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Abstract

The effects of cepharanthin (Ce), glycyrrhizin (G), verapamil (V), and G plus V on induced
thermotolerance in NIH3T3 cells were studied. Cells were heated with or without the drug at
45 degrees C for 20 min (the first heating), incubated at 37 degrees C for 12h (the incubation
period), and heated again at 45 degrees C for 0-210 min (the second heating). G and V were added
throughout the experiment, while Ce was added throughout the experiment or during only the first
or second heating, or the incubation period. The cells were harvested after the second heating to
evaluate cell survival. In control experiments without any drug, thermotolerance developed and
reached the highest peak in the cells incubated for 12h at 37 degrees C. However, thermotolerance
in the control cells was suppressed by incubating them at O degree C, but developed by subsequent
incubation at 37 degrees C. This suggests that the acquisition of thermotolerance by the cells
required metabolic processes during the incubation at 37 degrees C. When each drug was present
throughout the experiment, only Ce or the combined use of G and V was effective in reducing
thermotolerance. Thermotolerance was also suppressed in the presence of Ce during the second
heating. These results indicate that Ce reduces thermotolerance by enhancing thermosensitivity
rather than by inhibiting the development of thermotolerance.
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The effects of cepharanthin (Ce), glycyrrhizin (G), verapamil (V), and G plus V on
induced thermotolerance in NIH3T3 cells were studied. Cells were heated with or
without the drug at 45°C for 20min (the first heating), incubated at 37°C for 12h (the
incubation period), and heated again at 45°C for 0-210 min (the second heating). G and
V were added throughout the experiment, while Ce was added throughout the experi-
ment or during only the first or second heating, or the incubation period. The cells
were harvested after the second heating to evaluate cell surival. In control experi
ments without any drug, thermotolerance developed and reached the highest peak in
the cells incubated for 12h at 37°C. However, thermotolerance in the control cells was
suppressed by incubating them at 0°C, but developed by subsequent incubation at 37°C.
This suggests that the acquisition of thermotolerance by the cells required metabolic
processes during the incubation at 37°C. When each drug was present throughout the
experiment, only Ce or the combined use of G and V was effective in reducing
thermotolerance. Thermotolerance was also suppressed in the presence of Ce during
the second heating. These results indicate that Ce reduces thermotolerance by enhanc-
ing thermosensitivity rather than by inhibiting the development of thermotolerance.

Key words :

Heat-induced thermotolerance raises serious
problems in clinical hyperthermic treatment
because it reduces the hyperthermic effects of
subsequent heating. At present, thermotherapy
is restricted to less than twice a week due to the
development of thermotolerance. Therefore, it is
important to discover effective substances to cope
with acquisition of heat resistance by tumors in
order to give move frequent thermotherpy.

* To whom correspondence should be addressed.

thermotolerance, hyperthermia, cepharanthin, glycyrrhizin, verapamil

A transient thermotolerant survival response
in Hel.a cells was first reported in witro by
Gerner et al. in 1976 (1). Since then it has been
found that thermotolerance is also induced by
ethanol, sodium arsenite and other drugs (2,3)
and its development is inhibited by cycloheximide
and D,0 (4-6). Several pieces of evidence sug-
gest that cell membranes are one of the heat
sensitive targets (7-9).

Cepharanthin (Ce), glyeyrrhizin (G), and ver-
apamil (V) have been reported to cause functional
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alterations in the transport of ions, fluidity or the
activity of enzymes in cell membranes (10-14).
Uda et al. observed that Ce inhibited ther-
motolerance in V=79 cells (15), but they did not
clarify the mechanism of its inhibition.

Kuroda et al

In this study, we investigated the inhibitory
effects of Ce, G and V, which have some com-
mon effects on cell membranes for the develop-
ment of thermotolerance in NIH3T3 cells. The
study was designed to elucidate the mechanisms

Non-Drug Treated Group

(A)Thermotolerance at 37°C for Various Lengths
of Time

First Heating Incubation  Second Heating
45°C 20min | — | 37°C 0~72h | > | 45°C
1
€ (60 min)

(B)Thermotolerance under 3 Conditions

Second Heating

Incubation

First Heating

1. 37°C 3h
45°C 20min 2. 0°C 3h 45°C
3. 0°C3h+37°C3h
1
) (0, 10, 20, 30,
40, 50 min)

Drug Treated Group

(C)Cytotoxicity of drugs (ug/ml)

Incubation

37°C 0,1,2.3, 4,11 days | ®
1

Ce(0,0.5,0.8,1,10)

G(0, 10, 100)

V{0, 1,9

(D)Synergistic Effect of Heat & Drugs (r g/ml)

Heating

®

37,41, 43, 45,47°C 30min

1
Ce(0, 1,5, 10)
G (0,10, 100)
v(0,1,5)

Heating

45°C 0,5, 10, 15, 20, 25, 30, 35, 40min

1
Ce(0,10)
G(0, 10, 100)

Fig. 1
survival.

Schema of the present experiments. Ce: cepharanthin,

(E)Drug (ug/ml) Effects on Thermotolerance

First Heating incubation Second Heating
®10, 20, 30, 40,
45°C 20min | — 1 37°C 120 | — | 45°C | < 60,90, 120,
150, 180, 2190
() ) min)
------------- Ce(10) —------777mC
------------ G(10,100) ~=-----"777C
------------ V(1,5) -~----mmmmmooo
------------ GQ10)+V(5) -~
First Heating Incubation Second Heating
®(0, 20. 30, 40,
45°C 20min | — ’3??3 12h \—* 45°C | < 60,190,120,
150, 180, 210
i min)
1. Ce(10) - -
1
2. - Ce(10) -
3. - - Ce(10)

G: glycyrrhizin, V: verapamil. ®: evaluation of treatments for cell

http://escholarship.lib.okayama-u.ac.jp/amo/vol 46/iss3/1



Kuroda et a.: Cepharanthin Reduces Thermotolerance by Enhancing

Inhibition of Thermotolerance

of inhibition of thermotolerance by Ce.

Materials and Methods

Cells and culture.  NIH3T3 cells (a mouse
fibroblast cell line) were maintained in Dulbecco’s
modified Eagle medium (Nissui Pharmaceutical Co.,
Ltd., Tokyo, Japan) supplemented with 10 % bovine calf
serum (Hyclone Laboratories, Inc., Utah, USA), 100
ug/ml streptomycin (Meiji Seika Kaisha, Ltd., Japan)
and 100units/ml penicillin (Meiji). Then 2 X 10° cells
were seeded in 5ml medium in a 25em* screw-topped
polystyrene culture flask (Becton Dickinson and Com-
pany, New Jersey, USA) and cultured in a CO, incuba-
tor (Sanyo Electric Co., Ltd., Osaka, Japan) with 95 %
air +59% CO, at 37°C. The screw-top of the flask was
loosened during incubation of the culture. When the
exponentially growing cells formed a monolayer in 24h
after seeding, experiments were started.

Heat treatment.  Heat treatment was carried out
by immersing the flask containing the cells in a
temperature-regulated water bath (Taitec Co., Saitama,
Japan) preset at 37-47°C. The temperature was
maintained within an error of £ 0.05°C.

Drugs. Ce (Kaken Shoyaku Co., Ltd., Tokyo,
Japan), G (Minophagen Pharmaceutical Co., Tokyo,
Japan) and V (Eisai Co., Ltd., Tokyo, Japan) were
diluted with distilled water and added to the medium to
the final concentration indicated in each experiment.

Cell survival.  Cell survival was determined by the
colony forming ability of the cells. The cells, which were
dispersed with trypsin (Difco Laboratories, Inc., Mi-
chigan, USA), were seeded in 5ml medium in a 60 X 15
mm style tissue culture dish (Becton) at concentrations of
10%, 10° and 10*/dish, followed by incubation in a CO,
incubator for 11 days. After incubation, viable cells were
fixed with 10 % formaldehyde solution, and stained with
10% Giemsa stain solution. Then cell survival was
evaluated by the mean number of colonies containing
more than 50 cells in three dishes under a phase contrast
microscope.

Cell treatment.  The medium was replaced before
the treatment with 5ml fresh medium prewarmed at 37
°C. The control cells were heated for 20min at 45°C (the
first heating), incubated for 0-72h at 37°C and heated
again for 60 min at 45°C (the second heating). They were
harvested during the second heating to evaluate cell
survival (Fiig. 1A). The other control cells were tested by
incubation for 3h at 37°C (Group 1-37) or 0°C (Group

Produced by The Berkeley Electronic Press, 1992

149

2-0) after heating. The cells in Group 2~0 were further
incubated for 3h at 37°C (Group 3-0/37). The cells in
each group were heated again for 0~50min at 45°C, and
harvested at 10min intervals to study thermotolerance
(Fig. 1B). After each experiment, cell survival was
evaluated as described above.

Drug cytotoxicity of Ce, G or V was tested by
incubating cells at 37°C for 1-11 days. Then cell survival
was evaluated (Fig. 1C).

In the presence of Ce, G or V, the synergistic
effects of heat and drugs were tested by heating cells at
37-47°C for 30min or at 45°C for 0~40min. Then cell
survival was evaluated (Fig. 1D).

The inhibitory effects of Ce, G, V or a combination
of G and V on thermotolerance were examined (Fig. 1E).
Cells were heated for 20min at 45°C (the first heating),
incubated for 12h at 37°C and heated again for 0~210min
at 45°C (the second heating). The cells were harvested
during the second heating at 20-60min intervals to
evaluate cell survival. The effects of each drug were
tested in the presence of Ce, G, V or GV in combination
(5ml each) throughout the experimental period. Ce was
also tested during a specified period alone (the first or
second heating, or the incubation period). At the conclu-
sion of an experiment, each drug solution was eliminated
and cells were rinsed twice with flesh medium. Then cell
survivals were evaluated.

The evaluation of treatment. The cell survival
rate was corrected by the seeding efficacy of the controls.
The D, value, one of the criteria for evaluating cellular
thermosensitivity, was adopted in this study. It indicates
the treatment period (min) required to reduce the cell
survival rate by 1-1/e in an exponentially regressing
portion. The D, ratio, D, (control)/D, (with drugs),
was used to express the drug effects on thermotolerance.

Results

Thermotolerance. First, the mechanism of
development of thermotolerance was examined.
In the absence of Ce, V or G, strong ther-
motolerance developed in the cells incubated for 0
-72h at 37°C between the first and second
heatings. The best cell survival was found in the
cells incubated for 12h (Fig. 2A). The Dy ratio at
this time was 24.6, indicating the greatest ther-
motolerance. Thermotolerance developed in the
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Fig. 2 (Above) Development of thermotolerance in non-drug
treated cells. A. Thermotolerance was examined during the second
heating after 0, 6, 12, 18, 24, 30, 36, 42, 48 and 72h incubation at
37°C. The incubation was carried out between the first (20 min at
45°C) and second (60min at 45°C) heatings. The horizontal axis
indicates the period of incubation between the first and second
heatings at 45°C. B. Thermotolerance was examined in three
groups under three different conditions. (& £), Group 1-37 ;
(- ——_), Group 2-0; (@——M), Group 3-0/37. Conditions
of Groups 1-37, 2-0 and 3-0/37; See text. The horizontal axis
indicates the heating time of the second heatings at 45°C. Cells
were preheated for 20 min at 45°C. (O ), The second heat-
ing without incubation (control).

Fig.3  iLeft) Cytotoxicity by Ce. Ce. 0.5 ug/ml (_), 0.8ug/
ml (%), lgpg/ml(_7), 10xg/ml (M), Ce: cepharanthin. The
method of treatments is illustrated in Fig. 1C.
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Fig. 4

Synergistic effects of Ce and heat on cell survivals.

A. Cells were heated for 30min at various temperatures. Control ((), Ce-treated cells (1 xg/ml) (&), 5ug/mi) (L), and (10 g/ml)

(m).

B. Cells were heated at 45 °C for 10-40min . Control (), Ce-treated cells (10 #g/ml) (& ). Ce: cepharanthin. The method of treatments

is illustrated in Fig. 1D.

cells incubated for 3h at 37°C between heatings
(Group 1-37), but not in the cells incubated for 3
h at 0°C (Group 2-0) (Fig. 2B). Therefore,
there were conditions at 0°C which inhibited cell
metabolism and the development of thermotoler-
ance. However, thermotolerance was induced in
the cells incubated for 3h at 0°C with subsequent
3h incubation at 37°C (Group 3-0/37) (Fig. 2B).
These results indicate that specific metabolic
processes may be necessary for inducing ther-
motolerance during incubation.

Effects of drugs on cell survival. To exam-
ine cytotoxicity of Ce, G and V during incuba-
tion, each drug was added to the cells at the start
of incubation. Cell survival was examined after
incubation for 1, 2, 3, 4 or 11 days. During
incubation, Ce became more cytotoxic as its
concentrations and administration period in-
creased (Fig. 3). Neither G or V was cytotoxic
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during incubation. To examine the synergistic
effects of each drug during heating, each drug
was added to the cells at the start of heating. Cell
survival was examined after heating. When Ce
was added during heating, its cytotoxicity in-
creased with increases in the temperature and
drug concentrations (Fig. 4A), and with prolon-
gation of the heating time at 45°C (Fig. 4B). On
the other hand, when G (10 £g/ml) or V (1 and
5ug/ml) was added during heating, cytotoxicity
was not induced even when the temperature was
raised or the heating time at 45°C was extended.
The only exception was a slightly increased
cytotoxicity with G at a high concentration (100
pg/ml).

Drug effect on thermotolerance. 'The inhibi-
tory effects of Ce, G, V or a combination of G
and V on thermotolerance were examined. When

Ce (10 ug/ml) was added throughout the experi-
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Fig. 5 Inhibition of thermotolerance by drugs added throughout experimental periods. The cells were incubated at 37°C for 12h
between the first heating (20min at 45°C) and the second heating (0-210min at 45 *C). The horizontal axis indicates the heating time of
the second heating at 45°C. & 2, Heating twice without drugs (the first heating before incubation and the second heating after
incubation) as a control. A, Ce 10g/ml (LJ); B, G 10ug/ml (5), 100xg/ml (W); C, V 1xg/ml (0)), Sug/ml (W); D, G (10 e/
ml) and V (5xg/ml) in combination (J); Ce, G and V; See Fig. 1.
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Fig. 6

Inhibition of thermotolerance by Ce added during a specified period (the first or second heating, or the incubation). Treatment

procedures are the same as those described in Fig. 5 except for the period during which the drug was added. The horizontal axis indicates

the heating time of the second heating at 45°C. (&

/), Heating twice without Ce with the incubation as a control. (}

=

treatment with Ce (10 zg/ml) during the first heating (A), the incubation period (B) or the second heating (C). Ce: cepharanthin.

Table 1 D, values showing the effects of heat treatment at
45°C with or without drugs.

D, values (D, ratios)

Treatments .
(min)
First heat treatment
Without drugs 1.8
Ce 0.8 (2.3)
G 1.8 (1.0)

Second heat treatment
12h incubation after the first heat treatment

Without drugs 44.3

Ce (A+B+C) 12.8 (3.5)
Ce (A) 40.5 (1.1)
Ce (B) 39.8 (1.1)
Ce (C) 225 (2.0)
GA+B+O 21.8 (2.0)
VA+B+() 24.0 (1.8)
G+VA+B+( 12.8 (3.5)

Ce; cepharnthin (10 ug/ml), G; glyeyrrhizin (10 gg/ml), V;
verapamil (5 zg/ml) A, B and C indicate the times when the drug
was added: i.e., A, during the first hating; B, during the post-
heat incubation period; and C, during the second heating. D,
values (min) and D, ratios: See text.
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ment, thermotolerance induced during 12h post
heat incubation was suppressed (Fig. 5A). When
G (10 ug/ml) or V (5 g/ ml) was added through-
out the experiment, the thermotolerance induced
during 12h incubation was only slightly inhibited
(Fig. 5B, C). G (10ug/ml) and V (5ug/ml)
added together thoughout the experiment sup-
pressed thermotolerance as strongly as Ce did
(Fig. 5D). Ce did not mhibit induction and devel-
opment of thermotolerance during the first heating
and post heat incubation period, but inhibited it
during the second heating (Fig. 6).

D, values and D, ratios obtained from the
results in this experiment are summarized In

Table 1.

Discussion

Although the heating targets of cells have not
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been completely clarified, changes in the structure
and function of the cell membrane, inhibitions of
DNA and protein syntheses, and chromosomal
damage after heat treatment have been reported
(7,16,17). Procain, ethanol and amphotericin B,
which act on the membrane, are known to
enhance themosensitivity (8,18-20). These facts
suggest that the membrane is one of the heating
targets.

In our study, Ce was shown to enhance
thermosensitivity. Ce, a biscoclaurine alkaloid
extracted and refined from Stephania cepharanth-
a HAYATA, is known as an antihemolytic agent
against hemolysis caused by snake venom due to
its stabilizing effect on the cell membrane (21).
Ce acts on the membrane, incorporates into the
membrane (22) and decreases membrane fluidity
as does cholesterol (11,12). On the other hand,
an increase in membrane fluidity has been report-
ed to enhance thermosensitivity (18,23-25).
Therefore, the mechanisms of enhanced thermo-
sensitivity by Ce need to be further studied to
explain the role of membrane fluidity.

Not only heat, but also ethanol and sodium
arsenite induce thermotolerance and heat shock
proteins (2,3). Thermotolerance was modified by
inhibition of the metabolism in the cells kept at 0
°C or treated with cycloheximide and D,O during
the post heat period (4-6,26). Therefore, ther-
motolerance may be the result of certain metabolic
responses which occur in the stimulated cells
during the post heat period. Our results also
suggest that the cell metabolism plays an impor-
tant role in the develpment of thermotolerance
during the post heat incubation period, and that
drugs-effectiveness in reducing thermotolerance
may act on the cells during this period. Ce added
during the first heat treatment or during the post
heat incubation period did not inhibit induction or
development of thermotolerance. However,
when it was added during the second heat treat-
ment or in mid-experiment, it strongly inhibited
the survival of thermotolerant cells. Although the
inhibiting effect of Ce on thermotolerance has
been reported elsewhere (15), our results indicate
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that it does not inhibit induction or development
of thermotolerance, but rather reduces the sur-
vival of thermotolerant cells by its thermoenhanc-
ing effect. Ce has been used clinically to treat
snake or insect bites, leukopenia from irradiation,
various allergic diseases and other diseases.
When used clinically for hyperthermotherpy, Ce
should be injected before the heat treatment so
that a sufficient concentration may reach tumor
cells during the treatment.

The combination of G and V markedly killed
the thermotolerant cells, and showed the same D,
ratio as that of Ce. Ce inhibits phospholipase A,
(10) in a manner similar to G (14). Ce also
prevents the release of Ca®" into the extracellular
medium (10), and the activity of membrane bind-
ing proteins such as P-glycoprotein (13). V is a
calcium antagonist and changes the membrane
permeability of anticancer drugs (27). It is
believed to inhibit the mechanism of drug efflux
by binding the receptor of P-glycoprotein (28).
As mentioned above, the effect of the combina-
tion of G and V on the membrane was similar to
that of Ce. This may explain why the D, ratio for
the combination of G and V was the same as that
for Ce.

We concluded from these results that Ce
enhances the cell killing effect of heat treatment
and reduces thermotolerance. These properties of
Ce may be of some therapeutic value.
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