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Abstract Purpose: This study was designed to determine
the effects of P-glycoprotein (P-gp) and cytochrome P450
3a metabolism on the oral bioavailability of the vinca
alkaloid Vinorelbine (Navelbine; VRL). Methods: Phar-
macokinetics of VRL were determined in FVB wild-type
and mdrla/lb (—/—) mice after oral and intravenous
administration of 10 mg/kg VRL with or without oral
ritonavir (5 mg/kg) prior to VRL. Serial blood samples
were drawn for a period of up to 48 hours using mice
with a cannulated jugular vein. Feces was collected for a
period of 96 hours. VRL was determined by ion-ex-
change HPLC in combination with fluorescence detec-
tion. Results: The oral bioavailability in wild-type was
16.0 £ 1.4% (mean £ SE) and was not significantly higher
in mdrla/1b (—/—) mice (17.9 £0.7%). Both after intra-
venous and oral administration, the AUC was not sig-
nificantly different between wild-type and mdrla/1b(—/
—) mice. When RTV was co-administered the AUC of
intravenous VRL increased significantly by 30% (p =
0.012). Because RTV increased the AUC of oral VRL by
83% the oral bioavailability was increased to
22.5+2.3% (p = 0.016). The fecal recovery of un-
changed VRL was about 34 and 6% of the dose in wild-
type and mdrla/1b(—/—) mice, respectively, and was not
altered by RTV. Conclusion: This study shows that P-gp
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has little effect on the disposition and oral bioavailability
of VRL. A substantial fraction of an oral dose of VRL is
absorbed from the gut of wild-type mice. Consequently,
first-pass metabolism is the most important factor for
explaining the modest oral bioavailability, but the results
with RTV suggest that cyp3a plays only a modest role in
metabolic breakdown in mice. Apparently, other routes
of metabolic elimination are more important. These re-
sults suggest that also in patients the oral bioavailability
may not gain substantially from the co-administration of
a potent P-gp and/or Cyp3a inhibitor.
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Introduction

Vinorelbine (5’-nor-anhydro-vinblastine) tartrate-salt
(Navelbine; VRL) is a semisynthetic vinca alkaloid
derivate that has established clinical activity against
non-small cell lung and advanced breast cancer [9, 10]. It
exerts its action by binding to microtubules, thus inter-
fering in the mitotic spindle formation and leading to
cell cycle arrest in G2-M phase. VRL is structurally
different from the other vinca alkaloids through a
modification in the catharanthine ring moiety. This
causes VRL to disrupt mitotic versus axonal microtu-
bules more selective, which is believed to explain the
reduced clinical neurotoxicity relative to the other vinca
alkaloids [6, 20].

Vinca alkaloids including VRL are substrates of P-
glycoprotein (P-gp) [1, 19, 23], a membrane associated
drug efflux pump that confers multidrug resistance to
tumor cells in vitro and possibly also to tumors in pa-
tients [18]. Although, P-gp was discovered in tumor cells,
it is expressed in a variety of normal tissues with an
excretory or barrier function such as the biliary canu-
licular membrane in the liver, the enterocytes lining the
intestinal wall, the endothelial cells forming the blood
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brain barrier, the adrenal gland, the testis and the pla-
centa. Consequently, P-gp is involved in the disposition
of many drugs [12] and could be of importance for the
therapy with VRL. VRL is marketed as an intravenous
formulation and as an oral (soft capsule) formulation
[15]. The oral route is preferred over intravenous
administration in terms of cost-effectiveness and patient
convenience [4, 8] and was shown to be efficacious [11].
However, drug efflux in the gut wall by transport pro-
teins such as P-gp and first-pass metabolism by cyto-
chrome P4503A may limit the oral bioavailability [5].
Previous studies with oral taxanes have shown that P-gp
plays a major role in the bioavailability of oral paclitaxel
[24], but is less important in case of docetaxel where the
effect of CYP3a was much more pronounced [3]. The
oral bioavailability of VRL in patients was 27 £ 12% of
the dose, leaving room for improvement [22].

The aim of the current study was to evaluate to what
extent P-gp and CYP3a reduce the oral bioavailability of
VRL in mice. For this purpose we established the
pharmacokinetics of VRL in FVB wild-type and mdrla/
Ib (—/—) mice receiving VRL as single agent or in
combination with the potent CYP3a inhibitor ritonavir.

Materials and methods
Materials and reagents

VRL (10 mg/ml) originated from Centre de Recherche
Pierre Fabre (Paris, France). Deacetylvinblastine sul-
phate (DVBL) was obtained from the faculty of Phar-
macy (University of Utrecht, The Netherlands).
Ritonavir (RTV; 80 mg/ml, NORVIR) oral formulation
was from Abbott (Abbott Park, IL, USA). All other
reagents were purchased from Merck (Darmstadt, Ger-
many) and were of analytical quality, except for aceto-
nitrile, which was of HPLC grade. Blank human plasma
was obtained from healthy donors (Bloodbank,
Amsterdam, The Netherlands). Saline was purchased
from Braun (Emmer Compascuum, The Netherlands).
Water, purified by the Milli-Q plus system (Millipore,
Bedford, MA, USA) was used throughout. Bovine ser-
um albumin (BSA) originated from Roche Diagnostics
GmbH (Mannheim, Germany).

Plasma pharmacokinetic studies

The experiments were carried out in FVB wild-type and
mdrla/lb (—/—) mice aged between 9 and 14 weeks.
Female mice were used arbitrarily. They had free access
to food and water prior to and during the experiments.
Animals were maintained and handled in accordance
with institutional guidelines based on Dutch law. For
serial blood sampling, the jugular vene of the mice was
cannulated as described previously [2] two days prior to
the start of the experiment. During the experiments the
mice were housed separately. The cannule was

connected to the lid of the cage with a swiffle that al-
lowed the mouse to move freely. The cannule was filled
with heparine solution (5 mg/ml in saline) to prevent
clogging.

VRL has been administered orally by gavage as a
saline-solution of 1 mg/ml at the dose level of 10 mg/kg.
Separate cohorts of mice received VRL as an intrave-
nous bolus injection at a dose level of 10 mg/kg. The
effect of RTV on the pharmacokinetics of VRL was
studied in wild-type mice. A dose of 5 mg/kg of RTV
was administered orally 30 min prior to an oral or i.v.
dose of 10 mg/kg VRL.

Serial blood samples were drawn for over a period of
48 h after drug administration at approximately 1= 15,
30 min and 1, 2, 4, 8, 24, 32 and 48 h (oral route) and
t=2,5,30 min and 1, 2, 8, 24, 32, 48 h (i.v. route). After
every sample collection, an equal amount of donor
blood from an FVB mouse was returned to the mouse.
About 120 to 150 pl blood samples were drawn at each
time point except for the last sample where a larger
(300 pul) sample was drawn. Animals were killed imme-
diately after the last sampling. Blood samples were
centrifuged for 10 min (3,500 g, 4°C) and plasma was
separated and stored at —20°C until analysis.

Fecal excretion study

Fecal excretion of VRL was studied after oral adminis-
tration. Cohorts of wild-type and mdrla/1b(—/—) mice
were housed in Ruco Type M/1 metabolic cages (Val-
kenswaard, The Netherlands) where they had free access
to food and water. They were accustomed to the cages for
a period of three days. Both genotypes received VRL in
combination with either oral RTV 5 mg/kg or the RTV-
vehicle 30 min prior to VRL. Feces was collected in 24 h
fractions for up to 96 h. Feces samples were homoge-
nized in 10 volumes of 40 g/l BSA solution in water using
a Polytron PT1200 homogenizer (Kinematika AG,
Switzerland) and were stored at 20°C until analysis.

Drug analysis

Plasma samples were thawed at room temperature. The
plasma samples of 50 pl (150 ul for the 48-h sample)
were made up with blank human plasma to a final vol-
ume of 500 pl in a glass tube with a PTFE covered screw
cap and 50 pl of internal standard (100 ng/ml DVBL in
acetonitrile) was added, followed by 3 ml of diethyl
ether. The tubes were shaken vigorously for 5 min and
were centrifuged for 5 min at 1,500 g (4°C). The glass
tubes were placed in an alcohol bath with solid carbon
dioxide (—70°C). Immediately after the aqueous phase
was frozen, the upper organic layer was decanted into a
clean polypropylene tube and evaporated to dryness
under a gentle stream of nitrogen at 37°C. The
residue was dissolved in 200 pl acetonitrile by sonication
for 3 min. An aliquot of 100 pul was subjected to



ion-exchange high-performance liquid chromatography
(IE-HPLC) as described previously [27]. Chromato-
graphic analyses were performed using an HPLC system
consisting of a high-precision pump model 300 C (Gy-
ncotek, Gemering, Germany), an FP-1520 fluorescence
detector (Jasco, Hachioju City, Japan) and a Model 360
autosampler (Kontron, Basel, Switzerland). Samples
were analyzed on a glass column (200x3 mm) packed
with 5 um Spherisorb Si material (Chrompack, Mid-
delburg, The Netherlands). The mobile phase comprised
a mixture of acetonitrile-10 mM tri-sodium citrate buf-
fer (adjusted to pH 3.0 with hydrochloric acid) (87/13, v/
v) and contained 5 mM tetrabutyammoniumbromide.
The column was eluted at ambient temperature at a flow
rate of 0.4 ml/min. The excitation monochromator was
set at 270 nm and emission was monitored using a
360 nm long-pass filter; bandwidth was 40 nm. Inte-
gration was done using the Winner on Windows (WOW)
software (Spectra Physics, San Jose, CA, USA). The
ratio of peak areas of VRL and internal standard was
used for quantitative calculations.

Samples containing 100 pg/ml VRL in plasma were
prepared by diluting the VRL stock solution (10 mg/ml)
in blank human plasma. This stock was used to prepare
three calibration standards of 1, 10 and 100 ng/ml VRL
in plasma, that were stored at —20°C. A calibration
curve was constructed in plasma (final concentrations 1,
2,5, 10, 20, 50, 100 ng/ml) in duplicate with each series
just prior to analysis. The calibration curves were cal-
culated by weighted least squares linear regression
analysis. Quality control (QC) samples were analyzed
together with the samples and the calibration curve. A
different stock of 100 pug/ml was used to prepare the
QCs. Three QCs containing 1, 10 and 100 ng/ml VRL
were prepared in plasma and were stored at —20°C.
Prior to analysis they were thawed and analyzed in
duplicate. The lower limit of quantitation (LOQ) of the
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assay was 1 ng/ml using 500 pl of sample. However,
where less than 500 pl of sample was available, the LOQ
increased proportionally.

Pharmacokinetic calculations

Pharmacokinetic parameters were calculated using the
software program MW\Pharm (MediWare, Groningen,
The Netherlands [21]. Intravenous curves were fitted
using a 3-compartment open model. The AUC after oral
administration was calculated by non-compartmental
methods using the linear trapezoidal rule without
extrapolation to infinity. Statistical analyses were done
using SPSS (version 11.5, SPSS, Chicago, IL, USA). The
calculation of the oral bioavailability (F) and of the
differences in F between subgroups was calculated by 3-
way analyses of variance after logarithmic transforma-
tion of the AUC values.

Results

In this study we have used a cannulation method for the
collection of serial blood samples, thus allowing the
construction of a full plasma concentration—time curve
from one mouse. This setup reduces the number of mice
required for pharmacokinetic studies and provides more
information about the intra and inter-individual varia-
tion. Although, the assay is suited for the quantification
of the metabolite desacetylVRL, the plasma concentra-
tions were generally near or below the LOQ because of
the limitations of the sample size.

Following an i.v. bolus injection, the plasma con-
centration—time curve decline smoothly in accordance
to a 3-compartment open model (Figs. 1 and 2). It
appears that the absence of P-gp has little effect on the

Table 1 Pharmacokinetic parameters of VRL after i.v. and oral administration (values given as mean + SE)

Genotype Wild-type Mdrla/lb (—/-)

Route iv

Co-administration None RTV None

n 9 6 7

AUC (mean+SE) pgh L™! 3613+111 4717 +£307 p = 0.012 3568 £231 NS
T1/2 (o) h™! 0.190+0.032 0.194+0.013 NS 0.331+0.065 NS
T1/2(B) h™! 2.271+0.045 1.728 £0.096 NS 2.310+0.496 NS
T1/2 (y) h™! 11.13+0.54 8.85+0.39 p = 0.009 12.08 +£0.35 NS
Clearance L h™! kg™! 2.78+0.08 2.16+0.14 p = 0.001 2.87+0.18 NS
Volume of distribution L kg~ 44.7+23 28.0+3.1 p = 0.001 50.6+4.6 NS
Route oral

Co-administration None RTV None

n 8 6 6

AUC (mean+SE) 0-8 h pgh L™! 589+46 1080+ 109 p = 0.005 627 +37 NS
F % 16.0+1.4 22.5+2.3 p = 0.016 179+1.7 NS
Fecal excretion % of the dose 339+3.7 339+2.1 NS 5.7+0.6 p < 0.001

VRL was given at a dose of 10 mg/kg as single drug to wild-type and mdrla/1b(—/—) mice, whereas, wild-type mice also received VRL in
combination with 5 mg/kg of oral RTV. Differences (p-values) are relative to wild-type mice receiving VRL as single agent
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plasma pharmacokinetics of VRL (Fig. 1). Although
the plasma curves does reveal a significantly higher
plasma concentration in mdrlalb(—/—) mice at 48 h
post drug administration, the apparent reduction in the
elimination was too small to result in a significant
change in the AUC or the terminal half-life (Table 1).
Compared to the smooth curves after i.v. administra-
tion the plasma concentration—time curves after oral
administration show greater fluctuations (Figs. 3 and
4). We, therefore, calculated the AUC after oral
administration by non-compartmental methods. In
most cases, the maximum plasma concentration (Cp,ax)
was reached within 15 min, indicating that a sub-
stantial fraction of the dose rapidly reaches the small
intestines from where it also rapidly enters the systemic
circulation. The AUC after oral administration and the
oral bioavailability was also not significantly higher in
mdrlalb(—/—) mice.

T 1
5 10
time (h)

The co-administration of RTV did change the plasma
pharmacokinetics of VRL. The plasma concentration of
VRL was higher when RTV was given, especially during
the first 24 h period (Fig. 2). Overall, the plasma AUC
was about 30% higher when RTV was co-administered.
The distribution volume was reduced and the elimina-
tion half-life (T1/2(y)) was significantly shorter. The
AUC after oral administration was increased by about
1.8-fold when RTV was added to the regimen resulting
in a significant enhancement of the oral bioavailability
to 22.5+2.3% (p = 0.016).

To determine the fraction of the dose that was ab-
sorbed from the intestines after oral administration, we
have performed a fecal excretion study in wild-type and
mdrlalb(—/—) mice after oral dosing of VRL either as
single drug or in combination with RTV. In wild-type
mice the fecal recovery was only about 34% (Table 1),
suggesting that even in the presence of P-gp at least 66%

Fig. 2 Plasma concentration— 3000 T
time curves of intravenous VRL A
10 mg/kg in wild-type mice with
(open symbols) or without 1000 3
(closed symbols) RTV 5 mg/kg .
prior to VRL administration ~ A
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S 4
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Fig. 3 Plasma concentration— 3000
time curves of oral VRL 10 mg/
kg in wild-type (closed symbols)
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of the dose was absorbed in the intestines. In

mdrlalb(—/—) mice the fecal recovery was reduced to
about 6% of the dose. Although, this does indicate a
role for P-gp in the intestinal uptake of VRL it implies
only a rather modest enhancement of the intestinal up-
take. The addition of RTV to the regimen had no effect
on the fecal recovery.

Discussion

This study shows that the role of P-gp in the disposition
of VRL in mice is very limited. The fecal recovery of oral
VRL in wild-type mice is already low, indicating that
intestinal P-gp is not acting as a very efficient barrier
against the uptake of this drug. Despite the high-intes-

Fig. 4 Plasma concentration— 3000
time curves of oral VRL 10 mg/
kg with RTV (open symbols)
and without RTV (closed
symbols)
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plasma concentration (ng/ml)

10 20 30 40 50
time (h)

tinal uptake, the oral bioavailability of VRL is low, due
to substantial first-pass metabolism. The co-adminis-
tration of a potent inhibitor of cyp3a mediated metab-
olism increased the oral bioavailability significantly,
however, as the increase in the AUC of VRL after oral
administration was still modest when given with RTV,
cyp3a appears to be only a minor component in this
first-pass metabolic breakdown.

This study was designed to improve our under-
standing of the role of P-gp and metabolism in the oral
bioavailability of VRL. Although mice and humans are
different, the pharmacokinetic handling of VRL appears
to share many similarities between the two species. The
oral bioavailability of VRL in patients receiving liquid-
filled capsules was 27+ 12% of the dose and the
absorption was rapid with a mean time of maximum

10 20 30 40 50
time (h)
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plasma concentration (T ,,,) of 0.91£0.22 h [22]. In our
study, the C,,x was also reached rapidly and the oral
bioavailability of VRL in wild-type mice was 16 +1.4%
of the dose. Although this is lower than in humans, it
must be noted that due to the fluctuations in the oral
curves, it was not possible to model these curves or to
extrapolate the AUCs to infinity. As this will result in an
underestimation of the oral bioavailability, the actual
oral bioavailability in mice may be more close to bio-
availability in humans. Since all groups of mice in this
study were treated similar, the use of AUC values
without extrapolation to infinity for calculation of the
oral bioavailability does not preclude the comparison of
the subgroups made within this analysis.

Unfortunately, there are no comprehensive clinical
pharmacokinetic studies published on the excretion of
unchanged VRL and on metabolism in humans, but just
a few scattered reports. Interestingly though, Jehl et al
[13] reported that the urinary excretion of unchanged
VRL was 10.9+0.7% of the dose, which is very similar
to our previous results in mice [28]. Metabolism will
most likely be an important elimination route in both
species, although the extent by which each of the pos-
sible metabolic routes will be utilized may differ as the
formation of deacetylVRL appears to a more important
route in mice than in humans [13, 28].

The results of this study are to some extent compa-
rable to our previous results with docetaxel in mice [3],
where we demonstrated that the intestinal uptake of
docetaxel in wild-type mice was also high, despite the
fact that this compound is a good substrate of P-gp.
These results with VRL and docetaxel thus confirm that
P-gp is not in all cases an important component of the
defense against the uptake of P-gp substrate drugs from
the gut [7, 17] and are in marked contrast to the results
with a closely related drug as paclitaxel [24]. The sub-
stantial uptake of VRL (or docetaxel) from the gut
might be explained by the fact that a bulk amount of
drug reaches into the gut and saturates the capacity of P-
gp to handle this. However, it is not immediately obvi-
ous why paclitaxel would then behave so differently. In
part, this difference may be caused by the rate and extent
of metabolism of these compounds. Similar as with
docetaxel the systemic clearance of VRL is not altered
when P-gp is absent, suggesting that the metabolic
degradation is far more important for the elimination of
this drug than the excretion of unmetabolized drug. This
is supported by previous biliary excretion experiments
using mice with cannulated bile ducts. In case of do-
cetaxel [3] and of the vinca alkaloid vinblastine [25] the
amount of unchanged drug was minor compared to the
amount of biliary excreted metabolites, whereas the
fraction of unchanged paclitaxel versus the total amount
of biliary excreted drug products was in the order of 30
to 40% [24]. Thus, whereas it is possible that also in case
of paclitaxel a substantial fraction of an orally admin-
istered dose is initially absorbed from the gut, hepa-
tobiliary excretion immediately returns a substantial
fraction of unchanged drug back into the gut lumen.

Then, of course, this fraction will be available for a
second (and third...) round of absorption, but at that
time the intra-gut luminal concentration of drug will be
lower and thus less likely cause saturation of intestinal
P-gp.

Another difference between VRL and docetaxel on
the one hand and paclitaxel at the other appears to be
the rate of uptake from the gut. Whereas, the maximum
Cmax With the two former drugs is reached within
15 min, it takes about an hour to reach the C,,,, in case
of paclitaxel. This result might suggest that VRL and
docetaxel more readily cross the intestinal barrier and
thus also saturate intestinal P-gp more easily. However,
the difference in C,,, may also be due to the rate of
metabolic degradation. Extensive entero-hepatic circu-
lation may cause a delay the time that the maximum
plasma level is reached as unchanged drug excreted in
the bile will mix in the gut with drug released from the
stomach. However, if all drug that is being absorbed is
already metabolized during first-pass, this will not oc-
cur.

Previous in vitro results with human liver microsomes
showed that CYP3A4 is mainly responsible for the
metabolism of VRL [14]. Consequently, inhibition of
CYP3A4 by a potent inhibitor as RTV might help to
increase the oral bioavailability substantially as exem-
plified by the combination of RTV and saquinavir or
other protease inhibitors [26]. Although, there was a
significant enhancement of the oral bioavailability the
result was rather modest, certainly when compared to
the results with docetaxel in mice [3]. In this latter study
a RTV dose of 12.5 mg/kg was used, whereas, we have
reduced the RTV dose to 5 mg/kg in order to avoid the
complications of delayed stomach emptying that may
occur at the higher dose level. Although this dose
reduction may have an impact on the magnitude of the
interaction with VRL, we would still have expected a
more substantial interaction albeit less than docetaxel,
as RTV is among the most potent CYP3A4 inhibitors.
This rather modest result may be related to a lower
affinity of VRL for the murine Cyp3a than for the hu-
man CYP3A4 enzyme but it may also be that CYP3A4
may be less important for VRL elimination in vivo than
anticipated as was already suggested previously [16].

The co-administration of RTV resulted in a reduction
in the distribution volume, which may suggest that RTV
reduces the tissue binding relative to plasma protein
binding. It may, however, also be an artifact due to the
fact that the distribution volume is reversely propor-
tional to the elimination rate constant. Remarkably, the
T1/2(y), which is predominantly determined by the VRL
plasma concentrations at time 24 h and later, was
shorter with concomitant RTV instead of longer, as we
would have expected with an inhibitor of metabolism.
Although speculative, it is conceivable that RTV induces
the expression of metabolic enzymes that are responsible
for a more rapid elimination of VRL after 24 h. Con-
sequently, this shorter T1/2(y) results in an apparent
reduction of the distribution volume.



In conclusion, we have established that P-gp has

limited impact on the clearance or the oral bioavail-
ability of VRL. Metabolic degradation appears to be
the most important route of elimination, although the
contribution of Cyp3a mediated first pass metabolism
is limited. Our results suggest that the oral bioavail-
ability in patients may also not benefit from the co-
administration of a potent P-gp inhibitor. Further
studies are needed to identify the route(s) of metabolic
breakdown.
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