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ABSTRACT

Vinblastine biotransformation was investigated by using a human liver
microsomes library. The drug was converted into one major metabolite
(M) upon incubation with the microsomes. A large interindividual varia
tion in vinblastine metabolism was observed among the samples tested,
with a 4.4 ratio between the lowest and the highest metabolic rates. The
biotransformation of vinblastine followed Michaelis-Menten kinetics (K,â€ž

= 6.82 Â±0.27 JIM and Vmax = 0.64 Â±0.06 nmol/min/mg protein). The in
volvement of the cytochrome P450 3A subfamily in vinblastine metabolism
was demonstrated by the following body of evidence: (a) the competitive
inhibition of vinblastine biotransformation by cytochrome P450 3A spe
cific probes with A values of 0.17, 22.5, 14.8, and 35-3 ju\i for ketoconazole,
erythromycin, troleandomycin, and vindesine, respectively; (In the iinnin-
noinhibition of vinblastine metabolism by polyclonal anti-cytochrome

P450 3Aantibodies; in the highly significant correlation between the level
of cytochrome P450 3A determined by Western blots and vinblastine
metabolism (r = 0.759, P < 0.001); (d) the highly significant correlation
between erythromycin N-demethylase activity (mediated by cytochrome
P450 3A) and vinblastine metabolism (r = 0.83, /' < 0.001); in the sig

nificant correlation between the CYP3A4 iiiHN \ level and vinblastine
metabolism (r = 0.60, /' < 0.1). Although vincristine and navelbine (mem

bers of the Vinca alkaloid family) also inhibit the metabolism of vinblas
tine, suggesting the involvement of the cytochrome subfamily in their
respective metabolisms, other anticancer drugs currently associated with
vinblastine in chemotherapy (etoposide, Adriamycin, lomustine, and teni-

poside) also interfere with vinblastine biotransformation. These metabolic
drug interactions may alter the antitumor activity and/or toxicity of the
drug during anticancer chemotherapy.

INTRODUCTION

VBL3 is one of the most effective anticancer drugs currently used

both as single agent and in combination with other drugs to treat
Hodgkin's and non-Hodgkin's lymphomas as well as some solid tu

mors such as testicular and breast cancer. The drug belongs to the
Vinca alkaloid family, which also includes VCR, VDS, and NVB.
Although these antimitotic agents present great similarity in their
chemical structures, they exhibit marked differences in their respec
tive antitumor spectra, toxicity, and pharmacokinetics (1-4). More
over, their clinical pharmacokinetics show large intra- and interindi

vidual variations, sometimes associated with time and/or dose
dependency of the kinetics (5-9).

It is now well established that metabolism is a major determinant of
the variability in drug response and toxicity (10). This has led to the
inclusion of metabolism studies at all stages of anticancer drug de
velopment. Whether the particular pharmacokinetic characteristics ob-
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served during Vinca alkaloid chemotherapy result from individual
differences in drug biotransformation, which mainly occurs at the liver
site, should hence be addressed.

Oxidation reactions are dominant in the metabolism of drugs, and
the cytochrome P450 mixed-function oxidase system was recognized

early as the chief contributor. More than 20 different gene products
have so far been characterized with regard to their properties and
catalytic activities. The amount of cytochrome P450 enzymes in a
given individual varies markedly, which may lead to dramatic differ
ences in drug metabolism, pharmacological response, and suscepti
bility to toxic effects. Understanding the nature of the individual
cytochrome P450 enzymes and their regulation would be useful in
determining the range of interindividual variability in drug response
and avoiding undesirable drug interactions. Indeed, because of the
phenomena of induction (11), inhibition ( 12), and stimulation, and the
many forms of cytochrome P450 (13), it would not be surprising that
adverse drug interactions might result. This is a matter of particular
concern in cancer chemotherapy, in which many prescriptions may be
encountered simultaneously.

To date, research on the identification of cytochrome P450 isoen-

zymes in the metabolism of cancer chemotherapeutic agents has been
limited to a few compounds such as cyclophosphamide, procarbazine,
and l-(2-chloroethyl)-3-(cyclohexyl)-l-nitrosourea and l-(2-chloro-
ethyl)-3-(irans-4-methylcyclohexyl)-l-nitrosourea, and mainly using

rat hepatic microsomes. As two examples, it was recognized from the
earliest days that cyclophosphamide requires metabolic activation,
and the cytochrome P450-mediated 4-hydroxylation of this drug is

now well established as being the primary event in this process. Of
particular interest is the observation by Madidi et al. (14) who reported
interpatient variability in the urinary excretion of carboxyphospha-

mide, which, because of the distribution of the data, may have a
genetic basis.

Morpholino doxorubicin is also an interesting experimental anti-

cancer drug in that its metabolism confers cytotoxicity on the mol
ecule, in addition to that already associated with the parent drug (15,
16). Except for these examples, very little knowledge of the human
enzymes involved in the metabolism of cancer chemotherapeutic
agents is available. As far as the Vinca alkaloid family is concerned,
we recently demonstrated the involvement of the cytochrome P450 3A
subfamily in VDS hepatic biotransformation in humans. The up- or
down-regulation of this isoenzyme can influence both its antitumor

activity and its toxicity.
The present report sought to (a) evaluate the range of the interin

dividual variability of VBL metabolism by using a human liver mi
crosome library; (b) characterize the cytochrome P450 subfamily
involved in the biotransformation; (c) evaluate the putative metabolic
drug interaction between VBL and other antitumor agents often coad-

ministered with the Vinca alkaloids.

MATERIALS AND METHODS

Drugs and Chemicals. VBL, VDS, and VCR were generously supplied by
Eli Lilly Research Laboratories (Indianapolis, IN). NVB was obtained from
Pierre Fabre MÃ©dicament(Boulogne, France). [1H]Vinblastine (1.0 Ci/mmol)
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was purchased from Moravek Biochemicals. Inc. (Brea. CA) and was more
than 98% pure as ascertained by the HPLC technique described below. Benzo-

(a)pyrene. theophylline. hexobarbital. spartein. ketoconazole. troleandomycin.
nifedipine, erythromycin, aniline. ara-C. cimetidine, ara-U. elliptinium acetate,
and NADPH were purchased from Sigma (St. Louis. MO). Etoposide. tenipo-

side. and cyclosporine A were obtained from Sandoz Ltd. (Basel, Switzerland).
Cisplatin, lomustine, and Adriamycin were obtained from Roger Bellon Labo
ratories (Neuilly. France). Dcbrisoquine and 5-FUra were supplied by Hoff

mann La Roche Laboratories (Basel, Switzerland). MTX. mitoxanlrone, and
folinic acid were gifts from Lederle Laboratories (Pearl River. NY).

Human Liver Microsomes. Human liver microsomes were prepared as
described previously (17) and were stored at -80Â°C in potassium phosphate

buffer (0.1 M, pH 7.4) containing 20% glycerol and 1 mM EDTA. Protein
concentration was estimated by using the Bradford method (IN). The human
livers were obtained under strict ethical conditions from multiorgan donors.
Table I summarizes the characteristics of the human microsome bank.

Expression Level of CYP3A4 (iene Subfamily. An oligonucleotide spe
cific to the human CYP3A4 gene subfamily. 5'GTACAGAATCCCCGGT-

TATT.V (position 1700-1720 on the nflO complementary DNA clone) (19)
was synthesized and end labeled by using ['2P]ATP and polynucleotide

kinasc (20). Total RNA was prepared from human liver samples according to
the method of Cathala el al. (21). RNA (10 /ig) was electrophoresed and
transferred to nitrocellulose filters according to the method of Maniatis et al.
(20). Blots were prehybridized for 2 h at 68Â°C either in 6X SSC, 5X
Denhardt's, 10% dextran sulfate, or in 50% formamide, 5X SSC, 10% dex-
tran sulfate, and 5x Denhardt's, and hybridized for 18 h in the same buffers

containing the labeled oligonucleotide probe (at 53Â°C)or GAPDH probe (22)
(at 45Â°C),respectively. After hybridization, filters were washed in 6X SSC

(oligonucleotide probe) or 2x SSC (GAPDH probe) at the hybridization tem
perature. Nitrocellulose filters were then autoradiographed at -80Â°C. Level of

hybridization was estimated by scan densitometry (DU 70 Beckman spectro-

photometer).

Table I Characteristics of human liver microsornc hank

HL15789101113141517IX2021222324262728293031333435363739SexMMMMMMFMMMMFFFMMFMFMMFMFFMMMFAge(yr)2936302032463823561941403824262627454242331736313741273640ComedicationCorticoidsCorticoidsPattata]NarcoprepCorticoidsCorticoidsDopamincDopamincDopamincDopamineDopamineDopamineDopamine

(alcoholicpast)DopamineDopamineHydrocortisoneDopamineDopamineDopamineKerloneDihydroergotamineDopamineCorticoidsDopamineDopamineâ€”

Â«DopamineDopamineDopamincDopamineDopaminePcnthotalPhÃ©nobarbitalDopamineDopamine

(alcoholicpast)DopamineP450

contents
(nmol/min/mg

protein)0.250.270.210.470.370.250.340.460.400.440.440.440.320.460.370.580.370.210.270.290.300.510.350.430.780.300.140.260.54Protein
contents
(mg/ml)30.038.834.229.822.529.532.934.926.131.824.632.821.528.117.610.034.030.033.027.026.327.627.115.420.434.115.624.036.2

' â€”¿�,no comedication.

Interindividual Variability of Vinblastine Biotransformation. VBL ( I
/iM final concentration) was incubated with 29 microsome samples (2 mg
protein/ml final concentration) in phosphate buffer (0.1 M, pH 7.4) at 37Â°C.

Reaction was initiated by the addition of NADPH (l IHMfinal concentration).
Incubation volume was adjusted to 250 fi\. After a 30-min incubation, the

reactions were stopped by adding an equal volume of methanol. Proteins were
removed by centrifugation at 15,000 x g for 5 min, and 200-/il aliquots of the

supernatant were analyzed by HPLC as described below.
HPLC" Procedures. VBL and its metabolites were separated by using

HPLC with a Hewlett Packard Model 1084 liquid Chromatograph equipped
with an automatic injection system. Detection of tritiated compounds was
performed on a radioactive flow detector (Flow-one beta. Radiomatic Instru

ments & Chemical Co., Inc., Tampa. FL). Reversed phase chromatography was
carried out by using a /zBondapak phenyl column (10 /Â¿m,3.9 x 300 mm;
Waters Associates, Milford. MA). The mobile phase consisted of methanol and
perchlorate buffer (45 mM sodium perchlorate/5 mM perchloric acid). Elution
was performed by a programmed linear methanol gradient (from 42 to 75%)
for 35 min at a constant flow rate of 0.9 ml/min.

Enzymatic Kinetics. Preliminary experiments were conducted to deter
mine optimal incubation conditions. They were selected so that VBL biotrans
formation was linear with respect to incubation time and microsomal protein
concentration. NADPH was used at a final concentration of 1 HIMthroughout
all experiments. Final incubation volume was 250 Â¡i\.Under these conditions,
eight VBL concentrations (ranging from 1 to 50 /AM)were assessed. The
Michaelis parameters (apparent A.',,,and Vlmv) were determined for the HL3I

sample by using Lineweaver-Burk plot.

Correlation between Microsomal Monooxvgenase Activity and Vinblas
tine Metabolism. Erythromycin-iV-demethylase activity of the human micro-

some library was determined by colorimetrie measurement of the formalde
hyde formed (23) and was correlated to VBL biotransformation by linear

regression.
Inhibition of Vinblastine Metabolism by Various Compounds. A num

ber of compounds known to be metabolized by specific human liver cyto-

chromes P450 were assessed for their inhibitory effects on VBL metabolism.
Assays were performed by using HL31 microsomes (20-min incubation time

and 0.5 mg/ml protein concentration). Final VBL concentration was set at 7
/IM; inhibitor concentration was 5-fold the Km value determined on the same

sample (24). The percentage of inhibition was calculated with the formula ( 1
- Mi/M,) X 100%, where M, and A/, represent the quantity of metabolite with

or without inhibitors (control), respectively. When inhibition was over 50%,
full kinetic studies were performed to determine the apparent K, value, and to
characterize the inhibition mechanism by Dixon plot. For these assays, three
VBL concentrations (5, 7. and H) /Â¿M)and a series of inhibitor concentrations
(ranging from 0.25 to 60 /AM),were used.

Immunoinhibition of Vinblastine Metabolism by Anti-Cytochrome

P450 Antibodies and Quantification of P4SO 3A Level in Microsomal
Samples. Four polyclonal antibodies directed against cytochromes P450 1A,
P450 2B, P450 2C, and P450 3A were prepared, purified and characterized for
their specificity as previously described (25-27). HL31 microsomes were used

at a final concentration of 1 mg protein/ml and were preincubated for 3 min at
room temperature with or without increasing amounts of antibodies (from 1 to
5 mg/ml final concentration). Final VBL concentration was 5 /Â¿M.

Correlation between Immunoquantified Microsomal P450 3A and Vin-

blastine Metabolism. Immunoblot analysis of human microsomes was car
ried out as previously reported (28). Briefly, proteins from human liver mi
crosomes (10 /xg/ml) were separated by clectrophoresis on a 10%
polyacrylamide-sodium dodecyl sulfate gel according to the Lacmmli proce

dure (29). Proteins were then electrophoretically transferred to nitrocellulose
filters (Bio-Rad Laboratories, Hercules, CA) and incubated with anti-P45() 3A
antibodies and species-specific horseradish peroxidase-labeled polyclonal an

tibodies. Finally, the blots were developed with diaminobenzidine and hydro
gen peroxide. The relative amount of P450 3A in various human microsomes
was estimated from densitometric analysis of the blot with a Shimadzu Model
CR-930 dual-wavelength scanner (Shimadzu Co., Kyoto, Japan). The immu-

noquantified P450 3A of the human microsomes library was correlated with

VBL biotransformation by linear regression.
Metabolic Drug Interactions. A number of anticancer drugs frequently

associated with Vinca alkaloids in cancer chemotherapy were assessed for their
potential inhibitory effects on VBL biotransformation. The drugs included
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1-ÃŸ-D-arahinofuranosylcytosine, l-/3-D-arabinofuranosyluracil, elliptinium ac
etate, Adriamycin, etoposide, teniposide, cisplatin, 5-FUra, a folinic acid,
lomustine. MTX, and mitoxantrone. Assays were carried out by using micro-

somes HL31 (20-min incubation time and 0.5 mg/ml protein concentration).

Final VBL concentration in incubation medium was 7 /J.M;the anticancer drugs
were used at 35 /XM.All assays were done in triplicate.

RESULTS

Metabolism of Vinblastine by Human Liver Microsomes. Fig. 1
shows a typical metabolic pattern of VBL. After a 20-min incubation

with HL31 microsomal sample in the presence of NADPH, VBL was
mainly converted into one major metabolite (M). No metabolism was
observed with the same human sample in the absence of NADPH.

Liver microsomes prepared from 29 human liver samples showed
that VBL metabolism varied interindividually (Fig. 2). The amount of
metabolite generated was 4.4 higher with HL31 sample (12.93 Â±
0.44) than with HL8 (2.97 Â±0.52). All the samples metabolized VBL;
some of them (HL23, HL29, HL30, HL31, HL33, HL34, HL39)
showed a rate superior to 65%. The optimal conditions for VBL
metabolism (protein concentration and incubation time) were obtained
with HL31, i.e., 0.5 mg/ml protein and 20-min incubation time (maxi

mum rate of the reaction and a linear metabolism of vinblastine).
Under these conditions, the VBL biotransformation followed Micha-
elis-Menten kinetics. The Km and Vmax values were 6.82 Â±0.27 /J.M

and 0.64 Â±0.06 nmol/min/mg protein, respectively (data not shown).
Inhibition of Vinblastine Metabolism by Various Compounds.

The VBL biotransformation achieved by HL31 microsomes was in
hibited with specific cytochrome P450 substrates (Table 2) used at a
concentration 5-fold higher (35 Â¡J.M)than the Km of VBL (7 /AM)(24).

The results in Table 1 showed that troleandomycin, ketoconazole,
erythromycin, cyclosporin A, VDS, NVB. and VCR inhibited the
metabolism of VBL. Fig. 3 gives the apparent KÂ¡values, determined
by Dixon plot, for troleandomycin, ketoconazole, erythromycin, VDS,
NVB, and VCR. In contrast, debrisoquine, benzo(a)pyrene, aniline,
spartein, teophylline, cimetidine, nifedipine, and hexobarbital had no
inhibitory effects on the metabolism of vinblastine.

Correlation between Microsomal Monooxygenase Activity and
Vinblastine Metabolism. A significant correlation was found be
tween erythromycin-yV-demethylase activity (mediated by cytochrome
P450 3A4) and VBL biotransformation (r = 0.83, n = 20, P < 0.001)

(Fig. 4). In contrast, VBL metabolism and aniline hydroxylation ac
tivity (mediated by P450 2E1) were not significantly correlated (r =
0.34, n = 29) (data not shown).

o
o
o

a.
a

VINBLASTINE

14 21
RETENTION (min)

28 35

Fig. 1. HPLC separation of vinblastine and ils metabolite obtained after a 20-min
incubation of the drug (I ^.M) with HL31 human liver microsomes (2 mg protein/ml) at
37Â°Cin presence of NADPH (1 imi).
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Fig. 2. Interindividual variability of vinblastine biotransformation. Vinblastine (1 >ÃŒM)
was incubated with 29 microsome samples (2 mg protein/ml) in phosphate buffer (0.1 M,
pH 7.4) at 37Â°C.Reactions were initiated by adding NADPH (I ITIM).After a 30-min

incubation, reactions were stopped by adding mcthanol. Proteins were removed by cen-
trifugation at 15,000 X g for 5 min; 2(X)-fil aliquots of the supernatant were analyzed by

HPLC.

Table 2 Effect of various compounds on vinblastine metabolism
VBL (7 fjLM)was incubated 20 min at 37Â°Cwith microsomes HL31 (0.5 mg protein/ml)

in the presence of various compounds as potential inhibitors. After stopping the reaction
with methanol. proteins were removed by centrifugation at 15,000 X g for 5 mini 2(X)-jil
aliquots of the supernatant were analyzed by HPLC.

Tested compounds
(35Â¡m)Benzo(a)pyrcnc

Theophylline
HexobarbitalDebrisoquine

Spartein
AnilineNifedipine

Cyclosporin A
VindesineErythromycin

TroleandomvcinKetoconazoleVincristineNavelbine

Cimetidine''Related

P450CYP1A

CYP1A
CYP2CCYP2D

CYP2D
CYP2ECYP3A

CYP3A
CYP3ACYP3A

CYP3ACYP3AND"NDVinblastine

metabolism
(% ofcontrol)100.9

99.9
92.998.8

93.0
99.489.1

72.8
52.743.3

26.5039.96.3

11.5
9.021.8

13.05.513.2

5.4
1.25.3

4.0011.036.7

14.488.5
Â±14.4

" ND. not determined.
h Cytochrome P450 inhibitor.

Immunoinhibition of Vinblastine Metabolism by Anti-Cyto-
chrome P450 Antibodies. To confirm the major role of P450 3A in
VBL biotransformation, we carried out immunoinhibition experi
ments with various anti-P450 antibodies. As shown in Fig. 5, only
anti-P450 3A antibodies specifically inhibited VBL metabolism. VBL
biotransformation was not affected by other antibodies such as anti-
P450 1A, anti-P450 2B, and anti-P450 2C. Moreover we found a
significant correlation (r = 0.759, n = 20, P < 0.001) between P450

3A level (quantified by immunoblot) of the human microsome library
and VBL biotransformation (Fig. 4).

Characterization of CYP3A4 mRNA Level in Human Liver
Samples. Fig. M shows the hybridization of RNA samples prepared
from nine human livers with the specific CYP3A4 oligonucleotide. In
this experiment, the 2.2-kilobase transcript specific to the 3A4 (nf25)

was observed. Total mRNA level was normalized by using GAPDH
probe (22) (Fig. 65). The maximum intensity of hybridization was
that of the HL10 and HL18 samples and the minimum was the HL20
sample. In addition, the correlation between 3A4 normalized mRNA
and the VBL metabolism was r = 0.60 (n = 9, P < 0.1).

Drug Interactions. Metabolic drug interactions between VBL and
other anticancer drugs associated with it during chemotherapy were
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Fig. 3. Dixon plots for the determination of K, of
troleandomycin, erythromycin, ketoconazole, vin-
desine, vincristine, and navelbine in vinblastine
biotransformation. Vinblastine (5, â€¢¿�;7, A; 10, â€¢¿�
/ÃŒM)was incubated 20 min at 37Â°Cwith the micro-

somes HL31 (0.5 mg protein/ml) in the presence of
the above compounds (from 0.25 to 60 /Â¿M).After
stopping the reaction with methanol, proteins were
removed by centrifugaron at 15,000 X g for 5 min;
200-jil aliquots of the supernatant were analyzed

by HPLC.

VINDESINE VINCRISTINE

INHIBITOR CONCENTRATION (pM)
NAVELBINE

16-

3.2

2.4
-S.Ã¼>i*

0.8 =

5 10
VINBLASTINE METABOLISM

(pmol/min/mg protein)

IS

Fig. 4. Correlation
demethylase activity (
regression.

between vinblastine biotransformation rates and erythromycin-W-
A. Line A ). and immunoquantified P450 3A (â€¢,Line B) by linear

investigated by using HL31. The results presented in Table 3 showed
that etoposide, Adriamycin, lomustine, and teniposide significantly
inhibited VBL biotransformation (>15%). Furthermore, drugs such as
cisplatin, 5-FUra, MTX, folinic acid, mitoxantrone, 1-ÃŸ-o-arabinofu-
ranosylcytosine and 1-ÃŸ-o-arabinofuranosyluracil, and elliptinium ac

etate did not inhibit the metabolism of VBL.

DISCUSSION

VBL was metabolized by human liver microsomes into one main
metabolite. In contrast, after incubation with freshly isolated human
hepatocytes in suspension, the biotransformation pattern of VBL was
characterized by at least four metabolites (data not shown). Thus, both
cytosolic and microsomal enzymes were involved in the metabolism
of VBL (30). Metabolite formation by the microsomal fractions ex
hibited linear monophasic Michaelis-Menten kinetics, suggesting a
single enzyme-binding site. The nature of this metabolite is still un

known. However it is known that VBL itself is an active drug, but no
indication has been given on the activity of its metabolites.

The biotransformation of VBL by human liver microsomes showed
a broad interindividual variability. We found a 4.4 ratio between the
lowest and highest metabolic rates. The metabolic variability observed
among the population tested could be representative of, or at the origin
of, the clinical pharmacokinetics parameters of this drug.

The results described demonstrate that the CYP3A subfamily was
involved in VBL metabolism. Among the substrates tested for inhi
bition experiments [benzo(a)pyrene and theophylline specific for
P450 1A (31, 32), hexobarbital for P450 2C (33), debrisoquine and
spartein for P450 2D (34), aniline for P450 2E (35), ketoconazole,
troleandomycin, erythromycin, cyclosporin A, VDS, and nifedipine
for P450 3A (36-41)], only the substrates specific for the P450 3A

subfamily inhibited the biotransformation of VBL. The various extent
of inhibition (11-100%) observed in VBL metabolism inhibition by

cytochrome P450 3A substrates or inhibitors may be due to their
respective binding constants to the protein. Furthermore, it cannot be
excluded that some of these substrates are more specifically metabo
lized by different isoforms belonging to the CYP3A subfamily
(CYP3A3, CYP3A4, CYP3A5, CYP3A7). Moreover, VCR and NVB,

0.5

IgG (mg/ml)

Fig. 5. Immunoinhibition of vinblastine by polyclonal antibodies anti-cytochrome
P450 1A (â€¢),P450 2B (V), P450 2C (A), and P450 3A (â€¢).HL31 microsomes were
diluted to a final concentration of 1 mg protein/ml, preincubated for 3 min at 37Â°Cand 20

min at room temperature in the absence or presence of increasing amounts of antibodies.
Vinblastine was added to a final concentration of 5 ÃŸuand assays were allowed to proceed
as described in "Materials and Methods."
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HL 18 15 9 1 26 10 14 27 20

HL 18 15 9 1 26 10 14 27 20

Fig. 6. A, expression of the CYP3A4 gene subfamily in human liver samples. Total
RNA (10 /ig) were loaded in 1.4% formaldehyde agarose gel, electrophoresed, and
transferred by capillary blotting to a nitrocellulose membrane. The filter was hybridized
to a 32P-end-labeled oligonucleotide specific for the human CYP3A4 gene subfamily at
53Â°C.B, same gel after hybridization with the 32P primer-extended GAPDH probe.

Table 3 Drug metabolic interactions
Vinblastine (7 /IM) was incubated 20 min at 37Â°Cwith microsomes HL31 (0.5 mg

protein/ml) in the presence of a number of anticancer drugs frequently associated with the
Vinca alkaloids. After stopping the reaction with methanol, proteins were removed by
centrifugation at 15,000 X g for 5 min; 200-jj.l aliquots of the supernatant were analyzed
by HPLC.

Anticancer drugs
(35fiM)Ara-U"MethotrexateFolinic

acidElliptinium
acetate

Cisplatin
Ara-CMitoxantrone5-FluorouracilEtoposide

Adriamycin
LomustineTeniposideVinblastine

metabolism
(% ofcontrol)107.8

Â±20.2106.3
Â±12.497.6
Â±6.596.62

96.1
95.393.587.776.1

74.974.7:7.0

21.8
7.78.411.717.4

13.7
13.612.1

10.6
' Ara-U, 1-ÃŸ-n-arabinofuranosyluracil; ara-C, 1-ÃŸ-u-arabinofuranosylcytosine.

which are analogues of VBL, competitively inhibited VBL metabo
lism. This result indicates the possible involvement of cytochrome
P450 3A in the biotransformation of VCR and NVB. VBL metabolism
significantly paralleled the erythromycin-JV-demethylase activity (me

diated by CYP3A4) but not the aniline metabolism (a substrate of
P450 2E). The direct inhibition experiment of VBL biotransformation
showed that only the antihuman P450 3A antibody inhibited the
metabolism of VBL, confirming the involvement of cytochrome P450
3A in this biotransformation. Moreover, a highly significant correla
tion was found between the level of P450 3A and the metabolism of
VBL. This is in agreement with Bork et al. (19), who showed a good
correlation between the metabolism of nifedipine, a specific substrate
for P450 3A, and the level of P450 3A protein. We also found that the
intensity of VBL metabolism was correlated with the level of
CYP3A4-specific mRNA, evaluated by hybridization with a synthetic

oligonucleotide. The oligonucleotide recognized the two members of
the CYP3A4 subfamily (nflO and nf25), whose transcripts are, re
spectively, 3.0 and 2.2 kilobases long. After hybridization, we ob
served only the 2.2-kilobase transcript. This was probably due either

to the exposure time or to the difference in the level of nf25 mRNA
versus nflO mRNA, which was calculated to be at least 6-fold higher

(19). As described by Bork et al. (19), CYP3A gene subfamily ex
pression is correlated with the catalytic activity of the corresponding
protein. In general, P450 activity and protein level are better corre
lated. The results suggest that a pretranslational control mechanism is
primarily involved in the regulation of VBL metabolism.

These findings indicate that VBL metabolism is mediated by the
P450 3A subfamily. In a previous study (41), we demonstrated that
VDS metabolism was also mediated by the same P450 family. Al
though a good correlation exists between VBL and VDS metabolism
(data not shown), these drugs are metabolized to a different extent by
the same liver microsomes. This difference could explain why these

two structurally related compounds in vivo present marked differences
in their antitumor activity, toxicity, and pharmacokinetics behavior
(42). Intra- and interindividual variations in Vinca alkaloid pharma

cokinetics may therefore result from individual differences in hepatic
drug metabolism.

Since VBL is used both as single agent or in combination with other
drugs in cancer chemotherapy (43), understanding the interactions
between VBL and other drugs may hence have important clinical
consequences. Previous reports have shown that a [N-methyI>4C]-

erythromycin test could be used to predict the dosage of cyclosporine
A in various therapeutic indications, both drugs being metabolized by
the CYP3A subfamily (44). Moreover, the ability of P450 3A to be
induced or inhibited has been used to decrease the toxic effect of
cyclosporine A and the dose administered (45, 46). Thus, in this paper,
we determined which drugs coadministrated with VBL may interact
with the biotransformation of VBL. This may help in the optimization
of cancer chemotherapy. Among the tested compounds, Adriamycin,
etoposide, lomustine, and teniposide could interfere with the Vinca
alkaloids clinically.

VBL belongs to a group of drugs involved in multidrug resistance.
Some compounds like quinidine, nifedipine, and cyclosporin A are
used to reverse this resistance. Interestingly, they are also P450 3A
substrates. It thus seems important to establish whether CYP3A also
participate in multidrug resistance.

In conclusion, our results demonstrate (a) a wide interindividual
variability in the metabolism of VBL in the population; (b) a single
enzyme binding site; (c) an inhibition of VBL metabolism by sub
strates specific for the 3A4 subfamily; (d) a highly significant corre
lation between 3A4-mediated erythromycin demethylation and VBL

metabolism; (e) an inhibition of VBL biotransformation by antibodies
directed against human P450 3A; (/) a highly significant correlation
between the level of P450 3A and VBL biotransformation; (g) a
significant correlation between intensity of VBL metabolism and
CYP3A4 gene expression; (h) an interaction with several drugs cur
rently coadministrated with VBL in patients.
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