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~umbining anti-tumor drugs with mild hyperthermia increases
the cytotoxic effects of drugs on human leukemia cells in vitro
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Abstract. Although the benefits of using a combination of
hyperthermia and chemotherapy or radiotherapy in the
treatment of cancer have been theoretically established, the
use of such combination therapy is not widespread at the
clinical level, as the application of hyperthermia is complex
and maintaining a tumor temperature of 43°C or higher is
exceedingly difficult. Consequently, in the present study, the
effects of chemotherapy combined with mild hyperthermia at
41°C (which is easier to apply than standard hyperthermia)
were examined in the NALM-6 leukemia cell line. The results
were as follows: i) NALM-6 leukemia cells, like most cells,
survived mild hyperthermia at 41°C, but were killed at temp-
eratures over 43°C. ii) Low concentrations of adriamycin
(0.1 pg/ml) or mild hyperthermia applied separately did not
have a visible effect on the survival rate of NALM-6 cells,
whereas combined treatment with these therapies decreased
the survival rate of NALM-6 cells in a time-dependent
manner. The anti-tumor effect after 5 h of the combination of
0.1 ug/ml adriamycin and mild hyperthermia was the same as
that observed with a 10-fold higher concentration (1 pg/ml) of
adriamycin alone. iii) Another anti-tumor drug, vincristine,
exhibited the same behavior as adriamycin. The anti-tumor
effect after 1 h of the combination of 5x10-'' M vincristine
and mild hyperthermia was the same as that observed with a
10-fold higher concentration (5x10-'° M) of vincristine alone.
The results indicate that it may be possible to reduce the
required concentrations of anti-tumor drugs by using them in
combination with mild hyperthermia. In this way, the side
effects of chemotherapy may be reduced in clinical settings.
Mild hyperthermia is a useful and practical heating method,
and could result in the increasing clinical application of
hyperthermia in the treatment of cancer.
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Introduction

There are four therapeutic modalities used in the treatment of
human cancer: surgery, radiotherapy, chemotherapy and
hyperthermia. The efficacy of hyperthermia in combination
with chemotherapy or radiotherapy, or of the combination of
all three agents, has been established experimentally and
clinically (1,2). However, although chemotherapy is used at
virtually all hospitals and medical institutions, very few
institutions employ it in combination with hyperthermia.

At present, the use of hyperthermia is not widespread due
to the difficulty of heating and maintaining tissues at a
temperature of 43°C or more, and because the devices used
for applying clinical hyperthermia along with the associated
personnel costs are high. Therefore, in the present study, the
effects of mild hyperthermic heating were examined at a
lower temperature of 41°C, as opposed to hyperthermic tem-
peratures of 43°C or more. The temperature used for mild
hyperthermia, 41°C, is not sufficient for tumor cell apoptosis.
However, it is relatively easy to heat and maintain cells and
tissue at this temperature. In addition, mild hyperthermia is a
less severe form of therapy for cancer patients than standard
hyperthermia.

Hyperthermia as a form of cancer therapy is generally
applied to local solid tumors, and there have been few reports
concerning its use in patients with leukemia. However, there
have been reports examining its effects on leukemia cells
in vitro (3,4). Since standard hyperthermia is not applicable
in a systemic cancer such as leukemia, a safe and mild form of
hyperthermia suitable for whole-body use would be beneficial.

The treatment of leukemia has been improved by advances
in chemotherapy, radiotherapy and blood-forming stem cell
transplants (5-7). However, these therapies are not necessarily
effective, as leukemia patients face problems involving drug
tolerance, toxicity, treatment side effects and advanced age.

In this study, the effects of a combination of mild hyper-
thermia and chemotherapy on leukemia cells were examined
in vitro.

Materials and methods

Cell line. NALM-6 is an acute lymphoblastic leukemia cell
line. NALM-6 cells were cultured in RPMI-1640 culture
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Figure 1. Thermal sensitivity of the human leukemia cell line NALM-6.
NALMS-6 cells were incubated at 41 (#), 43 (m), 45 (A) or 47°C (®) for 0, 1,
2, 3,4 and 5 h. Cell viability of the NALM-6 cells was measured using the
MTT method after incubation. A lower MTT activity ratio indicates lower
cell numbers.

medium containing 10% FCS, and were used in experiments
during the log phase of growth. The cells were grown in
48-well plates with 4x10° cells in 0.4 ml of culture medium
per well, and plates were used in experiments one day after
being prepared and incubated in a standard humidified CO,

incubator at 37°C.

Cell survival rate. The rate of cell survival was measured
using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) method (Cell Proliferation Kit;
Roche Diagnostics, Mannheim, Germany) (8). After cells
were treated, MTT reagent was added to an aliquot of cell
medium (1/10 volume). This was incubated at 37°C for 2 h,
then an equal volume of 10% SDS was added to the reaction.
Absorbance was measured at 550 nm and was proportional to
the number of cells.

Thermal sensitivity of NALM-6 leukemia cells. NALM-6 cells
were incubated in 48-well plates for 0-5 h at 41, 43, 45 and
47°C, respectively, with a device capable of maintaining very
precise temperatures (temperature accuracies of + 0.01°C;
Nihon Kouseikagaku Res. Co., Osaka, Japan). The survival
rate for the heated cells was measured using the MTT method.

Response of NALM-6 leukemia cells to anti-tumor drugs.
Adriamycin (ADR) and vincristine (VCR), anti-carcinogenic
drugs typically applied in the treatment of leukemia, were used
in the experiments. NALM-6 cells were treated with ADR at
final concentrations of 0.1, 1, 10 and 100 pg/ml in medium,
and with VCR at final concentrations of 5x10-!!, 5x10-1°,
5x107 and 5x10 M.

In experiments measuring cell sensitivity to anti-tumor
drugs, NALM-6 cells were treated with four concentrations of
ADR or VCR for 12 and 24 h, respectively. Cell viability was
then measured with an MTT assay.

Combination of chemotherapy and mild hyperthermia. In
experiments designed to combine drug exposure and mild
hyperthermia, NALM-6 leukemia cells were exposed to final
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Figure 2. Changes in survival fraction for the human leukemia cell line
NALM-6 after exposure to the anti-tumor drug adriamycin. NALM-6 cells
were incubated with adriamycin at concentrations of 0 (©), 0.1 (®), 1 (#),
10 (A) and 100 pg/ml (m) at 37°C for 0, 12 and 24 h. Cell viability was
measured using the MTT method after the indicated incubation periods.

ADR concentrations of 0.1 and 1 yg/ml or to VCR concen-
trations of 5x10!" and 5x10-'° M at 41°C for 0-5 h.

The total incubation time for all samples was 12 h, at both
41 and 37°C. For example, if samples were treated at 41°C for
3 h, they were then incubated at 37°C in a CO, incubator for an
additional 9 h, for a total of 12 h. Subsequently, MTT reagent
was added to samples of incubation medium from the cells,
and the cell survival rate was determined.

Results

Thermal sensitivity of leukemia cells. As shown in Fig. 1,
~100% of the NALM-6 leukemia cells survived a 5-h incuba-
tion at 41°C. After exposure to 43°C temperatures, the survival
rate of NALM-6 cells was ~90% after 2 h incubation and ~80%
after 3-5 h. At 45°C, the survival rate of NALM-6 cells was
~80% after 1-3-h and ~70% after 4-5 h. At 47°C, the surviving
fraction of NALM-6 cells decreased almost linearly over a 3-h
incubation, and then more slowly to 60% after 4-5 h.

The surviving fraction of NALM-6 leukemia cells was not
affected by exposure to temperatures of 41°C, and cell death
after exposure to 43°C was typical of cells in culture.

Sensitivity of leukemia cells to anti-tumor drugs. Fig. 2 shows
the surviving fractions of NALM-6 leukemia cells after expo-
sure to ADR concentrations of 0.1-100 gg/ml. The surviving
fraction of NALM-6 cells after exposure to 0.1 pxg/ml ADR
was not strongly affected, even after 24 h of incubation. At this
concentration, the tumoricidal effect in NALM-6 cells was
barely apparent after 12 h, and the survival rate decreased
slightly at 24 h. The surviving fraction of NALM-6 cells
decreased drastically with increasing concentrations of ADR
(1-100 pg/ml) after 12 h of incubation. The surviving fractions
of NALM-6 cells after VCR concentrations of 5x10!! to
5x10® M are shown in Fig. 3. Survival decreased linearly with
increasing incubation time for each concentration of VCR.

Combination of anti-tumor drugs and mild hyperthermia. The
surviving fraction of NALM-6 leukemia cells after exposure to
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Figure 3. Changes in the surviving fraction of human leukemia NALM-6 cells
after exposure to the anti-tumor drug vincristine (VCR). NALM-6 cells were
incubated with vincristine at concentrations of 0 (0), 5x10°'! (@), 5x10°'0 (#),
5x10 (A) and 5x10* M (m) at 37°C for 0, 12 and 24 h. Cell viability was
measured using the MTT method after the indicated incubation periods.

anti-tumor drugs and mild hyperthermia is shown in Fig. 4.
As in Fig. 1, the survival of NALM-6 cells was not altered by
treatment with mild hyperthermia at 41°C for 5 h, nor was it
strongly affected by low concentrations of anti-tumor drugs,
such as 0.1 ug/ml ADR for 12 h (Fig. 2). However, though
mild hyperthermia or low concentrations of the anti-tumor
drugs ADR and VCR alone had no influence on the survival
of NALM-6 cells, survival rates decreased when low concen-
tration drug exposure (0.1 xg/ml ADR or 5x10"" M VCR)
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was combined with mild hyperthermia at 41°C. The viability
of NALM-6 cells was observed to decrease after 1 h in the
presence of a combination of mild hyperthermia and 0.1 pg/ml
ADR (from 0.8 to 0.67), and decreased survival (0.53) was
noted after 3 and 5 h of exposure.

The surviving fraction of NALM-6 cells was 0.47 after
exposure to 1 pg/ml ADR without mild hyperthermia.
Exposure to 0.1 pg/ml ADR with mild hyperthermia at 41°C
for 5 h had the same killing effect on the cell viability of
NALM-6 cells as a 10-fold higher concentration of 1 pg/ml

ADR alone.
The surviving fraction of NALM-6 cells after exposure to

1 ug/ml ADR decreased from 0.47 to 0.3 when cells were
exposed to the drug in combination with mild hyperthermia
at 41°C for 1 h, and to 0.23 after 5 h of exposure. Therefore,
the addition of mild hyperthermia at a 5-h exposure doubled
the killing effect of 1 yg/ml ADR.

In a manner similar to that observed with ADR, the cell
viability of NALM-6 cells after exposure to 5x10"' M VCR
decreased from 0.95 to 0.73, 0.67 and 0.66 in combination
with mild hyperthermia at 41°C for 0, 1, 3 and 5 h, respec-
tively. Cell viability after exposure to a 5x10'© M concen-
tration of VCR was 0.76. Cell viability in the presence of
5x10'* M VCR combined with mild hyperthermia after 1 h of
exposure was identical to the effect of a 10-fold higher
concentration of VCR alone (5x101° M).

The viability of NALM-6 cells in the presence of 5x10'1° M
VCR decreased from 0.76 to 0.6% when combined with mild
hyperthermia at 41°C for 1 h, and to 0.54 after 5 h. The
addition of mild hyperthermia at 41°C for 5 h served to
increase the toxic effect of 5x10-'° M VCR by a factor of 1.5.

B: VCR
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Figure 4. Effects of the anti-tumor drugs adriamycin (A; ADR) or vincristine (B; VCR) in combination with mild hyperthermia at 41°C on the NALM-6 human
leukemia cell line. Cells were incubated under mild hyperthermiac conditions at 41°C (m) for O, 1, 3 and 5 h, and then incubated at 37°C (A and B). The total
incubation time for these cells (at 41°C plus 37°C) was 12 h. Cells were incubated with adriamycin at concentrations of 0.1 (®) or 1 ug/ml (©) (A) or with vincristine
at 5x10°!" (A) or 5x1071° M (A) (B) at 41 and 37°C, respectively. The total incubation time at 41 and 37°C for the cells was 12 h. After the 12-h incubation period,

the viability of the NALM-6 cells was measured using the MTT method.
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Discussion

When hyperthermia is used for cancer therapy, heating to 43°C
or more is required in order to kill tumor cells. However, for
technical reasons, some organs and tissues are difficult to
heat and to maintain at this temperature. Mild hyperthermia
is relatively easy to apply, safe and cost-effective, and can be
performed at almost any medical facility. The present in vitro
experiments were conducted in order to determine whether
mild hyperthermia at 41°C would produce a synergistic effect
with drug therapy; whether it would be effective in combin-
ation with chemotherapy, providing an alterative to hyper-
thermia at 43°C.

Most reports concerning hyperthermia have examined the
effects of local hyperthermia on solid tumors. There have
been very few reports on the effects of whole-body mild
hyperthermia on a systemic blood cancer like leukemia.
Therefore, in these experiments, the thermal sensitivity and
anti-tumor effects of drug therapy combined with mild
hyperthermia were investigated in the NALM-6 leukemia
cell line. The thermal sensitivity of NALM-6 leukemia cells
was the same as that of normal control cells in culture. The
cell survival rate of the NALM-6 cells was not affected by
mild hyperthermia at 41°C, but decreased after heating at
temperatures over 43°C.

ADR and VCR are established anti-tumor drugs used in
chemotherapy for leukemia. Applied independently, ADR at a
low concentration of 0.1 pxg/ml or mild hyperthermia at 41°C
had no effect on the survival rate of NALM-6 leukemia cells.
However, this survival rate decreased after exposure to a
combination of the same low ADR concentration of 0.1 pg/ml
and mild hyperthermia at 41°C, and varied with incubation
time. The anti-tumor effect of a low ADR concentration
(0.1 ug/ml) with simultaneous exposure to a temperature of
41°C for 5 h resulted in the same survival rate as would be
expected from a 10-fold increased concentration of ADR of
1 pg/ml. VCR, another anti-tumor drug, induced a similar
response. Used at a concentration of 5x10'! M with hyper-
thermia at 41°C for 1 h, it resulted in the same survival rate as
a 10-fold increased VCR concentration of 5x10-'° M at 37°C.

These results indicate that low concentrations of anti-
tumor drugs, which under normal conditions have little or no
effect on tumor cell killing, may have a 10-fold increased
anti-tumor effect (equivalent to a 10-fold increase in drug
concentration) when used in combination with mild hyper-
thermia at 41°C. In addition, using a higher concentration of
1 ug/ml ADR in combination with mild hyperthermia at 41°C
for 5 h had a 2-fold increased anti-tumor effect (as measured
by cell apoptosis). Similarly, the effect of 5x10"°M VCR was
increased 1.5-fold when combined with mild hyperthermia.
This suggests that the tumor cell killing-inducing activity of
anti-tumor drugs is increased when the drug treatment is
combined with mild hyperthermia.

The anti-tumor mechanism of ADR functions by inhibiting
DNA and RNA synthesis. ADR first forms a complex with
DNA in tumor cells, then inhibits both DNA and RNA poly-
merase reactions (9,10). In addition, ADR is known to inhibit
topoisomerase II (11,12). VCR is reported to act by binding to
tubulin in microtubules, forming nucleospindles and inducing
cell cycle arrest during the metaphase of cell division (13-15).
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Hyperthermia has been found to inhibit DNA damage
repair in lesions produced by anti-tumor drugs and radiation,
resulting in increased chemotherapy and radiotherapy anti-
tumor activity (16). Shioura er al (17) and Kano et al (18)
reported an increase in the cytotoxic effects of combined
treatment using low level hyperthermia at 40°C and bleomycin
in vitro. Ono et al reported that mild hyperthermia increased
blood flow and enhanced the uptake of anti-tumor drugs into
tumor tissue (19). In addition, mild hyperthermia has been
reported to be more effective than therapy at high temperatures
in promoting the expression of the heat-mediated suicide
gene (HSP 70) (20). Mild temperatures below 41°C showed
significantly smaller energies in Arrhenius plots for some
anti-tumor drugs than those observed with temperatures
above 41°C (21). Takahashi et al found no breakpoint in the
Dy-temperature plot for pirarubicin (THP-adriamycin) with
heat, indicating that pirarubicin cytotoxicity is more effec-
tively enhanced by mild temperatures (40-42°C) than by
temperatures over 43°C (22). Recently, Ahmed et al reported
the mild hyperthermia-induced and hyperthermia-induced
enhancement of drug cytotoxicity in apoptosis (23). Based on
these reports, it can be surmised that mild hyperthermia
enhances apoptosis and the anti-tumor effects of chemotherapy
through an increase in the uptake of carcinostatic agents into
tumor cells, and inhibits the repair of tumor cell lesions
produced by anti-tumor drugs.

These experimental results suggest that the dose required
for anti-tumor drug efficacy can be reduced by using the drugs
in combination with mild hyperthermia. In this way, a higher
efficiency of drug action than could normally be expected may
be obtained, and the side effects of the drugs in the clinical
setting may be reduced.

In conclusion, the cell killing activity of the anti-tumor
drugs adriamycin and vincristine in leukemia cells was found
to increase when these drugs were used in combination with
mild hyperthermia. A high effective leukemia cell killing rate
can therefore be expected with decreased drug concentrations
during chemotherapy when these drugs are used in combi-
nation with mild hyperthermia. Mild hyperthermia is easier
to apply than hyperthermia, and should be clinically useful in
combination with chemotherapy.
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