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The effect of association of hyperthermia with the anti-
inflammatory drug rhein (RH), 4,5-dihydroxyanthraqui-
none-2-carboxylic acid, on the clonogenic activity of
human glioma cells has been examined. RH inhibits neo-
plastic growth mainly through an ATP depletion, but
thermal cell killing is not mediated by the drug-induced
changes in the energy status of the cell. The analysis of
the interaction between RH and hyperthermia, performed
with the isobolar method, demonstrates an additivity of
the response so that the effectiveness of the combined
treatment is the result of two independent effects.
Although the effect of this combination is purely additive,
RH allows us to achieve a pre-established cell killing with
exposure times at 42°C, which is generally accepted
to be clinically achievable. RH might, therefore, be
employed to reduce the side effects of hyperthermia
without impairing its therapeutic effectiveness.
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introduction

It is well known that exposure to supranormal
temperatures can determine the regression of cancer
in animals models and in humans,' although the
basic mechanisms underlying heat-induced cell
death are almost unknown and the clinical therapeu-
tic index remains low.'” In spite of the claimed
inherent greater thermosensitivity of neoplastic
cells,>* it has been demonstrated that there is very
little difference in intrinsic heat sensitivity between
transformed cells and their normal counterparts.’
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The thermosensitivity of mammalian cells de-
pends on several factors such as cell cycle phase,
extra- and intracellular pH,>” ability to maintain the
energy equilibrium, etc. The capacity to continue
energy production by either oxidative or glycolytic
metabolism is a fundamental prerequisite for cell
survival at elevated temperatures.® ' The possibility
of maintaining the energy sources clearly depends
on the functional integrity of glycolysis and termi-
nal respiration so that it should be possible to
enhance the sensitivity of neoplastic cells to hy-
perthermia through the modulation of their energy
metabolism.

Clearly, the modulating agent, in order to be
useful for clinical application, should be specific and
have a low general toxicity; in this respect, one of
the most promising compounds is rhein (RH), an
anti-inflammatory drug currently employed in clini-
cal use.'?

Previous reports from this laboratory have de-
monstrated that RH affects the energy metabolism
of neoplastic cells by inhibiting respiration, and
both aerobic and anaerobic glycolysis.”> The de-
crease in the oxygen consumption lies in the inhibi-
tion of electron transport at the dehyvdrogenase-
coenzyme level," whereas the lower lactate produc-
tion depends on a reduced glucose uptake."” The
impairment of the energy-vielding pathways
brought about by RH in neoplastic cells results in
an inhibition of their biosynthetic processes'™'* and
growth,'” as well as in a potentiation of the cytotox-
ic effect of other antiblastic drugs."

Experiments were, therefore, undertaken to ex-
amine the potential role of RH in enhancing the
cvtotoxicity of hvperthermia in the human glioma
cell line in ritro.
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Materials and Methods

Cells

The cell line used throughout the experiments was
established from a surgical specimen of a glioblasto-
ma multiforme.!” The cultures were maintained at
37°C in a humidified atmosphere of 5% CO,-95%
air in RPMI medium (Gibco) supplemented with
2mM glutamine, antibiotics and 10% fetal calf
serum. In the exponential growth phase the plating
efficiency was 50-60%.

Drug

RH, kindly supplied by Dr Vittorio Behar, Proter
Laboratories, Opera, Milan, Italy, was dissolved in
sterile quartz bidistilled water immediately before
use. The solution was sterilized by filtration
through a 0.22 ym filter (Millex GV, Millipore,
Molsheim, France).

Hyperthermic treatment and survival
studies

For these experiments 1 x 10° cells were plated in
25 cm? culture flasks (Corning). On the fifth day of
culture, i.e. during the exponential phase of the
growth, an amount of freshly prepared drug solu-
tion, to obtain the established concentration, was
added to the flasks. Exposure was always 24 h.
The hyperthermic treatment was performed by
horizontal immersion of sealed 25 cm?® flasks in a
thermostatically controlled, constant temperature,
stirred water bath accurate to +0.1°C for the
established time. Combination studies of RH with
hyperthermia were carried out by heating the cells
for the established period of time. The medium was
then removed and replaced for 24 h with that
containing the established RH concentration. To
investigate the role of treatment schedule, the cells
were exposed to the drug for 24h before hy-
perthermic treatment. At the end of incubation the
medium was discarded, the cells detached from the
plastic surface by 0.02% EDTA for 1 min and
counted (Coulter Counter, Model ZM). Known
aliquots of cell suspension were dispersed into
80 mm plastic Petri dishes (five dishes for each
point) so that colonies would appear after 8-10
days.
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Data analysis

The analysis of the interaction of RH and
hvperthermia was performed by the isobolar
approach, a method which is supposed to offer a
general solution to the problem of interaction with-
out invoking mechanisms of action.'™*?!

Assay of protein synthetic activity

To evaluate the effect of RH on protein synthetic
activity, cultures, during the last hour of exposure
to the drug or of hyperthermic treatment, were
pulse-labelled with 50 uCi of 1-[**S]methionine
(specific  activity = 1000 Ci/mmol). Monolayers
were washed 3 times with cold Ca®*- and Mg?*-free
phosphate-buffered saline. The cells were detached
with EDTA, harvested by low speed centrifugation
and lysed by vigorous stirring in a detergent-
containing low salt buffer {10 mM Tris—-HCIl, pH
7.6; 10 mM NaCl; 4 mM MgCl,; 0.2 mM phenyl-
methylsulfonyl fluoride (PMSF) and 0.5% NP-40].
Cell lysates were clarified by centrifugation (5000 g,
5 min) and stored at —80°C.

Polyacrylamide gel electrophoresis
(SDS-PAGE)

Aliquots of cell lysates corresponding to about
30 000 c.p.m. were mixed with an equal volume of
2 times Laemmli sample buffer and analyzed by
one-dimensional electrophoresis on 10% polyacryla-
mide slab gels according to Laemmli*®. Runs were
carried out for 6 h, at 10 mA/slab. The gels were
embedded with DMSO/PPO, dried and exposed to
a Kodak-X-ray film, for 3-5 days, at —80°C, with
intensifier screens.

Resuits

Figure 1 shows the effect of 24 h of treatment with
RH on the clonogenic activity of human glioma
cells. The curve, fitted with the multitarget model,
has an initial small shoulder followed by an expo-
nential decrease. The values of D, and #, 13.7 and
2.2, respectively, are very similar to those previous-
ly reported,' thus indicating that no significant
modifications in the proliferating activity of this cell
line occurred.

The effect of temperature from 40 to 44°C on
survival of human glioma cells is shown in Figure
2. The curves, at all temperatures tested, are
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Figure 1. Dose-response curve for exponentially growing
cultured human glioma cells exposed to graded doses of
RH. The duration of exposure was 24 h. Every line on the
vertical bars represents a value of a single experiment.
The fitting of the curve was performed with the muititarget
model.

characterized by a logarithmic decrease in the survi-
val fraction as a function of the exposure time. The
effect of hyperthermia on cell survival is strictly
related to the temperature, as demonstrated by the
fact that the value of D, strongly decreases with the
increase of temperature (Dy: 2 X 10° min at 40°C
and 32.6 min at 44°C).

To establish the type of interaction, i.e. additive,
synergic or antagonist, between RH and heat, the
isobologram method was employed.'® ?' The clono-
genic activity was evaluated by varying both drug
concentration and heating time at 42°C, and by
assessing the capacity of each combination to
achieve a pre-established cell killing.
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Figure 2. Survival of exponentially growing cultured hu-
man glioma cells exposed to A 40", B 42 or C 44°C for
varying periods of time. Every line on the vertical bars
represents a value of a single experiment. The fitting was
performed with the exponential model.
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Figure 3. Concentration of RH and heating time at 42°C
alone or in combination to obtain 30% survival of expo-
nentially growing cultured human glioma cells. The cells
were treated for 24 h with the established RH concentra-
tion then followed by the hyperthermic treatment and vice
versa. No differences in the response to the two treatment
schedules were seen. The upper and lower lines show
the zero interaction region. Each combination was re-
peated at least four times. The error bars are within the
closed circles.

Figure 3 shows that 30% survival is obtained
either with 25 ug/ml or with 240 min of exposure
at 42°C. All combinations tested are clearly additive
as demonstrated by the experimental points located
in the zero interaction region, or on the straight
line joining the concentration of RH and the time
of heat exposure that, when given alone, produce
the same effect as that in combination.

Furthermore, to verify whether the schedule of
treatment might influence the type of response, the
cells were previously exposed to the established RH
concentration and then to the hyperthermia. As
shown in Figure 3, identical results have been ob-
served, thus indicating that neither the extent nor
the type of the response are affected by the treat-
ment schedule.

It is well known that in a variety of cells the
exposure to supranormal temperature (heat shock)
induces or enhances the synthesis of a specific group
of heat shock proteins.”> The synthesis of these
proteins is also observed when cells are exposed to
other stimuli** ** or when there is an imbalance of
the energy metabolism.”*® In particular, in many
cultured cells severe impairment of respiration is
one of the early critical biochemical events induced
by cell exposure to heat or to other stress stimu-
123

Because of the ability of RH to interfere with the
energy metabolism of the neoplastic cell, experi-
ments were undertaken to ascertain whether the
drug was able to modifv gene expression. The

Anti-Cancer Drugs+ 1ol 31992 409



A Florid: et al.

1 2
MRiIOT IR ™

-
-
| B3
 [341

3 Q=

Figure 4. SDS-PAGE analysis of [**S]methionine-labeiled
polypeptides synthesized in exponentially growing hu-
man glioma cells heated at 42°C for 4 h (line 2) or treated
with 20 ug/ml RH for 6, 18 and 24 h (lines 3, 4 and 5,
respectively). Line 1 refers to control. The respective M,
values are reported on the left side of the figure.

results shown in Figure 4 clearly demonstrate that
exposure of the human glioma cells to 42°C for up
to 4 h induces the synthesis of a protein band of
M, = 72 000. However, in the cells treated with
20 pg/ml RH the overall protein pattern remains
essentially unmodified with only minor modifica-
tions in the rate of synthesis of a few polypeptides
even if the treatment was extended for 24 h.

Discussion

The data reported here indicate that the effective-
ness of the combined treatment does not depend on
an interaction between RH and hyperthermia but is
the result of two independent effects, as clearly
shown by the additivity of the response. In fact, the
experimental points of all the combinations tested
fall within the zero interaction region with an
interaction index very close to 1 (Figure 3)."

RH inhibits the growth of neoplastic cells in
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ritro' "'® but with an effect strictly related to the time
of exposure. An exposure time of 4-6 h does not
significantly affect the survival' that, on the con-
trary, is strongly reduced by 24 h of treatment
(Figure 1). This clearly indicates that the inhibition
of neoplastic growth by RH does not depend on
impairment of the replicative processes but, on the
basis of its mechanism of action, ! is attained
mainly through ATP depletion. Therefore, the ex-
perimental protocols currently employed in the
screening of anti-mitotic drugs may be unsuitable
to display the anti-tumor activity of agents which
act with different mechanisms, e.g. on energy meta-
bolism.

Human glioma cells are highly dependent on
glycolysis for their ATP supply™ so that RH, by
inhibiting glucose uptake'’, as well as oxidative
phosphorylation,'* drastically lowers the adenylate
energy charge.'”'® This reduced ATP availability
affects several metabolic processes, such as ion
balance, nucleic acids metabolism, and protein and
fatty acids synthesis, thus leading to an altered
morphological and functional state of the cell. Such
alterations can be reversed even though ATP has
been low for several hours; only after 18-24 h do
these changes become irreversible.* Nevertheless,
the drug-induced changes in the energy status ob-
served in the present cell line, although drastic,'
do not appear to mediate thermal cell killing. If so,
a lower thermosensitivity should have been ob-
served when drug treatment was performed after
hyperthermia.

These results are in agreement with those of
Calderwood e# al.® who found that, in nutritionally
adequate media, the decrease in the adenylate energy
charge did not mediate the thermal cell killing
which occurs before any significant reduction of the
adenylate pool. However, Henle ¢ a/.* found no
reduction of the ATP level in Chinese hamster
ovary cells after hyperthermic treatment at either
41.5 or 45°C, whereas the cell survival was reduced
up to 3 orders of magnitude.

Nevertheless, although in this experimental mod-
el the effect of the combination of hyperthermia
with RH is purely additive and not synergic, it is
worthy of mention that the combined treatments
allow us to achieve a pre-established cell killing
with exposure times (1-2 h) and with a temperature
(42°C) generally accepted to be clinically achievable.
If such an effect should also occur iz vive the use of
this association, considering also the very pootr
systemic toxicity of RH, might reduce the side
effects of hyperthermia without impairing its ther-
apeutic effectiveness.
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