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Abstract—The activation of cyclophosphamide to metabolites that are mutagenic to Salmonella typhi-
murium TA 1535 by liver microsomes and kidney S9 fractions from male and female rats was studied.
In addition, the effect of pretreatment with inducers of cytochromes P-450, phenobarbital and B-
naphthoflavone on the activation of cyclophosphamide by these tissues was evaluated. The activation
of cyclophosphamide to mutagenic metabolites with microsomes from male rat liver was three times
that obtained with microsomes from female rat liver. Whereas pretreatment of either male or female
rats with phenobarbital increased hepatic activation of cyclophosphamide to mutagenic metabolites
about 10-fold, the increase in cytochrome P-450 content was only about 2-fold. S-Naphthoflavone
pretreatment of either male or female rats decreased hepatic activation of cyclophosphamide by one-
half despite an increase of 1.4-fold in hepatic cytochrome P-450 content. Kidney S9 fractions from male
rats had one-third to one-half the ability of liver microsomes to activate cyclophosphamide to mutagenic
metabolites; however, no enzymatic activation of cyclophosphamide to mutagenic metabaolites by female
rat kidney was noted. Neither phenobarbital nor 5-naphthoflavone pretreatment altered the metabolic
activation of cyclophosphamide to mutagenic metabolites by kidney fractions from either sex. These
results demonstrate that enzymatic activation of cyclophosphamide to mutagenic metabolites differs
markedly between the sexes, between different tissues (liver vs kidney), and in response to inducing
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agents.

Cyclophosphamide is used widely both as an anti-
neoplastic agent and as an immunosuppressive agent.
Active metabolites of cyclophosphamide, rather than
the parent compound, have alkylating and mutagenic
activities and cause cytotoxic reactions, mutations,
chromosomal aberrations and oncogenic transfor-
mation [1-6]. The activation of cyclophosphamide
to therapeutic and toxic metabolites is catalyzed by
a cytochrome P-450 mono-oxygenase system [2]. It
is now well established that there are multiple cyto-
chromes P-450, each differing with respect to sub-
strate specificity, carbon monoxide difference spec-
trum, response to a variety of inducing agents, and
sensitivity to different inhibitors [7-9]. We estab-
lished previously that the production of mutagenic
metabolites of cyclophosphamide by male rat liver
is enhanced by phenobarbital pretreatment and is
decreased by pretreatment with f-naphthofiavone
[10]. Thus, the form of cytochrome P-450 involved
in the production of mutagenic metabolites of cyclo-
phosphamide by microsomes from male rat liver is
responsive to induction by phenobarbital rather than
by B-naphthoflavone [10].

Sex differences have been observed with respect
to certain hepatic cytochrome P-430 catalyzed reac-
tions [11-14]. Microsomes from male rat liver pro-
duced alkylating metabolites of cyclophosphamide
at a rate six to seven times faster than that produced
by microsomes of female rat liver [2]. However, no

such proportional differences in the irn vivo metab-
olism of cyclophosphamide to alkylating metabolites
by male and female rats have been found [2]. In
contrast, the activation of cyclophosphamide to
mutagenic metabolites has not been studied exten-
sively [4, 6], and no comparison of such activities
between male and female has been reported.

One interpretation of the lack of correlation
between in vivo metabolism of cyclophosphamide
to alkylating metabolites in male and female rats and
hepatic in vitro metabolism is that cyclophosphamide
is also converted to alkylating metabolites in extra-
hepatic tissues. Both cytochrome P-450 and mono-
oxygenase activity are present in a variety of tissues
other than liver [15, 16]. Several laboratories com-
pared different tissues with respect to their abilities
to activate cyclophosphamide to alkylating metab-
olites in vitro. Although most alkylating activity was
found in the liver, Brock and Hohorst [17] and
Kondo and Muragishi [18] reported the existence in
rat kidney of enzymes catalyzing the activation of
cyclophosphamide. Other investigators [2, 19], how-
ever, have not been able to detect such activation
in kidney. Metabolites of cyclophosphamide (spe-
cifically acrolein) are excreted in the urine and cause
cystitis [20]; thus, it was not surprising that neph-
rectomy prevented this cystitis [21]. Yet, Levine and
Sowinski [21] found that anuria produced a greater
increase in cyclophosphamide lesions in brain, eye
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and spleen than did nephrectomy. Consequently, it
was hypothesized that the kidneys play a role in the
in vivo production of cytotoxic metabolites of cyclo-
phosphamide.

The data presented below demonstrate that there
is a sex difference with respect to liver activation of
cyclophosphamide to mutagenic metabolites. Both
male and female hepatic activation can be induced
by phenobarbital, but not by S-naphthoflavone. The
activation of cyclophosphamide to mutagenic metab-
olites can also be catalyzed by male kidney S9 frac-
tions. Renal activation of cyclophosphamide is not
induced by pretreatment with either phenobarbital
of B-naphthoflavone.

MATERIALS AND METHODS

Chemicals. Cyclophosphamide was purchased
from Koch-Light Laboratories Ltd., Colnbrook,
England; B-naphthoflavone from ICN Pharmaceut-
icals, Inc., Plainview, NY, U.S.A.; and phenobar-
bital from Allen & Hanburys, Toronto, ON, Canada.
Glucose-6-phosphate, glucose-6-phosphate dehy-
drogenase, NADP and bovine serum albumin were
purchased from the Sigma Chemical Co., St. Louis,
MO, US.A.

Animals. Male and female Sprague-Dawley rats
(175-200 g), obtained from Canadian Breeding Lab-
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oratories (St. Constant, Quebec), were housed on
pine chips in the McIntyre Animal Center (McGill
University, Montreal, Quebec), and given Purina
rat chow and water ad [ib. for at least 1 week before
the initiation of treatments. Each group of animals
consisted of five rats. Induced rats were treated with
phenobarbital or B-naphthoflavone according to
established procedures for induction of the hepatic
mono-oxygenase system [22]. The phenobarbital-
pretreated rats received 0.1% of the drug in the
drinking water for 1 week before being killed; control
rats were not treated. The B-naphthoflavone-pre-
treated animals received B-naphthoflavone intraper-
itoneally (40 mg/kg) in corn oil (10 mg/ml) on day
1, day 2 and day 3 before being killed on day 5;
control rats received corn oil on these days.

Tissue preparation. Rats were decapitated. The
excised tissues from each group (five rats) were
pooled and homogenized using a Potter-Elvehjem
homogenizer in ice-cold 0.15M KCl (3ml/g wet
weight of tissue). Homogenates were centrifuged for
10 min at 9000 g and the pellet was discarded. The
supernatant fraction (S9) was distributed in 3-ml
portions in small polypropylene tubes, frozen in
liquid nitrogen, and stored at —80°. Since liver from
phenobarbital-pretreated male rats is the tissue that
can best activate cyclophosphamide to mutagenic
metabolites, it was used to determine the effects of
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Fig. 1. Requirements for the enzymatic activation of cyclophosphamide to mutagenic metabolites. S.

typhimurium TA 1535 (0.1 ml), cyclophosphamide (500 ug in 0.1 ml) and ‘mix’ (0.5 m!) containing the

designated combination of NADPH-generating system and microsomal fraction from control male rat

liver (0.1 ml/plate) were mixed rapidly in molten top agar at 45° and poured on minimal glucose agar
plates. Values are means = S.E.M, (N =5).
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freezing and storage on the activation of cyclophos-
phamide. No loss of ability to activate cyclophos-
phamide to mutagenic metabolites was observed
after storage for up to 6 weeks; because storage for
longer time periods did result in a decrease in
activity, enzyme preparations were assayed in less
than 6 weeks. To prepare the microsomal fraction,
the S9 fraction was defrosted and centrifuged at
105,000 g for 60 min, and the pellet was resuspended
in the original volume of cold 0.15M KCI.

Cytochrome P-450 content. Cytochrome P-450 was
assayed, by its carbon monoxide difference spectrum
after reduction with dithionite according to the pro-
cedure of Omura and Sato [23], with the use of a
Beckman model 35 spectrophotometer. An extinc-
tion coefficient of 91 mM~'cm™! between 450 and
490 nm was assumed. The protein concentration was
determined by the method of Lowry et al. [24], using
bovine serum albumin as a standard.

Mutagenicity assay. Salmonella typhimurium
strain TA 1535 (provided by Dr. Bruce Ames) was
used to assay for mutagenic activity. TA 1535 is a
histidine-requiring auxotroph that is reverted to pro-
totrophy by mutagens that cause DNA base-pair
substitutions. The plate incorporation assay was per-
formed according to the procedures of Ames et al.
[22]. The NADPH-generating system contained
4mM NADP, 5mM glucose-6-phosphate and 2
units/ml of glucose-6-phosphate dehydrogenase. All
assays were done in duplicate. After incubation for
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2 days at 37°, the colonies were counted. The spon-
taneous reversion rate (no cyclophosphamide) was
similar to that reported by Ames et al. [22] for TA
1535 (Fig. 1). The inclusion of enzyme fractions from
liver or kidney of male or female rats did not alter
this spontaneous reversion rate. Cyclophosphamide
alone (500 ug/plate) induced mutations in TA 1535
(Fig. 1). This mutagenic response was not changed
by the addition of either the NADPH-generating
system alone or the microsomal fraction alone; how-
ever, the number of revertants per plate was sig-
nificantly increased (P < 0.01) by the addition of
both the NADPH-generating system and the micro-
somal fraction from control male rat liver (Fig. 1).
The mutagenic response in TA 1535 induced by
cyclophosphamide in the absence of an enzyme frac-
tion has been subtracted in subsequent experiments,
thus allowing the measurement of the enzymatic
activation of cyclophosphamide. As described pre-
viously [10], this mutagenicity assay was linear with
both cyclophosphamide concentration and amount
of male liver enzyme (S9 fraction or microsomal
fraction).

Statistical analysis. Data were analyzed on a Hew-
lett-Packard 9830 calculator according to procedures
described by Snedecor and Cochran [25]. Reversion
rates obtained with increasing amounts of enzyme
were compared to the rates obtained with cyclo-
phosphamide alone (no enzyme), using multiple
range and/or linear regression analyses as applicable.
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Fig. 2. Comparison of the activation of cyclophosphamide to mutagenic metabolites by untreated and

phenobarbital-pretreated male and female rat liver microsomes. S. typhimurium TA 1535 (0.1 ml),

cyclophosphamide (500 ug in 0.1 ml) and mix (NADPH-generating system and various amounts of

resuspended microsomes from control or phenobarbital-induced rat liver, 0.5 ml) were mixed rapidly

with molten agar at 45° and plated. Values are means + S.E.M. (control male, N = 8; phenobarbital
male, N = 6; control female, N = 4; phenobarbital female, N = 3).



2034

B. F. HAaLEs and R. JaIn

Table 1. Cytochrome P-450 content in liver and kidney microsomes from male and female rats

Cytochrome P-450 content® (nmoles/mg microsomal protein)

Treatment group

Tissue Control Phenobarbital Corn oil B-Naphthoflavone
Liver
Male 0.55 = 0.04 1.38 £ 0.03 (.65 £ 0.05 0.99: 0.77
Female 0.56 = 0.06 1.01 = 0.02 0.37 = 0.03 0.53 + 0.06
Kidney
Male 0.07; 0.07 0.11 £0.03 0.10 = 0.02 0.07: 0.07
Female 0.07; 0.07 0.06 = 0.01 0.09: 0.09 0.11; 0.12

* Cytochrome P-450 content was measured as described in the text. Values represent either the

mean * S.E.M. for N = 3 or individual values.

Enzyme fractions from different sources were com-
pared, with respect to activation of cyclophospha-
mide, by two-way analysis of variance.

RESULTS

Hepatic activation of cyclophosphamide to muta-
genic metabolites by control and phenobarbital-pre-
treated male and female rats is illustrated in Fig. 2.
Activation of cyclophosphamide to mutagenic
metabolites by liver microsomes from untreated male
rats was significantly greater (P < 0.001 with
100 pl/plate, or more) than the mutagenic response
to cyclophosphamide alone (no enzyme), and the
mean was linearly related to the amount of micro-
somes used (r = 0.98). As reported previously [10].
this activity was induced 4- to 14-fold by phenobar-
bital pretreatment, whereas cytochrome P-450 con-
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centration (Table 1) was induced only 2.6-fold. With
phenobarbital-induced microsomes from male liver,
maximal enzyme activity was obtained with 50 ul of
resuspended microsomes/plate (P < 3.001). Increas-
ing the amount of enzyme above 50 ul of micro-
somes/plate did not increase significantly the number
of revertant colonies/plate (P > 0.10).

Activation of cyclophosphamide to mutagenic
metabolites by microsomes from female liver was
also significantly greater (P < 0.01) than that with
cyclophosphamide alone, at amounts of microsomal
fraction above 100 ul/plate. However. this activation
by microsomes from female rat liver was approxi-
mately one-third of that by microsomes from male
liver. Despite this sex difference in activation of
cyclophosphamide, there was no difference in cyto-
chrome P-450 content between microsomes from
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Fig. 3. Comparison of the activation of cyclophosphamide to mutagenic metabolites by corn oil and

B-naphthoflavone-pretreated male and female rat liver microsomes. Experiments were done as described

in the legend to Fig. 2. Values are means + S.E.M. (N = 3 for all groups except for the 8-naphthoflavone
male where N = 6).
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male and female liver (Table 1). Phenobarbital pre-
treatment of female rats induced hepatic activation
of cyclophosphamide 10- to 13-fold, increasing
activity to the same peak level as was observed for
phenobarbital-induced male microsomes. Hepatic
cytochrome P-450 content was induced 1.8-fold in
the female rats (Table 1). Maximal activation of
cyclophosphamide was not observed until 100 wl of
resuspended microsomes/plate from female liver was
used; this is in contrast to the lower amount
(50 pl/plate) of microsomes needed to reach maximal
activation in the male.

The effect of pretreatment with corn oil or 3-
naphthoflavone in corn oil on the capacity of liver
microsomes to activate cyclophosphamide to muta-
genic metabolites is shown in Fig. 3. The mean acti-
vation of cyclophosphamide by microsomes from
corn oil-pretreated male rats was linearly related
(r =0.98) to the amount of microsomes and sig-
nificantly greater (P <0.05) than that without
enzyme (100 ul/plate or more). Pretreatment of male
rats with B-naphthoflavone decreased the hepatic
activation of cyclophosphamide to mutagenic metab-
olites. Using as much as 150 ul/plate of microsomes
from B-naphthoflavone-pretreated male rats, there
was no significant (P > 0.05) enzymatic activation of
cyclophosphamide; however, the cytochrome P-45()
content of these microsomes was increased 1.4-fold
above the corn oil-treated control microsomes (Table
1). Enzymatic activation by hepatic microsomes from
corn oil-pretreated female rats was significantly
greater (P < 0.01) than that with cyclophosphamide
alone (150 ul of microsomal fraction/plate). Again.
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appeared to decrease activation of cyclophospha-
mide when compared to the corn oil control; this
decrease, however, was not statistically significant
(P> 0.15). As in the male, the content of cyto-
chrome P-450 in female liver was increased 1.4-fold
by B-naphthoflavone pretreatment.

Activation of cyclophosphamide to mutagenic
metabolites by the 9000 g supernatant fraction from
the kidneys of male and female control and pheno-
barbital-pretreated rats is illustrated in Fig. 4.
Enzymatic activation of cyclophosphamide to muta-
genic metabolites by control male kidney S9 was
significantly higher (P < 0.05) than the non-enzy-
matic mutagenic response (150 ul of S9
fraction/plate). Enzymatic activation by male kidney
S9 fraction was approximately one-third of that
obtained with liver microsomes from control ani-
mals. Since there was no difference between the liver
S9 fraction and the liver microsomal fraction with
respect to ability to activate cyclophosphamide [10],
the decreased activity was not due to the use of the
S9 fraction. Phenobarbital pretreatment did not
resultin a further increase in the enzymatic activation
of cyclophosphamide (P > 0.15) or in kidney cyto-
chrome P-450 content (Table 1).

Activation of cyclophosphamide to mutagenic
metabolites by female kidney S9 fraction was not
linear with the amount of S§9 fraction. nor was it
significantly different from the non-enzymatic muta-
genic response to cyclophosphamide. Phenobarbital
pretreatment had no effect on renal cytochrome P-
450 content of the female rat (Table 1) or on the
ability of S9 fractions from female kidneys to activate

B-naphthoflavone pretreatment of female rats cyclophosphamide to mutagenic metabolites.
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Fig. 4. Comparison of the activation of cyclophosphamide to mutagenic metabolites by untreated and
phenobarbital-pretreated male and female rat kidney 9000 g supernatant fractions. Experiments were

done as described in the legend to Fig.

2. Values are means = S.E.M. (N = 3).
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Activation of cyclophosphamide to mutagenic
metabolites by renal 89 fractions from male or female
rats pretreated with corn oil did not differ (P > 0.05)
from the results with cyclophosphamide alone. No
sex difference in kidney enzyme was observed in
corn oil-treated animals. 8-Naphthoflavone pretreat-
ment of either male or female rats did not induce
renal cytochrome P-450 (Table 1), nor did it alter
the ability of the kidney to activate cyclophospha-
mide to mutagenic metabolites.

DISCUSSION

Levin e al. {26], studying the turnover of cyto-
chrome P-450, found two pools of cytochrome P-450
in rat liver. The half-life of one pool was 7-8 hr and
that of the other was 44-48 hr. The ratio of the ‘fast’
to the ‘slow’ component was 3.4-4.4 in adult female
animals but only 1.9 in adult males. This sex differ-
ence in the turnover of cytochrome P-450 found in
male and female rat liver is probably a reflection of
differences in substrate specificity, e.g. N-demethyl-
ation of ethylmorphine [11, 14] and activation of
cyclophosphamide to alkylating metabolites [2].
Such a sex difference was found in this report with
respect to the ability of hepatic microsomes to cata-
lyze the activation of cyclophosphamide to muta-
genic metabolites. Microsomes from male liver had
a 3-fold greater ability to activate cyclophosphamide
to mutagenic metabolites than did microsomes from
female rat liver. The consequences of this sex dif-
ference in terms of the form(s) of cytochrome P-450
involved in the activation or in the toxicity of cyclo-
phosphamide are not known. This sex difference in
hepatic activation of cyclophosphamide was abol-
ished by pretreatment with phenobarbital.

Induction with B-naphthoflavone decreased the
abilities of male and female rat liver microsomal
fraction to activate cyclophosphamide to mutagenic
metabolites. Polycyclic aromatic hydrocarbons (3-
methylcholanthrene or B-naphthoflavone) induce
more than one form of cytochrome P-450 {27, 28].
The failure of B-naphthofiavone to induce cyclo-
phosphamide activation by hepatic or renal enzyme
fractions probably means that aromatic hydrocar-
bon-induced cytochromes are not involved in this
reaction,

Renal activation of cyclophosphamide to muta-
genic metabolites was approximately one-third of
liver activation in male rats. In female rats, no renal
enzymatic activation of cyclophosphamide to muta-
genic metabolites was observed. Renal activity was
not responsive to induction by either phenobarbital
or B-naphthoflavone. Phenobarbital pretreatment
has been reported previously to have no effect on
renal mono-oxygenase activity or cytochrome P-450
content [29, 30]. However, induction with a poly-
cyclic aromatic hydrocarbon has been reported to
increase both renal cytochrome P-450 content and
mono-oxygenase activity toward other substrates
[27, 28].

In phenobarbital-induced rats, male or female, the
predominant site of activation of cyclophosphamide
to mutagenic metabolites appears to be the liver. In
male rats the kidney probably also contributes to the
activation of cyclophosphamide. This contribution

B. F. HaLes and R. JAIN

could be important in the local production of reactive
metabolites in vivo. Such metabolites might have a
role in the production of cystitis {20, 31] or of bladder
cancer associated with the administration of cyclo-
phosphamide. If toxic metabolites of cyclophospha-
mide are produced by the kidney, selective inhibition
of renal mixed function oxidase activity might
decrease the incidence of toxic effects without alter-
ing the therapeutic efficacy of cyclophosphamide.

In summary, there are tissue and sex differences
in the activation of cyclophosphamide to mutagenic
metabolites in vitro in control animals, and these
differences can be compounded by pretreatment with
xenobiotics. The in vivo significance of these differ-
ences in terms of cyclophosphamide toxicity remains
to be elucidated.
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