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ABSTRACT

We have investigated the formation of 4-hydroxycyclophospbamide
(HCY) and deschloroethylcydophosphamide (DCCY) from cyclophos
phamide (CY) in human liver microsomes, For HCY, the estimated values
(mean Â±SD; n = 3) OfKmi and K,,,@were 0.095 Â±0.072 and 5.09 Â±4.30
mM, and the estimated values of V@1 and V@ were 0.138 Â±0.070 and

1.55 Â± 0.50 nmol/naIn/mg protein. For DCCY, Kmi and K@ were

0.046 Â± 0.017 and 8.58 Â± 5.84 mM, and V@1 and V,,.@ were
0.006 Â±0.003 and 0.274 Â±0.214 nmol/min/mg protein. At CY concentra
dons of 0.1, 0.7, and 5 nuts, HCY respectively accounted for 95.7 Â±1.3,
95.1 Â±2.4, and 90.7 Â±2.7% of the total products of CV (HCY + DCCY;
n 6). In a separate experiment, 98.7 Â±11.9% (n 3) of CY losscould
be accounted for by the formation of HCY at 0.1 mai CY. On the basis of
cytocbrome P450 (CYP) isoform-specific chemical inhibiter and cDNA
expressed human P450 isozyme studies, CYP2C9 and CYP3A4/5 seemed
to be the major P450 isoforins responsible for HCY formation at low (0.1
mM)and high (0.7 and 5 mM)concentrations ofCY, respectively. Although
orphenadrine inhibition was observed In human liver microsomes (which
has been taken to indicate CYP2B6 catalysis), orphenadrine inhibited
eDNA-expressed CYP3A4 formation of HCY to the same extent observed
in human liver microsomes, and the addition of orphenadrine to incuba
lions containing sulfaphenazole (a specific inhibitor of CYP2C9) or trole
andomycin (a specific CYP3A inhibitor) did not increase inhibition be
yond that observed with sulfaphenazole or troleandomycin alone. Similar
studies indicated that CYP3A4/5 was the major P450 isoform responsible
for DCCY formation at high (0.7 and 5 mM)concentrations of CY. The
P450 isoform responsible for DCCY formation at 0.1 mMCY could not be
Identified due to its very low formation rate.

INTRODUCTION

CY3 is an alkylating prodrug widely used in the treatment of
malignancy and in preparative regimens for hemotopoietic stem cell
transplantation (1). The cytotoxicity of CY is produced by oxidation
to HCY, which enters cells and spontaneously decomposes to phos
phoramide mustard and acrolein (1). Phosphoramide mustard is a
bifunctional alkylator of DNA and is the ultimate cytotoxic metabolite

of CY (2â€”4).Alternatively, CY can be metabolized to DCCY, yield
ing the renal and neurotoxic metabolite chloroacetaldehyde. DCCY
has no antitumor activity.

Substantial interpatient variability in exposure to CY and HCY at a
given dose of CY has been observed and seems to be related to
treatment outcome (5, 6). After a 96-h continuous i.v. infusion of CY
(6 g/m2) to metastatic breast carcinoma patients in a regimen also
including thiotepa and carboplatin, 6 of 19 patients who developed
congestive heart failure, a common CY toxicity, had a significantly
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lower median AUCCY (2888 @mol/literIh)than those who did not
develop congestive heart failure (6121 @tmol/literTh;P < 0.002).
Patients who had lower AUCCY levels also had greater tumor re
sponse than those with higher AUCCY levels (5). Substantial interpa
tient variability in HCY exposure (AUC) has been confirmed by direct
assay of HCY. AUCHCY varied 4-fold in seven patients receiving a
1-h i.v. infusion of CY (60 mg/kg; Ref. 6). Variable exposure to HCY
is governed by the fraction of CY oxidized to HCY and the elimina
tion of HCY. HCY and DCCY are the only quantitatively significant
direct metabolites of CY that have been reported. The relative fraction
of formation of HCY versus DCCY has not been determined in
humans or in human tissues. If the formation of DCCY is appreciable
relative to HCY, variability in the formation of DCCY would lead to
variable exposure to HCY.

The CYP superfamily is the the major catalyst of the formation of
both HCY and DCCY (3, 7, 8). Peroxidase and lipoxygenase may also
be involved in HCY formation, but their roles seem to be relatively
minor (9, 10). CYP2B6 has been suggested to be the major P450
isoform that catalyzes HCY formation in human liver microsomes
(11). Other human P450s that have been reported to form HCY are
CYP2C9 and CYP3A4 (1 1). However, the observation that CYP3A-
dependent testosterone 6 @3-hythoxylation is competitively inhibited
by CY in human liver microsomes with a K1 of 510 @LM(12), a
concentration achieved in patient plasma (6), suggests that CYP3A
may be more important in the formation of HCY in humans than
previously thought. Moreover, in 60 human livers examined by Shi
mada et al. (13), CYP2B6 accounted for only 0.2 Â±0.3% of total
CYP, whereas CYP3A accounted for 28.8 Â± 10.4%. CYP3A4 has
been shown to be the major P450 isoform involved in DCCY forma
tion (14) at CY concentrations 10â€”20times those encountered in
therapy, but the isoforms relevant at therapeutic concentrations of CY
have not been identified.

The purpose of this investigation was to identify the isozymes of
P450 responsible for the formation of HCY and DCCY at concentra
tions of CY encountered clinically and to determine the relative
velocities of formation of HCY and DCCY in human liver micro
somes.

MATERIALS AND METHODS

Materials. CY was purchased from Aldrich Chemical Co. (Milwaukee,
WI). Coumarmn,sulfaphenazole,quinidine,diethyldithiocarbamate,troleando
mycin, orphenadrine, l-aminobenzotriazole, and NADPH were purchased
from Sigma Chemical Co. (St. Louis, MO). p-Nitrophenylhydrazine and in
fluoroacetic anhydride were purchased from Fluka Chemical Corp.
(Ronkonkoma, NY). 4-Hydroperoxycyclophophamide was prepared in our
laboratory by published methods (15), DCCY was a kind gift of ASTA Medica
(Frankfurt, Germany), and 2-bis(N-pmpyl)amido-l,3,2-oxazaphosphoridin-P-
oxide was prepared in our laboratory by standard methods (16). All other
reagents were analytical grade or higher. cDNA-expressed CYP3A4 (coex
pressed with CYP reductase in insect cells) was purchased from Gentest Corp.
(Woburn, MA), and cDNA-expressed CYP2C9 and FMOs were generous gifts

of Dr. Allan E. Rettie (University of Washington; Ref. 17).
Preparation of Human Liver Microsomes. Human livers were obtained

from the human liver bank in the Departments of Pharmaceutics and Medicinal
Chemistry at the University of Washington. Microsomes were prepared from
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OXIDATION OF CY TO HCY AND DCCY

human livers by differential centrifugation (18). Liver microsomes were stored

at â€”70Â°Cuntil use. Protein concentrations were detennined with Bio-Rad
(Oakland, CA) protein assay reagents, with BSA as the standard (19).

Incubations. The stability of HCY in the microsomal incubation system
was evaluated at 37Â°C.HCY (10 pM) in water or in the microsomal incubation
system [1 mg/mI microsomal protein and 1 mM NADPH in 100@ potassium
phosphate buffer (pH 7.4); total volume, 0.5 ml) was incubated in a shaking
water bath for 0, 10, or 30 mm. HCY was assayed as described below.

HCY formationwas evaluatedin an incubationsystem as describedabove
with 0.02â€”20 mM CY. The reaction mixture was preincubated for 2 mm at

37Â°Cbefore starting the reaction with the addition of NADPH. The reaction
was stopped after 10 mm. DCCY formation was evaluated separately in an
incubation system containing 0.025â€”2nmi CY and 4 mg/mI microsomal
protein. The reaction mixture was preincubated for 2 mm at 37Â°Cbefore
starting the reaction with the addition of NADPH. The reaction was stopped
after 15 mm.

In all studies, control incubations (boiled microsomes or without NADPH)
were performed. Incubation conditions (protein concentration, NADPH con
centration, and incubation time) were optimized to maintain linear product
formation. All incubations were performed in duplicate.

The relative fraction of CY converted to HCY versus DCCY was deter
mined in microsomes prepared from six human livers at CY concentrations of
0.1, 0.7, and 5 m@i.The mass of HCY formed was compared to the mass of CY
lost in microsomes prepared from three human livers. The incubation mixture
contained 0.1 mM CY, 5 mg/mI microsomal protein, and 2 m@ NADPH in a
total volume of 0.5 ml that was incubated at 37Â°Cfor 20 mm, at which time

0.1 and 0.3 ml were removed for the analysis of CY and HCY, respectively.
Loss of HCY due to its chemical instability was adjusted based on the
disappearance of HCY in the absence of CY in parallel incubations.

CYP isoforms responsible for the formation of HCY and DCCY were
identified in microsomal incubations with CYP isoform-selective chemical
inhibitors and subsequently confirmed with cDNA-expressed human P450
isozymes. Final concentrations of chemical inhibitors in human liver micro
somes were: furafylline, 30 @M(20); coumarmn, 8 j.@M(21); sulfaphenazole, 10
@.LM(20); tolbutamide,400 @M(21); (S)-mephenytoin,200,.@M(22);quinidine,
1 @.tM(20); diethyldithiocarbamate, 100 @M(20); troleandomycin, 100 @M

(20); orphenadrine, 300 p.M (1 1); and l-aminobenzotriazole, 1 mM (23). Poorly

water-soluble inhibitors (coumarmn,sulfaphenazole, tolbutamide, quinidine,
troleandomycin, and l-aminobenzotriazole) initially were dissolved in meth
anol, and the appropriate amount of inhibitor was transferred to the incubation
tube. Methanol was evaporated under a stream of nitrogen, and the components
of the incubation system were then added. Reactions containing coumarmn,
sulfaphenazole, tolbutamide, (S)-mephenytoin, and quinidine were preincu
bated at 37Â°Cfor 2 mm without NADPH, and then the reactions were started
with the addition of NADPH. When furafylline, diethyldithiocarbamate, trole

andomycin, orphenadrine, and l-aminobenzotriazole were included, they were
preincubated at 37Â°Cfor 15 mm with microsomes and NADPH, after which
reactions were initiated by the addition of CY (0.1, 0.7, or 5 mM).HCY and
DCCY formation rates were compared with controls (reactions without inhib
itors), and the results were expressed as the percentage of uninhibited activity.
In studies with insect cell microsomes containing cDNA-expressed human
CYP3A4, CY (1â€”20nmi) and NADPH (1 mi@t)were preincubated at 37Â°Cfor
2 mm, after which the reaction was initiated with the addition of microsomes

(20 pmol P450/ml). The reaction was terminated after 30 mm. In studies with
purified cDNA-expressed human CYP2C9 (22), CYP2C9 (100 pmol P450/
ml), CYP reductase (200 pmol/ml), and CY (0.05â€”0.7mM) were preincubated
at 37Â°Cfor 2 mm, and the reaction was initiated with the addition of NADPH
(1 mM).These reactions were terminated after 30 mm. In studies assessing the
inhibition of cDNA-expressed CYP3A4 with orphenadrine, 300 @.tMor
phenadrine was preincubated with insect cell microsomes containing cDNA
expressed human CYP3A4 (20 pmol P450/mI) for 15 mm with 1 ms@NADPH,
after which the reaction was initiated by the addition of CY (0.7 mM).

Analysis of HCY. Microsomal incubations to be analyzed for HCY were
stop_ by placing the mixture on a Supelco LC-SAX solid phase extraction
tube (Supelco, Bellefonte, PA) that was vacuum aspirated. The eluent was
collected in a test tube containing the derivatization reagent (0.5 ml of
p-nitrophenylhydrazine solution). The solid phase extraction tube was washed
with 1 ml of water, and the eluent was collected in the same test tube. The total
time between the end of incubation and the start of derivatization was less than

2 mm. Subsequent sample workup and high-performance liquid chromatogra

phy assay were described in detail elsewhere (6).
Analysis of DCCV. Microsomal incubations to be analyzed for DCCY

were stopped by the addition of 6 ml of methylene chloride, followed by the
addition of IS [0.2 @xgof 2-bis(N-propyl)amido-1,3,2-oxazaphosphoridmn-P-
oxide, in 50 pAof 100 mMpotassium phosphate buffer (pH 7.4)]. The mixture
was sealed, shaken for 10 mm, and centrifuged at 2000 X g for 5 mm. The
organic phase was transferred to a clean test tube and evaporated to dryness
under nitrogen. The residue was reconstituted in the derivatizing reagent (100
pioftrifluoroaceticanhydridein100p.1ofethylacetate),transferredtoan
injection vial, and heated at 70Â°Cfor 1 h. Two @dwere injected with a split
ratio of 1:20 onto a Hewlett-Packard 5890 gas chromatograph equipped with
a 30-m X 0.32-mm SPB-5 column (Supelco) and a nitrogen-phosphorus
detector. Helium was supplied as the carrier gas at constant flow mode with a
head pressure of 40 p.s.i. Injector and detector were both set at 280Â°C.The
initial column temperature, 60Â°C, was held constant for 2 mm after the

injection of the sample. Column temperature was then ramped to 180Â°Cat a
rate of4OÂ°C/min,then to 220Â°Cat 5Â°C/ruin,and finally to 300Â°Cat 30Â°C/mm.
The amidederivativesof DCCYandIS elutedat 8.7 and9.6 mm,respectively.
The concentration of DCCY was calculated as the peak height ratio of the
derivatives of DCCY:IS.

Analysis of CY. CY was analyzed with a method similar to that used for
DCCY. The incubation was stopped, and IS [5 g.tgin 25 @lof 100 mM
potassium phosphate buffer(pH 7.4)] was added and extracted as described for
DCCY. The residue was reconstituted with 200 g@lof trifluoroacetic anhydride
in 200 @lof ethyl acetate, transferred to an injection vial, and heated at 70Â°C
for I h. Two pJ were injected with a split ratio of 1:20 onto the Hewlett
Packard 5890 gas chromatography system described for DCCY. Injector and
detector were both set at 280Â°C.The initial column temperature, 60Â°C,was
held constant for 2 mm after the injection of the sample. Column temperature
was then ramped to 180Â°Cat a rate of 40Â°C/mm, then to 240Â°Cat 5Â°C/mm,and
finally to 300Â°Cat 30Â°C/mm. The amide derivatives of CY and IS eluted at
11.3 and 8.4 mm, respectively. The concentration of CY was calculated as the
peak height ratio of the derivatives of CY:IS.

Kinetic Data Analysis. The values of V@ and Km were estimated from

untransformed data using the WinNonlin program (Scientific Consulting Inc.,
Apex, NC). Data are reportedas mean Â±SD.

RESULTS

The stability of HCY in water and in the microsomal incubation
mixture at 37Â°Cis shown in Fig. 1. Approximately 10% of HCY was
lost over 10 mm and 20% was lost over 20 mm in the incubation

12.5. â€”0â€” HCYinwater

0 HCYinmicrosomalincubationmixture

5.

2.5@

0.@ I I

0 10 20 30 40

Time (mm)
Fig. 1. HCY stability test in water and the microsomal incubation mixture. HCY

solutions were incubated at 37Â°Cfor 0, 10, or 30 mm. Each data point represents the mean
value of duplicate determinations.
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Table1 KineticparametersofHCYand DCCYformationinhuman IivermicrosomesÂ°MetaboliteHLMbv,,.@1

v,,.@2KmiK,p@:KmiV@2:Km2HCYHL-l27

HL-l33
HL-l36(nnwl/min./mg

protein)
0.128 2.08
0.074 1.48
0.212 1.090.078

0.034
0.174(mv)3.33

1.96
10.0(p.11mm/mg

protein)
1.64 0.624
2.18 0.756
1.210.109Mean

SD0.138
1.55

0.070 0.500.095 0.0725.09 4.301.68
0.496

0.480.342DCCYHL-127

HL-133
HL-l4l0.003

0.225
0.008 0.089
0.009 0.5080.062

0.049
0.0287.29

3.49
14.90.052

0.031
0. 155 0.025
0.3070.034Mean

SD0.006
0.274

0.003 0.2140.046 0.0178.58 5.840.
17 1 0.030

0.129 0.004
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mixture. Thus, the formation rate of HCY in subsequent microsomal

studies was adjusted for the loss of HCY only when the incubation
time was longer than 10 mm.

The kinetics of HCY and DCCY formation were evaluated in three
human livers. Formation rate versus substrate concentration plots and
Eadie Hoftsee plots for HCY and DCCY formation from a single liver
(HL-133) are shown in Fig. 2. The Eadie Hoftsee plots for all livers
were biphasic, indicating that at least two enzymes were involved in
the formation of both HCY and DCCY. A two-enzyme Michaelis
Menten model best described the formation rate data for both HCY
and DCCY. The estimated values of V,,,@and Km@ the three livers
are shown in Table 1. The estimated values of Kmi and Km2 of HCY

1.5

0

(/a,@I
0.5

Fig. 2. Representative formation rate versus
substrate concentration plots of HCY (A) and
DCCY (B) and Eadie Hoftsee plots of HCY (C)
andDCCY(D)formationin HL-133.Incubations
contained microsomal protein (1 mg/mI for HCY
or4mg/mifneDCCY)andNADPH(l mat).Each
datapointrepresentsthe meanvalueof duplicate
incubations. The untransformed data were fit by
the two-enzyme Michaeis-Menten equation using
the WinNonlin program. The estimated kinetic
constants for HCY formation were: Kmt, 0.034
mM; K@, 1.96 ma@;V@1, 0.074 nmol/min/mg
protein;and V,@, 1.48 nmol/min/mgprotein.
TheestimatedkineticconstantsforDCCYforms
lion were: Kmi, 0.049 mM;K,,.@,3.49 mat; V,@,,
8 pmol/min/mg protein; and V,...@2, 89 pmol/
mm/mg protein.
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and DCCY were similar (0.095 Â±0.072 and 5.09 Â±4.30 mt.i versus
0.046 Â±0.017 and 8.58 Â±5.84 misi, respectively). However, the ratios
of VmasKm for HCY at the low and high Km values, respectively,
were 9.8 and 16.5 times those of DCCY due to the much higher Vmax
values for HCY (0.138 Â±0.07 and 1.55 Â±0.50 nmol/min/mg protein
for HCY versus 0.006 Â±0.003 and 0.274 Â±0.214 nmol/min/mg
protein for DCCY).

The fraction (fm) of CY converted to HCY (calculated as velocity
of HCY formation/velocities of HCY + DCCY formation) was de
termined in six human livers at CY concentrations of 0.1 (the low Km
value for HCY formation), 0.7 (the peak concentration of CY in
patients receiving 60 mg/kg CY over a 1-h i.v. infusion; Ref. 6), and

,@

â€˜SC
â€˜S

CC.

â€˜S

C

CY (mM)

B
50.

40'

30.

20.

10.

0.

0

D

50.

40â€¢

30.

20.

10.

0.

C
1.5.

1'

0.5'

0 0.5 1 1.5 2 2.5

HCY formation rate/CY
concentration

(nmol/min/mg protein/mM)
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DCCY formation rate/CY
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(pmol/min/mg protein/mM)

a Formation rates of HCY and DCCY were determined in incubations with CY concentrations from 0.02â€”20mai and 0.025â€”2mai, respectively. The values of Vm,,@,and Km were
estimated by the WinNonlin program.

@Mhuman liver microsome.
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Table 2Fraction of CY converted to HCY and DCCYin humanlivermicrosomesaCYb

HLMc d
VHCY Vj@@ye Jm,HCYIJm,DCCYmM

0.1HL-127
HL-133
HL-136
HL-l41
HL-142
HL-l44(nmol/min./mg

protein)
0.190 0.005
0.160 0.008
0.060 0.003
0.180 0.012
0.487 0.019
0.150 0.0060.975

0.952
0.951
0.938
0.963
0.9640.025

0.048
0.049
0.062
0.037

0.036Mean0.205

0.0090.9570.043SD0.146

0.0060.0130.0130.7HL-

127
HL-l33
HL-l 36
HL-14l
HL-l42
HL-l440.450

0.023
0.400 0.023
0.240 0.005
1.160 0.053
1.041 0.107
0.870 0.0310.952

0.947
0.979
0.956
0.907
0.9650.048

0.053
0.021
0.044
0.093

0.035Mean0.694

0.0400.9510.049SD0.379

0.0360.0240.0245HL-l27

HL-133
HL-136
HL-l4l
HL-l42
HL-l441.360

0.099
1.300 0.147
0.600 0.045
3.180 0.328
2.735 0.445
2.070 0.1960.933

0.898
0.930
0.907
0.860
0.9140.067

0.102
0.070
0.093
0.140

0.086Mean1.874

0.2100.9070.093SD0.969

0.1500.0270.027

Table 3 Mass balance of CY in hum.an livermicrosomesÂ°ELMâ€•

CYCHCYd% Conversion toHCye(nmol)(nmol)11.910.588.318.217.596.113.715.3112

14.4 98.7
2.93 11.9

OXiDATION OF CY TO HCY AND DCCY

incubations at 0.7 mM CY with cDNA-expressed human CYP3A4 and
by 34 Â±17% in human liver microsomes.

Because orphenadrine inhibited CYP3A4 and possibly inhibits
CYP2C9, the data in human liver microsomes (Fig. 3) must be
interpreted in view of the lack of specificity of inhibition by or
phenadrine. Fig. 3 shows that at 0.7 nmi CY, 100 ,.LMtroleandomycin
(preincubated as described in â€œMaterialsand Methodsâ€•)inhibited the
formation of HCY by 35 Â±7% in human liver microsomes. When 300
@LMorphenadrine were added together with 100 @Mtroleandomycin

and preincubated, the formation of HCY in human liver microsomes
was inhibited by 41 Â± 10%. Furthermore, at 0.1 mM CY, sulfa
phenazole inhibited HCY formation in human liver microsomes by
35 Â±12%, and sulfaphenazole + orphenadrine inhibited human liver
microsomal formation of HCY by 45 Â±2%. At 5 mr@iCY, trolean
domycin inhibited HCY formation by 47 Â±21%, and troleandomy
cm + orphenadrine inhibited HCY formation by 48 Â±21% in human
liver microsomes.

P450 isoforms responsible for the formation of HCY and DCCY
were verified by the incubations with cDNA-expressed P450s. HCY
was formed in the incubations with cDNA-expressed human CYP2C9
and CYP3A4 (Fig. 5) with Km values of 0.19 and 2.86 mi@iand Vm,,,@
values of 0.66 and 67.0 pmollmin/pmol P450, respectively. DCCY
was formed in the incubation with cDNA-expressed human CYP3A4
(Fig. 6) with a Km value of 0.595 mM and a Vm@ value of 13.3
pmol/min/pmol P450.

DISCUSSION

We have investigated the formation of HCY and DCCY from CY
in human liver microsomes. Both HCY and DCCY exhibited two
enzyme Michaeis-Menten kinetics, with similar Km values for the
two products. The Km values observed for the formation of HCY in
human liver microsomes in our studies are similar to the values
reported by others (11). HCY is by far the major product, accounting
for more than 90% of the total products (HCY + DCCY) formed at
all concentrations of CY. In incubations with CYP isoform-selective
inhibitors, HCY was found to be formed primarily by CYP2C9 (based
on inhibition of its formation by tolbutamide and sulfaphenazole) at
the low Km value and CYP3A4/5 at the higher Km value (based on
troleandomycin inhibition). These observations were supported by the
similarity between the low Km value in human liver microsomes and
the Km value obtained in incubations with cDNA-expressed CYP2C9
and the similarity between the high Km value in human liver micro
somes and the Km value obtained in incubations with cDNA-ex
pressed CYP3A4. CYP3A4/5 seems to be the major isoform respon
sible for HCY formation at clinically encountered concentrations of

a The relative fractions of conversion (fm) of CY to HCY and DCCY were determined
in six human livers at CY concentrations of 0.1, 0.7, and 5 insi.

@Mhuman liver microsome.
C HCY formation rate.

d DCCY formation rate.
e â€˜@â€˜@relative fraction of conversion of CY to HCY [fmHCY VHcy/

(V@cy + V@@y)J.
1The relative fraction of conversion of CY to DCCY [f,,@JXCY= V@CyI

(VHcY + V@Cy)].

5 mM (the high Km value for HCY formation). Data are shown in
Table 2. At 0. 1 mM CY, fm values of HCY and DCCY, respectively,
were 0.957 Â±0.013 and 0.043 Â±0.013; at 0.7 miviCY, fm values of
HCY and DCCY were 0.95 1 Â±0.024 and 0.049 Â±0.024; and at 5 mr@i
CY, the respective values of fm were 0.907 Â± 0.027 and
0.093 Â±0.027. In a separate experiment in three human livers at 0.1
mM CY, the formation of HCY accounted for 98.7 Â± 11.9% of CY

lost during the incubation (Table 3).
The inhibition of HCY formation by chemical inhibitors of CYP

was studied in five human livers. Results are shown in Fig. 3. At 0.1
mM CY, 1-aminobenzotriazole, sulfaphenazole, and tolbutamide in
hibited HCY formation by 65 Â±9, 35 Â±12, and 43 Â±5%, respec
tively, whereas all other inhibitors were ineffective. At 0.7 mr@tCY,
significant inhibition was produced by l-aminobenzotriazole, trolean
domycin, and orphenadrine, which inhibited HCY formation by
64 Â±8, 35 Â±7, and 34 Â±17%, respectively. At 5 nmi CY, only
l-aminobenzotriazole, troleandomycin, and orphenadrine inhibited
HCY formation by 68 Â±7, 47 Â±21, and 35 Â±20%, respectively. The
inhibition of DCCY formation by chemical inhibitors of CYP was

studied in three human livers (Fig. 4). At 0.7 and 5 mr@tCY, trolean
domycin inhibited DCCY formation by 85 Â± 2 and 72 Â± 8%,
respectively, whereas all other compounds did not show any appre
ciable degree of inhibition at either of these two concentrations of CY.

Because orphenadrine has not been evaluated with human CYPs for
specificity of inhibition and because it has been shown to inhibit rat
CYP2C and CYP3A forms, we evaluated orphenadrine for its ability
to inhibit HCY formation at 0.7 nmt CY in cDNA-expressed human
CYP3A4 and compared that inhibition to the inhibition observed in
microsomes prepared from five human livers. Results are shown in
Table 4. Orphenadrine (300 p.M) inhibited HCY formation by 23% in

HL-127
HL-141
HL-l42

Mean 14.6

SD ________ 2.66______________________________
a Mass balance of CY was determined in three human livers at 0.1 mat CY, 5 mg/mI

microsomal protein, and 2 mat NADPH in a total volume of 0.5 ml incubated at 37Â°Cfor
20 mm. CY and HCY from the same incubation tube were measured by gas chromatog
raphy with nitrogen-phosphorus detection and high-performance liquid chromatography
UV, respectively. HCY loss due to its chemical instability was adjusted based on an
incubation of known amount of HCY in the absence of CY.

@Mhuman liver microsome.
C The amount of CY consumed.

d .@ amount of HCY formed.
e Conversion to HCY was calculated as the ratio of the amount of HCY formed to the

amount of CY consumed.
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Fig. 3. Inhibition of HCY formation by P450 isoform-selective inhibitors in human liver microsomal incubations. Incubation conditions and methods are described in the text. Data
are the mean Â±SD from five human livers (HL-l27, HL-136, HL-141, HL-142, and HL-l44). HCY fonnation rates in incubations without inhibitors were 0.233 Â±0.143,
0.784Â±0.344,and2l3 Â±0.830nmol/min/mgproteinat CYconcentrationsof 0.1,0.7,and5 mat.

CY (â€”0.07â€”0.7mM; Refs. 5 and 6). Due to the very low velocity of
DCCY formation, the identity of the P450 (CYP3A4/5) responsible
for its formation could be determined only at therapeutic and higher
concentrations. Our observation of the dominant role of CYP3A4/5 in

the formation of DCCY at therapeutic and higher concentrations of
CY is in agreementwith the previousreports at CY concentrations
10â€”20-foldhigher (6 and 14 mrvi)than those encountered clinically in
the bone marrow transplantation setting (14).

The finding that HCY is formed in greater abundance in micro
somes than DCCY is expected from clinical observations that
report low concentrations of DCCY in plasma after the adminis
tration of CY. Indeed, the aldehyde product formed with DCCY,
chloroacetaldehyde, is recognized to contribute to the renal toxic
ity encountered with ifosfamide, from which it seems to be formed

in greater abundance, but this toxicity is relatively unimportant
with cyclophosphamide (24). However, the minor fraction of CY
metabolism accounted for by DCCY in comparison to HCY ob
served in all six human livers studied suggests that shunting of CY
metabolism between HCY and DCCY cannot account for much
variability in CY disposition or HCY formation. Thus, it does not
seem that intersubject variability in the formation of DCCY versus
HCY accounts for the observation made by Ayash et a!. (5) in
which tumor progression was greater and toxicity was less in
individuals with high AUCCY in comparison to those with low
AUCCY. Additional studies in patients are needed to explain this
apparent discrepancy.

We found no evidence for a quantitatively significant formation of
HCY by CYP2B6 in human liver microsomes, as has previously been

0.7mM CY 5 mM CY

troleandomycin.CYP3A'

dI@thvIdIth1nc@rh@mate.CYP251

Fig. 4. Inhibition of DCCY formation by P450
isoform-selective inhibitors in human liver micro
somal incubations. Incubation conditions and
methods are described in the text. Data are the
mean Â± SD from three human livers (HL-127,
HL-l33, and HL-142). DCCY formation rates in
incubations without inhibitors were 0.0508
Â±0.0488 and 0.230 Â±0.188 nmol/min/mg protein

at CY concentrations of 0.7 and 5 mat.

(S).mephenytoln.CYP2

20 40 60 80 100 1200 20 40 60 80 100 120

% Uninhibitedactivity
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Table 4 Inhibition of HCYformation byorphenadrineaMicrosome%

Inhibitionâ€•HL@l27c

HL@l36c
HL-l4l'@
HL@l42c
HL@l44c30

15
65
28

34Mean

SD3417CYP3A4â€•23

0 2 4 6 8 10 12

OXIDATION OF CY TO HCY AND DCCY

claimed (1 1). The previous conclusion was based on the inhibition of
HCY formation in human liver microsomes by orphenadrine and by a
rabbit antirat CYP2B antibody. Orphenadrine has since been found to
inhibit rat CYP2C11 and CYP3A through the formation of a metab
olite complex (25). In the studies reported herein, it was observed that
the addition of orphenadrine to incubations with troleandomycin (0.7
and S mM CY) or sulfaphenazole (0.1 mr@iCY) did not significantly
inhibit the formation of HCY in comparison to troleandomycin or
sulfaphenazole alone (Fig. 3). Also, it was observed that orphenadrine
inhibited the formation of HCY at 0.7 mr.i CY in cDNA-expressed
human CYP3A4 to an extent similar to that observed in human liver
microsomes. On the basis of our observations and studies with rat
CYP2C and CYP3A isoforms, it does not seem that orphenadrine is a
selective inhibitor of CYP2B6 in human liver microsomes. From
Western blot data presented in Fig. 3 of the report by Chang et a!.
(I I), it is not clear whether the rabbit antirat antibody was specific for
CYP2B6. Thus, we conclude that whereas cDNA-expressed CYP2B6
does form HCY (1 1), the contribution of this minor isoform to the
formation of HCY in human liver cannot be demonstrated clearly and
seems to be small relative to the contributions made by CYP2C9 and
CYP3A4/5.

The lack of quantitatively significant formation of HCY in
human liver by CYP2B6 is potentially advantageous in the appli
cation of CY to the site-selective treatment of tumors rendered
susceptible to CY by genetic manipulation resulting in their cx
pression of CYP2B6 (26). A substantial therapeutic advantage
could be gained by inhibiting the formation of HCY in the liver
with a selective inhibitor of CYP2C9 and CYP3A4/5, such as
fluconazole (27), while still allowing HCY formation in the ge
netically modified tumor cells. Thus, systemic exposure to HCY
could be virtually eliminated while the transformed tumor cells
provided HCY to kill the tumor.

Inhibition of HCY formation by P450 isoform-selective inhibi
tors accounted for only about 50% of the formation of HCY in our

0@

â€˜S@

.â€”

EC.
â€˜S
C

1@

L)E

0

a Inhibition of HCY formation by orphenadrine (300 pat) at 0.7 mat CY.
b@ Inhibition = (I â€” uninhibited activity/control activity) X 100.

C Human liver microsome.

d Insect cell microsome containing cDNA-expressed human CYP3A4.
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â€˜S@

C
CC

@C.

C

Fig. 5. HCY formation rate with cDNA-ex
pressed human CYP2C9 (A) and CYP3A4 (B) as a
function of CY concentration. Incubations con
mined 100 pmol P450/mI cDNA-expressed human
CYP2C9, 200 pmol/ml CYP reductase, and I mat
NADPH or insect cell microsomes in which cDNA
CYP3A4 and CYP reductase were coexpressed (20
pmol P450/mI) and 1 mat NADPH. Untransformed

. . .
data were fit with a one-enzyme Michaehs-Menten
equation using the WinNonlin program. The esti
mated kinetic constants for HCY formation with
CYP2C9 were: Km,0.19 mat; and V@, 0.66 pmol/
min/pmol P450. The estimated kinetic constants for@â€˜
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formation with CYP3A4 were: Km. 2.86mat;@â€˜and
V,,,.@,67 pmol/min/pmol P450.
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Fig. 6. DCCY formation rate with cDNA-expressed human CYP3A4 as a function of

CY concentration. Incubations contained insect cell microsomes in which cDNA CYP3A4
andCYPreductasewerecoexpressed(20 pmolP450/mI)and 1 matNADPH.Untrans
formed data were fit with a one-enzyme Michaelis-Menten equation using the WinNonlin
program. The estimated kinetic constants for DCCY formation were: Km,0.595 IflM and
Vmaz, l33 pmol/min/pmol P450.

studies, in agreement with previous reports (1 1). The suicide P450
inhibitor, 1-aminobenzotriazole, inhibited HCY formation by
approximately 65%. Because HCY was formed only in incubations
supported with NADPH and was not formed in incubations
with boiled microsomes, we addressed the possible (but improba
ble) formation of HCY by cDNA-expressed human FMO3 and
FMO5, the major human isoforms of FMO. Neither of these
enzymes formed HCY at CY concentrations of 0.7 mt@i(data not
shown).

In summary, the formation of HCY and DCCY was studied in
human liver microsomes. The relative fraction of conversion of CY to
HCY in relation to DCCY was greater than 0.9 over the range of CY
concentrations likely to be encountered clinically (0.1â€”5 mi.i).
CYP2C9 and CYP3A4/5 seem to be the major P450 isoforms in
volved in HCY formation at low (0.1 mM) and high (0.7 and S mM)
concentrations of CY, respectively. CYP3A4/5 seems to be the major
P450 isoform involved in DCCY formation at high concentrations of
CY(0.7and5 mM).The identityof the isoformresponsiblefor DCCY
formation at 0.1 mM CY could not be ascertained due to the very low

formation rate of DCCY.
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