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The radiosensitizing effect of misonidazole after hyperthermia was investigated in C3H mammary
carcinoma. The tumors transplanted into the flanks of the mice were heated in a 42.3°C water bath
for 30 min. When misonidazole was administrated before heating, the subsequent radiation effect
was prominently enhanced, whereas postheating administration of misonidazole did not enhance
the radiation effect significantly. The effect of varing the time between heating and radiation with
or without misonidazole was as follows. Without misonidazole, the radiation effect was decreased
at 6 hours after heating but increased at 12 hours, then it returned to the initial level at 24 hours
and remained until 96 hours after heating. With misonidazole administered 30 min before irradia-
tion, the radiosensitizing effect was observed at 24, 48 and 96 hours after heating. However, the
total effects of this procedure were almost the same as the results in the combination without heating.
Changes in the hypoxic fraction after hyperthermia are also discussed.
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INTRODUCTION

It is known that hyperthermia enhances the ef-
fect of many drugs and radiation on mam-
malian cells (3, 4, 5, 12, 17). Recently, hyper-
thermia has been applied in the treatment of
cancer together with radiotherapy and
chemotherapy (8, 10, 11, 15, 18). In these cases,
one of the most important problems is the time
and order of application of drugs or radiation
and hyperthermia to obtain maximum effec-
tiveness against tumors.

Hyperthermia alters the blood flow in most
tumors (1, 17). Song et al. (16) reported that
43.5°C for 30 min decreased blood flow and in-
creased the hypoxic fraction in SCK mammary
tumors at 5 to 24 hours after heating. It is
suspected that the changes in blood flow caus-
ed by hperthermia have an influence on the ef-
fect of drugs or radiation.

Misonidazole is known as a hypoxic cell
radiosensitizer and is considered to reach
hyposxic cells situated far from capillaries (2, 6).

Although 5 mM of misonidazole is cytotoxic for
hypoxic cells, it has neither a cytotoxic nor a
radiosensitizing effect on aerobic cells in vitro
(7, 14, 20). The radiosensitizing effect of
misonidazole has been potentiated by concomi-
tant use with hyperthermia (9, 19, 21).
However, the effect of misonidazole after
heating is not known.

The above effect was studied and the most
effective time of radiation was determined after
heating using the growth delay assay in C3H
mammary tumors. Heating at 42°C for 30 min
was chosen, taking into consideration the easy
applicability of clinical hyperthermia.

METHODS AND MATERIALS

Animals and tumors: Male C3H/He mice ob-
tained from Takasugi Inc. were used. They
were fed under normal conditions and used in
the experiment at 6—8 weeks of age. FM3A
mammary carcinoma that arose spontaneous-
ly in C3H/He mice was adapted for in vitro
growth and was maintained according to con-
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ventional techniques. Two to 6X 105 cells
suspended in saline were injected subcutaneous-
ly into the flanks of the mice. After 4—10 days
the tumors became palpable, and their three-
dimensional diameters were measured 3—4
times per week.

Heating of tumors: When the tumors grew
to 8—9mm in mean diameter, heating pro-
cedures were carried out with a water bath. The
mice were not anesthetized through this study.
They were immobilized with tape on a styro-
foam board. The right leg and the flank with
the tumor were passed through holes in the
board and the leg was fixed with tape. The
tumor was pulled vertically by the sinker tied
with thread to the skin near the tumor. When
the temperature of the water bath was kept at
42.2-42.4°C, the tumor was heated to 42.0-
42.2°C within 3 min. The tumor temperature
was monitored during heating with thermocou-
ple microprobes (Bailey Instruments, Inc., Sad-
dle Brook NJ.). Body temperature as measured
rectally was raised about 1°C. Using an elec-
tric fan, steam was blown over the surface of
the water during heating. Total heating time
33 min. Misonidazole was injected
peritoneally at various time intervals after
heating.

Misonidazole: 1-(2-nitro-1-imidazolyl)-3-
methoxy-2-propanol was provided by Roche
Products, Ltd. It was dissolved in 0.9 per cent
NaCl to give 20mg per mf. One mg of
misonidazole per gram of body weight was ad-
ministered intraperitoneally 30 min before
irradiation.

was

Irradiation: The mice with tumors injected
or not injected with misonidazole were ir-
radiated with Co-60 teletherapy units (Thera-
thron 780, Canada) at 0.5, 6, 12, 24, 48, or 96
hours after heating. They were immobilized
with tape on 5-mm aklyl board, and the tumors
were pulled from the abdominal wall gently
with the tape. The tumors were irradiated
through the board at doses of 10, 20 or 30 Gy.
Dose rate was 2.33 to 2.04 Gy/min at 45cm of
source-skin distance, and the field size of ir-
radiation was 4.5 X 4.5cm?.

Assay: The effects of various treatments were
determined by the duration of growth from 7
to 1lmm in mean diameter (Fig. 1). An in-
crease in diameter from 8mm (on the treatment
day) to 11mm meant an almost twofold increase

in volume. Few tumors regrew to 1lmm in
diameter after 60 days, and these were not in-
cluded in the growth delay assay. The mice with
cured tumors at 60 days after treatment surviv-
ed without recurrence until sacrifice at 120
days.

Treatment designs: (1) Radiation dose-
growth time in relation to hyperthermia and ir-
radiation with or without misonidazole. When
misonidazole was used, it was administered im-
mediately after heating, and varying doses of
irradiation were given at 30 min after heating.
2) Influence of the sequence of misonidazole ap-
plication. Twenty Gy of irradiation was given
within 30 min after heating. Misonidazole was
administered immediately before or after
heating. 3) The effect of irradiation with or
without misonidazole at varying times after
heating.

In total, six experiments were carried out in
each group with almost the same composition,
especially in the comparative experiments. Six
to nine animals were used in each group.

RESULTS

Fig. 1 shows typical examples of various
growth curves: untreated, irradiated with 20
Gy, head at 42°C for 30 min with or without
20 Gy of irradiation, and combined heating,
irradiation and 1.0 mg/g misonidazole ad-
ministered either immediately before or after
heating. Although heat alone did not greatly
affect growth curves, the radiation effect was
enhanced by the combination with heating.
Preheating administration of misonidazole
potentiated the combined effect of heat and
radiation.

Fig. 2 shows the dose versus growth time
curves (the time nesseary to grow from 7 to
11mm in mean diameter) for irradiation alone
and for irradiation combined with misonidazole
and/or hyperthermia. In the case of irradiation
alone, the curve shows a straight line with a
mild shoulder at low doses of radiation. When
hyperhermia was followed by irradiation, the
curve became steeper than that of irradiation
alone. Hyperthermia alone prolonged growth
time to about two days (Table 1). These results
indicate that hyperthermia sensitizes the radia-
tion effect. When misonidazole was ad-
ministered immediately after heating and
before irradiation, the curve showed little dif-



ference from the curve for the combination of
hyperthermia and radiation without
misonidazole. Also, its combination did not ex-
ceed the effectiveness of the combination of
radiation and misonidazole without hyperther-
mia (Fig. 2). However, when misonidazole was
administered immediately before heating and
radiation, a remarkable effect was observed.
This differed significantly from the effects of
the administration of misonidazole after
heating, as shown in Table 1 (p<0.01). These
results indicate that misonidazole might lose its
effectiveness if administered after heating.

Fig. 3 shows the changes in the effect of ir-
radiation with or without misonidazole at 12 to
96 hours after heating. The observed data
varied greatly with each group (Fig. 3), but
these curves were drawn by the least square
method. The dashed lines represent the dose-
response curves by iradition at 0.5 hour after
heating. The curve for the 12-hour interval bet-
ween heating and irradiation was steeper than
that of the 0.5-hour curve, but the dose-effect
curves at 24 to 96 hours after heating were
almost the same as that of the 0.5-hour curve.
In Fig. 4, the various time-interval results are
illustrated. These were calculated from the data
in Fig. 3. The radiation effect was minimized
at 6 hours and increased at 12 hours after
heating. From 24 to 96 hours after heating, the
effect was decreased again and became almost
the same as the effect at 0.5 hour after heating.
Compared with radiation alone, potentiation
by hyperthermia was observed even after a
96-hour interval. The combined effect of radia-
tion and misonidazole was obtained after more
than a 12-hour interval, and the effect was
almost equal to the values obtained from the
combination of the same dose of radiation and
misonidazole without heating. When
misonidazole was added in addition to the com-
bination of heat and radiation, the effect of
misonodazole was less prominent at 0.5 and 12
hours after heating, but became obvious from
24 to 96 hours after heating.

DISCUSSION

It is well known that hyperthermia enhances
the effect of radiation in vitro and in vivo. The
degree of enhancement depends on the se-
quence of their combination (3, 4, 16). In
general, the effect decreases when the interval
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betweeen irradiation and heating is long. One
reason may be a decay of the potentiation of
the radiation effect by heat. Another reason
may be an increase in hypoxic cells induced by
hyperthermia. Song et al. (16) reported an ef-
fect on the proportion of hypoxic cells in SCK
mammary tumors by heating at 43°C for 30
min. The hypoxic fraction increased at 5 hours
after heating and decreased thereafter. The in-
crease in the hypoxic fraction may be attributed
mainly to vascular occulusion, and the diminu-
tion in the hypoxic fraction from 5 hours after
heating was accounted for by an increase in the
oxic cell number. They analyzed the hypoxic
fraction in tumors using radiation survival
curves of aerobic and hypoxic tumors. We
estimated the hypoxic fraction using the hypox-
ic cell radiosensitizer misonidazole. The ad-
ministration of 1mg/g misonidazole is estimated
to produce about 0.5 to 0.75 mM of
misonidazole concentration in this tumor (13).
Aerobic cells are not affected at this concen-
tration in vitro. From the enhancement of
misonidazole, the fraction of hypoxic cells could
be estimated, assuming that misonidazole was
always fully incorporated in the hypoxic cells
and the interaction between misonidazole and
hyperthermia was negligible.

However, it is known that the effect of
misonidazole is also sensitized by hyperthermia
(9, 19, 21). When misonidazole was ad-
ministered before hyperthermia, the effect on
tumor response was prominently enhanced. But
the enhancement of misonidazole immediately
after hyperthermia is lower that of misonidazole
without hyperthermia (Fig. 2). This may be ac-
counted for by the fact that hyperthermia after
the administration of misonidazole enhances
the uptake of misonidazole into cells due to in-
creased blood flow, while hyperthermia before
misonidazole inhibits the uptake into the cells
as a result of decreased blood flow by hyper-
thermia. It is difficult to estimate the hypoxic
fraction using the hypoxic radiosensitizing ef-
fect of misonidazole when used with short in-
tervals of hyperthermia.

Changes in blood flow produced by hyper-
thermia have been reported in many tumors (1,
17). Hyperthermia reduces blood flow in most
tumors. Bicher and Vaupel (1), using an
ultramicroprobe, reported that hyperhermia
over 41°C decreased oxygen concentration in
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C3H mouse mammary carcinoma. Stewart and
Begg (17) studied changes in perfusion after
42.5°C for lhr using the 86Rb extraction
technique. They observed a reduction low for
1-2 days before returning to control values.
Hasegawa et al. (to be published) have observ-
ed changes in blood flow at 42°C in CH3 mam-
mary carcinoma. Decreased blood flow im-
mediately after hyperthermia returned to its in-
itial level after 12 hours. In our study, when
radiation was given after heating, the effect
decreased at 6, 24, 48, and 96 hours and in-
creased at 12 hours. However, when
misonidazole was added before irradiation, the
sensitizing effect of misonidazole was prominent
from 24 to 96 hours, but the effect at 12 hours
was almost the same whether misonidazole was
present or not. Therefore, even if misonidazole
were taken in the hypoxic cells after 12 hours,
increments in radiation effect at this time would
be due to reoxygenation. After 24 hours, it is
considered that misonidazole is taken into
hypoxic cells because of the high enhancement
effect by misonidazole, and it is suggested that
this effect represents the misonidazole-sensitized
hypoxic cell fraction. The hypoxic fraction
from 24 to 96 hours after heating would be less
than that in untreated tumors if hypoxic cells
in heated tumors had the same enhancement
ratio from misonidazole as that in unheated
tumors. These events may be accounted for as
follows. Although hyperthermia might kill
hypoxic cells, occlusion of the blood vessels in
a tumor would produce another hypoxic cell
fraction at 6 hours after heating. Then reox-
ygenation might occur due to repair of the
blood the flow or death of cells after 12 hours,
and hypoxic cells might repopulate from 24
hours after heating.

Estimation of the hypoxic fraction by using
a hypoxic radiosensitizer is inaccurate because
of the influence of hyperthermia, especially at
short intervals. Changes in the concentration
of misonidazole in tumors have been studied us-
ing a polarographic technique (13). The
presence of radio-resistant cells at 24 hours after
heating leads to the conclusion that there are
many hypoxic cells, and the combined use of
radiation with misondazole might kill these
cells, which are induced by heating. However,
the effect is almost the same as that obtained
by radiation and treatment of misonidazole

without hyperthermia. Also, the effect of
misonidazole at 12 hours after heating was lit-
tle, perhaps because of decreased blood flow by
hyperthermia. Thus when hyperthermia is
given beforehand, we should consider the se-
quence of the following radiation and
misonidazole treatments. Though misonidazole
administered immediately before heating led to
a prominent sensitizing effect on the tumor,
hyperthermia may enhance the normal tissue
response. Further investigation to resolve this
problem is necessary.

REFERENCES

1) Bicher HI, Hetzel FW, Sandhu TH, et al: Effects of
hyperthermia on normal and tumor microenviron-
ment. Radiology 137: 523-530, 1980.

2) Brown JM: Evidence for acutely hypoxic cells in mouse
tumours, and a possible mechanism of reoxygenation.
Br J Radiol 52: 650—656, 1972.

3) Durand RE: Potentiation of radiation lethality by
hyperthermia in a tumor model: Effects of sequence,
degree, and duration of heating. Int ] Radiat Oncol
Biol Phys 4: 401-405, 1978.

4) Field SB, Bleehen NM: Hyperthermia in the treatment
of cancer. Cancer Treat Rev 6: 63—94, 1979.
Hahn GM: Potential for therapy of drugs and hyper-
thermia. Cancer Res 39: 2264-2268, 1979.

6) Hall EJ: In radiobiology for the radiologist.
Hagerstown, Md., Harper & Low 1978, 188pp.

7) Hall EJ, Roizin-Towle L: Hypoxic Sensitizers:
Radiobiological studies at the cellular level. Radiology
117: 453-457, 1975.

8) Hiraoka M, Abe M: In modification of radiosensitivi-

ty in cancer treatment. Japan, Academic Press, 1984,

365pp.

Hoffer KG, Hoffer MG, Ieracitano ] and McLaughlin

WH: Radiosensitization of hypoxic tumor cells by

simultaneous administration of hyperthermia and

nitroimidasoles. Radiat Res 70: 362—377. 1977.

10) Larkin JM: A clinical investigation of total-body hyper-
thermia as cancer therapy. Cancer Res 39: 22522254,
1979.

11) Manning MR, Cetas TC, Miller RC et al.: Clinical
hyperthermia: Results of a phase 1 trial employing
hyperthermia alone or in combination with external
beam or interstitial radiotherapy. Cancer 49: 205-216,
1982.

12) Marmor JB: Interactions of hyperthermia and
chemotherapy in animals. Cancer Res 39: 22692276,
1979.

13) Ohizumi Y, Maezawa, H, Murayama C and Mori T:
Polalographic measurement of Misonidazole in mouse
mammary tumors. Tokai J Exp Clin Med 9: in press,
1984.

14) Pettersen EO: Radiosensitizing and toxic effects of the
2-Nitroimidazole Ro-07-0582 in different phases of the
cell cycle of extremely hypoxic human cells in vitro.
Radiat Res 73: 180-191, 1978.

15) Raymond U, Noell KT, Woodward KT et al.:
Microwave-induced local hyperthermia in_combina-
tion with radiotherapy of human malignant tumors.
Cancer 45: 638-646, 1980.

16) Song CW, Rhee JG and Levitt SH: Effect of hyper-
thermia on hypoxic cell fraction in tumor. Int J Radiat

5

-

9

-



17)

18)

19)

Oncol Biol Phys 8: 851-856, 1982.

Stewart F, Begg A: Blood flow changes in transplanted
mouse tumors and skin after mild hyperthermia. Br
J Radiol 56: 477-482, 1983.

Storm FK, Harrison WH, Elliott RS and Morton DL:
Normal tissue and solid tumor effects of hyperthermia
in animal models. Cancer Res 39: 2245-2251, 1979.
Suyama S, Yabumoto E, Furinishi H et al.: Radiosen-
sitization of C3H/He mammary carcinoma by ad-
ministration of hyperthermia and/or of misonidazole.
Nippon Igaku Hoshasen Gakkai Zasshi 41: 998-1001,

20)

21)

MISO after Hypertermia— 335

1981.

Taylor YC, Rauth AM: Differences in the toxicity and
metabolism of the 2-nitroimidazole misonidazole
(Ro-07-058-2) in HeLa and chinese hamster ovary cells.
Cancer Res 38: 2745-2752, 1978.

Wondergem ], Haveman J, Schueren E, Hoeven H and
Breur K: Effect of hyperthermia and misonidazole on
the radiosensitivity of a transplantable murine tumor:
influence of factors modifying the fraction of hypoxic
cells. Int ] Radiat Oncol Biol Phys 8: 1323-1331, 1982.

Table 1 Response of 20 Gy irradiation for C3H
mammary carcinoma treated at various
sequences with misonidazole and/or
hyperthermia

Duration to regrow to
PcAm e 1lmm =+ s.e. in days
Untreated 52 = 0.6
Hy alone 7.1 £ 2.1
20Gy alone 13.7 =+ 2.3
Mis-20Gy 304 + 4.5
Hy-20Gy 249 + 10.8
Ht-Mis-20Gy 256 £ 6.3
Mis-Hy-20Gy 45.6 + 12.3
Hy : 42°C/30min.
Mis: 1.0mg Misonidazole
] Untreated
E Hy alone
v 20Gy alone
T -
[}
*&3 ——
e W f—~——~/7/—~/ 7/~~~ —77
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= -
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3 Mis—Hy—20Gy
p= 4
7 m
1 =Treatment
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Days
Fig. 1 Typical growth curves for C3H mammary carcinoma either un-

treated (control) or treated with 20 Gy irradiation, 42°C/30 min
hyperthermia with or without 20 Gy and/or 1.0 mg/g
misonidazole administered either immediately before or after
hyperthermia. Each treatment was carried out in tumors of 8mm
in mean diameter. The days needed for regrowth from 7 to 11mm
in mean diameter were used to measure the effectiveness of ex-
periments throughout this study.
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Fig. 2 Dose-response curves for control ( 4 ), misonidazole 30 min

before irradiation (X ), hyperthermia 30 min before ir-
radiation (®), and hyperthermia with misonidazole at 30
min before irradiation (©). Each point represents the mean
value and vertical bars represent standard error. (6—9
mice).
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Fig. 3 Dose-response curves for radiation with (©) or without misonidazole (®) at 12, 24, 48, and
96 hours after heating. The solid lines which are drawn by the least square method repre-
sent the dose-response curves by radiation without misonidazole at each hour after heating.
The dashed lines represent the dose-response curves by radiation with misonidazole at 0.5
hours after heating.
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Fig. 4 Changes in response to 20 Gy of radiation with or without misonidazole as

a function of time between heating and irradiation. The dashed lines repre-
sent 20 Gy of irradiation with or without misonidazole.





