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Summary. The hypoxic cell radiosensitizer 2-['*C] misonid-
azole: 1-(2-nitro-1-imidazolyl)-3-methoxy-2-propanol (Ro
07-0582) MISO was administered to mice, control rats,
and rats bearing chemically induced rhadbdomyosarcoma.
The dose injected was 250 mg/kg and the delivered activi-
ty was 100 pCi/kg. Whole-body autoradiography was per-
formed in all animals. We noted the highest uptake of ra-
dioactivity in the liver and the kidney. In the liver there
was an accumulation of ["*C] from 5 min to the 2 hour af-
ter treatment, followed by a decrease; this observation is
probably related to the metabolic pathway of the drug. The
radioactivity was also concentrated in the renal medulla
(30 min after injection); this organ is the excretion route
for most of the misonidazole or its metabolites. Fecal
excretion is also important following biliary elimination.
Radioactivity is present in the central nervous system in
the first hours after dosage. ['*C] Tumor activity was lowest
5 min after IP treatment. By contrast, 12 h after adminis-
tration of labeled compound the highest activity was de-
tected in this tissue.

Introduction

It is generally believed that hypoxic cells within both ani-
mal and human tumors contribute to the relative resistance
to radiation therapy; hypoxic cells can be up to three times
more resistant than well-oxygenated cells [10]. According-
ly, methods which overcame the contribution of hypoxia
to radiation resistance could be expected to improve the
effectiveness of radiotherapy. One of the more promising
approaches to this problem involves preirradiation admin-
istration of drugs, such as 1-(2-nitro-1-imidazolyl)-3-me-
thoxy-2-propanol: misonidazole (Ro 07-0582), which mim-
ics the effects of oxygen on the sensitivity of hypoxic cells.
This compound has been shown to be an active hypoxic
cell radiosensitizer both in vivo and in vitro [6, 19, 20].
Preliminary clinical trials have demonstrated: that the ef-
fectiveness of misonidazole is closely related to the con-
centration of drug achieved in the tumor and the timing of
radiation after drug administration [12, 17}.

* The work described in this paper was supported by a grant from
the Fédération Nationale des Centres de Lutte Contre le Cancer
(France)

Offprint requests to: P. Benard

Misonidazole is not routinely used in clinical practice,
because of toxicological considerations [26]. Several other
structurally related compounds which are more efficient
radiosensitizers with a lesser neurotoxicity have been pro-
posed [22]. However, misonidazole was the first molecule
to be studied. As we plan to study several related com-
pounds we fell it would be useful to know more about the
reference compound.

The aim of this paper is to present results obtained by
whole-body autoradiography in mice and tumor-bearing
rats dosed with 2-['*C] misonidazole. The results permit the
localization of radioactive misonidazole within the organs,
visualization of misonidazole loss, determination of the
route of elimination, and its uptake in tumors, as de-
scribed for chemotherapeutic agents [3].

Materials and methods

Drug. ['*C] Misonidazole (Fig. 1) was obtained as a crystal-
line powder with a specific activity of 239 pCi/mg from
Roche Laboratories (USA). Labeled and unlabeled drugs
were dissolved in NaCl 0.9% solution to give a volume ac-
tivity of 4 uCi/ml and a concentration of 10 mg/ml.

Before use the radiochemical purity of the labeled
compound was determined by thin-layer chromatography
in a chloroform/methanol/acetic acid mixture (85:15:10,
v/v) [8]. Radioactive chromatograms were scanned with a
Berthold II radiochromatogram scanner. The radiochemi-
cal purity was found to be >98%.

Animals. All animals were caged separately and fed ad lib-
itum. They were given [“Clmisonidazole 250 mg/kg IP,
the activity thus delivered being 100 pCi/kg.

Mice. The study was performed with nine C3H mice
weighing 20-22 g. They were sacrificed 5, 15, and 30 min
and 2, 4, 8, 12, 24, and 48 h after treatment.

Rats. Twelve rats (6 control and 6 rhabdomyosarcoma-
bearing rats) were dosed in the same conditions. These ani-
mals were sacrificed 5 and 30 min and 2, 12, 24 and 48 h
after injection.

Solid tumors were produced by SC injection of a cell
suspension (10°/ml) obtained from a rhabdomyosarcoma
tumor induced by Ni;S,. Three weeks after injection, a sol-
id tumor was present in the flank region of the animal.
This tumor was confirmed by necropsy and pathological
studies [23].
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Fig. 1. Structural formulae of misonidazole. The position of the
carbon label in the drug is shown by (*)

Technigue. All the animals were prepared for whole-body
autoradiography [24, 25). First, they were frozen by rapid
immersion in a freezing medium composed of methanol
and dry ice. They were then embedded in a 10% aqueous
solution of carboxymethylcellulose and frozen to form a
firm support all around the carcass. The frozen animals
were cut sagittally until an appropriate section appeared.
Whole-body sagittal sections were then obtained either
with a Leitz 1300 k cryomicrotome or with a PMV 450
semiautomatic microtome. Before each section was collect-
ed, adhesive tape was fixed on the surface of the animal to
be sectioned. Then the microtome stage was moved and a
20-pm-thick section was obtained on the adhesive tape.
After the sections had been collected they were dried by
storage overnight at —20°C in a cryostat. The dried sec-
tions were then pressed directly against a single-coated X-
ray film (Kodak Kodirex) in a light-tight bag and stored at
—30°C. At the end of a 1-month exposure period the sec-
tion and the film were separated. The former was stained
when necessary with Mayer’s hematoxylin for histological
examination; the latter was developed, fixed, and rinsed.
All these operations were performed in well-defined,
identical conditions to produce autoradiograms that could
be compared.

Moreover, sections were obtained from animals inject-
ed with unlabeled misonidazole. These control sections
were prepared by the same procedure and pressed against
Kodak Kodirex X-ray film to verify that no positive or ne-
gative chemography occurred with this film under the con-
ditions of our experiment.

Results
Mice. Results are given in Table 1 and Fig. 2.

Blood. Radioactivity in the bloodstream was highest in an-
imals sacrificed 5 min after injection: then it decreased
quickly to trace amounts, which were still present in the
blood stream 48 h after injection.

Liver. The incorporation or radioactivity in this organ can
be described as follows: first, there is an accumulation of
['*C] from 5 min to the 2nd hour after the injection of the
labeled compound. Then we observed a decrease till the
24th h, at which time the hepatic radioactivity was very
low.

Gallbladder. Radioactivity was found in bile within 5 min
of the injection. The maximum biliary activity seemed to
occur between 2 h and 4 h. At that time, the gallbladder
was one of the most intensely labeled organs in the body.
After 4 h, the biliary radioactivity decreased rather quick-
ly, so that in an animal killed 24 h later no radioactivity
was detectable in bile.

Kidney. The radioactive content was comparable to that
described for the liver. The kidney activity was in the same
order of magnitude as the liver. From 5 min to 30 min after
IP treatment the distribution was rather homogeneous, but
in animals sacrificed after this time the distribution of ra-
dioactivity was heterogeneous. There was an accumulation
of radioactivity in the medulla and a decrease of activity in
the renal cortex.

Table 1. Distribution of radioactivity in the body of mice following injection of IP labeled misonidazole, as studied by whole-body auto-

radiography

5 min 15 min 30 min 2h 4h 8h 12h 24 h 48h
Brain + +(+) +(+) +(+) + (+) +» (+»n 0
Blood ++ ++ ++ +(+) + (+) ((+)) (+) 0
Lung ++ ++ ++ + + + (+) (+» (+) 0
Stomach +(+) (+) (+) ++ + +4++(+)  ++ ++ (+) 0
Intestine +(+) ++ ++ + +++++ +H++++ F+H++ + 4+ + ++ 0
Liver +++ +++ +++ +++(+) 4+ + + (+) (+)
Brown fat ++(+) +++ ++(+) +++ ++(+) + (+) +» (ED)]
Muscle ++ +4+(+) ++ ++ + (+) ((+» 0 0
Kidney +4+(+) +++ + 4+ +++(+)  ++ (+) (+) +» (+»n
Bladder - ++ + +4+4+++ +F+F+++ FE++H+ A+ 0 0
Spleen ++ ++ + + ++(+) ++ (+) «+» (+) 0
Adrenal gland  + + ++ ++ + + +(+) (+) W+ «+) 0
Thymus gland  +(+) +(+) +(+) +(+) (+) (+) «+) (+) 0
Thyroid gland  + + ++ +(+) +(+) (+) (+» (+» (+) 0
Hypophysis ++ +4+(+)  ++ +(+) (+) +» (+) (+)) 0
Pancreas +(+) +(+) +(+) ++ + (+) (+» «+» 0
Gallbladder + ++ ++(+) +++++ +++++ ++++ (+) 0 0
Bone marrow ++ ++ ++ ++ + +) «+» (+» 0

0, no radioactivity; + + + + +, very high radioactivity;

0<(HN<(H)<+<+(F)<++<++(H)<+++<+++(F)<++++<+++++
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Fig. 2 A-H. Whole-body autoradiogram of mice sacrificed 5 min (A), 15 min (B), 30 min (C) 2h (D), 4h (E) 8 h (F), 12h (G) and 24 h
(H) after [“C]misonidazole administration. I, brain; 2, gallbladder; 3, urinary bladder; 4, liver; 5 kidney; 6, stomach

Fig. 3. Enlargement of a whole-body autoradiogram of mouse af-

ter ["*Clmisonidazole, showing the homogeneous distribution of  Fig. 4. Detail of an autoradiogram of mouse after ['*C]misonida-
radioactivity within central nervous system. Note the retention of zole and sacrificed 30 min later. Note the weak uptake in the eye.
isotope in the hypophysis (arrow) 1, cornea; 2, uveal tract
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Fig. 5. Detail of an autoradiogram of mouse after [“*Clmisonida-
zole and sacrificed 30 min later, showing the retention of radioac-
tivity on the adrenal gland.

Central nervous system. In brain and in spinal chord, rath-
er low activities were present within 5 min after treatment
(Fig. 3). This activity seemed to increase with time from 2 h
after injection, so that the activity in central nervous sys-
tem, blood or muscle were in the same order of magnitude.
By 24 h later only trace amounts were present in these tis-
sues. In all cases, the distribution of the isotope within
these tissues was homogeneous. Moreover, a low uptake of
the isotope was noted in the hypophysis of all animals sac-
rificed between 5 min and 24 h after treatment.

Eyes. As illustrated in Fig. 4, autoradiograms revealed that
all the anatomical portions of the eyes contained radioac-

Fig. 6. Detail of an autoradiogram of mouse after [““Clmisonida-
zole and sacrificed 30 min later, showing the absence of the iso-
tope in cartilage and bone except in the bone marrow

tivity. However, this activity was very low and decreased
rapidly.

Miscellaneous. Several glands, such as the adrenal gland
(Fig. 5), thymus, pancreas, thyroid, Harderian gland,
spleen (red pulp), and skin retained activity. In all these
organs, the maximum [*C] activity seemed to occur be-
tween 30 min and 2 h after the injection. The isotope was
not detectable in cartilage or bone, except in the bone mar-
row (Fig. 6).

Fig. 7. Whole-body autoradiogram of Wistar rat bearing rhabdomyosarcoma tumour, injected with [*Cmisonidazole and sacrificed 12 h
later. Note the higher uptake and the heterogeneous distribution of radioactivity within the tumor. I, tumor; 2, brain; 3, liver; 4, muscle;

5, urinary bladder; 6, lung



Rats

Results pertaining to the distribution of radioactivity with-
in the body of control rats were very similar to those de-
scribed above for mice.

In rhabdomyosarcoma-bearing rats, the presence of tu-
mor did not change the distribution of the isotope in the
whole body (Fig. 7). In tumor tissues a very low fixation
occurred 5 min after treatment, but the activity was rather
higher in the animals sacrificed 12 h after injection. The
distribution of the isotope was heterogeneous within the
tumor.

Discussion

The results presented in this paper give an idea of the dis-
tribution of ["“C] in the body of rodents dosed with
["*C]misonidazole. Moreover, they enhance our knowledge
of the elimination pathways and the organs in which the
isotope is retained.

In mice, the maximum activity in the blood is reached
15 min after administration. These results confirm the
pharmacokinetic data of Workman et al. [29], which were
recorded in BALB/c mice. These authors, who used HPLC
analysis, reported a blood concentration peak occurring
20-30 min after injection. Then the concentration fell with
half-lives of 0.73 h and 2.5 h respectively for injected doses
of 0.5 mmol/kg and 5 mmol/kg.

Our results indicate that several aspects are important
for pharmacological and toxicological purposes. As pro-
posed by Ash et al. [2], it is important to note that radioac-
tive misonidazole is a freely diffusible substance, which
penetrates easily into tumor tissue. Our study clearly de-
monstrated radioactivity in all tissues in both mice and
rats, as reported also by Chin and Rauth [5].

In the liver the ['*C] concentration rises rapidly; the is-
otope distribution is very homogeneous. The liver activity
is the most persistent within the body of mice and rats.
This fact does not agree with biochemical analysis by
HPLC which has shown a rapid decrease of MISO con-
centration in liver [1]. This discrepancy can be explained
by the experiment of Pedersen et al. [18], which demon-
strated a rapid degradation of MISO in various tissues ex-
cised and left at room temperature. So, it is necessary to
assay or freeze tissues immediately after removal to obtain
accurate estimates of concentrations and to avoid drug de-
gradation. The high activity in the liver could be explained
by the role of liver in the biotransformation process of
misonidazole [15, 16]; Schoemaker et al. [21] showed the
importance of this organ in the demethylation process ei-
ther in vivo or in vitro. Moreover, the liver plays an im-
portant metabolic role with its biliary function. Our auto-
radiograms demonstrate that there is a rapid and signifi-
cant excretion of radioactivity in the bile of mice.

In the initial phase, the radioactivity in the kidney is
also similar to that detected in the liver. The distribution in
this organ is homogeneous in the hours immediately after
administration. Then there is higher activity in renal me-
dulla, with a decrease of activity in the renal cortex. This
observation could be related to the importance of renal
function in the elimination process of misonidazole and its
metabolites. Effectively, the renal elimination of ['C] is
very important. It begins rapidly (after 5 min), with the ap-
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pearance of a high radioactivity in urine, and is achieved
between the 12™ and 24% hours. These observations were
confirmed by the studies of urinary excretion of MISO
and metabolites in mice [28, 29] and were rather similar to
results obtained with other xenobiotics, such as L-
(1,2-ethyl-['"*C])ethionine [7]. Fecal excretion is also very
significant, since 48 h after injection trace amounts of ra-
dioactivity are still present in the cecal and rectal contents.

Koch et al. [13] showed the role of the intestinal flora
in the metabolism of misonidazole. The radiation sensitiz-
er misonidazole is metabolized to its derivative 1-(2-amin-
oimidazole-1-yl)-3-methoxypropan-2-ol in pure or mixed
cultures of the intestinal microflora. This metabolite ap-
pears in the excreta of conventional rats, but is not detect-
able in the excreta of germfree rats. Thus, its formation ap-
pears to be due to the activity of the intestinal flora both in
vivo and in vitro. In addition, the flora can liberate ['*CO,)
{rom 2-["*C]misonidazole, and it appears that 1-(2-aminoi-
midazol-1-yl)-3-methoxypropan-2-ol and urea are interme-
diates in this metabolic pathway.

This fecal excretion is a result of the biliary elimination
demonstrated in mice. The results obtained in mice show
that this elimination appears early; maximum elimination
appears after 2 h and is complete after 24 h. Under these
conditions, an enterohepatic cycle probably does not exist.

We noted the presence of the isotope in the central ner-
vous system and in various glands, e.g. hypophysis, thy-
roid, pancreas, spleen and adrenal gland, but not in carti-
lage. This result is very different from that yielded by the
work of Langler et al. [14], who showed that rabbit ear car-
tilage had a misonidazole concentration 70% that of blood.

The fixation of misonidazole or its metabolites in the
central nervous system, also established with a conven-
tional HPLC technique [1, 30], might be related to severe
neuropathies which have been described in humans [26].
This neurotoxicity has been the main limiting factor in
clinical trials. While the exact mechanism of misonidazole
toxicity is unknown, it has been suggested, as for other ni-
tro-aromatic compounds, that it is due to the reduction of
the nitro group to a reactive metabolite [11, 27].

In sarcoma-bearing animals the presence of tumor
does not modify the distribution of the isotope within the
rat body. However, tumor content is persistent, and 12 h
after injection tumor concentrations are elevated. The iso-
tope is present not only at the periphery of the tumor but
also in the core. Some variations in isotope activity have
been found within the tumor and are also described by
other authors [2, 4]. This could be related to the hypoxic
state within the tumor. Chapman et al. [5] administered
{14C]-labeled MISO to tumor-bearing mice and analyzed
the pattern of binding by autoradiography. The rate of
binding to intact cells within a few cell layers of necrotic
regions was always much greater than that to cells further
from necrosis or to necrotic material. In another work,
Franko and Chapman [10] found that the rate of binding
to chronically hypoxic cells at the edge of the necrotic cen-
tre was 20 times less than the similar cells in other sphe-
roids made maximally hypoxic with N,.

The various data obtained in this autoradiographic
study give some idea of the distribution of [*C]misonida-
zole in the body of rats and mice. This study emphasizes
the importance of hepatic, renal, and intestinal tissues in
the metabolism and excretion of this hypoxic cell radio-
sensitizer.
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