
Metabolism of catecholamines

Calvin Hanna

Epinephrine and norepinephrine are derived from tyrosine through the intermediate steps of
Dopa and Dopamine. These amines are inactivated in most tissues of the body in several
ways through uptake, storage, and metabolism. The catecholamines are found to some ex-
tent in the granulated vesicles of cells in the adrenal medtdla and in the neuronal processes
of the hypothalamus. Due to a lack of a suitably sensitive method it is difficult to interpret
the effect of drugs on the storage sites of the catecholamines.

A little over a 100 years ago Joesten
noted that a color was produced when the
suprarenal contents were mixed with
chromic acid solution. Previously it had
been known that extirpation of the supra-
renal capsules (adrenal gland) invariably
led to death with symptoms of extreme
muscle prostration. Pellacani reported that
aqueous extracts of suprarenal capsules
when injected into animals produced ex-
treme muscle weakness followed by death.1

It was inferred that the suprarenal cap-
sules functioned to rid the blood of a toxic
substance which was formed in muscle
and produced muscle weakness. Several
years prior to 1895 Oliver extracted calf
suprarenal capsules with water, alcohol,
or glycerol. These extracts when injected
into dogs did not result in death.1 This
was the first time that tissue extracts did
not kill the injected animal. This investiga-
tor was also experimenting with a method
to measure the diameter of the radial
artery in man. He combined the two ex-
periments by injecting a glycerol extract
of the suprarenal capsules around the
radial artery of his son and found that
the radial artery decreased in diameter.2

From the University of Arkansas Medical Center,
Little Rock.

With this knowledge, he teamed up with
the physiologist, Schafer, and together
they established the blood pressure ele-
vating effects of suprarenin in the dog.
Many of the experimental techniques em-
ployed by Oliver and Schafer1 in studying
the cardiovascular effects of the extracts
of the adrenal medulla are in use today.

Research on suprarenin progressed
steadily and within 10 years the chemical
structure was partly delineated. The puri-
fied mixture of the active principle was
prematurely named epinephrine by Abel
even though existing analytical data
showed a systematic error consistent with
a mixture of epinephrine and norepineph-
rine.3 It was not until about 30 years
later that norepinephrine was discovered
in the extracts of the adrenal medulla.4

This finding led in part to the conjectured
assumption that norepinephrine is the hor-
mone of the sympathetic nervous system
and this conjecture persists to date.4 With
the steadily growing volume of research
on the actions of norepinephrine it is be-
coming very difficult to separate conjec-
tures from facts. Part of this problem
stems from the great difficulty of the prob-
lem and part from the liberal interpreta-
tion of data obtained from experimental
model systems. These model systems may
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use very large doses of drugs, artificial
perfusion media, isolated tissue prepara-
tions, etc., in an attempt to simplify the
problem. Unfortunately, there is a ten-
dency of authors to use conclusions based
on model systems in place of facts in the
interpretation of experimental data ob-
tained from the whole animal or man. For
example, many papers begin with assump-
tions that norepinephrine is the adrenergic
mediator which is liberated in quantum
amounts from storage granules located in
the adrenergic nerve terminals.5 While
these assumptions may be true, and there
is some indirect evidence in support, the
data available can support equally well
many other concepts of adrenergic trans-
mission.

The metabolism of catecholamines in
animals and man is relatively well known.
Also, it is known that these amines are
released following various maneuvers, such
as a change in body position, asphyxia,
active emotions, and hypoglycemia.6 On
the other hand, factors affecting the up-
take and storage of catecholamines are in
an early stage of investigation.

Biosynthesis of catecholamines

Tritium (3H)-labeled catecholamines with
a high specific activity have been made
available in the last decade. With the
use of these labeled materials our knowl-
edge of the biosynthesis and metabolism
of these amines has increased greatly.7

HCH HCH HCH HCOH HCOH
HCCOOH HCCOOH HCH HCH HCH
HNH HNH HNH HNH HNCH3
TYROSINE DOPA DOPAMINE NOREPI EPI

Fig. 1. Biosynthesis of catecholamines. Key:
DOPA is 3,4-dihydroxyphenylalanine; DOPA-
MINE is 3,4-dihydroxyphenylethylamine; NOREPI
is norepinephrine; EPI is epinephrine.

Previously the metabolic steps in the in
vivo biosynthesis of the catecholamines
were investigated intensively with limited
success. Now it is possible to trace the
steps in the conversion of 3H-3,4-dihy-
droxyphenylalanine (Dopa) into 3H-nor-
epinephrine in vivo in the brain using thin
layer chromatography.8

Both in vivo and in vitro studies were
used to reveal that phenylalanine is acted
upon to some extent by hydroxylase to
form tyrosine. Tyrosine in turn is hydrox-
ylated by tyrosine hydroxylase to yield
Dopa (Fig. I).9 In the adrenal medulla
and possibly other places in the body this
is the slowest enzymatic step in the forma-
tion of the catecholamines.10 The amino
acid, Dopa, is rapidly decarboxylated to
yield Dopamine. The enzyme, Dopa de-
carboxylase, is found, among other places,
in the adrenal medulla. The first catechol-
amine in the sequence, Dopamine, is found
in many tissues of the body in widely
varying amounts. Also, in many tissues
Dopamine is acted upon by 3,4-dihydroxy-
phenylethylamine-/?-hydroxylase (dop-
amine-/?-hydroxylase) to form norepineph-
rine.10 Many sympathomimetic amines
and especially tyramine are good sub-
strates for dopamine-/?-hydroxylase. There
are a number of inhibitors of dopamine-
/3-hydroxylase; however, no competitive
inhibitor of this enzyme has been found
that works solely on this basis in vivo to
lower tissue catecholamine levels.

Norepinephrine in the nonstressed ad-
renal gland and other tissues is converted
to epinephrine by the enzyme /?-phenyl-
ethanolamine N-methyltransferase. Epi-
nephrine is also converted back to norepi-
nephrine and the relative quantities of the
two amines in the tissues vary according
to the activity of the tissue, the tissue in-
volved, the age of the animal, and the
species. Knowledge of the relative concen-
trations of dopamine, norepinephrine, and
epinephrine in a tissue cannot be used to
indicate the relative concentrations of these
amines at the active areas (receptor sites)
in these tissues. For example, the posterior
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and anterior chamber fluid compared to
the iris of the rabbit eye contains few if
any catecholamines, whereas the outflow
facility of the denervated rabbit eye is
markedly changed by exceedingly small
amounts of either norepinephrine or epi-
nephrine.11

Inactivation of dopamine, norepinephrine,
and epinephrine

Injected catecholamines are removed by
urinary excretion and inactivated by enzy-
matic conversion and tissue storage. While
a small amount of the catecholamines is
excreted in the free form or as conjugates
with sulfate and glucuronide, the greatest
part of a small dose of injected catechol-
amine appearing in the urine is acted upon
first by monoamine oxidase (MAO) or
catechol O-methyl transferase (COMT).
The main urinary metabolites are 3-
methoxy-4-hydroxymandelic acid (vanil-

lylmandelic acid, VMA), nonnetanephrine,
methanephrine, and 3-methoxy-4-hydroxy-
phenylglycol (MHPG).

In the rat, 80 per cent of the injected
dose of dopamine is first converted by
monoamine oxidase (MAO) and then by
an aldehyde oxidase and oxygen to give
3,4-dihydroxyphenylacetic acid (homopro-
tocatechuic acid). This in turn is methyl-
ated by catechol O-methyl transferase
(COMT) to yield homovanillic acid
(HVA) (Fig. 2). The remainder of the
dopamine is first acted upon by COMT
to form 3-methoxytyramine which, in turn,
is converted to HVA by MAO. The rela-
tive pathways of inactivation depend upon
the amount of dopamine given, the route
of administration, and the species of ani-
mal studied.9

Small doses of norepinephrine in man
are primarily metabolized by COMT to
yield normetanephrine. Some of the nor-

H H H
C-C-N
H H H
DOPAMINE

O H H
C-C-N
H H H
NOREPI

H H H
C-C-N
H H H
MYT

O H H
C-C-N
H H CH3

ME
Fig. 2. Metabolism of catecholamines. Key: MYT is 3-methoxytyramine; HVA is homovanillic
acid; NOREPI is norepinephrine; NME is normethanephrine; DHMA is 3,4-dihydroxymandelic
acid; VMA is vanillylmandelic acid; EPI is epinephrine; ME is methanephrine; COMT is
catechol-O-methyl transferase; MAO is monoamine oxidase.
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metanephrine is acted upon by MAO to
form the major urinary metabolite VMA.
When large doses of norepinephrine are
administered, most of the amine is inacti-
vated by MAO to give 3,4-dihydroxy-
mandelic acid (DHMA) which is then
converted to VMA through the actions of
COMT.12 The pathway for the inactivation
of both small and large doses of epineph-
rine in man is similar to that of norepi-
nephrine with the major metabolite being
VMA.

The enzyme MAO is found in all mam-
malian tissues. On homogenization and
differential centrifugation of mammalian
tissues the MAO is found in the mito-
chondrial fraction. This enzyme is non-
specific and will deaminate the amine
group attached to the terminal carbon
atom of alkyl and aromatic amines. In most
instances the cofactor for MAO is un-
known. After MAO has acted upon the
catecholamines, the resulting compound
is converted by aldehyde oxidase to form
an acid or by alcohol dehydrogenase to
give an alcohol.

There are many drugs that act as MAO
inhibitors. Two potent MAO inhibitors
are iproniazid and 2-phenylcyclopropyl-
amine. These drugs block almost com-
pletely the inactivation of tyramine by
MAO both in vivo and in vitro. The
catecholamine inactivation by MAO is
most effectively blocked by iproniazid in
vitro. The in vivo inhibition of MAO pro-
longs the arterial blood pressure response
to tyramine but not to norepinephrine and
epinephrine. The MAO inhibitors have
many other effects when used in vivo, such
as central nervous system stimulation that
is not related to MAO inhibition.

The enzyme COMT is found widely
distributed in mammalian tissues and
organs and it is found in many species of
animal. This enzyme is localized in the
cytoplasm and it has been partly purified.
The cofactors are S-adenosylmethionine
and magnesium ion.12 The enzyme acts to
transfer the methyl group of S-adenosyl-
methionine to a hydroxy group of a cate-

chol nucleus.13 There are many catechols,
including endogenous catecholamines, that
serve as a substrate for this enzyme. The
enzyme does not methylate phenols. Sev-
eral COMT enzyme inhibitors are known
that act in vivo to prolong the action of
the catecholamines. These inhibitors in-
clude pyrogallol, catechols, tropolones,13

and dihydroxyphenylacetamide.12 These in-
hibitors, especially pyrogallol, have many
pharmacological effects that are not re-
lated to the in vivo inhibition of the en-
zyme COMT.

Tissue uptake and storage of
catecholamines

When 3H-norepinephrine is injected
into animals, the drug is taken up by most
tissues and about 10 per cent of the dose
is rapidly excreted into the urine. The
norepinephrine stored in the tissues is
slowly metabolized and the metabolites are
excreted into the urine. The tissue storage
form of norepinephrine is not known; how-
ever, nerve stimulation, sympathetic nerve
degeneration, reserpine, guanethidine,
tyramine, etc., all will hasten the release
of the 3H-norepinephrine from the tissue
stores. Rats injected with 3H-norepineph-
rine take up some of the amine into the
myocardium. When the myocardium is
ground in sucrose and the homogenate
differentially centrifuged, some of the
tritium label is found in the microsomal
layer. The uptake of the tritium label by
the microsomal layer increases until an
intravenous dose of 3 meg. per kilogram
is injected. An electron microscopic ex-
amination of the microsomal layer revealed
the presence of vesicles similar in size and
structure to that found in nerve termi-
nals.14 This study suggests that some of
the injected norepinephrine is stored in
vesicles but that the storage capacity is
limited. A similar study using nerve termi-
nals is not feasible for an anatomical
reason. The adrenal gland might be con-
sidered a modified nerve terminal for the
purpose of establishing a model system.
The adrenal medulla contains a high con-
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centration of catecholamines that are con-
centrated in the microsomal layer.15 How-
ever, the use of differential centrifugation
techniques alone to determine the distribu-
tion of sympathomimetic amines in tissues
can lead to problems of interpretation.16'17

For example, the catecholamines may mi-
grate to certain structures of tissues in a
hypertonic medium and there is little in-
formation available from which it is pos-
sible to determine that the obtained results
are correct, especially when the water-
soluble drugs are involved. The problem
of interpretation is further complicated
when large doses of 3H-norepinephrine are
used. With the large doses of 3H-norepi-
nephrine that are frequently employed,
some of the catecholamine storage capacity
may be saturated and then the resulting
distribution of the catecholamines will not
resemble that in the physiological state.
However, the centrifugation studies have
been used as evidence to support the as-
sumption that norepinephrine is stored in
granulated vesicles of nerve terminals. In
an attempt to further knowledge in this
area several elegant methods have been
employed. In one study mice were injected
with 3H-norepinephrine and their tissues
removed for autoradiographic analyses.10

The tissues were fixed in chromate in an
attempt to reduce the diffusion of the 3H-
norepinephrine prior to autoradiographic
analysis. Published photomicrographs in-
dicate that the tritium label was localized
in certain places in the tissues. One minute
after the 3H-norepinephrine injection the
tritium label was found to take a pattern
in the myocardium that was about 2 ju,
wide and 50 to 100 ^ long. These patterns
of tritium were interpreted as being asso-
ciated with cardiac nerves.18 There are,
however, serious problems of diffusion of
the 3H-norepinephrine in chromate-fixed
tissues, wherein as much as 95 per cent of
the label may leach out.19 Also, there is
the serious possibility that the localization
of the silver grains over certain areas be-
tween fibers, especially in the heart, is a
common artifact which is regularly seen

in myocardial tissue, no tritium label, and
stripping film techniques.

A study on the uptake of 3H-norepineph-
rine into the pineal body was carried out
employing the electron microscope and
autoradiographic techniques. This ap-
proach with the electron microscope is
necessary because the granulated vesicles
in axons of the pineal body are not readily
visible by light microscopy. The study was
carried out by injecting 3H-norepinephrine
into rats, sacrificing the animals 30 minutes
later, removing the pineal body, fixing
small pieces of tissue in osmium and chro-
mate, and subjecting thin slices of the tis-
sue to autoradiographic analyses.20 The
published electron photomicrographs re-
veal a generalized accumulation of silver
grains over a sympathetic axon. It was sug-
gested that the results also indicated that
the tritium-label was located over individ-
ual granulated vesicles. However, this
could not be ascertained because the silver
grain indicating the presence of the tri-
tium label was 10 to 20 times larger than
the vesicles. Also, very little is known
about the diffusion of the 3H-label when
high resolution autoradiographic tech-
niques are used.is Their results showing
the tritium label localized over the axon
could have indicated only a higher concen-
tration of 3H-norepinephrine since the
autoradiographic technique is semiquanti-
tative. In addition, there is the possibility
that the vascular pineal body received a
saturating dose of 3H-norepinephrine be-
cause the uptake of catecholamines is re-
lated to the vascularity of the tissue.21

Therefore, studies on the pineal body may
not hold for sympathetic nerves in general.

Another approach to the problem of the
uptake and storage of catecholamines in-
volves the use of differential staining tech-
niques using thin sections. This promising
technique involves the fixing of small tis-
sue samples with gluteraldehyde.22 The
gluteraldehyde under proper conditions
forms Schiff bases with the secondary
amines in addition to fixing the tissues.
Next the tissue is treated with dichromate
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to react with the Schiff bases to produce a
precipitate that is electron opaque. When
this method is used on the adrenal glands
and in neuronal processes of the hypo-
thalamus, the cells containing dopamine,
norepinephrine, and serotonin stain pref-
erentially. Studies with the electron micro-
scope reveal a darkening over the granu-
lar portion of the catecholamine-containing
vesicles.23 By modifying the method, ter-
tiary amines such as epinephrine can be
detected in certain adrenal cells. When this
type of analysis is applied to reserpine-
treated animals, a loss of the staining prop-
erties of the granulated vesicles in the
adrenal gland occurs. This correlates with
the loss of norepinephrine and epinephrine
from the gland.24 While this approach to
the storage of catecholamines in tissues is
not as dynamic as that using 3H-norepi-
nephrine, the method appears to have the
necessary specificity and resolution.

Drugs have been widely used as an aid
in the determination of the tissue storage
of the catecholamines. Reserpine and
guanethidine have been used to deplete
the stores of catecholamines in various tis-
sues. It has been shown that large doses
of these drugs deplete these tissues of cate-
cholamines but this does not necessarily
hold when smaller doses are used.25 Tyra-
mine has also been used to demonstrate
the storage pool concept of the tissue cate-
cholamines. The storage pool concept was
designed to explain the fact that reserpine
depletes most of the catecholamines from
a tissue in time whereas tyramine initially
depletes only a small portion of the stored
amines. It has been recently determined
that large doses of tyramine also deplete
the catecholamine stores in the heart.26

Some of the catecholamine stores are de-
pleted early by tyramine but there appears
to be a rate-limiting step, because in time
the depletion produced by tyramine is
similar to that produced by reserpine.20

The catecholamine pool concept needs re-
examination and further study.

Physiological interpretation of data ob-
tained from drug-treated animals has many

cognizant problems. For example, 3H-nor-
epinephrine is usually used in excessive
doses to measure the catecholamine con-
tent of tissue so that an excess of the amine
is available for release. Exchange takes
place and the loss of the amine already
present is not known. Also, the uptake of
3H-norepinephrine is greater in vascular
tissues than in nonvascular tissues without
regard to sympathetic nerve innervation.21

The doses of reserpine and tyramine are
very, very large. The tyramine doses used
may exceed the blood pressure elevating
dose by 1000 times.

In the case of reserpine, its actions are
more general than the simple loss of cate-
cholamines from nerves and adrenal
glands. Wood and Callas24 have studied
the actions of reserpine on the adrenal
glands of various animal species. They ob-
served that "The adrenal glands of various
species of animal respond differently to re-
serpine. The Syrian hamster showed
marked catecholamine depletion with
small reserpine doses while the rats on
similar doses showed only norepinephrine
loss. Mice are more resistant to the effects
of reserpine and only epinephrine is lost
after this drug. The guinea pig and rab-
bit adrenal glands contain predominantly
epinephrine and therefore the effects of
reserpine in these animals are on this
amine."24 Not only did Callas and Wood
find a species difference in the depletion
of the adrenal catecholamines; they also
found marked changes in the architecture
of the glands. The epinephrine- and nor-
epinephrine-containing adrenal cells after
reserpine showed dilated endoplasmic re-
ticulum and Golgi apparatus. The norepi-
nephrine-containing granules in the mouse
contained swollen vesicles prior to gran-
ular loss. Also, the reserpine markedly af-
fected some cells while adjacent cells ap-
peared normal when examined by the elec-
tron microscope.24 The actions of reserpine
appear to be manifold and catecholamine
depletion may be the end result of severe
cell damage.

In an attempt to obtain a model of cate-
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cholamine metabolism unnecessarily large
doses of the test drugs were employed in
many animal studies. These large doses
produce side effects of such magnitude as
to obscure the pharmacological effects be-
ing sought.25 For example, tyramine, am-
phetamine, and ephedrine have been re-
ported to work by the same indirect mech-
anism mediated via the release of norepi-
nephrine. The cardiovascular effects of
these amines are altered by pretreatment
with large doses of reserpine but the car-
diovascular actions differ considerably in
these three amines.27"29 It is, therefore, dif-
ficult to accept how that one mechanism of
action can be relied upon to explain the
actions of all the variously acting, long-
acting sympathomimetic amines. The ef-
fects of these long-acting amines on cate-
cholamine content of various tissue are
usually found only after very large doses
and sometimes only when near toxic doses
are used.30

At this time it is not possible to conclude
in what manner the catecholamines are
stored or what mechanism is involved in
their release under physiological condi-
tions. As with other problems where in-
direct evidence must be used, it is not
possible to make valid conclusions until
a unique method is developed and em-
ployed for the answer to the problem.31

The models that have been set up to aid
in the search for answers are arrived at by
very insensitive methods; however, they
are an aid in proposing new approaches
in our search for solutions to these prob-
lems.
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