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Abstract—Some properties of the pethidine N-demethylating system of hepatic micro-
somes are described. The competitive inhibition of this system by phenelzine is also
reported. Evidence is given that it is the terminal reaction of the system which is par-
ticularly sensitive to phenelzine.

Pethidine caused a significant increase in the rate of NADPH oxidation in micro-
somes from rabbit liver. Some properties of this pethidine—stimulated activity are
reported. The pethidine—stimulated activity was inhibited by phenelzine.

Microsomal NADPH-cytochrome ¢ reductase activity was only slightly inhibited by
phenelzine in amounts which caused complete inhibition of N-demethylation.

N-DEMETHYLATION is an important pathway for the metabolism of a number of drugs
including pethidine.!-® The enzyme system which catalyses the N-demethylation of
pethidine occurs in man,0-12 rabbit, guinea pig,5 and rat!- 6.8 and requires
NADPH and molecular oxygen for activity.®8 Norpethidine and formaldehyde are
formed.® In common with many other drug metabalizing enzymes pethidine N-
demethylase occurs in highest concentration in the microsomal fraction from liver$: 8,
but a low activity has also been detected in rat brain preparations.!

Phenelzine (phenethylhydrazine), a potent inhibitor of monoamine oxidase may
cause a dangerous degree of potentiation of the effects of pethidine in manl#-17 and
in animals.8-20 Papp and Benaim,?! London and Milne,2?2 and Brownlee and Wil-
liams,18 suggested without any direct evidence that this potentiation might be due to
the inhibition of the metabolism of the analgesic by the monoamine oxidase inhibitor.
It is known, however, that other hydrazine derivatives inhibit some drug meta-
bolizing enzymes. Iproniazid% 28 and Nialamide?? inhibit the in vitro metabolism of
hexobarbitone. Iproniazid also inhibits the in vifre metabolism of ethylmorphine,24
pentobarbitone,25 aminopyrine, amphetamine and acetanilid.4

This paper reports part of a study of the effects of monoamine oxidase inhibitors
on the metabolism of pethidine. A preliminary account has been published.26

MATERIALS AND METHODS
Pethidinic acid. This was prepared by refluxing pethidine HCI (1 mMole) dissolved
in 1 ml water with 25 ml of 0-1 N NaOH for 1-5 hr. After cooling, the alkaline solution
was washed three times with 4 vol. of benzene to remove any unchanged pethidine,
filtered and neutralized with HCI. BaClz (1-2 mMole) was added and the solution
cooled in ice. The white precipitate was filtered off after 15 min, washed with a few

2369



2370 B. CLARK

ml of ice cold water and dried over P4O10. The yield was 90 mg and the m.p. was 260°
(decomp.). The product gave a positive Dragendorff reaction (a detection test for
alkaloids) and the u.v. absorption spectrum was similar to that of pethidine. The
free acid was freshly prepared by stirring with Dowex 50WX8 (H+ form). Titration
showed the presence of two ionizing groups with pK, values of approximately 5-3
and 8-6.

Other materials. Pethidine HCl and Phenelzine H2SO4 (“Nardil””) were kindly
donated by Roche Products Ltd., Welwyn Garden City, England, and William R.
Warner & Co. Ltd., Eastleigh, England, respectively. Generous gifts of SKF 525A
from Smith, Kline and French Laboratories Ltd., Welwyn Garden City, England,
and imipramine HCI (“‘Tofranil”) from Geigy (U.K.) Ltd., Pharmaceuticals Division,
Manchester, England, were also received. Morphine sulphate was obtained from the
British Drug Houses Ltd., Poole, England. Disodium glucose 6-phosphate was
obtained either from the Sigma Chemical Co. Ltd., St. Louis, Missouri, U.S.A., or
from the British Drug Houses Ltd., Poole, England. NADP+, NAD+, NADPH, and
crystalline glucose 6-phosphate dehydrogenase (EC.1.1.1.49) and alcohol dehydro-
genase (EC.1.1.1.1.) were supplied by Boehringer und Soehne, Mannheim, W. Ger-
many. Cytochrome c was obtained from the Sigma Chemical Co. Ltd. Other materials
were either of ‘AnalaR’ grade or Laboratory reagents of high purity.

Unstarved male rats of the Wistar strain (about 300 g) were used.

Enzyme preparations

(a) Preparation of subcellular fractions for distribution studies. Rat liver was homo-
genized in 10 vol. of ice-cold 0-3 M sucrose (homogenate) and centrifuged for 10,000 g
min. The sediment (nuclear fraction) was resuspended in 0-3 M sucrose. The super-
natant was centrifuged for 115,000 g min and the sediment (mitochondrial fraction)
was resuspended in 0-3 M sucrose. The supernatant (115,000 g min supernatant) was
finally centrifuged for 4,500,000 g min to yield a microsomal pellet and a particle-free
supernatant. Samples of each fraction were retained for determination of protein
content and N-demethylase activity. (b) For routine measurements of N-demethylase
activity either a ‘microsomes plus supernatant’ fraction (preparation M + S) or a
microsomal suspension (preparation M) was used. These were prepared as follows;
rat liver was homogenized in 4 vol. of ice-cold 0-15 M K Cl and centrifuged for 115,000
g min. The sediment was discarded. The supernatant containing ‘microsomes’ and
the soluble proteins of the cell (preparation M + S) was used as the source of enzyme
activity in many experiments but in others a microsomal fraction (preparation
M) was isolated from preparation M -+ S by centrifuging for 4,500,000 g min. The
microsomal pellet was resuspended in 0-3 M sucrose. The microsomal fraction was
not washed. Fresh preparations (M + S and M) or ones which had been frozen for
only a few days were used. In some experiments, rabbit liver subcellular fractions
were used. These were prepared in the same manner as rat liver fractions.

Determination of protein. Protein was determined by the method of Lowry, Rose-
borough, Farr and Randall, as modified by Miller.2?

Determination of pethidine esterase activity. Pethidine is hydrolysed by an esterase
present in rat liver to pethidinic acid and ethanol.28 Esterase activity was determined
by measuring the amount of ethanol formed, by an enzymic method. The incubation
mixture contained 60 pmole of sodium phosphate, pH 7-3, 0-2 ml of rat microsomal
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suspension (M) containing about 20-30 mg protein per ml, pethidine (usually 10
pmole, or in the amounts described in the Results section), and water to a final volume
of 1 ml. The tubes were incubated at 37° for 60 min. Preliminary experiments showed
that the reaction was linear with time for 60 min. The reaction was terminated by
mixing in 0-05 ml of 72 % perchloric acid to each tube. After standing in ice for 10 min,
the tubes were briefly centrifuged and 1 ml of KH2PQ4 (1-1 M, pH adjusted to 8-2
with KOH) was added to each tube and mixed with the supernatant without dis-
turbing the first sediment. The tubes were again centrifuged and the clear supernatants
taken for alcohol determinations. To 1 ml of the supernatant was added 2 ml of
pyrophosphate buffer [20 g NasP207 . 10 H20, 5 g semicarbazide HCl and 1 g glycine
were dissolved in glass distilled water. NaOH (20 ml of 2 N) was added and the pH
was adjusted with NaOH to 9-7. The final volume was made up to 300 ml], followed
by 0-01 ml of NAD™* (120 mg dissolved in 1 ml water), and 50 units of alcohol dehydro-
genase. The extinction at 340 mu was measured after incubating the tubes at room
temperature for 30 min.

Determination of N-demethylation* of narcotic analgesics and imipramine. The
N-demethylation of pethidine, morphine and imipramine results in the production of
norpethidine, normorphine and desmethylimipramine respectively and formaldehyde.
The method used for the determination of the rate of N-demethylation relies on the
estimation of formaldehyde formed and is a modification of that described by Clouet.!
The incubation mixture contained sodium phosphate buffer, pH 7-3 (150 pmole),
MgClz (35 pmole), semicarbazide (25 umole) [semicarbazide HCl neutralized with
NaOH and diluted to 0-1 M], nicotinamide (50 umole), and pethidine HCl or morphine
H2S04 (5 pmole, or in the amounts described in the Results section). Either NADPH
(1 pmole) or an NADPH generating system was also added. The NADPH generating
system consisted of glucose 6-phosphate, 10 umole; NADP+, 0-25 umole; and glucose
6-phosphate dehydrogenase which was either already present in the preparation
M + S or added (7 units) when microsomal suspension (M) was used. Preparation
M + S (0-05 ml, 30-60 mg protein per ml) or preparation M (0-05 ml, 2040 mg
protein/ml) was also added to the incubation mixture together with inhibitors and
other additions as described in the Results section. The final incubation volume was
1-5 ml. The tubes were incubated at 37° for 60 min or for the times and at the tem-
peratures indicated in the Results section. Preliminary experiments showed that the
reaction was linear with time up to 90 min and with up to 5-7 mg protein. The reaction
was terminated by the addition of 0-5 ml of 79/ ZnSQs . 7 H2O to each tube. After
mixing, 0-5 ml of Ba(OH); (concentration adjusted so that 0-5 ml of Ba(OH)2 solution
neutralized 0-45 ml of 79, ZnSO4 . 7 H20) was added and the contents of the tubes
thoroughly mixed. Samples (1:5 ml) of the clear supernatants obtained after centri-
fuging were heated at 60° for 30 min with 0-6 ml aliquots of Nash reagent?® [I5 g
ammonium acetate and 0-2 ml of redistilled acetyl acetone in 50 ml water]. After
cooling, the extinction at 415 mp was measured using cuvettes with a 1 cm light
path length.

Measurement of microsomal swelling. The method of Arcos and Arcos30 was
employed except that 0-02 M Tris-HCI buffer, pH 81 containing 0-055 M KCI was

* The N-demethylation of narcotic drugs requires a complex of enzymes the terminal one being
the actual N-demethylase (see Discussion). N-demethylation here refers to the activity of the whole
system.
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used in place of barbitone buffer. Phenelzine was added as indicated in the Results
section.

Determination of microsomal NADPH-cytochrome c reductase activity. The method
consisted of measuring the reduction of cytochrome c by NADPH at room temperature
(17°) by following the increase in extinction at 550 mu in a cuvette with a 1 cm light
path length. The reaction mixture contained 0-02 ml of diluted preparation M 4 S
(about 1 mg protein) from rat liver, NADPH (1 pmole), cytochrome ¢ (0-004 umole),
0-2 M sodium phosphate buffer, pH 7-3, (360 umole) and water to give a final volume
of 2-0 ml. Phenelzine or SKF 525A was added as described in the Resuits section. The
reaction was started by the addition of NADPH and was linear for 5 min. The
increase in extinction at 550 mpu over the first 3 min was taken as a measure of enzymatic
activity.

Measurement of NADPH oxidation. The decrease in NADPH concentration was
followed fluorimetrically (excitation 365 my, emission 460 mu) at room temperature
using a Zeiss PMQI11 spectrofluorimeter. The reaction mixture consisted of 1:6 ml
of 02 M sodium phosphate buffer, pH 7-3, NADPH (0-2 pmole, or in the amount
described in the Results section), and 0-05 ml of microsomal suspension (Rat or rabbit
microsomal preparations M, 30-60 mg protein/ml). Other additions were made as
described in the Results section. The final volume was 2 ml. The reaction was started
by the addition of enzyme and was usually linear for at least 15 min. The decrease in
fluorescence in the first 10 min was taken as a measure of enzyme activity.

Determination of microsomal non-specific esterase activity. The activity of this
enzyme was determined by following the release of p-nitrophenol from p-nitrophenyl-
acetate. The reaction was carried out at room temperature in cuvettes with a 1 cm light
path. The reaction mixture consisted of 1 ml of 0-2 M sodium phosphate buffer,
pH 7:3, 1 ml of substrate (6-3 mg p-nitrophenylacetate dissolved in 1 ml ethanol and
diluted to 100 ml with water), rat microsomal preparation M (approximately 2 ug
protein) and other additions in a final volume of 3 ml. Phenelzine was added in the
amounts indicated in the Results section. The reaction was started by the addition
of enzymes and was linear for at least 10 min. AE49p mp over the first 10 min was taken
as a measure of enzyme activity after correcting for non-enzymic hydrolysis.

Determination of microsomal non-specific alkaline phosphatase activity. This was
measured by following the formation of p-nitrophenol from p-nitrophenylphosphate
at room temperature in cuvettes with a 1 cm light path. The reaction mixture consisted
of Tris-HCI buffer, pH 8-6 (100 pmole), MgCls (20 umole), p-nitrophenyl phosphate
(20 pumole), microsomal preparation M (0-75 mg protein) from rat liver, and other
additions in a final volume of 2 ml. Phenelzine was added as described in the Results
section. The increase in extinction at 400 mp over the initial 10 min was taken as a
measure of enzymic activity after first correcting for non-enzymic hydrolysis. The
reaction was linear for at least 18 min.

Determination of microsomal glucose 6-phosphatase activity. This was carried out
as described by Porteous and Clark.3? 1-5 mg of microsomal protein (preparation M
from rat liver) were added to each test, together with phenelzine as described in the
Results section.

RESULTS

Pethidine esterase
The Ky for the rat liver enzyme was 1-65 mM (average of two experiments) and
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the specific activity of one of the M + S preparations used was 24 umole ethanol
formed/hr/g microsomal protein. Phenelzine in concentrations up to 50 mM gave
no inhibition.

Subcellular distribution of pethidine N-demethylating activity in rat liver

Expressing the activity of the homogenate as 100 per cent, the relative percentage
activities of the subcellular fractions isolated were; nuclear fraction (13-59%;), mito-
chondrial fraction (15-0%,), microsomal fraction (76 %), and particle-free supernatant
fraction (1-99). Recovery of activity was 106 per cent. Particle-free supernatant
(0-1 ml) was added to each incubation mixture as a source of glucose 6-phosphate
dehydrogenase. Expressing the homogenate as 100 per cent the relative protein
contents of the fractions were; nuclear fraction (37 %), mitochondrial fraction (27 %),
microsomal fraction (11%), and particle—free supernatant fraction (26 %). Recovery
of protein was 101 per cent. Fig. 1 shows the relative sp. act. of each fraction against
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Fi1G. 1. Subcellular distribution of Pethidine N-demethylase. The ordinate indicates relative sp. act
[activity (9%)/protein (%)] of the isolated subcellular fractions; the abscissa indicates the protein
content of the fractions. Experimental details are given in the Materials and Methods section.

the protein content of that fraction. It can be seen that the microsomal fraction had
the highest relative sp. act. as well as the greatest proportion of the total activity.

Some properties of the pethidine N-demethylating system of rat liver

K. The K of the system for pethidine (over the range 0-6-67 mM) at pH 7-3 was
0-35 4 0-14 mM (S.D. of 12 determinations in which either preparations M + S or
M were used) and K, for NADPH (range 0-1-33 mM) at pH 7-3 was 0-42 mM (average
of three results, 0-43, 0-27, 0-56 mM of experiments using preparation M. Preliminary
results show that the apparent K, value falls from 20 mM at pH 6-8 to 0-3 mM at
pH 7-0. This pH range corresponds with the point at which pethidine base just begins
to form (pK 8-7) in significant amounts. Since one would expect the free base to be
more lipid soluble the concentration in the lipid-like material of the membranes
might rise sharply over this pH range, thus accounting for the fall in the apparent
Km. The K., value does not alter over the range pH 7-0-7-8 which suggests that the
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microsomal membranes are already saturated by the time pH 7-0 is reached. This
result may also indicate that it is the unionized pethidine molecule which reacts with
the N-demethylase.

pH. The pH optimum was 7-2 with preparation M + S. This was determined
from a plot of Vmax (determined for each pH value) against pH and is shown in Fig. 2.
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FiG. 2. Variation in pethidine N-demethylating activity with pH. Pethidine concentration curves
(five points) were done at each pH value to determine Vmax. Experimental details are given in the
Materials and Methods section.

Energy of activation. The apparent energy of activation determined by an Arrhenius
plot was about 17,000 cal/mole over the range 23-37°. Omitting semi-carbazide from
the incubation mixture caused a 50 per cent decrease in the final extinction at 415 mp.

Factors affecting activity. The activity of preparation M -+ S was stable to storage
at —10° for several days, but declined by 12 per cent after 60 min and by 50 per cent
after 180 min preincubation of 37°. A sp. act. of 48 pmole formaldehyde liberated/hr/g
microsomal protein was obtained for the same preparation which gave a sp. act. for
pethidine esterase of 24 umole/hr/g microsomal protein.

Inhibition of the pethidine N-demethylating system of rat liver by phenelzine. Fig. 3
shows the inhibition of the N-demethylation of pethidine by phenelzine in a rat liver
M -+ S preparation. 50 Per cent inhibition was given by 0-2 mM phenelzine (0-15 mM
in another experiment) and inhibition was virtually complete with 1 mM phenelzine.
The competitive nature of the inhibition is shown by Figs 4A and 4B. The apparent
K; for phenelzine assuming purely competitive inhibition was variable ranging from
0-011 to 0-152 mM (0-065 4+ 0-048 mM, S.D. of 11 determinations), but it is recog-
nized that inhibitor uptake by microsomes in the presence of a two phase system
may cause atypical Kinetics.

The apparent K; value increased with increasing microsomal protein added when
the inhibitor concentration was kept constant. Under these conditions K, varied
only slightly. The inhibition of pethidine N-demethylating activity by phenelzine
can be reversed by the addition to the incubation mixture of inactive microsomal
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FiG. 3. Inhibition of N-demethylation of pethidine by increasing phenelzine concentration. Pethidin
concentration was 3-33 mM. Experimental details are given in the Materials and Methods section..
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FIG. 4. Inhibition of pethidine N-demethylating activity by phenelzine. 1/v Against 1/S plots (A) and
S/v against S plots (B) are shown for pethidine alone (A\) and in the presence of two concentrations
of phenelzine, 0066 mM (O) and 0-133 mM (@).
S is the concentration of pethidine present in incubation mixtures containing a constant amount of
rat liver ‘microsomes’ (preparation M) and NADPH. Other details are given in the Materials and
Methods section.
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protein. Fig. 5 shows the effect on the degree of inhibition by adding increasing
amounts of a microsomal suspension prepared from guinea pig liver, which in this
case had negligible N-demethylating activity, to the incubation mixtures containing a
constant amount of active rat microsomal suspension (1-2 mg protein). Phenelzine,
which was added in a final concentration of 0:33 mM, is known to survive under
these conditions because reversal of inhibition can also be obtained when ‘inactive’
rat microsomal suspension is used. This result excludes the possibility that reversal
of inhibition in the presence of an active microsomal suspension is due to metabolism
of phenelzine. It is not known whether guinea-pig microsomes metabolize phenelzine
by reactions other than N-demethylation.
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Fic. 5. Decrease in percentage inhibition by phenelzine of pethidine N-demethylating activity of

‘microsomes’ from rat liver with increasing amounts of inactive protein added. Guinea pig microsomal

protein was added to incubation mixtures containing constant amounts of rat liver ‘microsomes’
(1-2 mg protein) in the presence and absence of phenelzine (0-33 mM).

The inhibition by phenelzine with respect to NADPH seemed to be mainly non-
competitive. Fig. 6 shows S/v against S plots for NADPH with and without phenelzine
in the presence of a constant pethidine concentration (3-33 mM). The phenelzine
concentration was 0-133 mM and microsomal suspension (preparation M) from rat
liver was added. Ideally the intercept of the two lines should be on the x axis. Assuming
that the inhibition was purely non-competitive then the K; value for phenelzine
was 0-04 mM.

The same degree of inhibition by phenelzine was obtained when either NADPH or
an NADPH generating system was used indicating that the inhibitor did not affect
the formation of NADPH from NADP+, glucose 6-phosphate and glucose 6-phosphate
dehydrogenase. Since phenelzine sulphate was used, sulphate ions were tested but
gave no inhibition.

Rabbit liver. The N-demethylation of pethidine by microsomes from rabbit liver
(K for pethidine 0-16 mM) was also sensitive to phenelzine. 50 Per cent inhibition
was obtained by phenelzine at 0-11 mM and 100 per cent inhibition by phenelzine at
0-7 mM. The incubation mixture contained a suspension of microsomes from rabbit
liver, pethidine (3-33 mM) and an NADPH generating system plus the other additions
described in the Materials and Methods section.
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Inhibition of morphine N-demethylating system of rat liver. Morphine N-demethylase
of microsomes plus supernatant (preparation M -+ S) from rat liver was sensitive to
phenelzine, 50 per cent inhibition being given by 0-05 mM and 100 per cent inhibition
by 0-65 mM phenelzine. The Ky for morphine was 0-29 4 0-04 mM, S.D. of 4
experiments. Preliminary results indicate that morphine acts as a competitive inhibitor
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FiG. 6. The inhibition of pethidine N-demethylating activity by phenelzine. S/V Against S plots for

increasing amounts of NADPH (O) and NADPH plus phenelzine (@). The phenelzine concentration

was 0-133 mM. S is the concentration of NADPH added to incubation mixtures containing a constant

amount of preparation M and pethidine (3:33 mM). Other details are given in the Materials and
Methods section.

in the pethidine N-demethylating system. It is therefore possible that morphine is
N-demethylated by the same enzyme as that which acts upon pethidine,

Inhibition of imipramine N-demethylating system of rat liver. The N-demethylation of
imipramine (Kp, for imipramine was 0-08 mM, average of three determinations) was
also inhibited by phenelzine (Fig. 7).

The inhibition appeared to be competitive (Fig. 7) and assuming competitive
inhibition the K; for phenelzine was 0:04 mM.

Imipramine also inhibited the pethidine N-demethylase system of preparation
M + S from rat liver. The inhibition appeared to be competitive and the approximate
K; for imipramine was 003 mM. The kinetics were complicated by the fact that
imipramine itself was being N-demethylated to some extent under these conditions
and the K; value can only be an approximate one.

The effect of phenelzine and SKF 5254 on rat microsomal cytochrome ¢ reductase
activity

Table 1 shows that addition of either phenelzine (0-1-0-5 mM) or SKF 525A (0-1
mM) to the assay system caused only a small inhibition of this activity.
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NADPH oxidation

The Ky for NADPH in the microsomal ‘NADPH oxidase’ system of rat liver was
46 x 106 M (average of three determinations, 54 X 10-%, 4-0 x 10-9, and 44 X
10-% M). The apparent energy of activation of microsomal ‘NADPH oxidase’ of rat
liver over the range 20-30° was 6700 cal/mole (average of two determinations, 6200 and
7200 cal/mole).

25r

S (mM)

Fic. 7. Reciprocal plot of imipramine N-demethylating activity in the presence (§)) and absence of

phenelzine (O). S is the imipramine concentration mM. Phenelzine was added at a final concentration

of 0-05 mM. Preparation M -+ 8 of rat liver was used. Experimental details are given in the Materials
and Methods section.

TasLe 1. MICROSOMAL CYTOCHROME ¢ REDUCTASE

The assay was carried out as described in the Materials and Methods section. Drugs were added as
shown in the table.

Expt. Addition AEssemy/3 min Per cent
inhibition
1 none 0-260 0
Phenelzine (-1 mM) 0-260 g
2 none 0239 0
Phenelzine (0-5 mM) 0-211 12
SKF 525A (-1 mM) 0225 6

The K, for NADPH in the microsomal ‘NADPH oxidase’ system of rabbit liver
wag 2:0 x 10-¢ M.

It was possible to demonstrate a consistent stimulation of the rate of NADPH oxi-
dation by the addition of pethidine to incubation mixtures containing microsomal
preparations from rabbit liver (see Fig. 8). Microsomal preparations from rat liver
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were stimulated less consistently by pethidine. The reason for this species difference
is not clear. Fig. 9 shows the stimulation of the rate of NADPH oxidation by increasing
pethidine concentration. In the experiment of Fig. 9, a microsomal preparation from
rabbit liver was used. The Ky, for pethidine of the pethidine-stimulated activity was
approximately 0-1 mM

Table 2 shows the effect on the rate of NADPH oxidation of adding various amounts
of phenelzine, pethidinic acid or pethidine. Experiment 1 of Table 2 shows that

100

°%% T 90
[emiss. 460mp]
lexcit. 365mp

80

70
60

50

1 1 '}

4 8 12 16
Time(min.)

40

FiG. 8. Stimulation of oxidation of NADPH by rabbit liver microsomes. NADPH was tested alone
(O) and in the presence of 2:5 mM pethidine (@). The assay system is described in the Materials and
Methods section.
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Fic. 9. Stimulation of NADPH oxidation by pethidine. The assay system is described in the Materials
and Methods section. A microsomal suspension from rabbit liver was used.
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phenelzine (2-:5 mM) inhibited endogenous NADPH oxidation by a significant amount
and also completely abolished the activity due to stimulation by pethidine (2-5 mM).
The activity in the presence of pethidine and phenelzine was the same as that obtained
with phenelzine alone. Pethidinic acid stimulated by 8 per cent. Experiment 2 in
Table 2 and Fig. 10 show that the activity due to the addition of pethidine (after

TABLE 2. EFFECT OF PETHIDINE, PETHIDINIC ACID AND PHENELZINE ON NADPH
OXIDATION

The assay system is described in the Materials and Methods section. A microsomal suspension from
rabbit liver was used.

Rate of NADPH Percentage
Expt, Additions (mM) oxidation stimulation (+)
mpmole/10 min  or inhibition (—)
1 None 80 0
Pethidine (2-5) 116 -+45
Phenelzine (2-5) 60 —-25
Pethidine (2:5) + phenelzine (2-5) 60 —-25
Pethidinic acid (2-5) 87 + 8
2 None 102 0
Phenelzine (0-05) 90 -12
Phenelzine (0-1) 80 —22
Phenelzine (0:15) 80 —-22
Phenelzine (0-25) 79 —23
Phenelzine (0-5) 75 -27
Pethidine (2:5) 161 +58
Pethidine (2-5) -+ phenelzine (0-05) 128 +25
Pethidine (2-5) + phenelzine (0-1) 118 +15
Pethidine (2-5) + phenelzine 20-15) 111 + 9
Pethidine 22-5) + phenelzine (0-25) 102 0
Pethidine (2-5) + phenelzine (0-5) 95 - 17
~1 OOJ
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F16. 10. Inhibition of pethidine-stimulated NADPH oxidation by phenelzine. The data from which

this graph is calculated are shown in Table 3 (expt. 2). The percentage activity refers to the difference

in rates of NADPH oxidation in the presence or absence of pethidine with increasing phenelzine
concentration.
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correcting for any effect which phenelzine had on the endogenous NADPH oxidation)
rapidly declined with increasing phenelzine concentration. 50 per cent inhibition of the
pethidine-stimulated activity was given by 0-17 mM phenelzine. The inhibition of the
pethidine-stimulated activity by phenelzine could be completely reversed by increasing
the pethidine concentration (Table 3) indicating competitive inhibition. In the experi-
ment of Table 3 a low phenelzine concentration was used (0-05 mM).

Other effects of phenelzine

Phenelzine (0-33-3-33 mM) did not inhibit the microsomal non-specific esterase of
rat liver. The non-specific alkaline phosphatase of rat liver microsomes was not inhi-
bited by either 5 or 10 mM phenelzine and the glucose 6-phosphatase of rat liver
microsomes was only slightly inhibited by 20 mM phenelzine (8 %).

Phenelzine (5 mM) had no effect on the rate of microsomal swelling. The spectra of
phenelzine alone, pethidine alone, and phenelzine with pethidine, all at pH 7-3, showed
no evidence of a complex between the two drugs.

TABLE 3. EFFECT OF INCREASING PETHIDINE CONCENTRATION ON THE INHIBITION
OF PETHIDINE STIMULATED NADPH OXIDATION BY PHENELZINE

The assay system is described in the Materials and Methods section. A rabbit liver microsomal
suspension was used.

Pethidine concentration (mM) Percentage inhibition of the
pethidine stimulated NADPH
oxidation by phenelzine (0-05 mM)

01 53
025 47
0-50 39
1-0 0
25 0

Under the conditions of assay for pethidine N-demethylase, phenelzine did not
disappear and so could not have been metabolised to any appreciable extent. Thus it is
unlikely that the inhibitory effects were caused by a metabolite of phenelzine.

DISCUSSION

Inhibition of pethidine metabolism by phenelzine. Papp and Benaim,2! London and
Milne?? and Brownlee and Williams!8: 19 guggested that phenelzine causes the poten-
tiation of pethidine and other narcotic analgesics in man and in animals by interfering
with the metabolism of these drugs in liver. In rat and human liver, pethidine is either
hydrolysed to pethidinic acid and ethanol,10: 12, 28 or N-demethylated to norpethidine
and formaldehyde.19-12 Norpethidine may then be hydrolysed to norpethidinic acid
and ethanol.12 Pethidinic acid does not seem to be N-demethylated.1 The experiments
described here show that phenelzine has little effect on the hydrolysis reaction but is
a potent inhibitor of the N-demethylation systems of rat and rabbit liver. Whether
inhibition of the N-demethylation of pethidine can account for the potentiation of this
drug by phenelzine is under further investigation. Loveless and Maxwell2? questioned
whether interference with the metabolism of pethidine could account for the obser-
vations they made of the effects of combining phenelzine and the analgesic in rabbits.
BIO.—7TM
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Pethidine N-demethylating system

The N-demethylation system of liver microsomes is closely associated with the
electron transporting complex in these particles and the main features are probably
as shown in Fig. 11, (see Omura, Cooper, Rosenthal and Estabrook32),

exogenous cytochrome C
)

NADPH XF, -ox XFCZ £ protein Cyt.P450-oij0
NADP* F,-red Fe3 * protein Cyt.P”o-red( Cyt.P,s0.0 R

0,

FiG. 11.

The terminal stage of the pathway is the reaction of the ‘active-oxygen donor’
(Cyt. Psso-0) with drugs undergoing oxidative dealkylation, deamination, sulphoxi-
dation, hydroxylation etc; cytochrome P450:0 may be the hypothetical hydroxyl donor
suggested by Brodie.33: 34 These terminal reactions are probably catalysed by N-
demethylases, hydroxylases, etc. Endogenous NADPH oxidation by isolated micro-
somal preparations may be due to the reaction of the ‘active-oxygen donor’ with
water (perhaps with the formation of hydrogen peroxide3?) or other endogenous sub-
strates. It is probable that in intact cells NADPH oxidation is coupled to oxidative
dealkylation etc.

The N-demethylation of pethidine can be represented as follows:—

@ ()
RNCHjs + Cyt. Pys00 —— [RNCH20H] ———— RNH + HCHO

Brodie3® has suggested that the intermediate RNCH2OH is unstable and breaks
down (reaction b) to the secondary amine and formaldehyde. Whether both reactions
(a) and (b) are spontaneous or involve one or more enzymes is not known.

That the N-demethylase system is associated with the endoplasmic reticulum is
strongly suggested by the distribution of the enzyme activity among the fractions
(Fig. 1). The microsomal fraction contained 77 per cent of the total activity and had a
specific activity almost 14 times higher than the next most active fraction. The activity
associated with other fractions was probably due to contamination by microsomes
since the fractions were not washed. This distribution agrees with previous work by
Clouet! and Axelrod.¢ The K, value for the pethidine N-demethylase system of rat
liver microsomes for pethidine (0-35 -+ 0-14 mM) is of the same order as the Ky, values
for other drugs undergoing oxidative metabolism; e.g. aminopyrine, 0-8 mM (Ernster
and Orrenjus3®); ethylmorphine, 0-25-0-93 mM (Rubin et al%); hexobarbitone,
0-8-1-0 mM (Rubin et al.5) and chlorpromazine, 0-18-0-70 mM (Rubin ef al.5). How
close the K,, value obtained for pethidine is to the true equilibrium dissociation
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constant Ks is not known. The actual concentration of pethidine in the microsomal
membranes may be different from that in the aqueous phase.

Differences between the N-demethylating system and the NADPH-oxidase system

An interesting difference is seen between the K, for NADPH in the pethidine
N-demethylating system (0-4 mM) and the K, for NADPH in the NADPH-oxidase
system (2 X 10-6 M). This may be due to the rapid destruction of NADPH by
NADPH-oxidase in the N-demethylation assay system. In one experiment 20 per cent
of the NADPH originally added (1 pmole) remained after 60 min incubation. For this
reason an NADPH generating system was preferred.

The apparent energy of activation for the N-demethylating system is 17,000 cal/mole
whilst that for the NADPH-oxidase system is 6700 cal/mole. This difference may be
due to the involvement of additional enzymes in the N-demethylating system.

Structure action relationships. The inhibition by phenelzine of the pethidine N-
demethylating system is very likely due to the hydrazine moiety but the phenethyl
group is probably required to confer enough lipid solubility for the inhibitor to diffuse
into microsomal membranes (Clark and Thompson26). An uptake of inhibitor into
the microsomes is suggested by the apparent increase in K; with the amount of
microsomal protein added.

This view is strengthened by the observation that the inhibition by phenelzine is
almost completely reversed by adding inactive microsomal protein to the system
(Fig. 5). Other hydrazine derivatives are known to be taken up by tissue homogenates.3?

The main effect of phenelzine is probably at the terminal end of the pathway shown
in Fig. 11 by a direct inhibition of the N-demethylating enzyme. Evidence for this
is as follows:

(i) The inhibition of pethidine metabolism by phenelzine can be reversed sub-
stantially by pethidine, showing that this inhibition is principally competitive. It is
known that pethidine reacts at the terminal end of the pathway and so it is likely that
phenelzine acts there also. The fact that the inhibition by phenelzine cannot be reversed
by NADPH, which is known to act at the beginning of the pathway, is also consistent
with a terminal site of action of phenelzine.

(ii) The activities of the first two enzymes in the pathway, namely the flavoprotein
and the iron-containing protein were estimated by adding cytochrome c to the assay
system. NADPH reduced added cytochrome ¢ by a linked reaction involving these
two enzymes (microsomal NADPH-cytochrome ¢ reductase) (see Fig. 11) and the
rate of reduction was followed. Phenelzine in amounts which significantly inhibited
the N-demethylation of pethidine caused only a small reduction of this activity
(Table 1) indicating that the main effect of phenelzine is at a point on the pathway more
distal to the iron-containing protein (see Fig. 11).

(iii) One would expect that drugs undergoing oxidative N-demethylation would
stimulate the rate of NADPH oxidation by hepatic microsomes. Such a stimulation
was found consistently with pethidine using microsomes from rabbit liver although
a less consistent effect was seen in microsomes from rat liver. Pethidinic acid gave only
a small stimulation. The pethidine-stimulated activity was much more sensitive to
phenelzine than endogenous NADPH oxidation (Table 2). The additional activity
caused by pethidine probably represented the reaction of pethidine with the ‘active-
oxygen donor’ catalysed by the N-demethylase and is a measure of the rate of
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N-demethylation. The value of Ky (0-1 mM) and the fact that the inhibition by
phenelzine was reversed by high concentration of pethidine (Table 3) strengthens
this view. Therefore the sensitivity of pethidine-stimulated oxidation to phenelzine
indicates that N-demethylase is most strongly inhibited.

(iv) Preliminary results using an oxygen electrode showed that oxygen uptake
of microsomes from rabbit liver in the presence of NADPH was significantly stimu-
lated by pethidine. This pethidine-stimulated uptake was abolished by phenelzine in
concentrations which caused only a small reduction in oxygen uptake in the absence of
pethidine which is also consistent with a terminal site of action for phenelzine.

(v) The K; value for imipramine when this acts as an inhibitor of the N-demethyla-
tion of pethidine was of the same order as its K,;, when it acts as a substrate for its own
N-demethylation. Thus imipramine N-demethylase and pethidine N-demethylase may
be the same enzyme. Since phenelzine inhibited both systems with a similar K; value
for each, this provides strong evidence for the suggested action of phenelzine upon
the N-demethylase enzyme. Similarly, preliminary evidence indicates that morphine
N-demethylase and pethidine N-demethylase may also be the same enzyme since
phenelzine inhibited the N-demethylation of both substrates.

In conclusion, the inhibition of the microsomal N-demethylation of pethidine by
phenelzine is most likely to be due to a direct effect upon the terminal reaction of the
pathway. It is unlikely to be due to a non-specific effect upon microsomal membranes
or to the formation of a complex between inhibitor and substrate.
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