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Abstract Two pairs of human tumor cell lines (glioma
and ovarian carcinoma (OvCa)) each having a parental
cell line and cisplatin-resistant variant, were evaluated
for (a) cisplatin response, (b) hyperthermia response,
and (c) combined hyperthermia and cisplatin response.
The two resistant lines had comparable resistant re-
sponses while for the parental lines, the OvCa was
more sensitive than the glioma to cisplatin doses up to
14 lg/ml. For the hyperthermia response, the OvCa
parental line was more resistant than the variant line at
low-temperature hyperthermia (41°C or 42°C) but be-
came more sensitive at high temperature (45°C). For
the glioma, the parental line was more sensitive to
hyperthermia at all temperatures tested. Hyperthermia
caused sensitization to cisplatin in all cell lines but was
generally greater in the glioma cell lines. In the OvCa
system, hyperthermia had a slightly greater sensitizing
effect on the resistant cell lines, while in the glioma the
opposite was true. The degree of sensitization increased
with hyperthermia temperature. In summary, the re-
sults showed that there is no cross-resistance for hyper-
thermia and cisplatin, that the degree of thermal sensit-
ization is not reduced in cisplatin-resistant cell lines,
and that cisplatin thermal sensitization is cell-line and
temperature dependent. Thus, hyperthermia can effec-
tively improve tumor cell response to cisplatin and may
be useful in overcoming resistance to cisplatin.

Key words Cisplatin · Hyperthermia · Thermal
sensitization

Introduction

Hyperthermia has been investigated as an adjunct
treatment for both radiotherapy and chemotherapy.

G.P. Raaphorst ( ) · S. Doja · L. Davis · D. Stewart · C.E. Ng
Medical Physics Department, Ottawa Regional Cancer Centre, 190
Melrose Avenue, Ottawa, Ontario, K1Y 4K7, Canada

Hyperthermia can cause an increased response
(chemosensitization) to a wide range of chemother-
apeutic agents (reviewed in reference 8). Several studies
have shown that hyperthermia can cause cisplatin
chemosensitization, and both synergistic and additive
effects have been observed [4, 8, 9, 11, 17, 28]. It has
been found that the effects of combined treatments are
sequence dependent. Simultaneous treatment gives the
greatest effect but drug treatment after hyperthermia is
also effective [2, 5, 23, 26].

Cisplatin plays an important role in chemotherapy,
but development of tumor drug resistance is a common
cause of cisplatin treatment failure. Potential mecha-
nisms of cellular cisplatin resistance include decreased
drug uptake, enhanced removal of DNA adducts, in-
creased levels of GSH, increased metallothioneins, and
increased repair of DNA damage [3, 6, 13, 21, 22, 27].

Several studies suggest that adjuvant hyperthermia
may be useful in overcoming resistance to cisplatin
[7, 8, 12, 15, 20], although the degree of thermo-
chemosensitization remains unclear. In some studies,
the thermal enhancement ratios (TERs) were greater in
cisplatin-resistant cells than in sensitive cells, while in
other studies the opposite was true. In addition, cross-
resistance between cisplatin and heat has been reported
[7, 12, 15], but results of studies comparing heat and
cisplatin resistance are scarce. Further studies have also
shown that the cellular response to cisplatin is cell-cycle
dependent, being greater in the G

1
than S phase [16],

while other studies have shown different responses to
cisplatin and/or hyperthermia in exponentially grow-
ing cells compared to confluent and spheroidal cultures
[1, 17]. In a recent study on the effects of hyperthermia
at 42°C on cisplatin sensitization, we have shown that
both cisplatin-sensitive and resistant cells are more
sensitive to cisplatin treatment during the plateau
phase than exponentially growing cells [24].

In this study, we set out to evaluate the effect of
a wide range of hyperthermia temperatures on cisplatin
sensitization in human ovarian carcinoma cells and



Fig. 1 The response of ovarian
carcinoma and glioma cells to
1 h cisplatin treatment for cells
sensitive and resistant to
cisplatin

glioma cells in both normally responding and in cis-
platin-resistant variants. The aims of the study were:
(1) to determine whether thermal cisplatin sensitiza-
tion can be achieved at clinically relevant temperatures,
(2) to determine whether thermosensitization is tem-
perature dependent, (3) to determine whether thermo-
sensitization can be achieved in cisplatin-resistant vari-
ants, and (4) to compare sensitization in the variants
and their parental cell lines over a wide temperature
range. For these experiments, cells in the plateau phase
were used to avoid treatment-related cell-cycle redis-
tribution and also because we had found cells in this
phase to be more sensitive to cisplatin than those in the
exponential growth phase.

Materials and methods

The cell line U373MG was originally established from a human
malignant astrocytoma [29]. The cisplatin-resistant variant
U373MGCP was developed in our laboratory by chronic exposure of
the parental U373MG to stepwise increasing concentrations of
cisplatin, then selection of a surviving clone following a challenge
dose of cisplatin.

The cell line A2780 is a human ovarian carcinoma cell line
originally derived from an untreated patient [10]. The A2780CP is
a cisplatin-resistant variant obtained by chronic exposure of A2780
to stepwise increasing concentrations of cisplatin up to 12 lg/ml
[18].

Cells were grown in a 1 :1 mixture of DMEM and F-12 medium,
supplemented with 7.5% fetal bovine serum, 7.5% newborn calf
serum, 0.1 mM MEM non-essential amino acids, 10 mM sodium
bicarbonate, and 20 mM HEPES, and incubated at 37°C in a hu-
midified atmosphere of 2% CO

2
and 98% air. Experiments were

done with cells grown into the plateau phase. For the plateau phase,
cells were fed with fresh medium 2 days before the experiment and
the plating efficiencies were in the ranges 30—35%, 50—55%,

18—25%, and 30—40% for the A2780, 2780CP, U373MG and the
U373MGCP lines, respectively.

Cisplatin was obtained as Cisplatin Injection (David Bull Canada,
Vaudreuil, PQ, Canada) consisting of 1 mg/ml (3.33 mM) cis-
diaminedichloroplatinum(II) and 9 mg/ml NaCl, pH adjusted to 7.3.
Cells were treated by adding a measured amount of this solution
directly to the culture medium covering the cells. At the end of the
exposure period, the medium containing cisplatin was aspirated, and
cells were rinsed twice with isotonic citrate saline and new medium
was added.

Hyperthermia treatments were performed by sealing T-25 flasks
with parafilm and immersing them in a circulating water bath with
temperature controlled to $0.05°C. Flasks were placed in a 37°C
water bath for 2 min at the end of the hyperthermia treatment
period.

Cell survival after treatment was determined by a colony-forming
assay. Briefly, cells were rinsed with isotonic citrate saline, tryp-
sinized (0.2% w/v trypsin in citrate saline for 5 min at 37°C), counted
using an electronic cell counter, and plated into 60-mm dishes
containing fresh medium. Colonies larger than 50 cells at days 10, 14,
and 20 (A2780 and 2780CP, U373MG, and U373MGCP respectively)
were scored as survivors. Plotted points represent the mean of three
replicate experiments. Error bars are standard error of the mean.

Results

The cisplatin response of the two pairs of cisplatin-
resitant and -sensitive cell lines is shown in Fig. 1. For
both the ovarian carcinoma and the glioma cell lines,
the resistant lines had a much higher survival after
cisplatin exposure than the normally responding par-
ental lines. The ovarian carcinoma parental cell line
(A2780) was more sensitive than the glioma parental
cell line (U373MG) and the glioma resistant variant
(U373MGCP) and ovarian carcinoma resistant variant
(A2780CP) were approximately equally responsive. The
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Fig. 3 The response of ovarian
carcinoma cells to hyperthermia
for cells sensitive and resistant to
cisplatin

Fig. 2 The response of ovarian
carcinoma cells to hyperthermia
for cells sensitive and resistant to
cisplatin

results imply that resistance may remove differences in
response to cisplatin among cell lines.

The hyperthermia response of the four cell lines is
shown in Figs. 2—4. For the ovarian carcinoma cell
lines the parental cell line was more hyperthermia resis-
tant than the variant for the lower temperature hyper-
thermia treatments. At the higher temperature (45°C)

and for longer heating times (43°C, 44°C) the relative
thermal sensitivity was reversed and the parental cell
line became more resistant than the variant. For the
glioma cell lines (Fig. 4) the parental cell line was more
sensitive to the three temperatures tested than the cis-
platin-resistant variant. This difference in thermal re-
sponse increased with temperature and was in excess of
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Fig. 4 The response of glioma
cells to hyperthermia for cells
sensitive and resistant to
cisplatin

Fig. 5A, B The response of cisplatin-sensitive (a) and cisplatin-resis-
tant (b) ovarian carcinoma cells to hyperthermia and cisplatin given
concurrently for 1 h

a 100-fold difference in survival after heating for 2 h at
44°C.

The interaction of hyperthermia and cisplatin treat-
ment was tested on all four cell lines. The cells were
exposed to cisplatin and hyperthermia simultaneously
for 1 h. For the ovarian carcinoma cell lines, hyperther-
mia resulted in sensitization to cisplatin treatment in

both the parental and the resistant variant cell lines
(Fig. 5). Table 1 shows the degree of sensitization at two
survival levels. The TERs were calculated by dividing
the dose of drug given at 37°C by the dose given at the
hyperthermia temperature to achieve equal survival
levels. Analysis was done at the 10% and 1% survival
levels. For some of the values, the data had to be
interpolated or extrapolated from the figures. The TER
increased with hyperthermia temperature in both the
sensitive and resistant cell lines (Table 1). The TERs
did not depend on the survival level at which they were
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Table 1 Thermal sensitization
to cisplatin treatment. Values
are thermal enhancement ratios
calculated by dividing the dose
of cisplatin at 37°C to obtain the
10 or 1% survival levels by the
dose of cisplatin at hyperthermia
temperatures to obtain the same
survival levels

A2780 U373MG

Sensitive Resistant Sensitive Resistant

Temperature (°C) 10% 1% 10% 1% 10% 1% 10% 1%

41 1.00 1.00 1.14 1.19 2.50 2.10
42 1.29 1.34 1.44 1.39 1.39 1.37
43 1.57 1.53 1.55 1.51 3.50 3.39 2.18 2.28
44 1.57 1.65 1.85 1.71 4.38 3.94 2.48 2.41
45 2.10 2.05 2.13 2.15

Fig. 6A, B The response of cisplatin-sensitive (a) and cisplatin-resis-
tant (b) glioma cells to hyperthermia and cisplatin given concurrent-
ly for 1 h

calculated. The TERs were higher in the resistant ovar-
ian carcinoma cell line than in the sensitive cell line, but
the differences were not large and were only significant
in a few cases.

For the glioma cell lines shown in Fig. 6, thermal
sensitization was achieved in both the parental and the
variant lines. The TERs (shown in Table 1) were com-
parable at the 10% and 1% survival levels. Increases in
the TERs were observed as the temperature was in-
creased. The TERs were higher in the sensitive cell line
than in the resistant variant. In addition, the TERs
were generally higher in the glioma cell lines than in the
ovarian carcinoma cell lines.

Discussion

It has been reported previously that hyperthermia can
cause sensitization to cisplatin in mammalian cells

[4, 8, 9, 11, 14, 17, 28]. In some studies, the effects were
synergistic, while in others, the results were additive
and, indeed, the induction of heat shock proteins may
even induce a slight level of antagonism [14]. However,
different temperatures were used in the various studies
and the temperature dependence remains unclear.

In this study, we evaluated the effects of hyperther-
mia treatment for 1 h over a temperature range of
41—45°C in four human tumor cell lines. For the ovar-
ian carcinoma cell lines, we found that the thermal
sensitization increased with temperature giving TERs
ranging from 1.0 (no effect) at 41°C to 2.15 at 45°C (a
large effect). It should be noted that at the clinically
achievable temperatures of 42°C and 43°C, the TER
was significant, ranging from 1.29 to 1.57 (Table 1). For
the glioma cell lines, the TER also increased with tem-
perature. In general, the thermal sensitizing effect was
larger in the glioma cell lines than in the ovarian
carcinoma lines. Even though hyperthermia sensitiza-
tion has already been demonstrated in glioma and
ovarian carcinoma cell lines in different studies, the
results cannot be compared because different temper-
atures were used and the cell lines were from different
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mammals (rat glioma and human ovarian carcinoma)
[20, 25]. In our studies, using the same cell culture
conditions and same temperatures, we were able to
show that there can be significant differences in ther-
mosensitization between cell lines such as glioma and
ovarian carcinoma. Although cell cultures may not
respond in the same way as tumors, these results indi-
cate that the degree of thermal sensitization to cisplatin
may not be the same for cells of different origins, and
may have to be examined for each potential tumor type
to be treated with this thermochemotherapy regimen.

It is well documented that mammalian cells can
become resistant to cisplatin treatment. Investigations
on overcoming this resistance have led to the testing of
hyperthermia as a cisplatin sensitizer in cisplatin-resis-
tant cells. Several studies have shown for one or two
temperatures that hyperthermia can cause sensitization
in resistant cells but the results are contradictory. Some
studies have shown that the thermal sensitization is
about the same in resistant and sensitive cell lines [12],
and others have shown that it is less in resistant cell
lines than in sensitive lines [20] or that it is greater in
resistant lines than in sensitive lines [7, 15]. In these
studies, temperatures of 42°C and 43°C were used. It
has also been shown that cisplatin-resistant cells have
higher [19], the same [12] or lower [15] heat sensitiv-
ity than sensitive cells. Thus, the results regarding
cross-resistance for cisplatin and hyperthermia and
thermal cisplatin sensitization in cisplatin-sensitive ver-
sus-resistant cells are ambiguous. We and others have
shown that the degree of thermal sensitization is cell-
cycle and cell growth-phase dependent [16, 24] and the
variation amongst the various studies may in part be
related to cell-cycle differences, as well as to the choice
of different temperatures and tissue culture conditions.
Thus, we studied all our cell lines during the same
growth phase (plateau phase), using the same cell cul-
ture conditions and comparing the same hyperthermia
temperatures.

Our results show that there is no single pattern for
cross-resistance or sensitivity to hyperthermia and cis-
platin. For example, in the glioma cells the parental cell
line was more thermally sensitive than the cisplatin-
resistant variant, while in the ovarian carcinoma cells
the parental cell line was more thermally resistant than
the cisplatin-resistant variant except at the highest tem-
perature (45°C), where the opposite was true.

For thermal sensitization to cisplatin toxicity, there
was also no consistent trend between the two pairs of
tumor cell lines. For example, in the ovarian carcinoma
cells, the thermal sensitization was greater in the cis-
platin-resistant line than in the parental sensitive line.
In the glioma system, the opposite was true. However,
it should be noted that significant thermal sensitization
was achieved in all cell lines at temperatures that are
clinically achievable.

In summary, we have shown that there is no cross-
resistance for hyperthermia and cisplatin, that the de-

gree of cisplatin sensitization by hyperthermia is not
reduced in cisplatin-resistant tumor cell lines and that
thermal cisplatin sensitization is temperature and cell-
line dependent. This cell line/type dependence may
indicate that the efficacy of combined therapy may
be tumor site dependent and further investigation is
warranted.
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