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Abstract  The cffects of tetrahydropapaveroline (THP), salsolinol (SAL) and various hydroxylated and
methoxyvlated tetrahydroprotoberberine (THPB) alkaloids on monoamine oxidase (MAO) forms A and
B in rat brain homogenates were investigated. The substrates utilized were serotonin, a specific substrate
for tipe A MAO: tyramine, a substrate for both type A and B MAO: and benzylamine, a preferred
substrate for tvpe B MAO. The concentrations of THP, SAL, 2.39.10-tetrahydroxyberbine and
2.3 10 -tetrahydroxyberbine producing 50 per cent inhibition (Isq) of the oxidation of serotonin were
LOmMM. 025 mM. 024 mM and 0.04 mM. respectively. In marked contrast, the Is, concentrations
of these atkaloids with benzylamine as substrate were 4.4 mM. 50 mM, 5.6 mM and 13 mM, respectively.
These findings indicated that SAL and the tetrahydroxyberbines were substrate-preferred inhibitors
of type A MAO whereas THP was a relatively nonspecific inhibitor of rat brain MAO. Kinetic data
revealed that THP. SAL and 2.3.10.1I-tetrahvdroxyberbine inhibited the oxidation of serotonin in
@ tvpical competitive manner with apparent K, values of 0.82 mM. 0.11 mM and 0.05 mM, respectively.
THP and SAL noncompetitively inhibited benzylamine oxidation with apparent K; values of 5.0 mM
and 32 mM. respectively, while 2.3.10.11-tetrahydroxyberbine competitively inhibited the oxidation of
benzylamine with an apparent K; of 3.8 mM. Sequential replacement of the hydroxyl groups at the
23910 and 11 positions of the berbine ring system by methoxyl groups substantially decreased the
poteney and selectivity of MAO inhibition. The interaction of these alkaloids with the metabolic path-
wiys of neurotransmitters suggests that these compounds may be of relevance in the modification

of central synaptic function.

Monoamine oxidase (MAO: monoamine: oxygen oxi-
doreductase (deaminating) EC 1.4.3.4)) has a wide tis-
sue distribution and s inhibited by a large number
ol diverse compounds. Compounds of the hydrazide,
hydrazine. propargylamine, cyvclopropylamine. fi-car-
boline. indolealkylamine and pyrimidine classes have
been shown to be effective inhibitors of the enzyme
[1.2]

The multiphicity of monoamine oxidase has been
rigorously investigated. Farly studies demonstrated
the separation of monoamine oxidases capable of
metabolizing  cither aliphatic or aromatic mono-
amines exclusively [3]. Liver MAO from various spe-
cles was found to metabolize a homologous series of
monoamines  at  differing maximal  velocities [4].
Based on kinctic inhibition studies of the oxidative
deammation of serotonin and tyramine, it was con-
cluded that these two substrates were metabolized by
enzyme variants of MAO [5]. Partial separation of
two fractions from rat liver mitochondria with vary-
ing MAQO activities utilizing two substrates has been
reported [6].

Some imvestigators have also postulated the exist-
enee of multiple forms of MAO because several bands
ol enzyme activity were separated by polyvacrylamide
gel clectrophoresis [7 12]. These clectrophoreticully
separable forms of MAQO were differentiated by their
thermostability  [10, 117, substrate  specificities
[7. 10, 12] and inhibitor sensitivitics [10,11]. Other
studics. employing substrate-selective inhibitors. have
contributed more information clucidating the multi-

plicity of MAO. Ulilizing the substrate sclective in-
hibitor clorgyline. Johnston [13] found that two forms
of MAO (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
sclective inhibitors of MAO type A. while deprenyl
[14.15], imipramine [18]. chlorpromazine [19], par-
gyline [17] and desmethylimipramine [I8] were
shown to be more effective inhibitors of the B form
of MAO. Substrate preferences for MAO type A and
B have also been described. Serotonin [ 13, 16], nore-
pinephrine [20] and normetanephrine [21] were con-
sidered to be preferred substrates for MAO type A,
while benzylamine [13,16] and phenethylamine [15]
were preferred substrates for MAO type B. Tyramine
[13.16]. dopamine [21] and tryptamine [21] were
found to be substrates common to both enzyme
forms.

Yang and Neff [15] demonstrated that types A and
B MAO enzyme activities could be partially separated
by continuous sucrose density gradient centrifuga-
tions. Additionally, McCauley and Racker were able
to distinguish between types A and B MAO on the
basis of differing antigenic properties [22]. The neural
distribution of types A and B MAO has also received
much attention. Equal proportions of types A and
B MAO were found in various regions of brain [23].
Type A MAO was shown to be the predominant form
in sympathetic nerves [24,25] and superior cervical
ganglion [20, 26]. while type B MAO 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 tetrahydroisoquinolinc. benzyltetrahydro-
isoquinoline and tetrahydroxyberbine 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 dopamine metabolism
[27]. Collins and Bigdeli [28] have also reported for-
mation of salsolinol in brams of pyrogallol-treated
rats during acute ethanol intoxication. The tetrahy-
droisoquinoline alkaloids formed by direct condensa-
tion of norepinephrine or cpinephrine with acctalde-
hyde have been demonstrated in acetaldehyde per-
fused adrenal glands [28.29]. Biosynthesis of tetra-
hydropapaveroline. a  benzyitetrahydroisoguinoline
alkaloid arising by condensation of dopamine with
the uldehyde derivative of this parent amine. has been
demonstrated in vitro [30 33] and in rivo in exper-
imental animals [30] and in man [34]. It has been
shown that tetrahydropapaveroline can be converted
mctabolically to tetrahydroprotoberberine alkaloids
in rat liver and brain preparations by an S-adenosyl-
methionine-dependent enzyme [35.36]. Furthermore.
tetrahydroprotoberberine alkaloids have been identi-
ficd as urinary cxeretion products in rats after
administration of tetrahydropapaveroline and in par-
kinsonian patients receiving r-dopa therapy [37].

These neuroamine-derived alkaloids exert diverse
pharmacological activities [38 -57]. Because of their
structural similarity to the putative neurotransmitters,
the alkaloids might be expected to inhibit enzymes
that metabolize biogenic amines. Initial observations
in our laboratory [58] indicated inhibitory eflects of
salsolinol  and  tetrahvdropapaveroline  on brain
MAO. Therefore. the major thrust of this present in-
vestigation was to examine the possible inhibitory
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cffects of various tetrahydroisoquinoline. benzyltetra-
hydroisoquinoline  and  tetrahydroprotoberberine
alkaloids on the multiple forms ol rat brain mono-
amine oxidase. types A and B. To lend further insight
into the nature of inhibition produced by these neuro-
amine-derived alkaloids, substrate-preferential inhibi-
tion and kinetic parameters were also examined.

MATERIALS AND METHODS

Reuagents. Serotonm creatinine sulfate and tyramie
hydrochloride were purchased from Calbiochem, La
Jolla. Calif. (+) Salsolinol hydrobromide, {+1 tetra-
hydropalmatine  (2.3.9.10-tetramethoxyberbine)  and
benzylamine were purchased from Aldrich Chemical
Company. Milwaukee. Wis. 1 +) Tetrahydropapavero-
line hydrobromide was a gilt from  Wellcome
Rescarch Laboratories. Beckenham. Kent, England.
Clorgyline (M and B 9302). N-methyl-N-propar-
gyl-3-(2.4-dichlorophenoxyi-propylamine  hydrochlo-
ride, was supplied by May and Baker Ltd., Dagen-
ham. England. Deprenyl (tE-250). [-phenyl-2-(N-mcth-
yI-N-propargyl-aminopropanc  hydrochloride.  was
supplied by Dr. I. Knoll. Semmelweiss University.
Budapest. Hungary. The radioactive chemicals, 3-hv-
droxytryptamine binoxalate [2-'*C7] and tyramine
[1-'*Clhydrobromide. were purchased from  New
England Nuclear Corporation, Boston, Mass.. and
benzylamine [ 7-'*Clhydrochloride  was  obtained
from California Bionuclear Corporation. Sun Valley.
Calif. All other alkaloids (racemic mixtures) used m
this study were synthesized in our laboratory. The
purity and structure of these alkaloids were evaluated
by liquid chromatography, gas chromatography and
mass spectrometry. The structures of the ihibitor
compounds used in this study are represented in Fig.
[
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Fig. 1. Structures of mhibitors used.



Inhibition of MAO by neuroamine-derived alkaloids

Preparation of rat brain homogenates. Male albino
Sprague-Dawley (TEX/SDD) rats from Texas Inbred
Mice Company. Houston, Tex. were used. Rats
weighing between 200-250 g were decapitated. The
brains were rapidly removed and rinsed in chilled
0.1 M sodium phosphate buffer, pH 7.4. A 10°, (w/v)
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.

Monoamine oxidase assay. MAQO activity was moni-
tored by a radioisotopic assay as previously described
[14]. Radiolabeled ['*CJserotonin, ['*Ctyramine
and ['*Cbenzylaminc were used as substrates. The
incubation mixtures consisted of 50 umoles sodium
phosphate (pH 7.4), enzyme preparation (3-4 mg pro-
tein), 0.5 umoles of the particular ['*CJlabeled sub-
strate (sp. act. 0.1 uCi;pmole), various concentrations
of selected inhibitors and distilled water in a reaction
volume of 1.0 ml. Reaction blanks contained no sub-
strate during the incubation. Reaction mixtures were
preincubated for 10 min before addition of the sub-
strate. Following a 30-min incubation at 37 ., 0.3 ml
of 2 N HCl was added to 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 laver were
removed and counted in 11 ml of scintillation tuid.
The liquid scintillation mixture consisted of 333 ml
of Triton-X-100. 667 ml of toluene. 0.2 g of 1.4-bis-[ 2-

Clorgyline (M and B 9302)
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(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.

Determination of apparent Ky, and K, values. Five
substrate concentrations (covering a 20-35-fold range
and not exceeding 7.0 x 107* 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]. K; values were
calculated from averages of two inhibitor concen-
trations.

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

RESULTS

Substrate selective inhibition of M AQ. 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 MAQO, whereas
a double sigmoidal curve (with a plateau) was
obtained when tyramine was substrate. Since tyra-
mine 1s assumed o be a substrate common to both
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Fig. 2. Effects of various inhibitor compounds on rat brain MAO activity with 0.5mM serotonin
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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 eftect
on the oxidation of serotonm. 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 of
the vartous 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,]0 11-tetrahydroxyberbine.
2.3.9.10- tetrahydroxyberbme and salsolinol. On the
other hand, the oxidation of benzylamine was rela-
tively insensitive to inhibition by these alkaloids. The
order of the degree of substrate-selective inhibition
was 23,101 1-tetrahydroxyberbine > salsolinol >
2.3.9.10-tetrahydroxyberbine. The inhibition curves
obtained with these alkaloids are comparable (o 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 (Fig. 2). The s, values
derived from these data are shown in Table 1. The
l15o-benzylamine/1s, serotonin reveal that the order
of prcfcrred inhibition of type A MAO was clorgyline
> 2.3.10.11-tetrahydroxyberbine > salsolinol >

2.39.10-tetrahydroxyberbine. Deprenyl was a sclective

Ilbltor of type B MAO, whereas tetrahydropapa-
veroline had little selectivity.

Kinetics of enzyine inhibition. Since a representation
of percentage inhibition vs inhibitor concentration
{Fig. 2} may not accurately represent the binding
affinities of these alkaloids for the different forms of
monoamine oxidase, K,, and K; values were deter-
mined as well as inhibition type from graphic repre-
sentation of kinetic data as described by Hofstee [39].
Apparent  Michaelis  constants  of  serotonin - and
benzylamine for rat brain MAO were determined.
Under our assay conditions the amount of product
formed was linear with protein concentration within
the range utilized and duplicate assay systems were

Table I.
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within 10", of onc another with respect 1o recovered
radioactivity.
The apparent K,

values for serotonin and bensyvl-

amine  caleulated  from  Holstee  plots were
1341010 *M and 234 12 = 10 * N pe-
spectively. Michaclis constants of "C-labeled sero-

tonin for MAQO were determined in the presence of
THP. SAL or 23100 t-tetrahvdroxyberbine and it
wis found that these alkaloids inhibited the oxidation
of serotonin in a classical competitive manner (Fig.
3). The caleulated apparent K, values for these alka-
loids with serotonin as  substrate were .82 mM.
0.11 mM and 0.05 mM. respectively (Table 2.

Michaelis constants of "*C-labeled bensvlamine tor
MAO were also determined in the presence of THP.
SAL or 23101 1-tetrahydroxyberbine. THP and SAL
inhibited the oxidation of benzyvlamine in a tyvpical
non-competitive manner, while 23101 T-tetrahvdroxy -
berbine competitively inhibited  henzylamine  oxi-
dation with respective apparent K, values of S0m\L
S2mM and 3.8 mM (Fig. 4 and Table 21 The appar-
ent K; values and the mhibitton tvpe obtained by
graphic treatment (Figs. 3 and 4 of the data on the
deamination of serotonin and  hensvlamine i the
presence of THP. SAL und 23101 [-tetrahvdrosyher-
bine are shown m Table 2.

Infiibition of serotonin, (yramine and  benzylanine
oxidution by selecied tetrahyvdroprotoberberine aialogs
Since 2.3.10.1 1-tetrahvdroxyberbine and 2.3.9.10-tetra-
hydroxyberbine proved to be relativels potent -
hibitors of rat brain MAO and exhibited substrate
preferential inhibitory effects. their structural inalogs
were examined with respect 1o these parameters. The
cflects of the sequentul replacement of ring hyvdrod
groups at the 23900 or 1 positions by methosyd
groups are shown m Table 3 Both 2390100 G
2340 -tetrahydroxyberbine  oxhibited  substrate-
preferred inhibition of serotonm oxidation (MAO
type A) compared to benzylamine oxidation (MAO
type B). These compounds at 1 mM concentrations
inhibited scrotonin oxidation approvmuatels s
while only approximately 127, inhibition was ob
served when benzvlamine was utilized s substriie
As seen with 230 I-trihvdroxy-10-methoxy herbine qond
29-dihydroxy-3 t0-dimethoxyberbine. the poteney
and also the selectivity of inhibiton declined when one
or two methoxy! groups were substituted tor hvdronad

groups.  The  partially mcthoxvlated  derivatives

Substrate- plduunu of selected monoamme oxidase mhibitors

Molar concentration producing 307, mhlhmnn 11

Rato?

ol oxidation of: - -Benzay laimine
Inhibitor Serotonin Tyramine Benzylamine Lo -Serotonin
Tetrahydropapaveroline L0 = 10 - 24 - 00 7 d4 10 44
Salsotinol 23 x 107 S0 = 10 Y S0 10 2000
2,39.10-Tetrahydroxyberbine 24 % 1t 25 .40 ¢ RO T 233
2.3,10,11-Tetrahydroxyberbine 40 x 107 6.3 = 10 IR TV RRRY
Deprenyl 20 % 107 79 x o " 79 10 10039
Clorgyline Isx 1ot 6.0 « 10 " So 1o [FRYERY

Concentrations of inhibitor compound producing 50", inhibition of the uxldalmn of the substrate by rat bram homeo-

genates were obtained from the curves of inhibitor concentration vs '

in text.

, inhibition of MAO. Assay conditions are deseribed

* Ratio represents the concentration of a particular inhibitor producing 50", inhibition of MAO uuhizmg bensylamine

as substrate divided by concentration of the same inhibitor producing 50",

as substrate.

inhibition of MAO utilizing serotonin



Inhibition of MAQO by neuroamine-derived alkaloids 1ot17

10— | = Tetrahydropapaveroline
o

[ 8—

]

s 7\

> 6 .,

oy 5§\ .\- ’

e}

o

@

>

TS
T
S
,.
0
©
.

2 ™
\ I\ | I\';\ |
i

Velocity /5-HT (x1075)

i

Salsolinol

® © O
T T 7T

velocity x 1072

—muirwc’\‘
I
e
A
o
NS
/O

velocity /5-HT (x1079)

|OP 1=2,3,10,1 - Tetrahydroxyberbine

9
8

7

o NG

N N,

> 5_\. e 0

= o4 Nz N\

§ - \& v

® \a O,o\

> 2+ *Z .9,))47.\
l L
C \A |

[ | N
I 2 3 4 5 6

velocity /5-HT (x 1075)

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 V... the abscissa intercept is
Vo /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°, and 219, respectively, at a concentration of
1 mM. Inhibitor potency further declined and lack of
substrate-preferred inhibition was evident on replace-
ment of three or four of the hydroxyl groups by meth-
oxyl groups as exemplified by 2-hydroxy-3.10-11-tri-
methoxyberbine and 2.3,10.11-tetramethoxyberbine.

DISCUSSION

Metabolism of the biogenic amines such as 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
NADPH or NADH-dependent aldehyde reductases
[65,66].

A further metabolic transformation of biogenic
amines has been described by Holtz ¢t «l. [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). THP 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 1o its corresponding methoxylated deriva-
tives [58] or may be converted enzymatically to
various tetrahydroprotoberberine alkaloids by a ben-
zyltetrahydroisoquinoline methyltransferase 36, 37].
Tetrahydropapaveroline,  tctrahydroprotoberberines
and salsolinol have been shown to be formed in 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
f-sympathomimetic properties and to produce hypo-
tensive effects among other pharmacological actions
[38-45]. The tetramethoxylated protoberberines pos-
sess sedative, tranquilizing, and analgesic properties

Table 2. Inhibition of serotonin and benzylamine oxidation by tetrahyvdropapaveroline. salsolinol
and 2,3,10.11-tetrahydroxyberbine

Substrate Inhibitor

Inhibition Type* K x 10°M
Serotonin Tetrahydropapaveroline Competitive 0.82
Serotonin Salsolinol Competitive 0.11
Serotonin 2,3,10,11-Tetrahydroxyberbine Competitive 0.05
Benzylamine Tetrahydropapaveroline Non-competitive 50
Benzylamine Salsolinol Non-competitive 520
Benzylamine 2.3,10,11-Tetrahydroxyberbine Competitive 38

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.

[59].

* Inhibition type was determined from the graphic representation of data described by Hofstee
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[46-517. Salsolinol and its structural analog. 6.7-di-
hydroxytetrahydroisoquinoline, have been the target
of many pharmacological studies as well. Representa-
tive effects include vasoconstriction, synergistic action
with epinephrine. inhibition of catecholamine uptake
and enhanced release of catecholamines from storage
sites [ 52 56]. Recent reports indicate that tetrahydro-
papaveroline and certain tetrahydroprotoberberines
inhibit  catecholamine uptake in  synaptosomal
preparations [53, 56, 57].

This study demonstrates that tetrahydropapavero-
line, salsolinol and tetrahydroprotoberberbines exert
inhibitory effects upon rat brain monoamine oxidasc.

Johnston [137] suggested that there are two forms of

MAO in rat brain designated as type A and type
B based on an in vitro study. Apparently MAO type
A and B have specific functions in bram. Tvpe A
MAO metabolizes the neurotransmitters serotonin,

L. R Meverson, K. D, McMurirey and V.o E. Davis

norepmephrine and normetancphrine. while type B
MAO metabolizes compounds such as benzylamine
and phenethylamine.

The findings of experiments utilizing clorgyline as
a substrate-preferred inhibitor of type A MAO and
deprenyl as a substrate-preferred inhibitor of tvpe B
MAO are in accord with data obtained in other
laboratories [13 16]. Additionally, our results indi-
cate that SAL. 23100 [-tetrahyvdroxyberbine  and
2.3.9.00-tetrahydroxyberbine  are  substrate-preferred
inhibitors of type A MAO. On the other hand, the
inhibitory effects produced by THP showed very little
substrate preference. Since I, ratios are not a true
indication of inhibitor binding affinities. apparent K,
values for these alkaloids were used in assessing
potency of the corresponding alkaloids as MAQ in-
hibitors. The caleulated apparent K; values for the
various alkaloids examined closely correlated o the
L5y values. indicating that the 15, inhibitor values pro-
vided a reasonable estimation of the inhibitor binding
aftinitics (Tables 1T and 2).

The present data indicate that the alkaloids, tetra-
hydropapaveroline. salsolinol and 2.3.10.1 I-tetrahyd-
roxyberbine. are competitive inhibitors ol serotonin
oxidation. Although derived from the catecholamines
and retaiming certain molecular characteristics of the
catecholamines. the intramolecular geometry of these
alkaloids closely approximates the indole structure of
serotonin. The findings of Tabukoff ¢f al. [68] suggest
that separate interacting sites may exist in brain
MAO of mtact mitochondria for the binding of
phenyl- or catechol-substituted umines and for those
possessing an indole nucleus. Therefore, the substrate-
sclective inhibition of serotonin oxidation exhibited
by these neuroamine-derived alkaloids may be attri-
butable to their competition with the indoleamine
metabolizing sites in brain tissuc.

Serotonin is generally aceepted as a preferred sub-
strate for brain MAO type AL The existence of a speci-
fic enzame site which readily aceepts the serotonin
molecule has been postulated [697]. Both the amino-
nitrogen and the 3-hyvdroxyl moicties are evidently
necessary for substrate binding. For example, 5-meth-
oxytryptamine, is not preferentially metabolized by
MAOQ type A but is utilized by MAO type B [70].
As a direct andlogy to these reports, the presence of
the free hydroxyl groups of the berbine molecule
along with the close resemblance to the indole nuc-
leus of serotonin may be responsible for the preferred
inhibition of serotonin oxidation (MAO G pe A) com-
pared to benzylamine oxidation IMAO type B). Thus.
it was found that sequential replicement of the hy-
droxyl groups at the 23910 or 11 positions of the
berbine ring system by methoxyl groups markedly
attenuates the substrate selective inhibition as well
as the potency of inhibition of MAO type A. Indeed.
the completely methoxylated berbine. 2.3.9.10-tetru-
methoxyberbine. exhibited modest substrate selective
mnhibition of MAQO type B (Tuble 3).

It has become evident that pharmacologic activity
of alkuloid cnantiomers may differ markedly. presum-
ably due to sterie requirements at receptor sites”
[71 74]. Activity may reside solely in one optical
Isomer. or one cnantiomer may be inactive or even
negate the actions of the other. Since the in riro cla-
horation of neuroamine-derived alkaloids may preler-
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Table 3. Inhibition of serotonin, tyramine and benzylamine oxidation by selected tetrahydroprotober-
berine alkaloids

. Inhibition of MAO activity

Substrate

Inhibitor Serotonin Tyramine Benzylamine
2.3,10.11-Tetrahydroxyberbine

0.1 mM 62 55

1.0 mM 82 80 13
2.39.10-Tetrahydroxyberbine

0.1 mM 14 8 0

1.0 mM 79 88 I
2.3,11-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 9 21

25mM 73 53 26
2-Hydroxy-3,10.11-trimethoxyberbine

1.0 mM 12 21 6

2.5mM 34 9 23
2.3,10.11-Tetramecthoxyberbine

25mM 27 33 22

5.0mM 34 36 32
2.39,10-Tetramethoxyberbine

25mM 29 27 53

5.0mM 32 35 60

Reaction mixture contained 50 umoles sodium phosphate buffer (pH 7.4). enzyme preparation (3 4 mg
protein). varying amounts of inhibitor, 0.5 umoles of particular "*C-labeled substrate (sp. act. 0.1 ¢Ci
umole), distilled water to a total volume of | ml and incubated at 37 for 30 min. Deaminated metabo-

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 enzyme systems or ‘receptor
sites” may vary 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 MAO are in the
millimolar 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 inhibitor potency
of 2,3,10,11-tetrahydroxyberbine exceeds that of the
tricyclic antidepressants, imipramine, doxepin, iprin-
dole and amitriptyline, which share with this alkaloid
the property of inhibiting MAO and neuronal reup-
take of biogenic amines [18,19.57,75-79]. It is rele-
vant to note that in vitro homogenate preparations
contain the basic cellular components but in a dis-
rupted and diluted state and direct comparison
between homogenates and in rivo situations is not
possible. Thus, data generated with homogenates offer
only an indication of potential in vivo 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-
trations 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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