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Abstract—The effects of seven antineoplastic agents (dacarbazine, procarbazine, hexamethylmelamine,
carmustine, lomustine, chlorozotocin, p-carbmethoxyphenyldimethyltriazene) on oxidative drug metab-
olism were studied. With the exception of dacarbazine and chlorozotocin they inhibited p-nitroanisol
O-demethylase in vitro in liver 9000 g supernatant of CBALac mice. The inhibition mode was mixed
for procarbazine and hexamethylmelamine, apparent K values for these drugs were 1.9 and 0.8 mM.
Carmustine and p-carbmethoxyphenyldimethyltriazene {CMPDT) showed uncompetitive inhibition.
Procarbazine inhibition is mediated by a metabonate and the inhibition by CMPDT is reduced by non-
specific binding. The administration of these agents at tumour curative doses in vivo lead only to weak
to negligible depression of O- and N-demethylase activities 10 min, 1 day and 3 days after cessation of

drug administration.

Mixed function oxidase enzymes localized in the
endoplasmic reticulum (i.e. microsomal fraction) of
the hepatocyte mediate the catabolism of many
antineoplastic agents. Some of these drugs, like
cyclophosphamide, require oxidative metabolism for
activity. Also the intensity and duration of their
cytotoxicity may be determined by the rate at which
the cytotoxic species generated is metabolically
detoxified. Many antineoplastic drugs, e.g. cyclo-
phosphamide [1] and S-fluorouracil {2] have been
demonstrated to depress drug biotransformation of
the liver by direct or indirect inhibitory actions on
cytochrome P-450 related functions. As these drugs
are frequently administered repeatedly as single
agents or as part of a combination regime with other
drugs, their ability to interfere with drug metaboliz-
ing enzyme activity may have clinical consequences.
If drug induced reduction in metabolizing capacity
of the liver occurs, then levels of active metabolites
may be too low to cause sufficient tumour cell kill
or the sustained presence of cytotoxic species may
result in non-selective toxicity to the host.

Unlike in the case of cyclophosphamide and other
classical antineoplastic drugs, itis not known whether
the cytotoxic drugs which have been introduced into
therapy more recently interfere with hepatic drug
metabolism. We therefore have investigated the
potential of some of them (dacarbazine, hexame-
thylmelamine and the nitrosoureas carmustine,
lomustine and chiorozotocin) to inhibit mixed func-
tion oxygenase activity in mouse liver in vitro. These
drugs are known or suspecied to require oxidative
activation. In order to detect chronic effects on the
metabolizing capacity of the liver by the treatment
with these drugs, we have also studied enzyme
activity after administration of doses which have
been shown to achieve maximal increase in survival
time in tumour bearing mice. In addition, procar-
bazine and p-carbmethoxyphenyldimethyltriazene
(CMPDT) were included in the study. Procarbazine
given as single doses of 100 mg/kg or more has been

shown to inhibit drug metabolizing enzymes (3, 4];
in this study we investigated the effect of a lower
dose which inhibits tumour growth. The experi-
mental triazene CMPDT is a derivative of dacar-
bazine and, though more toxic than dacarbazine, is
highly active against rodent tumours [5]. We have
studied drug metabolism interactions with this agent
as it has been used in biochemical and pharmaco-
logical investigations into the mode of action of
antineoplastic dimethyl-triazenes [6].

MATERIALS AND METHODS

A. Drugs. Procarbazine, lomustine (CCNU), car-
mustine (BCNU)} and chlorozotocin were supplied
by Dr Harry B. Wood, Drug Synthesis and Chem-
istry Branch, Division of Cancer Treatment,
National Cancer Institute, Bethesda, U.S.A. Hex-
amethylmelamine, CMPDT and its monomethyl and
hydroxymethyl derivatives were synthesized by Drs.
Stevens and Simmonds in our laboratories according
to published methods {7, 8]. Doxepine was provided
by Pfizer Ltd. and dacarbazine (DTIC) by Dome
Laboratories Ltd. All other drugs and chemicals
were commercially available.

B. Drug administration. Three to four-week old
male CBALac mice were used throughout the study.
The cytotoxic agents were administered i.p. in saline
or acetone/arachis oil 1:5 either as five daily doses
of 40mg/kg (dacarbazine, procarbazine, hexa-
methylmelamine, CMPDT) or as a single dose of 40
mg/kg (lomustine, carmustine, chlorozotocin).
According to published reports [5, 9] and our results
(10] these regimes cause a maximum increase in
survival time in mice inoculated with experimental
tumours sensitive to these compounds. The livers
were excised from untreated animals or 10 min, 1 day
or 3 days after cessation of drug administration and
mixed function oxidase activities measured
immediately.
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C. Incubations. 9000 g liver fractions were pre-
pared by differential centrifugation of a 10% homo-
genate in 0.25M sucrose. Microsomes were pre-
pared according to Schenkman and Cinti [11].
Incubations were carried out with 9000 g supernatant
equivalent to 80 mg of liver in case of the p-nitroan-
isol O-demethylations and 100 mg in case of the N-
demethylations. Substrate concentrations ranged
from 0.03 to 0.2 mM for p-nitroanisol and were 5 mM
for aminopyrine, 1 mM for doxepine and 0.5 mM for
CMPDT. Concentrations of cytotoxic drugs ranged
from 0.025 to 3mM. The incubation mixtures in
Earl’s buffer were fortified with cofactors which gen-
erated 1 mM NADPH in a final volume of 2.5 ml.
All incubations were performed in duplicate. After
30 min shaking under air the mixtures were depro-
teinized with 0.6 m1 20% trichloroacetic acid solution
or, in the presence of triazenes, 0.6 ml of a 20%
ZnS0O:s solution followed by 0.6 ml of a saturated
Ba(OH): solution.

D. Assay procedures. P-Nitroanisol O-demethyl-
ation was determined according to Netter and Seidel
[12] by measuring p-nitrophenol spectrophotome-
trically. N-Demethylations of aminopyrine, doxe-
pine and CMPDT were determined by measuring
formaldehyde (and N-hydroxymethyl intermediate)
with the Nash reagent [13]. The cytotoxic agents
used did not themselves interfere with the deter-
mination of p-nitrophenol and formaldehyde. Rates
of p-nitrophenol production were linear with time
for 30 min at p-nitroanisol concentrations <1 mM in
the presence and absence of inhibitors. N-Demethyl-
ation rates were also linear with time for aminopyrine
and doxepine but not for CMPDT. In all cases
metabolic demethylations were proportional to pro-
tein concentration in pilot experiments in which
microsomes were used. At the p-nitroanisol concen-
tration of 0.03 mM the amount of substrate disap-
pearing during the 30 min incubation period was
great enough to alter the initial substrate concentra-
tion. However, changed rates were not observed.
Apparent K; values were determined using the
method described by Dixon [14]. Intercepts, slopes
and points of intersection were calculated from linear
regressions for each experiment. The apparent K,
and K. values given in the results are the
mean + S.E.M. of at least four observations. Due
to the heterogeneity of the enzyme source these
values are of an indicative rather than a defining
nature [15].
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Fig. 1. Inhibition of p-nitroanisol O-demethylase by pro-
carbazine. S; and S:2 represent respectively p-nitroanisol
substrate concentrations of (.03 and 0.1 mM. Inhibitor
concentrations (I) are given in mM. Velocities (V) are
given as nmoles of p-nitrophenol formed per 80 mg of liver
during a 30 min incubation period. Each point shows the
mean of at least four observations. Details of the incubation
conditions under Methods.

Duration of pentobarbital anaesthesia (sleeping
time) was measured as the interval between the loss
and the voluntary recovery of the righting reflex.
Pentobarbital sodium was injected i.p. at the dosage
of 60 mg/kg and mice were placed in dorsal recum-
bancy during the period they were anaesthetised.
The mean duration of anaesthesia in 30 untreated
mice was 66 = 12 min.

RESULTS

In vitro interactions

The O-demethylation of p-nitroanisol is a well
investigated model reaction of oxidative metabolism
[12]. We determined the influence of different con-
centrations of cytotoxic agents on the rate of p-
nitroanisol biotransformation in 9000 g fractions of
liver preparations. Dacarbazine and chlorozotocin
did not inhibit the reaction at concentrations <3 mM.
The other agents interfered with mixed function
oxygenase activity. This was supported by pilot
experiments in which they inhibited aniline p-
hydroxylase to a similar extent. On the assumption
that the drugs undergo metabolic oxidation similarly
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Fig. 2. Inhibition of p-nitroanisol O-demethylase by hexamethylmelamine. Explanation of symbols, see
caption of Fig. 1.
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Fig. 3. Inhibition of p-nitroanisol O-demethylase by carmustine. Explanation of symbols, see caption
of Fig. 1.
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Fig. 4. Inhibition of p-nitroanisol O-demethylase by p-
carbmethoxyphenyldimethyltriazene (CMPDT). Explana-
tion of symbols, see caption of Fig. 1.

to p-nitroanisol competing for the same binding sites
on the enzymes the reciprocal of the rate of p-
nitroanisol O-demethylation at two substrate con-
centrations was plotted against cytotoxic drug con-
centration [14]. Different inhibition profiles were
obtained. Procarbazine exhibits a biphasic profile
with an app. K value for the inhibition data below
1mMof 1.9 £ 1.1 x 1073M (Fig. 1). The profile for
hexamethylmelamine (Fig. 2) at concentrations
>0.5 mM also levels off, indicating a change in the
nature of the type of inhibition. The app. K for
hexamethylmelamine is 7.6 + 2.8 X 107*M. From
these plots one cannot ascertain whether the mode
of inhibition is competitive or of a mixed type. Cor-
nish-Bowden plots (s/v vs I) used in conjunction with
the Dixon plots [16] revealed that the mode of
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Fig. 5. Inhibition of p-nitroanisol O-demethylase by two metabolites of CMPDT. Explanation of
symbols, see caption of Fig. 1.
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Fig. 6. Influence of preincubation of antineoplastic agents
with 9000 g liver supernatant on their ability to inhibit p-
nitroanisol O-demethylation in vitro.

Drugs (0.4 mM SKF 525-A and procarbazine, 0.2 mM
lomustine, carmustine and hexamethylmelamine) were
incubated with 9000 g supernatant and cofactors 15 min
prior to the addition of p-npitroanisol (0.1 mM). p-Nitro-
phenol formation was determined after 30 min incubation
according to the details outlined under Methods. Results
are expressed as per cent of control p-nitroanisol O-
demethylase activity which was 118 = 17 nmoles p-nitro-
phenol/80 mg liver/30 min in 46 experiments. Open bars
represent enzyme activities in the presence of drugs without
preincubation, hatched bars after preincubation. They are
the mean + S.E.M. of at least six experiments. A significant
difference in degree of inhbition between the two incu-
bation modesisdenoted by x (p < 0.05)and x x (p < 0.01).
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Fig. 7. Influence of preincubation of triazenes (0.2 mM)

with 9000 g mouse liver supernatant on their ability to

inhibit p-nitroanisol O-demethylation. Details, see caption
of Fig. 6.
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inhibition by both drugs is mixed. Carmustine (Fig.
3), lomustine, and CMPDT (Fig. 4) showed uncom-
petitive inhibition. Two active metabolites of
CMPDT, the monomethyltriazene and the N-
hydroxymethyltriazene (Fig. 5) inhibited p-nitroan-
isol O-demethylation more strongly than CMPDT
and by a different mode, namely of a mixed type.
The app. K: values for the metabolites are
28+09x10°M for the monomethyl- and
1.2 2 0.8 x 107*M for the hydroxymethyltriazene.
By comparison the app. K. for p-nitroanisol O-
demethylationwasdeterminedas7.0 = 1.9 X 107" M.
The marked inhibition shown by the triazene metab-
olites is in accordance with the finding that the rate
of dimethyltriazene N-demethylation in vitro is linear
only for several minutes after which it decreases
dramatically [17].

In order to elucidate whether metabolites or the
unchanged compounds were involved in the inhibi-
tion of demethylase activity the agents were exposed
to liver homogenate at a concentration ot (0.2 mM
or 0.4 mM 15 min prior to the addition of (). mM
p-nitroanisol (Fig. 6). Procarbazine showed marked
inhibition only after preincubation, like SKF 525-A.
2 diethylaminoethyl 2.2-diphenylvalerate, a standard
inhibitor of mixed function oxygenases [18]. Prein-
cubation of the chemically unstable procarbazine
[19] with buffer alone also lead to an increase in
inhibition by 24 per cent. This indicates that the
inhibition is mediated by a procarbazine metabonate.

Carmustine and lomustine exhibited decreased
inhibition after preincubation with liver homo-
genate, so did CMPDT and its two metabolites
(Fig. 7). Preincubation of CMPDT with microsome
free liver cytosol or with a (.3% bovine serum
albumin solution 15min before the addition of
microsomes, cofactors and substrate also resulted in
decreased inhibition (Table ). Apparently. this
inhibition is partly abolished by non-specific binding
of triazene rather than by biotransformation to non-
inhibitory metabolites.

Enzyme activity after drug administration

Body and liver weight of the animals were not
affected by the administration of the drugs at tumour
inhibitory doses. Three days after cessation of cyto-
toxic drug administration hepatic mixed function
Table I. Influence of different preincubations on the inhi-

bition of microsomal p-nitroanisol ()-demethylation by
CMPDT

“¢ of control O-

demcthyvlase activity

Conditions of
CMPDT preincubation

1.0

No preincubation 069.4 =

Buffer 71,7 =12.2
Liver cytosol YR, 1 = 6.7
BSA 0.3% 942+ 73

CMPDT (0.2 mM) was incubated with 2ml of buffer,
20% liver homogenate microsomal supernatant or ().3%
buffered bovine serum albumin solution prior to the addi-
tton of microsomes, cofactors and 0.1 mM p-nitroanisol.
Incubation details under Methods. O-Demethylase activ-
ities are expressed as per cent of enzyvme activity in the
absence of CMPDT. which was 123 + 12 nmoles p-nitro-
phenol/80mg  liver/30min  (n=8), and arc the
mean = S.E.M. of at least 4 experiments.
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Fig. 8. Mouse hepatic N-demethylase activities 3 days after
the administration of antineoplastic agents.
N-Demethylations were measured with aminopyrine
(open bars) doxepine (hatched bars) and CMPDT (black
bars) as substrates. Incubation conditions and doses of
antineoplastic agents are given under Methods. Results are
the mean of at least six animals and are expressed as per
cent of N-demethylations in control animals, which were
311 + 51 nmoles HCHO for aminopyrine, 81 * 18 nmoles
HCHO for doxepine and 385 + 62 nmoles HCHO for
CMPDT per 100 mg liver formed during 30 min incubation
in 18 experiments. Stars indicate that N-demethylations
were significantly different (P < 0.05) from 100 per cent
values.

oxygenase activity was assessed by measuring ami-
nopyrine, doxepine and CMPDT N-demethylase
(Fig. 8) and p-nitroanisol O-demethylase activities
(not shown) in 9000 g liver fractions. Enzyme activ-
ities were significantly depressed only by pretreat-
ment with dacarbazine and CMPDT. Dacarbazine
administration caused a decrease in N-demethylase
activities of 17% (aminopyrine), 20% (doxepine),
and 12% (CMPDT); treatment with CMPDT lead
to a depression of 24% (aminopyrine), 29% (dox-
epine), and 23% (CMPDT). The administration of
hexamethylmelamine, procarbazine and chlorozo-
tocin did not show an effect and lomustine and
carmustine exhibited weak depression of 11-20 per
cent which was not significant. The pattern of enzyme
activities observed 10 min and 1 day after adminis-
tration and the values obtained with p-nitroanisol as
substrate were similar to those shown in Fig. 8.

None of the drugs caused a significant prolongation
of pentobarbital induced sleeping time in these mice
at several time intervals after cessation of drug
administration.

DISCUSSION

Zubrod recently put the view forward that com-
bination chemotherapy in the treatment of malig-
nancies has a number of serious drawbacks, among

them are complexity, expense, induction of second-
ary tumours and other toxicities [20]. Therefore, he
questioned if cure rates can be increased by empirical
combinations of current drugs. However, combi-
nations based on cell kinetics and pharmacological
data may represent a more promising approach and
may lead to decreased toxicity. Pharmacologically
rationalized drug combinations should take drug
metabolism interactions of the components into
account, especially when drugs requiring activation
are used. The results reported here show that hex-
amethylmelamine, procarbazine, lomustine, car-
mustine and the experimental triazene CMPDT and
its active metabolites are capable of inhibiting
hepatic mixed function oxygenases and thus oxida-
tive bioactivation or detoxification reactions in vitro.

Compounds that are effective inhibitors of metab-
olism in vitro often fail to act as inhibitors in vivo.
A drug has to possess several pharmacokinetic
properties to render it capable of inhibiting the
metabolism of another drug in vivo [21]. The inhib-
itor must exert its effects at therapeutic levels.
Absorption and distribution of the inhibitor should
favour its accumulation in sufficient quantity to com-
pete with the substrate in the liver. The metabolism
of the inhibitor should be sufficiently slow so as to
maintain its presence at the metabolic site. Non
microsomal and extrahepatic pathways of metab-
olism should play a minor role in the disposition of
the inhibitor. The information available on the clin-
ical pharmacokinetics of most of the drugs tested
here do not suggest that they accumulate in the liver,
that their metabolism is particularly slow or that
metabolic pathways other than oxidative microsomal
ones contribute considerably to their activation or
detoxification. The apparent inhibitor constants of
four of these agents for p-nitroanisol-O-demethylase
measured in vitro areinthe orderof 107*t02 x 107* M
and appreciably above the apparent K, of p-nitroan-
isol O-demethylation. This already indicates that
mixed function oxidase activities are probably not
affected by the inhibitory protential of these cyto-
toxic agents when they are present at therapeutic
levels. Of all the drugs tested here hexamethylme-
lamine has the longest biological half life, between
5 and 10 hr as measured in patients with ovarian
malignancies {22]. A long half life may be a predis-
posing factor for drug metabolism interactions in the
liver. However, when given in tumour inhibitory
doses to mice in this study hexamethylmelamine and
the other antineoplastic agents did not notably influ-
ence oxidative metabolism measured shortly after
administration.

The chronic administration of the dimethyltri-
azenes dacarbazine and CMPDT lead to a significant,
even though not dramatic depression of mixed func-
tion oxidase activities after three days. Marinello et
al. [23] recently showed that the depression of metab-
olism by cyclophosphamide is due to the denatura-
tion of microsomal cytochrome P-450 by cyclophos-
phamide metabolites. It remains to be seen if other
cytotoxic drugs have a similar effect on the hepa-
tocyte. This study indicates however that inhibitory
drug metabolism interactions involving hexamethyl-
melamine, dacarbazine, procarbazine, carmustine,
lomustine and chlorozotocin may not be of major
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F. M. Schabel, Cancer Trear. Rep. 60, 665 (1976).

J. A. Hickman, A. Gescher. M. F. G. Stevens. manu-
script in preparation.

11. J. B. Schenkman and D. L. Cinti. Life Sci. 11. 247

importance in the chemotherapy of patients with 9.
malignancies. 10.
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