
Abstract. The effect of protracted mild hyperthermia
treatment at 40 and 41ÆC given, concurrently with cisplatin,
was evaluated in human normal AG1522 and human mutant
XPA cells. While mild hyperthermia itself for up to 6 hours
showed little to no toxic effects, it did result in significant
sensitization of response to cisplatin treatment. Sensitization
for the normal and mutant cell line was comparable, indicating
that nucleotide excision repair (NER) probably does not have
a role in this process. For the 41ÆC heating, thermotolerance
developed and heating times greater than 4 hours resulted in
protective effects from cisplatin cytotoxicity. This was not
observed for heating at 40ÆC for up to 6 hours. 

Cisplatin is a chemotherapy agent that is widely used in the

treatment of cancer and is also used in combination with

other treatment modalities (1-10). A number of studies have

shown that the response of cells to cisplatin can be

influenced by their ability to repair cisplatin damage, and

repair systems such as nucleotide excision repair (NER) and

homologous recombination repair have been demonstrated

to influence cisplatin sensitivity (11-16). Thus, the

modulation of cellular repair pathways might influence the

response to cisplatin. 

Many studies have shown that hyperthermia can inhibit

cellular recovery and DNA repair after irradiation (17, 18).

It was also shown that mild protracted hyperthermia was

more effective in sensitizing cells to protracted radiation

treatment due to a greater effect on cell damage

accumulation and inhibition of its repair (19). 

Hyperthermia has already been shown to be a good

sensitizer for cisplatin treatment (20-26). We also showed

that hyperthermia combined with cisplatin and radiation

resulted in enhanced inhibition of sublethal damage repair

(27). These findings have led us to evaluate the effect of

mild hyperthermia on concurrent low dose cisplatin

treatment to determine if this would be a more effective

treatment due to the inhibition of damage repair by

hyperthermia. In addition, we used two human cell lines,

one with no known repair deficiencies and the other

deficient in NER (28), to determine if the thermal

sensitization by concurrent protracted treatments would be

influenced by a deficiency in NER. 

Materials and Methods

The cells used in these experiments were normal human

fibroblasts, AG1522, and human xeroderma pigmentosa cells,

XPA, deficient in NER. The AG1522 cells have been used in our

laboratory for many years and the XPA cells were kindly donated

by Dr. B. Mackay. All cells used for the experiments were less than

passage 15 in order to avoid deterioration due to senescence. The

cells were grown in a 1:1 mixture of DMEM and F-12 medium,

supplemented with 7.5% foetal 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 37ÆC in a

humidified atmosphere of 2% CO2 and 98% air. The experiments

were done for cells grown into the plateau phase. For the plateau

phase, cells were fed with fresh medium two days before the

experiment; the plating efficiencies ranged from 15-20% and 10-

15% for the AG1522 and the XPA cell lines, respectively. 

Cells were grown to the plateau phase and treated in this state

in order to avoid complex cell cycle redistributions during

protracted treatments. In addition, the confluent cell density is

more representative of tissue cell densities than exponentially

growing cells. Cisplatin was obtained as Cisplatin Injection

(David Bull Canada Inc., Vaudreuil, PQ, Canada) consisting of 

1 mg/ml (3.33 mM) cisdiaminedichloroplatinum (II) and 9 mg/ml

NaCl, pH adjusted to 7.3. The cells were treated by adding a

measured amount of this solution directly to the culture medium
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covering the cells. At the end of the exposure period, the

medium containing cisplatin was aspirated, the 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 the temperature controlled to ±0.05ÆC. The flasks were

placed in a 37ÆC water bath for 5 minutes at the end of the

hyperthermia treatment period. For concurrent treatments,

cisplatin was added 10 minutes before hyperthermia was started

and removed 10 minutes after the completion of hyperthermia.

Cell survival after treatment was determined by the colony-

forming assay. Briefly, the cells were rinsed with isotonic citrate

saline, trypsinized (0.2% w/v trypsin in citrate saline for 5

minutes at 37ÆC), counted using an electronic cell counter, and

plated into 60-mm dishes containing fresh medium. Colonies

larger than 50 cells on day 16 were scored as survivors. Three

replicate dishes were plated for each point. The plotted points

represent the mean of 3 replicate experiments. Error bars are

standard error of the mean. 

Results 

The response of human normal and XPA fibroblasts to

cisplatin is shown in Figure 1. The data show that, for a 

1-hour treatment, the XPA cells deficient in NER are more

sensitive than the normal cells and confirm earlier results

(12-14). 

Figure 2 shows the response of the two human cell lines

to hyperthermia alone (40ÆC), cisplatin alone and to

cisplatin given concurrently with mild hyperthermia. The

treatment at 40ÆC alone did not have any effect on either

cell line when treated for up to 8 hours. For cisplatin alone

we tried to match the toxic effect and treated AG1522 cells

with 1.0 Ìg/ml and XPA cells with 0.5 Ìg/ml. The figure

shows comparable results, with XPA showing slightly greater

cell killing. For the combination treatment, the results for

both cell lines show substantial thermal sensitization to

cisplatin with 40ÆC hyperthermia. The degree of thermal

sensitization is shown in Table I and indicates that, at the 10

and 5% survival levels, the sensitization was about the same
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Figure 1. The response of human normal fibroblasts and XPA nucleotide
repair deficient cells is shown for a 1-hour exposure to a wide range of
cisplatin concentrations.

Figure 2. Data is shown for both human normal AG1522 and mutant
XPA cells for exposure to hyperthermia at 40ÆC alone for up to 8 hours,
for cisplatin alone for up to 8 hours or the concurrent treatment with
cisplatin and hyperthermia for up to 8 hours. The AG1522 and XPA cells
were treated with cisplatin concentrations of 1.0 and 0.5 Ìg/ml, respectively. 

Table π. Thermal cisplatin sensitization (TER).

Cell line Survival level 

10% 5% 

AG1522 40ÆC 1.44 1.57 

AG1522 41ÆC 1.80 1.72 

XPA 40ÆC 1.81 1.56 

XPA 41ÆC 2.12 2.10 

1. TER. Thermal enhancement ratio was calculated by dividing the

incubation time for cisplatin alone by the incubation time for

the combined treatment. Note values were interpolated from

the fitted curves. 

2. The error on the TER values is ± 10%. 



for both cell lines. The slightly higher thermal cisplatin

sensitization (TER) for the XPA cells may be due to the fact

that the cisplatin treatment was more toxic in these cells

compared to the AG1522 cells. 

Hyperthermia at 41ÆC was also tested and Figure 3 shows

that there was very little cell killing by hyperthermia alone.

The exposure to cisplatin alone for AG1522 (1.0 Ìg/ml) and

XPA (0.5 Ìg/ml) cells again showed that the survival results

are comparable for both cell lines. For concurrent treatment

with hyperthermia and cisplatin, both cell lines showed an

initial thermal sensitization at 2 hours, but at longer

treatment times sensitization decreased. For the longest

treatment time of 6 hours, the combination treatment was

less effective than the treatment with cisplatin alone. The

results for thermal sensitization at the 10 and 5% survival

levels are shown in Table π. 

In order to determine whether the results in Figure 3 for

the combination treatment were due to thermotolerance, the

cells were first exposed to hyperthermia at 41ÆC for up to 6

hours and then given a 1-hour treatment of cisplatin at 2 and

1 Ìg/ml for the AG1522 and XPA cells, respectively. The

data in Figure 4 show initial sensitization at 2 hours, which

then levelled off to very little additional sensitization. The

plateauing effect occurred at 2 hours for XPA and at 4 hours

for AG1522. These times agree with the development of the

plateaus observed in Figure 3. 

Discussion 

Our data confirm that NER deficiency, such as found in

XPA, results in greater sensitivity to cisplatin (12-14) and,

in order to match toxicity, the cisplatin concentration for the

XPA cell treatment (0.5 Ìg/ml) was half of that used for the

normal human fibroblast line AG1522 (1.0 Ìg/ml). When

TER at 40ÆC was compared under these conditions the

results were similar for both cell lines, indicating that the

mutation XPA did not affect TER. Thus, if thermal

sensitization acts through DNA repair inhibition (17, 18), it

appears that the NER pathway may not play an important

role in this process. 

Our results with protracted concurrent mild hyperthermia

show thermal enhancement ratios that indicate significant

TER. These results agree with the sensitization observed for

acute treatments at higher temperatures (20-26, 31) and

show the potential of mild hyperthermia as a sensitizer. It

is also of interest to note that earlier studies by Mitchel et
al. (32) showed that thermal radiosensitization occurred in

both normal and XP cells, also indicating that the NER

pathway may not play a role in thermal sensitization. 

Also noteworthy was that for the 41ÆC treatment, the

combination treatment curves reached a plateau at 2-hour

and 4-hour treatment times for the XPA and AG1522 cells,

respectively. In fact, the curves crossed over the results for

Raaphorst and Yang: Thermal-cisplatin Sensitization in XP Cells 

2651

Figure 3. Data is shown for both human normal AG1522 and mutant
XPA cells for exposure to hyperthermia at 41ÆC alone for up to 6 hours,
for cisplatin alone for up to 6 hours or the concurrent treatment with
cisplatin and hyperthermia for up to 6 hours. The AG1522 and XPA cells
were treated with cisplatin concentrations of 1.0 and 0.5 Ìg/ml, respectively. 

Figure 4. Human normal AG1522 and mutant XPA cells were exposed
to 41ÆC alone or to 41ÆC for various times, followed immediately by a 
1-hour exposure to 2.0 Ìg/ml and 1.0 Ìg/ml for the AG1522 and XPA
cells, respectively.



treatment with cisplatin alone, indicating a sub additive

effect. Further studies shown in Figure 4 indicate that this

effect is due to the development of thermotolerance. Earlier

studies by others (33, 34) have in fact shown that the

development of thermotolerance after acute hyperthermia

treatments at 42ÆC can reduce or provide protection for

cisplatin sensitization, especially at the longer heating times.

However, one study showed no effect at higher heating

temperatures of 45ÆC (35), indicating that there may well be

a temperature dependence. The protection of thermal drug

sensitization by the development of thermal tolerance has

been reviewed for a wide range of drugs and potential

mechanisms have been discussed (36). Our data confirm the

thermotolerance effect in human cells and indicate that it can

occur for protracted mild hyperthermia at 41ÆC, while for the

heating times used at 40ÆC it was not evident. The data also

show that this effect occurred in both AG1522 and XPA cells

to the same degree, thus ruling out any influence of NER. 

In summary, our data show that mild hyperthermia has

good potential for cisplatin sensitization and that this effect

is not affected by deficiencies in the NER pathway. Our

data indicate that, for protracted treatments, the

development of thermotolerance can result in sub-additive

effects, in fact providing protection against cisplatin toxicity. 

References 

1 Piver MS: Ovarian carcinoma, A decade of progress. Cancer 54:

2706-2715, 1984. 

2 Canal P: Platinum compounds: pharmacokinetics and

pharmacodynamics. In: A Clinician's Guide to Chemotherapy,

Pharmacokinetics and Pharmacodynamics. Grochow LB and

Ames MM (eds.). Williams and Wilkins, Baltimore pp. 345-373,

1998. 

3 Rose P, Bundy BN, Watkins EB, Thigpen JT, Deepe G,

Maiman MA et al: Concurrent cisplatin based therapy and

chemotherapy for locally advanced cervical cancer. N Engl J

Med 340: 1144-1153, 1999. 

4 Keys HM, Bundy BN, Stahman FB, Muderspach LI, Chafe WE,

Suggs CL III et al: Cisplatin, radiation, and adjuvant

hysterectomy compared with radiation and adjuvant

hysterectomy for bulky stage IB cervical carcinoma. N Engl J

Med 340: 1154-1161, 1999. 

5 Morris M, Eifel PJ, Lu J, Grigsby PW, Levenback C, Stevens

RE et al: Pelvic radiation with concurrent chemotherapy

compared with pelvic and para-aortic radiation for high- risk

cervical cancer. N Engl J Med 340: 1137-1143, 1999. 

6 Behrens BC, Hamilton TC, Masuda H, Grotzinger KR, Whang-

Peng J, Louie KG et al: Characterization of cis-

diamminedichloroplatinum(II)-resistant human ovarian cancer

cell line and its use in evaluation of platinum analogues. Cancer

Res 47: 414-418, 1987. 

7 Brizel DM, Albers ME, Fisher SR, Scher RL, Richtsmeier WJ,

Hars V et al: Hyperfractionated irradiation with or without

concurrent chemotherapy for locally advanced head and neck

cancer. N Engl J Med 338: 1798-1804, 1998. 

8 Chougule PB, Suk S, Chu QD, Leone L, Nigro PT, McRae R

et al: Cisplatin as a radiation sensitizer in the treatment of

advanced head and neck cancers. Results of a phase II study.

Cancer 74: 1927-1932, 1994. 

9 Harrison LB, Raben A, Pfister DG, Zelefsky M, Strong E, Shah

JP et al: A prospective phase II trial of concomitant

chemotherapy and radiotherapy with delayed accelerated

fractionation in unresectable tumours of the head and neck.

Head Neck 20: 497-503, 1998. 

10 Dewit L: Combined treatment of radiation and cis-

diaminedichloroplatinum((II): a review of experimental and

clinical data. Int J Radiat Oncol 13: 403-426, 1987. 

11 Takata M, Sasaki MS, Sonoda E, Morrison C, Hashimoto M,

Utsumi H et al: Homologous recombination and nonhomologous

end-joining pathways of DNA double- strand break repair have

overlapping roles in the maintenance of chromosomal integrity

in vertebrate cells. EMBO J 17: 5497-5508, 1998. 

12 Koberle B, Masters, JRW, Hartley JA and Wood RD:

Defective repair of cisplatin-induced DNA damage caused by

reduced XPA protein in testicular germ cell tumours. Curr Biol

9: 273-276, 1999. 

13 Fravel HNA, Rawlings CJ and Roberts JJ: Increased sensitivity

of UV-repair-deficient human cells to DNA bound platinum

products which unlike thymine dimers are not recognized by an

endonuclease extracted from Micrococcus luleus. Mutat Res 51:

121-132, 1978. 

14 Dijt FJ, Fichinger-Schepman AMJ, Berenda F and Reedijk J:

Formation and repair of cisplatin induced adducts to DNA in

cultured normal and repair deficient human fibroblasts. Cancer

Res 48: 6058-6062, 1988. 

15 Liu N, Lamerdin JE, Tebbs RS, Schild D, Tucker JD, Shen MR,

Brookman KW, Siciliano MJ, Walter Ca, Fan W, Narayana LS,

Zhou ZQ, Adamson AW, Sorensen KJ, Chen DJ, Jones NJ and

Thompson LH: XRCC2 and XRCC3 new human Rad 51-family

members promote chromosome stability and protect against DNA

cross links and other damages. Molecular Cell 1: 783-793, 1998.

16 Raaphorst GP, Leblanc JM, Yang DP and Li LF: Comparison

of response to cisplatin radiation and combined treatment in

cell lines deficient in recombination repair. Anticancer Res, in

press 2004. 

17 Raaphorst GP: Recovery of sublethal radiation damage and its

inhibition by hyperthermia in normal and transformed mouse

cells. Int J Radiat Oncol 22: 1035-1041, 1992. 

18 Armour EP and Raaphorst GP: Long duration mild

hyperthermia in brachytherapy. Int J Hyperthermia 20: 175-189,

2004. 

19 Raaphorst GP: Thermal radiosensitization in vitro. In:

Hyperthermia and Oncology Volume 2. Urano M, Douple E

(eds.). VSP, Utrecht pp. 17-51, 1989. 

20 Klein ME, Frayer K and Bachur K: Hyperthermic enhancement

of chemotherapeutic agent in L1210 leukemia. Blood 50: 210-

133, 1977. 

21 Hettinga JVE, Lemstra W, Meijer C et al: Hyperthermic

potentiation of cisplatin toxicity in human small cell lung

carcinoma cell line and a cisplatin resistant subline. Int J

Hypertherm 10: 795-805, 1994. 

22 Raaphorst GP, Miao J, Stewart DJ and Ng CE: Concomitant

treatment with mild hyperthermia, cisplatin and low dose rate

irradiation in human ovarian cells sensitive and resistant to

cisplatin. Oncol Rep 5: 971-978, 1998. 

ANTICANCER RESEARCH 25: 2649-2654 (2005)

2652



23 Kubuta N, Kakehi M and Inada T: Hyperthermia enhancement

of cell killing by five platinum complexes in human malignant

melanoma cells grown as monolayer cultures and multicellular

spheroids. Int J Radiat Oncol 25: 491-497, 1993. 

24 Urano M, Kahn J and Kenton LA: The effect of cisplatin I

treatment at elevated temperatures on murine fibrosarcoma.

F.Sa-II. Int J Hypertherm 6: 563-570, 1990. 

25 Konings AWT, Hettinga JVE, Lemstra W, Humphrey GB and

Kapinga HH: Sensitizing for cisplatin action by hyperthermia in

resistant cells. Int J Hypertherm 9: 553-562, 1993. 

26 Hettinga JVE, Konings AWT and Kampinga HH: Reduction of

cellular cisplatin resistance by hyperthermia – a review. Int J

Hypertherm 13: 439-457, 1997. 

27 Raaphorst GP, Wang G, Stewart D and Ng CE: A study of

cisplatin-radiosensitization through inhibition of repair of

sublethal radiation damage in ovarian carcinoma cells sensitive

and resistant to cisplatin. Int J Oncol 7: 1373-1378, 1995. 

28 de Laat WL, Jaspers NGJ and Hoeijmakers JHJ: Molecular

mechanisms of nucleotide excision repair. Genes Develop 13:

768-785, 1999. 

29 Wong RSL, Dynlacht JR, Cedervall B and Dewey WC: Analysis

by pulsed field gel electrophoresis of DNA double strand breaks

induced by head and/or irradiation in bulk and replicating DNA

of CHO cells. Int J Radiat Biol 68: 141-152, 1995. 

30 Dewey WC: Mechanisms of thermal radiosensitization. In:

Hyperthermia and Oncology Volume 2. Urano M and Douple

E (eds.) VSP Utrecht, pp. 1-16, 1989. 

31 Urano M: Thermochemotherapy from in vitro and in vivo
experiments to potential clinical application. In: Hyperthermia

and Oncology Volume 4. Urano M and Douple E (eds.). VSP

Utrecht, pp. 169-204, 1994. 

32 Mitchel RE, Smith BP, Wheatly N, Chan A, Child S and

Paterson MC: Sensitivity of hyperthermia-treated human cells

to killing by ultraviolet or gamma radiation. Rad Res 104: 234-

241, 1985. 

33 Herman TS, Sweets CC, White DM and Gerner EW: Effect of

heating on lethality due to hyperthermia and selected

chemotherapeutic drugs. J Natl Cancer Int 68: 487-491, 1982. 

34 Ohtsubo T, Chang SW, Tsuji K, Picha P, Saito H and Kano E:

Effects of cis- diammedichloroplatinum (CDDP) and cis-

diammine (1,1-cyclobutanedicarboxylate) platinum (CBDCA)

on thermotolerance development and thermosensitivity of the

thermotolerant cells. Int J Hypertherm 6: 1031-1039, 1990. 

35 Neilan BA, Henle KJ, Nagle WA and Moss AJ: Cytotoxicity of

hyperthermia combined with bleomycin or cisplatinum in

cultured RIF cells: modification by thermotolerance

polyhydroxy compounds. Cancer Res 46: 2245-2247, 1986. 

36 Honess DJ: Interaction between thermochemotherapy and

thermotolerance. In: Hyperthermia and Oncology Volume 4.

Urano M and Douple E (eds.). VSP Utrecht, pp. 71-89, 1994.

Received April 26, 2005
Accepted May 9, 2005

Raaphorst and Yang: Thermal-cisplatin Sensitization in XP Cells 

2653


