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Abstract-A large group of st~lq~no~miu~ was found to inhibit the oxidative 
dea~nation of dopamine and other biogenic amines by guinea pig liver monoamine 
oxidase. 4-~-Ch~orost~y~~-l-methyl-qu~o~i~~ iodide was nearly fwe times more 
potent than ~a~~ine~d 1200 times more potent than iproniazid. The position of attach- 
ment of the styryl moiety to the quinolinium affected potency, the 4-styrylquinoliniums 
being more potent than the 2-styrylquinoliniums. Removal of the styryl moiety decreased 
potency, suggesting its participation in the inhibition. The effects of other structural 
modifications of the quinolinium and styryl moieties on the potency of inhibition are dis- 
cussed. 

MONOAMINE oxidase (EC. 1.4.3.4. monoamine: 02 oxidweductase (deaminating)) is 
an enzyme or a group of enzymes catalyzing the oxidative dea~~tion of several 
biogenic amines. Monoa~ne oxidase (MAO) appears to be 10~~ in the mito- 
~hondrial fraction of cells of many tissues and species,’ Several classes of compounds 
have been reported to inhibit MAO. Hydrazine derivatives represent a large class of 
MAO i~ibitors, and these were recently reviewed by Bief et a1.a Harmala alkaloids, 
i~doleal~la~nes, propargyiamines, ~yclopropy~a~nes, and aminopyrazines repre- 
sent other groups of compounds reported to inhibit MA0.3 The present report 
describes the inhibition of MAO in vitro by a new group of compounds, styrylquino- 
liniums. 

EXPERIMENTAL 

Guinea pig liver mitochondria were used as a source of monoamine oxidase, The 
mitochondria were isolated by the method of Hogeboom.* The final preparation was 
suspended in 048 M sucrose and stored at -5”. 

Monoamine oxidase activity was determined by measuring the ammonia released 
during the oxidative deamination of dopamiw (3-hydrox~yramine). The compounds 
tested were dissolved in 20 % dimethylsulfoxide, and 0.5 ml ahquots were mixed with 
250 pmoles of phosphate bu%er (pH 7-O), 0.1 ml MAO preparation, and water to 
give a volume of 2.5 ml. After 5 min incubation at 3’7”, 1-O ml of 0.01 M substrate 
was added,. This amount of substrate was found to be optimal for the amount of 
enzyme used. After 30 min incubation, 1 ml of 0.35 N sodium carbonate was added, 
and the vessel was immediately stoppered. A glass “‘spoon” containing one drop of 
concentrated sulfuric acid was suspended inside the vessel from its stopper, and the 
vessel was incubated at 37” for 22 hr. These conditions allowed for complete recovery 
of the ammo~a as ~rno~urn sulfate. The acid drop was rinsed from the spoon with 
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4 mf water; 1.0 ml Nessler’s reagent was added and a calorimetric reading obtained 
after 10 min. The calorimetric readings were compared directly to readings for non- 
inhibited dimethylsulfoxide controls for the calculation of per cent inhibition of 
MAO, or were converted to micrograms of ammonia by the use of a standard curve. 
The rate of formation of ammonia was found to be linear during the 30-min incuba- 
tion period. 

Dopamine hydrochloride, tryptamine hydrochloride, and tyramine hydrochloride 
were purchased from Nutritional Biochemicals Corp., 8&norepinephrine hydro- 
chloride from ~albiochem~ and serotonin creatinine sulfate from Sigma ChcmicaI 
Co. Fhenylcyclopro~ylam~ne (parnate) was obtained from Smith, Kline and French 
Laboratories; iproniazid (Marsilid) from Hoffmann LaRoche Co.; pheniprazine 
(JB 516, Catron) from Lakeside Laboratories; and harmaline from Aldrich Chemical 
Co. All styrylquinoliniums tested were in the form of iodides or chlorides, 

A large group of styrylquinoliniums was found to inhibit the oxidative deamination 
of dopamine by guinea pig liver MAO. Many inhibited at concentrations of 10-s M 
and 10-7 M, and one compound showed significant inhibition at 10-s M. A compari- 
son of the MAO inhibition by three typical styrylquinoliniums with the inhibition by 

Concentration Inhibition Relative potency 
Compound (M) (%I (iproniazid = 1) 

- 4”~-Chlorost~I)-l-methylq~no~mium 10-B 30 4-Style-l~methyl-quinolin~um 10-7 ‘E 
2-Styryl-l-methyl-quinolinium 10-a Z 
Harmaline 71 2-Pht?nylcyctopropylamine (Parnate) ;“,:‘B 2:: 

Pheniprazine (JB 516, Catron) IO-8 

Z 

16 
Iproniazid (Mars&d) 10-5 2.5 1 

iproniazid (Mar&d), ~hc~~ra~~e (JB 516, Catron), 2-phenyl~clopropylam~ne 
(Farnate), and harmaline is shown in Table 1. The most potent st~lquinolinium, 
4-(p-chlorostyryl)-I-methyl-quinolinium iodide, inhibited 30 per cent at 1 x 10-s M, 
being nearly 5 times more potent than harmaline and 1200 times more potent than 
iproniazid. 

~tr~eture~etivity relations 
Four pairs of styrylquinoliniums, differing only in the position of attachment of the 

styryl group to the quinolinium, are compared in Table 2. In each case the 4-styryl 
compound was from 10 to 100 times more potent than the Zstyryl compound. 

The degree of i~ibition was found to be affected by halogenation of the benzene 
ring of the styryl group (Table 3). The ~hlorost~lqu~noli~um was considerably 
more potent than the parent st~ylquino~nium in both the 2-substituted and 4- 
substituted compounds. In the case of the 2-styrylquinoiiniums, the ct-chlorostyryi 
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TABLE 2. EFFECT OF POSITION OF STYRYL GROUP ON MAO INHIBITION BY 

STYRYLQUINOLINIUMS 

R 
Position 

of R 
Concentration 

(M) 
Inhibition 

(%) 
_- 

-CH=CH g=J-Cl 4 lo-’ 90 
2 10-B 61 

-CH=CH-<> 

OCHs 

-CH=CH- 

4 
2 

4 10-7 64 
2 10-s 69 

4 
2 

10-7 
IO-6 3”: 

10-1 
10-s 

43 
59 

TABLE 3. EFFECT OF HALOGENATION OF STYKYL GROUP ON MAO INHIBITION 

CH3 

R 
Position 

ofR 
Concentration 

(M) 
Inhibition 

(%I 

-CH=CH<== 4 10-7 64 

2 10-s 61 

-CH=CH-<==- 
I 

-CH==CH -xJ-Br 2 

2 10-o 62 

104 55 

2 10-s 37 
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compound was as potent as the p-chlorostyryl compound, and the p-bromostyryl 
derivative only slightly less potent. 

Some effects on MAO inhibitory activity were observed with structural modification 
of the quinoline group. The 6-methoxy derivative of 2-~-dimethyla~nosty~l)-l- 
methyl-q~oli~um was ten times more potent than the parent compound (Table 4). 
However, only slight changes in potency were observed when dimethylamino- or 
chlora- groups were substituted at the 6-position. 

Corwxntration 
W 

;;rs 
lo-: 
IO-B 

Inhibition 
(%I 

27 
66 
31 

Only very slight increases in inhibition were observed with higher N-al&l quino- 
Iiniums (Table 5). Increasing the carbon length of the N-alkyt group of 2-@-chloro- 
styryl) quinolinium iodide from 1 to 4 increased inhibition by only 11 per cent. A 
Jarger difference in potency was observed between the l-methyl quinolinium and the 
no~~lkyiated quinoliue. 

~?AH,E 5. EFFECT OF HIGHER N-ALKYL QUINOLINIUMS ON MAO INHIBITION 

R 

None 

:z 
n-CSHT 
n-C4Hs 

Concentration Inhibition 
@V (%) 

10-a 
10-s 
10-a 

i 

10-e 68 
10-6 72 

The replacement of the styryl moiety by a phenyl group reduced MAO inhibition 
IO-fold (Table 6). 2~~-~imethy~aminostyryl)-l-me~y~-quinoji~um inhibited 58 per 
cent at IO-* M, whereas 2~~imet~yla~~o~henyl~l-methy~-quinoli~~ inhibited 
55 per cent at 10-s M. 2-~imethylamino-l-methyl-quinoli~um was only shghtly less 
potent than the dimethyIaminophe~y1 derivative. 



Inhibition of MAO by ~ty~~~uinoiinium~ 83 

TABLE 6. EFFECT OF REP~CE~NT OF THE STYRYL GROUP ON MAO I~IBIT~ON 

Studies of mechanism of inhibition 
4-Sty@-l-methyl-quinolinium iodide was used as a typical styrylquinolinium for 

studies of the mechanism of inhibition. The time course of inhibition was found to 
be linear over the 30-min period used in the assay, and the inhibition was constant 
(64 & 3 per cent) during the same period, with 1 x IO-? M inhibitor, No significant 
increase in inhibition was observed when the enzyme was preincubated with the 
inhibitor for 35 mia instead of the .5-min preincubation in the standard procedure. 

Double-reciprocal plots of dopamine concentration against rate of dea~nation 
showed the inhibition to be competitive with substrate (Fig. 1). The inhibition was 
found to be reversible (Fig. 2) according to the criterion of Ackermann and Potters 
that the degree of inhibition by a reversible inhibitor is independent of enzyme con- 
centration and depends only on the inhibitor concentration. 

The styrylquinoliniums also inhibited the oxidation of other biogenic amines 
(Table 7). The oxidation of tyramine and serotonin was inhibited to nearly the same 
extent as dopamine, while inhibition of oxidation of tryptamine and norepinephrine 
was considerably less. 

DISCUSSION 
Styrylq~noli~ums represent a new group of potent inhibitors of monoamine 

ox&se in vim, some being considerably more potent than any other MAO inhibitors 
reported, ~(~~hlorost~l)-l-methyl-quinoli~um was nearly five times more potent 
than harmaline and 1200 times more potent than iproniazid. Studies of the mechanism 
of inhibition using 4-styryl-I-methyl-quinolinium iodide indicate the inhibition to be 
competitive with substrate (dopamine) and reversible. 

Significant differences in the degree of inhibition were observed when tyramine, 
serotonin, and tryptamine were used as substrates in place of dopamine. With nor- 
epinephrine as a substrate, much less inhibition was observed. Guhae has similarly 
reported different degrees of inhibition of purified rat liver mito~hondrial MAO by 
2-phenylcyclopropyI~ine. 
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FIG. 1, I~bi~o~ of MAO by 4-styryl-l-methyl-quinolinium iodide fl x IO-7 M), Activity was 
measured in the standard incubation mixture with substrate concentrations ranging from 1 x 10-z 

M to 214 x fk4 M (V = pg Nl%/ml/30 min>. 

30- 

* No inhibitor 

s 
25 - 

0 4 -Styryl-t-methylquinoiinium tlG7Ml 

G-l 0.2 0.3 0.4 0~5 0.6 0*7 0.6 0.9 

Eiizpms prepnratian mt 

Reversibk inhibition of MAO by 4-star-l-rn~thy~-quinolinium iodide. 
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Although some differences in potency were observed by structural modification of 
the quinoline moiety (Tables 4 and 5), greater effects were observed by modification 
of the styryl moiety. The position of attachment of the styryl group to the quinoline 
has a marked effect on potency, the Cstyrylquinoliniums being more potent than the 
2-styrylquinoliniums (Table 2). Ring halogenation of the styryl moiety also enhanced 
potency (Table 3). 

TABLE 7. ~~IBITION OF THE OXIDATION OF EIOGENIC AMINES BY 

~~TYRYL-~-ME~-QUIN~LINIZJM IODIDE 

Substrate* 

Dopamine 
Tyramine 
%Hydroxytryptamine (serotonin) 
Tryptamine 
Norepinephrine 

Inhibitiont (%) 

46 

:; 
31 

8 

* Substrate concentrations were 2.85 x 10-sM. 
7 4-Styryl-1-methyl-quinolinium iodide concentration was 

1.0 x 1O-7 M. 

Replacement of the styryl group by other groups resulted in a decrease in potency. 
Removal of the ethylenic moiety alone reduced potency, as did complete remova of 
the styryl group (Table 6). This suggests that the high degree of inhibition by styryl- 
quinoliniums may be related to the presence of the styryl group, and more specifically 
its ethylenic moiety. This is of significant interest because of the structural similarity 
between the styryl group and the phenethyl group of catecholamines, and also in view 
of the mechanism of inhibition of MAO suggested by Belleau and Moran.7 They have 
proposed that the transition state of the MAO-substrate complex involves the forma- 
tion of a double bond between the a- and &carbons of the substrate, with the sr-elec- 
trons generated contributing greatly to the binding energy in the transition state. 
They further suggest that the i~ibition by 2-phenylcyclopropylamine (Parnate) may 
be due to the binding of its nucleophili~ spWke cyclopropane bond to an electrophilic 
site on the enzyme. Similarly, the presence of a double bond in the styryl group of 
the styrylquinoliniums may account for their high degree of inhibition. That the 
enhancement of inhibition by the styryl group may be due to a steric effect of chain 
length and not only to electronic effects has not been ruled out. Styrylquinoliniums 
may thus be of significant value in the elucidation of the mechanism of action of 
monoamine oxidase. 
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