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Abstract—Rat liver microsomal mixed function oxidase catalyzes the hydroxylation of the cyclohexyl
moiety of 1-(2-chloroethyl)-3-cyclohexyl-l-nitrosourea (CCNU) to give at least five metabolites. When
exposed to alkaline pH at 100° CCNU and its metabolites quantitatively release their cyclohexyl
moiety as cyclohexylamine and aminocyclohexanol respectively. The N-(24-dinitrophenyl) derivatives
of cyclohexylamine and aminocyclohexanols were separated by high pressure liquid chromatography.
The metabolites in vitro and in vivo have been identified as trans-2-hydroxy CCNU, cis-3-hydroxy
CCNU, trans-3-hydroxy CCNU, cis-4-hydroxy CCNU and trans-4-hydroxy CCNU. Ring hydroxylation
axial to the I—+(2-chloroethyl)-I-nitrosourea group (cis-2-, trans-3-, cis-4-) is favored over equatorial
attack (rrans-2-, cis-3-, trans-4- ). Pretreatment of rats with phenobarbital leads to an increased rate
of hydroxylation and a change in the relative amounts of the hydroxylated products. The significance
of hydroxylation in relation to the antitumor activity of CCNU is discussed.

1-(2-Chloroethyl)-3-cyclohexyl- 1 -nitrosourea (CCNU.
NSC-97037)* is a member of a group of halogenated
alkyl-nitrosoureas [ 1] which have antineoplastic acti-
vity against a wide range of experimental and human
tumors. Of particular significance is the activity of
this class of compounds against intracerebral tumors
[2]; a property which may be related to their lipid
solubility. Although it has been shown that the
haloalkyl-nitrosoureas possess both alkylating and
carbamylating activity both in vivo [3] and in vitro
[4], the active antineoplastic moiety has not been elu-
cidated.

Two recent observations indicate a role of hepatic
mixed function oxidase in the metabolism of CCNU.
May et al. [5] have described enzymic hydroxylation
of the cyclohexyl moiety and have identified a number
of hydroxylated products,t and Bowie and Walker
[6], from this laboratory, have observed a marked
decrease in the toxicity of 1-(2-chloroethyl)- 3-(trans-
4-methylcyclohexyl)-1-nitrosourea (methyl-CCNU) in
mice with elevated hepatic mixed function oxidase
activity after their pretreatment with phenobarbital.

Alkanes and cycloalkanes are known to be sub-
strates for the hepatic microsomal mixed function oxi-
dase. Heptane is hydroxylated to a mixture of iso-
meric heptanols [7], cyclohexane yields cyclohexanol
[8], and cyclohexylamine is hydroxylated at the 2-,
3- and 4-positions [9]. The major urinary metabolite
of N-cyclohexyl-N-methyl-(2-amino-3,5-dibromoben-
zyl) ammonium chloride (Bisolvon, Boehringer) is the
trans-4-hydroxycyclohexyl compound [10].

* Abbreviations used: trans-2-hydroxy CCNU, 1-(2-
chloroethyl)-3-(trans-2-hydroxycyclohexyl)- 1 -nitrosourea;
cis-3-hydroxy CCNU, 1+(2-chloroethyl)-3-(cis-3-hydroxy-
cyclohexyl)-1-nitrosourea; trans-3-hydroxy CCNU, 1-(2-
chloroethyl)-3-(trans-3-hydroxycyclohex yl)-1-nitrosourea ;
cis-4-hydroxy CCNU. [-(2-chloroethyl)-3-(cis-4-hydroxy-
cyclohexyl)-1-nitrosourea; trans-4-hydroxy CCNU, [-(2-
chloroethyl)-3-(¢trans-4-hydroxycyclohexyl)-1-nitrosourea.

+ D. J. Reed, personal communication.

It is the purpose of this report to describe the isola-
tion and characterization of polar metabolites of
CCNU in vitro and in vivo.

MATERIALS AND METHODS

Chemicals. CCNU (NSC-97037) was obtained from
the Cancer Chemotherapy National Service Center
with the '*C-label in either the 2-chloroethyl moiety
([U-'*C-2-chloroethyl]-CCNU, 991 mCi/m-mole) or
the cyclohexyl ring (['*C-cyclohexyl]-CCNU, 11-33
mCi/m-mole). The specific activity of the labeled
CCNU was adjusted by the addition of unlabeled
compound. Trans-2-aminocyclohexanol-HCl was a
gift from Smith, Kline & French Laboratories, Phila-
delphia, Pa. Trans-3-aminocyclohexanol and cis-3-
aminocyclohexanol were obtained by the catalytic
hydrogenation of 3-acetamindophenol in ethanol in
the presence of 59, rhodium on Alumina at 3-5 atm
pressure and 50° for 3 hr [11]. The N-acetyl group
was removed with hot alkali, and the aminocyclohex-
anols were extracted into ether at alkaline pH. The
isomers were separated as described by Burkhardt et
al. [12]. Trans-3-aminocyclohexanol was obtained as
the crystalline oxalate m.p. 194-195°, and the cis-3-
aminocyclohexanol was obtained as the hydroperch-
lorate salt m.p. 135-140°. (Burkhardt et al. [12] gave
m.p. 193-194" for trans-3-aminocyclohexanol oxalate
and 144-145" for the cis-3-aminocyclohexanol hydro-
perchlorate.) Analysis of the N-(2.4-dinitrophenyl)
derivative of the trans-isomer by high pressure liquid
chromatography indicated a trace contamination by
the cis-isomer, whereas the cis-isomer itself contained
11 per cent of the trans-form.

Commercial 4-aminocyclohexanol, a mixture of the
cis- and trans-isomers, was obtained from Pfaltz &
Bauer, Flushing, NY. Cis- and trans-4-aminocyclo-
hexanols were separated by fractional crystallization
of the benzamides in chloroform-hexane [13]. Crys-
talline trans-4-benzamidocyclohexanol m.p. 209-211°
and cis-4-benzamidocyclohexanol m.p. 130-135° were
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obtained (Della and Jefferies [13] gave m.p. 211 for
the trans-4-benzamidocyclohexanol and 136” for the
cis-4-benzamidocyclohexanol). Analysis of the benza-
mides by high pressure liquid chromatography indi-
cated that cis-4-benzamidocyclohexanol contained 6
per cent of the trans-isomer; the trans-4-benzamido-
cyclohexanol was pure.

N-[2.4-dinitrophenyl| (DNP-) derivatives of amino-
cyclohexanols. The crystalline cis- and trans-4-benza-
midoaminocyclohexanols were hydrolyzed to the par-
ent aminoalcohol by refluxing in 225 N NaOH for
2 hr, followed by extraction of the aminoalcohol into
ether at alkaline pH. After drying the ether extract
over anhydrous sodium sulfate, the solvent was eva-
porated to leave the aminocyclohexanol as a clear
viscous liquid. The cis- and trans-4-aminocyclohex-
anol were heated at 100° for 40 min in 0-25 M sodium
2 4-dinitrophenylsulfonate  dissolved in saturated
sodium borate solution (pH 9-2), and the resulting
DNP-aminoalcohols extracted into benzene [14].

The salts of trans-2-aminocyclohexanol. c¢is-3-
aminocyclohexanol and trans-3-aminocyclohexanol
were added directly to the solution of 2.4-dinitro-
phenylsulfonate in saturated sodium borate to yield
the DNP-aminoalcohols which were extracted into
benzene.

The DNP-derivatives of the five aminocyclohex-
anols and cyclohexylamine were separated by high
pressure liquid chromatography.

Alkaline degradation of CCNU and hydroxylated
CCNU. The addition of CCNU (amount expressed
as nitroso equivalents) to a saturated solution of
sodium borate containing 0-25 M sodium 2,4-dinitro-
phenylsulfonate at 100° leads, after 40 min, to the
quantitative formation of DNP-cyclohexylamine.
Similarly, addition of hydroxylated CCNU yields a
mixture of DNP-aminocyclohexanols which were
identified by comparison of their elution times with
the elution times of the authentic DNP-aminocyclo-
hexanols during high pressure liquid chromat-
ography.

Thin-layer chromatography. Diethyl cther extracts
of enzymic incubation systems or plasma were dried
overnight at 0-4° with anhydrous sodium sulfate. eva-
porated at room temperature under reduced pressure
and finally dried over phosphorous pentoxide in
vacuo. The residues containing nitrosoureas were dis-
solved in anhydrous acetone and applied to Silica gel
plates containing fluorescent U.V. indicator (E. M.
Laboratories, Elmsford, N.Y.). Plates, equilibrated for
30 min in the solvent atmosphere, were developed
for 15 cm in 60%, dichloromethane- 20%, tetrahydro-
furan-20%, toluene (v/v).

High pressure liquid chromatography. Separation of
benzamides and DNP-derivatives of cyclohexylamine
and aminocyclohexanols was achieved by chromat-
ography on 100 cm x 2 mm Micropak Si-10 using
a 4200 Series high pressure liquid chromatograph
equipped with multiple wavelength u.v.-visible detec-
tor (Varian Instrument Division, Palo Alto, Calif.).
Benzamides were eluted by 70%, dichloroethane--30%,

tetrahydrofuran (v/v) and detected by their absorption

* Fat emulsion containing in water, soybean oil (10%;.
wv). glycerol (2:25%, w/v) and cgg yolk phospholipid
(1-2%. w/v); supplied as Intralipid, Cutter, Berkeley. Calif.
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at 230 nm. DNP-amines were eluted by 85%, dichlor-
oethane-15%, tetrahydrofuran (v/v) and detected by
their absorption at 350 nm. Peak elution times were
recorded and peak areas integrated by an Autolab
System IV integrator (Spectra—Physics, Mountain
View, Calif)).

Animals. Male, Fischer strain rats (Charles River
Breeding Labs., Wilmington, Mass.) were maintained
under controlled lighting conditions of 12-hr light and
12-hr dark, housed over paper tray liners with food
and water available at all times. Hepatic microsomal
mixed function oxidase activity was elevated by ip.
administration of phenobarbital (80 mg/kg) on 3 suc-
cessive days. Control animals received an equivalent
volume of saline.

CCNU metabolism in vitro. Washed microsomes
were prepared from minced liver which was homo-
genized in 5 vol. 1-15% (w/v) KCl solution. The
homogenate was centrifuged at 9000 g for 10 min
and the resulting supernatant solution centrifuged at
105,000 g for 60 min to yield a microsomal pellet.
The microsomal pellet was washed once by homo-
genization in 1-15% KCl and recentrifugation at
105.000 ¢ for 30 min. The final microsomal pellet was
resuspended in a volume of 1-15%; KCI such that the
microsomes from 1 g liver were contained in | ml.

The rate of CCNU metabolism was determined by
measurement of the amount of ['*C]-CCNU remain-
ing after 10 min of incubation with rat liver micro-
somes and an NADPH-generating system containing
NADP, glucose 6-phosphate and glucose 6-phosphate
dehydrogenase. The remaining ['*C]-CCNU was
extracted with 5 vol hexane at 0° for 10 min. The
radioactivity of a portion of the hexane extract was
determined and the amount of ['*C]-CCNU remain-
ing after incubation was calculated from a knowledge
of its specific radioactivity. The rate of loss of hexane
extractable parent compound represents the sum of
the rates of enzymic hydroxylation and non-enzymic
breakdown. The rate of non-enzymic breakdown was
determined in reaction mixtures containing micro-
somes but lacking the NADPH-generating system
and the true rate of enzymic hydroxylation obtained
by subtraction.

For the determination of K, and V., reaction mix-
tures were incubated for 5 min with five CCNU con-
centrations ranging from 0067 to 0-5 mM. Reaction
mixtures contained either microsomes from pheno-
barbital-pretreated rats (0-2 mg microsomal protein/
ml of reaction mixture) or microsomes from saline-
pretreated rats (0-S mg microsomal protein/ml of
reaction mixture). Approximately 10 per cent of the
substrate was metabolized during the incubation
period.

CCNU metabolism in vivo. CCNU was adminis-
tered to 150-200 g rats in ethanol-fat emulsion* (I :9)
at a dose of 30 mg/kg by tail vein (5 ml/kg) as a
single 15-sec push. Blood samples obtained by car-
diac puncture were drawn into heparinized syringes
and kept at 0-4° during the preparation of plasma.
The plasma was subjected to high speed centrifuga-
tion to separate lipid material which migrated to form
a pellicle at the surface of the plasma. CCNU and
its hydroxylated metabolites were obtained by three
10-min extractions of the plasma with 3 vol. diethyl
ether at 0-4".
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Other methods. Nitroso groups were determined by
the method of Loo and Dion [15]. The method was
successfully applied directly to scrapings from thin-
layer chromatograms by incubating the scrapings at
50° for 40 min in 0-5 ml of 0-5% sulfanilamide (w/v)
in 2 N HClI plus 1-0 ml water. After cooling, 0-1 ml
of 0-3% N-naphthylethylenediamine diHCl (w/v) was
added and the solution clarified by centrifugation.
The absorbance at 540 nm was determined after 10
min. Suitable areas of the chromatogram which did
not contain nitrosated products were treated identi-
cally to give a background value for the method.

Protein was determined by the biuret method.
Radioactivity was measured in a Packard Tri-Carb
model 3375 liquid scintillation spectrometer. CCNU
and its metabolites dissolved in small volumes of ace-
tone were added to 10 ml Aquasol (New England
Nuclear, Boston, Mass.). Counting efficiency was 86
per cent. Radioactivity from thin-layer chromato-
grams of [!*C]-CCNU and its metabolites was deter-
mined by the direct addition of scraped sections of
the chromatograph to 10 ml Aquasol. Counting effi-
ciency was 78 per cent.

RESULTS

CCNU is rapidly metabolized during incubation
with rat liver microsomes and a source of NADPH.
The disappearance of the parent compound is depen-
dent on the presence of microsomes and NADPH
and is inhibited by carbon monoxide (Table 1). Non-
enzymic breakdown of CCNU with loss of nitroso
function occurs during the incubation at 37°. The
chemical half-life of CCNU and related nitrosated
metabolites under the conditions of the mixed func-
tion oxidase assay was 51 min. The half-life was deter-
mined by assay of nitroso content of the incubation
system at intervals during a 60-min incubation at 37°.
The value was not affected by the presence or absence
of the NADPH-generating system. This implies that
hydroxylation of the cyclohexyl moiety of CCNU
does not alter the chemical lability of the nitrosourea.

The initial rates of hydroxylation of CCNU in the
mixed function oxidase system were analyzed by the
method of Lineweaver and Burk [16]. With hepatic

Table 1. Requirements for CCNU metabolism*

Conditions Rate CCNU metabolismt
Complete 233
Minus NADPH 05
Minus microsomes 00
Complete plus CO 12-7

* The complete incubation system contained: 0-05M
Tris-HCI buffer, pH 7-4, 0-4 mM NADP, 5 mM glucose 6-
phosphate, 5mM MgCl,, 0-3 units/ml of yeast glucose 6-
phosphate dehydrogenase, 0-5 mg microsomal protein/ml
and 0-5 mM [**C-cyclohexyl]-CCNU (25 uCi/m-mole). In-
cubation was for 10 min. Complete minus NADPH condi-
tions were achieved through the omission of NADP, glu-
cose 6-phosphate and glucose 6-phosphate dehydrogenase.
In complete plus CO, 509 carbon monoxide-50% air re-
placed air as the gas phase.

t Expressed as nmoles/mg of microsomal protein/min.
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Table 2. Thin-layer chromatography of ether-soluble pro-
ducts of CCNU metabolism in vitro*

Per cent total cpm applied

Time
(min} R, ['*C-chloroethyl]-CCNU ['*C-cyclohexyl]-CCNU

0 060 915 91-6
053 17 02

037 38 42

007 5 24

2 060 573 549
0-53 49 53

037 324 356

0-07 23 3

5 0-60 24 1-2
053 89 101

037 773 777

007 53 76

10 0-60 10 0-6
0-53 116 140

037 77 721

007 78 83

20 0-60 03 06
053 176 163

0-37 705 705

0-07 82 82

* CCNU, ['#C]-labeled in either the chloroethyl or cyc-
lohexyl moieties (0-1 mM, 100 uCi/m-mole), was incubated
for the times indicated under conditions described as ‘com-
plete’ in Table 1. Ether extracts of the incubation mixtures
were chromatographed on Silica gel with 60%, dichloro-
methane-20%, tetrahydrofuran-20%, toluene (v/v)} and the
developed plates analyzed for radioactivity in sequential
0-5-cm sections. Recovery of radioactivity from the chro-
matograms averaged 96 per cent (range 92-99 per cent).
The major components separated by thin-layer chromat-
ography were subsequently identified by the formation of
the DNP-derivatives of their cyclohexyl moieties: R, 0-60,
CCNU; R, 0-53, trans-2-hydroxy CCNU; R, 0-37, trans-3-
hydroxy CCNU, cis-4-hydroxy CCNU and trans-4-hyd-
roxy CCNU; R, 0:07 was not identified.

microsomes from saline-pretreated animals, values of
Voae 425nmoles CCNU hydroxylated/min/mg of
microsomal protein, and K,,, 042 mM, were obtained.
With hepatic microsomes from phenobarbital-pre-
treated animals, the values were V owe 67-5nmoles
CCNU hydroxylated/min/mg of microsomal protein,
and K,,, 0-24 mM.

Analysis by thin-layer chromatography of the
CCNU metabolites produced during incubation of
[*“C]-CCNU with microsomes reveals the presence
of one major and two minor polar metabolites. The
data in Table 2, which expresses the distribution of
radioactivity derived from the parent compound as
a percentage of the total radioactivity applied to the
chromatogram, indicate the near complete loss of par-
ent compound within the first 5 min of incubation.
This rapid loss is accompanied by an equally rapid
appearance of a metabolite with an R, of 037
together with the slower appearance of metabolites
with R, values of 0-53 and 0-07. Colorimetric deter-
mination of nitroso function demonstrated that the
parent compound and the three metabolites are nitro-
sated. Analysis of assays containing either [*“C-chlor-
oethyl]-CCNU or [!*C-cyclohexyl]-CCNU (Table 2)
indicates a similar distribution of radioactivity
throughout the metabolites at all times during the
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CCNU CONCENTRATION (1.g/ml)

10 1 L )
0 10 20 30
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Fig. 1. Plasma disappearance of CCNU and nitrosated
metabolites during 30 min, after i.v. injection of 30 mg/kg
of CCNU. Each point represents the average plasma con-
centration from two or three animals.

incubation, which strongly suggests that the nitro-
sourea remains intact but is modified in polarity by
the addition of polar groups.

After iv. injection of CCNU in rats, the plasma
level of CCNU and related nitrosated metabolites
falls exponentially with a half-life of 6:5 min during
the initial distributive phase (Fig. 1). Thereafter, the
plasma level falls exponentially with a half-life of 47
min—a value similar to that found during incubation
in vitro at pH 7-4 and 37°. Wheeler ¢t al. [4] have
obtained a chemical half-life of 53 min for CCNU
in 0-1 M phosphate buffer, pH 7+4, at 37°.

Analysis by thin-layer chromatography of ether-sol-
uble products from the plasma of rats receiving
CCNU iv. (Fig. 2) indicates a rapid loss of parent
compound (R, 0-60) with the equally rapid appear-

100

PERCENT DISTRIBUTION OF RADIOACTIVITY

TIME AFTER ADMINISTRATION OF CCNU (min)

Fig. 2. Distribution of radioactivity from [!*C-cyclo-
hexyl]-CCNU in rat plasma at various times after i.v. in-
jection. The nitrosoureas contained in ether extracts of
plasma were subjected to thin-layer chromatography, and
the distribution of radioactivity between the parent com-
pound (R, 0-60) and two polar metabolites (R, 0-37 and
0-07) was determined. Open symbols (O, A, 0J) refer to
saline-treated animals; closed symbols (@, A, B) to pheno-
barbital-pretreated animals. R, 0-60, OM; R, 037, A A;
R, 0:07, O ®@. Each point represents the average per cent
distribution of radioactivity between CCNU and its meta-
bolites obtained from plasma of two to four animais.
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ance of one major metabolite (R, 0-37) and the slow
appearance of radioactivity at R, 0:07. The pattern
and rate of appearance of the products in vivo are
very similar to those observed in vitro with the excep-
tion that the R, 0-53 product in vitro is not clearly
separated in plasma extracts, probably being included
in the broad region (R, 0-37) containing the bulk of
the hydroxylated metabolites. Within 5 min after a
rapid intravenous injection of ['*C-cyclohexyl]-
CCNU (30 mg/kg, approximately LD;,) in control
animals, the ether-soluble radioactivity in plasma is
about equally distributed between the parent com-
pound and its major metabolite, with a small fraction
present at R 0-07. A similar distribution of radioacti-
vity (Fig. 2) exists within approximately | min in ani-
mals which have been pretreated with phenobarbital.

The identity of the major metabolites of CCNU
has been determined by the generation of DNP-deri-
vatives of the cyclohexylamine moiety which is quan-
titatively released during exposure of the nitrosourea
to alkaline conditions at elevated temperature. Com-
parison of these products with authentic DNP-deriva-
tives of cyclohexylamine and aminocyclohexanols was
made by high pressure liquid chromatography, each

(@) (b)
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Fig. 3. (a) High pressure liquid chromatography of DNP-
aminocyclohexanols on 100 cm x 2 mm Micropak Si-10
column eluted at | ml/min (4000 psi) with 859 dichlor-
oethane-15% tetrahydrofuran (v/v) and effluent monitored
at 350 nm. Sample in | pl benzene contained 1'5 nmoles
each of DNP-cyclohexylamine (I). DNP-trans-2-amino-
cyclohexanol (II), DNP-¢is-3-aminocyclohexanol (IIT),
DNP-trans-3-aminocyclohexanol (IV), DNP-cis-4-amino-
cyclohexanol (V) and DNP-trans-4-aminocyclohexanol (VI).

(b) High pressure liquid chromatography of DNP-deri-
vatives of aminocyclohexanols generated during the alka-
line degradation of hydroxylated CCNU extracted from
the plasma of a phenobarbital-pretreated rat 2 min after
1.v. injection of CCNU. Sample in 1 ul benzene equivalent
to 200 ul extracted plasma. Conditions and designation

of compounds I to VI as in Fig. 3a.
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Table 3. Hydroxylated metabolites of CCNU, in vitro and
in vivo*

", DNP-aminocyclohexanolst

trans- cis-  trans- cis-  trans- % CONU
Condition 2-0H 3-OH 3-OH 4-OH 4-OH metabolized
In vitro
Control microsomes 138 trace 308 528 26 ks
{40 min)}
Phenobarb, microsomes 3t 33 13 7740 47 87
(20 min)
In vivo
Control rats 80 39 226 4D 11§ 96
{20 min}
Phenobarb. rats 7% trace 93 615 214 78
{2 min}
Phenobarb, rats 73 trace 117 509 301 85
(10 min)

* Metabolites in vitro were generated in the mixed func-
tion oxidase system described in the legend to Table I,
containing ! mg/ml of microsomal protein and 0-4 mM
CCNU. Metabolites in vivo were extracted from defatted
plasma of animals which received iv. CCNU (30 mg/kg).
The nitrosoureas were extracted into ether at 0°, the cther
was removed at room temperature and the residue heated
at 100° for 40 min in saturated sodium borate solution
containing 0-25 M 24-dinitrophenylsulfonate. The resul-
tant DNP-aminocyclohexanols were separated by high
pressure liquid chromatography and identified by compari-
son of their elution times with those of authentic DNP-
aminocyclohexanols.

+ DNP-derivatives of trans-2-aminocyclohexanol (trans-
2-OH), cis-3-aminocyclohexanol (cis-3-OH), trans-3-amino-
cyclohexanol (trans-3-OH), cis-4-aminocyclohexanol (cis-4-
OH) and trans-4-aminocyclohexanol {trans-4-OH).

1 In vitro, time of incubation at 37°; in vive, time alter
v, administration of CCNU at which blood samples were
taken.

DNP-derivative having a reproducible, characteristic
elution time (Fig. 3).

Hydroxylation of the cyclohexane ring of CCNU
occurs at positions 2, 3 and 4 to produce, at least,
the five hydroxylated CCNUs which yield the DNP-
aminoalcohols analyzed (Table 3). Cis-4-hydroxy
CCNU, yielding DNP-cis-4-aminocyclohexanol, is
the major metabolite formed both in vive and in vitre,
making up more than half of the metabolites identi-
fied. The pattern of hydroxylation in vitro is depen-
dent upon the source of microsomes. Microsomes
from saline-treated animals produce significant
amounts of trans-3-hydroxy CCNU (30 per cent) and
cis-4-hydroxy CCNU (52-8 per cent) with a smaller
amount of trans-2-hydroxy CCNU (13-8 per cent) and
trace amount of cis-3-hydroxy and trans-4-hydroxy
CCNU. Liver microsomes from phenobarbital-pre-
treated animals produce almost exclusively cis-4-hyd-
roxy CCNU (774 per cent) with some trans-3-hyd-
roxy CCNU (11-3 per cent) and small amounts of
trans-2-hydroxy, cis-3-hydroxy and trans-4-hydroxy
CCNU (31, 3-3 and 47 per cent respectively).

The pattern of hydroxylation in vivo is similarly
dependent on the nature of pretreatment. Rats which
have received saline pretreatment produce significant
amounts of all five hydroxylated metabolites and in
proportions similar to those found in vitro, with the
exception of the larger amount of trans-4-hydroxy
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CCNU formed in vive. In phenobarbital-pretreated
animals, cis-4-hydroxy CCNU is the major product
in a distribution which resembles the situation in
vitro, but again with a much larger proportion of
trans-4-hydroxy CCNU being formed in vivo than in
viyo,

DISCUSSION

Microsomal hydroxylation of the cyclohexyl moiety
of CCNU is extremely rapid. More than 80 per cent
of a carcinostatic dose of 30 mg/kg is metabolized
in the rat within 30 min. The enzymic character of
the hydroxylation indicates it is of a mixed function
oxidase type, being dependent on a supply of
NADPH and being inhibited by carbon monoxide.
The enhanced rate of metabolism per mg of microso-
mal protein by liver microsomes derived from pheno-
barbital-pretreated animals is also consistent with hy-
droxylation by a mixed function oxidase. May et al
[ 57 have reported similar data on the microsomal hy-
droxylation of CCNU in vitro together with mass
spectra data to indicate ring hydroxylation of CCNU
and demonstration of a type I binding spectrum [17]
when CCNU is added to microsomes.

The pattern of ring hydroxylation indicates that
attack on the cyclohexyl ring is primarily axial to
the {-(2-chloroethyl}-I-nitrosourea group, with the
predominant formation of trans-3-hydroxy CCNU
and cis-4-hydroxy CCNU. Of the possible products
of equatorial hydroxylation, only trans-2-hydroxy
CCNU is formed in a significant amount in vitro,
although equatorial attack at the 4-position to give
trans-4-hydroxy CCNU occurs extensively in vivo and
especially in animals pretreated with phenobarbital.
The change in the position and direction of attack
which occurs after phenobarbital pretreatment is evi-
dent both in vitro and in vivo and is probably related
to the decrease in apparent K,, for CCNU found in
vitro with microsomes from phenobarbital-pretreated
animals. While in both saline-treated and phenobarbi-
tal-pretreated animals cis-4-hydroxy CCNU is the
major metabolite (54 and 615 per cent, respectively),
the next most abundant metabolite is trans-3-hydroxy
CCNU (22:6 per cent) in saline-treated animals but
trans-4-hydroxy CCNU (214 per cent) after pheno-
barbital pretreatment. Similar changes in the pattern
of hydroxylation after phenobarbital pretreatment
have been reported for the microsomal hydroxylation
of N-2-fluorenylacetamide [18], n-heptane [7] and
the n-butyl side chain of N-n-butylbarbital [19].

The most striking implication of the rapid hy-
droxylation of CCNU relates to its bearing on the
carcinostatic properties of the parent compound and
the metabolites. The carcinostatic agent of the nitro-
soureas is not known, although it is believed to be
a reactive intermediate generated during the chemical
breakdown of the molecule. Hydroxylation of the cyc-
lohexyl moiety of CCNU probably does not influence
the generation of the agent but will certainly influence
such important parameters as protein binding, tissue
distribution and mode and rate of excretion. Informa-
tion on how these parameters influence the carcino-
static activity of the cyclohexyl-substituted nitro-
soureas should lead to a better understanding of the
mode of action of the nitrosourea antitumor agents.
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