M)

02 + glucose 5 106
10 107

O2 - glucose 5 97.8
10 51.7

N2 + glucose 5 98.5
10 45.1

*

Two ml of a 2% (v/v) Ehrlich ascites tumor cell suspension in
calcium-free Krebs-Ringer medium containing 25 mM phosphate with 5.5 mM
glucose was incubated in 10 ml Erlenm?Xer flasks at 37° with shaking, with
an air atmosphere. After 20 min, [8-"%Cladenine (ca. 50 mCi/mmole) was added
to a final concentration of 100 pM, and incubation was continued for 30 min
to synthesize radioactive ATP. Unutilized radioactive adenine was then re-
moved by centrifugation and resuspension of the cells twice in fresh, warmed
medium containing glucose. Portions (100 pl total volume) were then incubated
with or without misonidazole, under various conditions. Values reported are
averages of duplicate measurements and are representative of results obtained
in two experiments. Within each experiment, average deviation of individual
analyses from the mean was less than 7 percent. Control ATP, 2360 nmoles/g
cells. Cells incubated without drug under each condition are used as con-
trols for drug effects under each condition.

In addition to this effect of 10 mM misonidazole on ATP concentrations,
both 5 and 10 mM had some effects on certain pathways of purine metabolism.
Even in the absence of induced catabolism, there is a certain amount of ATP
breakdown during the incubation period. In control cells, the predominant
pathway followed is: ATP- ADP3 adenylate- inosinate? inosine< hypoxanthine.
The alternative route to inosine: adenylates adenosine? inosine, normally
is a minor process, and because of the presence of adenosine deaminase and
adenosine kinase, adenosine does not accumulate to any appreciable degree (19).

Table 2 shows that the conversion of ATP to hypoxanthine + inosine was
decreased in cells treated with misonidazole, both when ATP catabolism pro-
ceeded at its normal low rate and when it was accelerated by 10 mM misonidazole
treatment as described above. Concomitantly, there was an accumulation of
adenosine. Such results imply both that the dephosphorylation of adenylate
increased relative to its deamination, and that the deamination of adenosine
was inhibited; in addition, there would appear to be a defect in the phosphoryl-
ation of adenosine. This type of drug effect is quite unusual.

*
Table 2. Metabolites of ATP in cells treated with misonidazole

Conditions Misonidazole Metabolite concentration (percent of control)
concn Adenine Adenosine Hypoxanthine
(mM) nucleotides + inosine

O2 + glucose 5 102 287 48.9
10 106 320 39.2
0, - glucose 5 95.7 378 52.3
10 76.0 316 45.5
N2 + glucose 5 100 435 48.2
10 63.4 402 31.3

*Control values (nmoles/g cells): adenine nucleotides, 2736; adenosine,

12; and hypoxanthine + inosine, 87.

To confirm and expand these observations, further experiments were done
using cells incubated with a mixture of glucose plus 2~-deoxyglucose which
would, itself, induce a moderate degree of ATP catabolism (18). This situa-
tion would both stress the cells with respect to ATP generation, increase
the flow of metabolites along catabolic pathways, and also produce adeno-
sine endogenously. The latter factors would make it easier to study the
effects of a range of concentrations of misonidazole on the catabolic pathways.
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Table 3 shows that, in the absence of misonidazole, ATP catabolism was
induced and total adenine nucleotides were decreased; adenosine concentrations
increased only very slightly, and the major end products of ATP catabolism
were hypoxanthine + inosine. 1In the presence of 1, 5 or 10 mM misonidazole,
there was an additional, dose-related induction of ATP and total adenine
nucleotide catabolism. As in the previous experiments, there was an increased
accumulation of adenosine, which must be due at least to an inhibition of
adenosine deaminase in misonidazole-~treated cells; in addition, adenosine
phosphorylation may be decreased. Under the conditions of these experiments
there was no decrease in the formation of hypoxanthine + inosine, but of
course the flow along the catabolic pathways was considerably greater than
in the experiments of Tables 1 and 2. This result indicates that the effect
of misonidazole on the relative rates of deamination and dephosphorylation of
adenylate is small or perhaps even non-existent under these conditions.

Table 3. Effects of misonidazole on ATP catabolism in cells
incubated with glucose + deoxyglucose*

Misonidazole Metabolite concentrations (percent of control)
concn ATP Adenine Adenosine Hypoxanthine

(mM) nucleotides + inosine

O2 N2 O2 NZ O2 N2 O2 N2

0 54.8 33.2 57.7 36.5 117 106.7 263 342

1 32.4 30.2 38.4 35.4 238 137 379 455

5 24.8 27.2 30.1 31.6 296 218 427 369

10 19.1 22,4 25.4 29.9 474 298 600 407

*
Cells were incubated with 0.69 mM glucose + 4.81 mM deoxyglucose.

These studies have shown that short exposures of Ehrlich ascites tumor
cells to moderate concentrations (1-5 mM) of misonidazole did not lead to
ATP catabolism, whether by direct effects or indirectly by interfering with
one or another energy generating process. Higher concentrations, however,
did induce ATP catabolism when the cells were depending either on oxidative
phosphorylation or anaerobic glycolysis alone, but not when cells were using
both aercbic glycolysis plus oxidative phosphorylation. Here it may be
noted that different cell types have been reported (7) to vary considerably
in their sensitivity to the effects of misonidazole. Cytotoxicity experi-
ments commonly expose cells to misonidazole for much longer than the period
used here, and the possibility should be considered that lower concentrations
might have detrimental effects upon prolonged exposure. Finally, the experi-
ments using deoxyglucose suggest that cells in which rates of energy genera-
tion processes are partially impaired or are naturally lower than in the
tumor cells used might have an increased sensitivity to induction of ATP
catabolism by misonidazole.

Even at relatively low concentrations, misonidazole affected the path-
ways of adenylate and adenosine metabolism, leading to accumulation of
adenosine and a decrease in the formation of hypoxanthine and inosine. The
basis of this effect includes at least partial inhibition of adenosine de-
aminase, and presumably one or another enzyme of adenylate metabolism as
well. Studies of isoclated enzymes are called for, but for these the possi-
bility that the inhibitory effects might be caused by metabolites of mison-
idazole, rather than by the parent drug, needs to be considered; such metab-~
olites were not available for study.

The relationship of the effects observed here to either the cytotoxic
effects of misonidazole or to its host toxicity remains to be evaluated.
The fact that misonidazole was somewhat more potent under anaerobic condi-
tions than in air would suggest that these effects may be pharmacologically
important. Similarly, host toxicity related to lowered ATP concentrations,
the accumulation of adenosine, or both, may be envisioned.
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