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The chemical synthesis of S-trideuteriomethylnormorphine is described. Pharmacologically it is less potent 
than morphine although its duration of action is unaffected. Compared with morphine its X-demethylation bv 
rat liver microsomal enzymes occurs less readily and requires a larger energy of activation. A larger K ,  indi- 
cates tha t  i t  is less strongly bound to the enzyme. The V,'s of rat liver X-demethylating enzymes were found 
to be inversely proportional to the biological potencies of the drugs, whereas the K ,  increases as the potency 
increases. Diminished capacity of the enzymes of tolerant rats t o  S-demethylate morphine was shown to be 
due to reduced availability of enzymes rather than alteration in enzyme structure. Both the 1- and d-isomers 
of analgesics apparently are demethylated by the same microsomal enzymes. The enzymes from male and 
female rats are probably identical. By two separate methods i t  was shown tha t  nalorphine inhibited the S- 
demethylation of morphine noncompetitively. The results obtained with rat  liver microsomal enzymes fail to 
support either Beckett's theory on the mechanism of analgesia or Axelrod's theory on the development of toler- 
ance to some of the actions of these drugs. It is concluded that these enzymes are not suitable as models by 
which these theories may be judged. 

The mechanism by n hich narcotic agents produce 
analgesia is not known nor has any satisfactory mech- 
anistic explanation been presented for the develop- 
ment of tolerance to some of their actions. Recently, 
t n  o theories have been advanced which have implied 
that K-dealkylation of these agents is essential to these 
phenomena. 

Beckett, ct ul.,? believe that not the mere presence 
of these drugs a t  the receptors in the brain, but the 
subsequent Ii-demethylation which occurs there con- 
stitutes the first step in the reaction sequence that leads 
to analgesia. Kalorphiiie is thought to antagonize 
the actions of narcotic analgesics by virtue of a greater 
affinity for the receptor sites plus a much slower K- 
dealkylatioii therein. 

Axelrod was prompted to  study the effects of tol- 
erance to  narcotic analgesics on the capacities of liver 
microsomal enzymes from rats to demethylate these 
drugs by the finding that the enzymes are capable of 
S-dealkylating various  drug^.^ He found consid- 
erable reduction in the capacities of the livers from 
tolerant rats to S-demethylate morphiiie and other 
analgesics which exhibit cross tolerance to  morphine 

(1) (a)  This iniestigation >\as supported in  par t  b> research g ran t  B-570 
from the Kational Institutes of Health and  in  pa r t  bs  the United States 
Atomic Energ) Commission (b) Portions of the da t a  included in this re- 
port ne re  taken from a thesis submitted b y  C Elison to  the Graduate School 
of the Uniiers i ty  of California in  partial fulfillment of the requirements for  
t he  Ph D degree in  comparat i ie  pharmacology and  toxicoloxs 

F Casy and N J Harper J Pharm Phajmacol 8 ,  
874 (1956) 

( 3 )  S C Mueller and G A Miller, J Bid Chem 202, 579 (19%) 
(4) B iX LaDu L G. Gaudet t  iX Trousoff, and B B Brodie 1b7d 214, 

( 5 )  J kxelrod, Sczence 124, 263 (1956) 
741 (1955). 

When nalorphine was administered x i th  morphine. 
the diminution in enzymic activity of the liver was sig- 
nificantly less than when the tolerant rats received 
morphine alone. hxelrod suggested that the continual 
interaction of these agents with the enzymes that S- 
dealkylate them inactivates the enzymes. SimilarIy 
he inferred that the continual interaction of these drug5 
with their receptors in the central nervous system may 
inactivate the receptors. In other words, if the liver 
microsomal enzymes are used as models for the re- 
ceptors in the brain it follows that tolerance may occur 
as a result of unavailability of receptor sites. 

Substitution of X-trideuteriomethylmorphine for 
morphine in in vitro and in i i tro studies should proride a 
direct test of the theory of Beckett, et czl.,'j on the nature 
of binding to the central nervous system receptors as 
mell as on the niechanism of narcotic analgesia. The 
two conipounds differ u-ith respect to the zero-point 
energies of the C-H and C-D bonds as well as the 
masses of the tTvo methyl groups, but should combine 
with identical receptors both in the central nervous 
system and the S-demethylating enzymes. Since the 
theory is based on an inter-related consideration of 
stereochemical configuration, physicochemical proper- 
ties, and the enzymatic ?r'-dealkylation, coniparisoiis 
of the i n  vico potencies, the rates of enzymatic Ii-de- 
methylation, the energies of activation for ?;-de- 
methylation, and the Michaelis constants of the X- 
demethylating enzymes for these substrates, have been 
made to obtain inforniatioii for judging the theory. 
Since the degree of ionization of the basic groups is 

(6) A. H. Beckett and A. F. Casy, J l'haim Phormacol 6, 986 (1954) 
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oration of the methylene chloride, solution of the residue in 0.1 
S hydrochloric acid, and careful addition of ammonium hydroxide 
gave 1 .S5 g. (73%) of morphine-N-CDB hydrate. Sublimation a t  
190" (0.1 mm.) gave anhydrous material, identical in m.p. (252-  
2.54') and ultraviolet absorption with morphine. 

The mihydrous hydrochloride was precipitated crystalline in 
r)r:wtidly quantitative yield by passing dry hydrogen chloride 
into an :ibsolute ethanolic solution of morphine-N-CD,. 

. t n c r l .  Calrd. for CI,HlJI,S03.HCl: C, 62.9; H + I), 7.1; 
atom percent excess I>, 1.5, Found: C, 62,s; H + I), T.1; atom 
percent esress D, 14.5. 

Morphine-S-CDB also was prepared in 33% yield bl- 03-ether 
cleavage with pyridine hydrochloridez0 of codeine-X-CD,. The 
codeine-N-CD, was prepared by alkylation of norcodeinezl with 
methyl-d3-iodideZ2 in the presence of sodium bicarbonate and 
melted :it 156-15i" after sublimation a t  110' (0.1 mm.).  

. I n a l .  Calcd. for ClsH,J),N03: C, i1.6;  H + D, 8.0; S, 
4.7; atoni c i  excess D, 14.8. Found: C, 71.6: H + D, 7.8; 
N,  4.7: :itom 

Determination of pKa's.-The ph'a's of morphine and cwdeine 
and their S-CD, derivatives were determined by potentiometric 
titr:ition (in :I C02-free atmosphere) of approximately 0.001 J f  
solutions of the respective compounds. Solutions were prepared 
in a slight excess of hydrochloric acid, and these were titrated with 
dilute sodiurii hydroxide. For calculation of the morphine con- 
stants, the eyunt,ion of lticciZ3 was used. In  each case, calcula- 
tions Fvere made over the range 20-80'h neutralized and they 
were essentially constant. The values determined were: nior- 
phine 5.03: niorphine-S-Clla, 8. li; codeine, 8.06: cwdeine- 
S -Cl l a ,  S,l<l. 

Estimation of Acute EDjo and LD50.-The animals used were 
male anti female Swiss strain albino mice weighing between 13 
and :33 g. hIorphine sulfate was the pentahydrat'e (Mallinc- 
krodt). lleuteriomorphine, containing >99% deuterium in the 
S-methyl group, was converted to the salt by addition of equi- 
molar :iniounts of hydrochloric acid. Doses were expressed in 
terms of the free bases. The drugs \\-ere administered by 3 
different routes. Intracerebral injections Tvere made according t u  
the method of Haley and McCorniick.24 The tail flick response 
to a therninl stimulus (analgesia) was determined by the method 
of I > ' . h o u r  and Smith. The ED60 (analgesia) and the LD~O,  
and their confidence limits were estimated by the method of 
Litchfield and \ T i l ~ o x o n . ~ ~  From 15 to 25 mice per dose level per 
c~~n i l~o i ind  were used in studying analgesia and toxicity. 

Iluration of action was estimated by injecting 2 groups of 15 
mice ench with the estimated EDgj doses of each drug. Analgesia 
was tested every 15 min. and continued until all the animals 
exhibited reaction times equal to or less than the mean reaction 
time of the untreated groups. 

Enzyme Preparation.-Livers from male Long-Evans rats (125- 
250 g . )  were used throughout except in those experiments specifi- 
call>. designed to  test the enzyme activity of livers of female 
rats. The animals were killed by decapitation. The liver was 
iminedi:itely removed and placed in a tared beaker containing a 
known volurne of 0.1 .I1 phosphate buffer ( p H  7.4) which had been 
previously refrigerated until some ice crystals had formed. T o  
:ic,celerute (avoling, the liver was cut into small chunks with scissors 
while keeping it submerged in the buffer. The heat' transfer 
from the liver was sufficient to melt the ice thus preventing ap- 
prec+ilile rise in temperature. Sufficient ice-cold buffer \vas 
added to niake n mixture of 4 vols. of buffer to  1 g.  of liver. The 
tissue \viis homogenized in a Teflon-Pyrex homogenizer which was 
kept immersed in a dilut,e alcohol-ice bath during the operation. 
Before centrifugation, the temperature of the homogenate m s  
t)rought down to about - l o  by stirring in the beaker immersed 
in the ice-alcohol bath.  Centrifugation was carried out in a 
3pinco reritrifuge a t  a speed of 12,000 r.p.m., using a rotor head 
which was kept a t  3" when not in use. The supernatant con- 
taining the enzyme was removed by pipetting, and kept in an 

excess I), 14.2. 

(20)  H. Rapoport ,  C. H. Lovell, and B. 11. Tolbert, J .  Am.  Chem. Soc., 

(21 )  . T .  von Braun,  Ber . .  47, 2312 (1914). 
(22)  1:. A .  Cotton,  J. H .  Fassmacht, W. D. Horrocks J r . ,  and N. A. Xelson, 

.I .  Chem. Soc., 4138 (1959). 
(2:1) ,J. E. Rirci, "Hydrogen I o n  Concentration," Princeton Lni r .  Press, 

Pr inreton,  N. J.. 1952. p. 72. 
(24 )  T. .J. Haley and \I*. G. hlccormick ,  Brit. J .  Pharmacal., 12, 12 

( 1937). 
( 2 : )  T. .J. Litclifirld and F .  Wileoxon, J .  Phurmacol. E i p t l .  Therap., 96, 99 

(1949) .  

73, ,5900 (1951). 

ice-salt bath a t  0" or lower during the experiment. This enzyme 
preparations was used only on the day it was prepared. The 
above precautions ivere necessary to keep tissue blanks a t  a nearly 
constant minimum. If the temperature 11-as allowed to remain 
slightly above 3" for any length of time, tissue blank values could 
reach such magnitude as to completely mask the results of en- 
zyniat,ic activity, giving negative results especially a t  low sub- 
strate concentrations. The term enzyme and enzyme prepara- 
tion will be used synonymously in this paper. 

Incubation and Sampling Procedure.-The incubation medium 
of Aselrod2~ and Takemori and hIannering2' was used without 
any major modification. Incubation took place in air at  38" 
in 25 or 50 nil. Griffin beakers, in a Ilubnoff metabolic. incubator 
shaking a t  approximately 100 oscillations/min. Before addition 
of enzyme and suhstrate, the mixture \$-as shaken for 5 min. 
to bring the temperature to 38". The enzyme ( 2 . 5  ml.) \vas 
added and again 5 min. was allowed for temperature equilibrium 
before addition of the appropriate substrate. For studies of 
inhibition of S-demethylation by nalorphine, and for the mixed 
substrate studies, the tn.o substrates or substrate and inhibitor 
were premixed and added a t  the appropriate time. Control 
runs were made simultaneously. 

At appropriate time intervals, 2 nil. of the mixture n-as removed 
by pipetting and added to 1 nil. of 305; tricnhloractetic arid in a 
flask attached to a micaro-Kjeldahl distillation apparatus.2s 
The tip of the condenser was immersed in the ire-cold chromo- 
tropic acid reagent of MacFadyenzg in a graduated test tube. 
The composition of the reagent was such that  after addition of 
4 ml. of distillate to a volume of 16 ml. the optimum concentra- 
tions of sulfuric and chromotropic acids were attained. Stand- 
ard curves were prepared with known amounts of commercial 
formaldehyde which was assayed fur actual content by the sodium 
sulfite m e t h ~ d . ~ o  Results were corrected for a recovery of 95(;;. 
In the determination of the energy of activation of the demethyla- 
tion, the temperature of the incubation medium ivas measured 
with a thermistor. 

Determination of K ,  and V,.-The experimental data n-ere 
fitted to  the equation 

which is a regression equation of S/u on S. In  this equation 2' 

is the velocity (z' ,e, ,  the amount of formaldehyde formed in 15 
min.) when the substrate concentration is S ,  V ,  is the maximum 
velocity, K ,  is the Michaelis constant. The equation of the best 
fitting line was statistically determined. By this method, any 
inaccuracy of bias that  may be involved in the drawing of the 
curve n as eliminated. 

Results 

Comparison of the EDso% and the LDSO's of Morphine 
and Morphine-N-CD3.-The estimated EDSO's of mor- 
phine ( INCH,)  and morphine-S-CD3 (MNCD,) 
administered by various routes to Swiss strain albino 
mice are showii in Table I. I t  is apparent from the 
data that RISCD, is significantly less potent than 
RIXCH, in all categories tested. Intracerebral aiid 
intravenous routes were used as a check on whether or 
not the differciice after subcutaneous injection might be 
due to slow absorption of the ;\ISCDa, but apparently 
this was iiot so, in fact, MXCD, was relatively less 
potent an analgesic than AISCH, when given intra- 
venously as compared to subcutaneously. We h a w  no 
explanation for this discrepancy. X comparison of the 
ratios of the subcutaneous and intravenous ED60 doses 
indicates that the gain in potency hy intravenous admiii- 
istration is approximately lt50%;, for MSCH, aiid oiily 
30y0 for iLISCD3. 

( 2 6 )  J. Axelrod, thzd. ,  117, 322 (1956). 
(27) A. E. Takemori and G .  J. hlannering, zhtd , 123, 171 (1958). 
(28) D. J. Jenden and D. B Taylor, Ann. Chem., 25, 685 (1953). 

acFadyen, J .  Bzol. Chem., 158, 107 (19453. 
(30) J. F. Kalker ,  "Formaldehyde." Reinhold Publishing Corp.. Ken 

Tork,  N. Y , 1953, pp. 882-384 
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Comparison of the Rates of N-Demethylation of 
MNCH and MNCDd.-Sincc thc morphine molecule 
h:ii t,c.cii changed oiily tiy altciation of the S C H ,  
~ i o i i p .  th(. pharniacological dif'icreiices noted limy kw 
ic~latcd to thc characteristic. of thc S C I I I  gioup or 
to  -igii if ic~~iit  slov iiig ot o\idati\,c, S-dtin~thylatioii 
71'hii 11 a. tc.ted tiy thc. iiieu-uif'iiieiit of torinaldchyd(~ 
( 1 1  011 ( ~ 1  ironi a toitificd iiicuhatc ot rat 1iT.c.i iiiicro- 
. o i ~ i ~  u4iig J ISCHj  aiid l I S C D 3  a i  wtistiate.. -1 
])lot oi thc aniouiit of' toiiiialdehytlc forincd is,\. tiiiic 
ot i i i c ~ i h t i o i i  iy shon i i  111 I ? % .  1 .  I h c h  poliit irpie- 
- c s i i t .  thc i i i ~ ~ i i  of at lwst 4 clctciiiiiiiatioii.. Siiicc thr  
i c w s t i o i i  \vas liiicai, t o i  oiily 15 20 i i i i i i ,  u period ot 
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?O..i. 31 aiid 38'. The logaiithiiis of the nieaii.i of the 
i ate. \I ('re plotted agaiiist the reciprocals of the ahsolute 
twiipvratiire (Fig. 2) ) .  The values for the acstivatioii 
i v i ( . i g i v  w i e  calculated by iiiiiltiplyiiig the negative 
.lop(>, a i  1-1~id directly froiii the. graphs 1)y - 2  303R 
(/I' i. the gas coiistaiit p ~ r  niole). A higher ciiergy of 
:irti\ ittioil 15 as found to be asociated with the slower 
I at(. of deniethylatioii of the deuterated coiiipouiid. 
'I'hi. \ \ a s  to  he expected i i i  Tic\\ of' the l o w r  ze1'o point 
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111 aii car1ic.i papt'i 11  \\ (' repoitcd a difi'cwiiw ot al)out 
.-I kral. iiiolc for the activatioii eiiergie-:, l'hi> (,-ti- 
iiiutrd ~aluc. i i  too large for tn  o ieactions I\ hich t1ifYc.r i i i  

m t e i  hy only -lor,. 0 1 1  re-examiiiiiig our data I\ c foliiid 
that TI heii the .lopes of the liiic. (l'ig. 2 )  coiiiicctiiig tho 
coordiiiates coiw.poiidiiig to the  two higher tcnipc>r'L- 
ture-: xvere used iii estiniatiiig thc actiwtiori ciirrgie.. 
differences ranging from 0.3 to a iiiaxiniuiii of 1. t kcal., 
iiiole neve obtaiiicd. h typical plot is shonn in  1:ig. 2 
The left portion of the plot represents an  cncrgy ot 
activatioii for demethylation of MSCH, (SEI,)  ot 
7 . 8  kcal. 'inole aiid the right portion a AEH of 16.0 
kcal.,'inole. The coriwpoiiding A E  values for 11XC'Il 
are 8.4 and 21.0 kcal. mole, respectively. The :ivcragci 
LE for the higher tciiiperature range is 7.4 kcal. i i i o k  

for l ISCl I I  aiid 8.3 kcal. 11101~ for JINC'D?. For tht. 
iJ1) C .  1,llson 11. Raliuport ,  11. Laursen,  L ~ ~ , < l  H. \%. Elliott Sc 

1078 11961). 



Ahy, 1963 PATE A N D  RELATIONSHIP OF T-METHYL TO ACTIVITY OF MORPHIKE 24 1 

- 0.51 

Y 

- 1.51 

-201 
L I  I I I I 
320 3.25 3.30 3.35 3.40 

I x 103. 

Fig. ?.--The effect of temperature on the rate of S-demethyla- 
tion of morphine and deuteriomorphine: u = micromoles of 
formaldehyde evolved in 15 minutes; T = the absolute tem- 
perature. 

lower temperature range these values are 15.3 and 22.5 
kcal., mole, respectively. It appears that  there is a 
sharp increase in the activation energies a t  the lower 
temperatures. Just where the downward bend begins 
can only be ascertained when the rates at many different 
temperatures arc determined. Discontinuities in the 
-1rrhenius plot are not uncommon. X number of 
explanations for such discontinuities have been sug- 
gested. 5? 

The Michaelis Constants of the Demethylating En- 
zymes with Respect to MNCHs and MNCD3.-The 
influence of the substrate concentration on formaldehyde 
formation n-as determined for ,\ISCH3 and 11NCD3. 
E'rom the results, the Michaelis constants of the system 
with respect to the two substrates n-ere calculated in 
the niaiiiier already described. As shown in Table 
11, KE is significantly higher than I<: (1' = 0.02). The 
ratio of the means is 1.43. 

T.4BLE 11 
THE hlICH.4ELIS COIISTA\TS ( K m )  O F  THE IIICROSOMAL 

S-DEMETHILATI~G ENZYVE OF RAT L n  ER JIITH RESPECT 
TO MORPHIXE A ~ D  DEGTERIOXORPHI~E 

Expt. K ,  x 104 K ,  x 104 

1 4 129 5 01s 
2 2 379 6 099 
3 4 579 5 859 
4 2 674 5 627 
J 2 279 5 678 
6 6 108 
7 5 520 
Sum 27 668 28 281 
Mean 3 952 5 656 
P 0 e2 

no. Morphine Deuteriornorphine 

MOLE FRACTION DEUTERIOMORPHINE. 

r . 0  012 014 016 0;8 

'p 
O . 4  

1 

-~ 

1.0 08 0 6  04  0.2 00 
MOLE FRACTION MORPHINE.  

Fig. 3.-The effect of relative proportions of morphinp and 
deuteriomorphine on the rate of formaldehyde formation by S- 
demethylation. The points represent the average of three ex- 

1.43. 
periments; -.-. , KmD/K,,,H = 1.00; 0-0. K,nD/K,,H = 

It has been pointed out by Dix011~~ that when an 
eiizynie which is not absolutely specific for one sub- 
strate, is incubated with two substrates (S1 and S2) 
the velocity observed will be the sum of the velocities 
of individual reactions (u1 and u 2 )  each proceeding in the 
presence of the other substrate as competitive inhibitor. 
Thornj2 has used this principle to show that when vary- 
ing proportions of two substrates are incubated with an 
enzyme which acts on both of them, the plot of the total 
velocity against the composition will be a curie if the 
K,'s differ, but a straight line if they are identical. 
1J7e have applied this method to the S-demethylation 
of RISCH, and l ISCDd;  the results are depicted 
in Fig. 3.  The straight h ie  is the theoretical plot if 
the K,'s of the enzynie with respect to these two sub- 
strates are identical. The curved line is the actual plot 
obtained. This result provides further evidence for the 
difference in the K,'s of the enzynie n-ith respect to 
I\INCH3 and 11KCD3. 

From the foregoing results it is evident that deutera- 
tion of the X-methyl group of morphine leads to a reduc- 
tion in the in ~ i i ~ o  potency. a reduction in  the rate of 
S-demethylation in zdtro, an iiicreaqe in the energy 
of activation for K-demethylation, a i d  a distiiictly 
weaker binding of the drug to the active center on 
enzyme. In  addition, there is an increase i n  the pk', 
from 8.03 for ,\ITCHd to 8.1'7 for ,\ISCDI nhich makes 
the deuterated compound a stronger base by 247,. 
The isotope substitution appears to be 11 ithout effect 
on the duration of action. 

The Michaelis Constant of the N-Demethylating En- 
zyme with Respect to Morphine and Other Narcotic 
Analgesics.-Varying concentrations of the drugs n ere 
incubated with the enzyme and the arnount of fornial- 
dehyde evolved a t  the end of 1.5 min. was determined. 
The K,'s and Vm's were determilied in a manner al- 
ready described and the results are shown in Table 111. 
In  general it may be concluded that there is an inverse 
relationship between both the K,'s and the T7,'s of the 

(33)  1%. Dixon, "Eniyrnes'  4cadernic Press Inc . ,  New York N. Y.. 1958 ( 3 2 )  11. Thorn, Bzochem. J., 49, 602 (1949). 
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TABLE V 
COMPETITIOS FOR THE LIVER LlICROSOM.%L x-DEMETHYLATING ESZYlIES FROM LIALE LOSG-EVASS RATS 

BY SARCOTIC DRUGS ASD THEIR ISOMERS. S = 10 MICRO MOLES/^^ IML. 

a 

lleperidine 
l-Methadone 
Morphine 
l-Methadone 
Levorphanol 
d-Methorphan 
Cocaine 

-Substrate--- --- 
b 

Morphine 
Xorphine 
Levorphanol 
d-Methadone 
Dextrorphanol 
Morphine 
hlorphine 

No. of 
expts. 

3 
3 
3 
3 
3 
3 
3 

indicates that  the velocities are additive and a negative 
sign, that  they are not. The results suggest that all the 
active analgesics n-ith the exception of methadone are 
demethylated by the same enzyme. The failure of 
iiiethadoiie to coliform to the general pattern may find 
explanatioii in the fact that  it is probably N-demethyl- 
ated in two steps. According to  P ~ h l a n d ~ ~  it is de- 
methylated to desmethylmethadone. The latter un- 
dergoes cyclization through the nitrogen and carbonyl- 
carbon. Thus a new ?;-methylated compound is 
formed which may be the substrate of a different N- 
demet hyla t ing enzyme. With d-me t horphan the re- 
sults also suggest that two different enzymes were iii- 
volved. Oiie must be the 0-demethylating enzyme, 
since morphine, levorphanol, and d-levorphan appear 
to be demethylated by the same enzyme. It is of great 
interest that  the non-narcotic drug cocaine is de- 
methylated by a different enzyme. The fact that  the 
velocities in these niixed substrate experiments were not 
quantitatively additive when different enzymes Tvere 
involved with each substrate might be due to a com- 
petition of the enzymes for the same coenzymes or other 
cofactors or both. 

Incubations Involving Mixed Substrates Using Liver 
Microsomal Enzymes from Female Rats.-It has been 
reported that the livers of female rats possess less ca- 
pacity to demethylate drugs than those from male 
rats.g lo  We have extended the mixed substrate 
method to  determine whether the enzymes from the 
livers of female rats with their lower capacities to  de- 
methylate would exhibit behavior toward the various 
substrates parallel to that of the demethylating en- 
zymes from males. The results given in Table VI 
shorn that such a parallelism did exist. Thus, 
uniformly, if either two substrates were found to be 
demethylated by one enzyme or two eiizynies from male 
rats reacted with the same substrate, the same was true 
for females. Furthermore, in all instances the eii- 

a 

1 772 
0 ill 

63 4 
Til 
348 

1 355 
0.Sil 

Means of the amount of formaldehyde evolved. 
niicromoles/500 mg. t issue/l5 min. 

(mixed) 
b c 

0.634 1.591 
634 0 801 
:34s 544 
648 TO4 
2:3x 295 
63 4 1.328 

,634 1.105 

c-a 

-0 161 
+o 090 
-0 on0 
-0 037 
- 0,053 
+ O  173 
1 0  234 

zymes froiii females demethylated a given drug more 
slowly than those from males. This close parallelism 
between the substrate profiles of the enzymes from the 
two sources strongly suggests that the enzymes are 
identical. It is true that in some instances the reduc- 
tion in the rate of demethylation of a given substrate 
is much larger than that of its cosubstrate. Rut since 
we are working ni th  impure enzynies, absolute paral- 
lelism cannot be expected. 

The lower capacity of the livers from females to 
S-demethylate drugs may be due to many factors, such 
as a smaller total amount of enzymes, scarcity of co- 
enzymes and other cofactors not provided by the syn- 
thetic medium, the presence of competing path\\-ays of 
metabolism, or differences in hormonal constitution. 
It should also be noted from the mixed substrate studies 
that the enzymes from both maleq and females did not 
demethylate optical isomers with equal ease, and that 
in all cases the inactive or less active d-isomers were 
demethylated less readily. These findings are iiot in 
agreeiiieiit with those of Takeiiiori and ; \Ianiieri i~g~~ 
who showed that both the I -  and d- isomers of 3-hy- 
droxy-S-methylmorphinan were demethylated with 
equal facility by mouse and rat liver microsoinal en- 
zymes. h very significant observation 11 ith respect 
to these isomers is the lack of any evidence that they 
were demethylated by different enzymes (Tables V 
and VI). 

The Inhibition by Nalorphine of the N-demethylation 
of Morphine by Liver Microsomal Enzymes.-A\beles, 
et al.,” found that the demethylatioii of sarcosiiie was 
inhibited less by its structural analog, methosyacetate, 
than n as the deniethylatioii of deuteriomcthylsar- 
cosine. Since niethoxyacetate inhibited competitively, 
the results indicated that the less strongly bound deu- 
terio coinpound (high K,, low affinity) TI as diqplaced 
more readily from the active center of the enzyme. 
In other experiments (see above) we have sho\\n that 

TABLE VI 
COMPETITIOX FOR THE LIVER >IICROSOMAL N-DEMETHYLATISG ESZYMES FROM FEMALE LOXG-EVAW RATS 

BY NARCOTIC DRUGS B N D  THEIR ISOMERS. 8 = 10 hIICROYOLES/10 ML. 

7 Substrate----- 
a b 

Meperidine LI orphine 
&Methadone Morphine 
l-Methadone &Methadone 
d-Methorphan Morphine 
Cocaine Morphine 
Morphine Levorphanol 

NO. Gf 
expts. 

3 
3 
3 
3 
3 
3 

Means of the  amount of formaldehyde evolved, 
micromoles/500 mq. t issue/l5 min. 

(mixed) 
a b c 

0.495 O.OS5 0 470 
,331 os5 ,405 
,331 290 ,305 
,329 OS5 369 
,260 . os5 ,308 
,085 04s ,110 

c-a 

-0 025 
+ O  074 
-0.026 
+0 040 
$0 04s 
-0 023 
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parameters tested is adequate for such a reaction.,* hl- 
though these phenomena are similarly affected there are 
insufficient grounds for assuming that they are related. 
I n  fact, the lesser potency of MSCD, might just as well 
be due to  weaker binding of the deuterated drug to 
receptor sites since the Michaelis constant for de- 
methylation of AISCD, is larger than that for I ISCH,.  
This finding appears in spite of opposite predictions 
based on theoretical considerations, (a) the increased 
mass of the deuterated methyl group would produce 
larger van der ’CS’aals forces which might increase the 
affinity of the molecule for the receptor; (b) more 
31NCD3 than IISCH, might be expected to  be bound 
to the receptors since the former is a stronger base than 
the latter. As such, at the intracellular pH more of the 
deuterated compound would be present in the ionized 
state which is presumed to be the form which combines 
vi th  the receptors. Thus, with the data obtained 
from these studies it is not possible to state whether the 
decreased potency of I ISCD,  as compared to ;\ISC& 
is related to S-demethylation or to lesser affinity for 
the receptor. It should be emphasized, however, that  
the results of related studies favor the latter possibility. 

If rate of demethylation is correlated with potency 
of analgesics then those which are more potent than 
morphine should be demethylated more rapidly and 
w e  itersa. This is not so according to our demethyla- 
tion studies. The V,,’s for X-demethylation of those 
iiondeuterated aiialgesics for which the results are 
not complicated by the presence of other methyl groups 
are in\rersely related to potency (V, levorphanol < 
V,, morphine < Ti, meperidine). These data cor- 
roborate the conclusions of R a y  and Adler who point 
out in their review’ the lack of parallelism between the 
potency of analgesics and their rates of demethylation 
in t i f r o .  In  fact, the V, may have no relationship 
a t  all to biologic potency. This is evident from the 
fact that  both the more potent levorphanol and the less 
potent JISCD, have smaller Tim’s then morphine. 
It cannot be said that potency may be related to affinity 
for the receptor, for although the K,’s are directly 
related to potency of iiondeuterated analgesics ( K ,  
levorphaiiol > K ,  niorphine > K ,  meperidine) , the 
reverse is true for IISCD,. It should be noted, how- 
ever, that findings with such closely related compounds 
as MSCH, and JISCD, may be more meaningful than 
those with compounds which have a more distant struc- 
tural relationship. This consideration would attach 
greater meaning to the comparison of the K,’s for 
morphine and its deuterated analog. 

The present studies indicate that enzyme prepara- 
tions from the livers of female rats demethylate various 
analgesics and cocaine less readily than similar prep- 
arations from male rats. A comparison of the substrate 
profiles of the S-demethylating enzymes from the two 
sexes strongly suggests that  the enzymes are identical 
but are present or available in smaller quantities in the 
livers of female rats. These data suggest that  S-de- 
methylation is not the cause of analgesia since the tox- 
icity of morphine is the same in female rats as in males” 
and the ED50 for analgesia as measured by the tail 
flick response to a thermal stimulus is similar in male 
and female Sprague-Dawley rats (M. Abdel-Rahman, 
and H.  W. Elliott, unpublished data). 

(78) K. B. Wilberg, Chem Re7 , 56, 713 (1955). 

Similarly, studies with nalorphine fail to  support 
Beckett’s postulated mechanism for the action of this 
compound. Theoretically nalorphine, by virtue of 
the greater van der Waals bonding involving its allyl 
group should have a greater affinity for receptors than 
morphine. It is believed to displace both morphine 
and normorphine from receptor sites, but that after 
absorption it undergoes a much slower deallylatioii or 
substitutes its own weaker action for that  of its 
agonist. l5 Experiniental evidence presently avail- 
able16 indicates that  the S-deallylation of nalorphine 
occurs more readily than the S-demethylation of 
morphine. In  addition, results presented above and 
data of Axelrod and Cochinl6 show that nalorphine 
noncompetitioely inhibits the S-deniethylation of 
morphine by liver enzyme preparations. These find- 
ings plus those of various n-orkers n-ho have found 
that nalorphine administered by itself 39--41 is roughly 
equivalent to morphine in aiialgesic potency in man 
are difficult to reconcile with the ideas of competitive 
displacement of morphine by nalorphine from receptor 
sites. 

The findings in regard to demethylation make it 
difficult to accept the theory that S-dealkylation of 
analgesics at  the brain receptors is the first step in the 
mechanism of action of the analgesics.? It has often 
been asked whether it is juqtified to extrapolate from 
data obtained with liver when brain tissue is being 
considered. The question is a valid one. Ho~vever, 
in view of the inadequacy of present methods to estab- 
lish whether or not the brain can S-demethylate the 
drugs considered, the use of the liver as a model for it 
was adopted for expediency. I t  must be tacitly as- 
sumed that enzymatic regulatioii of a reaction is ideii- 
tical in these organs. Obviously, unless the corre- 
sponding reaction exists in the brain the data presented 
would be of less value when considered in relation to the 
role of drug-receptor interaction in the mechanism of 
action of narcotic analgesics. 

We have not found a significant difference i n  the 
Michaelis constants obtained using enzyme prepara- 
tions from control and morphine-tolerant rats. Since 
this constant is intimately dependent on the structural 
peculiarities of both substrate and enzyme the failure 
of tolerance to morphine to affect this most fiinda- 
mental enzyme constant makes it extremely doubtful 
that the enzyme responsible for S-deinethylation has 
been altered by the development of tolerance to mor- 
phine. Significantly, however, the difference in rates 
of demethylation demonstrated by enzyme preparations 
from the two sources indicates that the livers of mor- 
phine-tolerant rats contain smaller amounts of S- 
demethylating enzymes. This finding which is bugges- 
tive of decreased protein synthesis in morphine-tolerant 
rats is compatible with known actions of morphine. 
Chronic treatment of the rat with morphine results in  
hypertrophy of the adrenal glands.42-45 It is conceiv- 
able that this “stress” response is related to an altera- 

(39) E. R. Hart  and E. L. AlacCanley, J Phaimacal. E x p t l  T h e r a p  82, 

(40) L. Lasagna and H. K. Beecher, %bid.,  112, 356 (1954). 
(41) A .  S. Keats and J. Telford. t h i d ,  117, 190 (1956) 
(42) E. hf. AIacKay and E. L. AIacKay, Prac. Sac. E r p .  Baal. .lfed., 24,  

(43) E. M. hIacKay, J .  Pharmacal. Erptl .  Therap., 43, 51 (1931). 
(44) C .  Y .  Sung, E. L. Way, and K. G. Scott, tb td . ,  107, 12 (1953). 
( -15)  T. Tanabe and E. T. Cafruny, %hid , 122, 148 (1958) 

339 (1944). 

129 (1926). 




