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ABSTRACT

Theuseof|(+)-l,2-bis(3,5-dioxopipera/inyl-l-yl)|propane(ICRF-187)
as a protective agent against normal tissue toxicity caused by combined
Adriamycin (ADR) and whole body hyperthermia (VVBH;2 h at 41.5Â°C)

Â»asassessed in a rat model. The effect of ICRF-187 on the antitumor
response induced by the combination of ADR and U HII was also
investigated in order to assess alterations in the therapeutic index of this
combined therapeutic modality treatment. ICRF-187 significantly re
duced ADR-mediated body weight loss, renal toxicity, and cardiomyop-
athy under both normothermic and hyperthermic conditions as shown by
morphological and functional assays. ADR-induced neuropathy (seen only
in normothermic rats) was also ameliorated by ICRF-187. Although this
study did not show a pronounced effect of ICRF-187 on ADR-induced
acute myelosuppression, ADR-mediated chronic anemia, leukocytosis,
and thrombocytosis were reduced by ICRF-187 in both normothermic
and \VBH-trcated rats. The effect of ICRF-187 on antitumor response
was evaluated with a tumor growth delay assay using an in vivo trans-
plantable fibrosarcoma. ICRF-187 caused no significant change in tumor
growth delay induced by either ADR alone or ADR combined with VVBH.
Indeed, the only complete tumor regression following treatment resulted
from the combination of ICRF-187 plus ADR plus VVBH.Thus, ICRF-
187 significantly increases the therapeutic index of the combined modality
treatment of ADR and VVBH by selectively reducing normal tissue
toxicity without interfering with antitumor efficacy.

INTRODUCTION

Hyperthermia increases the cytotoxicity of ADR4 (1-4), an

agent commonly used against a wide spectrum of human malig
nancies (5). At normal body temperature, standard administra
tion of ADR produces a dose-dependent and potentially life-
threatening cardiomyopathy as well as bone marrow suppres
sion and gastrointestinal toxicity in humans (6, 7). ADR also
causes neurotoxicity and nephrotoxicity in some species (8-
11). Information, however, is scarce as to how elevated body
temperatures modify ADR-related normal tissue injury and
whether the combined modalities of ADR with heat actually
result in any significant therapeutic gain. To evaluate the true
benefit of the combined modalities of ADR with WBH, we
recently investigated the thermal enhancement of ADR-me
diated acute and chronic normal tissue injuries as well as
antitumor response in a rat model (12). We found that the
thermal enhancement ratios estimated for "acute" hematologi-
cal changes and "late" morphological changes in heart and

kidney tissues in the rat were 1.3 and 2.4 to 4.3, respectively,
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while the thermal enhancement ratio calculated for antitumor
effect was 1.6. These data, therefore, indicate that the clinical
application of this combined modality treatment remains lim
ited by the thermal enhancement of ADR-induced normal tissue
injuries. Efforts to ameliorate heat-enhanced ADR-mediated
toxicity to normal tissues are, therefore, important.

Agents such as vitamin E, cysteamine, ICRF-187, ubiqui-
none, and A'-acetylcysteine have been investigated in attempts
at reducing ADR-mediated cardiomyopathy at normal temper
ature (13-16). Among these compounds, ICRF-187, a deriva
tive of EDTA, has been shown to be a highly effective agent in
the amelioration of normal tissue toxicities of ADR in both
animal models (17-20) and in the clinic (21). In the rat, ICRF-
187, and its racemate ICRF-159, have been shown to prevent
the development of ADR-mediated cardiomyopathy, nephrop-
athy, and neuropathy (22, 23). Both ICRF-187 and ICRF-159
(initially developed as a chemotherapeutic agent) are also of
interest due to their reported ability to potentiate anthracycline
antitumor activity (24, 25), act as radiation sensitizers (26), and
inhibit the formation of tumor mÃ©tastases(27). There are,
however, no reports on the effects of ICRF-187 on ADR-
mediated normal tissue damage and antitumor activity under
hyperthermic conditions.

In this study, we investigated the ability of ICRF-187 to
increase the therapeutic index of the combined modality therapy
of ADR and WBH by selectively reducing normal tissue toxicity
while maintaining antitumor efficacy in a rat model. Functional
and morphological techniques were used to assess the degree
of combined WBH plus ADR-mediated damage to major organ
systems (heart, kidney, neural tissue, hematological parameters,
etc.) in rats pretreated with and without ICRF-187, and an in
vivo tumor growth control assay was used to evaluate the effect
of ICRF-187 on the antitumor response of the combined ADR
plus WBH treatment.

MATERIALS AND METHODS

Animals. Female Fischer 344 rats (140-170 g) obtained from HarÃan
Sprague-Dawley, Inc. (Indianapolis, IN) were used for this study. Ani
mals were housed in a controlled environment with a 12-h light/dark
cycle, fed a diet of standard laboratory chow, and allowed free access
to water.

Drug Solutions. ICRF-187 (ADR 529) was kindly provided by Adria
Laboratories (Columbus, OH) and was freshly dissolved in 0.9% NaCI
U.S.P. to a final concentration of 10 mg/ml just prior to use. Adria
mycin (doxorubicin hydrochlonde; Farmitalia, Milan, Italy) was also
obtained from Adria Laboratories and reconstituted in 0.9% NaCI
U.S.P. to a final concentration of 2 mg/ml just before use.

Drug Dosage, Schedule, and Route. ADR was administered by i.v.
bolus in the lateral tail vein at a dose of 7.0 mg/kg for normothermic
rats and 3.5 mg/kg for WBH-treated rats. These doses were selected
based on data from a previous study from our laboratory which deter
mined tolerable dosages that would allow long-term survival greater
than 2 months posttreatment with development of histologically Ã©val
uable nephropathy and cardiomyopathy in both normothermic and
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hyperthermic rats (12). In rats receiving \VBH. ADR was given Â«hen
the rectal temperature first reached 41.5Â°C(about 30 min after immer

sion in the water hath). The time of day of ADR administration was
kept constant at 1400-1600 h to avoid possible circadian effects (28)
on ADR-mediated cytotoxicity. ICRF-187 was administered by i.p.
injection 30 min prior to ADR at a dose ratio of 20:1 relative to ADR
dosage, as suggested by a previous report (29) and personal communi
cation with Adria Laboratories that recommended the optimal dose
schedule and ratio of ICRF-187 to ADR to maximize the cardioprotec-
tive effect. The doses of ICRF-187 used for this study were 140 mg/kg
for normothermic rats and 70 mg/kg for \VBH-treated rats. For rats
receiving VVBH, ICRF-187 was given just prior to water bath
immersion.

For control rats, the saline vehicle (0.9% NaCl U.S.P.) was admin
istered by the same schedule, volume, and route as used for ADR or
ICRF-187 treatment.

\VBII. \VBH (2 h at 41.5Â°C)was administered as described previously

(30). Briefly, anesthetized rats were immersed in a thermostatically
controlled circulating water bath maintained at 41.5Â°Cby a Haake

Model E 12 circulator/heater. An average of 30 min was required for
the rectal temperature to first reach 41.5Â°C,after which time the core

temperature of rats was maintained at 41.5 Â±O.PC for 2 h. The core
body temperature of each rat was monitored continuously by a ther-
mister probe (YSI model 402: Yellow Springs Instrument Co., Yellow
Springs, OH) inserted into the rectum to a depth of 6 cm from the anal
sphincter (31, 32) and secured with tape to the tail. The water bath and
rat core body temperature were displayed on a YSI model 49TA digital
telethermometer with a resolution of 0.01Â°C,connected to a YSI model

4002 twelve-channel switchbox. Body temperature was recorded every
5 min. All probes were calibrated against a standard thermometer
certified by the National Bureau of Standards.

Anesthesia. General inhalation anesthesia consisting of 1% halothane
in pure oxygen, as previously described (33), was used for all injections
and treatments. Light ether anesthesia was used for weekly blood
sampling for BUN and peripheral blood counts.

Normal Tissue Toxicity Study. Forty-four non-tumor-bearing rats
were divided into four groups of 5 rats (groups 1, 2, 5, and 6) and four
groups of 6 rats (groups 3, 4, 7, and 8). Rats in each group were given
i.p. injections of ICRF-187 or saline. Thirty min later, rats were given
i.v. injections of either ADR or saline. Details of the treatment protocol
are shown in Table 1.

At the end of the treatment period, animals were returned to their
cages and observed daily. Rats were weighed and evaluated for periph
eral blood counts. BUN, hyperlipidemia. and general toxicities such as
ascites accumulation, alopecia, and ataxia of the hind legs weekly for
the first 2 weeks, then every 2 weeks, and were then sacrificed for
histopathology at 2 months posttreatment.

Peripheral Blood Counts, BUN, and Hyperlipidemia. Whole blood
(0.4 ml) was collected from the ventral tail artery in EDTA-coated
microtainer tubes (Becton Dickinson). Hematocrit was determined, and
WBC, RBC, and platelets were quantitated using a Coulter Counter
(model ZM).

For analysis of renal function, plasma was collected and BUN was
measured using a Beckman BUN analyzer II. The occurrence of hyper
lipidemia. as an index of ADR-induced nephrotic syndrome, was deter
mined by visual evaluation of the milkiness or turbidity of plasma.

General Toxicity. The severity of ADR-induced general gross toxic
ities such as ascites accumulation, alopecia, and neurological symptoms
were quantitated according to a graded scale of 0 to 3+: 1+, mild; 2+,
moderate: and 3+, severe.

Histopathology. All animals were sacrificed 2 months posttreatment,
and a complete necropsy was performed on each rat. The entire heart,
kidney, and other tissues including stomach, small and large intestines,
liver, pancreas, spleen, adrenals, lung, thyroid, parathyroid, brain,
spinal cord, sciatic nerve, bladder, ovary, uterus, and femur were ob
tained from euthanized animals. Tissues were fixed in 10% phosphate-
buffered formalin (pH 6.9-7.1), embedded in paraffin, and stained with
hematoxylin and eosin for microscopic examination. At least two
microscopic sections of each organ were examined, and the examiner
had no know ledge of the treatment group. All histolÃ³gica!evaluations
were performed by one of the authors (L. C. S.).

For each rat a descriptive diagnostic report was then generated, in
which the frequency and severity of microscopic lesions observed in
each tissue were quantitated by a graded scale of 0 to 4+: 0, no lesions;
1+, modest (very slight, occasional, or rare alterations); 2+. mild (slight,
few. or scattered lesions); 3+. moderate (medium degree or more
pronounced type of damage with a less focal, more disseminated
appearance); 4+, severe (marked morphological changes affecting many
or most areas).

In particular, the scoring of nephropathy was adapted largely from
the quantitative method of Herman et al. (22) and was based on the
extent of deposition of proteinaceous material within the tubular lam
ina, degeneration and loss of tubules, interstitial inflammation, and
vacuolization and sclerosis of glomeruli. The severity of microscopic
myocardial damage was graded according to the quantitative scoring
method proposed by Perkins et al. (17): 1+. modest (scattered single
myocardial fibers with vacuolation or degenerative changes); 2+, mild
(scattered small groups of altered myocardial fibers throughout the
atrial and ventricular myocardium); 3+, moderate (disseminated myo
cardial fiber vacuolation or degeneration with only occasional focal
unaffected areas); 4+, severe (confluent groups of affected myocardial
fibers; most myocardial fibers affected).

Tumor Study. The effect on tumor growth of ICRF-187 cither alone
or in combination with ADR with or without \VBH was investigated
in rats bearing a s.c. transplantable fibrosarcoma (originally induced by
mcthylcholanthrene). The characteristics of this tumor have been de
scribed previously (30). A suspension of viable tumor cells (IO6 in 0.1
ml Hanks' balanced salt solution) was prepared from a solid tumor

grown s.c. in vivo and was inoculated into the left flank of each rat,
resulting in tumor growth in 100% of the animals. Treatments were
administered when tumors reached a volume of 300-500 mm'. Forty-
eight tumor-bearing rats were divided into 4 groups of 5 rats (groups
1. 2. 5, and 6) and 4 groups of 7 rats (groups 3, 4, 7, and 8). Rats in
each group received i.p. administration of either saline or ICRF-187 30
min prior to an i.v. injection of either saline or ADR with or without
WBH as shown in Table 1. A Vernier caliper was used to measure 3
perpendicular diameters of each tumor every 2 days after treatment,
and tumor volume was calculated as previously described (30). The
parameter of tumor growth delay calculated from tumor growth time
to reach IO x treatment volume was used to evaluate the response of
the tumor to various treatments.

Statistics. Differences in the incidence of general toxicities (ascites,
hyperlipidemia. alopecia, and ataxia) were compared among treatment

Table 1 Treatment groups description

Group1.2.3.4.5.6.7.8.Temp.CC)37.037.037.037.041.541.541.541.5Treatment"NaClICRF-187

(140mg/kg)NaClICRF-187

(140mg/kg)NaClICRF-187

(70mg/kg)â€¢P-â€¢P-â€¢P-â€¢P-â€¢P-â€¢P-NaCl
i.p.ICRF-187

(70 mg/kg) i.p.+

NaCI+
NaCI+
ADR+
ADR+
NaCI+
NaCl+
ADR+

ADR(7.0

mg/kg)(7.0
mg/kg)(3.5

mg/kg)(3.5
mg/kg)i.v.I.V.i.v.i.v.I.V.i.V.Lv.I.V.

" Each rat was given saline or ICRF-187 i.p. followed 30 min later by saline or ADR i.v. with or without WBH. Sec "Materials and Methods" for an explanation

of drug dosages used.
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groups by the x2 method. Statistical differences in body weight, periph

eral blood counts, plasma BUN, histopathological score of nephropathy
and cardiomyopathy, mean survival, and tumor growth among the
various groups after treatment was evaluated by Student's t test. When

P < 0.05, the difference was judged to be statistically significant.

RESULTS

General Toxicities and Body Weight Change. As shown in
Table 2, gross indications of toxicity caused by ADR adminis
tration included the observation of abdominal ascites (swollen
belly) and hyperlipidemia (milky plasma) associated with the
development of chronic glomerulonephropathy, neuropathy
manifested as hind limb ataxia, and alopecia. None of these
toxicities were seen in any of the saline or ICRF-187 controls
treated at 37Â°C(groups 1 and 2) or 41.5Â°C(groups 5 and 6).
When ADR was administered either alone at 37Â°C(group 3) or
simultaneously in combination with WBH at 41.5Â°C(group 7),

all rats in both groups developed various degrees of plasma
hyperlipidemia between the third week posttreatment and the
end of the experiment at 8 weeks. In these same rats, abdominal
ascites was observed during weeks 5 to 7 posttreatment in 67%
of those that received ADR alone and 33% of those treated
with the combination of ADR plus WBH. Ataxia of the hind
limbs occurred only in group 3 (ADR alone) after 7 to 8 weeks,
and alopecia was seen only in group 7 (ADR plus WBH). As
shown in groups 4 and 8, pretreatment of rats with ICRF-187,
under both normothermic and hyperthermic conditions, com
pletely prevented ADR-mediated ascites, hyperlipidemia, and
ataxia. ICRF-187, however, did not protect against alopecia
caused by combined ADR plus WBH.

The effect of ICRF-187 on body weight is shown in Fig. 1.
For rats treated at 37Â°C(Fig. IA), saline controls (group 1) did

not experience any body weight loss and showed a steady weight
gain from 1 week posttreatment through the end of the exper
imental period at 8 weeks. Normothermic rats pretreated with
ICRF-187 [ICRF alone (group 2) and ICRF-187 plus ADR
(group 4)] showed a slight decrease in body weight during the
first 2 weeks after treatment; however, by 4 weeks, their weights
returned to near-control values, and steady weight gain contin
ued through the 8th week. In contrast, animals given ADR
alone at 37Â°Cbut not pretreated with ICRF-187 (group 3) lost

almost 10 and 25% of their initial body weight by 2 and 8 weeks
posttreatment, respectively. A similar trend in body weight
change was seen in rats treated with WBH at 41.5Â°C(Fig. IB).

Administration of WBH alone (group 5), combined ICRF-187

Change in body weight

-10

4 6
Weeks after treatment

Change in body weight

e 100246
Weeks after treatment

Fig. I. Percentage change in body weight in rats treated at 37.0'C (A) and
41.5'C (B) as a function of time after the treatment. A description of the drug

treatment groups is provided in Table 1. Points, mean of 5 to 6 rats in each group;
bars, SE (SE for groups I, 2, 4, 5, 6, and 8 did not exceed 2.3 and are not shown,
in order to improve the visual clarity of the figure). P < 0.05 for group 3 compared
to groups 1. 2, or 4, and for group 7 compared to groups 5. 6. or 8 at weeks 2-8.

and WBH (group 6), or the combination of ICRF-187 with
WBH and ADR (group 8) resulted in a slight decrease in body
weight during the first week after treatment followed by a weight
gain to about +10% by 8 weeks comparable to that seen in
groups 1, 2, and 4 of normothermic rats. In contrast, those rats

Table 2 General toxicities as a result of treatment with ADR, WBH, and ICRF-187. singly or in combination
Groups"37.0'C1.

NaCI/NaCI2.
ICRF-187/NaCl3.
NaCI/ADR4.

1CRF-187/ADR41.5Â°C5.

NaCI/NaCI6.
ICRF-I87/NaCI7.
NaCI/ADR8.

ICRF-187/ADRAscites4O/S'0/54/6Â«0/50/50/52/60/6Lipidemia'0/50/56/6'0/60/50/56/6*0/6Alopecia'0/50/50/60/60/50/53/63/6Ataxia'0/50/55/6Â«0/60/50/50/60/6

" See Table 1 for a detailed explanation of treatment groups.
* Ascites was determined by visual observation of swollen belly.
' Hyperlipidemia was manifested as milky appearance of plasma.
''Alopecia occurred as hair loss on head, neck, and throat.
' Ataxia was manifested as abnormal hind limb gait, flexation. or posture.
'Data are presented as incidence: Number of animals exhibiting a specific toxicity/Total number of animals in group.
* P < 0.05 compared to groups 1. 2. and 4.
*P < 0.05 compared to groups 5. 6. and 8.
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receiving combined ADR plus WBH, but not pretreated with
ICRF-187 (group 7), suffered a severe chronic weight loss, and
as with group 3, their body mass decreased to 75% of pretreat
ment weight by 8 weeks. Slight weight increases seen at weeks
4 (group 7) and 6 (group 3) for ADR-treated rats not given
ICRF-187 were an artifact due to the accumulation of nephrotic
syndrome-related ascites fluid. Thus, ICRF-187 provided sig
nificant protection against ADR-mediated body weight loss
under both normothermic and hyperthermic conditions.

Hematological Analysis. The effects of ICRF-187 on WBC,
RBC, and platelets are shown in Fig. 2 (normothermic rats)
and Fig. 3 (WBH-treated rats). As seen in Figs. 2A and 3,4,
WBH alone, ICRF-187 alone, and ICRF-187 in combination
with WBH caused a mild acute decrease in WBC at week 1
which recovered to normal by the second week. ICRF-187
pretreatment did not protect against acute ADR-mediated leu-
kopenia observed at 1 week in rats treated at either 37Â°Cor

250

250

3OO

250

12345678

0
U

Â£

Um2

Weeks after treatment
Fig. 2. Peripheral blood counts of normothermic rats. WBC (.4), platelets (B).

and RBC (C) were evaluated at 1. 2, 4, 6, and 8 weeks after treatment and are
expressed as a percentage of control, for control (A), ICRF-187 (O). ADR alone
(D). and ICRF-187 plus ADR (â€¢).Points, mean of 5 to 6 rats: bars. SE (bars are
shown when they exceed the diameter of the symbols).

after treatment

Fig. 3. Peripheral blood counts in WBH-treated rats. WBC (A), platelets (B),
and RBC (C) were evaluated at 1, 2, 4, 6, and 8 weeks after treatment and are
expressed as a percentage of normothermic control in Fig. 2. Treatment groups
included WBH alone (A). ICRF-187 plus WBH (O). WBH plus ADR (D). and
ICRF-187 plus WBH plus ADR (â€¢).Points, mean of 5 or 6 rats; bars, SE (ears
are shown when they exceed the diameter of the symbols).

41.5Â°C;however, chronic leukocytosis (>150% of control) ob

served at weeks 4 through 6 in both normothermic and hyper-
thermic rats treated with ADR was reduced by ICRF-187 (P <

0.05).
Platelet counts at weeks 1 through 8 were not affected by

treatment with ICRF-187 alone (Fig. 2B). A mild increase in
platelets at week 1 occurred in rats treated with WBH alone
and combined ICRF-187 plus WBH (Fig. 3Ã„),and these values
returned to normal by week 4. As was the case with leukopenia,
ICRF-187 did not protect against the marked acute thrombo-
cytopenia caused by ADR alone. On the contrary, a slight
additional depression of platelets (74% versus 62%; P < 0.05)
was observed at week 1 when ICRF-187 was combined with
ADR in normothermic rats. Acute thrombocytopenia 1 week
following treatment was not observed with either combined
WBH plus ADR or the combination of ICRF-187 plus WBH
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plus ADR in this experiment, possibly due to the low dose of
ADR used (3.5 mg/kg) or to the timing of hematological
evaluation. However, the marked rebound and overshoot of
platelets in both groups seen at 2 weeks suggest the occurrence
earlier in the first week of a WBH plus ADR-mediated acute
depression of platelets that was also not prevented by ICRF-
187. It is noteworthy, however, that chronic ADR-induced
thrombocytosis (>150% of control) at weeks 4 through 8 was
greatly reduced by ICRF-187 pretreatment (P < 0.05).

As shown in Figs. 2C and 3C, administration of ICRF-187
alone at 37Â°Cor 41.5Â°Cdid not cause any significant acute or

chronic decrease in RBC posttreatment. In contrast, rats re
ceiving ADR alone or in combination with WBH exhibited a
persistent anemia (<80% of control) during weeks 4 through 8.
The extent and duration of ADR-mediated chronic anemia in
both normothermic and WBH-treated rats were greatly reduced
by pretreatment with ICRF-187 (P < 0.05).

Renal Toxicity. Fig. 4A shows BUN levels 8 weeks after
treatment. An elevation in BUN was observed in rats in groups
3 (37.0T; ADR) and 7 (41.5"C; ADR) by 4 weeks posttreat

ment, which gradually increased throughout the experimental
period, indicating progressive renal toxicity induced by ADR.
WBH enhanced the ADR-induced nephrotoxicity, since the
severity of BUN elevation was greater in group 7 than in group
3. However, as assessed from BUN measurements, ICRF-187
completely prevented ADR-induced chronic renal dysfunction
in rats treated at 37.0Â°C(group 4) and in rats treated with

WBH (group 8).
Microscopic examination of kidneys 2 months after treat

ment revealed ADR-induced lesions diagnosed as glomerulo-
nephropathy that were characterized by glomeruli showing a
variety of degenerative changes that included general atrophy,
sclerosis and/or adhesions between the visceral and parietal
layer of Bowman's capsule, extensive loss and alteration of

tubules presenting variability of shape and size of tubular epi
thelium and hyaline casts in the lumen, and interstitial inflam
mation. Renal injury produced by ADR alone or ADR com
bined with WBH was not qualitatively different. Fig. 4B shows
mean scores of nephropathy among all treatment groups [see
"Materials and Methods" for scoring criteria based on a scale

of 0 to 4+ used by Herman et al. (22)]. Severe lesions of the
kidney (scores of 4.0 and 3.9, respectively) in group 3 (ADR
alone) and group 7 (combined WBH plus ADR) were signifi
cantly reduced by ICRF-187 to scores of 1.7 and 2.3 in nor
mothermic rats (group 4) and WBH-treated rats (group 8),
respectively (P < 0.01). Fig. 5A shows a representative photo
micrograph of severe glomerulonephropathy induced by ADR
with or without WBH. In contrast, only modest (Fig. SB) to
mild renal lesions were observed in rats receiving ICRF-187 in
combination with ADR alone or ADR with WBH, thus dem
onstrating the protective effect of ICRF-187 against thermal
enhancement of ADR-induced renal injury.

Cardiotoxicity. ADR-mediated myocardial lesions observed
at 2 months posttreatment in the present study were character
ized by a relatively extensive vacuolation and separation of
myofibrils. Areas of myocardial damage were sometimes ac
companied by fibrosis and/or infiltration with neutrophils, mac
rophages, and some lymphocytes. None of the rats that received
saline, WBH, ICRF-187 alone, or ICRF-187 plus WBH had
any significant myocardial lesions. Cardiomyopathy was seen
in all rats in groups 3 (ADR alone) and 7 (combined ADR plus
WBH). In contrast, when rats were pretreated with ICRF-187,
the incidence of ADR-induced cardiomyopathy was reduced to

120

100

SO

60

40

20

BUN (mg/dl)

Groups

Mean nephropathy scores

B
37.0Â°C 41.5Â°C

Groups

Kig. 4. BUN (,-f) and mean scores of nephropathy (B) evaluated 2 months after
treatment. See Table 1 for group description. There was a statistically significant
difference in mean BUN and nephropathy scores between group 3 and groups 1,
2. or 4 (P < 0.01) and between group 7 and groups 5. 6, or 8 (P < 0.01). Points,
mean of 5 to 6 rats in each group: bars, SE.

60% in group 4 (ICRF-187 plus ADR) and 33% in group 8
(ICRF-187 plus ADR plus WBH), and the severity of lesions
was also decreased. To compare the severity of the cardiomy
opathy among the treatment groups, a graded scoring scale
following the criteria of Perkins et al. ( 17) of 0 to 4+ was used
(see "Materials and Methods"). Fig. 6 shows the mean cardio

myopathy score of each group. The mean scores in groups 3
(ADR alone) and 7 (combined ADR plus WBH) were 2.3 and
2.6, respectively, and pretreatment with ICRF-187 led to a
significant reduction in severity of myocardial lesions to a score
of 0.9 for group 4 (ICRF-187 plus ADR) and 0.3 for group 8
(ICRF-187 plus ADR plus WBH). As shown in Fig. 1A, exten
sive cardiomyopathic lesions developed by 2 months posttreat
ment in rats given combined ADR plus WBH, whereas only-
modest (Fig. IB) or no lesions were observed when ICRF-187
was given just prior to the combination of ADR with WBH.
Thus, ICRF-187 provided nearly complete protection against
ADR-mediated chronic cardiotoxicity under both normother
mic and hyperthermic conditions.

Neuropathy. Histopathological examination at 2 months
posttreatment also revealed that all rats receiving 7 mg/kg
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Fig. 5. Photomicrographs of section of kid
ney from rats 2 months after treatment. In A.
rat given combined ADR (3.5 mg/kg) and
WBH shows severe diffuse glomerulonephro-
pathy with extensive alterations of the glomer-
uli, loss of tubules, and interstitial inflamma
tion. H & E. x 250. Rats treated with 7 mg/
kg ADR alone showed similar lesions. In B,
rat pretreated with ICRF-187 and given com
bined ADR (3.5 mg/kg) and WBH shows a
mildly altered glomerulus and a few hyaline
casts (arrow). H & E, x 250. A similar renal
protective effect of ICRF-187 was also seen in
normothermic rats given ADR. ,â€¢

Mean cardiomyopathyacores

2

1

Qroups

Fig. 6. Mean scores of cardiomyopathy microscopically evaluated 2 months
posttreatment. See Table 1 for group description. There was a statistically
significant difference between group 3 and groups 1, 2, or 4 (P < 0.01) and
between group 7 and groups 5, 6. or 8 (P < 0.01 ). Points, mean of 5 to 6 rats in
each group; bars, SE.

ADR alone at 37Â°C(group 3) had extensive lesions of the spinal

nerve roots of the cauda equina, which were characterized by
vacuolation; representing dilation of myelin sheaths, swollen
and finely granular axons, and increased cellularity. Pretreat
ment with ICRF-187 significantly decreased (P < 0.05) the
incidence of ADR-mediated neuropathy to 33% in group 4, and
the severity of lesions was greatly reduced such that only modest
to mild alterations of the spinal nerve roots of the cauda equina
could be seen in affected animals. Neuropathy was not observed
in any WBH-treated rats (groups 5 to 8).

Survival. In a separate experiment with 3 rats/group, the
effect of ICRF-187 on long-term survival was evaluated. WBH
alone, ICRF-187 alone, or ICRF-187 plus WBH had no effect
on survival. As expected, rats given ADR alone or ADR plus
WBH (same treatment as groups 3 and 7) survived less than 3

months (mean survival, 75 and 68 days, respectively). The
ability of ICRF-187 to improve the survival of ADR-treated

rats was quite dramatic, inasmuch as normothermic animals
given ICRF-187 (same treatment as group 4) had a greatly

increased mean survival to 303 days (P < 0.05 compared to
ADR alone). The protective effect of ICRF-187 on long-term
survival was even more impressive for WBH-treated rats receiv
ing ADR, inasmuch as the combined treatment of ICRF-187

plus ADR plus WBH resulted in a further increase in mean
survival to 391 days (not statistically different from ICRF-187

plus ADR, due to small sample size).
Tumor Study. As shown in Fig. 8A, treatment with ICRF-

187 alone (group 2) under normothermic conditions resulted
in a minimal cytotoxic effect on growth of the fibrosarcoma
tumor used in this study. Seven mg/kg ADR alone (group 3)
led to a significant antitumor effect by the end of the first week
after treatment, which was not significantly affected by pretreat
ment with ICRF-187 (group 4). After 1 week, tumor regrowth

occurred in both group 3 and group 4.
When applied in combination with WBH (group 6), ICRF-

187 again showed a minimal effect on tumor growth (Fig. 8ÃŸ).
The combination of ADR 3.5 mg/kg with WBH (group 7) also
caused a significant antitumor effect through the first week
posttreatment. As shown by the tumor growth curve of group
8, pretreatment with ICRF-187 in hyperthermic rats did not
have any effect on the combined WBH plus ADR-mediated

antitumor response.
Table 3 summarizes tumor growth time and tumor growth

delay data. ICRF-187 did not have a significant effect on ADR-
induced tumor growth delay at either 37.0Â°Cor 41.5Â°C.It is

noteworthy, however, that 1 of 7 hyperthermic rats receiving
the combined treatment of ICRF-187 plus ADR plus WBH

(group 8) had complete tumor regression and experienced a
tumor-free survival of 11 months posttreatment.
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Fig. 7. Photomicrographs of sections of
left ventricular myocardium from rats 2
months after treatment. A. rat given combined
ADR (3.5 mg/kg) and WBH shows vacuola-
tion. separation, and scarring of myocytes.
H & E. x 250. B, rat pretreated with ICRF-
187 and given combined ADR 3.5 mg/kg and
WBH shows no obvious change in myocytes.
H & E, X 250. Comparison of A and B pro
vides a contrast between affected and protected
myocardium. A similar cardioprotective effect
of ICRF-187 was also observed in normother-
mic rats given ADR.

DISCUSSION

Thermal enhancement of the cytotoxicity of ADR in vitro
was shown first by Hahn et al. in 1975 (1) and was further
confirmed by his group and others (2). In vivo, hyperthermia
has been shown to increase ADR activity (3, 4); however, it
also enhances ADR-mediated normal tissue toxicity (12).

ICRF-187 has recently attracted a great deal of attention due
to its potential prevention of ADR-mediated normal tissue
toxicity, especially cardiotoxicity, at normothermic conditions
in several animal species (17-20) and in the clinic (21). There
is, however, no study to date of the effect of ICRF-187 on
thermal enhancement of ADR-mediated normal tissue injury.

In the present study, we have demonstrated that ICRF-187
protects against ADR-induced normal tissue toxicity without
interfering with the antitumor effect under both normothermic
and hyperthermic conditions.

Normal Tissue Toxicity Study. We observed several general
toxicities caused by either ADR alone or in combination with
WBH. Such toxicities included body weight loss, ascites, hy-
perlipidemia, alopecia, and ataxia in the hind limbs, among
which body weight loss, ascites accumulation, and hyperlipide-
mia appeared to be related to ADR-induced nephrotic syn
drome. Since histological changes in the gastrointestinal tract
were not evident after 2 months and no diarrhea was observed
after treatment, body weight loss appeared to be due largely to
cachexia and proteinuria secondary to nephrotic syndrome
induced by ADR with or without WBH, as opposed to gastroin
testinal toxicity directly related to ADR. Ascites accumulation
was most likely caused by hypoproteinemia due to ADR-in
duced nephrotic syndrome rather than by ADR-induced heart
failure. Cardiac toxicity occurs later than the appearance of
ascites. Our observation confirms that, in rats, a single dose of
ADR induces a nephrotic syndrome characterized by anasarca,
heavy proteinuria, hypoalbuminemia, and hyperlipidemia (8, 9,
34) and that this condition is enhanced by WBH (12). We have
demonstrated in this study that ICRF-187 completely blocks

symptoms (hyperlipidemia, ascites) of the development of
ADR-mediated nephrotic syndrome in rats under both normo
thermic and hyperthermic conditions. Bertani et al. reported
that the possible cause of ADR-induced nephrotic syndrome
was due to a loss of glomerular fixed negative charges (8).
However, it is unclear whether ICRF-187 protects the kidney
by maintaining negative charges of the glomeruli.

The neurotoxicity induced by high-dose ADR without heat
seen in this study was one of the late toxicities of ADR. Cho
(10) with Jortner (11) reported ADR-induced neurotoxicity
after single injections of 10 and 5 mg/kg, respectively. ICRF-
187 greatly reduced ADR-mediated neurotoxicity in our study.
In contrast, ICRF-187 did not prevent alopecia caused by ADR
combined with heat. Herman et al. (19) also demonstrated no
protective effect of ICRF-187 against alopecia in the dog.

Hematological study showed that 7 mg/kg ADR alone caused
severe acute depletion in WBC and platelet counts, whereas
ADR (3.5 mg/kg) combined with WBH did not. This suggests
that the thermal enhancement ratio for acute hematological
changes is less than 2. These data are consistent with our
previous observations (12). In this study, ADR (3.5 mg/kg)
combined with WBH caused a slight increase in platelet count
at 7 days after treatment. This peripheral blood effect of com
bined ADR plus WBH may be explained by our previous
observation that ADR given with WBH caused WBC and
platelet nadirs within a few days after treatment, followed by a
rebound phenomenon of WBC and platelets ( 12). When admin
istered with ADR alone, ICRF-187 caused a small additional
decrease in platelets and a very slight additional reduction in
WBC at 7 days after treatment, and the degree of rebound in
WBC and platelets was lessened, suggesting a possible increase
in acute bone marrow toxicity when ICRF-187 is combined
with ADR under both normothermic and hyperthermic condi
tions. Myelosuppressive effects of ICRF-187 have been noted
in animals (23) and the clinic (35, 36). ICRF-187 has been
shown to exert a protective effect against ADR-mediated car
diotoxicity at dose ratios of ICRF-187:ADR ranging between
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Fig. 8. Tumor growth cunes in terms of relative tumor volume (compared to

initial volume) for normothermic rats (A) and WBH-treated rats (B). plotted as
a function of time after treatment. See Table 1 for an explanation of the treatment
given to each group. Points, mean of 5 to 7 rats in each group; bars. SE (bars are
shown when they exceed the diameter of the symbols). There was a statistically
significant difference (P < 0.05) for comparison of groups I and 2 to groups 3
and 4 in A and for comparison of groups 5 and 6 to groups 7 and 8 in B.

4:1 and 20:1 (29). In the present study, we used the highest
dose ratio of 20:1. It may be possible, therefore, to reduce the
bone marrow toxicity of ICRF-187 by using a lower dose ratio
of ICRF-187 to ADR. It is of interest that ICRF-187 was
myeloprotective for normothermic and hyperthermic rats
against chronic ADR-induced leukocytosis and thrombocytosis.

ADR alone or in combination with WBH caused a marked
decrease in RBC compared to the saline control group after 4
weeks when severe nephrotic syndrome developed. Pretreat
ment with ICRF-187 greatly reduced ADR-mediated anemia in
both normothermic and hyperthermic rats. This protective ef
fect is likely to be secondary to the protection of the kidney by
ICRF-187 from ADR-induced renal damage (renal disease re
sults in a reduction in erythropoietin production leading to
anemia).

Our functional (BUN) and morphological studies of the
kidney indicated that ADR alone caused marked renal injury
which was further enhanced by WBH. The combination treat
ment of ICRF-187 and ADR with or without WBH offered
protection for the kidney from ADR-mediated renal injury
under both normothermic and hyperthermic conditions, as
indicated by normal BUN levels and significantly lower mean

scores of nephropathy. There is, however, a discrepancy in the
extent of protection by ICRF-187 against ADR-induced renal
injury, between functional (BUN) and morphological (mean
nephropathy score) evaluations of the renal damage. When
ICRF-187 was given prior to ADR, with or without WBH,
renal dysfunction was completely prevented, as shown by the
normal BUN values observed through the end of the experi
ment. The renal protective effect of ICRF-187 was not com
plete, however, as histological examination of these same ani
mals revealed the presence of mild ADR-mediated lesions. The
discrepancy between renal functional and morphological results
occurs because BUN does not increase until there is a consid
erable reduction in glomerular filtration rate, whereas renal
injury may be microscopically detectable before such a decrease
in glomerular filtration rate occurs.

Histological examination revealed that the degree of protec
tion by ICRF-187 against renal damage induced by ADR, with
or without WBH, was significant but not as complete as that
observed for the heart, where almost complete protection
against cardiac lesions was provided. This observation is con
sistent with previous reports by Herman et al. (22) and Dardir
et al. (20) who demonstrated that ICRF-187 almost completely
protected against the development of cardiac lesions but was
less protective against renal injury.

The most prominent features of ADR-mediated cardiac dam
age have been characterized predominantly by intracellular
vacuolization and myofibrillar loss both in humans (6, 37) and
in a variety of animal species (38, 39). In the present study, we
confirmed this ADR-induced histological cardiotoxicity under
both euthermic and hyperthermic conditions. There was no
qualitative difference in cardiac lesions between rats treated
with ADR alone and ADR plus WBH. However, with regard
to the extent of severity of the lesions, 3.5 mg/kg ADR com
bined with WBH caused a higher mean cardiomyopathy score
(2.6) compared to that of 7.0 mg/kg ADR alone (2.3), suggest
ing that the estimated thermal enhancement ratio for cardiac
damage is greater than 2, which is consistent with our previous
findings (12).

Pretreatment with ICRF-187 produced a significant atten
uation (of both incidence and extent) of ADR-induced cardiac
lesions. Three of 5 and 4 of 6 rats pretreated with ICRF-187
and given ADR alone or ADR combined with WBH, respec
tively, showed no cardiac lesions. The remaining rats in these
groups demonstrated only modest to mild alterations in the
myocardium. Herman et al. (19,22) reported protective activity
of ICRF-187 at normal temperature against ADR-induced car
diotoxicity in several species; our results were consistent with
these reports. Recently, the clinical usefulness of ICRF-187 in
preventing cardiac toxicity caused by ADR has been shown in
patients with advanced breast cancer (21). Iron plays an impor
tant role in the formation of an iron-anthracycline complex
capable of generating toxic oxygen radicals (40, 41). The for
mation of such reactive free radicals and subsequent lipid per-
oxidation have been shown to cause anthracycline-mediated
cardiac toxicity (42). The mechanism by which ICRF-187 pro
tects the heart from ADR-induced cardiac toxicity may result
from a hydrolysis product of ICRF-187 that binds iron (43).
Von Hoff et al. (35) provided evidence of a marked increase in
the urinary clearance of iron and zinc following the administra
tion of ICRF-187 in a phase I clinical trial, which supports the
above hypothesis.

We also demonstrated that ICRF-187 provided protection,
at the microscopic level, from ADR-induced neuropathy, char-
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Table 3 Tumor growth in terms of tumor growth time (TGT), tumor growth delay (T(jl1). and tumor cure as a result of treatment with ADR. II Bfl, and ICRF-187,
singly or in combination

Groups"37.0'C1.

NaCI/NaCI2.
ICRF-187/NaCI3.
NaCI/ADR4.

ICRF-187/ADR41.5-C5.

NaCI/NaCI6.
ICRF-187/NaCI7.
NaCI/ADR8.

ICRF-187/ADRTGT6.23

Â±0.13'6.59
Â±0.1120.83

Â±0.42'18.10
+0.15'6.31

Â±0.236.72
Â±0.1418.73
Â±2.67'14.91
Â±2.16r/TGD0.3614.6(111.870.080.4912.508.68TGD

>30'0/50/50/70/70/50/51/71/7Cure'0/50/50/70/70/50/50/71/7

â€¢See Table 1 for a detailed explanation of treatment groups.
*The incidence of TGD more than 30 days.
' The incidence of complete cure.
J Data are presented as mean Â±SE.
'/>< 0.01 compared to group I.
1One rat that showed complete tumor cure was not included in the TGT calculation, leading to an apparent decrease in TGD that is biased. There was no statistical

difference in TGT between groups 3 and 4 or between groups 7 and 8.

acterized as lesions of the spinal nerve roots of the cauda equina.
This observation has not been reported before, although Hu et
al. (23) described inhibition of neurotoxic effects of ADR by
ICRF-159, the racemic mixture from which ICRF-187 was

derived.
Tumor Study. We examined the effect of ICRF-187 alone or

in combination with ADR with or without WBH on the growth
of a transplantable fibrosarcoma in rats. ICRF-187 alone had a
negligible effect on tumor growth both at normal and elevated
body temperatures. Pretreatment with ICRF-187 did not reduce
the antitumor activity of ADR and, on the contrary, slightly
enhanced ADR-induced tumor regression during the first week
after treatment. An interesting finding was that 1 of 7 rats
pretreated with ICRF-187 and given 3.5 mg/kg ADR combined
with WBH experienced tumor cure, which we have not previ
ously achieved even with higher doses of ADR alone or of ADR
combined with WBH ( 12). These observations may support the
suggestion that ICRF-187 exerts a synergistic antitumor effect
with ADR. Using flow cytometry in vitro, Wadler et al. (24)
demonstrated that at higher doses, ICRF-187 produced partial
G:M arrest, inhibition of cell division, and continued DNA
synthesis at a higher ploidy, resulting in a second G:M arrest,
and that the addition of ICRF-187 to ADR resulted in enhance
ment of cell cycle blockage at G:M and of the lethality of tumor
cells. ICRF-159, the effect of which was shown to be identical
with that of ICRF-187 (44), has been demonstrated to work
synergistically with anthracyclines in vivo (45, 46).

In the light of these findings, it is apparent that ICRF-187
selectively protects normal tissues from ADR without any loss
of ADR-induced antitumor activity. Under both euthermic and
hyperthermic conditions, ICRF-187 may be able to chetate iron
and reduce ADR-mediated generation of free radicals, which is
believed to be the mechanism of ADR-induced cardiotoxicity.
However, ICRF-187 appears not to interfere with intra-DNA
intercalation ortopoisomerase II-induced DNA cleavage, which
is thought to be responsible for ADR-mediated tumor cell

killing.
In conclusion, ICRF-187 ameliorates thermal enhancement

of ADR-induced nephrotoxicity and cardiomyopathy without
interfering with antitumor activity of combined ADR plus
WBH therapy, thereby resulting in an increased therapeutic
gain. A full evaluation of the utility of ICRF-187 with respect
to augmenting WBH plus ADR antitumor efficacy must await
further detailed dose-dependent and schedule-dependent

studies.
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