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cellular enzymes, presumably phosphatases and
phosphoramidases. Selective toxicity was to be achieved
because the concentrations of these enzymes was believed to
be much higher in tumor cells as compared to normal cells
(24).

Cyclophosphamide itself exerts minimal alkylating activity
and does not exert a cytostatic effect in vitro, but it does exert
its biological effect following in vivo activation to metabolites
capable of alkylation, indicating that the enzymes responsible
for its activation are not present in the tumor tissue itself
(4â€”8, 18). Investigations in several laboratories (6â€”8, 12, 13,
18) revealed that cyclophosphamide activation takes place in
the liver and that various other organs, prostate acid
phosphatase, renal alkaline phosphatase, and spleen
phosphoramidase are not capable of activating
cyclophosphamide. In contrast, 1 laboratory has reported that
activation of cyclophosphamide takes place not only in liver,
but also in bone marrow, kidney, several experimental tumors,
and various solid human carcinomas (29). Subcellular
distribution studies showed that hepatic activation takes place
in the microsomes and that NADPH and oxygen are required
for this purpose (8, 12).

In vivo studies revealed that phenobarbital stimulates and
SKF 525A,2 2 ,4-dichloro-6-phenylphenoxy
ethyl-diethylamine, and chloramphenicol inhibit the
metabolism of cyclophosphamide to its active alkylating form
or forms (6, 7, 14, 26, 35, 37). Recently, it has been reported
that in vitro hepatic microsomal metabolism of
cyclophosphamide was inhibited by (a) carbon monoxide, (b)
the interruption of the microsomal electron transport chain by
cytochrome c or p-hydroxymercuribenzoate, and (c) several
well-known substrates for hepatic microsomal enzymes,
including hexobarbital , p-nitroanisole , testosterone, and
cortisol (1 1, 12). Furthermore, hepatic microsomes obtained
from male rats metabolized cyclophosphamide at a much
faster rate than did similar preparations from female rats, and
enzymatic activity was markedly increased by phenobarbital
pretreatment (I 1, 12).

These findings all strongly suggest that the hepatic
microsomal enzyme system(s) which oxidatively metabolize
many drugs as well as endogenous steroids and which have
come to be known collectively as the hepatic microsomal
mixed-function oxidases (21â€”23, 33, 34) also metabolize and
thus activate cyclophosphamide.

The investigations reported in the current manuscript were
undertaken in an attempt to provide rpore information
regarding the characteristics of cyclophosphamide metabolism

2 The abbreviation used is: SKF 525A, 2-diethylan-iinoethyl

2,2-diphenylvalerate; norHN2, bis(2-chloroethyl)amine hydrochloride.

SUMMARY

The conversion of cyclophosphamide to its alkylating
metabolite(s) by microsomes obtained from male rat liver was
characterized. Under the conditions used, the reaction was
found (a) to be temperature dependent; (b) to be enzyme
concentration dependent; (c) to proceed in a linear fashion for
20 mm; (d) to be localized to the hepatic microsomal fraction
(no activitywasfoundin Walker256carcinosarcomacell
fractions or in thymus, adrenal, and kidney cell fractions); (e)
to require NADPH (NADH could not serve as an electron
donor); (/) to be inhibited by carbon monoxide; (g) to be
inhibited noncompetitively by nicotinamide; and (h) to be
greatly depressed if previously frozen rather than fresh
microsomes were used. Cyclophosphamide bound to
microsomal hemoprotein elicited a Type I spectrum. As
determined by a Lineweaver-Burk plot, the Vmax was 4.20
pmoles/g/hr and the Km was 1.39 mM . Microsomes from livers
of female rats and mice metabolized cyclophosphamide with a
@â€˜maxof 0.66 and 9.69 jimoles/g/hr, respectively, and a Km of

0.67 and 0.68 mM , respectively. Cyclophosphamide inhibited
metabolism of ethylmorphine competively and vice versa. The
K1's when each was used as an inhibitor for the other's
metabolism equaled their respective Km'5. These findings and
2-substrate kinetic studies support the conclusion that the
same enzyme system or systems with a common rate-limiting
step catalyze the biotransformation of cyclophosphamide,
ethylmorphine, and many other drugs in rat liver. While large
differences in rates of metabolism were observed in vitro
between male and female rats, proportional differences were
not found in vivo as estimated by blood levels of alkylating
activity following a single injection of cyclophosphamide i.p.

INTRODUCTION

Cyclophosphamide is an antineoplastic agent which has
been used with some degree of success in the treatment of
certainhumanneoplasias.Thiscompoundisa nitrogenmustard
derivative and is thought to exert its therapeutic effect via
alkylation. The drug was originally synthesized as the
â€œtransportâ€•form of a drug which would be activated by
enzymes within target (tumor) cells (3). That is,
cyclophosphamide itself was to be inactive as an alkylating
agent and hence as an antineoplastic agent but was to be
converted to the active alkylating and antineoplastic agent by

I This research was supported by USPHS Grant GM 15477. Part of

this material appeared in abstract form (40). This is Paper 1 of the
series, â€œCyclophosphamideMetabolism.â€•
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by hepatic microsomes and to determine kinetically whether
or not the same enzyme system which is responsible for the
metabolism of so many other drugs is also operative in the
metabolism of cyclophosphamide.

MATERIALS AND METHODS

Animals and Tissue Preparation. Male and female Holtzman
rats (200 to 300 g), obtained from Holtzman Laboratories,
Madison, Wis., and female Swiss-Webster mice (23 to 27 g),
obtained from Simonsen Laboratories, White Bear, Minn., were
used in all experiments except those in which 100- to 110-g
male Holtzman rats were given injections i.m. of Walker 256
carcinosarcoma ascites cells. In all experiments, the animals
were fed a standard chow diet ad libitum. All animals were
sacrificed between 8 and 9 a.m.

Animals were stunned by a blow to the head, decapitated,
exsanguinated, and quickly hepatectomized, after which the
excised livers were placed in ice-cold 1.15% KCI solution. All
further procedures for the preparation of the enzyme were
carried out at 0â€”4Â°. Livers were perfused with 1.15% KC1
solution prior to hepatectomy to remove hemoglobin in those
experiments where the binding characteristics of
cyclophosphamide to microsomal hemoprotein were to be
determined.

A 25% whole-homogenate fraction was prepared in 1.15%
KC1 solution using a Dounce homogenizer fitted with a loose
plunger ( 15 strokes). The homogenate was transferred to
polypropylene centrifuge tubes and centrifuged at 9000 X
g@5x for 20 mm in a refrigerated Lourdes centrifuge, Model
LRA (Rotor No. 9RA). The supernatant fraction, containing
the microsomal and soluble fractions, was diluted so that 1 ml
contained the equivalent of 250 mg of liver tissue. Microsomal
pellets were prepared by centrifuging the 9000 X g
supernatant fraction in a Spinco Model L ultracentrifuge
(Rotor No. 50) at 105,000 X gaverage for 60 mm at 2 Â±2Â°
and suspending the resultant pellet in 1.15% KC1 so that 1 ml
of the suspension contained microsomes from 250 mg of wet
liver. Except where indicated all fractions were used on the
day they were prepared.

Walker 256 carcinosarcoma tissue was obtained from male
Holtzman rats 9 days after the i.m. injection of 1 million
ascites tumor cells into the hind legs of these rats. Average
tumor weight at this time was 13.83 g. Walker 256
carcinosarcoma tissue fractions were prepared in the same way
as liver fractions, except that a Sorvall Omni-Mixer
homogenizer was used to homogenize the tissue. Adrenal,
kidney, and thymus tissue fractions were prepared in the same
way as liver tissue fractions.

Incubation Mixture. The microsomal enzyme reactions
studied included the conversion of cyclophosphamide to
metabolites capable of alkylating 4(p-nitrobenzyl)pyridine and
the N-demethylation of ethylmorphine. The standard
complete reaction mixture contained the following
constituents adjusted to pH 7.4 in 25-ml Erlenmeyer flasks:
NADP (sodium salt, Sigma Chemical Co., St. Louis, Mo.) (2
jimoles), glucose 6-phosphate (disodium salt, Sigma) (20

pmoles), glucose 6-phosphate dehydrogenase3 (2 enzyme
units), semicarbazide hydrochloride (37.5 pmoles) when
formaldehyde formation resulting from ethylmorphine
metabolism was assessed, phosphate buffer (200 pmoles),
magnesium chloride (10 j.zmoles), substrate4 (either
cyclophosphamide or ethylmorphine, or both), microsomes
obtained from 250 mg of wet liver, and sufficient 1.15% KC1
solution to make a final volume of 5 ml.

All reactions were started by addition of the microsomal
preparation. The mixture was incubated by shaking (120
oscifiations/min) at 37Â°in open 25-ml Erlenmeyer flasks in a
Dubnoff metabolic shaker for 15 mm.

Variations of the standard reaction mixture and the
incubation protocol are described for the particular
experiment presented.

Formaldehyde Determination. Formaldehyde produced
from the oxidative N-demethylation of ethylmorphine was
determined by a slight modification of the method of Nash
(36). The reaction was stopped by the addition of 2 ml of a
5 .5% ZnSO4 7H2 0 solution to the reaction mixture, followed
by 2 ml of 4.5% Ba(OH)2 8H2 0 solution. After
centrifugation, S ml of the supernatant were mixed with 3 ml
of double strength Nash's reagent, color was developed for 20
mm at 60Â°, and readings were made at 4 12 mp in a Beckman
Model B spectrophotometer.

Colonmetric Estimation of Nitrogen Mustards Capable of
Alkylation. Conversion of cyclophosphamide to metabolites
capable of alkylating 4(p-nitrobenzyl)pyridine was
determined, with some modification, by a method described
by Epstein et a!. (17) and applied by Friedman and Boger
(19). The reaction was stopped by the addition of 2 ml of a
5.5% ZnSO4 . 7H2O solution to the reaction mixture,
followed by 2 ml of a 4.5% Ba(OH)2 - 8H20 solution. After
centrifugatiom, 3 ml of the supernatant were transferred to
screw-capped test tubes containing I ml of 0.2 M acetate
buffer, pH 4.0. The pH at this point must be around 4.0 for
maximum color development. To this was added 0.4 ml of 5%
4(p-nitrobenzyl)pyridine (Aldrich Chemical Co., Milwaukee,
Wis.) solution. The mixture was placed in a boiling water bath
for 20 mm, after which it was cooled to room temperature. To
it were added 7 ml of an ethyl acetate-acetone solution (5:2),
followed by 1.5 ml of 5.0 N NaOH solution. The phases were
allowed to separate, and 3 ml of the upper organic phase were
placed into a stoppered cuvet with a 1-cm light path. Readings
were made at 540 mji in a Gilford 2400 spectrophotometer
exactly 6 mm after the introduction of 5.0 N NaOH, since the
color that forms is unstable in light. For this reason, all
procedures starting with the addition of 5 .0 N NaOH were
carried out with minimal light. norHN2 (Aldrich) was used as
the standard. Enzyme activity is expressed as micromoles of

3One enzyme unit will reduce 1 @@moleof NADP/min at pH 7.4 and
25Â°; obtained from Boehringer Mannheim Corp., New York, N.Y.

4 For determination of Michaelis-Menten kinetic constants, 0.55 to

1.38 mM of cyclophosphamide and 0.1 to 0.5 mM of ethylmorphine
hydrochloride were used. For all other experiments, 1.38 mM
cyclophosphamide and 2.0 mM ethylmorphine hydrochloride were
used. Ethylmorphine hydrochloride was obtained from Mallinckrodt
Chemical Works, New York, N.Y. Commercially available
cyclophosphamide (Cytoxan) manufactured by Mead Johnson and Co.,
Evansville, md., was used.
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Cyclophosphamide Metabolism by Hepatic Microsomes

alkylating products (norHN2 equivalents) formed/g/hr. Under
the conditions of this assay and in the concentrations used,
cyclophosphamide itself reacted with 4(p-nitrobenzyl)pyridine
to a small extent and thus produced a limited amount of color;
the latter was constant and directly proportional to
cyclophosphamide concentration . Color formation due to
cyclophosphamide itself was determined and subtracted in all
experiments.

Binding Studies. Difference spectra produced by binding of
cyclophosphamide to microsomal hemoprotein were
determined in a Shimadzu recording spectrophotometer,
Model MPS-50L. Microsomal preparation (1 .0 mg protein/ml)
in 0.3 M phosphate buffer, pH 7.5, was added to both the
sample and reference cuvet, and a base line was established.
Cyclophosphamide, in a volume of 10 j.zl, was added to the
sample cuvet (final concentration, 1.45 mM), and the
difference spectra were scanned between 350 and :500 mp with
an optical density range of â€”0.1to +0.1 A. Protein content of
microsomal suspensions was determined by the method of
Lowry et a!. (32).

Estimate of Cyclophosphamide Metabolism in Vivo. Rats
were given injections i.p. of cyclophosphamide, 400 mg/kg, in
a volume of 2.6 ml. Blood samples (0.3 ml) were collected
from the tail vein in a heparinized pipet at 0, 10, 20, 30, 40,
60, and 120 mm after the introduction of cyclophosphamide.
The blood samples were placed in centrifuge tubes containing
2.7 ml 0.01 M phosphate buffer, pH 7.4. One ml of a 5.5%
ZnSO4@ 7H20 solution was added, followed by 1 ml of a
4.5% BA(OH)2 . 8H2 0 solution. After centrifugation, 3 ml of
the supernatant were transferred to screw-capped test tubes
containing 1 ml of 0.2 M acetate buffer, pH 4.0. Alkylating
activity was then determined as described above.

Estimate of Tumor Weight. The tumor-bearing hind leg and
the contralateral leg were cut off at the head of the femur. The
difference in weight was taken as an estimate of tumor weight.

Data Analyses. The statistical analyses used have been
described by Dixon and Massey (15). For the analysis of
enzyme kinetic data, reciprocal velocities were plotted
graphically against the reciprocals of substrate concentrations
as described by Lineweaver and Burk (3 1), and any points
which deviated greatly from linearity were discarded. The
remaining data were analyzed according to the method of
Wilkinson (42). All calculations were done by an Olivetti 101
computer with a program which provided values of the
M.ichaelis constant (Ku,), maximal velocity (Vmax), and the
standard error of their estimates. Inhibition was interpreted as
being competitive when the maximal velocities (no inhibitor
versus inhibitor) were not significantly different (p < 0.05).

RESULTS

The initial experiments were designed to establish and
characterize the enzymatic nature of cyclophosphamide
conversion to alkylating metabolites by hepatic microsomes.
In this regard, the reaction was found to be temperature
and enzyme concentration dependent. Alkylating metabolites
were readily formed when incubation was carried out at 37Â°,
but no detectable alkylating metabolites were formed when an

identical incubation was carried out at 4Â°, and product
formation was directly proportional to microsomal concentra
tion. The reaction was approximately linear for 20 mm, after
which it fell off slightly; for this reason, 15-mm incubation
periods were routinely used. The pH optimum was found to be
at approximately 7.4 and to be quite sharp (Chart 1); for this
reason incubations were routinely carried out at a pH of 7.4.
NADPH was required as a cofactor; no product was formed
when NADH was used instead.

As discussed under â€œIntroduction,â€•several findings suggest
that the hepatic microsomal enzyme system or systems which
oxidatively metabolize many drugs may also metabolize
cyclophosphamide. Furthermore, the observation that the in
vitro metabolism of cyclophosphamide is only linear for 20
mm is also suggestive of a reaction catalyzed by hepatic
microsomal mixed-function oxidases, since this is the time
period of linearity for the metabolism of many drugs when
microsomes are obtained from the livers of male rats. In
agreement with a previous report (1 2), subcellular distribution
studies using cyclophosphamide and ethylmorphine as
substrates indicated that the enzyme(s) that catalyzes the
metabolism of these 2 compounds is (are) localized to the
microsomal fraction (endoplasmic reticulum). No detectable
cyclophosphamide metabolism was observed when tissue
fractions from Walker 256 carcinosarcoma (grown i.m.), rat
thymus, rat adrenal, or rat kidney were used.

Many studies have implicated the involvement of a
microsomal hemoprotein, cytochrome P450, in the hepatic
metabolism of drugs; these have been reviewed several times

U,

0
E

Chart 1. Metabolism of cyclophosphamide by rat hepatic
microsomes: product formation versus pH of incubation mixture.
Cyclophosphamide concentration was 1.38 mM.

pH
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would bind to this hemoprotein and give a characteristic
difference spectrum. Chart 2 shows that cyclophosphamide
interacts with microsomal hemoprotein to give a difference
spectrum typical of Type I compounds. Microsomes from
phenobarbital-treated male rats were used because microsomes
obtained from untreated male rats, while indicating Type I
binding, did not give a difference spectrum of sufficient
magnitude to establish this fact unequivocally.

The Michaelis-Menten kinetic constants for
cyclophosphamide metabolism by hepatic microsomes are
summarized in Table 1. Freshly prepared microsomes obtained
from adult male rats metabolize cyclophosphamide with a

@@maxof 4.2 imoles/g/hr and a Km of 1.39 mM . If this same
microsomal preparation is stored at â€”5Â°for 3 days and then
assayed for enzyme activity, the Vm ax drops to 1.19
jimoles/g/hr, although the K@ remains the same. The loss of
activity when microsomal preparations obtained from adult
male rats are frozen has been observed for the metabolism of
many Type I drugs. Thus, freshly prepared microsomal
fractions were routinely used. Microsomes obtained from
female rats and female mice metabolized cyclophosphamide at
a much slower and a much faster rate, respectively, than did
similar preparations obtained from male rats. This is again
characteristic for the metabolism of many drugs of the Type I
classification (23). Moreover, the K@ obtained when
microsomes from female rats or mice were used was
approximately one-half that obtained when microsomes from
male rats were used.

The current values for the Km and @max for the
metabolism of cyclophosphamide by hepatic microsomal
preparations obtained from adult male rats are significantly
different from those obtained by Cohen and Jao (12). With
essentially the same incubation conditions used in the present
experiments, these investigators obtained a Vmax of about 0.5
imole/g/hr and a Km of 7.0 mM. However, potentially
important differences in enzyme concentration and buffer
concentration do exist. Cohen and Jao used male Holtzman
rats weighing approximately 150 g, whereas we used male
Holtzman rats weighing approximately 220 g. It has been
shown that hepatic microsomal preparations from the latter
metabolize many drugs at a faster rate (approximately 2 times
as fast) (16). Cohen and Jao do not indicate for how long
incubation was carried out, although they express their results
in terms of rate/g/hr. In the present experiment, the reaction
was only linear for 20 mm, @ilthoughCohen and Jao mention

Table 1

SourceTreatmentVmax (zmoles/g/hr)Km(mM@Male

ratsFreshly prepared4.20 Â±0.381.39 Â±0.07Female
ratsFreshly prepared0@66a@ @0.67aÂ±0.03Female
miceFreshly prepared9â€¢69a@ 0.720â€¢68a@ 0.07Male

ratsFrozen1@19a@ 0.281.53 Â±0.15

N E. Sladek

(21 â€”23, 33 , 34). For example, carbon monoxide combines
with cytochrome P450 and is also known to inhibit the
metabolism of many drugs. Moreover, light reverses the
inhibitory effect of carbon monoxide on the metabolism of
these drugs; the wavelength at 450 mp produces the maximum
effect. As reported previously (I 1, 12), carbon monoxide
inhibited cyclophosphamide . metabolism by hepatic
microsomes.

Drugs and other chemicals combine with hepatic
cytochrome P450 to produce difference spectra of 2 general
types, Type I and Type II (34). Compounds giving Types I or
II difference spectra with hepatic microsomes have come to be
known as Type I or Type II compounds. Type I compounds
give a difference spectrum with a Amax in the general range of
385 to 390 mj.i and a@ in the equally broad range of 418
to 427 m@.z;the Xmax and X@,1 given by Type II compounds
are 425 to 435 and 390 to 405 mp, respectively. Examples of
Type I compounds include ethylmorphine and hexobarbital;
an example of a Type II compound is aniline. Since the
previous experiments indicated that cyclophosphamide was
metabolized by hepatic microsomal mixed-function oxidases,
of which cytochrome P450 is thought to be a part, it was
deemed of interest to determine whether cyclophosphamide

Chart 2. Difference spectrum produced by the binding of
cyclophosphamide to rat hepatic microsomal cytochrome P450.
Microsomes were obtained from male rats given injections i.p. of
phenobarbital sodium in 0.9% NaCl solution, 40 mg/kg, once daily for
4 days. Rats were sacrificed 20 hr after the last injection of
phenobarbital. The concentration of cyclophosphamide was 5.8 mM.

a)
UC0

.0

0U,-a

0.03

0

-0.03

I@ I

350 390 430 470

Wavelength (mp)

Kinetics of cyclophosphamide metabolism by hepatic microsomes
In those experiments in which microsomes were frozen before use, freezing was at â€”5Â°for 3

days. Each value represents the mean Â±S.E. ofat least 3 animals.

aStatisti@lly different from values obtained when freshly prepared microsomes from male
rats were used (p < 0.05).
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DrugKm (mM)K.(mM)Cyclophosphamide

Ethylmorphine1.48
Â±0.29

0.21 Â±0.041.75â€•
Â±0.13

0â€¢21b@ o@o1

Cyclophosphamide Metabolism by Hepatic Microsomes

that with their system the reaction is linear for 40 mm. In any
case, if the reaction is carried out for 60 mm, low estimates of

@@max@ result. Each of these factors or any combination of

them may serve to explain the differences in the maximal
velocities obtained. Another difference is that the current
velocities are calculated using norHN2 as a standard, whereas
Cohen and Jao used HN2 as the standard. The discrepancy in
calculated velocities could be explained if HN2 had a much
higher extinction coefficient than does norHN2. However, in
our assay system such is not the case; in fact, HN2 has a
slightly lower extinction coefficient than does norHN2.

More difficult to explain is the difference in apparent Km,
since none of the previous considerations should affect this
constant. A major difference in the 2 assay systems was the
use of 16.65 mM nicotinamide by Cohen and Jao. At this
concentration, nicotimamide is known to competitively inhibit
the metabolism of aminopyrine and to inhibit aniline
metabolism in a manner indicative of mixed-type inhibition;
these compounds are routinely used in the study of hepatic
microsomal mixed-function oxidases. The K1for the inhibition
of aminopyrine metabolism was found to be about 20 mM
(39). If nicotinamide competitively inhibited
cyclophosphamide metabolism with a similar K1, the apparent
Km obtained would be considerably greater than that obtained
in the absence of nicotinamide. On the other hand, if
nicotinamide noncompetitively inhibited cyclophosphamide
metabolism, the apparent Vmax would be lower than that
obtained in the absence of nicotinamide. Mixed-type
inhibition would give a Kr,, greater and a @max lower than
that obtained in the absence of nicotinamide. Chart 3 shows
that nicotinamide inhibits cyclophosphamide metabolism
moncompetitively with a K1of 25 mM . This finding, too, could
serve to explain the differences in the Vmax obtained by our
laboratory and by that of Cohen and Jao. No obvious
explanations account for the differences in Km.

If the same hepatic microsomal mixed-function oxidase
system metabolizes both ethylmorphine and
cyclophosphamide (Le. , both compounds compete for the
same enzymatic site), 2 criteria must be met. Each compound
must competitively inhibit the metabolism of the other, and
the inhibition constant (K1) for each must not differ from the
respective Michaelis constant (Km); i.e. , the K1 for
cyclophosphamide when used as an inhibitor of ethylmorphine
metabolism must be the same as its Km when used as a
substrate, and, similarly, the K@for ethylmorphine when used
as an inhibitor of cyclophosphamide metabolism must be the
same as its Km when used as a substrate. In the present
experiment, ethylmorphine was found to competitively inhibit
the metabolism of cyclophosphamide, with a K. of 0.21 mM;
cyclophosphamide competitively inhibited N-dealkylation of
ethylmorphine, with a K. of 1.75 mM. Furthermore, the Km
for cyclophosphamide metabolism and the K1 for the
inhibition of ethylmorphine metabolism by cyclophosphamide
were not significantly different, and neither were the Km for
ethylmorphine metabolism and the K1 for the inhibition of
cyclophosphamide metabolism by ethylmorphine (Table 2).

Further evidence that the same hepatic microsomal
mixed-function oxidase system metabolizes both
ethylmorphine and cyclophosphamide was provided by kinetic

â€˜C

â€”.

E

[Cyclophosphomid.]

Chart 3. Lineweaver-Burk plot of the inhibition of
cyclophosphamide metabolism by nicotinamide. Microsomes from
untreated male rats were used. The concentration of cyclophosphamide
is expressed as moles/liter. Vm@, Km, and K1 are 4.16 j.@moles/g/hr,
1.38 mM, and 25.0 mM, respectively. I 0 (.â€”.); I = 10 mM
nicotinamide (0- - -o).

Table 2
Metabolism ofcyclophosphamide and ethylmorphine by rat

hepatic microsomes:Km versusK.
Microsomes from untreated male rats were used. When used as

inhibitors, cyclophosphamide and ethylmorphine were present at a
concentration of 1.38 and 0.2 mM, respectively. Each value represents
the mean Â±S.E. of 3 determinations. The same microsomal preparation
was used to obtain 1 value for each of the 4 constants, but each set of
constants was determined 3 times with microsomal preparations
obtained from 3 different rats.

aSubstrate is ethylmorphine.
bSubstrate is cyclophosphamide.

approaches described previously (2, 9, 38, 41). If Substrates A
and B are incubated together with 1 enzyme system, with the
concentration of Substrate B being held constant while that of
A is varied, and the combined velocities of the 2 reactions are
determined, a curve will be obtained when 1/v is plotted
against l/(A), and it will intersect a similarly plotted linear line
obtained when varying amounts of Substrate A are incubated
under the same conditions without Substrate B. The intercept
can be predicted with the equation S = V'K/( V â€”11'), where S
is the concentration of Substrate A at the intercept of the 2
curves, K is the Michaelis constant of Substrate A, and V and
VI are the maximum velocities of the metabolism of Substrates
A and B, respectively. If the curves are to intersect, V must be
larger than V. If the maximum velocities are identical, the 2
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(N. E. Sladek, unpublished observations) is also catalyzed by
this same system. Thus, many drugs in addition to
cyclophosphamide appear to be metabolized by the same
system.

The in vivo metabolism of cyclophosphamide by male and
female rats was investigated because in vitro studies had
revealed that microsomes obtained from male rat liver catalyze
the metabolism of cyclophosphamide at a rate 6 to 7 times
faster than do similar preparations obtained from female rats.
If an enzyme system of the hepatic endoplasmic reticulum was
solely responsible for the conversion of cyclophosphamide to
its alkylating metabolite(s), a similar difference should be seen
in the intact animal. Such was not the case. The data presented
in Chart 5 showthat maximalblood levelsare reachedat
about 60 mm, in agreement with previous reports (6, 25), and
that the level of alkylating activity is similar in the 2 sexes 60
mm after the i.p. injection of cyclophosphamide, although at
earlier time points there is more alkylating activity in the
blood of male rats. Although 1 interpretation is that
cyclophosphamide is converted to its alkylating metabolites in
tissues in addition to the liver, no definite conclusions can be
made because such parameters as relative rates of absorption,
distribution, and excretion were not examined. Furthermore,
these experiments do not differentiate between the alkylating
activity due to the parent compound and that due to
metabolites; the former is known to exert a slight alkylating
activity in our assay procedures and is presumably present in
high concentrations relative to the metabolite concentration.

I

THEORETICALINTERCEPT

I/v

0.1

1/ [Ethylmorphine] xIO@

Chart 4. Cyclophosphamide and ethylmorphine metabolism;
2-substrate kinetic analysis. Microsomes from untreated male rats were
used. The concentration of ethylmorphine is expressed as moles/liter.
Velocites are expressed as @tmoles/g/hr and are the sum of the
measurable metabolites formed as a result of the biotransformation of
cyclophosphamide and ethylmorphine. Theoretical intercept equals
VK/(Vâ€”V), where V is the maximum velocity of cyclophosphamide
metabolism, V is the maximum velocity of ethylmorphine N-de
methylation, and K is the Michaelis constant for ethylmorphine
N-demethylation. When both substrates were used, cyclophosphamide
was present at a fixed concentration of 1.38 mM (Xâ€”X). The same
microsomal preparation was used to determine the kinetic constants for
cyclophosphamide metabolism (Lineweaver-Burk plot not shown) and
ethylmorphine metabolism (.â€”.), as well as to determine the curve
describing the combined rate of metabolism of both compounds when
1 is present at a fixed concentration and the other is present at a
variable concentration. The V ax and Km for ethylmorphine
metabolism were 16.39 ,@moles/g7hrand 0.26 mM, respectively. The
V@x and Km for cyclophosphamide metabolism were 6.50

@moles/g/hr and 1.67 mM, respectively. The calculated theoretical
intercept was 0.17 mM.

curves will merge. If 2 independent enzyme systems are
involved, 1 for the metabolism of Substrate A and the other
for the metabolism of Substrate B, the curves will not intersect
or merge at any concentration of Substrate A; that is, the total
product formation will always be greater when Substrate B is
also present. The kinetics is more complex when 1 of 2
enzyme systems present can react with both substrates. In this
case, the 2 curves may intersect, although they need not, but
the point of intersection will always be at a greater
concentration of Substrate A than that predicted by the
equation. The data presented in Chart 4 support the view that
cyclophosphamide and ethylmorphine are metabolized by the
same hepatic microsomal mixed-function oxidase system, at
least in adult male rats. Using a similar approach,
it has been demonstrated that N-demethylation of
3-methyl-4-methylaminoazobenzene (41), chlorpromazine,
imipramine, amitriptyline ( 10), N-methylaniline (1),
aminopyrine, p-chloro-N-methylaniline, and benzphetamine

. S S molirots

oâ€”@â€”ofemoli rots

0.2

0.1

Chart 5. Metabolism of cyclophosphamide in vivo by male and
female rats. Each point represents the mean Â±S.E. of 3 animals. The
rate of cyclophosphamide metabolism@ in terms of Mmoles/g/hr)
observed in vitro is included for each curve for reference purposes.

TIME POSTâ€”INJECTION(mm)
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DISCUSSION

The alkylating metabolite(s) of cyclophosphamide was
(were) estimated by the spontaneous alkylation of
4(p-nitrobenzyl)pyridine. norHN2 was used as a standard, and
all velocities determined in the current paper are expressed in
terms of pmoles of morHN2 equivalents. This means of
quantitating cyclophosphamide metabolism does not reveal
the number nor the relative amounts of the metabolites
capable of alkylation which are formed. Furthermore, these
metabolites may possess extinction coefficients different from
that of norHN2. Thus, in absolute terms, the current estimated
velocities may be somewhat in error. However, it is probable
that these metabolites have extinction coefficients quite
similar to that of norHN2, e.g., the extinction coefficient for
HN2 (nitrogen mustard) determined by the current assay
procedures is 85% of that for norHN2 (N. E. Sladek,
unpublished observations).

The identity of the proposed active form or forms of
cyclophosphamide have not yet been elucidated, although
4-ketocyclophosphamide has been isolated and identified as a
possible active form (27). Brock (6) and Hohorst et a!. (28)
reported that after the in vivo administration of
cyclophosphamide they were able to isolate and concentrate 2
phosphorus-containing metabolites from rat serum and human
urine by means of paper chromatography. Each of these
metabolites exerted an alkylating and a cytotoxic effect. The
majority of the metabolites of the serum were identical with
the product of the reaction between cyclophosphamide and
isolated liver microsomes.

While the present studies indicate that the
biotransformation of cyclophosphamide and ethylmorphine
(and probably many other drugs) is executed by 1 enzyme
system, it would seem more likely that these compounds are
metabolized by several enzyme systems which share a common
rate-limiting step, since they differ widely in structure and
more than 1 metabolite of cyclophosphamide is thought to be
formed. However, microsomal mixed-function oxidases are
thought to possess little specificity. Furthermore,
cyclophosphamide metabolites may be formed in sequence
either by the same enzyme system or by different enzyme
systems with or without a common rate-limiting step.

With the knowledge that cyclophosphamide is metabolized
by hepatic microsomal mixed-function oxidases and the
wealth of information available regarding the stimulation and
inhibition of these enzymes (21â€”23, 33, 34), experiments can
be readily designed to manipulate the metabolism of
cyclophosphamide in vivo as well as in vitro. Thus, a
commonly used inhibitor of hepatic microsomal mixed-func
tion oxidase activity, SKF 525A, has been reported to inhibit
the metabolism of cyclophosphamide to its alkylating
metabolites in vivo as well as to inhibit the formation of
metabolites cytotoxic to cells in tissue culture (8). Rauen and
Kramer (37) found that pretreatment with phenobarbital, a
well-known inducer of these enzymes, caused a marked
increase in serum levels of alkylating activity after
cyclophosphamide administration. However, neither SKF
525A nor phenobarbital had an effect on the antitumor
(Leukemia L1210) efficacy of cyclophosphamide (26), al

though SKF 525A, 2,4-dichloro-6-phenylphenoxyethyl
diethylamine, and chloramphenicol, all inhibitors of
hepatic microsomal mixed-function oxidase activity,
did reduce lethality of cyclophosphamide to mice and
rats (14, 26), while pretreatment with phenobarbital was
found to hasten the onset of lethality (12, 26). Equally
puzzling is the observation that the teratogemic effect of
cyclophosphamide may be separate from its alkylating
activity, since pretreatment with phenobarbital virtually
abolishes the teratogenic effect of cyclophosphamide and SKF
525A enhances it (20).

Although microsomes from male rat liver metabolize
cyclophosphamide at a much faster rate than do comparable
preparations from female rats, proportional differences were
not seen in vivo. In accordance with this observation, no
difference in the death rate of male and female rats was
observed after a single i.p. injection ofcyclophosphamide (12).

Lane and Yancey (30) developed a line of Leukemia Ll2 10
cells resistant to cyclophosphamide cytotoxicity. These cells
were sensitive to antimetabolites but resistant to alkylating
agents, a strong indication that the major mechanism of
cyclophosphamide cytotoxicity involves alkylation. However,
in view of the lack of correlationbetweenthe rate of
cyclophosphamide metabolism and antineoplastic activity, as
well as the lack of an explanation for the mechanism of
selective toxicity, it cannot be unequivocally concluded at this
time whether cyclophosphamide, the metabolites resulting
from hepatic microsomal mixed-function oxidase action, or
the metabolites formed by some other means are responsible
for the antineoplastic activity of cyclophosphamide.

If 2 or more metabolites of cyclophosphamide are being
formed, as several studies indicate (6, 28), and if the
metabolites and not the parent compound exert the desired
antineoplastic effect, it would not be expected that each
would have the same therapeutic index. Assuming that each
possesses a different therapeutic index, it would be desirable
to identify the metabolites in an attempt to find that which is
most useful, or, if this approach fails, to manipulate the
metabolism of cyclophosphamide with judicious use of
inducers and inhibitors so that only the more desirable
metabolite is formed. Experiments in this direction are in
progress.
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