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Abstract The clTecis of tctrahydropapaxerolinc ITHP), salsolinol (SAL) and ~arious hydroxylaied and 
mclhoxylated tctrahydroprotoberherinc (TH PB)alkaloids on monoamine oxidase (MAC) forms A and 
FI in rat brain homogenates were investigated. The substrates utilized were serotonin, a specific substrate 
for type A MA(): tyraminc, a substrate for both type A and B MAC; and benzylamine, a preferred 
substrate for type B MAC. The concentrations of THP, SAL 2,3,9,10-tetrahydroxyberbine and 
2.3.10. l l-teirahydrox} berbine producing 50 per cent inhibition (Is0) of the oxidation of serotonin were 
1.0mM. 0.25mM. 0.24mM and 0.04mM, respectively. In marked contrast, the Is0 concentrations 
oflhcse alkaloids with benzylaminc as substratc were 4.4 mM. 50 raM, 5.6 mM and 13 mM, respectively. 
These lindings indicated Ihal SAL and the tctrahydroxyberbines were substrate-preferred inhibitors 
of t3pe A MAC x~hcrcas Tt tP  was a rekltixel 3 nonspecific inhibitor of rat brain MAC. Kinetic data 
rexealcd that TttP. SAL and 2.3,10,11-tetrahydroxyberbine inhibited the oxidation of serotonin in 
a typical compelitive manner with apparent K~ vahles of 0.82 raM, 0.11 mM and 0.05 mM, respectively. 
f l i P  and SAL noncompetitixely inhibited benzylaminc oxidation v, ith apparent K~ values of 5.0 mM 
and 52 raM, respectively, while 2,3,10.1 l-letrahydroxyberbine competitively inhibited the oxidation of 
benz 31amine ~vith an apparent K~ of 3.8 mM. Sequential replacement of the hydroxyl groups at the 
2,3.~).10 and I I positions of the berbine ring system by' methoxyl groups substantially decreased the 
paicncy mid sclcclix ity of MAC inhibition. The interaction of these alkaloids with the metabolic path- 
• ,.\ays o] lleuroll'ansmitlcrs suggests thai these compounds may be of relevance in the modification 
of central s3naptic function. 

Monoaminc  oxidase (MAC:  monoamine :  oxygen oxi- 
dorectuciasc Idcaminaling) EC 1.4.3.4.1 has a wide Its- 
sue distr ibution and is inhibited by a large number  
of dixcrsc conlpotlllds. Compounds  of the hydrazide, 
hvdrazinc, proparg~laminc, cyclopropylamine, /#car- 
bolinc, indolealk.~.laminc and pyrimidine classes have 
bccn shown I t)  bc c['fcctikc inhibiiors of the enzyme 
[ i .2] .  

The nmll ip l ic i ty of monoamme oxidase has been 
rigorously in\cstiga/ed. Early studies demonstra ted 
the separation of inonoamine  oxidases capable of 
metabolizing either aliphatic or aromatic  menu-  
amines cxchlsi\cly [3]. ki~cr M A C  from various spe- 
cic~, \~as tk~und to metabolize a homologous series of 
n lonoamincs  at dillbring maximal velocities [4]. 
Based on kinclic inhibition studies of the oxidative 
dc:,ln]in;alioll of scrotonin and tyraminc, it was con- 
cluded that these two snbstrates were metabolized by 
enzyme ~arianls of M A C  [5]. Partial separation of 
tao fractions from rat liver mitochondria with vary- 
ing MA()  activities utilizing two substrates has bccn 
reported [6]. 

Seine investigators ha~c also posttllatcd the exist- 
once of multiple t\wms of M A C  because several bands 
of cnz'>me aclixitv were separated by polyacrylamidc 
gel clcclrophoresis [7 12]. These electrophoretically 
separable forms of M A C  were differentiated by their 
thcrmostabil i t  3 [10, I1], substrate specilicities 
[7, 10. 121] and inhibi tor sensitixities [10, 11]. Other 
studies, emplo 3 ing subsirate-selecii \e inhibitors, ha',e 
conir ibuled more information chlcidating the lntl lt i- 

plicity of MAC.  Utilizing the substrate selective in- 
hibitor clorgyline. Johns ton  [13] found that  two forms 
of M A C  (type A and type B) were present in rat 
brain. Clorgyline [14- 16], Lilly-51641 [14] and har- 
maline [17] have been considered to be substrate 
selective inhibitors of M A C  type A, while deprenyl 
[14, 15], imiprainine [18], chlorpromazine [19], par- 
gyline [17] and desmethylimipramine [18] were 
show'n to be more effective inhibitors of the B form 
of MAC. Substrate preferences for M A C  type A and 
B have also been described. Serotonin [13, 16], nore- 
pinephrine [20] and normetanephr ine  [21] were con- 
sidered to be preferred subslrates for M A C  type A, 
while benzylamine [13, 16] and phenethylamine [15] 
were preferred substrates for M A C  type B. Tyramine 
[13. 16], dopamine [21] and tryptamine [21] were 
found to be substrates common to both enzyme 
forms. 

Yang and Neff [15] demonstra ted that  types A and 
B M A C  enzyme activities could be partially separated 
by cont inuous sucrose density gradient centrifuga- 
tions. Additionally, McCauley and Racker were able 
to distinguish between types A and B M A C  on the 
basis of differing antigenic properties [22]. The neural 
distr ibution of types A and B M A C  has also received 
much attention. Equal proport ions  of types A and 
B M A C  were found in various regions of brain [23]. 
Type A M A C  was shown to be the predominant  form 
in sympathetic nerves [24, 25] and superior cervical 
ganglion [20, 26], while type B M A C  was the major  
form associated with the cells of the pineal gland [26]. 
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Evidence has been accumulating indicating the 
capability of mammalian systems to elaborate alka- 
loids of the tetrahydroisoquinoline, benzylteirahydro- 
isoquinoline and teirahydroxyberbine classes under 
certain circumstances. Salsolinol, the condensation 
product of dopamine and acetaldehyde, has been 
demonstrated to form in rat liver and brain homo- 
genates during ethanol and dopanlinc nlelubolism 
[27]. Collins and Bigdeli [28] ha~e also reported for- 
mation of salsolinol in brains of pyrogallol-treulcd 
rats during acute ethanol intoxication. The tetrah}- 
droisoquinoline alkaloids formed by direct condensa- 
tion of norepinephrine or epinephrine with acetaldc- 
hyde have been demonslrated in acctaldeil~,dc per- 
fused adrenal glands [28.29]. Biosynthesis of lctra- 
hydropapaveroline, a benzyltetrahydloisoquinoline 
alkaloid arising b). condensation of dopamh'ic ~ith 
the aldehyde derivative of this parent anline, has been 
demonstrated in rilro [30 33] and m rite m exper- 
imental animals [130] and in man [34]. It has been 
shc, wn that tetrahydropapaveroline can he conwrted 
metabolically to ietrahydroprotoberberine alkaloids 
in rat liver and brain preparations b3 an S-adenos31- 
methionine-dependent enzyme [35.36]. Furthermore. 
tetrahydroprotoberberine alkaloids ha\e been identi- 
lied as urinar.,,, excretion products in rats after 
administration of letrahydropapaxeroline and in par- 
kinsonian patients receiving i.-dopa Ihcrap,, [37]. 

These neuroamine-derived alkaloids exert dixerse 
pharmacological acti\ities [38 57]. Because of their 
structural similarity it) the putatixc neurotransmitiers. 
the alkaloids might be expected to inhibit enz3mcs 
that metabolize biogenic amines. Initial obscrxations 
in our laboratory [58] indicated inhibitorx clliect~ of 
salsolinol and letrahydropapaxerolhlc Oil brain 
MAO. Therefore, the major thrust of this present in- 
xestigation \~as to examine lhc possible inhibilorx 
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Ot 

N ~  
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Clorgyline (Mend B 9302) 

eff0cts of ~.ariotls tetrahydroisoqumolme, bcnz~ltetra- 
h>droisoquinolme and Ictrah~droprotoborbeiine 
alkaloids on tile multiple t\~rms of i-a{ brain nlono- 
mnino oxidase, bpcs A and B. To lend further insight 
role ihc naiLire o[ inhibition prodl.lcod b\ those netirt>- 
amine-derived alkaloids, subsiratc-preferential inhibi- 
lion and kinetic parameters were also examined. 

M%IERI%I.S ~NI) MEItt()I)S 

Reagents. Scrolonm creatmme >ullale and l',.rammc 
h',dr,.~:hloride ,.',ere purchased from Calbiochem. La 
,lolla. Califi I+) Salsolmol h~drobromide, (±1 tetra- 
h3drop,:ihlmihle 12,33J, ll)-lolrainellloxybcrbiilc) and 
benzylammo werc purchased from Aldrich ('heroical 
COl]]pan), Mihvaukec. Wis. I ~:) Telrah)dropapa;Cl-tl- 
line hydrobromide was a gift From Wcllcome 
Research Laboratories. Bcckenhaln. Kent, England. 
('lorgylme IM and B 9302L N-moth)l-N-prepare 
gyl-3-I 2,4-dich h>rophonoxyi-propy kin1 me hydrochlo- 
ride, was supplied b) Ma) and Baker Ltd., Dagen- 
ham. England. Deprenyl IE-250), l-phenyl-2-1:\'-mclll- 
yl-N-I+ropargyql-ammopropane h)drc, chloride. +~+ls 
supplied by Dr. J. Knoll. Semmehveiss Uni~orsit\. 
Budapest. Hungar).. The radinaclive chemicals. 5-1Y,- 
drox3trypiaminc binoxalate [2-'~('1 m~d lyramine 
[1-1s(']hydrobromidc, v~ere purcimscd fronl Net>, 
England Nticlcar Corporation, BoslOll, ~la>s.. and 
I~enzvlamine [7-14(']hydrcx,'hioride ~a,~ oblaiiled 
from ('ali[ornia Bionuclear ('orporalion. ~tln \"alie\, 
Cult[ All other alkaloids tR/cemic mixtures) {b, cd in 
this stud} v~cl-e s\nthesized in otlr labtllatt)r\. The 
purit_~ and structure of ll~ose alkciloids \~erc o\ahlatcd 
b~ liquid chronlalograpily, g~ls cilromcltograph_x< and 
mass ,;pcctromett-_~. The strtiCtClres of the inhibitor 
compOtlllds I, ised in this Mud\ tllX_' rcpre>ellted ii'i lib'. 
1. 
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Preparation qf rat brain homogenales. Male albino 
Spragu~Dawley ( T E X S D D )  rats from Texas Inbred 
Mice Company, Houston, Tex. were used. Rats 
weighing between 20(>250g were decapitated• The 
brains were rapidly removed and rinsed in chilled 
0.1 M sodium phosphate buffer, pH 7.4. A 10",, (w/\) 
homogenate was prepared with twelve strokes of a 
teflon pestle in a glass homogenizer in ice-cold 0.1 M 
sodium phosphate buffer, pH 7.4. The resultant 
homogenate was used for all subsequent enzymatic 
assays. 

Mom,amine oxidase a.ssay. MAO activity was moni- 
tored by a radioisotopic assay as previously described 
[14]. Radiolabeled [>~C]serotonin, [14C]tyramine 
and [~aC]benzylamine were used as substrates. The 
incubation mixtures consisted of 50/,moles sodium 
phosphate {pH 7.4k enzyme preparation (3 4 mg pro- 
tein), 0.5 itmoles of the particular [~*C]labeled sub- 
strate (sp. act. 0.1 HCi,l~molek ~arious concentrations 
of selected inhibitors and distilled water in a reaction 
volume of 1.0 nal. Reaction blanks contained no sub- 
strate during the incubation. Reaction mixtures were 
preincubated for 10min before addition of the sub- 
strate. Following a 30-min incubation at 37 , 0.3 ml 
of 2 N HC1 x~.as added It) terminate the reaction. Sub- 
strate was then added to the blank reaction mixtures. 
The deaminated metabolites were extracted into 7 ml 
of toluene, 4-ml aliquots of the organic layer were 
removed and counted in 11 ml of scintillation fluid. 
The liquid scintillation mixture consisted of 333 ml 
of Triton-X-l(X), 667 ml of toluene. 0.2 g of 1,4-bis-[2- 

(5-phenyl-oxazolyl)]-benzene (POPOP) and 4g  of 
2,5-diphenyloxazole (PPO). Radioactivity was deter- 
mined with a Packard Tri-Carb Spectrometer. MAO 
activity was expressed as a percentage of the control 
sample that contained no inhibitor. The percentage 
inhibition was then calculated and plotted against the 
negative log of inhibitor concentration. 

Delermimttion o] apparent Km and Ki talues. Five 
substrate concentrations (covering a 20, 35-fold range 
and not exceeding 7.0 x 10 "* M), each in duplicate, 
were included for each determination of K,, with 
proper blanks maintained at the various concen- 
trations. The data were plotted in single reciprocal 
form as described by Hofstee [59]. Ki values were 
calculated from averages of two inhibitor concen- 
trations. 

Protein determinatiol~. Protein concentrations rela- 
tive to bovine serum albumin standards were deter- 
mined by a biuret method [60]. 

RESt LTS 

Substrate selectire iMt ih i l ion ~!1" MAO. Plots of per- 
centage inhibition of MAO activity with serotonin, 
tyramine and benzylamine as substrates vs concen- 
tration of various selected inhibitors are shown in Fig. 
2. A simple sigmoidal curve characterized clorgyline's 
inhibition of serotonin oxidation by MAO, whereas 
a double sigmoidal curve (with a plateau) was 
obtained when tyramine was substrate. Since tyra- 
mine is assumed to be a substrate common to both 
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Fig. 2. Effects of various inhibitor compounds on rat brain MAO activit? with 0.5 mM serotomn 
( . . . . . .  ), tyranlillc ( ) Ol- bcnzy.lamme ( ) as substrates. 
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forms of monoamine oxidase [13, 16], the first por- 
tion of the double sigmoidal curve presumably rep- 
resents inhibition of MAO type A .  and the second 
portion of the double sigmoidal curve indicates inhi- 
bition of MAO type B. Benzylamine oxidation was 
much less inhibited by clorgyline. Deprenyl. on the 
other hand, strongly inhibited the oxidation of 
benzylamine at concentrations which had little effect 
on the oxidation of serotonin. These results are in 
full agreement with the results reported by' other in- 
vestigators [14 16] and provide the model for charac- 
terizing the substrate selective inhibitory actions o f  

the various neuroamine-derived alkaloids studied. 
In experiments with serotonin or tyramine as 

substrates, the inhibition of MAO followed a simple 
sigmoidal curve where deamination was inhibited by 
a low concentration of 2,3,10,11-tetrahydroxyberbine. 
2,3,9,10-tetrahydroxybe~bine and salsolinol. ()n the 
other hand, the oxidation of benzylamine was rela- 
ti,,ely insensitive to inhibition by these alkaloids, The 
order of the degree of substrate-selecli~e inhibition 
was 2,3,10,11-tetrahydroxyberbme > salsolinol > 
2,3,9.10-tetrahydroxyberbine. The inhibition curves 
obtained with these alkaloids are comparable to the 
inhibition curves produced by the type A MAO sub- 
strate-selective inhibitor, clorgyline. In marked con- 
trast, the inhibition curves for tetrahydropapaveroline 
with the three substrates were characteristic of a non- 
substrate-selective inhibitor IFig. 2i. The 15o xalues 
derived from these data are shown in Table 1. The 
Iso benzylamine,,'I50 serotonin reveal that the order 
of preferred inhibition of type A MAO was clorgylme 
> 2,3,10,11-tetrahydroxyberbine > salsolinol > 
2,3,9,10-tetrahyckoxyberbine. Deprenyl ~as a selective 
inhibitor of type B MAO, whereas tetrahydropapa- 
veroline had little selectivity. 

Kinetic.~ ql en-.vme inhihition. Since a representation 
of percentage inhibition vs inhibitor concentration 
tFig. 2 ) m a y  not accurately represent the binding 
affinities of these alkaloids for lhe diflercnt forms of 
monoamine oxidas¢. K,,, and K; values were deter- 
mined as well as inhibition type fiom graphic repre- 
sentation of kinetic data as described by t tog tee  159j. 
Apparent Michaelis constants of serotonin and 
benzylamine for rat brain MAO were detcrmincd. 
{Jnder out" assay condi t ions the anloi_nlt of product  
t iwincd ~as liriear ssith protein concentrat ion wi th in  
the i-ange utilized and duplicate assay systems wore 

within 10",> of one another ~ith respccl t~> reco\cred 
radioactivity. 

The apparent K,,, \ahles for serc)loi3in al ld I',eu/~.i- 
amine calculated from t told, ice plots ~ el<_' 
1.3 _4 I . ( ) x  10 e M  :.ind 2.3 ~ 1.2 I() 4 Xl. rc- 
specti,~el). Miclmcl is consial/ is of  iX-Iab<_'lcd <,cln- 
tonin Ik)r M A ( )  ~eic  determined in lhe prc:,encc of  
THP.  SAL or 2,3.1t).1 l- letrahvdrox~l->crlqlk" alld il 
was fonnd thai these a lkalo ids mhib i icd the ~,xi&i l ion 
of  serolonin in a classical compct i l i \ c  inanl ler ( l i A  
3). The caiculaled apparenl K, ~alucx Itu Ihcsc :ilk:F- 
Ields wi th serotonin as stibstlatc V, ClC (i.~21nM. 
().11 InM and 0.05 raM. respecti~el} I l ab l c  2). 

Michaeli?, constants o f  i4( '- Iabclcd bcn/ ' , lanl i l lc  li~l 
M A O  v,'erc also delernl ined in ihc presence ~/l f l t I L  
SAL or 2.3, I0.1 I - le l rahydrox}  berbillC. 11 t P alld 5;,\ [ 
inhibi ted the ox ida l ion  of benlx, lm'lmle in u I_xpicll 
non-compet i i ix  c nlanncr, ~ h i l t  2.3, I(I. I I - Ic i rah\  cho',\ - 
berbine cornpetili\el', inhibi ted I~cnz\laininc ,>xi- 
dal ton with rcspccti\c apparent /k; \ahlc', of  50 II1\1. 
52 n lM and 3.b~ m M  ( t : iA 4 cind lk ib lc  2i rhc c ippm 
ent /x i \ahies and the inhil~it ion (}pc obi i i incd h\ 
graphic ti-ealmeni tFi,~s. 3 ~ii3tt 41 o[  l i l t  c]:illi <m Ihc. 
deaminat ion of  scrotolml and bcn / \ imn inc  iu ihc 
presence o f T H  F'. SAI. and 2.3.10.1 I - tc i r~ i l l \d rn \ \  bcr- 
bine arc sho~Ail in Tablc 2. 

]Hhi/?ilio;; Of sd;'olo/ti/L I iromhk' m~U i,cnz//.,;;nu 
~\idulio;! ]?t' .sC/dch'd Iclrd/;id;o/~rolo/~csik.rislc u;;d/,,<l, 
Since 2.3.10. I I -Iclrallx droxx, betlfinc lind 2.3.0. I I)-tci i-tl- 
hxdroxybcrbinc proxcd l o b c  rclalixd~ polcnt in- 
hib i lo i> of  rat brai l l  M. ' \ ( )  and cxhihi lcd ,,tll,-,llallc 
prefcreni ial  in l f ib i torx ell;ecis, their -;Irtic/tlr;l{ :in~ihL,_,,,, 
were exammed ~ i ih  respect io Ihu,,u [~til~iinch.'l-,. Ihc 
etlL:cis of  tl~c SCClUCnlial replaccnlcni e l  ~in e h\dr~,,~l  
grotlps ill the 2.3.9.10 or I I  I~<>',itiol> b\ u lc lh~l \ \ l  
grotlps tire shov, n ill l a b l c  3. [Jotli ] . {U. ] l l .  ;l lhl 
2.3.10,11-tctral~\clrox\ I~crbinc cxhib i lcd Xtl]~,,ti-;llc,. 
pretL:rred inh ib i t ion of serolonii~ t+xicl~ltioi~ I M . \ ( )  
type A) compared to bcl/z'~lalnillc oxicl:lliun I \1 . \ ( )  
type B). These compound~ tl/ 1 mM om,_cnlrali<,n., 
inhibi ted scrolonin ox idat io l l  ;tppr<~xJn/tih:]} "-()' . 
whi le on] \  approx imate ly  12",. inhihil i<,n \xci> <>l~ 
scr\cd \ \hel l  l",cnlViilnlillC \,,as ut i l i /cd ;~,, ,,uh,,li:l/C 
/\s SeCll ~ i i h  2.3. I I-lrihx<ch-o\\-IO-mclh<>xt I v h m c  : le t  
2.9-dih', drox', -3. I ()-d in]el hox \ I v b i l w .  lhc potcl>.:) 
i l l ld also the sclccti\ i t \  of  inhfbitiol~ dcclincd \\ hen olic 
or  b,~,o n lc thoxyl  glOUl'lS \~,CI'C sul~siilulccl h>i h\ch~,\xi 
groups. The partial l3 nw ihox \ l a i cd  dcii\~ili~.c., 

fable I. Substriltc-pre[erencc el selected moiloanlinc oxidasc iifllibihu-, 

Molar conccnllalion producing 50". inhibitive I1,.) l{41>, 
of oxidilt ion eli: I t-Be!!/3 !~!111!11c 

lnhibi ior Scrolonin '[ \ ralninc l l0n/\ lmnillC I~,, Nci~>lonh/ 

Tetrahydropapavcrolinc I.I) x 10 ' 2.4 . 10 ~ 4 .4 .  I11 ' 44 
Salsolinol 2.5 x 1 0  a 5.0 >. I 0  4 5.(1 • IO " ~ ( l i i l t  

2,3.9,10-Tetrahydroxyberbine 2.4 x I0 a 2.5 . I0 4 5.t~ . I!i ' "; 
2,3,10,11-Tetrahydroxyberbine 4.(1 × 1 0  ~ 6 . 3  , 1 0  " 1 3  , IO " ? ~ , t i  

Deprenyl 2 . 0  x l 0  " 7 . 9  x 10 " 7 ? )  • I l l  * IIIJ l l , '9  

C l o r g y l i n e  3 . 5  -z It)  s 6 . 0  > I l l  > b h  • I t l  I i ~ ( t l ) 0  

Concentrations of inhibitor compound producing 50". inhibition of the oxidation of the ..ub<,lralc b\ r:H blmn h~ml,, 
gcnatcs were obtained from the curvet of inhibitor conccnn-ation xs ". mhihition of M \ ( )  A-,s:l~ ,'omlili,,n, :He dc,c~ibcd 
in text. 

* Ratio represents the concentration of a particular mhibiior producing 50". inhihitioll el M.\( } ufitizin~ hen/', laJmnc 
as substrate divided by concentration of the same inhibitor producing 50",, inhibition el MAt) tHili/m~ >croh,nin 
its substrate. 
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Fig. 3. Hofstee single reciprocal plots depicting inhibition 
of MAO type A by differing concentrations of tetrahydro- 
papaveroline, salsolinol and 2,3,10,11-tetrahydroxyberbine 
with serotonin (5-HT) as the variable substrate. Velocity 
is expressed as nmoles serotonin oxidized/min/mg protein. 
The ordinate intercept is F;~,~, the abscissa intercept is 

|,~,,~,. 'K,, and the slope is -K~ .  

2,3,11-trihydroxy-10-methoxyberbine and 2,9-dihyd- 
roxy-3,10-dimethoxyberbine, inhibited serotonin oxi- 
dation 45'!, and 43!~; and benzylamine oxidation by 
39'!0 and 21,., respectively, at a concentration of 
1 mM. Inhibitor potency further declined and lack of 
substrate-preferred inhibition was e~ident on replace- 
ment of thrcc or four of the hydroxyl groups by l-llcth- 
oxyl groups as exemplified by 2-hydroxy-3.10-1 l-tri- 
methoxyberbine and 2,3,10,1 l-tetramethoxyberbine. 

DISCUSSION 

Metabolism of the biogenic amines such its sero- 
tonin, norepinephrine and dopamine in brain tissue 
involves deamination by monoamine oxidase to the 
corresponding aldehydic derivatives [61,62]. The 
aldehyde formed may be oxidized to the correspond- 
ing acid via NAD+-dependent  aldehyde dehydrogen- 
ases [63, 64] or reduced to the alcohol metabolite by 
N A D P H  or NADH-dependent  aldehyde reductases 
[65, 66 ] .  

A further metabolic lransformation of biogenic 
amines has been described by Holtz el al. [67]. These 
workers found that incubation of dopamine with 
guinea pig liver mitochondrial preparations of mono- 
amine oxidase led to the formation of tetrahydropa- 
paveroline (THP). T H P  is a benzyltetrahydroiso- 
quinoline alkaloid formed by condensation of 3.4- 
dihydroxyphenylacetaldehyde with the unchanged 
parent amine. 

Additional studies have shown that tetrahydropa- 
paveroline may be metabolized by catechol-O-methyl- 
transferase to its corresponding methoxylated deriva- 
tives [58] or may be converted enzymatically to 
various tetrahydroprotoberberine alkaloids by' a ben- 
zyltetrahydroisoquinoline methyltransferase [36, 37]. 
Tetrahydropapaveroline, tetrahydroprotoberberines 
and salsolinol have been shown to be formed m mam- 
malian systems under certain circumstances [27 37]. 
Various studies have shown these alkaloids to possess 
differing pharmacological properties. Tetrahydropa- 
paveroline, for example, has been reported to have 
fl-sympathomimetic properties and to produce hypo- 
tensive effects among other pharmacological actions 
[38M5]. The tetramethoxylated protoberberines pos- 
sess sedative, tranquilizing, and analgesic properties 

Table 2. Inhibition of serotonin and benzylamine oxidation by tetrah,vdropapa,,eroline, salsolinol 
and 2,3,10,1 l-tetrahydroxyberbine 

Substrate Inhibitor Inhibition Type* K, × 1() "~ M 

Serotonin Tet rahydropapaveroline Competitive 0.82 
Serotonin Salsolinol Competitive 0.11 
Serotonin 2,3,10,11-Tetrahydroxyberbine Competitive 0.05 
Benzylamine Tetrahydropapaver oline Non-competitive 5.(1 
Benzylamine Salsolinol Non-competitive 52.0 
Benzylamine 2,3,10,1 l-Tetrahydroxyberbine Competitive 3.8 

Rat brain homogenates were used for determination of the kinetic constants which were deter- 
mined from the graphic representation of the data as described in the text. All values are the 
average of three separate determinations performed in duplicate. Assay conditions are described 
in text. 

* Inhibition type was determined from the graphic representation of data described by Hofstee 
[59]. 
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Fig. 4. ttofstee singlc reciprocal plots depicting inhibition 
of MAO type B by dilTering concentrations of Icil-ahydro- 
papaxeroline, salsolinol and 2,3.10,1 l-tetrahydroxyherbinc 
utilizmg benzylamine as tile xariable substratc. Vole<it 3 
is expressed as nmoles benzylaminc oxidized nlm mg pro- 
lein. The ordinate inlcrcept is I~, ..... tl~e abscissa intercept 

is I/,,,,, /,;,,, and the slopc is K,,. 

[40 51]. Salsolinol :.lnd its structurLll analog. 6.7-di- 
hydroxytctrahydroisoquinoline, ha;e  been the target 
of many pharmacological studies as \\ell. Representa- 
ti'~e elt;ects inch<de \asoconstriction, sxnergistic ;.lClion 
with epinephrine, inhibition of catecholaminc uptake 
and enhanced release of cntccholanlines froR1 storage 
sites [52 56]. Recent reports mdicate that tetrahydro- 
papaverolinc and certain tetrahydroprotoberhcrincs 
inhibit catcchohlminc uptake in synaptosomal 
preparations [53, 56. 57] .  

This study demonstrates that tetrahydropapavero- 
line, salsolinol and tetrahydroprotoberberbines exert 
inhibitory eft'eels upon rat brain monoaminc oxidasc. 
.lohnston [13] suggested that there are two terms of 
MAO in rat brain designated as type A and type 
B based on an in Hire study. Apparently MAO type 
A and B ha\c  spccilic functions m brain. Type A 
MAO metabolizes the neurotransmittcrs scrotonm, 

norcpmcphrine and nornlctuncphrmc. ~hilc type B 
MAt)  mctaboliTes compounds ~,uch as benz>laminc 
and phenethylamine. 

The lindings of experiments utilizing clorgylinc as 
a substralc-prefcrrccl inhibitor of lype A MAO mid 
dcprenyl as a subs<rate-preferred inhibilor of type B 
MAt)  'are in accord with delta obtained in other 
I:.ibor:.tlorics [13 16]. Addilionally. our results indi- 
cate that SAI., 2,3. lO.II-tetrahydroxybcrhinc and 
2.3.~).l()-telrahydrox 3 berbinc arc subs<rate-preferred 
mhibitors of type A MAt). ()n tile othcr hand, the 
inhibitor\ eltccts produced b 3 TIt P shm~cd xcr\ little 
stibstrate preference. Since 15,, nttios ttre not a true 
indication of inhibitor binding aflinilies, apparcnl Ki 
\<titles [or these alkaloids x~crc used ill zlsscssill~ 
potency of the corresponding alkahfids ~t~, MAt-) in- 
hibitors. The c:.ilculttted apparent Ki xalues [or the 
\ariotl~, alkli loids cxaminect closch correl~ited to Ihc 
15~ ~ \:.<lees. indicating ill;.tt thc 1,<> inhibitor \:.ih_tes pr<> 
~ided a reasonable c',timation <>1" the inhihitor hindhlg 
allinities (Tables 1 and 2). 

TIle present cktt~t indicate lh'<it the alkaloids, tetra- 
IL',dropapa\croline. sltlsolinol lind 2,3,1().1 l-tetrat l ;d- 
roxvbcrhinc, arc competit ixe inhibitors of scrohmin 
oxidation. Although derixcd from ihc eatccholarnincs 
and retaining certain ntc)lecuktr characteristics of tile 
catechokullines, tile intrmllolccukir geOlllelt} t)J Ill<st 
alk~tloids closely apprt>xitll:.ites the indolc sll-LlCttlrc of 
SClc>tt>nin. l h c  lindin.Ds of fahak<>lT ct <t[. [ 6,"4 ] sl.l~gest 
thzil separate interacthlg sites illLI\ exist ill brain 
MA t )  <>t int:tcl mitochondria for tile bindin 7 o1 
phcn31- or catcchol-~,ubslihttcd LttllillCS :tilcl tbr those 
possessing an indc>lc nucleus. [hcrefore. the suhstrate- 
sclectixc inhihilion of serotonin oxidation exhibited 
bx II]cse ncuroammc-derived alk~tloict~, ma\ be attri- 
butable to their competition with the indolcaminc 
mclabcHizing ~,itcs in hrgtin tis~>ue. 

S e r t ' , t o t l h l  is  ge l le r ; . i l l )  al-'ccptcd ~lS Cl p r e i c r r e d  s t l b -  
sitate lor brain MAt)  iypc A. Tile existence of ~l spcci- 
lic cnzxmc >it< x~hieh i-c~tdih accepts tile sci-otonin 
n/oleculc has been postulalcd [6¢)]. Both the alnhlo- 
nitro<,cn nnd the 5-hxdrox\l meiotic,,, arc cvidenth 
necessar\ for subsli-ctle bindin<, For exmllplc, 5-melh- 
oxytryptLuuine, is riot prelL~rentially metabolized b~, 
lVlAO type A hut is utilized bx MA( )  t_xpc t7, 170]. 
As ~t direct {Ill{title 3 t o  these reports, lhc pteSellCe Of 

lilt frec h \drox\ l  groups o1 Ihc bcrbine molecule 
along \~ith tile close resemblance Io tile mdole nuc- 
leus of scrotonhl ill~.i\, he l-csponsildc tbr the prcl'crrcd 
inhibi t ion of sci-oi<mh/ oxidation (MAt )  t 3 pc A) coin- 
pared to benzylaminc oxid~ttion IMA( )  t)pe BY. thus. 
it was lbunct thai sequcnlm] rcplacelncnt of tile h)- 
dloX,,I, groups at the 2.3.c).1() or I I  positiuns <H tile 
bcrhinc i in7 systctll h~, mct l lox\ l  gi<~ttps mark<all\ 
~ilienuales the stlbsliale selccti\e inhihi ihm as ~cll  
its ihc potency of inhibi l ion of M A O  iypc A. Indeed, 
the completely mcthoxylated hcrbinc. 2,3.C).lO-tctra- 
rncthox;bcrbine, exhibited tnodest stthslt'Ltte nclecti~c 
mhibition o1 MA() type B (lhble 3). 

It llas become cxiden/ thai pharmacologic actixity 
of nlkaloid enantiorncrs ma\ dilTcr markedly, presum- 
ably duc t<~ ',tcric retltlhcnlctllS ~11 re<<pier sites" 
[71 74]. Acli\iix inn\ reside solel 3 in one <>ptienl 
lSOtller,  o r  o n e  Cl l ; . l l l [ io t l le r  l]lLt'v J;c i l l a C t J \ e  o r  e \ e n  
ncg~ile tile actions oH the other. Since lhc DI l ir,J ckt- 
horalion ~H' nctnc~amhl¢-dcri;cd <llkahfid>, ma\ prefer- 
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Table 3. Inhibition of serotonin, tyramine and benzylamine oxidation by selected telrahydroprolober- 
berine alkaloids 

1019 

% Inhibition of MAO acliGty 
Substrate 

Inhibitor Serolonin Tyramine Bcnzylamine 

2,3,10,11 -Tetrahydroxyberbine 
0.1 mM 62 55 7 
1.0 mM 82 81) 13 

2,3,9,10-Tetrahydroxyberbine 
0.1 mM 14 8 0 
1.0 mM 79 88 I I 

2,3,1 l-Trihydroxy- 10-methoxyberbine 
1.0 mM 45 39 39 
2.5 mM 64 54 54 

2,9-Dihydroxy-3,10-dimethoxyberbine 
1.0 mM 43 39 21 
2.5 mM 73 53 26 

2-Hydroxy-3,10,11-trimethoxyberbine 
1.0 mM 12 21 6 
2.5 mM 34 39 23 

23,10,11 -Tetramct hoxyberbine 
2.5 mM 27 33 22 
5.0 mM 34 36 32 

2,3,9,10-Tet ramethoxyberbine 
2.5 mM 29 27 55 
5.0 mM 32 35 611 

Reaction mixture contained 50 l~moles sodium phosphate buffer {pH 7.4), enzyme preparation t3 4 mg 
proteink varying amounts of inhibitor, 0.5/tmoles of particular ~C-labeled substratc (sp. act. 0.1 fl( 'i  
/lmole}, distilled water to a total volume of 1 ml and incubated at 37 for 30 min. Deammatcd mctabo- 
lites were determined as described in text. 

entially result in generation of one specific optical 
isomer, the actual binding or dissociation constants  
of these alkaloids for enzvme systems or "receptor 
sites' may ~ary according to the particular stereo- 
isomer generated. Only racemic mixtures of the 
representative alkaloids were available for use in these 
experiments. Resolution of the optical isomers of 
these alkaloids is now underway in our laboratory 
and stereoselectivity of the pharmacologic  activity of 
these alkaloids is being evaluated. 

Although the K~ values obtained with racemic mix- 
tures of the various alkaloids for MA O  are in the 
mill imolar range for benzylamine oxidation (MAO B), 
the corresponding K~ values for serotonin oxidation 
(MAO A) are in the low millimolar range and in the 
micromolar  range for 2,3,10,11-tetrahydroxyberbine. 
It is of interest to note that  the inhibi tor  potency 
of 2,3,10,11-tetrahydroxyberbine exceeds that  of the 
tricyclic antidepressants,  imipramine, doxepin, iprin- 
dole and amitriplyline, which share with this alkaloid 
the property of inhibiting MA O  and neuronal  reup- 
take of biogenic amines [18, 19, 57, 7%79]. It is rele- 
vant to note that in citro homogenate  preparat ions 
contain the basic cellular components  but in a dis- 
rupted and diluted state and direct compar ison 
between homogenates  and in cico situations is not 
possible. Thus, data generated with homogenates  offer 
only an indication of potential  in cico effects. 

While only small amounts  of these neuroamine-  
derived alkaloids have been detected in brain tissue 
to date, the possibility exists that  these alkaloids may 
be elaborated, under  certain circumstances, in loca- 
lized discrete brain structures yielding local concen- 
trat ions of alkaloids capable of eliciting pharmacolo-  

gic alterations in aminergic neurons. Therefore, pro- 
duction of neuroamine-derived alkaloids character- 
ized in part  by their capability to preferentially inhibit 
monoamine  oxidase and to alter neuroamine uptake 
and release may be implicated in some of the pharma-  
cologic and behavioral  actions related to alcohol 
abuse [80] or L-dopa therapy in parkinsonianism 
[81 83]. 
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