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Abstract Purpose: Cremophor can alter the pharma-
cokinetics of cytotoxic drugs, including doxorubicin
and etoposide. In view of its presence in the formula-
tion of paclitaxel, the aim of this study was to investi-
gate the influence of Cremophor on the hepatobiliary
elimination of paclitaxel. Methods: In a recirculating
isolated perfused rat-liver system the elimination of
1.7 mg paclitaxel given as a bolus into the perfusate
reservoir was monitored in perfusate and bile in con-
trols and after the administration of either 80 or 800 ul
Cremophor. The higher dose of Cremophor yields
clinically relevant perfusate concentrations. Paclitaxel
was measured in perfusate, bile, and liver tissue by
high-performance liquid chromatography. Results:
Cremophor caused a dose-dependent inhibition of the
elimination of paclitaxel, with a statistically significant
mean value £ SD, n=3; (P < 0.05 versus controls
Bonferroni #-test) 9-fold increase in AUC (2227 4+ 106
versus 245 + 40 ug ml~' min), 9-fold decrease in total
clearance (0.8 +0.1 versus 7.0 £ 1.1 ml/min), and 5-
fold increase in elimination half-life (92 + 14 versus
18 £4 min) being observed after a dose of 800 pl
Cremophor. With the addition of Cremophor the
amount of paclitaxel remaining after 3 h increased in
perfusate from none to 20%, increased in liver tissue
from 4% to 18%, and remained constant in bile at 11—
13%. In the control group, 86% of the paclitaxel dose
was recovered in bile as five putative metabolites, which
were measured in paclitaxel equivalents, with the major
metabolite. M3 co-eluting with 3’-p-hydroxypaclitaxel.
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This decreased to 45% of the dose on the addition of
Cremophor, and the ratio of M3 to paclitaxel in bile
decreased. Conclusions: Cremophor inhibits the hepatic
elimination of paclitaxel in the isolated perfused rat
liver, primarily by preventing the drug from reaching
sites of metabolism and excretion. The presence of
Cremophor in the paclitaxel formulation may therefore
contribute to the nonlinear pharmacokinetics and
pharmacodynamics of paclitaxel.
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Introduction

Cremophor (polyoxyethylenglyceroltriricinoleate 35,
Cremophor EL) is a polyethoxylated castor oil deriva-
tive commonly used as a drug solubiliser. There is sub-
stantial evidence that Cremophor has inherent and
varied pharmacological activities, including modulation
of multidrug resistance and alteration of the pharma-
cokinetics of certain cytotoxic drugs [22]. We have pre-
viously shown that it increases the plasma levels of
doxorubicin and its metabolite doxorubicinol in mice
and cancer patients [13, 21]. Similarly, in the isolated
perfused rat-liver model, Cremophor inhibits etoposide
elimination through decreased total and biliary clear-
ance from the liver [1]. Paclitaxel is a cytotoxic drug
currently used widely in the treatment of many types of
cancer [5]. It is formulated in Cremophor and ethanol
(1:1, v:v) such that patients receive significant amounts
of Cremophor in a standard dose of paclitaxel. Paclit-
axel pharmacokinetics are nonlinear [3, 16], and it has
been demonstrated in mice that Cremophor may con-
tribute to this phenomenon [18], although the mecha-
nism by which Cremophor could cause this effect has
not been elucidated. In the present study we investigated
the influence of Cremophor on the hepatobiliary elimi-
nation of paclitaxel using the isolated perfused rat-liver
model.
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Materials and methods

Chemicals

Pure paclitaxel was provided by Bristol-Myers Squibb (Mel-
bourne, Australia). Cremophor EL was purchased from BASF
Chemicals (Melbourne, Australia). Acetonitrile was of high-per-
formance liquid chromatography (HPLC) grade (BDH Chemicals,
Kilsyth, Vic., Australia); all other reagents were of analytical grade
and were purchased from Sigma Chemical Co. (St. Louis, MO.,
USA).

Liver perfusion

The experimental protocol was approved by the institutional Ani-
mal Experimentation Ethics Committee. Non-fasting male Spra-
gue-Dawley rats (200-280 g) were anaesthetised with sodium
pentobarbitone (60 mg/kg i.p.) and their livers were surgically
isolated by standard techniques and perfused in a recirculating
system maintained at 37°C as previously described [1]. The perfu-
sate (80 ml) containing 20% (v/v) washed human red blood cells
and 4% (w/v) bovine serum albumin (BSA, Fraction V; Com-
monwealth Serum Laboratories, Melbourne, Australia) was deliv-
ered through the portal vein at 15 ml/min. Sodium taurocholate
(30 pmol/h) was infused into the perfusate reservoir to maintain
bile flow. Liver viability for the duration of the 3-h experiment was
confirmed by the normal values recorded for bile flow, perfusion
back pressure, and oxygen consumption.

Drug administration and sampling

All drugs were given as a bolus dose into the reservoir of the 80-ml
recirculating perfusate to simulate systemic administration. Paclit-
axel was dissolved in ethanol:Cremophor:saline (1:1:10), and
1.7 mg was added to the perfusate in 720 pl of the vehicle, thus
including 60 pl Cremophor. The vehicle for paclitaxel was delib-
erately chosen over other solvents such that it would more closely
resemble the vehicle used for clinical administration, since the
presence of Cremophor may influence the tissue distribution of
paclitaxel. In the paclitaxel plus Cremophor experiments, addi-
tional Cremophor was added as either a low dose (80 pl) or a high
dose (800 pl) 5 min prior to paclitaxel. Cremophor perfusate levels
were measured following these doses in a similar study and resulted
in perfusate Cremophor concentrations at 60 min of approximately
0.040 and 0.40 pl/ml, respectively [1].

Perfusate samples (750 pl) for drug estimation were taken from
the reservoir prior to and at 2, 5, 10, 20, 30, 60, 90, 120, 150 and
180 min following the addition of paclitaxel. Drug amounts lost
through sampling were less than 5% of the dose. Red blood cells
were removed by centrifugation and discarded. Bile was collected in
pre-weighed vials on ice at 30-min intervals. Livers were flushed of
perfusate using 0.9% saline and then weighed. All samples were
frozen at —20 °C. Prior to assay, livers were thawed and homog-
enised in 3 vols. (by liver weight) of cold 0.02 M ammonium acetate
buffer at pH 5.0 using a tissue homogeniser (Polytron, Kinematica-
GmbH, Lucerne, Switzerland), and homogenates were stored at
—20 °C until assay.

HPLC assay of paclitaxel

Sample preparation consisted of protein precipitation with ace-
tonitrile containing 2.5 pg cephalomannine/ml as the internal
standard at the ratios (sample:acetonitrile) of 1:2 for perfusate,
1:9 for bile, and 1:4 for liver homogenate. Following vortexing
and centrifugation, 20 pl supernatant was injected onto the HPLC
column. The mobile phase consisted of 50:50 acetonitrile:0:02 M
ammonium acetate buffer (pH 5.0) run at a flow rate of 2.0 ml/
min. Separation was achieved on a Cg column (Radpak—Waters

Associates) with ultraviolet detection being done at 227 nm, re-
sulting in approximate retention times of 6.2 min for paclitaxel
and 5.5 min for the internal standard. Potential paclitaxel me-
tabolite peaks were quantified as paclitaxel equivalents by com-
parison with the paclitaxel standard curve. Small quantities of
three metabolites isolated from human faeces were kindly sup-
plied by Dr. Alex Sparreboom (Rotterdam Cancer Institute, The
Netherlands), including 6a-hydroxy-, 3’-p-hydroxy-, and 6a,3’-p-
dihydroxy-paclitaxel. The limit of quantitaiton was 0.1 pg/ml (CV
< 15%).

Pharmacokinetic and statistical analyses

The pharmacokinetics of paclitaxel were determined by standard
model-independent methods (Siphar/Win, SIMED, Crételil,
France). The terminal elimination half-life was calculated by linear
regression of the final four to five points on the log-linear con-
centration-time curve. The area under the concentration versus
time curve (AUC) for paclitaxel in perfusate was calculated by the
trapezoidal rule with extrapolation to infinity. Total clearance was
calculated by division of the dose by the AUCy_,). The volume of
distribution was calculated as the total clearance times the elimi-
nation rate constant. Biliary clearance was the ratio of the cu-
mulative content in bile over 180 min to be perfusate
AUC _130min)- Statistical comparisons were made using Sigmastat
version 1.01 (Jandel Corp) applying parametric analysis of vari-
ance and Bonferroni’s multiple #-test, with P < 0.05 being accepted
as significant.

Results

Cremophor caused a dose-dependent inhibition of pac-
litaxel elimination from the isolated perfused rat liver.
Perfusate concentrations of paclitaxel determined in
controls and in the presence of low and high doses of
Cremophor are shown in Fig. 1. The associated phar-
macokinetic parameters are listed in Table 1. Statisti-
cally significant increases in AUC and decreases in total
clearance were observed in the presence of both doses of
Cremophor. The elimination half-life increased with the
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Fig. 1 Profiles of paclitaxel concentration versus time in perfusate
from isolated perfused rat livers from controls ([J) or following a
dose of 80 (A) or 800 pul (M) Cremophor (mean values + SEM,
n=3)
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Table 1 Effect of Cremophor on paclitaxel pharmacokinetics in perfusate and bile in the isolated perfused rat liver (mean values + SD,
n = 3). Paclitaxel in all experiments was delivered in 720 pl of a vehicle containing 60 ul Cremophor. The additional 80 or 800 pl

Cremophor was added 5 min before paclitaxel

AUC Clearance )2 vd Biliary clearance

(ng ml~! min) (ml/min) (min) (ml) (ml/min)
Control 245 + 40 7.0 £ 1.1 18 +4 175 £ 15 0.75 £ 0.25
Cremophor (80 pl) 488* + 127 3.7% £ 1.1 36 + 18 179 + 65 0.47 £ 0.12
Cremophor (800 pl) 2227* £ 106 0.8% +£ 0.1 92*% + 14 101 £ 11 0.08* + 0.01
*P < 0.05 compared with control, Bonferroni z-test
Cremophor dose and was significantly longer at the high )

Discussion

dose. Biliary clearance decreased in the presence of
Cremophor, with the difference also reaching statistical
significance at the higher dose.

The total recovery of paclitaxel from the perfusate,
liver and bile is given in Table 2. Paclitaxel concentra-
tions detected in the perfusate circuit in the absence of a
liver were close to nominal and were constant over
180 min (data not shown). In control experiments, no
paclitaxel was detected in perfusate after 180 min.
However, following a high dose of Cremophor, 20% of
the dose remained in the perfusate as the parent drug,
and the amount of paclitaxel recovered from rat liver
increased to 18% from 4% in the control. Figure 2a
shows the profile of biliary excretion over time, and it
can be seen that high-dose Cremophor caused a delay in
the biliary excretion of paclitaxel as compared with the
control, but recovery apparently occurred such that the
cumulative biliary excretion was similar at between 11%
and 13% of the dose in all groups (Table 2).

The retention times of pure metabolites following
their addition to blank bile and extraction via the usual
procedure were 4.3 min for 6a-hydroxy-paclitaxel,
3.6 min for 3’-p-hydroxy-paclitaxel, and 2.7 min for
6a,3’-p-dihydroxy-paclitaxel. Five potential metabolite
peaks were observed in chromatograms from bile sam-
ples following paclitaxel administration (Fig. 3), all
eluting prior to paclitaxel (M1 at 2.4 min, M2 at
2.8 min, M3 at 3.6 min, M4 at 3.8 min, and M5 at
4.2 min). The major peak in bile (M3) eluted with a
retention time identical to that of 3’-p-hydroxy-paclit-
axel. The percentage of the paclitaxel dose that was
recovered as potential metabolites (expressed as paclit-
axel equivalents) is given in Table 2. In all experiments
the content of metabolites found in liver was less than
2% of the dose, and no metabolite was detected in
perfusate. In control experiments, 86% of the paclitaxel
dose was excreted in bile as metabolites, but this de-
creased to 45% following a high dose of Cremophor.
Figure 2b shows that Cremophor inhibited the biliary
excretion of M3 in a dose-dependent manner, with the
decrease being more evident at earlier time-points. Fig-
ure 4 compares the cumulative bile content over
180 min of each metabolite relative to that of paclitaxel.
Although the profile of metabolites in bile appeared
similar in all groups, Cremophor caused a significant
decrease in the biliary content of M1, M3 and M5 rel-
ative to paclitaxel.

In the present study, Cremophor inhibited paclitaxel
elimination from the isolated perfused rat liver in a dose-
dependent manner. Total and biliary clearance de-
creased, whereas the AUC and terminal elimination
half-life increased. In control experiments, perfusate
paclitaxel concentrations declined to undetectable levels
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Fig. 2a,b Biliary excretion of a paclitaxel and b the major
paclitaxel metabolite M3, measured as paclitaxel equivalents, in
30-min increments over 180 min following the administration of
1.7 mg paclitaxel in isolated perfused rat livers from control ([J) or
following a dose of 80 (A) or 800 ul (M) Cremophor (mean values
+ SEM, n=3)
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Table 2 Percentage of the paclitaxel dose recovered as the parent
drug and as the sum of all metabolites (quantitated as paclitaxel
equivalents) from isolated perfused rat livers after administration
of 1.7 mg paclitaxel alone or in combination with low or high doses

of Cremophor (% of dose, mean values + SD, n = 3). Paclitaxel in
all experiments was delivered in 720 pl of a vehicle containing 60 pl
Cremophor. The additional 80 or 800 pl Cremophor was added 5
min before paclitaxel (ND Not detected)

Paclitaxel Metabolites® Total
Perfusate® Liver Bile® Perfusate Liver Bile
Control ND 41 +14 11.2 £ 5.5 ND 1.4+ 1.1 86.4 + 38.3 103.2 £24.9
Cremophor (80 pl) 1.0 £1.8 14.8*% £ 29 12.8 + 2.1 ND 1.2+1.3 70.6 &+ 2.4 100.4 £ 5.8
Cremophor (800 pl) 20.2*% + 1.7 18.0* + 4.4 10.7 £ 2.0 ND 0.3+0.3 452 +£ 3.2 944 + 64

*P < 0.05 compared with control, Bonferroni #-test (calculated from the total content in pg)
4 Represents the sum of all 5 metabolites quantitated as paclitaxel equivalents

b Percentage of the dose remaining in perfusate at 180 min

¢ Cumulative amount excreted in bile over 180 min as a percentage of the dose
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Fig. 3a-d Representative chromatograms of bile samples from a a
paclitaxel control liver at 180 min, showing peaks of potential
metabolites (/-5), of the internal standard (/nt Std) and of
paclitaxel, and b a paclitaxel control liver at 0 min, or pooled bile
from a vehicle control liver ¢ with and d without the addition of
6a,3’-p-dihydroxy-paclitaxel (di-OH),3’-p-hydroxy-paclitaxel (3"-p-
OH), 6a-hydroxy-paclitaxel (6-OH) and paclitaxel

Biliary metabolite to
paclitaxel ratio

Crem 800yl
Crem 80ul

Control

M4

Fig. 4 Comparison of total biliary excretion of individual metab-
olites relative to paclitaxel, expressed as the ratio of total
cumulative bile content over 3 h of metabolite (in pg “paclitaxel
equivalents”) to paclitaxel (mean of 3 in each group; *P < 0.05 as
compared with control, Bonferroni ¢-test)

by 120 min, whereas in the presence of Cremophor, up
to 20% of the dose of paclitaxel remained in the perfu-
sate at 180 min. The amount of paclitaxel remaining in
liver tissue increased significantly, although this may
have included some contamination from drug remaining
in the hepatic sinusoids, since progressive peripheral is-
chaemia may have reduced the effectiveness of the
flushing procedure. Although the biliary excretion of
paclitaxel was delayed, the total cumulative amount
excreted was unaffected. Biliary excretion of apparent
metabolites was lower by approximately 41%, but this
could almost be accounted for by the increases in con-
centrations of the parent drug in perfusate and liver.
Thus, the major effect of Cremophor in this study ap-
pears to be that of preventing paclitaxel from reaching
sites of metabolism and excretion.

These results are consistent with other in vitro studies
reporting a possible effect of Cremophor on drug dis-
tribution, including decreased uptake of paclitaxel into
human liver slices [16] and by human tumour cell lines
[9]. Also in agreement with the present study is the in-
vestigation by Sparreboom et al. [18], whereby the
presence of Cremophor caused an increase in paclitaxel
plasma levels in mice that was more than proportional to



the dose. More importantly, this group showed that
tissue levels of paclitaxel increased only linearly with
dose [17], suggesting that higher plasma levels of pac-
litaxel do not necessarily reflect higher tissue levels and
supporting the hypothesis that Cremophor causes drug
retention within the plasma compartment.

Despite a relatively small difference in the absolute
amounts of Cremophor present in the control and low-
dose studies, there was a significant effect on the perfu-
sate pharmacokinetics of paclitaxel. However, there was
a 5-min gap between the 80-ul low dose of Cremophor
and the subsequent dose of paclitaxel given in a vehicle
containing 60 pl Cremophor. It is likely that this time
was sufficient to allow Cremophor to equilibrate in the
tissues and perfusate, which, in turn, may have con-
tributed to its effect on drug distribution.

There are several potential mechanisms for the effect
of Cremophor on drug distribution and excretion [1, 22],
including Cremophor-induced drug-micelle formation
[7], altered binding of drugs to serum albumin [8], and
changes in the plasma lipoprotein profile causing pac-
litaxel to bind preferentially to low-density lipoproteins,
which persist longer in the circulation [19]. Our previous
study using isolated perfused rat liver showed the pos-
sible uptake or binding of Cremophor to liver, and this
may also affect the influence of Cremophor on paclitaxel
disposition in the liver [1]. Since Cremophor modulates
the multidrug resistance (MDR) phenotype [15, 23],
which is primarily mediated by increased expression of
the plasma-membrane export pump P-glycoprotein
(Pgp), it is also possible that Cremophor inhibits Pg,-
mediated biliary excretion of drugs. Many MDR
modulators, including Cremophor, affect the pharma-
cokinetics of cytotoxic drugs that are also Py, substrates,
such as etoposide, doxorubicin and paclitaxel, in both
animals and clinical studies [2, 22]. In addition, co-ad-
ministration of paclitaxel with doxorubicin results in
altered doxorubicin pharmacokinetics, which may be
due to the presence of Cremophor in the paclitaxel
formulation [4].

There is also some evidence from our study that
Cremophor inhibited paclitaxel metabolism. In both
humans and rodents, paclitaxel is eliminated primarily
by microsomal hydroxylation followed by biliary ex-
cretion, with 3’-p-hydroxy-paclitaxel being a major rat
metabolite [10] and 6o0-hydroxy-paclitaxel being the
major human metabolite [11].

In the present study the major metabolite M3 in bile
co-eluted with 3’-p-hydroxy-paclitaxel, and when nor-
malised to biliary paclitaxel concentrations the biliary
excretion of M3 as well as of M1 and M5 was decreased
by Cremophor. The absence of a concomitant increase
in these metabolites in either perfusate or liver suggests
that formation rather than excretion of these metabo-
lites was inhibited. There is little information on the
effect of Cremophor on microsomal metabolism, al-
though in one study it did prevent the metabolism of
paclitaxel to 6a-hydroxy-paclitaxel in human liver mic-
rosomes [6].
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Patients receiving a standard paclitaxel dose of
175 mg/m? also receive between 20 and 30 ml Cremo-
phor, resulting in plasma levels after a 3 h paclitaxel in-
fusionin the range of 1-2 pl/ml Cremophor [20], which are
at the upper range of the perfusate Cremophor concen-
trations reached following the higher dose in the present
study. Since plasma Cremophor levels vary according to
the duration of paclitaxel infusion [14], a decrease in the
tissue uptake of paclitaxel induced by Cremophor might
partially explain the different toxicities and higher maxi-
mum tolerated dose reported following shorter infusions
in clinical trials [12]. Furthermore, increased plasma
Cremophor concentrations achieved with shorter paclit-
axel infusions and higher doses may contribute to the
nonlinear pharmacokinetics of paclitaxel [3, 16].
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