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BIOACTIVATION OF CYCLOPHOSPHAMIDE BY HEPATIC P-450

rats induced with S-naphthoflavone (inducer of P-450 forms ¢
and d) and isoniazid (inducer of P-450j) activated CPA at rates
similar to. those catalyzed by uninduced liver microsomes. The
observed profile for microsomal CPA activation was highly
similar to the profile for P-450 PB-4-dependent (18, 21) micro-
somal androstenedione 168-hydroxylation (Fig. 4B), strongly
suggesting that the induction of CPA metabolism following
administration of phenobarbital, isosafrole, and clofibrate may
be a direct consequence of the elevation of microsomal P-450
PB-4 levels by these agents.

Antibody raised to purified P-450 PB-4 and inhibitory to its

Table 2 Microsomal activation of CPA to acrolein and to phosphoramide
mustard: effects of sex and monooxygenase induction

CPA activation (nmol/min/mg)°

Liver “C bound *H bound
microsom to BSA Induction® to DNA Induction®
UT male 0.68 + 0.12 =1.0 0.043 + 0.012 =1.0
PB male 5.37 £ 0.07 7.9 0.337 £ 0.015 78
ISF male 1.50 + 0.23 2.2 0.083 + 0.005 1.9
UT female 0.33 +0.08 =1.0 0.039 + 0.006 =].0
PB female 3.58 + 0.57 10.8 0.196 + 0.037 5.0
ISF female 0.73 £ 0.22 2.2 0.069 + 0.015 1.8

¢ Activities were determined under standard conditions with the BSA-binding
assay (using ['*CJCPA as substrate) or with the DNA-binding assay (using [°*H)
CPA as substrate) (see “Materials and Methods™). Higher activities obtained with
the BSA-binding assay reflect low efficiency of phosphoramide binding to DNA
under the conditions used. Activities are given as mean + SD for microsomal
preparations from n = 3 or 4 individual rats in each treatment group.

* Microsomes were isolated from adult male or adult female rats which were
either untreated (UT) or induced with phenobarbital (PB) or isosafrole (ISF).

€ Fold increase by PB or ISF compared to the corresponding untreated group.
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Fig. 4. Influence of monooxygenase inducers on microsomal CPA activation.
Liver microsomes isolated from adult male rats that were either untreated (UT)
or induced with PB, g-naphthoflavone (BNF), isoniazid (ISN), dexamethasone
(DEX), clofibrate (CLF), or isosafrole (ISF) were assayed for their ability to
activate [4-'*CJCPA to acrolein (A4), using the BSA-binding assay as described
under “Materials and Methods.” Parallel assays for microsomal androstenedione
16B-hydroxylation activity (B) were also performed. Data are presented as mean
+ SE (bars) for n = 34 rats/group.
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Fig. 5. Selective inhibition of microsomal CPA activation by P-450 form-
specific antibodies. Liver microsomes (40 ug) prepared from uninduced (—) or
phenobarbital-induced (----) adult male rats were incubated with varying
amounts of purified monoclonal antibodies reactive with P-450 PB-4 (MAb B4),
lysozyme (MAD Ly; used as a control for the effects of nonspecific antibody) (4)
or P-450s PB-1 and 2c (MADb D1), P-450s c and d (MADb A1), P-450j (J), or P-
450 PB-2a (C2) (B) for 30 min at 22°C as described under “Materials and
Methods.” Residual CPA activation was then measured in comparison to samples
incubated without antibody using the BSA-binding assay. Uninhibited activities
corresponded to 0.49 and 3.77 nmol metabolite/min/mg for the experiments
shown with uninduced (UT) and phenobarbital-induced liver microsomes, respec-
tively.

catalytic activities (MADb B4; see “Materials and Methods”) was
then used to probe directly for the participation of P-450 PB-4
in CPA metabolism catalyzed by these rat liver microsomes.
About 80% of the CPA activation activity of these microsomes
was specifically inhibited by this antibody (PB + MAb B4; Fig.
5A4), with little or no inhibition obtained using a nonspecific
antibody (MAb Ly) or using antibodies reactive with several
other P-450 forms (P-450 forms PB-1, 2¢c, PB-2a, c, d, and j;
data not shown).® Under these same incubation conditions,
however, less than 20% of CPA activation catalyzed by liver
microsomes prepared from uninduced rats was inhibited by
anti-P-450 PB-4 antibody (Fig. 54, UT + MAb B4), demon-
strating that P-450 PB-4 is not the primary P-450 catalyst of
CPA activation in the uninduced liver microsomes. Microsomal
CPA activation was also inhibited by polyclonal antibodies to
NADPH P-450 reductase (80% inhibition at 16 mg IgG/mg
phenobarbital-induced liver microsomes), consistent with the
known dependence of P-450 catalyzed microsomal hydroxyl-
ation reactions on that flavoprotein reductase.

CPA Activation Catalyzed by Other Purified Rat P-450 Forms.
In order to help identify the P-450 enzyme(s) that contribute
to CPA activation in uninduced liver microsomes, 11 purified
rat hepatic P-450s were assayed for CPA activation in a recon-
stituted enzyme system (Table 3). Although P-450 PB-4 was at

¢ A significant P-450 PB-5 contribution to phenobarbital-induced microsomal
CPA activation (which cannot be excluded by the antibody inhibition experiments
owing to the cross-reactivity of P-450 PB-4 with P-450 PB-5) also appears
unlikely, since P-450 PB-5 catalyzes cyclophosphamide activation at only 2.5%
the rate of P-450 PB-4 (Table 3) and even this activity might reflect a low level
contamination of P-450 PB-5 by P-450 PB-4.
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Table 3 Cyclophosphamide activation catalyzed by purified P-450 enzymes®

P-450 P-450 nmol metabolite/
enzyme gene’ min/nmol P-450
PB4 1IB1 26.1 +3.8

2c IIC11 2.72 + 0.38
PB-5 11B2 0.61 + 0.03
RLM2 11A2 0.50 £ 0.22
PB-1 11C6 0.26 + 0.09
c 1A1 0.16 + 0.09
2d IIC12 0.14

3 I1A1 0.11

g IIC13 0.09
PB-2a IIIA1 0.04

d 1A2 0.02

“ Activities determined with purified P-450 enzymes at 500 uMm ['*C]CPA, 0.5
M potassium phosphate buffer (pH 7.4), and 45 min incubation at 37°C. P-450
enzymes (10 pmol) were reconstituted with 2 ug sonicated dilauroyl-phosphati-
dylcholine and 0.7 unit NADPH P-450 reductase for 15 min at 20-22°C imme-
diately prior to assay. Activities shown for the six active P-450s are mean + SD
(n = 3-6 determinations). Similar activities were observed in assays carried out
in 0.1 M potassium phosphate buffer, pH 7.4.

® P-450 gene nomenclature is based on Ref. 13.

least 10-fold more active than the other P-450 enzymes studied,
the P-450 forms designated 2c, PB-1, RLM2, and PB-5 all
showed significant levels of CPA metabolism, while 6 other P-
450s catalyzed very low levels of CPA activation or were inac-
tive (<0.1-0.2 nmol/min/nmol P-450). P-450 PB-5 is unlikely
to contribute significantly to CPA activation in uninduced liver
microsomes since the anti-PB-4 antibody used (MAb B4) is
highly cross-reactive with PB-5 (18) yet did not inhibit CPA
metabolism in these microsomes (Fig. 54). Similarly, poly-
clonal antibodies inhibitory toward P-450 RLM2 and P-450 3
(data not shown) as well as monoclonal antibodies reactive with
several other P-450 enzymes (Fig. 5B) were noninhibitory
toward CPA activation catalyzed by uninduced liver micro-
somes. In contrast, a monoclonal antibody reactive with PB-1
and 2c (MAb D1) (and perhaps other members of P-450 family
IIC") inhibited this microsomal activity by >95% (Fig. 5B),
suggesting that one or more of these P-450s meditates this
reaction in uninduced liver microsomes. Although the higher
turnover exhibited by P-450 2c as compared to P-450 PB-1
(Table 3) might suggest that P-450 2c makes the more impor-
tant catalytic contribution in the uninduced liver microsomes,
the activity of purified P-450 PB-1 can be markedly stimulated
by cytochrome bs (24). Indeed, CPA activation catalyzed by P-
450 PB-1 was enhanced 4- to 6-fold when cytochrome bs was
included in the reconstituted system (turnover, 1.57 nmol me-
tabolite/min/nmol P-450 in the presence of cytochrome bs)
while P-450 2c and P-450 PB-4 showed much smaller increases
(20-50% elevation). Thus, P-450 forms PB-1 and 2c both
catalyze CPA activation in purified, reconstituted systems. Both
these P-450s are present at significant levels in adult male rat
liver (21), and they therefore are catalytically competent to
contribute to cyclophosphamide activation in uninduced liver
microsomes.

Contributions of P-450 Forms PB-1 and 2c to CPA Activation
in Uninduced Liver Microsomes. Antibody inhibition experi-
ments carried out using polyclonal anti-P-450 PB-1 antibodies
that exhibit low cross-inhibitory activity toward microsomal P-
450 2c (10) indicated that ~60% of CPA activation catalyzed
by uninduced adult male microsomes is mediated by P-450 PB-
1 (data not shown). However, P-450 forms PB-1 and 2c¢ exhibit
a high degree of immunochemical cross-reactivity (10, 25) and

7 The possible cross-reactivity of MAb D1 with P-450s f and g (and perhaps
other unidentified members of the P-450 IIC subfamily that may be immuno-
chemically related to P-450s PB-1 and 2c) is not known. P-450g is, however,
inactive at CPA metabolism (Table 3) and is therefore unlikely to be a major
microsomal catalyst of this reaction. The possible contribution of P-450f to
microsomal CPA activation remains unknown.

it is therefore difficult to identify unambiguously the individual
contributions of these two P-450 enzymes to microsomal CPA
activation using this approach alone. Further evidence for the
contribution of P-450 PB-1, as well as that of P-450 2c, to
microsomal CPA activation was obtained in experiments based
on (a) the distinctive sex-dependence and hormonal regulation
of these two P-450s (10, 21) and (b) their differential response
to in vivo administration of the anticancer drug cisplatin (26).

P-450 2c is male specific and developmentally induced at
puberty (10) while P-450 PB-1 is expressed at similar levels in
adult rats of both sexes (21). Examination of the age- and sex-
dependent expression of microsomal CPA activation activity in
liver microsomes isolated from male and female rats ages 2-14
weeks revealed similar CPA activation rates in both sexes
through development, with a significant increase in activity
seen between 2 and 4 weeks (Fig. 6). In addition, CPA activation
catalyzed by each of these microsomal preparations was at least
85% inhibited by MAb D1, which is reactive with both P-450
PB-1 and P-450 2c. This age and sex dependence of microsomal
CPA activation is characteristic of P-450 PB-1 (which is mark-
edly elevated from 2 to 4 weeks of age), but not P-450 2c, since
the latter enzyme is undetectable in females and is detectable
in males only after its induction at puberty (5 to 6 weeks of
age) (10).

Although these findings confirm that P-450 PB-1 is a major
catalyst of liver microsomal CPA activation in immature and
adult female rats as well as in immature male rats, they leave
unanswered the question whether in adult males P-450 2c also
contributes to this activity. This question was addressed by
monitoring the effects of in vivo pretreatment of adult male rats
with cisplatin, which results in a marked suppression of P-450
2c and a moderate elevation of P-450 PB-1 (while having no
appreciable effect on P-450 PB-4) in isolated liver microsomes
(26). These analyses revealed that microsomal CPA activation
is suppressed by 54% 7 days after cisplatin administration, even
though microsomal P-450 PB-1 levels are largely unaffected
(Fig. 7). Microsomal levels of P-450 2c were, however, sup-
pressed by ~90%. These observations suggest that P-450 PB-1
and P-450 2c make similar contributions to CPA activation in
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Fig. 6. Developmental expression of microsomal CPA activation and inhibi-
tion by antibody reactive with P-450 PB-1 and P-450 2c. Liver microsomes (50
ug) from uninduced male rats (4) or female rats (B), ages 2-14 weeks, were
assayed for CPA activation by the BSA-binding assay in the presence and absence
of monoclonal antibody reactive with P-450s PB-1 and 2c (MAb D1) as described
under “Materials and Methods.”
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Fig. 7. Effects of in vivo cisplatin treatment on rat liver microsomal CPA
activation and P-450 2c and P-450 PB-1 protein levels. Liver microsomes (80 ug)
isolated from rats sacrificed 0, 7, or 14 days after a single i.v. injection of cisplatin
(6 mg/kg) (26) were assayed for CPA activation using the BSA-binding assay. P-
450 2c and P-450 PB-1 levels in these same microsomes were immunoquantitated
by Western blotting. Data are presented as mean + SD (bars) for n = 4 individual
rats at each time point and are expressed relative to the untreated control group.

adult male rat liver microsomes and that the partial loss of this
activity 7 days after cisplatin treatment reflects a selective loss
of the P-450 2c-dependent portion of this microsomal activity.
Although P-450 2c levels remained low through at least 14
days, microsomal CPA activation recovered partially (to 75%
of control) as a consequence of the significant induction (~40%
increase) of microsomal P-450 PB-1 levels by the 14-day time

point.

DISCUSSION

The studies described in this report establish that CPA acti-
vation is initiated by a cytochrome P-450-dependent 4-hydrox-
ylation reaction and furthermore provide a detailed identifica-
tion of the specific P-450 enzymes that contribute to CPA
activation in liver microsomal systems. P-450 form PB-4 was
shown to be the major catalyst of CPA activation in phenobar-
bital-induced rat liver. CPA activation catalyzed by this enzyme
was shown to proceed via the 4-hydroxylation pathway, as
evidenced by the trapping in high yield of 4-hydroxy-CPA as
its cyanol cyanohydrin derivatives (Fig. 3), and confirmed by
the high turnover number of P-450 PB-4 for formation of the
4-hydroxyl-CPA decomposition product acrolein (Fig. 1). In
contrast, previous studies using a similar P-450 enzyme
preparation® had identified the hydrolysis product didechloro-
dihydroxy-CPA (Fig. 1) as the principal metabolite of CPA and
detected only small amounts of 4-hydroxy-CPA (7). Duplica-
tion of the reaction conditions described in that study (7)
consistently failed to yield didechlorodihydroxy-CPA in our
hands. The reasons for this discrepancy are unclear. It is pos-
sible that under the conditions of extensive metabolism used in
the earlier study (65-80% substrate conversion) there was sig-
nificant buildup of hydrogen peroxide and/or hydroxyl radicals,
leading to formation of didechlorodihydroxy-CPA by a chemi-
cal rather than an enzymatic pathway. Alternatively, a P-450
form distinct from P-450 PB4 and present in the enzyme
preparation used in the previous study (7) may have been
responsible for the observed formation of didechlorodihydroxy-
CPA.

CPA activation via 4-hydroxylation was determined in this
study using a BSA-binding assay that was based on a previously
described microsomal protein-binding assay (6). Use of BSA to
bind [*Clacrolein generated by decomposition of 4-hydroxy-
[**C]CPA allowed detection of CPA activation with high sen-
sitivity. Typical yields of BSA-bound metabolites were in-
creased ~50-fold over values obtained by binding to microsomal
protein (6). BSA has been shown to facilitate decomposition of
4-hydroxyl-CPA (27), and this may contribute to the higher
yields that were obtained with this assay as compared to our
DNA binding assay, which measures the parallel decomposition
product, [*H]phosphoramide mustard. In all cases assay sam-
ples had to be incubated for at least 45 min in order to obtain
maximal rates of metabolism, suggesting a slow equilibration
of 4-hydroxy-CPA with aldophosphamide or perhaps slow de-
composition of the latter compound to acrolein under our assay
conditions (cf. Ref. 28).

Although P-450 PB-4 was found to be the major catalyst of
CPA activation in phenobarbital-induced liver microsomes, our
experiments showed that this enzyme is not a significant con-
tributor to drug activation in uninduced liver samples. Rather,
two proteins of P-450 gene subfamily IIC (P-450 PB-1 and P-
450 2c) were found to make important contributions to CPA
activation in the uninduced microsomes. This was demon-
strated (a) by reconstitution experiments using the purified P-
450 enzymes, (b) by antibody inhibition experiments, and (¢)
by examination of the age and sex dependence of microsomal
CPA activation and the perturbation of microsomal CPA acti-
vation and P-450 enzyme expression in response to in vivo
administration of cisplatin. This conclusion is also consistent
with a previous demonstration that multiple P-450 forms pre-
sent in phenobarbital-induced microsomes can metabolize CPA
in reconstituted systems (29). In contrast, several P-450 en-
zymes which effectively hydroxylate other drugs and xenobiot-
ics, including polycyclic hydrocarbon-inducible P-450s (gene
subfamily IA) and P-450 forms induced by synthetic steroids
and macrolide antibiotics (gene subfamily IIIA), did not cata-
lyze CPA 4-hydroxylation at significant rates. Although the
three CPA hydroxylases identified in the present study (P-450s
PB-4, PB-1 and 2c) are most prominent in hepatic tissue, at
least one of these enzymes (P-450 PB-4) is constitutively ex-
pressed in lung and other organs, where it is also inducible by
phenobarbital (30). Interestingly, the expression and phenobar-
bital inducibility of P-450 PB-4 has also been observed in
carcinogen-induced liver nodules as well as in neoplastic lesions
in kidney (31, 32), indicating that CPA may indeed be subject
to activation within target tissues. Although human P-450
enzymes that exhibit significant structural similarity to rat P-
450 enzymes PB-1 and 2c have been identified (33, 34), it
remains to be established whether they contribute significantly
to CPA activation in human tissues.

The anticancer drug cisplatin has been shown to markedly
alter the expression of a number of hormonally-regulated P-
450s in rat liver (26) including P-450 2c, an adult male-specific
steroid hormone 16a-hydroxylase that is also active in xeno-
biotic metabolism. The present demonstration that P-450 2c
makes a significant contribution to CPA activation in adult
male rats accounts for the observed decrease in CPA hydrox-
ylation activity in response to cisplatin administration. Al-
though activation of CPA does not appear to be rate-limiting
in either rodents or humans, as judged by the invariant concen-
tration X time curve for the activated metabolites over a range
of CPA activation rates (35), decreased effectiveness can occur
when activation is compromised (4). A similar decrease in

2349

Downloaded from cancerres.aacrjournals.org on December 3, 2021. © 1989 American Association for Cancer
Research.


http://cancerres.aacrjournals.org/

BIOACTIVATION OF CYCLOPHOSPHAMIDE BY HEPATIC P-450

effectiveness might exist when activation is compromised by

th

e administration of cisplatin. Whether or not cisplatin simi-

larly compromises CPA activation in humans when these drugs
are administered in combination chemotherapy is unknown.

Finally, although enhanced activation of CPA does not ap-

pear to increase its therapeutic efficacy (4, 5, 35), activation of
the isomeric drug ifosfamide does appear to be limiting, at least
under high dose therapy protocols (36). Ifosfamide activation

is

also inducible by phenobarbital (37), but recent studies®

indicate that P-450 form PB-4 is not the major microsomal
enzyme catalyzing that activation reaction. Further studies on

th

e metabolism of this clinically useful agent are in progress.
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