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Abstract

There is compelling in-vitro evidence that the evaluation of doxorubicin or epirubicin
pharmacokinetics based solely on plasma concentration may not fully elucidate the differences
between the two drugs. Both compounds bind to erythrocytes and their different binding to
haemoglobin may influence their disposition in the body. The purpose of the present study was
to compare the pharmacokinetics and metabolism of doxorubicin and epirubicin based on the
plasma concentration, amount associated with blood cells and simultaneous monitoring of
biliary and urinary elimination of unchanged drug and metabolites after single- and multiple-
dose injections. The level of sarcoplasmic reticulum Ca?*ATPase in the heart was also measured
as a biomarker of cardiotoxicity. Male Sprague-Dawley rats were treated in a parallel design
with doxorubicin or epirubicin on a multiple-dosing basis (4 mg kg~ per week) or as a single
dose injection (20 mg kg™"). Blood, urine and bile samples were collected periodically after each
dose in the multiple-dosing regimen and the single dose injection, and at the end of each
experiment the hearts were removed. The concentrations of each drug in plasma, blood cells,
bile and urine samples were determined, and by simultaneous curve-fitting of plasma and bile
data according to compartmental analysis, the pharmacokinetic parameters and constants
were estimated. The concentration of drug associated with blood cells was analysed according
to non-compartmental analysis. The bile and urine samples provided the in-vivo metabolic
data. The level of Ca?*ATPase in the heart, determined by Western blotting, was used as the
toxicodynamic parameter to correlate with the kinetic data. Multiple-dosing regimens reduced
the total plasma clearance and increased the area under the plasma concentration-time curve
of both drugs. Also, the area under the curve of doxorubicin associated with blood cells
increased with the weekly doses, and the related mean residence time (MRT) and apparent
volume of distribution (Vd,,) were steadily reduced. In contrast to doxorubicin, the MRT and
Vd,, of epirubicin increased significantly. Metabolic data indicated significant differences in the
level of alcohol and aglycones metabolites. Doxorubicinol and doxorubicin aglycones were
significantly greater than epirubicinol and epirubicin aglycone, whereas epirubicinol aglycone
was greater than doxorubicinol aglycone. The area under the blood cells concentration-time
curve correlated linearly with the changes in Ca?*ATPase net intensity. The results of this study
demonstrate the importance of the kinetics of epirubicin and doxorubicin associated with
blood cells. Linear correlation between the reduction of net intensity of the biomarker with the
area under the curve of doxorubicin associated with blood cells confirms that the differences
between the two compounds are related to their interaction with blood cells. This observation
together with the observed differences in metabolism may underline a significant role for
blood cells in distribution and metabolism of doxorubicin and epirubicin.
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Introduction

Doxorubicin and epirubicin have equal cytotoxicity
against a wide range of animal and human tumour cell
lines (Hill & Whelan 1982). Both drugs are extensively
metabolized in the liver by metabolic processes of aldo-
keto reduction, conjugation and microsomal cleavage
reactions. The parent compounds and the metabolites
are eliminated predominantly in the bile and moderately
in the urine (Handa & Sao 1976; Okietal 1977; Broggini
et al 1980; lavolon1 & Guarino 1980a, b; Pan et al
1981 ; Bertazolli et al 1985; Camaggi et al 198¢€; Eksborg
et al 198¢; Gewirtz & Yanovich 1987; Sweatman &
Israel 1987; Launchbury & Habboub1 1992; Dorr &
Van Hott 1994). Both drugs produce early transient
electrocardiographic changes and a progressive cardio-
myopathy. This cardiomyopathy is severe and leads
to progressive congestive heart failure that is dose-
dependent, cumulative and irreversible (Dorr & Von
Hott 1994). However, the incidence of cardiac damage
with epirubicin is less than with doxorubicin (Bertazoll
et al 1985; Launchbury & Habboubi 1993). It is inter-
esting that structurally epirubicin is an epimer of doxo-
rubicin and the only difference is the configuration of
the 4’-OH group of the sugar moiety of the molecule. In
doxorubicin the OH group is oriented in the axial
configuration whereas in epirubicin it is in the equatorial
configuration (Launchbury & Habboubi 1993). The risk
of congestive heart failure is considerable for doxo-
rubicin at cumulative doses greater than 550 mg m™,
whereas for epirubicin the risk is approximately 30 %
for cumulative doses in excess of 900 mg m~2 (Bertazolli
et al 1985; Launchbury & Habboubi 1993). The myo-
cardial damage appears to be related to impairment of
heart mitochondrial function such as disturbances in
theintracellular transport of calcium (Azuma et al 1981).
Doxorubicin causes mitochondria to lose their ability to
sequester calcium (Olson & Mushlin 1990 ; Bonnadonna
et al 1993; Dodd et al 1993). It depresses adenosine
diphosphate stimulated respiration (Azuma et al 1981;
Muhammed et al 1982) and induces alterations in
membrane structure and function (Goormaghtigh et al
1982). Doxorubicin inhibits the intracellular levels of
ATP and GTP of the heart and creates pathological
lesions at the mitochondrial levels that are more evident
than epirubicin (Alderton et al 1992). Doxorubicin, and
to a lesser extent epirubicin, influence a wide variety of
sub-cellular systems by direct interaction with memb-
rane or through the production of free radicals that are
formed by redox cycling of doxorubicin in the presence
of iron (de Silva & Aust 1993 ; Pierscinski et al 1994).
It has been suggested that the disparity in toxicity

between epirubicin and doxorubicin may be related to
the differences in their pharmacokinetics and metabo-
lism (Sweatman & Israel 1987; Le Bot et al 1988, 1991 ;
Weenen et al 1984, Van der Vygh et al 1990). Fur-
thermore, doxorubicin is known to bind significantly to
plasma membrane (Bannister et al 1983 ; Diociaiuti et al
1991). The present study was designed to investigate
whether the difference in toxicity between doxorubicin
and epirubicin correlates with their pharmacokinetic
data. We compared the pharmacokinetics of doxo-
rubicin and epirubicin after a single dose of 20 mg kg™
and multiple-dose injections of 4 mg kg™! per week for
five weeks. The single and cumulative dose of 20 mg
kg™! was selected by design to be toxic. The study of
their disposition was based on the time-course of con-
centration of either drug in plasma and their amount
associated with blood cells. The comparison of their
metabolism was based on the time-course of biliary and
urinary elimination of unchanged drug and metabolites.
To gauge the toxicity and correlate with pharmaco-
kinetic data, sarcoplasmic reticulum (SR) Ca**ATPase
concentration in the heart was measured as a biomarker
of cardiotoxicity.

Materials and Methods

Chemicals

Radiolabelled ["“C]doxorubicin with specific activity
of 100 #Ci mg™"' was purchased from Amersham Life
Science, Inc. (Arlington Hights, IL). Doxorubicin HCI,
epirubicin HCI and their metabolites were a gift from
Upjohn-Pharmacia (Albuquerque, NM). The radio-
labelled dose of doxorubicin was prepared by addition
of the cold drug to the radiolabelled drug to obtain a
final specific activity of 0.4 £Ci mg™'. Sodium pento-
barbital (Nembutal, 50 mg mL™") was obtained from
Henry Schein (Port Washington, NY). Monoclonal
anti-SERCA?2 ATPase antibody (IgG2a) was purchased
from Affinity BioReagent Inc. (Golden, CO). Peroxi-
dase-conjugated affinipure goat anti-mouse IgG was
purchased from Jackson Immunoresearch Laboratories
Inc. (West Grove, PA). Bovine serum albumin (BSA)
blocking reagent was from Sigma Chemical Co. (St
Louis, MO). Tris-glycine-SDS buffers, 7.5% pre-cast
polyacrylamide gels and electroblot buffer were pur-
chased from Owl Scientific (Woburn, MA). SDS PAGE
pre-stained standards (high range) and PVDF protein-
sequencing membrane were purchased from Bio-Rad
Laboratories (Hercules, CA). ECL Western blotting
analysis system and hyperfilm ECL were purchased



from Amersham Life Science Inc. (Arlington Heights,
IL).

Animals and experimental protocol

Male Sprague-Dawley rats, 250-350g (Taconic
Farms, Germantown, NY), were randomized to either a
single-dosing regimen (two groups, n = 6 per group,
20 mg kg™! epirubicin or doxorubicin), or multiple-
dosing regimen of once a week for five consecutive
weeks (two groups, n = 30 per group, 4 mg kg~! epirubi-
cin or doxorubicin per week). Each group in the mul-
tiple-dosing regimen was divided into five subgroups
(n = 6 per subgroup) and every subgroup was used to
study the time-course of the drug at a given week. The
weekly doses were given via the tail vein and on the day
of experiment, following the bile duct cannulation, the
dose was administered via the femoral vein. Blood, bile
and urine samples were collected periodically for 10 h.
All blood samples were centrifuged for 10 min at
3000 rev min~! in heparinized tubes to separate plasma.
Plasma and bile samples were frozen at — 70°C in liquid
nitrogen and stored at —20°C until analysis. At the end
of the experiment the rats were killed and the hearts
removed immediately, washed with ice-cold normal
saline, blotted dry and frozen in liquid nitrogen and
stored at —20°C.

Analytical methodology

Bile and urine samples were analysed by an HPLC
system consisting of a solvent delivery system and
autosampler with Novapak C-18 cartridge and CI18
Novapak Sentry guard column (Waters Corporation,
Milford, MA). The mobile phase was 0.1% v/v am-
monium formate buffer—methanol (30:70 %, v/v), pH
4.0. The online detectors were a Gilson fluorometer
(Middleton, WI) with excitation and emission wave-
length of 480 nm and 540 nm, respectively, and a radio-
activity detector (Beta Flo, Packard, Meriden, CT). The
guard column was replaced regularly and the retention
time of the parent compound and the metabolites were
determined and confirmed daily with authentic stan-
dards. Blood cells were treated with 500 xL Solvable
(Beckman Instruments Inc., Fullerton, CA) and were
left overnight at room temperature. The following day,
samples were decolourized with hydrogen peroxide
(200 L), and glacial acetic acid (100 xL) was added to
the samples to prevent quenching. The concentration of
plasma and blood cells was then measured separately.

Measurement of SR Ca**ATPase concentration

The homogenates of hearts, in 10 mm Tris/maleate
buffer (pH 6.8), were centrifuged at 15000 g for 20 min.
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The supernatants were centrifuged at 100000 g for
30 min. The pellet was then suspended in Tris/maleate
buffer (0.6 M KCIl) and centrifuged at 100000 g for
45 min. The pellet obtained after this centrifugation was
re-suspended in Tris/maleate (pH 6.8) containing 0.1 m
KCI (80 uL g™"). The final fraction was frozen immedi-
ately in liquid nitrogen and stored at —20°C until analy-
sis. The protein concentration in the SR fraction of all
samples was determined according to the Biuret method
(Gornall et al 1949). SR samples (40—80 ug) were treated
with 4 uL of 1 xsample buffer (4 mL dH,0O, 800 xL
glycerol, 1.6 mL 10% SDS and 1 mL 0.5 m Tris HCI,
pH 6.8 for 3X) and mercaptoethanol (15-85 uL of
1X sample buffer). The samples were mixed vigorously,
heated in a water bath (100°C) for 5 min and used for
electrophoresis. Tris-glycine-SDS buffer (25 mm Tris,
192 mm glycine, 0.1% SDS, pH 8.3) was used as the
running buffer. A 7.5 % polyacrylamide pre-cast gel was
used in conjunction with a Daiichi Mini 2-gel system for
electrophoresis. After running and rinsing with water,
the gel was stained with 0.25 % Coomassie blue dissolved
in a mixture of methanol-acetic acid—water (5:1:5) for
45 min. After de-staining and drying for 1 h at 60°C, the
110-kDa Ca?" protein band was quantified using Kodak
Digital Science 1D image analysis software. To prepare
the samples for electroblotting, the SR vesicles were run
on polyacrylamide gels under reducing conditions as
described before. The gels were separated from the plates
and the proteins were transferred to a PVDF membrane.
Three buffers consisting of cathode, anode I and anode
IT were used for the transfer at 400 mA and 11 V for 1 h.
Following the electro-blotting procedure, the membrane
was rinsed with distilled water and immersed in 3 %
blocking reagent (BSA) in PBS-Tween 20 (0.3%) for 1 h
at 37°C. The membrane was then washed with PBS-
Tween 20 (0.05%) and incubated with the primary
antibody, anti-SERCA2 ATPase antibody (1:750), for
1 h at 37°C. After washing with the primary antibody,
the next incubation was carried out with the peroxidase-
conjugated affinipure goat anti-mouse IgG (1:2000) at
37°C for 1 h. The ECL kit was used for detection. The
hyperfilm ECL was exposed for 15s to the detection
reagent and then developed in a Kodak X-Omat M-20
processor. The band intensity was quantified using
Kodak Digital Science 1D image analysis software.

Data analysis

WinNonlin (version 1.1; SCI Software, Apex, CA) was
used for pharmacokinetic data analysis. The pharmaco-
kinetic parameters of plasma were determined by sim-
ultaneous curve-fitting of plasma and biliary data. The
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Table 1

Parameters and constants of simultaneous curve-fitting of plasma concentrations and biliary

elimination of doxorubicin according to the equations of two-compartment open model using WinNonlin.

Parameter/ Week 1 Week 2 Week 3 Week 4 Week 5 Acute dose
constant @dmgkg!) (@Amgkg") @mgkg!) @mgkg') @mgkg!) (Q0mgkg)
A (mg L) 2.3540.13  3.344+0.26 292+0.23 6.20+0.31 6.83+0.55 10.714+0.42%*
B (mg L) 0.254+0.04 042+0.03 046+0.02 1.03+0.07 1.33+0.27 2.314+0.20%*
a (h™) 5.1740.54  9.174+090 9.6740.96 7.2740.60 4.9340.84 4.4540.42
,b’(h")* 0.124+0.06 0.12+0.02 0.16+0.18 0.23+0.24 0.25+0.06 0.134+0.02
kb(h’l) 0.18+0.01 0.15+0.01 0.14+0.01 0.15+£0.06 0.13+0.02 0.07i0.01**
AUC (mgh L™h)* 2544036 3.86+0.28 3.174+0.15 533+0.35 6.70+1.20 20.17+1.68**
CL(Lh'kgh)* 1.60+023 1.0440.70 1.26+0.06 0.75+0.05 0.614+0.12 0.99+0.11

A and B are the coefficients of the exponential terms of the concentration in plasma; o and /3 are the hybrid
rate constants of disposition; and k, is the first-order rate constant for biliary excretion. Data are presented
as mean+s.d., n = 6. ¥*P < 0.05 multiple-dosing parameters. **P < 0.05 single-dosing parameters.

Table 2 Parameters and constants of simultaneous curve-fitting of plasma concentrations and biliary excretion of epirubicin according to the

equations of two-compartment open model using WinNonlin.

Parameter/ Week 1 Week 2 Week 3 Week 4 Week 5 Acute dose
constant (4 mg kg™) (4 mg kg™) (4 mg kg™) (4 mg kg™ (4 mg kg™) (20 mg kg™)

A (mg L 2.42+1.8 3.08+0.83 4.9941.63 1.93+0.28 3.37+0.87 79.464+15.21%*
B (mg L) 0.15+0.05 0.154+0.08 0.254+0.20 0.06+0.02 0.07+0.01 1.0740.38**
o (hfl) 22.524+10.0 12.19+3.2 10.25+3.6 420+1.14 427+1.44 17.09+2.22

/ﬁ' (hfl)* 0.34+0.06 0.26+0.12 0.13+0.18 0.0440.02 0.01+0.03 0.06+0.06%*
kh(h’l) 0.97+0.24 0.97+0.18 0.49+0.18 0.74+0.18 0.30+0.20 0.56+0.06
AUC (mg h L h* 0.55+0.23 0.83+0.37 2.414+1.70 2.0440.51 7.984+1.60 2.48 47.22%*
CL(Lh™! kgfl)* 8.814+3.65 6.05+2.73 326422 2.08+0.52 0.524+0.10 0.894+0.34%*

A and B are the coefficients of the exponential terms of the concentration in plasma; a and / are the hybrid rate constants of disposition; and
ky, is the first-order rate constant for biliary excretion. Data are presented as mean+s.d., n = 6. *P < 0.05 multiple-dosing parameters.

**P < 0.05 single-dosing parameters.

selection of the most appropriate pharmacokinetic
model was achieved by evaluating different compart-
mental models and the use of Akaike and Schwarz
criteria (Ludden et al 1994). The following are the
general equations for the two-compartment open model
used for the simultaneous curve-fitting.

Plasma: C, = Ae ™+ Be™ (1)
Bile: A=k, ((CS+Da)/ap) —k,((Ce™/a) + (De™"/f))
(2)

Where, C, is the plasma concentration at time t; A and
B are the coefficients of the exponential terms of the
concentration in plasma; C and D are the coefficients of
the exponential terms associated with biliary elimin-
ation; o and £ are the hybrid rate constants of dis-
position; Ay is the cumulative amount in the bile;

and k, is the first-order rate constant for biliary ex-
cretion.
As t approaches oo equation 2 becomes equation 3:

Ag” =k, (A +Ba)/af) (€)

Where A,” corresponds to the total amount of drug/
metabolite that ultimately will be eliminated in the bile.

The time-course of drug associated with blood cells
was analysed by non-compartmental analysis with the
use of the following general equations:

CL = Dose/AUC @)
MRT = AUMC/AUC 5)
Vd, = (MRT)(CL) (©)

Where CL is clearance; AUC represents the area under
the curve; MRT is the mean residence time; AUMC is
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the area under the first moment curve; and Vd is the
volume of distribution.

Relevant pharmacokinetic parameters of plasma and
blood cells were correlated with the net intensity of the
SR Ca?" pump protein. In addition to the linear cor-
relation of the parameters, the application of the fol-
lowing E,,, model was also evaluated.

E = (E, x P)/(P+EC50) 7

In this model, E is the percentage reduction in the net
intensity of the protein; E_ is the maximum percentage
of reduction of protein; P is the pharmacokinetic para-

max

40 4

Week 1

991

meter such as AUC or maximum concentration; and
EC50 is the magnitude of P that may result in 50 %
reduction of E

max”*

Results

Multiple-dose study

The calculated parameters and constants of plasma
concentration are presented in lables 1 and 2. The
similarities between the two compounds were the grad-
ual increase in AUC and decline in total body CL over

Week 2

40 -

Cumulative amount (% dose)

Acute (20 mgkg)™

20
10 <
0 T T T
0 200 400 600
Time (min)

1 T T
0 200 400 600

Time (min)

Figure 1 Cumulative amount of unchanged doxorubicin (@) and epirubicin (Q) eliminated in the bile after multiple-dosing (4 mg kg™' per
week) and single-dosing (20 mg kg™!) regimens. Each point represents the mean +s.d. of the observed data points from six rats. The solid lines
represent the predicted values and are generated by the equation: Ay = k,((Af+Ba)/af) —ky((A/a)(exp-at) + (B/f)(exp-ft)).
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Table 3 Parameters of non-compartmental analysis of doxorubicin associated with blood cells after single- or multiple-dosing regimen.

Parameter/ Week 1 Week 2 Week 3 Week 4 Week 5 Acute dose
constant (4mg kg™ (4mg kg™ (4mg kg™ (4mg kg™ (4mg kg™ (20 mg kg )
AUC, , (mgh L7")* 4.81+0.60 6.1740.51 7.5440.61 7.85+0.60 8.6140.66 30.92+2.85%*
MRT, , (h)* 14.07+1.75 10.70+0.88 16.27+1.32 9.79+0.75 8.77+0.67 11.2942.10
vdg, (L)* 3.854+0.48 1.88+0.15 2.10+0.17 1.20+0.10 0.99+0.07 2.25+0.62
CLy00d cenis (L h kg™) 0.84+0.10 0.65+0.05 0.54+0.04 0.5140.04 0.46+0.03 0.65+0.08

Data are presented as mean +s.d., n = 6 per week and acute dose. *P < 0.05 multiple-dosing parameters. **P < 0.05 single-dosing parameters.

Table 4 Parameters of non-compartmental analysis of epirubicin associated with blood cells after single- or multiple-dosing regimen.

Parameter/ Week 1 Week 2 Week 3 Week 4 Week 5 Acute dose
constant (4mg kg™ (4mgkg™) (4mg kg™ 4mgkg™) (4mg kg™) (20 mg kg™ )
AUC, , (mgh L™")* 3.3740.28 1.4240.21 9.41+3.18 3734+ 1.01 8.62+1.18 51.55+44.32%*
MRT,  (h)* 6.72+0.57 2.19+0.32 31.34+10.6 8.18+2.21 37.90+5.2 1.75+0.43%*
vd,, (L)* 2.18+0.18 1.724+0.25 3.20+1.08 2.1240.57 4.26+0.60 0.17+0.68%*
CLyodcens (L h7 kg™ 1.1940.11 2.87+0.43 0.48+0.16 1.15+0.32 0.47+0.07 0.3940.06%*

Data are presented as mean +s.d., n = 6. *P < 0.05 multiple-dosing parameters. **P < 0.05 single-dosing parameters.

the course of the multiple-dosing study. The differences
were the reduction in the hybrid rate constant of dis-
position of epirubicin over the course of treatment, and
the elevation in the biliary rate constant which was
greater than for doxorubicin. The change in the biliary
rate constant indicates that the overall biliary elim-
ination of unchanged epirubicin is greater than un-
changed doxorubicin. However, since the reduction of
this rate constant between the first and the last weeks of
the multiple-dosing was significant for epirubicin (P <
0.05), it was concluded that the multiple-dosing regimen
of the toxic dose influenced the biliary elimination of
unchanged epirubicin. The weekly comparisons of the
cumulative amount of unchanged drug eliminated in the
bile for both drugs are presented in Figure 1. The
observed reduction in the cumulative amount of un-
changed epirubicin in bile was consistent with the grad-
ual increase in AUC over the course of study. This
reduction, from 20.36+5.60 (% dose) in the first week
to 14.60+3.75 (% dose) in the fifth week, was stat-
istically significant (P < 0.05). This observation again
indicated that the biliary elimination of unchanged
epirubicin was reduced due to the multiple-dosing regi-
men. The cumulative amount of doxorubicin in bile
remained unchanged. There were some small fluctu-
ations but no significant changes between the levels of

doxorubicin in the first (14.32+1.70 % dose) and fifth
weeks (14.25+2.82 % dose).

The non-compartmental analysis of doxorubicin and
epirubicin associated with blood cells is presented in
lables 3 and 4. For doxorubicin, the AUC increased
with the weekly doses and the MRT and Vd, reduced
continually. The increase in AUC and reduction in
MRT and Vd,, of doxorubicin between the first and last
week were statistically significant (P < 0.05). In con-
trast, the MRT and Vd of epirubicin increased signifi-
cantly over the course of the multiple-dosing study and
the weekly changes in AUC and MRT of blood cells
were consistent with the changes in AUC and the
disposition rate constant of plasma data. The increase in
MRT corresponds to a longer association of the drug
with blood cells, and, therefore, a smaller rate constant
of release from blood cells. This slower release would
affect the overall disposition rate constant calculated
from plasma data. Accordingly, the clearance of blood
cells, that should not be confused with the clearance of
plasma, declined significantly for both drugs, particu-
larly between the first and last week of multiple dosing.
The variability of the clearance between the weeks was
more pronounced for epirubicin than doxorubicin.

The metabolism study indicated that in bile, the level
of the alcohol metabolite doxorubicinol was substan-
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Table 5 Total amount of biliary elimination of doxorubicin or epirubicin and their metabolites (% dose) in 10 h after a single dose of 20 mg
kg™! or each weekly dose of 4 mg kg™! in the multiple-dosing regimen.

Compound Week 1 Week 2 Week 3 Week 4 Week 5 Single dose

(@mgkg™) (4mg kg™ @mgkg™) (4mg kg™") (@mgkg™) 20 mg kg™)
Doxorubicin 14.32+1.70 11.74+1.15 11.98+2.27 1230+ 1.54 14.24+2.82 7.00+1.24
Epirubicin 20.3645.59% 24.76+ 1.66* 25.44+5.39% 27.63+6.16* 14.58+3.75 9.5241.43*
Doxorubicinol 1.824+0.47 1.47+0.32 1.81+0.52 1.57+0.32 1.70+0.24 1.85+0.04
Epirubicinol 0.3340.17* 0.3340.04* 0.2740.23* 0.2740.07 0.08+0.05* 0.4740.25
Doxorubicin aglycone 1.67+0.43 1.3340.26 1.5240.57 1.2740.22 1.464+0.32 1.1340.15
Epirubicin aglycone 0.36+0.18* 0.16+0.07* 0.36+0.23* 0.51+0.25 0.33+0.39* 0.22+0.07*
Doxorubicinol aglycone 1.95+0.33 1.40+0.55 1.53+0.31 1.27+0.31 1.42+0.25 1.1340.39
Epirubicinol aglycone 0.43+0.38* 4.254+0.85* 2.63+0.98 3.364+1.06* 1.464+1.69 1.9740.77*
Data are presented as mean+s.d., n = 6. *P < 0.05 significantly different compared with doxorubicin.
tially higher than epirubicinol, and doxorubicin agly- 2500 B Doxorubicin Coomassie Blue
cone was significantly higher than epirubicin aglycone.
However, epirubicinol aglycone was higher than doxo- 2000 [ Epirubicin
rubicinol aglycone. The lower level of epirubicinol is in é‘m)‘
agreement with the increase in the level of epirubicinol 5 1500
aglycone. Comparison of the total amount of unchanged 2
drug and metabolites for each compound is presented in ﬁ 1000
l'able S. The cumulative amount of unchanged drugand £
the metabolites eliminated in the urine revealed that 500
approximately 3-5% of epirubicin was eliminated un-
changed in the urine and no significant changes occurred 0 : | , | |
between the weeks. The total amount of doxorubicin ¢ w1 W-2 W-3 W-4 W-5
eliminated unchanged after the first week was approxi- Treatment
mately 6.17+1.7% of the first dose, and this amount 6000 Western blotting
continually reduced over the course of the study. Agly- 5000
cones of doxorubicin and epirubicin and aglycones of
doxorubicinol and epirubicinol were detected in neg- & 4000
ligible quantities in a few samples during the initial %
hours. The level of doxorubicinol and epirubicinol in > 3000
the urine samples was 2-3% of the dose and declined £
significantly over the course of study. € 2000+

1000 -
Single-dose study
0
The pharmacokinetic parameters and constants of the W-l We2 0 We3 0 we4 WS
Treatment

single-dose study were determined by simultaneous
curve-fitting of plasma concentration and the biliary
elimination of unchanged drug (l'ables 1 and 2). Apart
from the expected changes in the dose-dependent para-
meters, such as AUC, A and B, the most notable
differences were the reduction in the biliary rate constant
of doxorubicin and reduction in the disposition rate
constant of epirubicin. Considering the overall gradual
reduction in plasma clearance in multiple dosing, the
single dose of 20 mg kg™' reduced the clearance of

Figure 2 Comparison of the changes in the net intensity of the
sarcoplasmic reticulum Ca>*ATPase protein (CPP) after multiple-
dosing with doxorubicin (@) or epirubicin (QO) for five weeks.

epirubicin more significantly than doxorubicin. The
AUC of epirubicin associated with blood cells was much
higher than doxorubicin whereas MRT and Vd_ were
significantly lower than in the multiple-dosing study.
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Cpp = -3.56 x AUC
r2=0.86

+2621.9

blood cells

Net Intensity of CPP
@
o
?

0
0 50 100 150 200 250 300 350 400 450 500

AUC (ng min mL™")

blood cells

Figure 3 Linear correlation of area under the blood cells concen-
tration—time curve (AUC, .4 ) With sarcoplasmic reticulum
Ca>*ATPase protein (CPP) after multiple-dosing with doxorubicin.

100+

Reduction (%)

200 300
(ng min mL~")
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The data are presented in Tables 3 and 4. The biliary
elimination of parent compound and the metabolites
are presented in Table 5.

SR Ca?*ATPase protein

The amount of cardiac damage after multiple-dosing
regimens was estimated by changes in the SR Ca*
pump protein. The net intensity of the protein was

measured by Western blotting in the SR fraction of the
heart. The comparison was made with the SR fraction
of the heart of saline-treated rats. The net intensity of
the 110-kDa protein band after Coomassie blue staining
and Western blotting is shown in Figure 2. The intensity
of the band after the repeated dosing with doxorubicin
was found to decrease with respect to the control and the
first dose. The repeated dosing of epirubicin increased
the net intensity of the band compared with the control.
We correlated the calculated pharmacokinetic para-
meters of doxorubicin and epirubicin with the net in-
tensity of the protein. Among all parameters and con-
stants, only the AUC of doxorubicin associated with
blood cells correlated linearly with a coefficient of de-
termination of r> = 0.86 (Figure 3). No correlation was
observed between the net intensity of the protein and
any of the parameters for epirubicin. For doxorubicin,
an E .. pharmacodynamic model was then selected to
relate the percentage reduction in the weekly net in-
tensity of the protein to AUC, .., ot AUC, g s (F1gure
4). According to this analysis the AUC,,, or
AUC; 04 s that corresponded to a 50 % reduction of
the protein was 4.08+2.50 mg h L' and 4.50 +£3.14 mg
h L™, respectively. According to the simple linear corr-
elation this value was predicted as 6.13 mg h L™! for
blood cells.

Discussion

We used a uniform experimental protocol to evaluate
the pharmacokinetic, metabolism and toxicodynamic
differences between epirubicin and doxorubicin after
single- and multiple-cardiotoxic doses. The concen-
trated single-dose (20 mg kg™), that is approximately
equivalent to 900 mg m™2, is a cardiotoxic dose for both
epirubicin and doxorubicin and the cumulative dose of
the multiple-dosing regimen is also in the toxic range.
Therefore, the results of this study deal with the major
differences between these two very similar molecules at
a toxic dose level.

The evaluation of the plasma and bile data, both
observed and calculated values, proved that the biliary
elimination of unchanged epirubicin is greater than
doxorubicin. The difference in the predicted values of
the biliary rate constants after either multiple-dosing
regimens or a single dose is in full agreement with this
observation. Hence epirubicin leaves the body faster,
and the lower AUC in the first- to fourth-week confirms
this observation. There was, however, an abrupt change
in the fifth week of epirubicin dosing. The AUC in-
creased significantly and the elimination parameters



declined substantially. We evaluated the time-course of
bile flow rate during the multiple-dosing experiments to
ensure that the reduction in biliary elimination of epi-
rubicin in the fifth week was not related to a change in
bile flow rate. The bile flow rate remained mainly at
plateau during the course of study. Therefore it was
concluded that the bile flow could not be the reason for
the abrupt changes associated with the fifth dose of
epirubicin. The interesting observation was then the
association of both drugs with blood cells. This as-
sociation was extensive for both drugs, it increased
consistently during the multiple-dosing of doxorubicin,
but was irregular for epirubicin. The amount of epi-
rubicin associated with blood cells increased signifi-
cantly after the fifth dose.

Thus, the blood cells undoubtedly play a significant
role in the overall disposition of both drugs. The AUC
of the amount associated with blood cells reflects the
magnitude of the association of these drugs with blood
cells. Therefore, it seems reasonable to advocate that the
pharmacokinetic analysis of these two drugs should be
based on measurement of total blood concentration and
not just plasma. We defined the clearance of the blood
cells as a proportionality constant that when multiplied
by the concentration of drug associated with blood cells,
provides the rate of release of drug from blood cells. The
clearance of doxorubicin associated with blood cells was
lower than epirubicin and was steadily reduced during
the multiple-dosing study, suggesting a stronger inter-
action between doxorubicin and blood cells. We believe
that the continual increase in AUC of doxorubicin
associated with blood cells and the stability of the
interaction are related to the self-association of the
molecule and its binding to haemoglobin. The MRT of
a drug associated with blood cells is also indicative of
the strength of its interaction with blood cells. MRT can
be interpreted as the time required for 63.3% of the
drug to be released from blood cells. A longer MRT
would indicate a longer association of drug with blood
cells. The MRT of the single-dose study of doxorubicin
was estimated as 11.29+2.10 h, whereas for epirubicin
it was less than 2 h. It is very likely that the interaction
of doxorubicin with blood cells, in particular red blood
cells, may contribute to the formation of the reactive
metabolite. The in-vivo interaction of the metabolites of
these compounds with blood cells is not known at this
time. The decline in Vd of doxorubicin in the multiple-
dosing study was also in agreement with the reduction in
clearance and MRT. For epirubicin, this parameter was
inversely proportional to the clearance.

The results of the in-vivo metabolism study demon-
strated that the metabolism of doxorubicin is signifi-
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cantly different from epirubicin. Doxorubicinol and
epirubicinol are known to be more cardiotoxic than the
parent compounds. The levels of doxorubicinol after
the single dose of 20 mg kg™' or the multiple-dosing
regimen were significantly greater than epirubicinol (P
< 0.05). However, the levels of epirubicinol in the urine
and aglycones of epirubicin and epirubicinol in the bile
were greater than doxorubicinol, doxorubicin aglycone
and doxorubicinol aglycone. The total amount of epi-
rubicinol and epirubicinol aglycone was approximately
equal to the total amount of doxorubicinol and doxo-
rubicinol aglycone. Therefore, we concluded that the
interaction of both molecules with aldo-keto reductases
was similar. However, the interaction of epirubicinol
with NADPH-dependent cytochrome P450 reductase to
form epirubicinol aglycone was more favourable than
doxorubicinol. Furthermore, since the formation of
doxorubicin aglycone was greater than epirubicin
aglycone, it was concluded that the interaction of doxo-
rubicin with the enzyme NADPH-dependent cyto-
chrome P450 was more favourable than epirubicin.
Therefore, it would be reasonable to assume that the
combination of hydroxyl group of epirubicinol of car-
bon 13 and the equatorial configuration of the 4’-OH of
the sugar moiety are needed for the interaction of
epirubicinol with NADPH-dependent cytochrome P450
to be more favourable than doxorubicinol.

The overall urinary elimination of the parent com-
pounds and their metabolites did not add up to a
significant portion of the dose. There are, however, a
few differences that are important to note. For example,
the urinary elimination of doxorubicin and doxo-
rubicinol decreased regularly with each dose of the
multiple-dosing regimens. This can be attributed to the
nephrotoxicity of these two compounds. Also, since the
elimination of epirubicin did not reduce significantly,
we concluded that epirubicinol and epirubicin might not
be as nephrotoxic as doxorubicin and its alcohol metab-
olite. The polar metabolites of both compounds, such as
glucuronide and sulphate conjugates, were not a signifi-
cant portion of total urinary elimination of the two
compounds in our animal model.

We selected SR Ca?*ATPase protein as the cardio-
toxicity biomarker. It has been shown that the cardio-
toxicity of doxorubicin may be due to early damage to
the DNA, mediated by hydroxyl free radicals of the
alcohol metabolite. This damage to DNA may ulti-
mately result in a decreased synthesis of proteins that
are critical for the proper functioning of the myocardium
(Crooke et al 1983 ; Mimnaugh et al 1983 ; Muindi et al
1984; Sinha et al 1984 ; Monti et al 1995; D1 Liegro et al
1996). The reduction in the net intensity of the 110-kDa
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SR Ca*" protein band after repeated dosing with doxo-
rubicin may be explained on the basis of the effect of free
radical formation and doxorubicinol and the related
decrease in protein synthesis. The decrease in the amount
of the Ca*" protein would result ultimately in calcium
overload and hence myocyte damage. It was interesting
that the reduction of Ca®" protein in rats treated with
epirubicin was not as significant as doxorubicin. The
linear correlation of the reduction of the net intensity of
Ca?" protein with AUC of doxorubicin associated with
blood cells further confirms that the drug associated
with blood cells may play a significant role in cardio-
toxicity of doxorubicin.

In summary, the reason that epirubicin is less cardio-
toxic than doxorubicin is that the interaction of epi-
rubicinol with NADPH-dependent cytochrome P450
reductase seems to be more favourable than doxo-
rubicinol. Therefore, the concentration of doxorubicinol
would have a longer half-life than epirubicinol and the
concentration of epirubicinol aglycone would always be
greater than doxorubicinol aglycone. This by itself
would make doxorubicin a more toxic compound than
epirubicin. Furthermore, the amount of doxorubicin
associated with blood cells was significantly greater than
epirubicin and correlated well with Ca*" protein. This
linear correlation raises the question as to whether blood
cells, particularly red blood cells, are involved in the
formation of free radicals. Finally, it is the conclusion of
this study that the pharmacokinetic analysis of doxo-
rubicin and epirubicin should be based on the total
concentration of blood and not just plasma.
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