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SUMMARY

N-Dealkylation of ethylmorphine and O-dealkylation of norcodeine were studied in
hepatic microsomes from male rats. Both reactions appeared to be equally sensitive to car-
bon monoxide, and the inhibitions produced by CO were light-reversible. Chronic pheno-
barbital administration stimulated the N-dealkylation of ethylmorphine but had no effect
on the O-dealkylation of norcodeine in hepatic microsomes. Hexobarbital produced a com-
petitive inhibition of ethylmorphine oxidation but effected an inhibition of norcodeine
oxidation that was not competitive. Ethylmorphine N-dealkylation was more labile to
heat treatment than was norcodeine O-dealkylation. Fasting-adapted rats that received food
for 12 hr out of each 48-hr period for 28 days yielded hepatic microsomes which displayed an
increased ethylmorphine oxidation with no change in norcodeine oxidation and no change in
hepatic cytochrome P-450 content. These studies indicate different rate-controlling events
in the oxidation of ethylmorphine and norcodeine, although each reaction depends upon the

participation of cytochrome P-450.

INTRODUCTION

An organized sequence of electron trans-
fer has been shown to function in the 118-
hydroxylation of steroids by adrenal mito-
chondria (1) and has been proposed to
function in the oxidation of drugs by
hepatic microsomes (2). In this chain of
electron transport a unique hemoprotein,
cytochrome P-450, has been postulated to
represent an oxygen-activating factor
within the hepatic microsomes and to func-
tion as the terminal oxidase for mixed
function oxidations of drugs, steroids, and
carcinogens (3). This might explain why
certain drugs and steroids of diverse chem-
ical structure produce mutually competitive
inhibition of their metabolism (4) and why
agents such as phenobarbital exert an in-
duction of the metabolism of many drugs.
Phenobarbital is known to effect an increase
in the activity of hepatic microsomal P-450
(5) and NADPH-cytochrome ¢ reductase,
which may function as a P-450 reductase
(2).

However, correlation of all drug oxida-
tion with P-450 content has not always
been possible. The administration of 3-me-
thylcholanthrene increases the level of
cytochrome P-450 in microsomes, whereas
the metabolism of certain substrates is not
affected (6). Phenobarbital pretreatment
increases the N-demethylation of meperi-
dine and methylbarbital, but decreases or
has no effect on the demethylation of co-
deine or methoxyacetanilide (7). In certain
rabbit strains, phenobarbital does not stim-
ulate the dealkylation of codeine or the
hydroxylation of benzpyrene (8). In addi-
tion, there have been numerous reports of
species (9) and sex differences (10) which
support the view that different mechanisms
or engymes may be involved in the metab-
olism of various drugs.

Recently, microsomal N- and O-dealky-
lation reactions have been studied in this
laboratory using analogues of morphine as
substrates. Although certain similarities
exist for these systems, experiments have
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been performed which permit a differentia-
tion between the N- and O-dealkylation of
‘morphine analogues. These studies form the
basis of this report. Certain results have
.appeared in preliminary form (11).

MATERIALS AND METHODS

Animals. Holtsman rats were used
throughout these studies. In certain experi-
ments male rats (200-210g) were given
food for the first 12 hr and fasted for the
remaining 36 hr out of every 48-hr period
for 28 days. Water was administered ad
libitum during this period, and the animals
were killed 36 hr after the last feeding
period. Livers were quickly excised for the
preparation of microsomes.

Preparation of microsomes. Hepatic
homogenates were prepared using ice-cold
0.25 M sucrose solutions containing 1 mm
disodium EDTA. The homogenate was
centrifuged at 12,500 g for 20 min at 0-4°.
The supernatant fraction was then centri-
fuged at 104,000¢g for 90 min in a Spinco
model L ultracentrifuge. The microsomal
pellets were resuspended with sucrose-
EDTA to a volume such that each milliliter
contained 5 mg of protein or microsomes
from 250 mg of liver. The protein con-
centration was determined by the biuret
method (12).

Determination of drug metabolism. The
N-dealkylation of ethylmorphine and the
O-dealkylation of norcodeine were per-
formed in incubation mixtures described
by Rubin et al. (4), except that nicotin-
amide was omitted from reaction mixtures
and formaldehyde was measured by a
modification of the method of Nash (13).
The O-dealkylation of ethylmorphine and
of phenacetin was determined by measure-
ment of acetaldehyde production by a
modification of the method of Stotz (14).

When experiments were conducted in the
presence of carbon monoxide, 25-ml Erlen-
meyer flasks equipped with ground glass
tops and side arms were used. Flasks were
placed on Warburg manometers, and the
side arms had rubber tubing attached to
them which could easily be clamped. Mix-
tures containing all reactants except sub-
strate were first incubated at 25° for 3
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min in vessels attached to the Warburg
manometers. Mixtures of gases were ob-
tained by using a Heidbrink Kinet-O-
Meter anesthesia machine equipped with a
reservoir bag in which gases were mixed
prior to flow to the reaction vessels. A con-
stant concentration of oxygen (20%, v/v)
was used throughout, and the concentra-
tions of nitrogen and carbon monoxide
were varied. The concentration of carbon
monoxide was determined by infrared
analysis of the gas mixture (15, 16). At
the end of the preliminary incubation
period, reactions were started by the in-
jection of substrate through the rubber
tubing on a side arm and drug oxidations
were determined as described previously
with reactions carried out at 37° in a
large glass water bath. These reactions
were carried out in the dark or in the
presence of a strong light source supplied
from the lamp (1000-W) of a slide projector.
Filtered light was obtained by placing a
Corning narrow band interference filter
which had a maximum transmission band
at 450 my in front of the light source. The
half-bandwidth of this filter was =10 mp.

Kinetic analysis. When data were plotted
by the Lineweaver and Burk method (17),
lines were drawn with the aid of statistical
analyses provided by Wilkinson (18).

Determination of cytochrome P-450.
Microsomal suspensions were diluted in
0.1 M phosphate buffer (pH 7.4) to contain
1-2 mg of protein per milliliter. Sodium
dithionite (1-2 mg) was added to the
diluted preparation, and 1.0-ml aliquots
were added to each of two 1-ml cuvettes.
Carbon monoxide was bubbled through one
of the samples for 30 sec, the cuvettes were
capped, and optical densities were deter-
mined at 450 and 490 mu. P-450 content
was expressed a8 OD,so-400/mg of protein
per milliliter.

RESULTS

Effect of carbon monoxide on the N-
and O-dealkylation of morphine analogues.
Carbon monoxide has been shown to in-
hibit drug oxidations in hepatic micro-
somes by combination with cytochrome
P-450 (3), and this interaction of P-450
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Fi1a. 1. Effect of carbon monoxide on norcodeine

(NC) and ethylmorphine (EM) oxidation

Norcodeine oxidation (dashed line) and ethylmor-
phine oxidation (solid line) were carried out under
an atmosphere of 209, oxygen with various oon-
centrations of carbon monoxide and nitrogen. Rates
are expressed as micromoles of formaldehyde
produced per gram of liver per hour.

with carbon monoxide was competitive with
oxygen. Figure 1 shows the effect of carbon
monoxide on the N-dealkylation of ethyl-
morphine and on the O-dealkylation of
norcodeine in rat hepatic microsomes. Both
reactions were inhibited by carbon monox-
ide, and the 50% inhibitory (Is,) values
obtained when ethylmorphine was used as
substrate were in good agreement with
those obtained when norcodeine was the
substrate. This would indicate that both
reactions utilize cytochrome P-450 and
that the same hemoprotein participates in
both reactions.

Figure 2 shows that light reverses the
carbon monoxide inhibition of both ethyl-
morphine and norcodeine oxidation. When
white light was supplied, almost complete
restoration of drug oxidations was ob-
served. Light at 450 mu was less effective
in restoring the drug oxidations. It is pos-
sible that insufficient light intensity was
obtained after filtering. Both restorations
were statistically significant (p < .05).

Effect of phenobarbital on the oxidation
of ethylmorphine and norcodeine in hepatic
microsomes. Phenobarbital is known to
stimulate the metabolism of many drugs
by endoplasmic reticulum of liver when it
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Fi1a. 2. Effect of light on carbon monozide inhibition
of ethylmorphine (EM) and norcodeine (NC) oxida-
tion

Incubation atmospheres consisted of nitrogen,
50%; oxygen, 20%; and carbon monoxide, 30%.
Control reactions were performed in the dark, and
white light was provided by a 1000-W lamp from a
slide projection system. A narrow band interference
filter was used to obtain light at 450 mgu.

is administered chronically (19-21). It can
be seen in Fig. 3 that microsomes derived
from rats treated with phenobarbital for
4 days prior to death had a greater capacity
to metabolize ethylmorphine than micro-
somes from untreated animals. Livers from
these animals also showed a 3.5-fold in-
crease in their content of cytochrome

mpmoles/mg protein /min

control Mﬂml

F1a. 3. Effect of phenobarbital on ethylmorphine
(EM) and norcodeine (NC) orxidation

Rats received single daily intraperitoneal in-
jections of saline or phenobarbital sodium (40
mg/kg) for 4 successive days and were killed 24 hr
after the last injection.
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Tasre 1
Cytochrome P-450 content tn microsomes from
saline- and phenobarbital-treated rats
Conditions for these experiments were as de-
scribed for Fig. 3. Each value represents the mean of
seven experiments + the standard error.

P-450 (ODuso-190/

Treatment mg protein/ml)
Saline 0.056 + 0.011
Phenobarbital 0.194 + 0.052

P-450 (Table 1). However, no increase in
norcodeine dealkylation occurred. The
oxidation of ethylmorphine and norcodeine
in hepatic microsomes from phenobarbital-
treated rats displayed the same sensitivity
to carbon monoxide that was observed for
hepatic microsomes of untreated rats (Fig.
1).

The O-dealkylation of ethylmorphine
and the O-dealkylation of phenacetin were
also studied in hepatic microsomes from
phenobarbital-treated rats. When the O-
dealkylation of ethylmorphine was meas-
ured, no increase in oxidation rates in
microsomes obtained from phenobarbital-
treated rats was observed (Table 2).
Therefore, it appears that the O-dealkyla-
tion of norcodeine and the O-dealkylation
of ethylmorphine proceed through similar
enzymic mechanisms. However, the O-
dealkylation of phenacetin was increased
to about the same extent as that observed
for the N-dealkylation of ethylmorphine.
This suggests that there are two enzymic
systems in hepatic microsomes concerned
with O-dealkylation.

TABLE 2
Effect of phenobarbital on the O-dealkylation of
ethylmorphine and phenacetin
Conditions were as described for Fig. 3. Each
value represents the mean of four experiments + the
standard error.

Activity
(umoles/g liver/hr)
Substrate Saline Phenobarbital
Ethylmorphine 4.63 +0.32 4.71 £0.15
Phenacetin 3.18+ 0.78 7.87 +1.81
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Inhibition of ethylmorphine and mnor-
codeine oxidation by hexobarbital. It has
been shown that hexobarbital competitively
inhibits the oxidation of ethylmorphine in
rat hepatic microsomes (4). If norcodeine
and ethylmorphine utilized the same rate-
limiting step in their oxidative metabolism,
one would expect hexobarbital to inhibit
the O-dealkylation of norcodeine competi-
tively. Figure 4 shows that whereas hexo-
barbital did produce a competitive in-
hibition of ethylmorphine oxidation, a
different inhibitory pattern was obtained
when norcodeine was the substrate. This
would indicate that different rate-limiting
events control the oxidation of these sub-
strates or that an alternative mecha-
nism operates in the O-dealkylation of
norcodeine.

Differential lability of microsomal oxida-
tive systems. In the course of these experi-
ments it was noted that upon storage of
microsomes at 0-5° the system concerned
with norcodeine oxidation was less labile
than that involved with ethylmorphine
oxidation. This differential lability was also
observed if microsomal preparations were
incubated at various temperatures prior
to assay for oxidation of ethylmorphine
or norcodeine. Results of such experiments
are presented in Fig. 5. When microsomal
preparations were incubated at 45° prior
to study, ethylmorphine oxidation was more
rapidly diminished than was norcodeine
oxidation. Indeed, there is a suggestion that,
after 5 min preliminary incubation, nor-
codeine oxidation may even be stimulated.
These results further indicate that nor-
codeine and ethylmorphine oxidations have
different rate-limiting steps in their oxida-
tive sequence, or that a different system is
involved. There was no correlation be-
tween the loss of drug-oxidizing activity
and decreases in cytochrome P-450. Cyto-
chrome P-450 measurements remained
virtually unchanged for 15 min, with a
maximal decrease of about 48% seen after
60 min preliminary incubation at 45°
(Table 3).

Ozxidation of ethylmorphine and nor-
codeine in fasting-adapted rats. Certain
feeding schedules have been shown to affect
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Fi1G. 4. Effect of hexobarbital on ethylmorphine (EM) and norcodeine (NC) oxidation
S = molarity X 10~%; v = velocity at given substrate concentration in micromoles of formaldehyde
formed per gram of liver per hour. Sodium hexobarbital (Hz) concentrations were 1 X 103 M and 2 X

107 M.

enzyme synthesis. Potter et al. (22) have
described the effects of adaptation in rats
that were fed for 12 and fasted for 36 hr
out of every 48-hr period. Figure 6 shows
results from hepatic microsomes derived
from rats which had been on such a feeding
schedule for 28 days. It can be seen that
ethylmorphine oxidation was greatly stim-

lm/‘lim/h

ulated in microsomal preparations from
fasting-adapted rats whereas norcodeine
oxidation was not increased significantly.
It is interesting that cytochrome P-450
values were not significantly different in
these preparations when compared to those
from normal rats. These results indicate
that dietary manipulation can differentially

n/5n3/so0m 8
000N
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MINUTES PREINCUBATION
Fi1a. 5. Effect of preliminary incubation at 46° on ethylmorphine (EM) and norcodeine (NC) oxidation

The ordinate on the left side of the figure refers to ethylmorphine oxidation, and the ordinate on the right
side refers to norcodeine oxidation. The abscissa refers to the duration of preliminary incubation in minutes

prior to removal of microsomes for assay.
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TaBLE 3
Effect of preliminary incubation at 456° on
cytochrome P-450
Each value represents the mean of four experi-
ments + the standard error.

Preliminary
incubation OD 50430
(min) (% of control)
5 91.83 + 8.35
10 84.55 + 8.30
15 87.85 + 5.49
20 77.03 + 2.54
30 70.38 + 8.57
60 52.73 + 6.41
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F1a6. 6. Drug oxidation in microsomes from fasting-
adapted rats

FA = fasting-adapted rats obtained by feeding
rats for first 12 hr out of each 48-hr time period for
28 days. C = control rats, which received a regular
diet of laboratory chow ad libitum. Cytochrome
P-450 values represent OD.w.w/mg of protein per
milliliter.
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affect drug-oxidative reactions. Further-
more, there secms to be no correlation be-
tween P-450 content and microsomal drug
oxidation in these preparations. These re-
sults differ from those obtained from he-
patic microsomes of rats fasted for 72 hours.
In these experiments no significant differ-
ences were observed when rates of ethyl-
morphine or norcodeine oxidation were
compared with rates obtained from micro-
somes prepared from rats fed ad libitum.

DISCUSSION

These studies indicate that within hepatic
microsomes different rate-limiting events
exist for the N- and O-dealkylation of
morphine analogues. Although the partic-
ipation of cytochrome P-450 is involved
in both reactions, it was possible to show
that the P-450 content did not correlate
with either ethylmorphine N-dealkylation
or norcodeine O-dealkylation. Phenobar-
bital increased the P-450 content in livers
of male rats without affecting microsomal
O-dealkylation of norcodeine. Stimulation
of ethylmorphine N-dealkylation was ob-
served in microsomes from fasting-adapted
rats which had no change in P-450 content.
That different rate-limiting steps were op-
erative in these reactions was further in-
dicated when hexobarbital was tested as
an inhibitor of ethylmorphine N-dealkyla-
tion and norcodeine O-dealkylation. Hexo-
barbital competitively inhibited the N-
dealkylation of ethylmorphine, whereas the
inhibition of norcodeine dealkylation was
not competitive. Also, preliminary incuba-
tion of microsomes at 45° revealed a
differential lability in the factors which con-
trol the rate of these reactions. Ethylmor-
phine N-dealkylation appeared to be more
sensitive to preliminary incubation than
was norcodeine O-dealkylation. The de-
crease in activity which was observed with
this procedure did not correlate with de-
creases in P-450. Recent studies have shown
that NADPH-cytochrome ¢ reductase ac-
tivity is not affected by preliminary
incubation.

These data permit several interpretations
concerning the composition and regulation
of the hepatic microsomal oxidative sys-
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tems. First, there may be two regulatory
sites within the same system, and one of
these regulatory sites might be rate-limiting
for one substrate or group of substrates
while the other is rate-limiting for another
group. Factors to be considered are sub-
strate-enzyme binding characteristics and
differential requirements for electron flux.
These factors and possibly others would
serve as a basis for the existence of two
regulatory sites within the same system.
For example, the reduction of cytochrome
P-450 by NADPH-cytochrome P-450 re-
ductase may be rate-limiting with respect
to ethylmorphine N-dealkylation, whereas
the binding of the substrate to P-450 may
be limiting with respect to norcodeine O-
dealkylation. This possibility has been
considered previously (23). Second, there
may exist in the electron chain alternative
forms of a given component which differ
from one another such that one is func-
tional for certain groups of compounds and
the other is operative when other groups
of substrates are made available. An ex-
ample of this would be the existence of
several forms of cytochrome P-450. Dif-
ferent hemoproteins which could be meas-
ured as P-450 because they contain similar
prosthetic groups may function for dif-
ferent classes of substrates. Multiple forms
of P-450, each with different binding prop-
erties but with qualitatively similar cata-
lytic properties, would explain many of the
results obtained in the current study. Dif-
ferent binding spectra obtained for different
groups of compounds have been described
previously (24, 25), and different forms of
P-450 have recently been identified (26).
Finally, we must not exclude the possibility
that there exist two or more entirely dif-
ferent enzyme systems which may have
few or no common transfer intermediates.
Although this proposal appears to be the
least tenable at this time, it must not be
discarded until additional evidence is
provided.
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