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Abstract. An optimal scheduling of hyperthermia and cis- 
diammine-dichloroplatinum(II) (cisplatin) may increase the 
therapeutic gain of the combination of these two mo- 
dalities. In this study, intracellular platinum accumulation, 
total platinum binding to DNA, and DNA interstrand cross- 
links (ISC) were assayed to investigate the molecular me- 
chanisms responsible for the effect of sequencing hy- 
perthermia on the thermal enhancement of cisplatin-in- 
duced cytotoxicity in mouse leukemia L1210 cells. Si- 
multaneous treatment with heat (41.5 ~ C, 60 rain) and 
cisplatin produced maximal cell killing with a 4-fold de- 
crease in the 50% growth-inhibitory concentration (ICs0) of 
the platinum complex. Super-additive cell killing was also 
shown when cells were exposed to heat before cisplatin 
treatment, whereas no thermal enhancement in cisplatin- 
mediated cytotoxicity was observed in cells given heat after 
exposure to cisplatin. These results correlated with the 
degree of formation of ISC observed in cells following 
various treatments. A 2- to 3-fold increase in ISC formation 
was observed in cells given heat before or during cisplatin 
exposure, whereas heat after cisplatin treatment did not 
alter either the formation or the reversal of ISC as com- 
pared with cisplatin alone. The increased ISC formation 
was associated with an increase in intracellular platinum 
accumulation and total platinum binding to DNA in cells 
given heat before or during cisplatin exposure. These data, 
showing that hyperthermia potentiates cisplatin cytotoxic- 
ity by increasing drug uptake and the formation of DNA 
adducts without inhibiting the repair of DNA lesions, de- 
monstrate the potential utility of sequencing hyperthermia 
combined with cisplatin as a clinical anticancer therapy. 
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Introduction 

Cisplatin is a commonly used antineoplastic agent with 
proven efficacy against a variety of human malignancies 
[7, 25]. Hyperthermia increases the cytotoxicity of cisplatin 
in vitro [3, 9] and in vivo [1, 16]. Increasing attention has 
been given to this combination as a powerful anticancer 
therapy. However, simultaneous application of these two 
modalities increases drug-mediated toxicity to normal tis- 
sue in human as well as in experimental animals, limiting 
the clinical utility of this combination [5, 13, 22]. 

A number of studies demonstrate that the antitumor 
effect is greatest when tumors are exposed simultaneously 
to cisplatin and heat [12, 21]. A synergistic effect has been 
produced by various sequences and intervals between cis- 
platin exposure and hyperthermia [6, 24]. Previously, we 
reported that varying the sequence between whole-body 
hyperthermia and cisplatin modulated the therapeutic gain 
in rats bearing fibrosarcoma [2]. Whole-body hyperthermia 
enhanced the cytotoxicity of cisplatin to both normal tissue 
and tumor, whereas the relative degree of this enhancement 
was modified by the sequence and interval between the two 
modalities. These data suggest that an optimal scheduling 
of cisplatin with heat could improve the therapeutic gain by 
reducing normal tissue injury while maintaining enhanced 
antitumor activity. For the clinical application of sequen- 
cing hyperthermia combined with cisplatin, it may be 
useful to understand the molecular basis causing the dif- 
ferent effects observed using various timing and sequences 
in combinations of the two modalities. 

The interaction of cisplatin with DNA has been im- 
plicated as the major cytotoxic action of the drug, and the 
formation of DNA interstrand cross-links (ISC) has been 
correlated with both in vivo and in vitro cytotoxicity [4, 26]. 
Hyperthermia has been shown to increase ISC in cultured 
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Fig. 1. Survival of L1210 cells after treatment with cisplatin at either 
37 ~ C or 41.5 ~ C for 1 h. Data are presented as mean values • SE 
(bars) for three independent experiments 

Alkaline eIution assay. ISC formation was assayed by the technique of 
alkaline elution with proteinase K as described previously [10, 27]. 
Exponentially growing L1210 cells were radiolabeled with 0.05 gCi 
[2-14C]-thymidifie/ml (New England Nuclear, Boston, Mass.) for 24 h. 
L1210 cells that were used as internal standards were radiolabeled with 
0.1-0.2 gCi [3H]-thymidine/ml (New England Nuclear). Following 
treatment with 54 gM cisplatin for 1 h, cells were washed twice in ice- 
cold PBS. [14C]- and [3H]-labeled L1210 cells were subjected to 300 
rad X-irradiation and deposited on membrane filters. Filter elution was 
performed as described previously [10, 27]. The levels of [14C]- and 
pH]-DNA radioactivity remaining on the filter and in the eluted 
fractions were determined by counting in a Beckman LS 5800 liquid 
scintillation spectrometer, and the retention of label on the filter as a 
function of the time of elution was calculated. The DNA ISC fre- 
quency in rad equivalents was calculated by the equation 

!SC = [[(1- r0) / (1-r)]  %-1} • 300 rads, 

where r and ro are the relative retention of [14C]-DNA in treated and 
control cells, respectively. Cells exposed to heat alone for 1 h were 
used as the control for the treatment of heat combined with cisplatin. 
For the sequencing treatment, cells were rinsed after exposure to drug 
or heat and were then immediately exposed to the other treatment. 

cells  when  s imul taneous ly  combined  with  cisplat in [15]. To 
inves t iga te  the mo lecu l a r  m e c h a n i s m  that migh t  account  for 
the in teract ion be tween  heat  and cisplat in  at var ious  se- 
quenc ing  and t iming,  we  e x a m i n e d  c isp la t in- induced ISC 
toge ther  wi th  in t racel lu lar  p la t inum accumula t ion  and total  
p la t inum binding to D N A  using cul tured  L1210  cells. 

Intracellular cisplatin accumulation. Cells growing exponentially were 
treated with 54 gM cisplatin for 1 h at 37 ~ C or 41.5 ~ C or at 37 ~ C 
after heat exposure. Cells were washed twice in ice-cold PBS and 
pelleted. The pellets were solubilized with 25 btl hyamine hydroxide at 
55 ~ C for 3 h and acidified with 475 gl 0.1 N HC1, and the platinum 
content was determined by fiameless atomic absorption spectro- 
photometry (FAAS; Varian, model AA300/GTA-96) and the technique 
of standard addition as described previously [18]. 

Materials and methods 

Cell cultures. L1210/0 cells were grown in fresh RPMI 1640 (sup- 
plemented with penicillin, streptomycin, 1 mM L-glutamine, and 10% 
heat-inactivated fetal bovine serum). Cell cultures were kept at 37 ~ C 
in a humidified incubator with a mixture of 95% air and 5% CO2. 
Under these conditions, the cells have a doubling time of approxi- 
mately 12 h. All experiments were done with cells in the exponential 
growth phase. 

Drug treatment. Cisplatin, obtained from Johnson Matthey Research 
Centre (Reading, UK), was dissolved in sterile saline (0.9% NaC1) and 
diluted to the appropriate concentration with complete medium im- 
mediately prior to its use. Exponentially growing L1210 cells were 
resuspended in the medium at pH 7.4 and the cell density was adjusted 
to 5 x 105 cells/ml. The drug treatment was carried out in plastic tubes. 
Cells were exposed to cisplatin for 60 rain at 37 ~ C or 41.5 ~ C. The 
cells were then centrifuged and washed twice in phosphate-buffered 
saline (PBS) and then resuspended in growth medium. In the se- 
quential treatment studies, the cells were exposed to either cisplatin or 
heat for 1 h, rinsed with PBS, and exposed to the other agent for 1 h, 
with a variable interval being interposed between the exposures. 

Hyperthennia. For hyperthermia, tubes were immersed in a ther- 
mostatically controlled circulating water bath maintained at 
41.5~ 0.1~ by a Haake model E 12 circulator/heater. Tempera- 
tures in the water bath were measured using multiple thermometers 
and displayed on a YSI model 49 TA digital telethermometer (Yellow 
Springs Instrument Co., Yellow Springs, Ohio) connected to a YSI 
model 4002 12-channel switch box [16]. 
Survival assay. Exponentially growing L1210 cells were treated and 
washed as described above and then suspended in medium. A 1-ml 
aliquot of cells was suspended in 3 ml of medium containing 0.1% 
Noble agar in closed tubes, and colony formation was scored after 
11 - 14 days of incubation. The colony-forming efficiency of untreated 
cell growth varied between 80% and 90%. 

Total platinum binding to DNA. High-molecular-weight DNA was 
isolated from cell pellets following drug incubation (see above) ac- 
cording to standard procedures [11]. Briefly, the pellets were lysed at 
37 ~ C overnight using the extraction buffer [10 mM TRIS, 100 rnM 
ethylenediaminetetraacetic acid (EDTA), 20 gg RNase/ml, 0.55% 
sodium dodecyl sulfate (SDS), pH 8.0] and then treated with proteinase 
K (100 gg/ml, 50 ~ C, 3 h), and the DNA was extracted with phenol 
three times, precipitated with ethanol, and dissolved in H20 (200 ~tl). 
The DNA content was assessed by absorption at 260 nm, and its purity 
was judged to be acceptable when the ratio of absorbance values de- 
termined at 260 and 280 nm was -->1.8. The amount of Pt in the sample 
was determined by FAAS. 

Statistical analysis. Student's t-test was used to determine the signif- 
icance of the difference between the groups. When the P value was less 
than 0.05, the statistical difference was considered to be significant. 

Results 

The survival  o f  exponent ia l ly  g rowing  L 1210 cel ls  exposed  
to var ious  concent ra t ions  o f  c isplat in  at 37 ~ C or 41.5 ~ C is 
shown in Fig. 1. In this cel l  l ine, exposure  to heat  a lone at 
41.5 ~ C for  1 h reduced  survival  to 9 4 % _  4.7% (SE). Cel ls  
exposed  to cisplat in and heat  s imul taneous ly  showed  a 
greater  reduct ion  in survival  as compared  with  those  t reated 
with cisplat in at 37 ~ C. The  50% growth- inh ib i to ry  (ICs0) 
doses as de te rmined  by l inear  regress ion  analysis  were  
5.6 g M  at 37 ~ C and 1.4 g M  at 41.5 ~ C. 

F igure  2 shows the effects  o f  sequenc ing  on the inter- 
act ion o f  cisplat in (27 gM)  and heat. Exposure  o f  cel ls  at 
41.5 ~ C in the absence  of  c isplat in  p roduced  little, i f  any 
cel l  kil l ing. Hype r the rmic  potent ia t ion  of  c isplat in  cyto-  
toxic i ty  was m a x i m a l  when  both modal i t i es  were  g iven  
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Fig. 2. Effects of sequencing on heat and 
cisplatin interaction in L1210 cells. Cells were 
exposed to heat (41.5 ~ C, 1 h) before, during or 
after treatment with 27 gM cisplatin for 1 h. 
Data are presented as mean values 4- SE (bars) 
for three independent experiments 
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Fig. 3. DNA ISC formation and repair as a function of time after 
treatment of cells with 54 gM cisplatin for l h combined with different 
sequencing heat. Cells were exposed to heat simultaneously with 
cisplatin or immediately before or after treatment with cisplatiu. 
Data are presented as mean values _ SE (bars) for three independent 
experiments 

simultaneously. When cells were exposed to heat 1 or 2 h 
before being treated with cisplatin, a synergistic cell killing 
was observed, whereas there was no augmentation of the 
effect of cisplatin when the cells were heated 3 h before 
drug exposure. In contrast, heat after exposure to cisplatin 
caused little decrease in the survival fraction as compared 
with cisplatin treatment alone. 

The degree of formation and repair of DNA cross-links 
as a function of time after drug treatment with a various 
sequencing heat treatment is shown in Fig. 3. When treat- 
ment with 54 gM cisplatin was carried out at 37 ~ C, the 
maximal fraction of cross-links occurred at 6 h and then 
decreased, with most of the cross-links disappearing by 24 
or 48 h. When cells were exposed to heat before or during 
cisplatin treatment, significantly greater ISC was produced, 

whereas no difference in the degree of ISC formation was 
observed in cells given heat after cisplatin treatment as 
compared with those exposed to cisplatin at 37 ~ C. Essen- 
tially, the kinetics of the formation and reversal of ISC was 
similar in cells treated with cisplatin with a various se- 
quencing of heat. 

Table 1 summarizes the effect of sequencing between 
heat and cisplatin on intracellular platinum accumulation, 
total platinum binding to DNA, and the peak ISC value 
shown in Fig. 3. The former two parameters were measured 
just after exposure to cisplatin. The increased ISC mirrored 
an increase in intracellular platinum accumulation and total 
platinum binding to DNA. The maximal levels of in- 
tracellular platinum accumulation and total platinum 
binding to DNA were observed in cells given heat during 
cisplatin exposure, and these values were also greater in 
cells exposed to heat immediately before cisplatin treat- 
ment as compared with those given cisplatin alone. 

Discussion 

How hyperthermia enhances the cytotoxicity of antitumor 
drug remains controversial. Some possibilities have been 
proposed as follows: increased drug uptake in cells [8], 
increased DNA lesions [15], alteration in drug metabolism 
[23], and inhibition of DNA repair by heat [14, 24]. Some 
or all of the above-mentioned mechanisms may be involved 
when cisplatin is given simultaneously with hyperthermia. 
Increased intracellular platinum contents were observed in 
cells simultaneously exposed to heat and cisplatin as 
compared with those given cisplatin alone a study involv- 
ing cultured cells [21]. Meyn et al. [15] reported that in- 
creased formation of ISC was observed with a higher 
concentration of cisplatin at 37 ~ C or 43 ~ C, and the cells 
treated with the drug for 1 h at 43 ~ C had a greater amount 
of DNA cross-links than did those treated with the drug at 
37 ~ C. No difference was observed in the repair of ISC 
between cells exposed to cisplatin at 37 ~ C versus 43 ~ C. In 
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Table 1. Intracellular platinum accumulation, total platinum binding to 
DNA, and ISC in cells exposed to cisplatin and heat at different 
schedules 

Intracellular Total platinum ISC a 
platinum binding to DNA (rad Equiv.) 
(ng Pt/107 cells) (ng Pffmg DNA) 

Cisptatin 19.7 _+ 2.3 b 20.2 • 1.3 41.5 _+ 2.9 
alone 

Heat followed 30.0--_4.5 32.6_+3.9* 86.8_+8.0** 
by cisplatin 

Simultaneous 36.9 _+ 5.3'* 47.3 _+ 3.2** 110.4 _+ 6.6"* 
exposure 

The cells were exposed to each drug or to heat for 1 h. Data represent 
mean values _+ SE for three independent experiments 
a Value obtained 6 h after exposure to cisplatiu 
* P <0.05 as compared with cisplatin alone; 
** P <0.01 as compared with cisplatin alone 

vivo studies by Teicher et al. [20] demonstrated that local 
hyperthermia (43 ~ C, 30 min) simultaneously combined 
with cisplatin treatment increased ISC formation in tumor 
cells, which was reflected in an increased tumor growth 
delay in the mouse FSaII fibrosarcoma, as compared with 
treatment with cisplatin alone. 

At normal temperature, the clinical use of cisplatin is 
limited by its side effects on normal tissue. Cisplatin- 
mediated normal-tissue toxicity is enhanced when treat- 
ment with the drug is combined with systemic hy- 
perthermia, resulting in a limited therapeutic gain from this 
combination therapy [5, 13, 22]. The alterations of cisplatin 
pharmacokinetics under hyperthermic conditions may be 
responsible for the increased normal-tissue toxicity as well 
as the antitumor effect. Studying the effect of heat on cis- 
platin pharmacokinetics in normal dogs showed in vivo 
alterations of different pharmacokinetic parameters [17]. 
Tissue binding of free cisplatin was increased at elevated 
temperatures. Our pharmacology study showed that the 
drug concentration in normal tissues and tumor increased 
when cisplatin treatment was carried out during whole- 
body hyperthermia [19]. With respect to local hy- 
perthermia, increased platinum levels were observed in 
normal tissues such as skin and muscle in mice [17]. 

For an increase in the therapeutic gain, an optimal 
scheduling of heat and cisplatin exposure seems to be im- 
portant. In preclinical studies, the extent of thermal en- 
hancement of cisplatin cytotoxicity depends on the se- 
quence or the interval between the administration of cis- 
platin and heat [6, 12, 21, 24]. Our previous study de- 
monstrated that hyperthermia given before or after cisplatin 
decreased normal-tissue toxicity without reducing the an- 
ritumor effect, resulting in an increased therapeutic gain [2]. 

In the current study, we examined the molecular me- 
chanisms responsible for the effect of the sequencing hy- 
perthermia on the thermal enhancement of cisplatin-medi- 
ated cytotoxicity. Heat had no effect on cell killing by itself. 
A dose of 41.5 ~ C applied for 60 min is tolerated in vivo; 
that is, this heat treatment is physiologically relevant. The 
sequencing hyperthermia caused different effects on the 
cytotoxicity of cisplatin, and these results correlated with 
the degree of ISC fo~3nation produced in cells. The max- 

imal degree of cell killing and the greatest ISC values were 
produced in cells simultaneously exposed to cisplatin and 
heat. Cells given heat before cisplatin showed significantly 
increased cell killing and ISC formation as compared with 
those exposed to cisplatin alone. This increased ISC for- 
marion was associated with an increase in intracellular 
platinum accumulation and total platinum binding to DNA. 
These data suggest that heat perturbs the integrity of the 
cell membrane and leads to an increase in intracellular 
platinum accumulation. 

The effect of heat given before cisplatin depends on the 
interval between heat and cisplatin administration. When 
heat was applied 3 h before cisplatin treatment, no en- 
hancement of cell killing was observed. This observation 
suggests that the altered permeability of the cell membrane 
might recover within 2 h after heat exposure. In contrast, 
heat after cisplatin exposure caused no effect on the cell 
killing or the ISC induced by cisplatin. Interestingly, heat 
did not influence the repair of DNA ISC. Even when cells 
were exposed to heat at 6 h after their exposure to cisplatin, 
at which time the peak ISC values were observed, no 
change in the kinetics of ISC formation was produced (data 
not shown). With regard to these data, the most likely ex- 
planation for the effect of heat on cisplatin-induced cell 
killing is that hyperthermia alters the permeability of the 
cell, resulting effectively in a higher intracellular platinum 
accumulation. Enhanced platinum binding to DNA and ISC 
formation are probable consequences of increased drug 
uptake. 

Our data demonstrate that hyperthermia enhanced cis- 
plarin-mediated intracellular platinum accumulation, total 
platinum binding to DNA, and ISC formation. These 
changes correlated with increased cytotoxicity of cisplatin. 
Furthermore, the biochemical pharmacology was modu- 
lated by sequencing heat and cisplatin. For the clinical 
application of sequencing combinations of hyperthermia 
and cisplatin, molecular and pharmacology studies need to 
be performed in normal tissues as well as tumors such that 
an optimal sequence for the maximal therapeutic gain can 
be determined. 
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