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Abstract—[R(+),5(—)]-Cyclophosphamide [(R,S)-CP] is an anticancer drug, containing a chiral
phosphorous atom, which is prepared and used clinically as the racemic mixture. A new high-performance
liquid chromatographic assay suitable for pharmacokinetic studies of CP enantiomers in plasma has
been reported recently by this laboratory (Reid ef al., Anal Chem 61: 441-446, 1989). Briefly, the
assay involves ethyl acetate extraction of CP enantiomers from plasma followed by derivatization to
diastereomers in a two-step process utilizing chloral and (+)-naproxen acid chloride. Chromatographic
analysis was performed on a reversed phase (ODS) column with detection at 232 nm. In the present
study, preliminary results on the applicability of this assay to pharmacokinetic studies are presented.
Several rabbits were used to compare the influence of i.p., i.v., and oral routes of administration on
the stereoselective disposition of (R,S)-CP. Following i.p. administration, S-CP was cleared faster than
R-CP. Following oral administration, only R-CP was detectable in plasma, while i.v. administration
resulted in minor or no stereoselective disposition. These results indicated that there was a marked
stereoselective metabolism of the S-CP enantiomer, with the i.p. and oral routes producing the
greatest differences due to first-pass metabolism. Incubation of rabbit-liver microsomes with (R,S)-CP
demonstrated that the monooxygenase system can exhibit marked stereoselectivity in its metabolism of
CP. The ratio of R-CP to 5-CP in the incubation medium increased during the incubation period from
1:1 initially to 4.5:1 after 60 min. The results from the experiments with rabbits indicate that the first-
pass metabolism of this drug is highly stereoselective; in contrast, cancer patients who had received (R,S)-
CP as an i.v. infusion showed no stereoselectivity in the elimination of the enantiomers. Pharmacokinetic
studies with cancer patients, receiving (R,8)-CP as an oral dose, are in progress in order to determine
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if stereoselective first-pass metabolism of this drug also occurs in humans.

[R(+),5(—)]-Cyclophosphamide [(R,S)-CP] is an
alkylating agent commonly used as an antineoplastic
agent in cancer chemotherapy. It is composed of an
oxazaphosphorine ring with a nitrogen mustard side
chain (Fig. 1). The phosphorous atom is chiral and,
because of the method of synthesis, a racemic mix-
ture is obtained during preparation of the com-
mercial product [2, 3]. The mechanism of action of
this drug has been the subject of numerous inves-
tigations which have been reviewed recently [4, 5].
CP itself is inactive and requires metabolic activation
to exhibit alkylating activity. The proposed mech-
anism of CP activation is by an initial hydroxylation
at C-4, catalyzed principally by the hepatic micro-
somal cytochrome P450 monooxygenase system. The
resulting 4-hydroxy-CP exists in equilibrium with
its ring-opened tautomer, aldophosphamide, which
may subsequently undergo hydrolysis to produce
acrolein and phosphoramide mustard (PM), which
is believed to be responsible for the alkylating activity
observed in vivo. Additionally, the iwo tautomer
intermediates may be enzymatically oxidized to the
inactive metabolites, 4-keto-CP and carboxy-
phosphamide, found in urine.

T Corresponding author.

One aspect of CP metabolism that has not been
investigated extensively, however, is the question of
stereoselectivity in the metabolism and pharma-
cokinetics of the CP enantiomers. Previous studies
[6-8] have shown that enantiomers of compounds
containing a chiral phosphorous atom exhibit dif-
ferences in biological activity. For example, the S-
(—)-enantiomers of some alkyl-S-alkyl methyl-
phosphonothioates have been found to have greater
inhibitory activity towards certain acetylcholine
esterases [6]. Comparative metabolic studies on the
enantiomers and racemates of one such compound,
cyanofenphos (O-p-cyanophenyl O-ethyl phenyl-
phosphonothioate), have shown that its metabolism
can also be stereoselective [7]. Additionally, several
reports discussing stereoselectivity in the metabolism
of various drugs by the cytochrome P450 enzymes
have been presented recently [9-12].

At present, only three studies have investigated
the question of stereoselectivity in the metabolism of
CP enantiomers [8, 13, 14]. Utilizing optical rotation
and 3'P-NMR analysis, two of these studies found
little or no stereochemical differences in the enanti-
omer levels in the urine of cancer patients after an
i.v. dose of CP [8, 13]. On the other hand, Cox et
al. {14] found that a stereochemical difference is
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Fig. 1. Structures of cyclophosphamide and derivatives after reaction with chloral and (+)-naproxen

acid chloride. The reaction with chloral has been shown to be stereospecific, and the new chiral center

introduced by chloral produces a new pair of enantiomers which are unresolvable by HPLC [1].

Therefore, the diastereomeric designations refer only to the chiral centers of the cyclophosphamide and
naproxen moieties.

exhibited by mice and rabbits during the metabolism
of the CP enantiomers. This study [14] utilized a
pseudoracemate* of CP and examined extracts from
incubations with liver microsomes from mice, rats,
and rabbits as well as urine samples obtained after
i.p. treatment of these animals. Enantiomer quanti-
tation in the latter study [14] was by mass spectro-
metry. Because the clinical studies involved only a
few patients, the results with humans are incon-
clusive. To examine stereoselective pharmacoki-
netics in a larger group of patients, an alternative
method that is less affected by interferences than
optical rotation and is less time consuming and more
economical than the NMR and mass spectroscopic
methods used previously would be helpful.
Research in this laboratory has focused on the
development of a sensitive and stereospecific HPLC-
based assay utilizing plasma samples and suitable for
pharmacokinetic studies involving large numbers of

* A racemate in which one enantiomer is labeled with
deutrium.

subjects. An assay which can monitor plasma levels
of the CP enantiomers is preferable to methods for
the analysis of urine samples as it will be able to
detect stereoselectivity in the pharmacokinetics of
the parent racemic drug. An HPLC-based method
has been developed recently by Reid et al. [1] and, in
this report, the preliminary results of several studies
applying this assay to the metabolism and plasma
pharmacokinetics of the CP enantiomers in rabbits
and cancer patients are reported.

MATERIALS AND METHODS

Chemicals

(R,5)-CP  monohydrate, containing sodium
chloride (90 mg/200 mg CP), was obtained as the
USP injection (NEOSAR) from Adria Laboratories
(Columbus, OH) and used for all the animal studies.
(R,S)-Cyclophosphamide monohydrate (98+%,
Aldrich Chemical Co., Milwaukee, WI), dissolved
in Invenex bacteriostatic water for injection USP
(LyphoMed, Inc., Rosemont, IL.), was used for the
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microsomal experiments. Both preparations were
shown to be racemic mixtures by HPLC [1]. Chloral
hydrate was obtained from Mallinckrodt, Inc. (Paris,
KY). (+)-Naproxen [(+)-6-methoxy-a-methyl-2-
naphthaleneacetic acid], 4-dimethylaminopyridine
(99%), neutral activated Brockman type I aluminum
oxide, oxalyl chloride (994 %, gold label), N,N-
dimethylformamide (DMF, anhydrous, 99+ %, gold
label), and dichloromethane (anhydrous, 99+ %,
gold label) were obtained from the Aldrich Chemical
Co. Benzene (thiophene free, 99 mol% pure}, and
HPLC grade solvents (ethyl acetate,
dichloromethane, methanol, acetone, and aceton-
itrile) were obtained from the Fisher Scientific Co.
(Fair Lawn, NJ), Silica gel spe cartridges (3 mL)
were obtained from J.T. Baker (Phillipsburg, NJ).
Other chemicals and buffer components were of
reagent grade and obtained from various sources.

Preparation of derivatizing reagents

Anhydrous chloral. Chloral hydrate was dried and
distilled as previously described [1]. Briefly, chloral
hydrate crystals (25.0 g) were added to concentrated
H,80, (15mL) and mixed until dissolved. The
resulting liquid chloral was separated after cen-
trifugation for 10 min at 1000g and washed with
H,SO, two additional times. The chloral was further
purified by distilling the sodium twice (fractions boil-
ing above 90° were collected). Anhydrous DMF was
added to the freshly distilled chloral, such that the
DMF concentration was 1% (v/v). This chioral-
DMF solution was stored at —70° until used (this
frozen reagent is stable for 3 months [1]).

Synthesis of (+)-naproxen acid chloride. (+)-
Naproxen was converted from the free acid to the
acid chloride form according to the procedure
described by Reid et al. [1]. The chiral acid (1.0g,
4.34 mmol) was added to a dry round-bottom flask
protected from moisture with a calcium chloride
drying tube. Dry benzene (2 mL) was added followed
by oxalyl chloride (0.95 mL, 5.1 mmol) and the con-
tents were stirred for 2 hr at ambient temperature.
The round-bottom flask was then attached to arotary
evaporator (Buchi, Fort Lee, NJ) and solvents were
removed under reduced pressure. The product, a
pale vellow powder (m.p. 94-96%), was used with-
out recystallization.

Pharmacokinetic experiments

Rabbits. Female New Zealand White rabbits (4.0
to 4.5 kg, Becker’s Rabbitry, Centralia, KS) were
housed in standard rabbit cages and given a restricted
diet (6 oz./day) of high fiber Purina rabbit chow and
water ad lib. For all experiments CP was dissolved
immediately before use and administered as follows:
for i.v. administration, 200 mg CP was dissolved in
6 mL sterile water and injected into an ear vein;
for i.p. administration, 200 mg CP was dissolved in
10 mL sterile water and injected into the peritoneal
cavity; oral administration was performed on fasted
rabbits using 200 mg CP dissolved in 10 mL sterile
water and delivered into the stomach with a rubber
feeding tube (French size 8, Sherwood Medical
Industries, Inc., St Louis, MO). Immediately after
dosing, the animals were placed in plastic restrainers,
and blood samples (1.8 mL) were taken from the
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medial artery of the ear, with syringes containing
0.2mL of 0.1M potassium oxalate to prevent
clotting. The blood samples were centrifuged for
10 min at 1000 g to obtain plasma which was stored
at —20° prior to analysis.

Two rabbits were used for the i.p. and i.v. dosing
experiments, Rabbit No. 1 was treated initially by
i.p. injection, and 8 weeks later it was treated by i.v.
injection. Rabbit No. 2 was treated initially by i.v.
administration, and 8 weeks later the i.p. adminis-
tration was made. Two additional rabbits were used
for the oral dosing experiments.

The sampling times following i.p. administration
were 0, 4, 8, 12, 16, 20, 30, 40, 60, 90, 120, 150,
180, and 240 min. The sampling times following i.v.
infusion were identical except for an additional
sample taken at 1 min after dosing. The sampling
times following oral administration were 0, 4, 8, 12,
16, 20, 25, 35, 45, 60, 90, 120, and 150 min.

The extent of stereoselectivity in the disposition
of the CP enantiomers following each route of
administration was assessed by calculating the total
area under the plasma concentration-time curve
(AUC) and the elimination half-life (T, 4) for each
enantiomer. The data expressing the decline in the
plasma concentration (C,) of the CP enantiomers
with time (¢), following i.v. administration, were
fitted to a two-compartment open model {(equation
1} by least-squares linear regression, using the
method of residuals for the determination of A and
a

C, = Ae ™ + Be™ (1)
and the AUC was determined using the equation
AUC=A/a + B/ @)

where the concentrations (A,B) and the rate con-
stants (a,f) are the coefficients of the regression
analysis. The elimination half-life was calculated
from the expression

Ty, = 0.0693/8. 3)

The AUC for the data obtained following the i.p.
and oral administrations were calculated using the
trapezoidal rule. The AUC from the last time point
to infinity was approximated by C} /k where CF is
the last measured plasma concentrations. The elim-
ination rate constant, k, was determined by linear
regression analysis of the terminal slope. The elim-
ination half-life was determined from the equation

The absolute bioavailability of each enantiomer, fol-
lowingi.p. administration, was calculated by dividing
the AUC,;;, value by the AUC,, value and express-
ing the result as a percentage.

Human samples. Plasma samples were obtained
from nine patients treated for various neoplastic
diseases at the Veterans Administration Hospital
(Kansas City, MO). The treatment regimens and
blood collection times are summarized in Table 1.
The plasma samples were stored at —20° until analy-
zed.

Microsomal studies
Microsomes were prepared from rabbit liver as
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Table 1. Dose and blood collection times of cancer patients receiving (R.S)-CP by i.v. injection™

Patient Dose Other Blood collection times

No. Sex (mg) chemotherapy (min)
1 M 614 Adriamycin® Pre-dose; 0, 7, 20
2 F 700 Adriamycin® Pre-dose; 3, 15, 30, 120
3 + Adriamycin® Pre-dose; 15, 30, 60, 120
4 F 800 Dactinamycin Pre-dose; S, 15, 30
5 M 1270 Adriamycin® Pre-dose; 5, 15, 30, 60, 120, 180, 240
6 F 550 Adriamycin® Pre-dose; 5, 15. 30, 120
7 M 700 Adriamycin® Pre-dose; 10, 20, 30, 60, 120, 180, 240
8 M 1040 VP-16 Pre-dose; 0, 5, 15, 30, 60
9 M 1200 Adriamycin® Pre-dose; 5, 15, 30

* Each patient received a dose equivalent to 500 mg/m?.

+ Dose and sex are unknown.

described by Burstein and Kupfer [15]. The liver was
removed, washed in ice-cold distilled water, and kept
on ice prior to homogenization in ice-cold 0.25M
sucrose (5 mL/g tissue). Subsequent steps and cen-
trifugations were performed on ice or at 4°. The
homogenate was transferred to screw-cap tubes and
centrifuged for 20 min at 10,000g in a Beckman
model J2-21 centrifuge (Beckman Instruments, Palo
Alto, CA). The supernatant fraction was then centri-
fuged for 60 min in a Beckman L5-65 ultracentrifuge
at 105,000 g. The supernatant fraction was discarded,
and the pellet (microsomal fraction) was washed by
re-suspension in 1.15% aqueous KCl followed by an
additional centrifugation for 60 min at 105,000 g. The
supernatant fraction was discarded, and the micro-
somal pellet was covered with fresh 1.15% KCl and
stored at —70°. Prior to use the microsomes were
thawed and resuspended in fresh KClI solution. Pro-
tein determinations were made by modification [16]
of the method of Lowry er al. [17], using bovine
serum albumin as a standard. Cytochrome P450
determinations were carried out as described by
Omura and Sato [18].

Incubations were carried out in 20-mL glass scin-
tillation vials containing the following components:
200 ug (R,S)-CP added in 0.05mL of potassium
phosphate buffer (0.1 M, pH7.4); 1.5mg micro-
somal protein added in 0.2 mL from a suspension in
1.15% aqueous KCI; 0.55mL of a solution con-
taining 0.45mL of potassium phosphate buffer
(0.1 M, pH7.4) and 0.1 mL of an aqueous solution
of MgCl, (0.1 M); and 0.1 mL of H,O for a final
volume of 0.9 mL. The reaction vials were incubated
for 2min in a shaking water bath (37°) prior to
addition of 0.1 mL of an NADPH-regenerating sys-
tem (glucose-6-phosphate, 38.3 umol; NADPH,
1.2 umol; and glucose-6-phosphate dehydrogenase,
31.U.) in water. Subsequently, duplicate vials were
removed from the water bath at 0, 5, 10, 15, 30, 45,
and 60 min, and the reaction was terminated by the
addition of 4 mL ethyl acetate.

Control incubations contained either (a) the com-
plete system containing boiled microsomes (10 min
at 100°) analyzed at time zero., (b) the complete
system containing boiled microsomes analyzed after
the 60-min incubation, or (c) intact microsomes with

a complete system but lacking the NADPH-regen-
erating system and analyzed after the 60-min incu-
bation. A sample containing only plasma and (R,S)-
CP and incubated for 60 min was also included in
order to compare the CP enantiomer extraction
efficiency from microsomes with that from plasma.

Sample preparation

Solvent extraction and derivatization.
Cyclophosphamide was extracted from 1mL of
plasma or the microsomal incubation medium with
4 mL of ethyl acetate. The derivatization (Fig. 1) of
the enantiomers was performed as described pre-
viously by Reid et al. [1] with the following modi-
fications: (a) the amidoalkylation of the CP
enantiomers in the plasma extract with anhydrous
chloral was conducted at room temperature rather
than 20°, and (b) the elution of the CP-chloral deriva-
tive from the silica cartridge was preceded by a wash
with 1 mL dichloromethane: methanol (49:1). The
derivatized extracts were dissolved in 1 mL of the
chromatographic mobile phase [acetonitrile: potas-
sium phosphate buffer (10 mM, pH 6.65) : methanot
(50:35:15, by vol.)], and 20 uL was analyzed by
HPLC.

Standard curves. Three milligrams of (R,S)-CP
(Neosar formulation) was dissolved in buffered
saline (0.1 M KCI1 + 0.05M potassium phosphate,
pH 7.4) at a final concentration of 1.5 mg/mL (a sub-
stock solution of 0.1 mg/mL was also prepared). A
standard curve was prepared at concentrations (with
respect to total CP) of 150, 100, and 50 ug/mL from
the 1.5 mg/mL stock, and 10 and 5 ug/mL from the
0.1 mg/mL stock. Solutions were adjusted to 100 uL
with buffered saline followed by the addition of
900 uL. plasma (rabbit or human) to give a final
volume of 1 mL. The standards were prepared and
processed along with each set of animal and human
samples.

Chromatography

The derivatized CP enantiomers were determined
by high-performance liquid chromatography using a
Waters model M-6000A pump, a model 712 WISP
auto-sampler (Waters Associates, Milford, MA)
equipped with a Kratos Spectroflow 783 variable
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Fig. 2. HPLC chromatograms of derivatized CP enantiomers from human plasma obtained from a

cancer patient treated with 614 mg of CP by i.v. infusion. (A) Plasma sample obtained prior to dosing.

(B) Plasma sample obtained at 7-min post-dose. Retention times: R-CP = 18.8 min; §-CP = 22.9 min.
The concentrations of both R- and S-CP were 31 pg/mL.

wavelength UV/VIS absorbance detector (Kratos
Analytical Instruments, Ramsey, NJ) and a Shim-
adzu C-R3A chromatopac computing integrator
(Shimadzu, Kyoto, Japan). The analytical column
(150 x 4.6 mm) contained 5 um octadecyl-bonded
silica (Shandon Hypersil ODS, Keystone Scientific,
Inc., State College, PA) packed by an upward slurry
technique [19]. Samples were eluted with a mobile
phase of potassium phosphate buffer (10 mM,
pH 6.65) : acetonitrile : methanol (35:50: 15, by vol.)
at a flow rate of 1.3 mL/min, detected by UV absorb-
ance at 232nm, and quantified by peak height
measurements.

RESULTS AND DISCUSSION

In the present study, the HPLC assay developed
in this laboratory for the measurement of CP enanti-
omers in plasma was applied to pharmacokinetic
studies in rabbits and humans as well as studies on
the differential metabolism of CP enantiomers by
rabbit liver microsomes. As shown in Fig. 2, deri-
vatized plasma extracts from the blood samples of a
cancer patient, taken before treatment and at 7 min
after i.v. infusion of (R,S)-CP, produced an HPLC
chromatogram that showed excellent separation of
the derivatized enantiomers and was relatively inter-
ference-free. Some interfering material, which co-
eluted with the S-CP diastereomer, was observed
in the extract from plasma obtained prior to CP
administration. This interfering material was also
present in extracts from buffered aqueous solutions
and appears to be a by-product of the derivatization
process. The interference was always present at a
constant level (equivalent to 0.5 ug/mL of the S-CP
enantiomer) and resulted in a slight intercept in the
calibration curve for S-CP.

Calibration curves (Fig. 3), based on peak heights
and enantiomer concentrations, were constructed
over the concentration range of 2.5 to 75 ug/mL.
Duplicate samples were prepared at each of six con-
centrations, and the peak height values for each
enantiomer were averaged. The peak height
responses were linear over this concentration range
with coefficients of determination (r?) of 0.998
observed for both the R- and S-CP derivatives. The
overall efficiency of the extraction and derivatization
was found to be approximately 38%. To minimize
errors due to any variation in the overall efficiency of
the process, standard curves were always constructed
with each of samples.

Figure 4 shows the plasma CP enantiomer con-
centration-time curves for two rabbits following the
i.v. and i.p. administrations. The AUC and T4
values obtained from these curves are shown in Table
2. Figure 4 shows that for rabbit No. 1, following
i.p. administration, the observed plasma concen-
tration of R-CP was consistently greater than the S-
CP concentration. The R-CP:S-CP ratio increased
from 1.8:1 to 2.5:1 during the course of this exper-
iment (Fig. 5). The higher concentrations of R-CP
are also reflected in the AUCR: AUC; ratio (2.5:1)
(Table 2). Following i.v. administration to this
rabbit, the first plasma sample analyzed showed that
the enantiomer concentrations were identical but
after 1hr the R-CP:S-CP ratio had increased to
2.7:1. This increase in the R/S ratio was apparently
due to an elimination half-life of the S enantiomer
that was twice that for the R enantiomer, 16 min
versus 30 min, respectively (Table 2). The studies
with rabbit No. 2 yielded differences in the plasma
concentrations and elimination half-lives of R- and
S-CP that were not as pronounced as with rabbit No.
1 for both routes of administration (Figs. 4 and 5 and
Table 2). However, for the i.p. route of adminis-
tration, the R/S-CP ratio throughout the analysis
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Fig. 4. Plasma concentration-time profile of R- and S-CP for two rabbits (No. 1 and No. 2) dosed either

i.v. or i.p. with (R,S)-CP at 45 mg/kg. Panels A and B are the profiles observed with rabbit No. 1

following i.p. and i.v. administrations respectively (i.v. administration was given 8 weeks after i.p.

treatment). Panels C and D are the profiles observed with rabbit No. 2 following i.p. and i.v.

administrations respectively (i.v. administration was given 8 weeks before i.p. treatment). Dosing and
blood collection procedures are given in Materials and Methods.
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with both rabbits was greater than the ratio obtained
after i.v. administrations of (R,S)-CP, with the larg-
est difference observed between 5 and 30 min (Fig.
5). The significance of the stereoselective differences
observed in these studies will require a larger study
involving more rabbits and the use of a cross-over
administration technique.

The i.p. bioavailabilities of R-CP and S-CP were
46 and 36%, respectively, in rabbit No. 1 (Table 2).
In rabbit No. 2 the i.p. bioavailabilities of both
enantiomers were substantially higher; on the other
hand, the bioavailability of R-CP was again greater
than that observed for S-CP (81% for R-CP and 63%
for S-CP; Table 2). Of greater interest, however, are
the values of the ratio of the areas under the curve
(AUCg: AUC;) following i.p. administration which
were greater than the value observed following i.v.
administration, in both animals.

Because the disposition of the CP enantiomers,
following i.p. administration, proceeded with some

gree of stereoselectivity, oral-dosing experiments
were conducted. Two rabbits were used in this exper-
iment, and the results are shown in Fig. 6. This figure
shows the presence of only the R enantiomer which
reached a maximum concentration of 3—4 ug/mL
after approximately 30 min and thereafter decreased
to levels below the limit of detection (0.5 ug/mL)
after 2.5 hr. The S antipode was detectable only in
the region of the highest concentrations of the R
enantiomer, which were 3-4 ug/mL at 25-50 min
after administration. The concentrations of the §
enantiomer in plasma following oral administration
were not reported because they were below the limit
of quantitation (0.5 ug/mL). These values for the
maximum concentrations of R-CP and S-CP cor-
respond to a minimum ratio of the concentration of
the two enantiomers of 6: 1. These results suggest a
large stereoselective effect in the first-pass metab-
olism of (R,S)-CP which was similar but more dra-
matic than the stereoselectivity observed following

17 541
15 11 374

670
589
* Rabbit No. 1 was treated with (R,S)-CP by i.p. administration initially and by i.v. administration 8 weeks later. Rabbit No. 2 was treated with (R,S)-CP

by i.v. administration initially and by i.p. administration 8 weeks later.

t Bioavailability = (AUC,, /AUC,, )-100.

Rabbit
No. 2
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Fig. 6. Plasma concentration—time profile of R-CP in two

rabbits (No. 3 and No. 4) following oral administration of

45 mg/kg of (R,S)-CP. S-CP was detectable in samples

obtained between 25 and 50 min in each rabbit, but the

concentration was not quantified because the level was
below the limit of quantitation.

thei.v. and i.p. dosing experiments. The AUC values
for R-CP for each rabbit 271 and 265
(pg-mL "1} -min, while the T,/ g values were 48 and
49 min. The variability in the disposition of R-CP
between these two rabbits was less than in the ani-
mals used for the i.p. and i.v. dosing experiments.

It was not possible to assess the absolute oral
bioavailability of the R-CP isomer in these two rab-
bits since they did not receive i.v. doses. A full oral
biovavailability study is being initiated and the results
will be presented at a later date. Nevertheless, the
presence of dramatic stereoselectivity in the handling
of (R,S)-CP following i.p. and oral administration
and the demonstration that CP is initially metab-
olized by the hepatic cytochrome P450 mono-
oxygenases [4], which have been shown to be
stereoselective in the metabolism of some chiral sub-
strates [10], suggest that these hepatic enzymes may
be involved in the stereoselective metabolism of CP.
This possibility was examined in a study by Cox ef
al. [14] who reported that rabbit liver microsomes
exhibit a marked stereoseictive preference for
metabolism of the S-enantiomer over the R-enanti-
omer of CP after incubation of liver microsomes with
a pseudoracemic mixture of the CP enantiomers. To
determine if our chiral derivatization assay would
yield results similar to those of Cox et al. [14], wha
had used mass spectrometry to quantitate enanti-
omeric differences, a similar study was performed
with sample analysis by our methodology.

It was observed that the S-CP enantiomer was
preferentially metabolized at each time point of the
experiment (Fig. 7). While the percentage of R-CP
in the reaction mixture has decreased 29% after
30 min, after which no further metabolic conversion
was observed®, the percentage of S-CP in the reac-
tion mixture had decreased by 67% after 30 min and

* It has been shown by Tsui er g/, [20] that no chiral
inversion of the CP enantiomers occurs during in vitro
incubations of liver microsomes with the individual enanti-
omers.
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Fig. 7. Stereoselectivity in the metabolism of (R,5)-CP by
rabbit liver microsomes. Microsomal protein (1.5 mg) was
incubated with 200 ug of (R,S)-CP at 37° as described in
Materials and Methods. Each value is the mean of duplicate
determinations. Key: (@) R, (O) S, and (M) R/S ratio.

continued to decrease such that only 20% remained
after 60 min, at which point the experiment was
terminated. At the end of the incubation (1 hr), the
R-CP:S-CP ratio was 4.5:1. The various control
incubations included in this experiment showed no
changes in the concentrations of derivatized CP
enantiomers indicating that (a) no degradation of the
enantiomers occurred during the 60-min incubation,
(b) NADPH was required for expression of enzy-
matic activity, and (c) R- and S-CP were equally
extractable from both the microsomal suspension
and plasma samples.

Following the rabbit experiments, plasma samples
obtained from nine cancer patients treated i.v. with
(R,5)-CP were examined. Table 3 shows the CP
enantiomer concentrations found in these patient
samples at various time points between the end of
drug administration {zero time) and up to 4 br after
drug administration. The concentration of each
enantiomer decreased from 60 to 2 ug/mL during the
4-hr period. Between patients there was substantial
variation in the enantiomer concentrations deter-
mined at each time point, with the greatest variation
occurring at 30 min where both the R- and S-CP
concentrations ranged from 3 to 17 ug/ml.
However, Table 3 shows that the R-CP:§-CP ratio
in each patient sample was close to 1:1 at all times,
illustrating the lack of any stereoselectivity in the
disposition of the CP enantiomers following i.v.
administration of the racemate to humans. This find-
ing is similar to the results of a previous study in
which cancer patients were treated with the indi-
vidual enantiomers as well as the racemic mixture by
i.v. injection [13].

It should be noted that there have been no studies
to date which have explored the stereoselectivity in
the disposition of the CP enantiomers following oral
administration to humans. In light of the data pre-
sented here using rabbits and because CP is also
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Table 3. R/S Ratios and concentrations of CP isomers in plasma samples obtained from nine cancer patients treated
with cyclophosphamide

Concentrations of R- and S-cyclophosphamide (ug/mL) and the R/S ratio

Patient Sampling times (min)
Pre-dose 0 5 7 10 15 20 30 60 120 180 240
1 R * 329 i 30.8 t T 9.8 t ¥ T t T
S * 33.1 T 30.7 T i 9.9 + T + + T
R/S * 0.99 t 1.00 t + 0.99 t ¥ ¥ il
2 R * t * + t T T t 130 5.5 + +
S * i * T T t + t 148 5.7 i T
R/S * + * T il t T t 0.88 0.96 + +
3 R * + * T + 11.0 T 8.6 7.2 6.5 t T
N * t * i i 10.9 + 8.5 6.9 6.5 + t
R/S * T * t t 1.01 + 1.01 1.04  1.00 T ¥
4 R * T * + + 17.0 T 13.4 t t + T
S * T * t i 17.2 T 14.2 + + + T
R/S * i * t il 0.99 t 0.94 t t i ¥
5 R * T * t T 18.1 T 17.4 13.3 9.5 8.0 2.3
S * t * ¥ + 17.8 + 17.1 13.8 103 9.2 3.1
R/S * t * t + 1.02 t 1.02 096 092 087 0.74
6 R * t * T T * t * i 6.2 T i
S * + * T t * t * + 6.9 + t
R/S * T * i i * t * ¥ 0.90 + +
7 R * + i T 5.6 + 53 4.1 3.6 33 2.7 2.0
N * il t + 5.6 t 5.5 4.3 4.0 3.6 2.9 2.2
R/S * t T ¥ 1.00 0.96 0.95 090 092 093 091
8 R * * * i t 13.2 ¥ 11.5 6.4 + T ¥
S * * * T t 13.1 t 12.4 6.3 T T t
R/S * * * T T 1.01 ¥ 0.93 1.02 1 ¥ T
9 R * T 60.0 T T 8.9 t 3.1 t T + +
S * i 60.3 t T 8.9 T 2.9 + + i T
R/S * t 1.00 i t 1.00 t 1.07 t + T t
Mean values
R 0.00 329 600 308 56 136 7.6 9.7 7.6t 6.2 5.4 2.2
(SEM) (L7 2.2) 2.00 1.0
S 331 603  30.7 5.6 136 7.7 9.9 7.8t 6.6 6.1 2.7
(SEM) (1.7) 2.3) 2.1 (1.1
R/S 099 100 1.00 100 1.00 099 0.98 097 094 089 0381

* Samples with no detectable drug.
+ Time points at which no sample was collected.

i Outlier values for patient 2 at 60 min were omitted from the analysis.

administered orally to cancer patients, it would be
of great interest to investigate the disposition of R-
and S-CP following this route of administration in
humans. Studies addressing this question have been
initiated in our laboratories.

In conclusion, the HPLC-based procedure
described can easily quantify CP enantiomer levels
in the plasma of humans and rabbits treated with
(R,S)-CP. This method does not require use of deu-
terated analogs or expensive and time-consuming
GC-MS and NMR methodologies. Additionally, this
method has been shown to be sensitive and suitable
for application to pharmacokinetic studies involving
numerous subjects and samples.

Preliminary results from the experiments with rab-
bits indicate that (R,S)-CP undergoes significant ster-
eoselective first-pass metabolism following i.p. and

oral administration. Experiments with liver micro-
somes indicate that hepatic cytochrome P450 mono-
oxygenases may be partially responsible for this
stereoselectivity. However, the negigible levels of S-
CP in plasma, compared with R-CP levels, following
oral administration to rabbits suggest that the intes-
tinal monooxygenases may also be involved. Because
of the significant role that cytochrome P450 mono-
oxygenases appear to play in the stercoselective
disposition of CP enantiomers through their par-
ticipation in the first-pass metabolism of this drug,
further studies with cancer patients receiving oral
doses of (R,S)-CP are needed to determine if the
human hepatic monooxygenases exhibit similar ster-
eoselectivity.
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