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The enzyme dopamine-j3-hydroxylase is a mixed-function oxidase and cata-

lyzes the terminal step in the biosynthesis of norepinephrine (NE) according to

the following equation (18):

Dopamine + Ascorbate + O� Fumarate NE + H20 + Dehydroascorbate

Fumarate and related dicarboxylic acids markedly stimulate the enzymatic

�3-hydroxylation (18). Recently it was found that fumarate stimulates the enzy-

matic �3-hydroxylation only at low substrate concentrations (3). Fumarate lowers

the Km but does not change the Vmax. Catalase (17) and peroxidase (16) protect

the enzyme from inactivation by peroxides during the incubation period.

The enzyme is nonspecific and accepts a variety of sympathomimetic amines

structurally related to dopamine as substrates (4, 8, 17). Several sympathomi-

metic amines which were found to be substrates of dopamine-$-hydroxylase and

their corresponding $-hydroxylated products are listed in table 1. From inhibi-

tion studies on conversion of dopamirme to NE by competitive substrates and from

spectrophotometric changes in the quinone test, the following conclusions were

drawn concerning the substrate affinity for the enzyme (8): a) primary phenyl-

ethyl and phenylpropylamines are better substrates than their corresponding

secondary amines; b) the p-hydroxy and 3, 4-dihydroxy ring-substituted amines

are better substrates than the corresponding unsubstituted amines; and c) the

0-methylation in the ring decreases substrate affinity for the hydroxylating en-

zyme.

The relative nonspecificity of dopamine-f.3-hydroxylase may be an important

factor in the pharmacological activities of the sympathomimetic amines. The $-
hydroxylated products of the sympathomimetic amines (i.e. octopamine, ara-

mine, etc.) may enter NE storage sites and displace the adrenergic neurotrans-

mitter. Of considerable interest is the finding that only the (+) a-methylamines

are substrate� for dopamine-j�-hydroxylase (12). The decarboxylation of L-a-

methyl amino acids in vivo produces (+) a-methylamines (24) which are ex-

cellent substrates for the hydroxylating enzyme. It should be pointed out, how-

ever, that not all substrates for dopamine-j9-hydroxylase in vitro undergo

$-hydroxylation in vivo. (+) Amphetamine is not converted in vivo to its �3-hy-

droxylated product (+) norephedrine, but (+) p-hydroxyamphetamine, which

is formed in vivo from (+) amphetamine, is converted to (+) p-hydroxynor-
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TABLE 1

Sympaihornimetic amines which are snbstrates of dopamine-fi-hydroxylase and their

corresponding fl-h ydroxylated products

Substrate Product

Dopamine Norepinephrine

Tyramine Norsynephrine
Phenylethylamine fl-Phenylethanolamine

Epinine Epinephrine

3-Met hoxy-dopamine 3-Methoxy-norepinephrine
(+) a-Met hyldopamine Cobefrizie

(+) a-Met hyl-m-tyramine Aramine

(+ Amphetamine Norephedrine

(+) p-Hydroxyamphetamiiie p-Hydroxynorephedrine

Mescaline fl-Hydroxymescaline

ephedrine (7). The j3-hydroxylation of $-phenylethylamine occurs in vivo to a
much snmller extent than should be expected from the substrate affinity for the

hydroxylating enzyme. Thus, the substrate affinity for the enzyme in vitro is not

the only factor which is decisive for the $-hydroxylation in vivo.

INHI B1’roRs OF DOPAMINE-�-HYDROXYLASE

1. Compounds structurally related to phenylethylainine

The relative nonspecificity of the enzyme suggested that compounds structur-

ally related to phenylethylamine, which are not substrates, might act as inhibi-
tors. The a-amino acetophenomie analogues of epinephrine (E) and NE,

adrenalone and arterenone, proved to be potent inhibitors of the enzyme in vitro

and in vivo (13). A Lineweaver-Burk plot indicates that the inhibition by adren-

alone or arterenone is of a competitive nature. Substitution of the amino nitrogen

increases the inhibitory activity of the a-amino acetophenones.

Several benzylhydraziiies and benzyloxyamines are potent inhibitors of the

enzyme in vitro and in vivo (23). Tryptamnine, serotonin amid histamine produce

some inhibition at 10� M (9). Whether this has physiological significance is yet to

be established. Imipramine and desmethylimipramine show some inhibitory ac-

tivity at 10� M. Sympathetic blocking agents such as guanethidine, TM-b and

bretyliumn are inactive (9). Thus, it is unlikely that these drugs owe their action,

as has been previously postulated, to the inhibition of dopamine-$-hydroxylase.

2. Chelating agents

The finding that dopanrine-f3-hydroxylase is inhibited by various chelating

agents suggested that a metal is involved in the catalytic activity of the enzyme

(9, 10). More recently it was shown that dopamine-�-hydroxy1ase2 is a copper en-
zyme and that the oxidation reduction state of copper changes during the en-

2 l)opamine-$-hydroxylase was purified by a modification of previously described pro-

cednre A (11). The enzyme was eluted from the DEAE column with a gradient of increasing

NaCI concentration.
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TABLE 2

Inhibition of dopamine-fi-hydroxylase with chelating agents

Chelating Agent Activity

%

EDTA,10�M 60
o-Phenanthroline, 10’ M 30

8-Hydroxyquinoline, 10� M 40

2,2-Dipyridyl, 10’ M 30

Kethoxal bis (thiosemicarbazone), 10’ M 50

4-Isopropyltropolone, 10’ M 25

Coichiceine, 10’ M 30

Colchicine, 10’ M 100

Sodium diethyldithiocarbamate, 10-8 M 25

Disulfiram, 108 M <10

zymatic �3-hydroxylation (3, 5, 11). Ascorbate reduces the cupric copper of the

enzyme to cuprous copper and the latter is reoxidized during the enzymatic �-
hydroxylation (3, 5). It has recently been found that cysteine also reduces the

cupric copper of the enzyme, and that the reduced enzyme catalyzes the en-

zymatic �-hydroxylation of tyramine-H’ without addition of ascorbate (16).

The effects of various chelating agents on dopamine-f3-hydroxylase activity are

shown in table 2. All the tested chelating agents, and especially those with a high

affinity for binding with copper, were potent inhibitors of dopamine-f3-hydrox-

ylase. Of considerable interest is the finding that tropolones are inhibitors of

dopamine-$-hydroxylase (10). The restoration of activity upon addition of Fe�

or Co++ ions, and the inhibition by colchiceine, which has the acyloin structure,

but not by colchicine, which does not have the acyloin structure, suggest that the

enzymatic inhibition by tropolones is due to their metal chelating properties. The

simultaneous inhibition of dopamine-�3-hydroxylase amid catechol methyl tramis-

ferase by tropolones (1, 14) and the affinity of tropolones for adrenergic �3-re-

ceptors (1), warrant further biochemical and pharmacological studies with this

class of compounds.

The data in table 2 also show that disulfiram is a l)Otent inhibitor of dopamine-

$-hydroxylase (6, 11). The finding that disulfiram becomes completely reduced

to diethyldithiocarbamate by ascorbate suggests that the inhibition by disul-

firam is a consequence of its reduction to the carbamate, which is then effective a.s

a chelating agent. More recently it was also shown that the absorption spectrum
in the visible region of a highly purified clopamine-f3-hydroxylase2 (11) in the

presence of disulfiram and a.scorbate shows a maximum at 450 mp. The spectrum

is identical to that of the copper-diethyldithiocarbamate complex.

EFFECTS OF DOPAMINE-f3-HYDROXYLASE INHIBITORS ON THE

/3-HYDROXYLATION OF EXOGENOUS SYMPATHOMIMETIC AMINES

In disulfiram-treated animals, or in animals treated with other dopamine-f3-

hydroxylase inhibitors, the conversion of dopamine-H’ to NE-H’ is inhibited and
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dopamine-H3 is the major labeled amine which accumulates in tissues (6, 13).

Thus, it was demonstrated that when dopamine-13-hydroxylase is ihhibited,

dopamine becomes bound in the tissue without being further metabolized. In

animals treated with disulfiram or with tropolone the formation of the �-hy-

droxylated products from other substrates of dopamine-$-hydroxylase (i.e.,

tyramine-H’, m-tyramine-H3, a-methyl tyramine-H3 and a-methyl dopamine-H3)

is markedly inhibited (10, 11, 20, 21).

THE EFFECT OF DISULFIRAM ON ENDOGENOUS CATECHOLAMINE

TISSUE LEVELS

The inhibition of dopamine-�3-hydroxylase in vivo by disulfiram results in a

lowering of NE tissue levels (19, 20) and in an increase of dopamine in the brain

(16). The NE levels sharply decrease the first 6 hr after administration of disul-

firam and they remain at a low level even 24 hr after administration of the in-

hibitor (fig. 1). The initial lowering of NE levels is more pronounced in the brain

than in the heart. This may be due to the more rapid turnover of NE in the

brain. On repeated administration of disulfiram every 6 hr, there is a continuous

decrease in the tissue’s NE content. After the second administration of disul-

firam, the rate of the inhibition decreases, and even after repeated administration

of the inhibitor the NE tissue levels were not completely depleted. It is conceiv-

able that disulfiram does not completely inhibit dopamine-�3-hydroxylase in vivo.

With less than complete inhibition, the rate of NE depletion will depend on the

rate of NE utilization and on the rate of NE resynthesis. It can therefore be as-

sumed that the NE from a faster turnover store will be depleted to a greater

extent than from a store with a slower turnover rate.

The following findings support the conclusion that the depletion of NE tissue

levels by disulfiram is related to dopamine-j3-hydroxylase inhibition. 1) There is a

good time correlation between the lowering of endogenous NE tissue levels and

.-. Heart NE

� I�I
100 . 20-C

6 12 24
HOURS AFTER DISULFIRAM TREATMENT

FIG. 1. Specific activities and endogenous levels of NE in the heart of the rat following
administration of NE-H3 in untreated and disulfiram-treated animals. (Disulfiram and

NE-H’ were administered simultaneously.)
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the inhibition of the �-hydroxylation of exogenous sympathomimetic amines. 2)

Following administration of disulfiram and NE-H’ there is no change in the

specific activity of NE within the first 6 hr after administration of the inhibitor.

This indicates that the synthesis of new unlabeled NE has been inhibited : the

heart loses endogenous and exogenous NE-H3 at approximately the same rate,

and NE levels progressively decrease. As the effect of disulfiram diminishes and

synthesis begins, there is a progressive decrease in the specific activity of NE

(fig. 1). 3) The decrease in exogenous and endogenous NE levels in the tissues of

disulfiram-treated animals is associated with an increase in exogenous and en-

dogenous dopamine levels (6, 16). 4) Disulfiram does not increase the rate of dis-

appearance of NE-H3 from the heart and does not prevent the uptake of NE-H’

into the heart (6, 20).

The previously available inhibitors of dopamine-�3-hydroxylase, such as benzyl-

oxyamines, do not inhibit endogenous NE synthesis in the intact animal (23). It

has therefore been suggested that the catalysis by tyrosine hydroxylase, and not

by dopamine-�-hydroxylase, is the rate-limiting step in NE biosynthesis (25).

The finding that disuffiram decreases the levels of endogenous NE in tissues does

not necessarily imply that dopamine-�3-hydroxylase is the rate-limiting step in

NE biosynthesis under physiologic conditions. However, it does show that a

sufficiently effective inhibitor of dopamine-�3-hydroxylase can regulate NE bio-

synthesis in vivo.

DISULFIRAM AS A TOOL IN PHARMACOLOGICAL AND CLINICAL STUDIES

The inhibition of tyrosine hydroxylase may produce different pharmacological

effects from those produced by the inhibition of dopamine-�-hydroxylase. The

inhibition of tyrosine hydroxylase results in a lowering of both catecholamines,

namely, dopamine and NE, while the inhibition of dopamine-$-hydroxylase re-

sults in a lowering of NE tissue levels and in an increase of dopamine tissue levels.

Disuffiram may therefore prove to be a useful tool in investigating the role of

dopamine in the brain. After it was found that dopamnine and tyramine become

bound in the tissues of animals treated with dopamine-$-hydroxylase inhibitors

(6, 10, 11), the subcellular distribution of these amines was investigated (21). The

presence of a catechol group results in a greater retention in the microsomal frac-

tion than the presence of a fl-hydroxyl group. Sympathomimetic amines which

lack both the catechol and the �3-hydroxyl group do not stay in the microsomal

fraction (21). Recent studies have shown that when dopamine-fl-hydroxylase is

inhibited with disulfiram, tachyphylaxis to tyramine develops more rapidly and

escape from tachyphylaxis does not occur (2).

In DOCA-hypertensive rats, disulfiranr causes a marked and sustained hypo-

tensive effect (26). The antihypertensive effect caused by disulfiram seems to be

related to the inhibition of dopamine-fl-hydroxylase.

In animals treated with disulfiram the release of NE-H3 from the heart by

tyram.ine is diminished as compared with animals not treated with disulfiram.

These preliminary results indicate that the release of NE from the tissues by the
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sympathomirnetic amines is mediated to some extent via their �3-hydroxylated

products (16, 22).

Studies on the therapeutic potential of disulfiram as an agent which interferes

with formation of the adrenergic neurohumors in the treatment of hypertension,

angina, neuroblastoma and pheochromocytoma are warranted. It is noteworthy

in this connection, that tyrosine hydroxylase and dopamine-f3-hydroxylase ac-

tivities were found in neuroblastoma and pheochromocytoma tumors (15). Thus,

it was demonstrated that the enzymes which catalyze catecholamine production

are present in these tumors, and their activity must be responsible for the over-

production of the catecholamines in these diseases.
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