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Aims To investigate the pharmacokinetics and pharmacodynamics of epirubicin and

paclitaxel in combination, as well as the effects of paclitaxel and its vehicle Cremophor

EL on epirubicin metabolism.

Methods Twenty-seven female patients with metastatic breast cancer received

epirubicin 90 mg mx2 i.v. followed 15 min or 30 h later by a 3 h i.v. infusion of

paclitaxel 175, 200 and 225 mg mx2. Plasma concentrations of paclitaxel, epirubicin

and epirubicinol were measured and the relationship between neutropenia and drug

pharmacokinetics was evaluated using a sigmoid maximum effect (Emax) model.

Finally, the influence of paclitaxel and Cremophor EL on epirubicin metabolism by

whole blood was examined.

Results An increase in epirubicinol plasma concentrations occurred after the start of

the paclitaxel infusion, resulting in a significant increase in the area under the plasma

concentration-time curve (AUC) of epirubicinol (+0.5 mmol lx1 h [95% CI for

the difference: 0.29, 0.71],+0.66 mmol lx1 h [95% CI for the difference: 0.47, 0.85]

and +0.82 mmol lx1 h [95% CI for the difference: 0.53, 1.11] at paclitaxel doses

of 175, 200 and 225 mg mx2, respectively), compared with epirubicin followed

by paclitaxel 30 h later (0.61t0.1 mmol lx1 h). A significant increase in

epirubicin AUC (+0.74 mmol lx1 h [95% CI for the difference: 0.14, 1.34]

and +1.09 mmol lx1 h [95% CI for the difference: 0.44, 1.74]) and decrease in drug

clearance (CLTB) (x25.35 l hx1 mx2 [95% CI for the difference: x50.18, x0.52]

and x35.9 l hx1 mx2 [95% CI for the difference x63,4,x8,36]) occurred in

combination with paclitaxel 200 and 225 mg mx2 with respect to the AUC

(3.16t0.6 mmol lx1 h) and CLTB (74.4t28.4 l hx1 mx2) of epirubicin followed

by paclitaxel 30 h later. An Emax relationship was observed between neutropaenia and

the time over which paclitaxel plasma concentrations were equal to or greater than

0.1 mmol lx1 (tC0.1). The tC0.1 value predicted to yield a 50% decrease in neutrophil

count was 7.7 h. Finally, Cremophor EL markedly inhibited the metabolism of

epirubicin to epirubicinol in whole blood.

Conclusions Paclitaxel/Cremophor EL affects the disposition of epirubicinol and

epirubicin. Furthermore, the slope factor of the Emax relationship between

neutropenia and tC0.1 of paclitaxel suggests that the drugs might also interact at the

pharmacodynamic level.
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Introduction

The antimicrotubular drug paclitaxel shows therapeutic

activity in breast cancer when used as a first- or second-

line treatment [1]. In order to enhance the therapeutic

potential of paclitaxel, combination regimens were
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designed with doxorubicin and epirubicin, two of the

most active single agents in the treatment of patients with

breast cancer [2]. Although response rates ranging from

83 to 94% were obtained with paclitaxel and doxorubicin,

the incidence of congestive heart failure (CHF) was

unexpectedly high (18–20%) [3, 4]. To explain the

enhancement of anthracycline toxicity, the disposition and

metabolism of doxorubicin in patients given paclitaxel

were examined. Pharmacokinetic analysis showed higher

peak plasma concentrations and reduced doxorubicin

clearance when paclitaxel was given 24 h before doxo-

rubicin compared with when it was given 24 h after the

latter, with enhanced haematologic and nonhaematologic

toxicities [5, 6]. Furthermore, doxorubicinol plasma

concentrations increased during combined therapy, as

compared with doxorubicin alone [5–7]. The use of

epirubicin, a less cardiotoxic drug, was a introduced to

improve treatment tolerability and to reduce heart damage.

Epirubicin undergoes extensive hepatic metabolism and

may be administered alone or in combination with

alkylating agents or fluoropyrimidines to patients with

early or advanced breast cancer [8]. The major adverse

effects of epirubicin are acute dose-limiting haematologic

toxicity and chronic cardiac damage. However, higher

single and cumulative doses of epirubicin can be given

compared with doxorubicin [8]. A phase II study of

paclitaxel plus epirubicin administered as a first-line treat-

ment to women with metastatic breast cancer showed high

response rates and manageable adverse events [9].

However, the risk of cardiotoxicity was somewhat higher

than expected with epirubicin alone [10]. The bone

marrow and cardiac toxicity profile of epirubicin in

combination with paclitaxel suggests the occurrence of

a pharmacokinetic and pharmacodynamic interaction

between the two drugs.

Therefore, the present study investigated (a) the

pharmacokinetics of paclitaxel and its interaction with

epirubicin and epirubicinol, (b) the effect of paclitaxel and

its vehicle Cremophor EL on epirubicin metabolism

in vitro, and (c) the pharmacokinetic–pharmacodynamic

relationship for paclitaxel in combination with epirubicin

in patients.

Methods

Patients and study design

The present study was performed in breast cancer patients

enrolled in a dose-finding protocol on the combination of

a fixed dose of epirubicin 90 mg mx2 with paclitaxel

starting at 135 mg mx2 in three patients and increased by

20/25 mg mx2 steps in subsequent cohorts of six patients

until dose limiting toxicity was experienced [9]. The

maximal tolerated and administered doses of paclitaxel

were 200 and 225 mg mx2, respectively [9]. For the

purpose of the pharmacokinetic and pharmacodynamic

investigation, a total of 21 patients at their first cycle

of epirubicin 90 mg mx2 in combination with paclitaxel

175 (n=6 patients), 200 (n=9 patients) and 225 mg mx2

(n=6 patients) underwent blood sampling for drug

analysis, as well as monitoring for bone marrow toxicity.

The pharmacokinetics of epirubicin and epirubicinol

alone were examined in an additional group of six patients

given epirubicin 90 mg mx2 followed by paclitaxel

200 mg mx2 30 h later, since plasma sampling was dis-

continued before paclitaxel administration. This group was

named ‘epirubicin alone’ for pharmacokinetic purposes

and provided drug disposition data for comparison with

subjects given the epirubicin–paclitaxel combination with

a 15 min time interval between drugs. The delayed

administration of paclitaxel has been adopted to reduce the

pharmacokinetic interaction that occurs when the drugs

are given in close sequence, as demonstrated by this work

and similar studies on doxorubicin [6].

The study was performed in compliance with the

Helsinki Declaration and was approved by the Ethics

Committee of Pisa University Hospital. Patients were

advised of the investigational nature of this protocol

and written, informed consent was obtained. Eligibility

criteria for the dose-finding study were as follows [9]: (a)

biopsy proven breast cancer, (b) no adjuvant chemo-

therapy within 6 months prior to enrolment, (c) total

cumulative dose of doxorubicin j180 mg mx2 or epi-

rubicin j360 mg mx2 and no prior radiotherapy on the

mediastinal fields, (d) Eastern Cooperative Oncology

Group (ECOG) performance status (PS) j1, (e) life

expectancy i3 months, (f ) age j70 years, (g)

absolute neutrophil count i1.5r109 lx1, platelets

i100r109 lx1, bilirubin j25 mmol lx1, creatinine

j120 mmol lx1 and (h) left ventricular ejection fraction

(LVEF)i50% at bidimensional ultrasonography. A differ-

ential blood count was performed twice weekly as well as

48 h or less before the next cycle, while blood chemistry

and urinalysis were performed every 3 weeks. In case of

grade 3/4 haematologic toxicity, the differential blood

count was checked daily. The characteristics of patients

included in the pharmacokinetic–pharmacodynamic study

were as follows: (a) median age 54 years (range 41–66), (b)

median PS 0 (range 0–1), (c) adjuvant chemotherapy in

14 patients (anthracyclines in 6 patients), (d) prior

radiotherapy in 9 patients and (e) prior hormonal therapy

in 13 subjects.

Drug administration and plasma sampling

Epirubicin (2 mg mlx1 in 0.9% NaCl) (Pharmacia &

Upjohn, Milano, Italy) was infused i.v. over 5 min

followed 15 min later by paclitaxel (0.6 mg mlx1 in 5%
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dextrose) (Bristol-Myers Squibb, Princeton, NJ) infused

i.v. over 3 h with cycles repeated every 21 days.

Dexamethasone 20 mg i.v., cimetidine 300 mg i.v. and

orphenadrine 40 mg i.m. were given 0.5–1 h before

paclitaxel. Blood samples (4 ml) were taken from an

antecubital vein before epirubicin administration and 5, 10,

30 min, 1, 2, 3.25 (end of paclitaxel infusion), 4, 5, 6, 7, 9,

12, 18, 24 and 28 h after epirubicin administration and

collected in heparinized tubes. Plasma was separated by

centrifugation and stored at x20u C for a maximum of

30 days until drug assays were performed as described

below.

Effect of paclitaxel and Cremophor EL on epirubicin
metabolism in vitro

Epirubicin is extensively metabolized to epirubicinol at

the C-13 carbonyl moiety by a NADPH-dependent

cytosolic aldo-keto reductase. Biotransformation occurs

in the blood as well as in the liver, due to the presence of

these enzymes in erythrocytes [11, 12]. To study the effects

of paclitaxel and its vehicle Cremophor EL (Fluka, Buchs,

Switzerland) on epirubicin metabolism, heparinized blood

was obtained from 10 healthy volunteers, pooled and then

divided into 3 ml aliquots (n=6 replicates for each dose

of paclitaxel and Cremophor EL). Stock solutions of

epirubicin (0.2 mmol lx1 in 0.9% NaCl) and paclitaxel

(2.5 mmol lx1 in absolute ethanol) were prepared, while

Cremophor EL was used as purchased without further

dilution. Epirubicin (0.2 mmol lx1 final concentration)

was added to blood after collection followed 15 min

later by the addition of paclitaxel (2.5 and 5 mmol lx1)

or Cremophor EL (2.5 and 5 ml lx1). Incubations were

performed at 37u C. Aliquots of blood (0.5 ml) were taken

at 0, 15, 30, 60 and 90 min of incubation, plasma was

separated by centrifugation and stored at x20u C until

assayed for epirubicin and epirubicinol. The concentrations

of paclitaxel for these in vitro experiments were selected

on the basis of the present in vivo study and correspond

to drug concentrations achieved during the 3 h infusion

of doses of 175–225 mg mx2. The administration of

epirubicin 90 mg mx2 is associated with plasma concen-

trations exceeding 0.2 mmol lx1 for 60–90 min after i.v.

injection. Finally, the concentrations of Cremophor EL

were chosen on the basis of the findings of a previous

report [13] and correspond to peak plasma concentrations

achievable after the administration of a standard dose of

paclitaxel (175 mg mx2 i.v. over 3 h).

Paclitaxel, epirubicin and epirubicinol assays

Paclitaxel was assayed by reverse-phase high per-

formance liquid chromatography (h.p.l.c.) with u.v.

monitoring [14] whereas the analysis of epirubicin and

epirubicinol was performed by h.p.l.c. with fluorescence

detection [15]. Limits of quantification of paclitaxel

and epirubicin–epirubicinol were 10 nmol lx1 and

1 nmol lx1, respectively. Human blank plasma was used

as calibrant matrix and the methods were linear (r2>0.995,

linear regression analysis, weighting 1/X2) over the

analytical range from 10 nmol lx1x1 mmol lx1 for

paclitaxel and from 1 nmol lx1x10 mmol lx1 for epi-

rubicin and epirubicinol. The accuracy (overall percent

bias) of the assay was within the range of 1.5–7.9% for

paclitaxel and x1.8–6.2% for epirubicin and epirubicinol.

Both the intra-assay and interassay precision (coefficient

of variation) were <6.5% for paclitaxel and <7.5% for

epirubicin and epirubicinol.

Pharmacokinetic analysis

Paclitaxel, epirubicin and epirubicinol plasma concentra-

tion vs time data were modelled using MW/PHARM

software (Mediware, the Netherlands [16]). Initial par-

ameter estimates were determined by curve stripping

with Kinstrip module and then fitted by Kinfit module.

The nonlinear least-squares, iterative regression of

Kinfit determines the slopes and intercepts of the

logarithmically plotted curves of polyexponential func-

tions and provides a correlation coefficient of the fitted

curve. Modelling of the concentration-time data

was done with the Nelder-Mead simplex procedure to

determine the parameter values which minimize a

weighted least squares criterion and the performance of

the fitting procedure was controlled by an interactively

defined accuracy factor [16]. While analysing the

polyexponential pharmacokinetic data, the convergence

was reached when the relative change in the sum of

squares was less than 1r10x6 for nonlinear curve

fitting/modelling. An open three-compartment model,

with model input via constant infusion of drugs, best

described the disposition kinetics of epirubicin [8] and

paclitaxel [17] in the present study. The fitting of

epirubicinol concentration vs time data was performed

by a two-exponential decay equation [8], assuming

that the conversion of epirubicin to epirubicinol is a

first-order process. The following time-concentration

polyexponential functions were obtained where Ct is

the plasma concentration measured at time t, N is the

number of compartments, Ci and Li are, respectively,

the xi coefficient and exponent of polyexponential

functions, tinf is the infusion time of paclitaxel and km is

the rate of metabolite input into the central compartment:

epirubicin Ct ¼
XN

i¼1

ðCi|e�LitÞ

epirubicinol Ct ¼
XN

i¼1

ðCi|e�LitÞ �
XN

i¼1

ðCi|e�kmtÞ
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paclitaxel during infusion

Ct ¼
XN

i¼1

½ðCi=ðLi|tinf Þ|ð1 � e�LitÞ�

paclitaxel after infusion

Ct ¼
XN

i¼1

fCi=ðLi|tinf Þ|½e�Liðt � tinf Þ � e�Lit�g

Curve fitting yielded the parameters Ci, Li, km and the

intercompartmental rate constants kxy. Maximum plasma

concentration (Cmax, mmol lx1 or nmol lx1) and time to

reach Cmax (tmax, h) were determined graphically from

the plasma concentration-time data. Half-lives (t1/2, h)

were calculated as 0.693/lz, where lz (hx1) is the negative

slope of the log-linear a, b, and c phases of the plasma

concentration-time profiles. The area under the plasma

concentration-time curve (zero moment curve, AUC,

mmol lx1 h) was calculated using the experimental values

(trapezoidal rule) with extrapolation to infinity using the

terminal elimination rate constant [18]. Mean residence

time (MRT, h) for paclitaxel and epirubicin was

determined by dividing the area under the first moment

curve (AUMC; mmol lx1 h2) by AUC, with correction

for infusion time, while the MRT of epirubicinol was

calculated as AUMC AUCx1+km
x1 [18]. Apparent total

body clearance was normalized to the body surface

(CLTB=dose AUCx1; l hx1 mx2) and the apparent

volume of distribution at steady state (Vss, l mx2)

was computed as Vss=V1r[1+k12/k21+k13/k31],

where kxy are the intercompartmental rate constants

and V1 is the volume of distribution of the central

compartment [18]. Finally, the period in which paclitaxel

concentrations were equal to or greater than 0.1 mmol lx1

(tC0.1, h) was estimated from individual fitted plasma

concentration-time plots [19].

Pharmacodynamic analysis

The relationship between drug exposure and haemato-

logic toxicity was evaluated. Scatterplots of percent

decrease in absolute neutrophil count (ANC):

%ANC=100r([pretreatment-nadir value]/

pretreatment value)

were constructed as a function of time over which plasma

paclitaxel concentrations were above 0.1 mmol lx1, a

threshold level associated with myelotoxicity [19] or

parameters of epirubicin exposure (AUC and AUMC [21,

22]). Relationships were fitted according to sigmoidal

maximum effect (Emax) model [18] using nonlinear

least squares regression and a weighting factor of unity,

defined as:

% change in ANC=Emaxr([PK
k
]/[PK

k+PK50
k

])

where k is the shape factor that describes the sigmoidicity

of the concentration-effect curve and PK50 is the value of

the pharmacokinetic parameter (PK) that results in 50% of

the Emax. The performance of the pharmacodynamic

model was evaluated using the relative root mean square

error (%RMSE) value and its standard error (%SE):

%RMSE ¼ N�1|
XN

i¼1

ðpeiÞ
2

" #1=2

|100

%SE ¼ N|ðN � 1Þ�1
|

XN

i¼1

ðpeiÞ
2

" #1=2

|100

where N is the number of P pairs (i.e. true with predicted

values) and the prediction error is pe=[ln(Ppredicted value)x
ln(Ptrue value)]; in the best model the percentage RMSE

approaches zero.

Statistical analysis

Results are presented as mean values t standard deviation

(s.d.) as well as mean differences and 95% confidence

intervals for the differences between the means of

pharmacokinetic parameters and data from in vitro

experiments on epirubicin metabolism [23]. If the

confidence interval does not contain the value 0, then

there is a statistically significant difference between the

means of the two samples at the 95% confidence level. In

addition to this, a two-tailed Student’s t-test for unpaired

observations was used to determine whether the difference

between the two means was statistically significant. If

the computed P value is less than 0.05, the null hypo-

thesis can be rejected. Statistical comparisons were

performed assuming that the variances of the samples

were equal, which was confirmed by running an

F-test to compare standard deviations. Statistical analyses

were performed by the Statgraphics 5 Plus package

(Manugistics, Rockville, MD).

Results

Pharmacokinetics of paclitaxel

The plasma disposition of paclitaxel is shown in Figure 1

and the pharmacokinetic parameters are listed in Table 1.

Cmax was reached at the end of the infusion and was

significantly higher (P<0.05) by 0.86 mmol lx1 (95% CI

for the difference: 0.19, 1.53) and 2.31 mmol lx1 (95% CI

for the difference: 0.93, 3.68) at paclitaxel 200 and

225 mg mx2, respectively, with respect to a dose of

175 mg mx2 (4.53t0.66 mmol lx1). Likewise, dose

escalation was associated with a significant increase

(P<0.05) in the AUC at paclitaxel 200 mg mx2

Epirubicin–paclitaxel interaction in cancer patients

f 2002 Blackwell Science Ltd Br J Clin Pharmacol, 53, 508–518 511



(+3.97 mmol lx1 h; 95% CI for the difference: 0.93,

7.01) and 225 mg mx2 (+9.85 mmol lx1 h; 95% CI for

the difference: 6.83, 12.87) compared with paclitaxel

175 mg mx2 (18.51t2.6 mmol lx1 h). A 28% increment

in paclitaxel dose (from 175 to 225 mg mx2) resulted in

a mean Cmax and AUC increase of 50% and 53%,

respectively, indicating saturation kinetics (Figure 2).

Accordingly, the CLTB of paclitaxel was significantly

decreased (P<0.05) at a dose of 225 mg mx2

(x3.08 l hx1 mx2; 95% CI for the difference:

x4.99, x1.16) as compared with 175 mg mx2

(12.29t1.84 l hx1 mx2; Table 1). Finally, additional

pharmacokinetic parameters for paclitaxel, including t1/2,

Vss, MRT changed to some extent with the dose increase,

although the differences were not significant, with the

exception of tC0.1 (+4.66 h; 95% CI for the difference:

0.17, 9.15) at 225 mg mx2, as compared with the

175 mg mx2 dose (15.20t2.78 h).

Pharmacokinetics of epirubicin

The plasma concentration-time profiles of epirubicin are

presented in Figure 3 and the pharmacokinetic parameters

are listed in Table 2. Plasma concentrations of epirubicin

decreased sharply after injection, due to rapid tissue

distribution, and then slowly declined as a result of drug

elimination (Figure 3). Most pharmacokinetic parameters

for epirubicin administered in combination with

paclitaxel, including Cmax, t1/2, Vss and MRT displayed

minor changes across all groups of patients, and no

significant differences were observed with respect to

epirubicin alone (Table 2). The AUC of epirubicin

in combination with paclitaxel at a dose of 200

and 225 mg mx2 increased significantly (P<0.05) by

0.74 mmol lx1 h (95% CI for the difference: 0.14, 1.34)

and 1.09 mmol lx1 h (95% CI for the difference:

0.44, 1.74), respectively, as compared with treat-

ment with epirubicin plus paclitaxel (175 mg mx2)

(3.16t0.6 mmol lx1 h; Table 2). Finally, combined

treatment with paclitaxel at doses of 175, 200 and

225 mg mx2 was associated with a progressive decrease

in the CLTB of epirubicin that reached the accepted

level of significance (P<0.05) at paclitaxel dose of

200 mg mx2 (x25.35 l hx1 mx2; 95% CI for the

difference: x50.18, x0.52) and 225 mg mx2

(x35.9 l hx1 mx2; 95% CI for the difference:

x63.4, x8.36) compared with epirubicin alone

(74.4t28.4 l hx1 mx2; Table 2).

Time (h)
3

P
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a 
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cl

ita
xe

l (
µm
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 l–1

)

1
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0.01

6 9 12 15 18 21 24 270 30

Epirubicin
Paclitaxel infusion

Figure 1 Plasma concentration vs time curves for paclitaxel 175

((), 200 (%) and 225 (#) mg mx2 i.v. Symbols: mean values;

vertical bars, s.d.

Table 1 Pharmacokinetic parameters for paclitaxel administered as a 3 h i.v. infusion.

Paclitaxel 175 mg mx2

Meants.d.

Paclitaxel 200 mg mx2

Difference between means

200 vs 175 mg mx2 (95% CI)

Paclitaxel 225 mg mx2

Difference between means

225 vs 175 mg mx2 (95% CI)

Patients 6 9 6

Cmax (mmol lx1) 4.53t0.66 0.86 (0.19, 1.53)* 2.31 (0.93, 3.68)*

t1/2,a (h) 0.72t0.42 x0.13 (x0.51, 0.25) x0.19 (x0.64, 0.26)

t1/2,b (h) 1.66t0.43 0.07 (x0.29, 0.43) 0.52 (x0.37, 1.41)

t1/2,c (h) 13.93t3.29 x1.85 (x5.57, 1.87) 0.69 (x2.96, 4.34)

AUC (mmol lx1 h) 18.51t2.6 3.97 (0.93, 7.01)* 9.85 (6.83, 12.87)*

CLTB (l hx1 mx2) 12.29t1.84 x2.02 (4.49, x0.46) x3.08 (x4.99, x1.16)*

Vss (l mx2) 52.4t23.5 18.1 (x8.51, 44.71) 34.4 (x13.23, 82.03)

MRT (h) 6.64t1.27 x1.2 (x2.62, 0.22) x1.44 (x3.15, 0.27)

tC0.1 (h) 15.20t2.78 2.64 (x1.04, 6.32) 4.66 (0.17, 9.15)*

*P<0.05 unpaired t-test vs paclitaxel 175 mg mx2.
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Pharmacokinetics of epirubicinol

The infusion of epirubicin was followed 0.17 h later

(tmax 1) by peak plasma concentrations of epirubicinol

(Cmax 1: 103.5t18.1 nmol lx1; Figure 4, Table 3). After

the start of paclitaxel infusion, the metabolite showed a

rebound phenomenon, and a second peak (Cmax 2) was

observed approximately 4 h (tmax 2) after the bolus of

epirubicin. The mean concentration of epirubicinol

reached at Cmax 2 was 75 nmol lx1 with paclitaxel

175 mg mx2; the administration of higher doses of the

taxane was associated with a significant increase in the

Cmax 2 of epirubicinol (+10.7 nmol lx1; 95% CI for

the difference: 0.65, 20.75, at paclitaxel 200 mg mx2

and +13.7 nmol lx1; 95% CI for the difference:

3.35, 24.06, at paclitaxel 225 mg mx2; Table 3).

Epirubicinol showed a biexponential decline and plasma

concentrations of the metabolite persisted for some time

after the end of the paclitaxel infusion (Figure 4). The

t1/2,a of epirubicinol was significantly increased (P<0.05)

by 1.03, 1.26 and 01.38 h in patients given epirubicin

followed by paclitaxel at doses 175, 200 and 225 mg mx2,

compared with epirubicin alone (0.30t0.08 h). Finally,

a marked increase (P<0.05) was also observed in the

plasma AUC values of epirubicinol (+0.5,+0.66

and +0.82 mmol lx1 h after administration of epirubicin

in combination with paclitaxel 175, 200 and 225 mg mx2,

respectively) compared with epirubicin alone (AUC:

0.61t0.1 mmol lx1 h; Table 3). Other pharmacokinetic

parameters, i.e. t1/2,b and MRT, displayed minor changes

below the level of statistical significance (Table 3).

Effects of paclitaxel and Cremophor EL on epirubicin
metabolism in vitro

Epirubicin was metabolized by whole blood, as shown by

the time-dependent production of epirubicinol up to a

mean value 12.5t1.1 nmol lx1 after 105 min of

incubation (Figure 5). The addition of paclitaxel to the

samples to give a final concentration of 2.5 and

5 mmol lx1 resulted in a slightly decreased production

of epirubicinol (x0.93 and x1.6 nmol lx1, respectively),
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C
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Figure 2 Scatter plots of individual values of Cmax (a) and AUC (b) after increasing doses of paclitaxel in 21 subjects. The dotted line

links the observed mean values (horizontal bars) of Cmax and AUC, while the solid line intersects the theoretical mean values if Cmax

and AUC increased proportionally with dose.
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after 90 min of incubation, which was not significant.

However, a marked inhibition of epirubicinol produc-

tion was observed at various time points in the

presence of Cremophor EL (2.5 and 5 ml lx1) (Figure 5),

its concentration being decreased by x4.71 nmol lx1

(95% CI for the difference: x5.85, x3.57) and

x5.91 nmol lx1 (95% CI for the difference: x7.04,

x4.78), respectively, after 90 min of incubation (P<0.05

vs epirubicin alone).

Pharmacokinetic–pharmacodynamic relationships

The nadir of the absolute neutrophil count was reached

more frequently on day 12 (range, 8–17) and the

percentage of courses with neutrophil count of less

than 0.5r109 lx1 were 88, 49 and 84% at paclitaxel

doses 175, 200 and 225 mg mx2, respectively. The

incidence of febrile neutropaenia was low (4% of

courses), because of the lack of mucositis and the

limited duration of severe (grade IV) neutropaenia

(median, 4 days) [9]. Analysis demonstrated that the

percentage decrease in absolute neutrophil count was

related to the time of exposure to paclitaxel con-

centrations greater than or equal to 0.1 mmol lx1

(tC0.1), as described by the sigmoid maximum effect

(Emax) pharmacodynamic model. The plot in Figure 6

depicts the Emax relationship using the data obtained from

all patients treated with epirubicin at a dose of 90 mg mx2

Table 2 Pharmacokinetic parameters for epirubicin administered at 90 mg mx2 i.v. alone or in combination with paclitaxel.

Epirubicin alone

Meants.d.

Epirubicin+paclitaxel 175 mg mx2

Difference in means 175 vs

epirubicin alone (95% CI)

Epirubicin+paclitaxel 200 mg mx2

Difference in means 200 vs

epirubicin alone (95% CI)

Epirubicin+paclitaxel 225 mg mx2

Difference in means 225 vs

epirubicin alone (95% CI)

Patients 6 6 9 6

Cmax (mmol lx1) 6.44t1.2 x0.28 (x1.76, 1.2) 0.5 (x0.53, 1.53) x0.25 (x1.38, 0.88)

t1/2,a (h) 0.06t0.03 0 (x0.04, 0.04) 0.02 (x0.05, 0.01) 0 (x0.03, 0.03)

t1/2,b (h) 1.37t0.4 0.21 (x0.35, 0.77) 0.25 (x0.07, 0.58) 0.31 (x0.12, 0.74)

t1/2,c (h) 16.0t4.8 0.44 (x6.31, x7.19) 0.01 (x7.02, 7.04) 1.42 (x3.96, 6.8)

AUC (mmol lx1 h) 3.16t0.6 0.41 (x0.46, 1.28) 0.74 (0.14, 1.34)* 1.09 (0.44, 1.74)*

CLTB (l hx1 mx2) 74.4t28.4 x20.2 (x49.16, 8.76) x25.35 (x50.18, x0.52)* x35.9 (x63.4, x8.36)*

Vss (l mx2) 480.1t153.5 x111.3 (x276.4, 53.76) x31.6 (x270.4, 207.2) x124 (x308, 60.4)

MRT (h) 8.97t4.99 x0.39 (x5.68, 4.90) 1.63 (x4.38, 7.64) 3.76 (x5.17, 12.7)

*P<0.05 unpaired t-test vs epirubicin alone.
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followed by paclitaxel at a dose of 175, 200 and

225 mg mx2. On the basis of Emax model fitting,

the tC0.1 predicted to yield a 50% decrease in absolute

neutrophil count was 7.7 h. Indeed, the shape of the curve

was steep (slope=3.1) and this model provided a strong

correlation between pharmacokinetics and dose-limiting

neutropaenia (r2=0.95, P<0.05). Data analysis by either

linear or other nonlinear functions was unsatisfactory and

no correlation could be found (r2<0.25). Finally, no

correlation was found between the AUC or AUMC of

epirubicin or epirubicinol and neutropaenia (data not

shown).

Discussion

The present study investigated the pharmacokinetic and

pharmacodynamic profile of paclitaxel and epirubicin in

breast cancer patients. The experimental findings suggest

that the changes in epirubicin and epirubicinol disposition

are likely to be the consequence of the influence of

Table 3 Pharmacokinetic parameters for epirubicinol after administration of epirubicin 90 mg mx2 i.v. alone or in combination with paclitaxel.

Treatment

data

Epirubicin alone

Meants.d.

Epirubicin+paclitaxel 175 mg mx2

Difference in means 175 vs

epirubicin alone (95% CI)

Epirubicin+paclitaxel 200 mg mx2

Difference in means 200 vs

epirubicin alone (95% CI)

Epirubicin+paclitaxel 225 mg mx2

Difference in means 225 vs

epirubicin alone (95% CI)

Patients 6 6 9 6

Cmax 1 (nmol lx1) 103.5t18.1 10.7 (x10.86, 32.26) 23.2 (x2.73, 43.67) 17.9 (x3.6, 39.4)

Cmax 2 (nmol lx1) / 75.0t8.1" 10.7 (0.65, 20.75)** 13.7 (3.35, 24.06)**

tmax 1 (h) 0.17t0.0 0 0 0

tmax 2 (h) / 3.88t0.42" x0.13 (x0.81, 0.55)# x0.25 (x0.79, 0.29)#

t1/2,l1
(h) 0.30t0.08 1.03 (0.79, 1.27)* 1.26 (0.86, 1.66)* 1.38 (1.11, 1.65)*

t1/2,l2
(h) 20.85t7.71 x2.75 (x11.15, 5.65) x3.14 (x10.03, 3.75) x2.02 (x9.9, 5.86)

AUC (mmol lx1 h) 0.61t0.1 0.5 (0.29, 0.71)* 0.66 (0.47, 0.85)* 0.82 (0.53, 1.11)*

MRT (h) 22.2t8.4 x3.72 (x14.23, 6.79) x2.53 (x12.61, 7.55) x6 (x17.2, 5.17)

*P<0.05 unpaired t-test vs epirubicin alone.

**Mean difference and 95% CI for the difference vs epirubicin+paclitaxel 175 mg mx2; P<0.05 unpaired t-test.

#Mean difference and 95% CI for the difference vs epirubicin+paclitaxel 175 mg mx2.
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paclitaxel/Cremophor EL on drug elimination rather than

on epirubicin metabolism. In addition to this, the work

presents original evidence of the unidirectional interaction

of paclitaxel/Cremophor EL on epirubicin disposition,

since the pharmacokinetics of paclitaxel were similar when

the latter was given alone and in combination with

epirubicin [17]. The increased plasma AUC of epirubicin

and epirubicinol might contribute, at least in part, to

the higher risk of cardiotoxicity in patients given the

combined treatment compared with epirubicin alone [10].

Finally, the enhanced neutropenic effect of paclitaxel

given in combination with epirubicin, as indicated by the

steeper slope factor of the Emax relationship between

neutrophil count decrease and tC0.1 compared with

paclitaxel alone [19], may represent the consequence of

the combined effect of the taxane and the anthracycline

at the bone marrow level.

The data from this work are in agreement with previous

studies, revealing the occurrence of significant differences

in pharmacokinetics and toxicity depending on the

sequence and schedule of administration of paclitaxel in

combination with doxorubicin or epirubicin [5–7, 24, 25].

Thus, the 24 h administration of paclitaxel 125 mg mx2

immediately before a 48 h infusion of doxorubicin

48 mg mx2 resulted in 70% increase in doxorubicin

Cmax and 32% reduction in drug clearance compared with

the reverse sequence of drug administration [5]. The

simultaneous 72 h infusion of paclitaxel 180 mg mx2 and

doxorubicin 60 mg mx2 was associated with increased

steady-state plasma concentrations of doxorubicinol

(mean 25 nmol lx1) compared with doxorubicin alone

(16 nmol lx1), with no changes in paclitaxel or doxo-

rubicin distribution [7, 26]. Furthermore, a 3 h infusion

of paclitaxel was associated with nonlinear doxorubicin

disposition and increased concentrations of doxo-

rubicin and doxorubicinol [6]. A pharmacokinetic study

in patients given epirubicin 90 mg mx2 in combination

with paclitaxel 175 mg mx2 showed significant changes

in epirubicinol disposition compared with patients

administered epirubicin 90 mg mx2 [27].

Previous studies have not investigated the pharmaco-

kinetic–pharmacodynamic relationship for paclitaxel and

epirubicin and have not determined whether paclitaxel

affects the pharmacokinetic profile of epirubicin in a

dose-dependent manner.

The rebound phenomenon observed for epirubicinol

after beginning the infusion of paclitaxel 175–

225 mg mx2 and the changes in epirubicin AUC and

CLTB after the administration of paclitaxel 200–

225 mg mx2 are most likely the result of impairment

of epirubicin elimination. Biliary clearance of epirubicin

and metabolites occurs by active excretion mediated by

P-glycoprotein (P-gp [22]), the product of the mdr1a

multidrug resistance gene. Paclitaxel and Cremophor EL

are good substrates for P-gp [28, 29] and competition for

this carrier protein may result in decreased hepatic

clearance and increased AUC of anthracyclines, as

previously shown for doxorubicin and doxorubicinol

[6]. In the present work, an in vitro study was performed in

order to test the hypothesis that epirubicin metabolism

by aldo-keto reductase was induced, causing the marked

increase in epirubicinol concentrations following paclitaxel

administration. However, the in vitro findings seem to

rule out the involvement of aldo-keto reductase in the

changes in the pharmacokinetics of epirubicinol, since

paclitaxel did not significantly affect the production of

epirubicinol by whole blood. The marked inhibition of

epirubicinol formation displayed by Cremophor EL might

be dependent either on direct inhibition of enzyme

activity or on entrapment of epirubicin in micelles, as

previously suggested for paclitaxel [30]. Whatever the

mechanism might be, its clinical relevance is likely to be

negligible since the extremely low volume of distribution

of Cremophor EL in humans suggests that it is limited to

the central plasma compartment, and tissue penetration is

insignificant [31]. Therefore, the inhibition of epirubicinol

excretion through competition for P-gp by paclitaxel and

Cremophor EL appears the most likely explanation of

the pharmacokinetic interaction, although studies that

directly address this hypothesis are lacking. The absence

of significant changes in epirubicin pharmacokinetics

in combination with paclitaxel at doses below

200 mg mx2 may be influenced by the extensive

metabolism of epirubicin by the liver, which might

offset any impairment of elimination. Indeed, in addition

to C4-aglycone formation by glycosidic cleavage and

C-13 alcohol formation by carbonyl reduction, epirubicin

and epirubicinol are conjugated with glucuronic acid,

whereas doxorubicin and doxorubicinol are not [8].

Preclinical studies have shown that paclitaxel/Cremo-

phor EL significantly increase cardiac tissue concentrations

of epirubicin in mice [32] and rats [33]. Although there

is no evidence that this also occurs in man and that

the increased AUC of epirubicin is associated with an

enhanced risk of cardiac toxicity, the animal findings

and the perturbances of epirubicin pharmacokinetics in

patients suggest caution and strict cardiac minitoring in the

management of subjects given paclitaxel–epirubicin in

combination. Indeed, the risk of CHF was somewhat

higher in patients given epirubicin in combination with

paclitaxel (7.7, 19 and 48.7% at epirubicin 720, 1000 and

1080 mg mx2 cumulative dose respectively) [10], com-

pared with epirubicin alone (3.1, 15 and 33% at 850, 1000

and 1080 mg mx2 cumulative dose, respectively) [34],

although clinical cardiac toxicity did not develop more

rapidly. In contrast, the combination of doxorubicin and

paclitaxel markedly increased the occurrence of CHF [3],

which might be explained by a greater pharmacokinetic

R. Danesi et al.
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interaction between doxorubicin and paclitaxel, as shown

by the present study and that of Gianni et al. [6], or by the

differing cardiotoxicity of parent drugs and their metabo-

lites [35]. The cardiac damage caused by anti-tumour

anthracyclines has been attributed to the formation of drug

semiquinones which generate superoxide anion, which

reduces ferritin- and non-ferritin-bound Fe(III), favouring

the release of Fe(II), which is then involved in free radical

reactions in a NADPH-dependent process [35]. There

is evidence for an active role of the alcohol metabolites

of anthracyclines in their cardiotoxic effects [35]. In

particular, human myocardial tissue metabolizes anthra-

cyclines by enzymatic two-electron reduction of the

C-13 carbonyl group in the side chain of the drug.

The formation of secondary alcohol metabolites from

doxorubicin is much greater than from epirubicin [35].

The disposition of paclitaxel was found to be non-

linear, since Cmax and AUC displayed a non-proportional

increase with respect to dose. Moreover, the Emax sigmoid

curve representing the relationship between tC0.1 and the

severity of neutropaenia, displayed a steeper profile for the

combination of paclitaxel and epirubicin compared with

paclitaxel given alone [19], and the tC0.1 time interval

associated with a 50% reduction in absolute neutrophil

count was 7.7 h in the present study compared with a

value of 11.16 h in a previous report using paclitaxel alone

[19]. The difference in the slope factor in the nonlinear

relationship between neutropaenia and paclitaxel plasma

concentrations equal to or greater than 0.1 mmol lx1

might be partly the result of the combined myelotoxic

effect of epirubicin and paclitaxel.

In conclusion, the findings of the present study provide

evidence of a significant influence of paclitaxel/Cremo-

phor EL on epirubicinol and epirubicin disposition, as well

as of enhancement of neutropaenia. Therefore, modified

regimens for epirubicin–paclitaxel treatment should be

considered, with drug administration to be separated by a

suitable time interval in order to minimize an interaction

and to avoid antagonistic effects on the cell cycle [36]

which may impair therapeutic efficacy.
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