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ABSTRACT

The antitumor activity and normal tissue toxicity of f/s-diammine-1,1-
cyclobutanedicarboxylate platinum (II)(carboplatin) in combination with
whole body hyperthermia (WBH) (41.5Â°C,120 min.) were examined in
an F344 rat model. Carboplatin data were compared with those of cis-
diamminedichloroplatinum (II) (cisplatin). At 37Â°C,Carboplatin showed

minimal activity against a rat fibrosarcoma, but when combined with
\\ 111I, the antitumor effect of the drug was greatly enhanced. The major
carboplatin-induced acute toxicity at both normothermic and hyper-
thermic temperatures was marked hypoccllularity of the bone marrow.
A significant decrease in peripheral blood platelet counts was caused by
the maximum tolerated doses (MID) of Carboplatin alone and with
\\ III!. While the lethal dose of Carboplatin alone caused only minimal
renal damage, mild acute tubular necrosis was observed at the MilÂ»of
Carboplatin with \\ 111I. although no significant increase in blood urea
nitrogen occurred. Therapeutic ratios of the combined chemotherapy and
U III I modalities were calculated by comparing tumor growth response
at the MID of drug alone and drug combined with VVBH.The combi
nation of the nephrotoxic cisplatin with U III I resulted in a therapeutic
ratio of only 0.8, whereas when carboplatin was combined with WBI1, a
value of 3.0 was obtained, representing a 3- to 4-fold increase over
cisplatin in the therapeutic ratio. These data indicate that the less
nephrotoxic carboplatin in combination with \VBH improves therapeutic
gain and may provide a more promising clinical combination for cancer
treatment than cisplatin combined with VVBH.

INTRODUCTION

Cisplatin is a widely used anticancer drug against a broad
range of malignancies (1, 2). Hyperthermia enhances the cyto-
toxicity of cisplatin in vitro (3, 4) and in vivo (5, 6), and
increasing attention has been given to this combination as a
powerful anticancer therapy. Unfortunately, simultaneous ap
plication of cisplatin and WBH5 produces unacceptable renal

toxicity in humans (7, 8), as well as in experimental animals
(9, 10). Our previous study showed that administration of
cisplatin combined with WBH caused a 3-fold increase in renal
injury, as measured by renal function and histopathological
examination (11). It was concluded that thermal enhancement
of cisplatin-mediated renal dysfunction would limit the clinical
utility of the combined modality.

Carboplatin is a less nephrotoxic analogue of cisplatin that
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retains significant clinical antitumor effect against a variety of
cancers (12, 13). In vitro, the antitumor activity of carboplatin
is significantly enhanced when combined with hyperthermia
(14, 15). Although the dose-limiting toxicity of this analogue is
bone marrow suppression (12, 13), there are no in vivo reports
about carboplatin-induced antitumor activity or normal tissue
toxicity under hyperthermic conditions.

The purpose of this study is to examine the normal tissue
toxicities and antitumor effect induced by carboplatin when
combined with WBH. In addition, the therapeutic gain of this
combination was compared with that of cisplatin combined
with WBH.

MATERIALS AND METHODS

Animals. Experiments were performed on female Fischer 344 rats
(HarÃanSprague-Dawley, Inc., Indianapolis, IN), 11-13 weeks old,
with a body weight ranging from 140 to 170 g, which were cared for in
accordance with NIH standards. The rats were fed a diet of standard
laboratory chow, allowed free access to water, and housed five/cage in
a controlled environment with a 12-h light/dark cycle. All animals were
allowed a 1-week environmental adaptation period before their experi
mental use.

Drugs. Carboplatin was synthesized in-house by the published pro
cedure as described by Khokhar et al. (16) and Baer et al. (17).
Carboplatin was dissolved in 5% dextrose in water (Injection USP;
Travenol Laboratories Ine, IL), and cisplatin (Platinol; Bristol Myers,
Syracuse, NY) was reconstituted in sterile water (USP) according to
manufacturer's recommendation, immediately prior to use. The final

concentration was 10 mg/ml for carboplatin and 1 mg/ml for cisplatin.
Carboplatin and cisplatin were injected by i.v. bolus through the lateral
tail vein of halothane-anesthetized rats. In rats undergoing WBH, drugs
were given simultaneously with WBH when the rectal temperature first
reached 41.5Â°C.Animals not given carboplatin or cisplatin received the

drug-reconstituting vehicle.
WBH. Whole body hyperthermia was induced by immersing halo-

thane-anesthetized rats into a thermostatically controlled circulating
water bath maintained at 41.5Â°Cby a Haake model E 12 circulator/

heater as described previously (9). An average of 30 min was required
for the rectal temperature to reach 41.5Â°C.after which time the rats
were maintained for 2 h at a temperature of 41.5 Â±0.1Â°C.Animals not
receiving WBH were given normothermic (37Â°C)treatment by place

ment on a circulating warm water blanket (Blanketrol, Cincinnati Sub-
Zero Products, Inc.. Cincinnati. OH) where they were maintained at a
core temperature of 37Â°C,which is within the reported range of normal

rectal temperature for rats (18,19). General anesthesia of 1% halothane
in pure oxygen as described previously (20) was used for all treatments.

Tumor Studies. The antitumor effect of carboplatin and cisplatin
with or without WBH was investigated using a transplantable fibrosar
coma (9). Viable tumor cells (IO*1)were injected s.c. into the left flank

of rats, which produced tumors in 100% of the animals. Treatment was
administered when tumors reached a volume of 300-500 mm1 (9-14

days after implantation). Tumor size was measured every 2 days by
using a vernier caliper to determine three perpendicular diameters (il),
and the tumor volume was calculated by using the formula. V = Vi(d\
x di x i/3). The response of the tumors to the treatments was deter
mined by using the parameter of TGD. which was calculated as the
tumor growth time necessary to reach 10 x treatment volume (9).
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Normal Tissue Toxicity Evaluated during Dose-Response Studies.
Lethality, during the first 14 days posttreatment, was used as a measure
of general acute toxicity. The LD50was calculated using the method of
Litchfield and Wilcoxon (21) and the highest dose, at which no deaths
were observed within 2 weeks after treatment, was determined as the
MTD. Body weight was measured every 2 days after treatment, and
evidence of gastrointestinal toxicity, as determined by the presence of
diarrhea or blood in the stool, was recorded at that time. Presence of
fecal occult blood was confirmed by the guaiac test (Hemoccult slide;
SmithKline Diagnostics, Inc., Sunnyvale, CA). Histopathological
analysis was performed on rats that died during the dose-response

study. Major organs, including lung, heart, spleen, liver, intestine,
pancreas, sciatic nerve, femur, brain, and kidney, were fixed with 10%
buffered formalin. From each paraffin-embedded sample, 4-/Â¿mthick
sections were prepared and stained with hematoxylin and eosin for
light microscopic evaluation. All histopathological examinations were
performed by one of the authors (L. C. S).

Specific Normal Tissue Toxicity Studies. Histopathological exami
nation was performed on the femoral bone marrow, the spleen, the
gastrointestinal tract, and the kidneys in non-tumor-bearing rats that
received the MTD of carboplatin with and without WBH (70 mg/kg
for normothermic rats and 30 mg/kg for WBH-treated rats, see Fig.
2fi), iso-dose of carboplatin alone (30 mg/kg), and carboplatin vehicle
(37Â°Cand WBH control). These rats were sacrificed on days 3, 5, or 7

after treatment, and the organs were fixed in 10% buffered formalin
and processed for microscopic examination as already described in the
previous section. Each group consisted of 9 rats (3 rats at each time
point) in these histopathological studies.

Hematological toxicity mediated by treatment was evaluated on day
5 posttreatment functionally by measurement of peripheral blood
counts in the same rats used for the day 5 histopathological examina
tion. For blood count determinations, rats were lightly anesthetized
with ether and 0.1 ml of blood was obtained from the ventral tail artery.
RBCs, WBCs, and platelets were quantitated electronically on a Coulter
Counter (model ZM; Coulter Electronics, Inc., Hialeah, FL), using
Isoton II as the diluent for blood and Zapoglobin II as the RBC-lysing
agent. The final blood dilutions for WBC, RBC, and platelet counts
were 1:1,000, 1:200,000. and 1:20,000. respectively.

To examine the effects of treatment on renal function, blood was
collected from the tail artery of non-tumor-bearing rats on day 5
posttreatment and serum BUN and creatinine were measured using a
Beckman BUN analyzer II and Sigma creatinine kit 555, respectively.

Statistics. The data from each treatment group were compared using
a two-sided Student's t test to determine statistical variation.

Calculation of Therapeutic Ratio. The therapeutic ratio was calculated
as follows.

Therapeutic ratio = TGDa, MTD ol drug aMl.S'C

TG Dal MTD of drug a( .'

Therapeutic gain is concluded when the therapeutic ratio > 1.0. Con
versely, therapeutic loss occurs at a ratio < 1.0.

RESULTS

Carboplatin and WBH

Tumor Studies

The fibrosarcoma used in this study is relatively resistant to
carboplatin. Fig. 1 shows the tumor growth curves after treat
ment with a fixed carboplatin dose (40 mg/kg). Neither carbo
platin alone or WBH alone had a significant effect on tumor
growth. When carboplatin was given during WBH, the tumor
growth delay was significantly enhanced (P < 0.01). Fig. 2A
shows the TGD as a function of carboplatin dose. There was
no statistical difference in tumor growth time to reach 10 x
initial tumor volume between control and carboplatin alone, up
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Fig. 1. Tumor growth cunes for carboplatin and WBH. Controls were given

5% dextrose in H2O at 37Â°C;carboplatin alone group received 40 mg/kg of the
drug at 37"C; WBH alone group received 5% dextrose in H2O at 41.5Â°C;
carboplatin plus WBH group was given 40 mg/kg carboplatin at 41.5Â°C.Points,

means (bars, Â±SE,when they exceed the diameter of the symbol) of 5 or 6 rats
in each group.

37.OÂ°C

40 5O 6O 7O SO 9O 1OO

Dose of Carboplatin (mg/kg)

Fig. 2. TGD (A) and mortality of animals (B) after administration of carbo
platin alone or carboplatin combined with WBH as a function of carboplatin
dose. TGD at the MTD was 1.7 Â±0.5 days for carboplatin alone and 5.1 Â±1.4
days for carboplatin combined with WBH. Points, means (hars, Â±SE)of 4-6 rats
in each group.

to 60 mg/kg. Administration of 70 mg/kg carboplatin alone,
the MTD, caused a modest antitumor response with a TGD of
1.7 Â±0.5 days. In contrast, carboplatin in combination with
WBH produced a 3-fold increase (TGD of 5.1 Â±1.4 days) in
antitumor response at the MTD of 30 mg/kg.

Normal Tissue Toxicity Observed in Dose-Response Studies

Lethality. The LD50 of carboplatin combined with WBH was
43.5 mg/kg (95% confidence limits, 37.6-50.3 mg/kg), as com
pared to 84.9 mg/kg (79.7-90.5 mg/kg) for carboplatin alone
at 37Â°C(Fig. 2B).

Body Weight Loss and Diarrhea. Table 1 shows body weight
loss and diarrhea following carboplatin administration with or
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Table 1 Toxicities associated with administration ofcarboplatin alone or
combined with WBH in tumor-bearing rats

Carboplatin
Temperature dose

CO(mg/kg)37

0405060

7080

90
10041.5

010

2030

4050No.55J5

65

4
555

55

65Weight

change"

(% of pretreatment
bodyweight)-1.9
Â±0.4-3.7

Â±0.8-4.
1 Â±0.5C-5.6

Â±0.4"
-6.7 +0.8"-10.0

+ 0.8"
-13.0 + 0.6"
-15.8 Â±1.1*-2.7

Â±0.2-4.5
+ 0.9

-6.7 Â±0.9"-8.1
Â±2.0C

-11.6+1.2*'-17.0
Â±1.0*-'Diarrhea*0.

0. 0. 0.00.
0. 0. 0.00.
0. 0. 0,00.
0. 0. 0. 0

+, +, 0, 0.0,Â±,
+, 0. 0.0+.
+. +,00,

0, 0. 0.00,
0. 0. 0.0Â±.
0. 0. 0.0Â±,
Â±,0, 0, 0

+. +, +. +. 0.nn

Â°Mean Â±SE at 4 days after treatment.
* Occurrence of diarrhea in each rat is indicated as follows: 0. no diarrhea; Â±,

questionable or minimal diarrhea: +. significant diarrhea covering more than I
cm of ventral surface around rectal orifice.

' P < 0.05 as compared with the control group at 37"C.
Â¿P < 0.01 as compared with the control group at 37"C.
' P< 0.01 as compared with the iso-dose group at 37Â°C.

without WBH. Minimal weight loss occurred in the control and
WBH alone groups. Administration ofcarboplatin alone led to
significant loss of body weight at doses exceeding 40 mg/kg.
Enhancement of body weight loss resulted when carboplatin
was administered during WBH: a significant body weight loss
occurred at a dose of only 20 mg/kg, and a greater than additive
decrease in body weight was apparent when comparing the iso
dose at 40 or 50 mg/kg. At a dose of up to 80 mg/kg carboplatin
alone and 30 mg/kg carboplatin combined with WBH, minimal
or no diarrhea was observed. Acute diarrhea during the first 10
days posttreatment occurred in >50% of the animals when
carboplatin was administered at a dose of 90 mg/kg alone or
40 mg/kg combined with WBH. Diarrhea, at lethal doses of
either carboplatin alone or carboplatin combined with WBH,
had a dark pasty appearance, due to gastrointestinal tract
bleeding, as indicated by a positive guaiac test.

Histopathology. Rats receiving carboplatin at doses exceeding
the MTD, either alone (80, 90, and 100 mg/kg) or combined
with WBH (40 and 50 mg/kg), died between 4 and 8 days after
treatment. Histopathologically, severe lesions were seen in the
bone marrow and gastrointestinal tract of rats given either
carboplatin alone or carboplatin combined with WBH at lethal
doses. Marked hypocellularity due to erythroid, myeloid, and
megakaryocyte atrophy was observed in sections of bone mar
row from the femur. Lymphoid atrophy was prominent in the
spleen and gut-associated lymphoid nodules. The gastrointes
tinal toxicity was characterized by hemorrhagic gastritis and
enterocolitis, with marked atrophy of the villi and extensive
necrosis of the crypt epithelium. There were no qualitative
differences in bone marrow or gastrointestinal toxicity when
comparing rats treated with carboplatin alone at 37Â°Cand
carboplatin combined with WBH at 41.5Â°C. Renal lesions
caused by carboplatin alone at 37Â°Cwere observed only at a

dose of 100 mg/kg and were mild in nature, consisting of only
a few tubules, generally confined to the inner cortex, that
showed single or multiple necrotic tubular epithelial cells. When
carboplatin at 40 and 50 mg/kg was combined with WBH,
renal injury was enhanced and was characterized by moderate
acute necrosis of tubular epithelium and cellular atypia in
affected tubules located in the middle and inner cortex.

Specific Normal Tissue Toxicity Studies

Hematological Toxicity. Histopathological examination of
non-tumor-bearing rats that were sacrificed after receiving the
MTD of 70 mg/kg carboplatin alone or 30 mg/kg combined
with WBH showed that the most prominent lesions occurred
in the bone marrow. The most severe carboplatin-mediated
damage was observed in the femoral bone marrow examined 5
days after treatment by either carboplatin alone or carboplatin
combined with WBH. When the rats received 70 mg/kg car
boplatin alone or 30 mg/kg combined with WBH, moderate
general atrophy of the bone marrow was observed in the femur.
This was characterized by loss of erythropoiesis, elimination of
developing myeloid cells leaving a predominance of mature
granulocytes, and decreased megakaryocytes (Fig. 3). On day 7
posttreatment, recovery of erythropoiesis, myelopoiesis, and
megakaryocyte atrophy was observed. Additionally, mild de
creased extramedullary hematopoiesis in the spleen was ob
served in these rats. No histopathological changes were ob
served in any organs obtained from rats receiving 30 mg/kg
carboplatin alone or WBH alone, as compared with the normal
control group.

Table 2 shows the peripheral blood cell counts on day 5
posttreatment determined in the rats used for histopathological
analysis of bone marrow. Carboplatin, 70 mg/kg, alone caused
a significant decrease in platelet counts to 3.9 x 10a/ml, com
pared to 6.8 Â±0.07 x 10K/ml in control animals (P < 0.05),

while no reduction in blood cell counts was observed in rats
given 30 mg/kg carboplatin alone. WBH alone caused an in
crease in platelets to 10.0 x 10K/ml, whereas when 30 mg/kg

carboplatin was combined with WBH, a significant decrease in
WBC and platelet counts occurred, as compared to the control
group.

Gastrointestinal Toxicity. Histopathological examination of
the GI tract on day 3 posttreatment revealed that mild to
moderate lesions in the ileum, characterized by atrophy of villi
and necrosis of crypts, were observed in rats receiving 70 mg/
kg carboplatin alone or 30 mg/kg carboplatin combined with
WBH. Analysis of sections of the GI tract on days 5 or 7
posttreatment showed mild erosion and ulcÃ©rationof the gastric
mucosa in rats receiving 70 mg/kg carboplatin alone or 30 mg/
kg carboplatin in combination with WBH, but no lesions were
observed in the small intestine at these times. No significant
alterations were observed in the GI tract of rats given 30 mg/
kg carboplatin alone and WBH alone, as compared to the
control group.

Renal Toxicity. Microscopic examination of the kidney
showed that the MTD of carboplatin combined with WBH
caused mild renal injury, while the MTD of carboplatin alone
caused no renal damage. Renal lesions consisting of mild acute
necrosis of groups of tubules were seen in rats receiving 30 mg/
kg carboplatin combined with WBH and sacrificed on day 5
posttreatment, while no alterations were observed in kidneys of
rats given 70 mg/kg carboplatin alone. A separate experiment
was conducted using non-tumor-bearing rats to examine the
effect of carboplatin alone or in combination with WBH on
renal function (Table 3). Administration of carboplatin alone
did not increase serum BUN or creatinine on day 5 posttreat
ment. When carboplatin was administered during WBH, renal
function was not significantly reduced because only one of 6
rats at the greater than MTD (40 mg/kg) showed a mild increase
in BUN up to 30 mg/dl and creatinine to 0.68 mg/dl. Additional
analysis of blood collected on days 10 and 15 posttreatment did

2996

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/11/2994/2443470/cr0510112994.pdf by guest on 19 M

ay 2023



CARBOPLATIN IN COMBINATION WITH WHOLE BOD'S HVPERTHERMIA

r
V ^* -.

Fig. 3. Photomicrographs of hematoxylin and eosin-stained femoral bone marrow of rats (x 400). In A, rat sacrificed 5 days after receiving 5CÂ¿dextrose vehicle at
37Â°Cas the control shows no significant difference in bone marrow cellularity from those given 30 mg/kg carboplatin alone or WBH alone. In B, rat sacrificed 5 days

after receiving 70 mg/kg carboplatin alone shows moderate bone marrow hypocellularity. In (, rat that died 6 days after receiving 100 mg/kg carboplatin alone shows
severe bone marrow hypocellularity. In D, rat sacrificed 5 days after receiving 30 mg/kg carboplatin combined with WBH shows moderate bone marrow hypocellularity
similar to B. In E, rat that died 4 days after receiving 50 mg/kg carboplatin combined with WBH shows severe bone marrow hypocellularity similar to C

Table 2 Blood cell counts of rats on day 5 posttreatment

Temperature
(Â°C)37Dose(mg/kg)0

30
70No.3

3
3WBC(XlO'/ml)5.9

Â±0.03"

5.1Â±0.55.4
Â±0.3RBC(xlO'/ml)6.5

+ 0.1
6.0 Â±0.3
6.6 Â±0.1Platelet

(xlO'/ml)6.8

Â±0.07
6.5 Â±0.3
3.9 Â±0.02*

41.5 0
30

4.9 Â±0.5
3.7 Â±0.4*

5.9 Â±0.03
6.1 Â±0.2

10.0 Â±0.3*
4.8 Â±0.3*' 'â€¢d

Â°Mean Â±SE.
* P < 0.01 as compared with the control group at 37*C.
'P< 0.01 as compared with the WBH control group at 41.5Â°C.
dP < 0.05 as compared with the iso-dose group at 37Â°C.

not show any significant change in serum BUN or creatinine
from normative values.

Cisplatin and WBH

Tumor Studies. The fibrosarcoma used in this study was more
responsive to cisplatin than carboplatin and a TGD of 4.9 Â±
0.6 days occurred at the MTD of 7 mg/kg cisplatin at 37Â°C
(Fig. 4/1). When cisplatin was combined with 41.5Â°CWBH, a

TGD of 4.0 Â±0.7 days was observed at the MTD of 2 mg/kg.
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Table 3 Renal fundÃan after administration of carboplatin alone or in
combination n-ith WBH

Temperature
CC)3741.5Carboplatin

dose
(mg/kg)04060800203040No.33333336*BUN"(mg/dl)16.016.014.310.318.313.71.21.23.41.22.31.912.7

+0.917.3Â±
2.7Creatinine

(mg/dl)0.35

Â±0.0030.35
Â±0.020.38
Â±0.010.41

Â±0.040.41

Â±0.030.39
Â±0.050.37
+0.020.47
Â±0.07

" BUN and creatinine were determined 5 days after the treatment and are
means Â±SE. Normal serum BUN and creatinine of our rats are 10-20 and 0.3-
0.6 mg/dl. respectively, which falls within the range of normative BUN and
creatinine values reported for rats (39).

* One of seven animals given 40 mg/kg carboplatin during WBH died 4 days

after treatment.

37.0 Â°C

2 4 6 8 1O

Dose of Cisplatin (mg/kg)

Fig. 4. TGD (A) and mortality (Hi of animals after administration of cisplatin
alone or cisplatin combined with WBH as a function of cisplatin dose. TGD at
the MTD was 4.9 Â±0.6 days for cisplatin alone and 3.9 Â±0.7 days for cisplatin
combined with \VBH. Points, means (bars, Â±SE)of 4-6 rats in each group.

Table 4 Therapeutic ratio of carboplatin or cisplatin in combination with H'BH

DrugCisplatinCarboplatinTemperatureCC)37

41.537

41.5MTD(mg/kg)7

27030TGD(days)4.9
Â±0.64.0
Â±0.71.7

Â±0.5
5.1 Â±1.4*Therapeutic

ratio"0.8

Â±0.23.0

Â±1.2'

Â°Therapeutic gain was calculated as the ratio of TGDs at MTD of drug alone

or drug combined with WBH. The SE were estimated according to the method
of Begg and Terry (40).* P < 0.05 as compared to 70 mg/kg carboplatin at 37'C.

' P < 0.05 as compared to cisplatin.

Lethality. The LD5Ufor cisplatin combined with WBH was
3.0 mg/kg (95% confidence interval, 2.5-3.7 mg/kg), compared
to 7.5 mg/kg (7.1-8.3 mg/kg) for cisplatin alone (Fig. 4B).

Therapeutic Ratio

peutic ratio for the drug in combination with WBH was calcu
lated as 3.0 Â±1.2 for carboplatin and only 0.8 Â±0.2 for
cisplatin.

DISCUSSION

The present study demonstrates that whole body hyperther-
mia enhances both the carboplatin-mediated antitumor effect
and normal tissue toxicities. Relatively, the increase in normal
tissue toxicity was moderate, whereas the increase in antitumor
effect of carboplatin was larger, resulting in a therapeutic gain.

Our in vivo tumor data are in agreement with the in vitro
observation of Cohen and Robins (14) that hyperthermia en
hanced the cytotoxicity of carboplatin. In their study, the ther
mal enhancement ratios at 40.5Â°Cand 41.8Â°Cfor a 60-min

exposure were 1.89 and 3.32, respectively, and cell killing
increased exponentially with increasing duration of combined
treatment. Therefore, like cisplatin, the cytotoxicity of carbo
platin may be increased by moderately elevated temperatures
attainable with WBH. With the combination of cisplatin and
hyperthermia, the enhancement of cytotoxicity may be due
partly to increased drug uptake in the cells (22, 23), increased
DNA cross-link formation (24), alteration in drug metabolism
(25), and inhibition of DNA repair by heat (26). Mechanisms
for the WBH-induced enhancement of carboplatin cytotoxicity
may be similar. Additionally, our study shows that, when car
boplatin is combined with WBH, tumor resistance to carbopla
tin is overcome, as has been demonstrated for other drugs in
combination with hyperthermia (27, 28).

Administration of carboplatin during WBH led to an increase
in normal tissue toxicity. The most prominent histopathological
alterations posttreatment were observed in the bone marrow
for both carboplatin alone and carboplatin combined with WBH
and were characterized by decreased erythrocytes, granulocytes,
and megakaryocytes. Myelosuppression, primarily as throm-
bocytopenia, has been reported as a dose-limiting toxicity of
carboplatin both in human (12, 13, 29) and animal studies (30,
31). In our study, the MTD of carboplatin with and without
WBH caused a significant decrease in platelet counts, while
WBH alone resulted in increased platelet counts, likely due to
acute platelet depression soon after WBH followed by a rebound
a few days after treatment as previously observed by Nakayama
and Nakamura(32) and Wondergem et al.0

With regard to gastrointestinal toxicity, carboplatin produces
moderate nausea and vomiting in patients (13, 33). Kralo-
vanszky et al. (34) investigated the intestinal toxicity caused by
cisplatin and carboplatin by measuring enzyme activities which
are characteristic for cell proliferation and function. In that
study, carboplatin induced less but significant damage in the
intestine, compared to cisplatin. In our study, the MTD of
carboplatin alone or in combination with WBH caused mild to
moderate transient lesions in the ileum. However, at the lethal
dose of carboplatin with or without WBH, increased severity
of diarrhea and marked atrophy of villi and necrosis of crypt
epithelium in the small intestine were observed.

An important advantage of using carboplatin is that it causes
less nephrotoxicity than cisplatin. There have been few cases in
which nephrotoxicity became a serious problem in the patients
treated with carboplatin (12, 13, 33). Nonclercq et al. (35)
investigated the extent of nephrotoxic injury and the tissue

-T-L Â»Â«-T-r-v jT/^rxr i u- -.u il/ou "J- Wondergem. L. C. Stephens, F. R. Strebel. H. Baba, S. Ãœhno, 'L. H.
The MTD and TGD for drugs alone or combined with WBH Siddik R A Newtnan and , M c Bull Effectof Adriamycincombinedwilh

are summarized in Table 4. From this information, the thera- whole body hyperthermia on tumor and normal tissues, manuscript submitted.
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repair reaction occurring in the kidney of rats given 40 mg/kg
carboplatin. Histopathological findings were characterized by
focal acute tubular necrosis in proximal tubules, followed by a
mild proliferative response. Siddik et al. (36) reported that a
high dose (greater than MTD) of carboplatin (160 mg/kg) was
necessary to cause an increase in BUN as a result of impairment
in renal function in rats. In our study combining carboplatin
with WBH, histopathological examination revealed that only
the LDioo dose of carboplatin alone (100 mg/kg) in normother-

mic rats caused mild focal acute tubular necrosis, whereas,
when 40 mg/kg carboplatin (LD2o dose) was combined with
WBH, a more disseminated moderate acute tubular necrosis
was observed. Although WBH enhanced the carboplatin-in-
duced renal injury to some extent, the lesions were not severe
enough to significantly reduce renal function as measured by
serum BUN and creatinine. In contrast, the most severe toxicity
associated with the simultaneous combination of cisplatin and
WBH has been an unacceptable increase in renal toxicity. A 3-
fold enhancement of cisplatin-mediated renal injury has been
reported at the MTD of cisplatin combined with WBH (9, 11).

The pharmacological basis for thermal enhancement of car-
boplatin-mediated cytotoxicity is not clear but may partly relate
to the following: the kidney is the major route of platinum
excretion in patients receiving carboplatin, and carboplatin
plasma clearance is linearly related to glomerular filtration rate
(31). It has been reported that changes in renal function can
alter the severity of carboplatin-induced myelosuppression (12).
Since hyperthermia induces a reduction in renal blood flow and
glomerular filtration rate (22, 37), a decreased plasma clearance
of carboplatin during WBH (38) may contribute to an increase
in the toxicity and antitumor effect of this platinum complex.

When we compared the therapeutic ratios of carboplatin and
cisplatin in combination with WBH in this rat tumor model,
the combination of carboplatin and WBH proved to be superior.
Assessment of antitumor response at the MTD of cisplatin with
and without WBH revealed that WBH enhanced cisplatin-
mediated normal tissue toxicity to a greater extent than anti-
tumor effect, resulting in a therapeutic ratio of only 0.8. This
index of < 1.0 is suggestive of a therapeutic loss for the combi
nation of cisplatin and WBH, probably due to the large thermal
enhancement of cisplatin-mediated renal toxicity (9, 11). In
contrast, evaluation of tumor response at the MTD of carbo
platin with and without WBH showed that WBH enhanced
carboplatin-mediated normal tissue toxicity to a lesser degree
than antitumor effect, resulting in an increase in the therapeutic
ratio to 3.0. This improvement of the therapeutic ratio for
combined carboplatin and WBH was due in large part to
decreased normal tissue toxicity, as measured by lethality,
which is likely the result of a decrease in renal toxicity associ
ated with the carboplatin combined with WBH as compared to
the severe renal toxicity reported for cisplatin combined with
WBH.

In summary, this study demonstrates a potentially useful
strategy of using a less nephrotoxic analogue of cisplatin such
as carboplatin in combination with WBH. The simultaneous
combination of carboplatin with WBH resulted in a 3- to 4-
fold increase in therapeutic gain over that of combined cisplatin
with WBH. We conclude that therapy with combined carbopla
tin and WBH may be a promising anticancer treatment in the
clinical setting.

ACKNOWLEDGMENTS

The authors thank Gaye Jenkins for her technical assistance.

REFERENCES

1. Durant J. R. Cisplatin: a clinical overview. In: A. W Prestayko, S. T. Crooke,
and S. K. Carter (eds.), Cisplatin: Current Status and New Developments,
pp. 317-323. New York: Academic Press. Inc., 1980.

2. Zwelling, L. A. Cisplatin and new platinum analogs. In: H. M. Pinedo, D.
L. Longo, and B. A. Chabner (eds.). Cancer Chemotherapy and Biological
Response Modifiers, pp. 71-80. Amsterdam: Elsevier Science Publishers B.
V., 1987.

3. Barlogie. B., Corry. P. M., and Drewinko. B. In vitro thermotherapy of
human colon cancer cells with c/5-dichlorodiammineplatinum(Il) and mito-
mycin C. Cancer Res., 40: 1165-1168, 1980.

4. Fisher, G. A., and Hahn, G. M. Enhancement of ci's-platinum(II) diammi-

nedichloro cytotoxicity by hyperthermia Nati. Cancer Inst. Monogr.. 61:
255-257. 1982.

5. Alberts. D. S., Peng Y. M.. Chen. G.. Moon. T. E., Cetas, T. C., andHoeschele, J. D. Therapeutic synergism of hyperthermia-a's-platinum in a

mouse tumor model. J. Nati Cancer Inst., 65:455-460, 1980.
6. Honess, D. J. Animal models in the elevation of therapeutic gain of ther-

mochemotherapy. In: Proceedings of the 13th International Congress of
Chemotherapy, p. 273. 1983.

7. Gerad, H.. Egorin. M. J.. Whitacre, M., Van Echo. D. A., and Aisner, J.
Renal failure and platinum pharmacokinetics in three patients treated witha'i-diamminedichloroplatinum(Il) and whole body hyperthermia. Cancer

Chemother. Pharmacol.. //: 162-166, 1983.
8. Bull, J. M. C. A review of systemic hyperthermia. Front. RadiÃ¢t.Ther.

Oncol., 18: 171-176, 1984.
9. Wondergem, J.. Bulger. R. E.. Strebel F. R., Newman, R. A.. Travis, E. L.,

Stephens, L. C., and Bull, J. M. C. Effect of as-diamminedichloropla-
tinum(II) combined with whole body hyperthermia on renal injury. Cancer
Res., 48: 440-446. 1988.

10. Mella. O., Eriksen R., Dahl O.. and Laerum O. D. Acute systemic toxicity
of combined cis-diamminedichloroplatinum and hyperthermia in the rat.
Eur. J. Cancer Clin. Oncol., 23: 365-373, 1987.

11. Wondergem. J., Bulger, R. E., Siddik, Z. H., Leygraaf, F. R., Strebel, F. R.,
Alonso, M., Travis, E. L., and Bull, J. M. C. A comparison of thermal
enhancement of r/5-diamminedichloroplatinum(II) induced renal and intes
tinal toxicities by whole body hyperthermia in the rats. Int. J. RadiÃ¢t.Oncol.
Bio!. Phys., 16: 1551-1556, 1989.

12. Calvert, A. H., Harland, S. J.. Newell. D. R., Siddik, Z. H., Jones, A. C.,
McElwain, T. J., Raju, S.. Witshaw. E.. Smith, I. E., Baker, J. M., Peckham,
M. J., and Harrap, K. R. Early clinical studies with c/i-diammine-1,1,-
cyclobutane dicarboxylate platinum(II). Cancer Chemother. Pharmacol., 9:
140-47, 1982.

13. Wiltshaw, E. Ovarian trials at the Royal Marsden. Cancer Treat. Rev., 12
(Suppl. A); 67-71, 1985.

14. Cohen, J. D..and Robins, H. I. Hyperthermic enhancement of m-diammine-
1.1-cyclobutane dicarboxylate platinum(II) cytotoxicity in human leukemia
cells in vitro. Cancer Res., 47: 4335-4337. 1987.

15. Xu, M. J., and Alberts. D. S. Potentiation of platinum analogue cytotoxicity
by hyperthermia. Cancer Chemther. Pharmacol., 21: 191-196, 1988.

16. Khokhar. A. R.. Lumetta, G., and Doran. S. L. A convenient method for the
preparation of anti-tumor carboxylato(l, 2 -diaminocyclohexane)-plati-
num(II) complexes. Inorg. Chim. Acta, 151: 87-88, 1988.

17. Baer, J.. Harrison. R.. McAuliffe. C. A.. Zaki. A., Sharma, H. L., and Smith,
A. G. Microscale syntheses of anti-tumour platinum compounds labelled
with '"Pt. Int. J. Appi. RadiÃ¢t.Isot.. 36: 181-184, 1985.

18. Bivin. W. S.. Crawford, M. P.. Brewer. N. R. The digestive system. In: H. J.
Baker. J. R. Lindsey, and S. H. Weisbroth (eds.). The Laboratory Rat, Vol.
I, pp. 77-83. New York: Academic Press, 1980.

19. Hunt. E. L., and Kimeldorf, D. J. Heart, respiration and temperature meas
urements in the rat during the sleep state J. Appi. Physiol.. 15: 733-735,
1960.

20. Wondergem, J.. Strebel, F. R.. Siddik, Z. H., Newman, R. A., and Bull, J.
M. C. The effect of anaesthetics on c/i-platinum-induced toxicity at normal
temperatures and during whole-body hyperthermia: the influence of NaCl
concentration of the vehicle. Int. J. Hyperthermia. 4: 643-654, 1988.

21. Litchfield, J. T., Jr., and Wilcoxon, F. A simplified method of evaluating
dose-effect experiments. J. Pharmacol. Exp Ther.. 96: 99-113, 1949.

22. Bull. J. M.. Strebel. F., Siddik. Z. H.. Sunderland, B., Wondergem, J.,
Alonso, M., Bulger, R. E., and Newman, R. A. Cisplatin pharmacokinetics
and glomerular function in normothermic versus hyperthermic rats. Proc.
Am. Assoc. Cancer Res.. 29: 497. 1988.

23. Siddik, Z. H.. Wondergem. J.. Strebel, F., Alonso, M.. Burditt. T.. and Bull,
J. M. Pharmacokinetics of cisplatin in rats receiving whole body hyperther
mia. Proc. Am. Assoc. Cancer Res.. 31: 551. 1989.

24. Meyn. R. E.. Corry, P. M., Fletcher, S. E., and Demetriades. M. Thermal
enhancement of DNA damage in mammalian cells treated with c/i-diammi-
nedichloroplatinum(II). Cancer Res., 40: 1136-1139, 1980.

25. Zakris, E. L., Dewhirst. M. W., Riviere. J. E., Hoopes, P. J., Page, R. L.,
and Oleson, J. R. Pharmacokinetics and toxicity of intraperitoneal cisplatin
combined with regional hyperthermia. J. Clin. Oncol., 5: 1613-1620. 1987.

26. Meyn, R. E., Corry, P. M.. Fletcher, S. E., and Demetriades, M. Thermal
enhancement of DNA strand breakage in mammalian cells treated with
bleomycin. Int. J. Radial. Oncol. Biol. Phys.. 5: 1487-1489. 1979.

27. Wallner. K. E., DeGregoria, M. W., and Li, G. C. Hyperthermic potentiation

2999

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/11/2994/2443470/cr0510112994.pdf by guest on 19 M

ay 2023



CARBOPLATIN IN COMBINATION WITH WHOLE BODY HVPERTHERMIA

of â„¢-diamminedichloroplatinum(II) cytotoxicity in Chinese hamster ovary
cells resistant to the drug. Cancer Res.. 46:6242-6245, 1986.

28. Herman, S. T., Cress, A. E., Sweets. C.. and Gerner. E. W. Reversal of
resistance to methotrexate by hyperthermia in Chinese hamster ovary cells.
Cancer Res., 41: 3840-3843. 1981.

29. Siddik, Z. H.. Boxall, F. E., and Harrap, K. R. Haematological toxicity of
carboplatin in rats. Br. J. Cancer. 55: 375-379. 1987.

30. Harrap, K. R., Jones. M.. Wilkinson. C. R., Clink. H. M.. Sparrow, S.,
Mitchley, B. C. V.. Clarke. S.. and Veasey. A. Antitumour. toxic and
biochemical properties of cisplatin and eight other platinum complexes. In:
A. VV.Prestayko. S. T. Crooke, and S. K. Carter (eds.). Cisplatin: Current
Status and New Developments, pp. 193-212. New York: Academic Press.
1980.

31. Calven, A. H., Newell, D. R., Gumbrell, L. A.. O'Reilly, S., Burnell, M.,

Boxall. F. E.. Siddik, Z. H.. Judson, I. R.. Gore, M. E. and Wiltshaw. E.
Carboplatin dosage: prospective evaluation of a simple formula based on
renal function. J. Clin. Oncol.. 17: 1748-1756, 1989.

32. Nakayama, T.. and Nakamura. W. Platelet aggregation induced in mice by
whole-body-hyperthermia. Radial. Res.. 98: 583-590. 1984.

33. Van Glabbeke. M.. Renard. J., Pinedo. H. M.. Cavalli, F., Vermorken, J..
Sessa, C., Abele, R., Clavel, M., and Monfardini, S. Iproplatin and carbopla
tin induced toxicities: overview of phase II clinical trial conducted by the

EORTC Early Clinical Trials Cooperative Group (ECTG). Eur. J. Cancer
Clin. Oncol.. 24: 255-262. 1988.

34. Kralovanszky. J., Prajda. N., Kerpel-Fronius. S.. Gal, F.. and Kiss, F.
Comparison of intestinal toxic effects of platinum complexes: cisplatin
(CDDP), carboplatin (CBDCA). and iproplatin (CHIP). Cancer Chemother.
Pharmacol.. 21: 40-44, 1988.

35. Nonclercq, D.. Toubcau. G.. Laurent, G.. Tulkens. P. M., and Heuson-
Stiennon, J. A. Tissue injury and repair in the rat kidney after exposure to
cisplatin or carboplatin. Exp. Mol. Pathol.. 51: 123-140. 1989.

36. Siddik. Z. H.. Dible. S. E.. Boxall. F. E., and Harrap. K. R. Renal pharma-
cokinetics and toxicity of cisplatin and carboplatin in animals. In: D. C. H.
McBrien and T. F. Slater (eds.). Biochemical Mechanisms of Platinum
Antitumour Drugs, pp. 171-198. Oxford: IRL Press Limited. 1986.

37. Buhring. M., and Fggana. P. Renal function in hyperthermia. In: L. J.
Anghileri and J. Robert (eds.), Hyperthermia in Cancer Treatment, Vol. Ill,
pp. 170-182. Boca Raton, FL: CRC Press Inc., 1986.

38. Siddik. Z. H.. Wondergem. J., Strebel. F., Baba, H.. Alonso. M.. Burditt. T..
Khokhar. A. R.. and Bull, J. M. Plasma clearances and tissue levels of
cisplatin and carboplatin in rats receiving whole body hyperthermia. Proc.
Am. Assoc. Cancer Res.. 31: 392. 1990.

39. Kozma. C. K., Wcisbroth, S. H.. Stratman, S. L.. and Conejeros, M. Normal
biological values for Long-Evans rats. Lab. Animal Care, 19: 746-755, 1969.

40. Begg, A. C.. and Terry, H. A. Modification of stromal radiosensitivity by
misonidazole and WR-2721. Br. J. Radiol.. 56: 565-570. 1983.

3000

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/11/2994/2443470/cr0510112994.pdf by guest on 19 M

ay 2023


