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DOSE ENHANCEMENT EFFECT OF ANTICANER DRUGS
ASSOCIATED WITH INCREASED TEMPERATURE IN VITRO

Yu. P, Istomin*, E.A. Zhavrid, E.N. Alexandrova, O.P. Sergeyeva, S.V. Petrovich
N.N. Alexandrov Research Institute of Oncology and Medical Radiology, Minsk 223040, Belarus

Aim: To evaluate in vitro the influence of elevated temperature (42 °C for 60 min) on the action of anticancer drugs doxorubicin,
vinorelbine, carboplatin, ifosfamide, etoposide, oxaliplatin, docetaxel and gemcitabine. Methods: HeLa tumor cell cultures, 24 h
after seeding, were incubated for 60 min with different concentrations of chemotherapeutical drugs at a temperature of 37 °C or
42 °C. 48 h later the number of viable cells in the flasks were counted using trypan-blue exclusion on a hemacytometer. Results:
Hyperthermia alone caused only 10—20% growth inhibition of cell culture. All the chemotherapeutic drugs used demonstrated
a dose enhancement effect at elevated temperature. Thermal enhancement ratio for cell proliferation for oxaliplatin, vinorelbine,
carboplatin and ifosfamide exceeded 4, for doxorubicin and gemcitabine exceeded 2. Thermal enhancement ratio for cell death did
not exceed 1.4. Conclusion: Synergism of hyperthermia and chemotherapeutical drugs was clearly demonstrated for oxaliplatin,
vinorelbine, carboplatin, ifosfamide and to a lesser extent for doxorubicin and gemcitabine. Enhancement of the cytostatic effect

of anticancer drugs by hyperthermia was more prominent than their cytotoxic effect.
Key words: hyperthermia, anticancer drugs, HeLa cells, thermal enhancement ratio.

Multiple studies in hyperthermic oncology testify
the enhancing efficacy of combination or multimodali-
ty therapy of cancer patients by application of high
temperature (40-43 °C for whole-body exposure and
42-47 °C for local treatment). Hyperthermia has been
shown to be a powerful modifying factor thatincreases
tumor sensitivity to both radio- and chemotherapy
[1-6].

Thermal enhancement of cytotoxic effects for
many anticancer drugs has been observed in different
experimental systems. The mechanisms involved in
the interaction of chemotherapy and hyperthermia
are depended on the particular chemotherapeutic
agent and thought to be related to an increase in drug
uptake, expand of DNA damage and inhibition of DNA
repair [1-3, 7]. In vitro drug-induced cell killing usu-
ally increased with temperature from 40 °C to 45°C
and maximal cytotoxicity occurred when the drug was
scheduled simultaneously with hyperthermia. In vivo
the therapeutic efficacy of the thermotherapy was
maximized at mild temperature (40.5-43 °C) and the
greatest potentiation occurred when the two modali-
ties were administered close together [2, 6, 7].

Despite several experimental studies on the inter-
action of hyperthermia with chemotherapeutic drugs
data concerning treatment efficiency are often con-
flicting. The use of various cell lines, different treatment
schemes and differing end points complicates the
interpretation of research findings. Drug concentration
and drug exposure time are also of great importance.
Furthermore, in vitro and vivo results often differ due
to physiology factors of tumor tissue such as micro-
circulation, pH and oxygenation.
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Alkylating agents melphalan, cyclophosphamide
and ifosfamide were shown to be the most effective
drug at moderately elevated temperatures for many
types of tumors, effectiveness of cisplatin or oxali-
platin was less pronounced [8, 9, 10]. Hyperthermia
was proved to enhance the sensitivity of human tumor
cells to doxorubicin [7, 11, 12], vincristine [12] and
carboplatin [13, 14], whereas the efficacy of etoposide
is only slightly influenced by additional application
of heat [15, 16] or decreased [17]. However it was
demonstrated that appropriately scheduled hyper-
thermia and etoposide treatments result in increased
etoposide-induced death of human leukemia cells
[18]. Simultaneous application of gemcitabine and
heat led to decreased cytotoxicity [19, 20], had not the
influence on cytotoxicity [12] or augmented cytotoxic
effect of drug [10, 21, 22]. There are also contradictory
reports as to the interaction of hyperthermia and the
taxanes [10, 23-28].

Therefore itisimportantto compare in equal treat-
ment conditions the impact of hyperthermia on the
action of the main chemotherapeutic drugs currently
used for cancer treatment. In this study we investigated
the differencesin HelLa tumor cell culture growth after
incubation with different anticancer drugs at a tem-
perature of 37 °C or 42 °C.

MATERIALS AND METHODS

Chemotherapeutic drugs. The drugs investiga-
ted were ifosfamide (holoxan, Baxter Oncology Gmbyx,
Germany), doxorubicin (doxorubicin hydrochloride,
RUE “Belmedpreparaty”, Belarus), carboplatin
(carboplatin-LENS, Veropharm, Russia), oxaliplatin
(eloxatin, Sanofi-Synthelabo, France), vinorelbin
(neocitec, Labinca, Argentina), etoposide (etoposide-
LENS, Veropharm, Russia), docetaxel (docetal, Dabur
Pharma Ltd., India), gemcitabine (gemzar, “Eli Lilly”,
USA). Just before use, the drugs were diluted with
culture medium.
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Cell culture. Hela cells (human cervical carci-
noma) were obtained from the cell culture collection of
Research Institute of Epidemiology and Microbiology
(RIEM, Minsk, Belarus). The cells were cultured as
a monolayer in culture flasks covered with 199 medium
(RIEM) supplemented with 10% fetal calf serum (RIEM)
and 100 ug/ml kanamycin.

Cell treatment. One day before the drug treat-
ment, cell monolayer was detached from the culture
flasks with 0.02% versen (DIALEK, Belarus) and
plated at a concentration of 2 x 10° cells/flask. All
the experiments were carried out on exponentially
growing cells. On the day of the experiment, 100 ul of
each drug dilutions were added into the flasks with cell
monolayer and then the cells were incubated in water
bath at 37.0°C £ 0.1 °C or 42.0 °C = 0.1 °C for 60 min.
Treated and control cells were cultured for additional
48 h, then cellmonolayers were versenized and viable
cells were counted using trypan-blue exclusion on
a haemocytometer. The mean + standard deviation
was calculated from three experiments.

To differentiate between cytostatic and cytotoxic
effects, the number of viable cells after the treatment
was compared with the initial cell number before any
treatment. Percentage of viable cells above the initial
cellnumber denoted a cytostatic effect, whereas those
below showed cytotoxicity [23]. The percentages of
viable cells for each treatment were calculated from
100 x [(N~-N_) / (N.-N_)], if N, was greater than or
equal N, or 100 x [(N-N_) /N_]1, if N was less than N
(N, — cellnumber in treated cultures with chemothera-
peutic drug and/or hyperthermia; N, — cellnumberin
control cultures that had not been exposed to chemo-
therapeutic drugs or hyperthermia; N, — initial cell
number before the treatment).

The values of IC, and IC,, concentrations of each
drug required for a 50% and 90% reduction in cell
number relative to control value, and LC,,, concen-
tration of drug required for a 50% reduction in cell
number relative to initial value before the treatment,
were determined for each experiment using regression
analysis of the data received. Thermal enhancement
ratios for inhibition of cell proliferation and cell killing
for each chemotherapeutic drug were calculated as
IC,,, IC,,, or LC,, for drug alone divided by IC,, IC,,
or LC,, for drug combined with hyperthermia.

RESULTS AND DISCUSSION

The survivals of exponentially growing Hela cells
exposed to various concentration of ifosfamide doxo-
rubicin, carboplatin, docetaxel, vinorelbine, etoposide,
oxaliplatin or gemcitabine at 37 °C or 42 °C are shown
in Figure. These data demonstrate that cell number
reduced with increasing concentrations of chemother-
apeutic agents. Allused drugs demonstrated the dose-
dependent enhancement of cytotoxicity at elevated
temperature — the decrease of cell number at 42 °C
was more pronounced than at 37 °C. It must be noted
the heat treatment alone did not alter significantly cell
number causing only 10—20% growth inhibition.
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Figure. Dose-response curves for Hela cells treated with ifosfa-
mide, doxorubicin, carboplatin, oxaliplatin, vinorelbine, etoposide,
docetaxel or gemcitabine at 37 °C or 42 °C. The cells were incubated
with different concentration of anticancer drug for 1 h at 37 °C or
42 °C and counted 48 h later. Each data point represents the mean
of three separate experiments. Bars are standard errors

The parameters of cytostatic (IC,, and IC,,) and
cytotoxic (LC,;) effects of chemotherapeutic drugs
at 37 °C and 42 °C are presented in Table. The data
obtained testify the enhanced efficiency at elevated
temperature to a greater or lesser extent of all the
drugs under investigation. So, by IC,; and IC, crite-
ria, hyperthermia caused significant enhancement of
cell culture growth inhibition induced by ifosfamide,
carboplatin, vinorelbine, oxaliplatin, with thermal en-
hancement ratio exceeded 4. The values of IC_, and
IC,, decreased actually for vinorelbine 5.5-fold and
for oxaliplatin 7.2-fold after combination with heat.
To alesser degree hyperthermia enhanced cytostatic
effect of doxorubicin and gemcitabine, with thermal
enhancement ratio exceeded 2. The differences in
IC,, and IC,, for docetaxel and etoposide were not
significant statistically. By LC,, criterion, statistically
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Table. The values of IC, , IC,, and LC_; of dose-response curves for HeLa cells treated with different chemotherapeutic drugs at a temperature of 37 °C or 42°C
Dru IC50 1C90 LC50

9 37°C 42°C TER 37°C 42°C ER 37°C 42°C TER
Ifosfamide (mg/ml) 1.7+01  0.4=0.1* 4.3 >25 1.1£0.1* >2.3 >25 2301 >1.1
Doxorubicin (ng/ml) 81+1.8 81x1.6 1 106.2+1.8 37.7+1.6* 2.8 > 1000 >1000 -
Carboplatin (ug/ml) N7+£17 2719 43 32117 14119 2.3 48.9+1.7 36.8+19* 1.3
Vinorelbine (ng/ml) 1103 0.2+0.3* 5.5 2503 0.6+0.3* 4.2 7403 6.0£0.3* 1.2
Docetaxel (ng/ml) 5619 42%23 1.3 18.0+x19 13.9+23 1.3 352+1.9 24.6+23* 1.4
Etoposide (ug/ml) 0.1£0.1 0.1£0.1 1.0 0.7+01 0.5+0.1 1.4 >10 9.2+0.1 >1.1
Oxaliplatin (pg/ml) 04+06 0.2%0.2 2.0 3606 05+0.2* 7.2 8606 6.5=0.2* 1.3
Gemcitabine (ug/ml) 26.8+20.2 25.3+12.8 1.1 187.7+20.2 84.4 +12.8* 2.2 > 400 > 400 -
TER — thermal enhancement ratio calculated as IC,, IC,,, or LC,, for drug alone divided by IC,, IC,,, or LC,, for drug combined with hyperthermia.

*The difference between the values for 37 °C and 42 °C are statistically significant, with p < 0,01.

significant enhancement of drug-mediated cytotoxici-
ty under elevated temperature was observed only for
carboplatin, vinorelbine, docetaxel and oxaliplatin,
with thermal enhancement ratio for cell death did not
exceed 1.4. Thus, thermal enhancement for drug-
mediated inhibition of cell proliferation by combination
of chemotherapeutic drugs with hyperthermia was
more pronounced than for drug-mediated cell killing.
The most efficient chemotherapeutic drugs in HelLa
cells at elevated temperature 42 °C were ifosfamide,
carboplatin, vinorelbine and oxaliplatin.

In this study we investigated in cell culture the
action of eight anticancer drugs in broad range of
concentrations to describe their both cytostatic and
cytotoxic effects. To quantitatively evaluate the impact
of the hyperthermia on the chemosensitivity of tumor
cells we compared the values of IC,, IC,, and LC,,
for dose-response curves of HelLa cell culture treated
with chemotherapeutic drugs alone or in combination
with heat. It was found that interaction of hyperther-
mia and simultaneous chemotherapy depends on
the drug concentration. At low doses of chemothera-
peutic agents that exerted mainly cytostatic effect it
was shown synergistic interaction with heat for all the
drugs under investigation except for docetaxel and
etoposide, whereas at high doses of drugs that exerted
predominantly cytotoxic action their interaction with
heat was only additive.

Thermal enhancement of the cytostatic effect we
have observed in this study in vitro may be of impor-
tance under in vivo conditions where events inducing
the delay of tumor growth are expected to be cytostatic
rather than cytotoxic [10]. We believe the data present
in this study have clinical implication having recently
begun animal tumor experiments to evaluate efficiency
of the same chemotherapy in protocols with whole-
body hyperthermia.
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QDDEKT YCUJIEHUA AKTUBHOCTU MPOTUBOOINYXOJIEBbIX
MPEMNAPATOB NPU NOBbILUEHUU TEMNEPATYPbI IN VITRO

Ileav: u3yauTs in vitro BusiHUE NOBbIIeHHO# TemMnepaTypbl (42 °C B TedeHue 60 MUH) Ha JeiiCTBHE MPOTHBOONYXOJIEBBIX NPENAPATOB:
JIOKCOPYOMIIMHA, BUHOPEIbOMHA, KAPOOIIaTHHA, HhochamMuia, STONO3KAA, OKCATMILIATHHA, I0NIETAKCEIA H reMIuTaouHa. Memoowi:
KYJIBTYpY omyxoJieBbix Ki1eToK HeLa yepe3 24 4 nmociie pacceBa HHKyOHPOBAJIH B TedeHne 60 MUH ¢ pa3InIHbIMA KOHIIEHTPAIMSMH
XHUMHOTepaneBTHYeCKNX npenapaTos npu remneparype 37 °C nim 42 °C. Chycrs 48 4 moaCYMTBHIBAIM KOJHYECTBO JKHUBBIX KJIETOK BO
(nakonax, ucnoab3ys reMOMTOMETP U METOI HCKTIOYEHHUS KPACUTEJISI TPHITAHOBOTO CHHero. Pe3yismamoi: rumeprepMusi cama 1o
ce0e Boi3biBajia 10—20% yraHerenue pocTa KyJIbTypbl KJIETOK. Y BCeX HCCIIEIOBAHHBIX XMMHOTEPANIEBTHYECKUX NMPENAPATOB OTMEY AN
3¢ dekT ycusieHusi npu NoBbiieHHO| Temneparype. KoaduumeHT TenaoBoro ycusaeHusi B OTHOLIEHHMH KJIeTOYHO# nposmpepanuu
JUIS OKCAJIMILIATHHA, BUHOPeIbOMHA, KapoomiaTuHa U udochavuaa npesbicua 4,0, 11 J0KcopyOnmmMHa U reMuuTaduna — 2,0.
Koadpunuent tennoBoro ycuieHus B OTHOmIEHHH rubenan KieTok He mpesbimal 1,4. Boi6ods:: cuHepru3M rumeprepmMun
U XHMHOTEPANEBTHYECKUX MPENapaToB MPOIEeMOHCTPHPOBAH /IS OKCAMILUIATHHA, BUHOPEIL0MHA, KapOomwiaTuna, udochamuna,
B MeHbIIIeii CTeleHn — J11s JOKCOPYOUIIMHA ¥ TeMIIMTA0OMHA. YCH/IeHHe IUTOCTATHIeCKOro 3hdekTa mpoTHBOOMYX0JIeBbIX PENAPATOB

101, IeiiCTBHEM THIIePTePMHH ObLIO 00Jiee BHIPAJKEHHBIM, YeM X UTOTOKCHIeCKoro adekra.
Karouegwie crosa: runeprepmusi, npOTUBOONMYXoJeBbie npenaparsl, KieTku HeLa, koo unuenT TenaioBoro ycuienus.
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