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It is well-established that noradrenaline is the
neurohormone of the sympathetic (adrenergic)
nerves (1-3) and is so released at the nerve end-
ings. Further, it is known that after release,
noradrenaline is rapidly inactivated and concom-
itantly, a number of metabolites are formed (4-7)
(Figure 1) that biologically are relatively inactive.
The rapidity, however, with which these metabolic
products are formed in man and excreted in the
urine is not precisely known.

In the earlier work on the metabolism of nor-
adrenaline, urine collections were made at long
intervals after infusion, i.e., at 1-hour intervals,
for 24 hours (5, 7, 8), and so gave limited infor-
mation about events immediately after the infu-
sion of noradrenaline. Therefore, these' experi-
ments were designed to give additional informa-
tion about noradrenaline metabolites and their
rates of formation and excretion as seen in the
early periods after inactivation.

METHODS

Six women between 20 and 35 years old were injected
intravenously with 9.5 uc (80 ug) of dl-noradrenaline-
2-C* (SA, 20 mc per mmole).! The labeled noradrena-
line was mixed with 10 ml of physiological saline and in-
jected into the antecubital vein in 1 minute. Urine was
collected from each subject via an indwelling Foley
catheter 10 minutes after the beginning of the injection
and every 10 minutes thereafter for a total of 70 minutes.

Separation of the urinary metabolites of noradrenaline,
previously described by Goodall, Kirshner, and Rosen
(5), has been modified as follows. A sample of urine
containing 30,000 to 75,000 dpm was placed on a 1- X 4-cm
column of Amberlite IRC-50 (CG-50, type II), and the
column was washed with 25 ml of water. The combined
efluent and wash were saved. The column was then
eluted with 30 ml of 0.5 N acetic acid. The radioactivity
of a 0.1-ml sample of the eluate was measured with a

* Work supported by U. S. Public Health Service
grant A-5823.
1Volk Radiochemical Company, Chicago, Il

Packard Tri-Carb liquid scintillation spectrometer. An-
other sample containing about 600 to 1,200 dpm was
evaporated to dryness and taken up in 1 ml of water; the
solution was chromatographed for 24 hours on Whatman
1 filter paper with n-butanol saturated with 1 N HCI as
the solvent. Such a method yields a clear separation of
noradrenaline, 3-O-methylnoradrenaline (normetadrena-
line), and an unknown. After drying, the paper was cut
into l-cm strips; each strip was placed in a 20-dram
counting vial filled with scintillation liquid, and the ra-
dioactivity was measured with Tri-Carb liquid scintil-
lation spectrometer. The percentage of radioactive
noradrenaline, normetadrenaline, and the unknown sub-
stance in this sample was calculated, and when inter-
preted in terms of the total radioactivity recovered in the
eluate of the Amberlite column, gave information about
the total amount of radioactivity of each compound.

The effluent and wash from the Amberlite column were
placed on a 1.0- X 10.0-cm Dowex 1-X2 (200-400 mesh)
acetate column and fractionated as previously described
(5). Briefly, ammonium acetate buffers at pH 4.8 of
varying molarity—i.e.,, 0.05, 0.3, 1.0, and 3.0 M—were
used to elute the acidic catabolites. The individual peaks
were collected ; in most cases, a 0.5-ml sample was placed
in each of two vials containing a liquid fluor and then
assayed for radioactivity with the Tri-Carb liquid scintil-
lation spectrometer. For some columns, however, the
radioactivity of the peaks was assayed with a thin-win-
dow Geiger tube and corrected to infinite thinness by
reference to a previously prepared absorption curve.

The radioactive material that passed through both the
Amberlite and Dowex columns composed the “neutral
fractions” and is referred to as the “Dowex effluent.”
The radioactivity in this fraction was also measured.

RESULTS

Amberlite eluate (basic metabolites). The data
(Table I) show that of the total radioactivity re-
covered in the urine 10 minutes after injection,
28 = 3% 1is labeled noradrenaline; this amount
rapidly decreased, so that after 20 minutes, the
labeled noradrenaline represents only 10=*3
(SD)% of the total radioactivity and after 30
minutes, 5 = 1%. The normetadrenaline and the
unknown follow a pattern of excretion which is
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similar to that of noradrenaline (Figures 2 and 3) ;
as might be expected, however, the initial radioac-
tivity recovered in these two fractions is not so
high as that of the parent substance, noradrenaline
(Table I).

The question naturally arises about what hap-
pens to the normetadrenaline once it is formed
from noradrenaline. Current work (9) demon-
strates that most of the normetadrenaline is con-
verted to 3-methoxy-4-hydroxymandelic acid, es-
pecially in the early periods (0 to 30 minutes) ;
however, there is a gradual and concomitant in-
crease in the 3-O-methylnoradrenaline conjugate.

Dowex elution (acidic metabolites). 1. 0.05 M
Eluate. The metabolite eluted in this fraction is
the 4-O-sulfate conjugate of normetadrenaline and
is in effect a neutral conjugate that may be eluted

from the Dowex column with water (7). The
amount of the compound gradually increases so
that during this first 10 minutes after injection, it
represents orily 5 = 2% of the total radioactivity,
whereas by the end of the seventh 10-minute
period (70 minutes), it represents 14 = 3% (Ta-
ble I, Figures 3 and 4). It has been previously
shown that the amount of this metabolite con-
tinues to increase, so that in the 12- to 18-hour
period after injection, it represents about 30% of
the total radioactivity (5).

2. 0.3 M Eluate. This fraction represents an
unknown metabolite of noradrenaline, one distin-
guishable from the other metabolic products but
not yet identified (Figure 4, Table I). The radio-
activity in this fraction moves as a single com-
pound when chromatographed either in n-butanol
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saturated with 1 N HCI, or in 4:1: 1 isopropanol ;
ammonia : water. It is not a major metabolite,
since the total amount of radioactivity recovered
represents only 2 = 1% in the initial 10 minutes
and 6 = 2% in the last 10 minutes of a 70-minute
collection period. In a 24-hour period, it repre-
sents only 10 = 2% of the recovered radioactivity
(5).

3. 1.0 M Eluate. The radioactivity recovered
in this fraction is 3-methoxy-4-hydroxymandelic
acid.  This metabolite was first described by

McC. GOODALL AND LAWRENCE ROSEN

Armstrong, McMillan, and Shaw (4, 10) and
represents the largest single metabolic product of
noradrenaline (Table I, Figures 1-4). It is
rapidly formed, representing 13 = 8% of the re-
covered radioactivity in the first 10 minutes and
48 =11% by the end of the second 10 minutes
(Table I), and reaches a maximum of about 50%
1 hour after injection and then decreases some-
what; for a 24-hour period, however, it repre-
sents about one-third of the total radioactivity (5).

4. 3.0 M Eluate. This fraction represents a
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composite of several noradrenaline metabolites
that are difficult to separate. For this reason, they
have been grouped together under the single head-
ing of “3.0 M eluate” (Table I, Figures 2 and 4).
The metabolites present in this fraction can be
separated into three subfractions, the first con-
taining 3,4-dihydroxymandelic acid, vanillic acid
(11), and at least one other lesser compound ; the
second contains protocatechuic acid, the sulfate
of 3-methoxy-4-hydroxyphenylglycol, and presum-
ably conjugates of mandelic acid and 3,4-dihy-
droxyphenylglycol; and the third contains less

than 4% of the recovered radioactivity, and its
compounds have not yet been evaluated.

That 3,4-dihydroxymandelic acid represents ap-
proximately 10 to 15% of the total radioactivity
recovered in the 3.0 M eluate fraction gives some

" indication of the role of oxidative deamination in

the initial inactivation of noradrenaline (Figure 1).
Recently, Crout, Creveling, and Udenfriend (12)
showed in the rat that monoamine oxidase ac-
tivity (oxidative deamination) was 3.6 and 5 times
greater than catechol-O-methyltransferase ac-
tivity in the brain and heart, respectively.
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TABLE 1
Excretion pattern of noradrenaline and metabolites at 10-minute intervals
during a 70-minute postinjection period after injection®

Colgection Amberlite fractions Dowex fractions

t
afteTfn- % of infused Amberlite Normet. Dowex
fusion dose recovered eluate Nor. Normet. Unk. conjug. Unk. MOMA 3 M  effluent 2

min % % % % % % %o % b %

0-10 79 + 1.7 69 +10 2843 2246 123 5+2 2+1 13+ 8 8&+£5 442
10-20 5.1 +0.7 25+ 7 103 11+4 31 64+3 241 48411 1443 31
20-30 3.8 £ 0.6 124+ 3 51 S5+1 1x1 10+4 341 51411 173 3 %1
3040 3.0+ 04 8+ 2 4%x£1 4+1 trace 10+£3 442 53+ 7 183 4=+1
40-50 2.9 £+ 0.3 6%+ 2 2zx1 341 trace 1244 542 47+ 9 21 +£4 442
50-60 23 +£0.3 7+ 2 3x1 341 trace 15+4 742 4610 21 3 442
60-70 2.5 +£0.2 6% 2 241 3*1 trace 14+3 642 43+10 237 4=+1

* All data are expressed as percentage of recovered radioactivity & SD. Nor., noradrenaline; normet., normet-
adrenaline, 3-O-methylnoradrenaline; Unk., unknown; normet. conjug., 3-O-methylnoradrenaline conjugate; MOMA,
3-methoxy-4-hydroxymandelic acid; 3 M includes 3,4-dihydroxymandelic acid, vanillic acid, protocatechuic acid,
sulfate of 3-methoxy-4-hydroxyphenylglycol, and probably conjugates of mandelic acid and 3,4-dihydroxyphenylglycol.

The total radioactivity recovered in the 3.0 M
fraction represents 8 = 5% in the first 10 minutes
after injection and rapidly increases, so that by the
60- to 70-minute collection period it represents
23+79% (Table I). The average for 24 hours
is 24 =49 (5).

Dowex effluent (neutral metabolites). This is
a relatively unimportant fraction in that it repre-
sents only 3 to 5% of the total radioactivity recov-
ered from the urine (Table I). It does not change
greatly from the first to the last collection period,
ie., from 4 = 2% in the first 10 minutes to 4 = 1%
in 24 hours (5). This material is distributed
among two or three fractions as determined by
chromatography in n-butanol saturated with N
HCl. More than 50% of the.total neutral frac-
tion exhibits an Ry value less than 0.1, and prob-
ably contains the glucuronide of normetadrenaline

and possibly that of noradrenaline. The faster-
moving material (R, 0.50 to 0.70), which some-
times separates into two peaks, apparently con-
tains 3-methoxy-4-hydroxyphenylglycol (13) and
3,4-dihydroxyphenylglycol (14).

Whereas Table I represents the percentage of
recovered radioactivity of each metabolite, it does
not give absolute quantities. Therefore, Table II
has been included to show these absolute quanti-
ties as they compare with one another.

Analysis of the results in terms of the absolute
amount of the basic compounds (Amberlite eluate)
excreted shows an interesting phenomenon. In
the first 10-minute collection period, these com-
pounds, including the sulfate of 3-O-methylnor-
adrenaline, account for 0.56 uc; this value declines
to 0.05 pc in the 30- to 40-minute collection period
and is maintained at this level throughout the 70-

TABLE II

Excretion pattern of noradrenaline and noradrenaline metabolites at 10-minute intervals during a
70-minute period after infusion™

Collection Amberlite fractions Dowex fractions
time Total
after in- Cu Amberlite Normet. Dowex
fusion recovered eluate Nor. Normet. Unk. conjug. Unk. MOMA 3 M Effluent 2
min He He "3 ' He e He He ue ue uc
0-10 0.75 0.52 0.21 0.17 0.09 0.038 0.015 0.10 0.06 0.03
10-20 0.48 0.12 0.05 0.05 0.01 0.029 0.01 0.23 0.07 0.01
20-30 0.36 0.04 0.02 0.02 0.036 0.01 0.18 0.06 0.01
3040 0.29 0.02 0.01 0.01 0.029 0.01 0.15 0.05 0.01
40-50 0.28 0.02 0.006 0.008 0.033 0.01 0.13 0.06 0.01
50-60 0.22 0.015 0.007 0.007 0.033 0.015 . 0.10 0.05 0.01
60-70 0.24 0.014 0.005 0.007 0.033 0.014 0.10 0.05 0.01

* Dafa were compiled from the data of Table I. E.g.,in the 10- to 20-minute period, 5.19, of the infused dose (9.5 uc)

was recovered = 0.051
= 0.48 X 0.48 = 0.23.

X 9.5 = 0.48 uc; MOMA accounted for 489, of the recovered C* in this interval; u.c MOMA
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minute collection period. Although the percentage
of the radioactivity, which is recovered as a sul-
fate, increases with time, this conjugate is actually
excreted at a fairly constant rate, 0.03 uc in each
collection period (Table II). _

With respect to the neutral and acidic metabo-
lites, two important findings should be emphasized.
The first of these is the very rapid increase in
3-methoxy-4-hydroxymandelic acid, both in the
percentage of recovered radioactivity and in ac-
tual amount. - The data show an increase from 13

A

+ 8% or 0.10 uc in the first collection period to
48 = 11% or 0.23 uc in the 10- to 20-minute pe-
riod (Tables I and IT). The percentage of radio-
activity recovered as 3-methoxy-4-hydroxyman-
delic acid further increases in subsequent periods;
however, the actual amount of 3-methoxy-4-hy-
droxymandelic acid decreases steadily to 0.10 uc
in the 50- to 60-minute period. Second, the other
acidic and the neutral metabolites are excreted in
fairly constant amounts during each 10-minute
period (Table II). :
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DISCUSSION

Although an iv injection of noradrenaline can-
not be extrapolated in the precise terms of the
normal release of noradrenaline from the adren-
ergic nerve endings, there are nevertheless some
distinct similarities. For example, these experi-
ments could be closely correlated to the release of
noradrenaline from a noradrenaline-producing
pheochromocytoma, which, as is known, can re-
lease into the vascular system very large quanti-
ties of noradrenaline (15-19), or in paroxysms,
quantities far exceeding the 80 pg per minute used
in these experiments. Furthermore, even normal
subjects under specific stressful conditions (20—
24) release over short intervals quantities of nor-
adrenaline that could approximate that used in
these experiments. The most important differ-
ence between an injection of noradrenaline and the
normal release of this neurohormone, however,
lies in those unknown physiologic and metabolic
processes occurring at the releasing site; whereas
noradrenaline is normally released in small quan-
tities at multiple sites, in these experiments the
noradrenaline was derived from a single site in
the antecubital vein. Despite this important dif-
ference, there are even other similarities between
the use of exogenous and the release of endoge-
nous noradrenaline. For example, 20 to 60 pg of
noradrenaline normally occurs in the 24-hour
urine (20, 22, 25, 26), and under severe stressful
conditions, up to 485 pg per 24 hours (20), which
clearly indicates that a certain amount of the nor-
adrenaline normally released from the adrenergic
nerve endings is not metabolized at the releasing
site or elsewhere, but is transmitted by the blood
stream and ultimately cleared by the kidney. Von
Euler and Luft (27) showed that after an infusion
of noradrenaline in the human, only 1.5 to 3.3% of
the infused dose could be accounted for in the
urine ; from their experiments, it was inferred that
normally some 0.5 to 1% I-noradrenaline per min-
ute reached the general circulation. Furthermore,
it is well-known that with an infusion of noradren-
aline, certain compensatory mechanisms come into
play that depress the release of endogenous nor-
adrenaline; this implies that at least some of the
exogenous noradrenaline is handled like the en-
dogenous.

Although our study does not give precise in-
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formation about events the moment after release
of noradrenaline, it does give some information
about noradrenaline metabolism, and especially
about the probable metabolic pattern of nor-
adrenaline during the first few minutes after its
release; that is, from the information plotted in
Figures 2, 3, and 4, one can, by extending the curve
from the 10-minute point to the time of injection,
acquire some insight into probable events shortly
after the release of noradrenaline.

From these results, it is apparent that the nor-
adrenaline is rather rapidly metabolized, i.e.,
27.5% of radioactivity is recovered in the urine
within 70 minutes. Why the metabolic products
continue to be excreted over a long time is not en-
tirely clear; it would seem, however, that the me-
tabolites diffuse into the tissue spaces and cells
from which they gradually return to the general
circulation and are excreted by the kidneys. Fur-
ther, it has been shown that when labeled adrena-
line was injected into a cat, many of the metabolic
products could be accounted for in the liver, kid-
ney, and heart, and presumably other sites (14).
The possible role of noradrenaline binding was
first established many years ago (28-34), and
more recently, also the binding of the metabolites
(14, 35-39), but the extent and methods of bind-
ing probably vary from one animal species to an-
other (40) and certainly from one tissue to an-
other; therefore, the extrapolation of such results
to man should be done with extreme caution.

It is, however, reasonable to conclude that nor-
adrenaline metabolites accumulate in the tissues
and tissue spaces, and over a period of 24 to 96
hours, are slowly released into the general circula-
tion and excreted by the kidney, as previous work
certainly seems to indicate (5). However, some
of the metabolites initially formed (e.g., 3,4-dihy-
droxymandelic aldehyde, 3,4-dihydroxymandelic
acid) could undergo changes before storage or ex-
cretion, and therefore might very well differ in
quantity and type from the final metabolites found
in either the tissue or urine.

The major radioactive compound found in the
urine in the first 10 minutes after injection of nor-
adrenaline 1s noradrenaline itself; there is, how-
ever, a rapid decline in the noradrenaline. Al-
though initially not so high as noradrenaline,
there is a similar decline in the 3-O-methylnor-
adrenaline and the basic unknown; at the same
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time, there is an increase in the 3-O-methyl-
noradrenaline conjugate (Figures 3 and 4). This
conjugate, which is a sulfate, increases from about
5% in the first 10 mintes to 15% by 60 minutes.
It has previously been shown that the amount of
this metabolite continues to increase so that by the
12- to 18-hour period, it represents about 33% of
the total radioactivity (5). That such a large
percentage of the radioactivity is ultimately found
in this conjugate gives some indication of the im-
portance of O-methylation and conjugation as a
metabolic pathway for the metabolism of nor-
adrenaline in man (Figure 1, Table I).

This brings up the question of O-methylation
and oxidative deamination as a means of inactivat-
ing noradrenaline. In the past, some investigators
have placed great emphasis upon O-methylation
(6, 41) as the only, or certainly the principal,
mechanism for the initial inactivation of catechol
amines ; in view of present evidence, however, such
emphasis is unwarranted, since oxidative deamina-
tion also occurs in the initial inactivation of nor-
adrenaline. From the metabolic products formed,
it is clear that both oxidative deamination and
O-methylation occur in the initial inactivation, and
that these probably occur simultaneously but at
different rates, depending upon the site of inac-
tivation. Certainly the results described here and
the recent work of Crout and associates (12) and
Tisalo (42) support such a concept. Further-
more, other enzyme systems, although not yet elu-
cidated, are probably involved in the inactivation
of noradrenaline, as now seems particularly evi-
dent in the understanding of noradrenaline me-
tabolism in thyrotoxicosis (43-51).

Injected noradrenaline is not distributed among
all tissues in precisely the same manner as nor-
adrenaline normally released from the sympathetic
nerve endings. Also, different tissues vary in
their capacity for metabolizing, binding, and stor-
ing noradrenaline and its metabolites. The radio-
activity found in the urine as noradrenaline and
noradrenaline metabolites therefore reflects metab-
olism of the body as a whole rather than that of an
individual tissue. To state this differently, our
data may not accurately reflect the relative quan-
titative importance of the various metabolic path-
ways in the disposition of noradrenaline, or, the
pattern of urinary excretion of label may not be an
accurate quantitative guide to the actual pattern
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to the metabolism of injected radioactive nor-
adrenaline. ‘

Despite the precipitous drop in the amount of
radioactive noradrenaline found in the urine im-
mediately after infusion (Tables I and II, Fig-
ure 2), this compound does not disappear from
the urine until 6 to 12 hours after infusion and
may even persist in trace amounts for as long as
24 hours (5). That small amounts of noradrena-
line continue to appear in the urine for long pe-
riods after an infusion clearly demonstrates that
not all of the noradrenaline is immediately metabo-
lized, and that at least some of it must be bound,
or must be stored as free noradrenaline (34, 36,
52) for subsequent release and metabolism.

Although the early experiments on noradrena-
line, with their long collection periods after infu-
sion, gave information on the metabolites of nor-
adrenaline in the human urine, they told very little
about the rate of metabolite formation, especially
in the early periods, and this latter information is
very important for the understanding of some of
the clinical entities directly or indirectly related to
an aberration in noradrenaline metabolism. For
example, no significant difference is noted between
the metabolism of noradrenaline in normal subjects
and that in patients with orthostatic hypotension
(53) and hyperthyroidism (51) unless the metabo-
lism of noradrenaline is followed at short intervals
within the first hour after release.

SUMMARY

1. Normal young women were injected intrave-
nously with 9.5 uc (80 pg) of dl-noradrenaline-2-
C* (SA, 20 mc per millimole). The labeled
noradrenaline was mixed with 10 ml of physio-
logical saline and injected into the antecubital
vein in 1 minute. The urine was collected via
an indwelling catheter at 10-minute intervals for
a total of 70 minutes.

2. The urinary metabolites of noradrenaline
were separated by a combination of column frac-
tionation (ion exchange resin, Amberlite IRC-50
and Dowex-1) and paper chromatography. The
radioactivity of each metabolite was measured
with a liquid scintillation spectrometer.

3. Noradrenaline and the basic metabolites, nor-
metadrenaline and an unknown, were retained and
eluted from Amberlite IRC-50. The acidic me-
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tabolites, normetadrenaline conjugate, 3-methoxy-
4-hydroxymandelic acid, 3,4-dihydroxymandelic
acid, vanillic acid, protocatechuic acid, and sulfate
of 3-methoxy-4-hydroxyphenylglycol, are retained
by Dowex-1; other lesser metabolites, probably
conjugates of the mandelic acids, conjugate of 3,4-
dihydroxyphenylglycol, and several unknown com-
pounds were also retained and eluted from
Dowex-1. The neutral metabolites passed through
both columns, and seemed to be the glucuronide of
normetadrenaline and noradrenaline, 3-methoxy-4-
hydroxyphenylglycol, and 3,4-dihydroxyphenyl-
glycol.

4. Of the total radioactivity recovered in the
urine 10 minutes after injection, 28 = 3% was la-
beled noradrenaline ; this rapidly decreased so that
after 20 minutes, it represented only 10 = 3%, af-
ter 30 minutes, 5= 1%, and after 70 minutes,
2+ 19%. Trace amounts, however, were found in
the urine 6 to 18 hours after infusion. The nor-
metadrenaline and the acidic unknown followed a
declining pattern of excretion similar to that of
noradrenaline.

5. As the percentage of radioactive noradrena-
line decreased, there was a concomitant rise in
most of the acidic metabolites, particularly in
3-methoxy-4-hydroxymandelic acid and normeta-
drenaline conjugate. The percentage of radio-
activity in the 3-methoxy-4-hydroxymandelic acid
rose from 13 = 8% in the first 10 minutes to 53
=+ 7% in the 30- to 40-minute period, and then de-
creased slowly to 43 =10% in the 60- to 70-
minute period. Inthe normetadrenaline conjugate,
the percentage gradually rose from 5 = 2% in the
first 10 minutes to 14 = 3% in the 60- to 70-minute
period; the absolute quantities of this conjugate
remained relatively the same for each collection
period. The acidic unknown and the metabolites
constituting the 3 M fraction also showed a gradual
but persistent increase in the percentage of radio-
activity from the first to the last 10-minute col-
lection.

6. The neutral fraction is relatively unimportant
in that it represents only 3 to 5% of the total ra-
dioactivity recovered, and varies little from the
first to the last collection period.

7. Despite the obvious dissimilarity between the
release of exogenous and endogenous noradrena-
line, such experiments as these give an insight into
the metabolism of the naturally occurring nor-
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adrenaline. Furthermore, our results and those of
others clearly show both oxidative deamination
and O-methylation to occur in the metabolism of
noradrenaline; probably, they occur simultane-
ously, but at different rates, depending upon the
tissue involved.

8. That small amounts of noradrenaline continue
to appear in the urine for 6 to 18 hours after an
infusion clearly demonstrates that not all of the
noradrenaline is immediately metabolized, and at
least some of it must be bound, stored as free
noradrenaline for subsequent release and metabo-
lism, or both.

9. Although the early experiments on noradrena-
line, with their long collection periods after infu-
sion, gave information on the metabolites of nor-
adrenaline in human urine, they gave little on the
rate of metabolite formation, especially in the early
period, and this information is very important for
the understanding of some of the clinical entities
directly or indirectly related to an aberration in
noradrenaline metabolism.
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