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Abstract Blood concentrations of doxo- and epirubicin
were studied in mice after i.v. or i.p. administration
under normal and hypothermic conditions. The animals
either were pretreated i.p. with chlorpromazine at
15 mg/kg and allowed to cool to a rectal temperature of
28 °C or were given saline i.p. with their rectal temper-
ature remaining at 37 °C. The anthracyclines were
14-'%C-labeled and were given at a dose of 0.85 mg/kg.
Blood samples were taken at 5, 15, and 25 min and 2, 6,
24, and 48 hours after injection and were analyzed by
liquid scintillation counting. The blood concentration
related to time was similar for the two anthracyclines.
The peak concentration was highest for i.v. adminis-
tration and was higher for the hypothermic groups. The
peak concentration and the area under the curve were
highest under hypothermic conditions. The terminal
half-life was longer after i.p. administration. The ratio
calculated for the blood concentration under hypother-
mic/normothermic conditions over time was substan-
tially increased after i.p. administration, the increase
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being most pronounced for epirubicin. The pharmaco-
kinetic characteristics found might be related to the
anthracycline toxicity encountered in tumor-inoculated
mice treated at different body temperatures.

Key words Anthracyclines - Hypothermia -
Chlorpromazine - Pharmacokinetics - Mice

Introduction

The idea of using nonphysiological temperatures to
achieve a change in therapeutic index in cancer chemo-
therapy, either favorable or detrimental, stems from two
assumed opposing basic mechanisms. The thermody-
namics at increased temperatures imply an increased
chance of substrate and enzyme interaction, whereas on
the other hand, the complex quartenary and three-di-
mensional enzyme structure that is vital for its affinity to
the substrate is likely to be disturbed. The rates of all
enzymatic reactions have their own specific temperature
optima. Since there are quantitative differences between
normal and malignant cells in, for example, energy
production, a change in temperature may imply a dif-
ferent response, presumably implicating a cascade of
secondary effects on cell proliferation and DNA repair,
among other cellular events. These effects on a cellular
level might also coincide with general physiological ad-
aptations possibly affecting drug distribution and elim-
ination.

The therapeutic index of cancer chemotherapy agents
is low, often limiting the full expression of their anti-
neoplastic activity. In humans, anthracycline toxicity
and efficacy have been modulated by variation of ad-
ministration times from bolus injection to prolonged
infusion, thereby decreasing the peak blood concentra-
tion without changing the area under the plasma con-
centration-time curve (AUC) [14]. Continuous infusion
in animals, as in humans, has been shown to reduce
cardiac toxicity while maintaining antitumor activity [5,
15, 20]. Fractionated administration of doxorubicin to
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tumor-bearing mice has also been shown to give less
toxicity while preserving therapeutic efficacy [24]. The re-
duction of the toxicity emanating from these modifica-
tions of the administration has been attributed to a
decrease in the maximal plasma concentration of doxo-
rubicin. Decreased body temperature, hypothermia, has
been exploited experimentally [12, 13, 16]. It was found
that the acute toxicity of doxorubicin could be reduced if
the drug was given to tumor-bearing mice at a body tem-
perature of 28 °C accomplished by administration of
chlorpromazine. It seemed that the antitumor efficacy was
increased under these conditions [16]. The aim of the
present work was to describe the influence of chlorprom-
azine-induced hypothermia on the pharmacokinetics of
doxorubicin and epirubicin given i.v. and i.p. to mice.

Materials and methods

Inbred male and female mice (C57B1/6J) aged 12-16 weeks and
weighing 20-27 g were used. The animals were housed at 22 °C
with artifical light from 6:00 a.m. to 6:00 p.m. The experiments
were approved by the Committee of Laboratory Animal Ethics at
Goteborg University. Chlorpromazine hydrochloride (Hibernal,
LEO Pharmaceuticals, Helsingborg, Sweden) given i.p. at 15 mg/kg
was used to induce hypothermia [16]. [14-'*C]-Doxorubicin hy-
drochloride (Adriamycin; Amersham, UK), 96.8% radiochemically
pure with a specific activity of 3.37 nBq/mg, was used at a dose of
0.85 mg/kg. [14-'*C]-4-Epidoxorubicin hydrochloride (Farmoru-
bicin; Farmitalia Carlo Erba, Italy), 91% radiochemically pure
with a specific activity of 3.18 uBq/mg, was given at a dose of
0.85 mg/kg. The mice were divided into groups of six animals (three
males and three females in each group) to compare the effect of
hypothermia induced by chlorpromazine versus normal tempera-
ture and i.v. administration versus i.p. administration. Comparison
can thus be made in a 2 x 2 factorial fashion. All experiments were
started in the morning.

Two groups of the animals were given chlorpromazine i.p. at
15 mg/kg in 0.2 ml saline and were housed at an ambient temper-
ature of 28 °C. The rectal temperature decreased to 28-29 °C
within 1 hour and remained so for at least 8 h [16]. The mice were
returned to an environment of 22 °C after 24 h. The other two
groups, given 0.2 ml saline i.p., were continuously housed at 22 °C.
At 1 h after chlorpromazine administration, which allowed the
chlorpromazine-treated mice to cool, the animals were given ra-
diolabeled doxorubicin or epirubicin (0.85 mg/kg) in a volume of
0.5 ml i.p. or in a volume of 0.2 ml i.v. over 24 s via the tail vein.
Blood samples taken sequentially from the same animal were col-
lected in 20-pl heparinized capillary tubes from the tail vein by tail
amputation at 5, 15, and 25 min and 2, 6, and 24 h after anthra-
cycline administration. In the doxorubicin-treated animals the

Fig. 1 a Blood concentration 10
curve generated for doxorubicin
after i.p. (/P) administration of
0.85 mg/kg to mice. Data rep-
resents median values +87%
confidence intervals (¢ 28 °C —
n=4A37°C—-n=23).

b Blood concentration curve
generated for doxorubicin after
i.v. (IV) administration of 0.85
mg/kg to mice. Data represent
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blood sample was taken at 48 h. The whole-blood sample was
mixed with Soluene-100 (Packard Instruments B.V., The Nether-
lands) in 20-ml LSC vials and was decolorized with hydrogen
peroxide prior to the addition of 16 ml Insta-Gel (Packard In-
struments B.V., The Netherlands) LSC cocktail. The samples were
measured with a Searle Nuclear Chicago Mark II liquid scintilla-
tion counter beginning on the day after sample preparation, which
allowed a minimum of 1 day’s decay of the chemiluminescence
caused by the addition of hydrogen peroxide and Soluene-100 to
the samples The measurement time was 2 X 100 min and the count
rate was corrected for quenching with the ESR method [25] prior to
calculation of the activity concentrations, which were expressed as
micrograms of anthracycline per milliliter of whole blood.

Statistical evaluation

Pitman’s randomization test based on Mann-Whitney’s U-test was
used for the comparison of two independent samples [7]. Median
values and approximate 95% confidence intervals were calculated
by the Wilcoxon signed-rank test as outlined by Tukey. All sta-
tistical tests used have been exhaustively described by Daniel [8].

Pharmacokinetic evaluation

The JANA program [10] was used for pharmacokinetic modeling
of the individual blood concentration-time data and of grouped
data from all animals subjected to the various treatments. The two-
compartment model was applicable in all cases. The maximal
plasma concentration (C,,,x) was estimated from the intersection of
the fitted concentration-time curve with the Y-axis. The relevance
of the parameter C,,, at i.v. administration may be questioned and
might rather be defined “‘the ordinate parameter of the first term of
the exponential equation.” The area under the blood concentra-
tion-time curve (AUC) was estimated by numerical integration of
the fitted concentration-time curve. The ratio plots were con-
structed from the pharmacokinetic curves obtained from fitting of
the grouped data.

Results

The drug concentration in whole blood was higher for
both drugs in the mice with chlorpromazine-induced
hypothermia, irrespective of the route of administration.
Curves of blood concentration plotted versus, time are
shown for doxorubicin in Fig. 1 and for epirubicin in
Fig. 2. The C,.« was consistently higher under hypo-
thermic conditions, though differences were significant
only for doxorubicin given i.v. The C,,,, found for i.p.
epirubicin was one-tenth that noted for i.v. epirubicin.
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Fig. 2 a Blood concentration 104
curve generated for epirubicin

after i.p. (/P) administration of

0.85 mg/kg to mice. Data rep- 1-

resent median values +94%
confidence intervals (¢ 28 °C —
n=26,A37°C—n=25).

b Blood concentration curve
generated for epirubicin after
i.v. (IV) administration of 0.85
mg/kg to mice. Data represent

0.1

Blood concentration, pg/ml
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Table 1 Pharmacokinetic parameters calculated for [14-"*C]-dox-
orubicin after i.p./i.v. administration of 0.85 mg/kg to mice, ex-
pressed as median values and 95% confidence intervals®
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Table 2 Pharmacokinetic parameters calculated for [14-'*Cl-epi-
rubicin after i.p./i.v. administration of 0.85 mg/kg to mice, ex-
pressed as median values and 95% confidence intervals®

AUC (ug min ml™")

AUC (ug min ml™")

i.p. iv. i.p. iv.
28 °C  2.37(1.32-3.34) 87%  2.99 (2.21-3.55) P = 0.28 28 °C 7.53 (5.09-31.8) 4.05 (3.47-4.64) P = 0.001
37°C  1.78 (1.3-1.97) 2.12(1.82-241) P = 0.06 37 °C 3.8 (1.40-6.49) 3.30 (2.87-3.74) P =041
P =0.14 P = 0.03 P =0.02 P =0.02
t172 (min) t172 (min)
i.p. iv. i.p. iv.
28°C  19.0 (17.0-23.0) 87%  16.1 (13.5-22.7) P = 0.64 28 °C 37.6 (23.8-153.1)  16.3 (15.4-17.2) P = 0.001
37°C  35.5(24.6-46.4) 19.4 (17.8-23.9) P = 0.008 37 °C 32.7 (24.2-101.9)  15.9 (8.8-20.89) P = 0.001
P =0.02 P =0.30 P =032 P =041
Cnax (1g/ml) Cnax (ng/ml)
i.p. iv. i.p. iv.
28°C  0.5(0.24-0.8) 87% 3.44 (3.09-4.07) P = 0.05 28 °C 0.24 (0.16-0.28) 2.66 (2.52-3.18) P = 0.001
37°C  0.27 (0.07-0.65) 1.2 (0.56-1.83) P =0.02 37 °C 0.16 (0.08-0.30) 1.79 (1.17-8.03) P = 0.001

P =023

P = 0.02

P =0.12

P =105

#Pitman’s randomization test

The difference was qualitatively the same for doxorubi-
cin but was not as great (Tables 1, 2). The half-life (¢,,»)
was consistently longer when the drugs were given i.p. as
compared with i.v. for both anthracyclines and at both
temperatures, though differences were not significant for
doxorubicin during hypothermia. For doxorubicin the
t1> was shorter under hypothermic conditions, which
was not the case for epirubicin (Tables 1, 2).

The AUCs recorded for both drugs were greater
during hypothermia, significantly so for i.v. adminis-
tration and for epirubicin given i.p., where the difference
was substantial (Tables 1, 2). The ratio calculated for
blood concentration under hypothermic/normothermic
conditions over time was higher after i.p. administration,

#Pitman’s randomization test
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Fig. 3 Ratio of doxorubicin blood concentrations measured under
hypothermic/normothermic conditions
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Fig. 4 Ratio of epirubicin blood concentrations measured under
hypothermic/normothermic conditions

especially for epirubicin, but the ratio determined after
1.v. administration was in the range of 1 (Figs. 3, 4).

Discussion

The study was performed as part of a series of studies to
determine whether hypothermic conditions might in-
crease the therapeutic index of cancer chemotherapy.
Galilis [12] and Hultborn et al. [16] found that moderate
hypothermia of up to 28 °C decreased the toxicity of
doxorubicin and also might have increased its antitumor
efficacy. The mode of action producing this result is
unknown and could be mediated several ways. Since
hypothermia was accomplished by administration of
chlorpromazine, a pharmacological interaction is possi-
ble [13]. However, the toxicity-protective effect of
chlorpromazine-induced hypothermia was reversed by
increasing the body temperature to normal in the pres-
ence of chlorpromazine [12]. Furthermore, if any inter-
action is reported, it seems to be additive to various
cytotoxic drugs [29].

Apart from the effects of temperature or chlorprom-
azine per se at the cellular level, we found it necessary to
explore whether any pharmacokinetic differences for the
anthracyclines would occur in the two situations. The
pharmacokinetics of anthracyclines have been investi-
gated in various species (e.g., [1, 2, 4, 18, 30-32]). Does
measurement of the '*C activity accurately reflect the
biologically active compound? Israel et al. [18] studied
the pharmacokinetics of AD 32, an anthracycline with a
trifluoroacetamide to which '*C was bound. They mea-
sured radioactivity as well as fluorescence in blood and
found a protracted level of radioactivity in contrast to
the decline in fluorescence, the latter mimicking our re-
sults. Broggini et al. [2] also measured fluorescence in the
serum of mice given doxo- and epirubicin and obtained
results similar to ours. Arcamone et al. [1] studied the
anthracycline, labeled as in our study, in rats and ob-
tained similar results. Recalculated data from the animal
experiments mentioned above and the human data of
Eksborg et al. [11] are illustrated in Fig. 5. If one as-
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Fig. 5 a Comparative blood concentration curves generated for a
doxorubicin dose recalculated to 1 mg/m? in various species after i.v.
administration at normal body temperature. Data on fluorescence
analysis of AD 32 are included for comparison. b Comparative blood
concentration curves generated for an epirubicin dose recalculated to
1 mg/m? in various species after i.v. administration at normal body
temperature. Data on fluorescence analysis of AD 32 are included for
comparison

sumes that the fluorescence derives from the active
molecule, it seems relevant to use radioactivity data
when '*C is bound to the 14-position as suggested by
Zini et al. [32]. Pharmacokinetics studies using high-
performance liquid chromatography (HPLC) techniques
to identify the native drug and metabolites have also
shown plasma concentrations similar to our findings
(e.g., [4, 30, 31]).

From the blood concentration versus time curves,
three pharmacokinetic parameter were computed: C.y,
t12, and AUC, the latter being dependent on the two
former parameters. We found blood concentration
curves to be greater and C,,,, values to be higher under
hypothermic conditions for i.v. as well as i.p. adminis-
tration. In hypothermia the metabolism decreases and
the blood flow through the organs is decreased. Mor-
tensen and Dale [23] have shown that the enzymatic
processes involved in activation and detoxification of
drugs are temperature-dependent and different for var-
ious enzymes. If our results were due to a decreased
excretion/metabolism, this would rather be seen as a
progressive divergence of the two curves, which was not
at all the case. Furthermore, the #,, would be increased
at least when the drugs were given i.v., which contrasts
with our findings. Moreover, the largest differences oc-
cur after i.p. administration, which is unlikely to reflect
the above mentioned mechanism. Before reaching the
bloodstream, the drugs must pass the peritoneum into
the portal vascular system and liver after i.p. adminis-
tration [9]. The resulting blood concentration will be
balanced by resorption and excretion and, thus, the C .«
will be lower and the ¢, longer for this route of ad-
ministration. The considerably higher blood concentra-
tions seen in hypothermia are not easily explained, but
chlorpromazine might facilitate resorption across the
peritoneal barrier [3, 17, 19] and, possibly, affect peri-
toneal blood perfusion. Chlorpromazine also causes
peripheral vasodilation, which might retain the drug in
the blood circulation.



Changes in biliary excretion rates might be amplified
following i.p. administration as compared with i.v. ad-
ministration. Skibba et al. [28] showed that hyperther-
mia decreased the biliary excretion rate, resulting in a
longer #,,. Doxorubicin and epirubicin behave generally
similarly, with some quantitative differences, possibly
due to the greater lipophilicity of epirubicin and the
additional degradation pathways for this compound
[27]. Epirubicin might be more susceptible to delayed
liver metabolism as the drug is more rapidly converted
to its metabolites. Our results show that the blood
concentration over time and the AUC were higher
during chlorpromazine-induced hypothermia and were
most pronounced for epirubicin given i.p. Animal
studies have shown unchanged plasma concentrations of
doxorubicin during both whole-body hyperthermia
(WBH) and local hyperthermia [21, 22], but in humans,
Riggs et al. [26] found higher plasma concentrations of
doxorubicin during WBH. The combination of hyper-
thermia and doxorubicin acts synergistically both in vivo
and in vitro [6]. The AUC, presumably reflecting the
biological effect, is the result of the blood concentration
and elimination rate. The pharmacokinetics of epirubi-
cin, expressed as AUC values, differ from those of
doxorubicin when the drugs are given i.p. under hypo-
thermic conditions. Whether the pharmacokinetic re-
sults presented herein explain the decreased doxorubicin
toxicity found by Hultborn et al. [16] during chlor-
promazine-induced hypothermia or the unpublished
findings in our laboratory of differences in the in vivo
toxicity of the two anthracyclines remains to be eluci-
dated.
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