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Abstract Purpose: Studying the metabolism of cytotoxic
drugs has become increasingly necessary to predict
clinically significant drug-drug interactions and to un-
derstand the basis of interindividual variations in the
pharmacokinetics of anticancer agents. The aim of this
study was to determine the feasibility of using V79
Chinese hamster fibroblasts, which are stably transfected
with cytochrome P450 (CYP) cDNAs, to study the
metabolism of cytotoxic drugs in vitro. Methods: The 3-
[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium  bro-
mide (MTT) assay was used to determine cell survival
after incubation with drugs. Gas chromatography/mass
spectroscopy was used for the quantitation of metabo-
lites of cyclophosphamide and ifosfamide in culture
medium. The coculture technique was used to study the
generation of cytotoxic metabolites in culture medium.
Results: After treatment with either cyclophosphamide
or ifosfamide (100 uM to 1 mM) cytotoxicity was
demonstrated in only cytochrome CYP2BI1- and cyto-
chrome CYP3A4-expressing cells. Treatment of parental
nontransfected cells that were cocultured with CYP-ex-
pressing cells with cyclophosphamide resulted in in-
creased sensitivity to this drug. All active and inactive
metabolites of cyclophosphamide and ifosfamide were
detected in the culture medium. Cyclophosphamide-in-
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duced cytotoxicity in CYP2B1- and CYP3A4-expressing
cells was abrogated by metyrapone and midazolam/
troleandomycin, respectively. Paclitaxel showed greater
cytotoxicity against parental V79 cells than against the
CYP2BI-, 2E1-, or 3A4-expressing cells, which was also
influenced by cotreatment with CYP inhibitors. Con-
clusions: Stable expression of CYP cDNAs by V79 cells
provided an in vitro system to study cytotoxic drug
metabolism. Cell viability and metabolite assays were
used to determine the differential metabolism and effects
in different CYP-transfected cell lines treated with cy-
totoxic drugs. The potential use of this V79 cell ex-
pression system is in studying enzymes involved in the
metabolism of cytotoxic drugs, especially early in drug
development. In addition, this system may be used to
determine drug interactions that may influence the out-
come of therapy in patients with cancer.
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Introduction

The microsomal cytochrome P450 (CYP) drug-metabo-
lizing enzymes are a superfamily of hemoproteins re-
sponsible for the oxidative metabolism of a wide variety
of substrates of diverse chemical structure, including
chemical carcinogens and cytotoxic drugs [17]. It is im-
portant to determine at an early stage of drug develop-
ment the relative contributions of metabolism and
excretion in the elimination of a drug. If metabolism were
the primary or a major route of elimination it would then
be necessary to identify the major enzyme(s) involved in
the metabolic pathways. This knowledge would help
elucidate the interindividual variations in pharmacoki-
netics of cytotoxic drugs but more importantly help
predict clinically significant drug interactions.

Human hepatic microsomes, mostly from biopsies of
diseased livers, have provided the most convenient way
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to study CYP metabolism in vitro. Cultured hepatocytes
from similar human sources have become an increas-
ingly popular tool to investigate drug metabolism in vitro
[14]. More recently, and with the cloning of various CYP
genes, cellular expression systems have been developed
to study the metabolism of various chemicals in vitro [7,
8]. Such CYP-expressing cells have been primarily de-
veloped for toxicological applications to study the mu-
tagenicity of chemical procarcinogens that require
metabolic activation for biologic activity [12]. These
systems may overcome problems arising in the proper
allocation of metabolic pathways to specific isoforms by
conventional techniques (e.g. hepatocytes) which include
a mixture of CYPs. The V79 Chinese hamster lung fi-
broblast is one such expression system that has been
most widely used in mutagenicity studies. The parental
cells have no CYP-dependent enzymatic activity but
contain NADPH-dependent cytochrome P450 reduc-
tase, which is the enzyme required for CYPs to be op-
erative as monooxygenases. Previous studies have
established the potential use of V79 cells in studying the
metabolism of cytotoxic drugs [10, 11].

We sought to further characterize the drug-metabo-
lizing activities of these cells and to investigate their
utility in studying the metabolism of anticancer drugs
using cell survival and metabolite assay as the primary
end-points for these experiments. To achieve these aims
we tested the cytotoxicity of cyclophosphamide and if-
osfamide that require metabolic activation, and paclit-
axel that is metabolically inactivated by CYPs.

Materials and methods

Drugs and chemicals

Cyclophosphamide, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide (MTT), metyrapone (MTP), and troleandomycin
(TAO) were purchased from Sigma Chemicals (St. Louis, Mo.).
Bristol-Myers Squibb (Princeton, N.J.) kindly donated ifosfamide
(Ifex) and paclitaxel (Taxol). Midazolam (Versed) was a gift from
Roche Laboratories (Nutley, N.J.). All deuterium-labeled internal
standards, specifically CP-dg and phosphoramide mustard-d8 (PM-
dg) [2], ifosfamide-dg, 4-hydroxyifosfamide-dg, iphosphoramide
mustard-dg (IPM-dg), N2-dechloroethylifosfamide-d4 (N2D-dy),
N3-dechloroethylifosfamide-d, (N3D-d4) [25], and N-2-dechloro-
ethyl aziridine-d4 (CEA-dy) [16] were supplied by the Ohio State
University Laboratory and prepared by published methods. Sodi-
um phosphate, citric acid, isopropanol, and methanol were pur-
chased from Sigma Chemicals.

Cell lines and culture

Chinese hamster lung fibroblast V79 cells stably expressing CYP
enzymes were used in this study. The parental cells were transfected
with cloned full-length CYP ¢cDNA. Murine CYP2BI [9], human
CYP2E] [20], and human CYP3A44 [21] cDNAs were used in the
development of these cell lines. Stable high level expression of CYP
protein was achieved using a recombinant plasmid vector con-
taining the simian virus (SV40) early promoter reading into the
DNA encoding the CYP cDNA. Maximum CYP expression was
obtained at a cell confluency of 60-80% with cell feeding every
second day.

V79 cells were grown as a monolayer cell culture at 37 °C in
DMEM (GIBCO BRL, Gaithersburg, Md.) supplemented with
L-glutamine (1 mM), 10% (vol/vol) fetal bovine serum (Sigma
Chemicals) and G418 (400 pg/ml). The nontransfected parental
cells were grown in the presence of 1% penicillin/streptomycin in-
stead of G418. Cultures were grown at 37 °C in a humidified at-
mosphere of 5% CO,/95% air. V79 cells double every 10-12 h and
were subcultured at a 1:20 ratio approximately every other day.
Cells at third to fifth passage were routinely used for experiments.
Cells were kept from reaching confluence at any time for optimal
cell physiological conditions and maximum CYP activity. All cul-
ture media and growth factors were purchased from (GIBCO-BRL,
Grand Island, N.Y.) unless stated otherwise.

Drug treatment

Cells in exponential growth phase were washed with Hank’s bal-
anced salt solution. Depending on the cell line and experiment,
10 000 to 50 000 cells/well were seeded in duplicate in 16-mm wells
(Costar, Ann Arbor, Mich.). Drugs were added at increasing
concentrations 24 h after plating. On the third day, the drug-con-
taining medium was replaced by fresh medium and incubation was
continued for another 24 h. Control cells were treated with an
equal concentration of vehicle alone, usually not exceeding 0.1%
(vol/vol). Enzyme inhibition studies were undertaken using known
substrates for CYP2B1 (MTP) and CYP3A4 (TAO and midazo-
lam). TAO was dissolved in DMSO whereas MTP and midazolam
were in methanol solution.

MTT assay

Cell viability was determined by the standard MTT reduction assay
with slight modifications [1]. This is a colorimetric assay based on
the ability of live but not dead cells to reduce a tetrazolium-based
compound (MTT) to a blue formazan product. Aliquots of 250 pl
MTT (1 mg/ml) were added to each well. After incubation for 1 h
at 37 °C, the supernatant was removed and 500 pl isopropanol was
then added. The plates were vigorously shaken for 30 min to sol-
ubilize the MTT-formazan product. Aliquots of 200 ul were
transferred into 96-well culture plates. The readings were recorded
on an MR 700 microplate reader (Dynamic Laboratories, Chan-
tilly, Va.) at 540 nm. Vehicle-treated cells were assigned a value of
100%.

Quantitation of cyclophosphamide and ifosfamide and metabolites

The generation of metabolites into culture medium from cells
treated with either cyclophosphamide or ifosfamide was investi-
gated using a range of substrate concentrations (100-5000 pM )
and incubation times (4-20 h). The number of cells per well was
100 000. The deuterated analogs of each analyte were used as its
internal standard, except for 4-hydroxycyclophosphamide for
which 4-hydroxyifosfamide-dg, was used because of lack of supply
of the labeled analog of the former. No difference was found using
either labeled analog as the analyte. KCN at 0.1 M was used as the
stabilizing agent for the ring hydroxylated metabolites with ad-
justment of the pH to 8.0 using NaHSO,4. A 1-ml aliquot of culture
medium was added to respective vials and stored frozen pending
analysis.

Quantitation of cyclophosphamide and metabolites was un-
dertaken using gas chromatography and mass spectroscopy [2]. The
previously published method was modified to include the assay of
the metabolite N-2-chlorethylaziridine (CEA) [19]. This metabolite
of cyclophosphamide is thought to be formed directly via the
phosphoramide mustard, which spontaneously forms the aziridium
ion [6] that readily undergoes cleavage to CEA [16]. Briefly, a 0.4-
ml aliquot of the culture medium was placed in a tube containing
the internal standards and the content extracted with 5.0 ml
methylene chloride. After evaporation, the residue was analyzed for



cyclophosphamide and 4-hydroxycyclophosphamide. To another
0.2 ml from the same sample CEA-d4 was added and the content
extracted using 3.0 ml methylene chloride. Quantitation of ifosf-
amide and metabolites was accomplished using a previously re-
ported method [25].

Coculture experiments

The bystander cytotoxic activity of metabolically active cells
treated with cyclophosphamide was studied in a coculture system.
CYP2BI1- or CYP3A4-expressing cells were cocultured with non-
transfected V79 cells. V79 CYP2B1- or CYP3A4-expressing cells
(50 000) were plated in duplicate in 32-mm six-well plates. V79 cells
were plated onto 0.4 um x 30 mm culture plate inserts (Sigma
Chemicals). After an overnight incubation, inserts with V79 were
transferred into the culture plates containing V79 CYP2BI1 or
CYP3A4 cells. Cocultured cells were then treated with cyclophos-
phamide (100 pM to 5 mM) for 20 h. MTT was subsequently de-
termined as described above.

Results

Cytotoxic effects of treatment
with cyclophosphamide and ifosfamide

Treatment of the parental V79 cells and cells transfected
with CYP cDNAs with either cyclophosphamide or if-
osfamide (100 uM to 1 mM) resulted in cytotoxicity in
cells expressing CYP2B1 and CYP3A4 enzymes
(Fig. 1A,B). The parental V79 cells and those express-
ing CYP2EI were relatively resistant to the both drugs.
For a given drug concentration, cytotoxicity was higher
in cells transfected with CYP2BI cDNA compared to
those expressing CYP3A4. CYP inhibitors were used to
confirm the enzyme-specific cytotoxicity demonstrated
in the CYP2BI1- and CYP3A4-expressing cells. MTP, a
nonspecific inhibitor of CYP2BI1, partially reversed cy-
totoxicity in CYP2B1-expressing cells whereas midazo-
lam and TAO (CYP3A4 substrates) fully reversed
cytotoxicity in cells expressing CYP3A4 but not in
those expressing CYP2B1 (Fig. 2). When used alone,
these inhibitors were not cytotoxic to any of these cell
lines (data not shown). Concentration-dependent cyto-
toxicity by DMSO alone was noted in the V79 cells
(data not shown). All experiments were therefore con-
ducted with final DMSO concentrations not exceeding
0.1% (v/v).

Quantitation of cyclophosphamide
and ifosfamide metabolites in culture medium

The generation of metabolites by cyclophosphamide-
treated cells is shown in Fig. 3. There was some met-
abolic activity in the parental cells with the generation
of 1 uM of 4-hydroxy metabolite when incubated with
cyclophosphamide 5000 nM (data not shown). No ap-
preciable CEA levels were detected, however. In cells
transfected with CYP2BI, significant metabolic activity
of cyclophosphamide (4-hydroxy and phosphoramide
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Fig. 1A,B Survival curves of cells treated with either cyclophos-
phamide (A) or ifosfamide (B). Parental V79 cells and those
transfected with one of three CYPs were incubated with increasing
concentrations of either drug for 20 h. Cytotoxicity was determined
by the MTT assay and the percentage surviving cells relative to
respective PBS-treated controls was calculated for each concentra-
tion of drug. Significant cytotoxicity was demonstrated in cells
expressing CYP2B1 and CYP3A4. Minimal cell kill was seen in
parental cells and cells expressing CYP2E1. These results indicate
that CYP2B1 and CYP3A4 are involved in the activation of both
cyclophosphamide and ifosfamide (bars +SD)

mustard) was found and the activity increased with
time and with an increase in substrate concentration. In
general, maximal levels of the metabolites were reached
at 8 h exposure time. The phosphoramide mustard
levels almost quantitatively reflected cyclophosphamide
activation. Interestingly, the cytotoxic cyclophospha-
mide metabolite CEA was detected at substantial levels
and the generation of this metabolite from cells was
demonstrated for the first time. In V79 cells expressing
CYP3A4, there was also significant increase in 4-hy-
droxylation albeit at about two-thirds lower levels
when compared with the CYP2BIl-transfected cells.
Additionally, phosphoramide mustard and CEA levels
were also lower than those from CYP2Bl-expressing
cells.

The metabolism of ifosfamide by the V79 cells lines is
shown in Fig. 4. There was some activation in the pa-
rental cells (data not shown). In the CYP2B-expressing
cells, activation of ifosfamide occurred in a time- and
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Fig. 2A-E The influence of coincubation with CYP substrates on
the cytotoxicity induced by cyclophosphamide in CYP-expressing
cells. Cell survival was based on the MTT assay and the percentage
survival relative to PBS-treated cells was determined. A, B
CYP2Bl1-expressing cells; C, D, E CYP3A4-expressing cells (Cyclo
cyclophosphamide, MDZ midazolam, MTP metyrapone, TAO
treolandomycin). The values are the means of three experiments
(bars £SD)

substrate concentration-dependent manner, so that
maximal metabolic activity was reached at 8 h and at a
concentration of substrate of 5000 pM. Iphosphoramide
mustard levels essentially reflected those of 4-hydroxy-
ifosfamide. There was also a high detoxification activity
in these cells with the generation of N2D and N3D
metabolites in CYP2B1- and CYP3A4-expressing cells.
In the CYP3Ad4-transfected cells, activation of ifosf-
amide was rapid and higher than ifosfamide metabolism
by the CYP2BI cells but less than that for cyclophos-

phamide. Detoxification of ifosfamide was somewhat
similar in CYP2B1- and CYP3A4-expressing cells.
However, at later time-points, N3D was generated at
higher levels than N2D.

Cytotoxicity in V79 cells cocultured
with CYP2BI1- or CYP3A4-expressing cells treated
with cyclophosphamide

The cytotoxicity towards V79 cells in a coculture system
using CYP2B1- or CYP3A4-expressing cells was inves-
tigated. Whereas treatment of parental cells with cyclo-
phosphamide resulted in minimal cell death (Fig. 1A),
the presence of cocultured CYP2B1- or CYP3A4-ex-
pressing cells, but not parental cells, increased the sen-
sitivity of the parental cells to cyclophosphamide
(Fig. 5A—C). These results indicate that the cytotoxicity
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Fig. 3A-F Generation of metabolites from incubation of cyclo-
phosphamide with V79 cells expressing either murine CYP2B1 (A,
C, E) or human CYP3A4 (B, D, F) enzymes. Cells were plated at a
density of 100 000 per well. Cyclophosphamide concentrations in
the culture medium were 100 pM to 5 mM and three incubation
times (4, 8, and 20 h) were used. The concentrations of metabolites
in the culture medium at the end of incubation periods were
determined by GC/MS as described in Materials and methods.
Values are the means of two experiments +SD

towards the parental V79 cells was due to a bystander
effect of metabolically active cells treated with cyclo-
phosphamide.

Treatment of cells with paclitaxel

Unlike cyclophosphamide or ifosfamide, paclitaxel is
not known to require metabolic activation for cytotox-
icity and was cytotoxic to the parental V79 cells (Fig. 6).
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However, cytotoxicity was less in cells expressing the
CYP2BI1, CYP2EIL, or CYP3A4 enzymes. Cotreatment
of cells with paclitaxel and either MTP (CYP2BI1
inhibitor) or TAO (CYP3A4 inhibitor) resulted in a re-
duction in cytotoxicity towards CYP2B1- and CYP3A4-
expressing cells, respectively (Fig. 7). Taken together,
these results indicate that the metabolism of paclitaxel
was probably responsible for the differential cell kill in
these cell lines.

Discussion

The results of this study show that the expression of
CYPs 2B1 and 3A4 but not 2E1 in V79 cells treated
with cyclophosphamide or ifosfamide resulted in con-
centration-dependent cytotoxicity. These results are in
agreement with those of previous studies using rat [24]
and human liver microsomes and cell expression sys-
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Fig. 4A-H Concentrations of ifosfamide metabolites in culture
medium from CYP2BI1- (A, C, E, G) or CYP3A4- (B, D, F, H)
expressing cells (100 000 cells per well). Final concentrations of
ifosfamide in the culture medium were 100 uM to 5 mM. Cells were
treated for 4, 8 or 20 h. The concentrations of metabolites in the
culture medium at the end of each treatment period was determined
by GC/MS as described in Materials and methods. The values are
the means of two experiments with +SD

tems [5] and confirm the role of CYPs 2B1 and 3A4 in
cyclophosphamide and ifosfamide metabolism. For a
given drug concentration, cytotoxicity was higher in
2B1- than 3A4-expressing cells (Fig. 1) which is also in
agreement with previously reported results [3]. How-
ever, this may also result from the higher expression of
CYP protein in CYP2B1 cells compared to those
transfected with CYP3A4. It is noteworthy that with a
sensitive GC/MS analytical method it was possible to
detect all of the known active and inactive metabolites
of cyclophosphamide and ifosfamide in culture medium
(Fig. 3 and 4). The design of this study did not permit
conclusions regarding the differential enzymatic effi-
ciencies of the two CYPs for the metabolism of either
drug. Previous studies using human liver microsomes
have also shown that CYP2B and CYP3A preferen-
tially catalyze the 4-hydroxylation of cyclophospha-
mide and ifosfamide, respectively [3, 5, 24]. This study
also confirms the involvement of CYP2B1 and
CYP3A4 in the generation of the N2D and N3D me-
tabolites of ifosfamide. These findings are in agreement
with those of other recent studies using different assays
[13, 16].

Unlike cells treated with cyclophosphamide or ifosf-
amide, treatment with paclitaxel resulted in cytotoxicity
in the parental V79 cells. There was, however, less cell
kill with CYP-expressing cells, suggesting metabolic in-
activation of paclitaxel by enzymes expressed by these
cells. In addition, cotreatment with either MTP or TAO
resulted in a reduction in cell kill in CYP2B1- and
CYP3A4-expressing cells, respectively. Initial studies
had identified CY2CS8 as the major enzyme in paclitaxel
metabolism through the generation of 6-hydroxytaxol
[18]. However, more recent studies have suggested that
CYP3A4 catalytic activity is also important in overall
paclitaxel metabolism in humans [15, 23]. The results of
our study also suggest a potential role for CYP2BI1 and
CYP2E! in paclitaxel metabolism, which requires fur-
ther confirmation. Alternatively, CYP2B1 or CYP2EI
expression may modulate the cytotoxicity of paclitaxel
by yet unknown mechanisms.

It is very likely that the differential cytotoxicity ob-
served with these experiments was related to differences in
the metabolism of cyclophosphamide, ifosfamide, and
paclitaxel in these cell lines. This assumption is based on,
firstly, the modulation of cytotoxicity by known com-
petitive inhibitors of CYP. Secondly, a cytotoxic effect of
oxazophosphorines was shown for culture incubates
from CYP2B1- and CYP3A4-treated cells but not
from parental V79 cells. The latter is due to a bystander
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Fig. SA-C The influence of cocultured CYP-expressing cells on the
cyclophosphamide-induced cytotoxicity in nontransfected V79
cells. V79 cells were cocultured with either CYP2BI- (A) or
CYP3A4- (B) expressing cells. In a control experiment cocultured
V79-V79 cells were treated (C). The CYP2B1-, CYP3A4-, or non-
CYP-expressing V79 cells were plated at a density of 100 000 per
well. See Materials and methods for details of the experiment. The
y-axis represents the percentage cell survival (MTT assay) relative
to PBS-treated cells (bars £SD). The values shown are means of
two experiments. The results indicate that the presence of
metabolically active cells increased the sensitivity of the parental
V79 cells to cyclophosphamide. There was no change in sensitivity
of these cells when cocultured with the nontransfected parental
cells
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cytotoxic effect which may be used in studying the sen-
sitivity of tumor cells to drugs requiring metabolic acti-
vation by coculturing with metabolically active V79 cells.
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Fig. 7A,B The influence of coincubation with CYP substrates on
the cytotoxicity induced by paclitaxel in V79 cells expressing either
(A) CYP2BI1 or (B) CYP3A4. The CYP substrates were simulta-
neously added with the paclitaxel followed by incubation for 20 h.
Cell survival was based on the MTT assay and the percentage
survival relative to PBS-treated cells was determined

Traditionally, human liver microsomes from several
donors have been used, either individually or pooled,
to avoid reliance on microsomes deficient in one or
more metabolic pathways. Additionally, cofactors,
primarily a redox-sustaining system, such as NADPH
is required. V79 cells complement studying the me-
tabolism of drugs using microsomes in several ways.
The V79 cell system can confirm the apparent meta-
bolic pathways determined by the microsomal incu-
bations. Alternatively, expression systems such as the
V79 cells may be used as an initial screening method
for the determination of metabolic pathways that re-
sult in either activation or detoxification of cytotoxic
drugs that would influence cell survival. The V79 ex-
pression system also complements the use of human
hepatocyte cultures for studying drug metabolism be-
cause a major problem with hepatocyte cultures has
been the scarcity of human liver samples and the
marked interindividual variations in functional activi-
ties of isolated parenchymal cells [14]. V79 cells will
also be very useful to test drug-drug interactions that
would predict clinically significant drug interactions
with cytotoxic therapy, especially with drugs that are
subject to saturable metabolism. For example, non-
linear kinetics have been described for paclitaxel [22]
and cyclophosphamide [4].

Coadministration of drugs with cytotoxic drugs that
are metabolized by some CYPs may influence the cy-
totoxicity of these drugs, given their narrow thera-
peutic indices. For example, we have shown that the
cotreatment of CYP3A4-expressing cells with midazo-
lam, a sedative drug, reversed cyclophosphamide-in-
duced cytotoxicity (Fig. 2). Clinical studies must
ultimately determine the relevance of in vivo interac-
tions between cyclophosphamide or ifosfamide and
other drugs that are substrates of CYP3A. The avail-
ability of the different CYP transfectants may limit the
use of these V79 cells in studying the metabolism of
cytotoxic drugs. For example, CYP2C enzyme trans-
fectants are lacking at this time. In addition, concen-
trations of drugs used to elicit cytotoxicity or even
detectable levels of metabolites may not correspond to
those expected in vivo.

In conclusion, V79 cells stably transfected with CYP
enzymes are a potential tool for studying the metabolism
of anticancer drugs when such metabolism results in the
activation and/or deactivation of these drugs. This sys-
tem would complement, and not replace, existing in
vitro tools (e.g. human hepatocyte cultures). It would be
of particular importance for studying cytotoxic drug
behavior during early preclinical development, e.g. drug
interactions, stercoselective drug metabolism. This sys-
tem may help in the choice of appropriate probes for
studying cytochrome P450 drug metabolism phenotypes
in humans. Coculturing of tumor cells with a battery of
genetically engineered single CYP-expressing cells may
be a useful model to investigate enzyme-specific modu-
lation of cytotoxicity of drugs requiring metabolic acti-
vation.



Acknowledgements J.D. gratefully acknowledges funding for the
construction of the cell lines by the Bundesministerium fuer Bil-
dung, Wissenschaft und Forschung (BMBF 0311259).

References

10.

11.

12.

13.

. Carmichael J, Mitchell JB, DeGraff WG, Gamson J, Gazdar

AF, Johnson BE, Glatstein E, Minna JD (1988) Chemosensi-
tivity testing of human lung cancer cell lines using the MTT
assay. Br J Cancer 57: 540

. Chan KK, Hong PS, Tutsch K, and Trump DL (1994) Clinical

pharmacokinetics of cyclophosphamide and metabolites with
and without SR-2508. Cancer Res 54: 6421

. Chang TK, Weber GF, Crespi CL, Waxman DJ (1993) Dif-

ferential activation of cyclophosphamide and ifosphamide by
cytochromes P-450 2B and 3 A in human liver microsomes.
Cancer Res 53: 5629

. Chen T, Passos-Coelho JL, Noe DA, Kennedy MJ, Black KC,

Colvin M, Grochow LB (1995) Nonlinear pharmacokinetics of
cyclophosphamide in patients with metastatic breast cancer
receiving high-dose chemotherapy followed by autologous
bone marrow transplantation. Cancer Res 55: 810

. Clarke L, Waxman DJ (1989) Oxidative metabolism of cyclo-

phosphamide: identification of the hepatic monooxygenase
catalysts of drug activation. Cancer Res 49: 2344

. Colvin M, Brundrett RB, Kan MN, Jardin I, Fenselau C

(1976) Alkylating properties of phosphoramide mustard.
Cancer Res 36: 1121

. Crespi CL, Penman BW, Gonzalez FJ, Gelboin HV, Galvin M,

Langenbach R (1993) Genetic toxicology using human cell
lines expressing human P-450. Biochem Soc Trans 21: 1023

. Doehmer J (1993) V79 Chinese hamster cells genetically engi-

neered for stable cytochrome P450 and their use in mutageni-
city and metabolism studies. Toxicology 82: 105

. Doehmer J, Dogra S, Friedberg T, Monier S, Adesnik M,

Glatt H, and Oesch F (1988) Stable expression of rat cyto-
chrome P-450IIB1 cDNA in Chinese hamster cells (V79) and
metabolic activation of aflatoxin B;. Proc Natl Acad Sci USA
85: 5769

Doehmer J, Seidel A, Oesch F, Glatt H (1990) Genetically
engineered V79 Chinese hamster cells metabolically activate
the cytostatic drugs cyclophosphamide and ifosfamide. Envi-
ron Health Perspect 88: 63

Goeptar AR, Te Koppele JM, Glatt HR, Groot EJ, Seidel A,
Barrenscheen M, Wolfel C, Doehmer J, Vermeulen NP (1995)
The cytotoxicity of mitomycin C and adriamycin in genetically
engineered V79 cell lines and freshly isolated rat hepatocytes.
Chem Biol Interact 97: 149

Gonzalez FJ, Korzekwa KR (1995) Cytochromes P450 ex-
pression systems. Annu Rev Pharmacol Toxicol 35: 369
Granvil CP, Sharkawi M, Ducharm J, Madan A, Sanzghiri U,
Pardinson A, Wainer IW (1996) Roles of CYP2B6 and

14.

15.

16.

18.

20.

21.

22.

23.

24.

25.

67

CYP3A4 in the in vitro N-dechloroethylation of ifosfamide
enantiomers by human liver microsomes. Proc ISSX 10: 360
Guillouzo A, Morel F, Fardel O, Meunier B, Gelboin HV,
Galvin M, Langenbach R (1993) Use of human hepatocyte
cultures for drug metabolism studies. Toxicology 82: 209
Harris JW, Rahman A, Kim BR, Guengerich FP, Collins JM
(1994) Metabolism of Taxol by human hepatic microsomes and
liver slices: participation of cytochrome P450 3A4 and an un-
known P450 enzyme. Cancer Res 54:4026

Lu H, Chan KK (1996) Gas chromatographic-mass spectro-
metric assay for N-2-chlorethyl aziridine, a volatile cytotoxic
metabolite of cyclophosphamide, in rat plasma. J Chromatogr
B 678: 219

. Nelson DR, Kamataki T, Waxman DJ, Guengerich FP,

Estabrook RW, Feyereisen R, Gonzalez FJ, Coon MJ,
Gunsalus IC, Gotoh O, et al (1993) The P450 superfamily:
update on new sequences, gene mapping, accession numbers,
early trivial names of enzymes, and nomenclature. DNA Cell
Biol 12: 1

Rahman A, Korzekwa KR, Grogan J, Gonzalez FJ, Harris JW
(1994) Selective biotransformation of Taxol to 6a-hydroxytaxol
by human cytochrome P450 2C8. Cancer Res 54: 5543

. Rauen HM, Norpoth K (1968) A volatile compound N-(2-

chloroethyl aziridine) in exhaled air of rats after administration
of Endoxan. Klin Wochenschr 46: 272

Schmalix WA, Barrenscheen M, Landsiedel R, Janzowski C,
Eisenbrand G, Gonzalez F, Eliasson E, Ingelman-Sundberg M,
Perchermeier M, Greim H, et al (1995) Stable expression of
human cytochrome P450 2E1 in V79 Chinese hamster cells and
metabolic activation of p-nitrophenol, chlorzoxazone, and N-
nitrosodimethylamine. Eur J Pharmacol 293: 123

Schneider A, Schmalix WA, Sirguri V, Groene EM de, Hor-
bach B, Lang D, Bocker R, Belloc C, Beaune P, Greim H,
Doehmer J (1996) Stable expression of human cytochrome
P450 3A4 in conjunction with human NADPH-cytochrome
P450 oxidoreductase in V79 Chinese hamster cells. Arch Bio-
chem Biophys 332: 295

Sonnichsen DS, Hurwitz CA, Pratt CB, Shuster JJ, Relling
MV  (1994) Saturable pharmacokinetics and paclitaxel
pharmacodynamics in children with solid tumors. J Clin Oncol
12: 532

Sonnichsen DS, Liu Q, Schuetz EG, Schuetz JD, Pappo A,
Relling MV (1995) Variability in human cytochrome P450
paclitaxel metabolism. J Pharmacol Exp Ther 275: 566
Walker D, Flinois J, Monkman SC, Beloc C, Boddy AV,
Cholerton S, Daly AK, Lind MJ, Pearson AD, Beaune PH, et
al (1994) Identification of the major human hepatic cyto-
chrome P450 involved in activation and N-dechloroethylation
of ifosfamide. Biochem Pharmacol 47: 1157

Wang JJH, Chan KK (1995) Analysis of ifosfamide, 4-hy-
droxyifosfamide, N2-dechlorethylifosfamide, N3-dechlorethy-
lifosfamide and iphosphoramide mustard in plasma by
gas chromatography-mass spectrometry. J Chromatogr B 674:
205



