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Abstract--Six male subjects were infused with 104"6/~c 3-hydroxytyramine-2-C 14 (dopa- 
mine). The hydroxytyramine was dissolved in 1000 ml physiological saline and infused 
at a constant rate for 4 hr. Urine was collected at the end of the infusion period and at 
2-hr intervals for the first 4 hr post infusion, and then at 8 hr, 24 hr and daily for the 
next 4 days. The urinary hydroxytyramine and its direct metabolites as well as its 
products, i.e. noradrenaline and its metabolites, were separated by column fractionation 
and identified. A new method, herein described, was used which simultaneously 
monitored the optical density and measured the radioactivity of each compound as it 
was eluted from the column. During the infusion, 38"9 per cent of the infused dose was 
recovered in urine as hydroxytyIamine, noradrenaline, adrenaline (trace amounts) and 
their respective metabolites; recovery of hydroxytyramine accounted for 9"1 per cent 
while 3-methoxy-4-hydroxyphenylacetic acid accounted for 53"1 per cent of the radio- 
activity recovered during the infusion period; noradrenaline represented 4"7 per cent 
during the same period. The total amount of radioactivity recovered after 5 days was 
97-2 i 3.5 per cent. Approximately 75 per cent of the infused hydroxytyramine 2-C 14 
was directly metabolized into hydroxytyramine-related metabolic products. They are 
3-methoxytyramine, 3-me, thoxy-4-hydroxyphenylacetic acid; 3,4-dihydroxyphenylacetic 
acid, 3,4-dihydroxyphenylethanol, 3-methoxy-4-hydroxyphenylethanol and their 
respective conjugates, as well as the conjugates of hydroxytyramine and several un- 
knowns. Of these, 3-methoxy-4-hydroxyphenylacetic acid is by far the largest, since it 
represents 18"6 per cent of the infused dose recovered during the infusion period. 
The remaining 25 per cent of the infused hydroxytyramine was synthesized into nora- 
drenaline and appeared in the urine as noradrenaline or metabolic products of nor- 
adrenaline, principally the latter. These experiments avoid many of the pitfalls and errors 
imposed by infusing exogenous labeled noradrenaline where one measures the metabolic 
products of circulating exogenous noradrenaline rather than the natural occurring 
noradrenaline. Furthermore, they provide more accurate and detailed information with 
regard to the rate of appearance and excretion of endogenous noradrenaline metabolites 
in the human. 

HYDROXYTYRAMINE (3 ,4 -d ihyd roxypheny le thy l amine ,  d o p a m i n e )  was first syn thes ized  

by M a n n i c h  a n d  J a c o b s o h n  in 1910.1 H o w e v e r ,  h y d r o x y t y r a m i n e  was  n o t  s h o w n  to  

be  p re sen t  in  m a m m a l i a n  t issue unt i l  1950, w h e n  G o o d a l l  d e m o n s t r a t e d  its p resence  
in the  ad r ena l  gland2, a a n d  heart .a,  4 Since  t h e n  it  has  been  s h o w n  to  occu r  in o t h e r  
m a m m a l i a n  t issues 5-~2 and  in h u m a n  ur ine  la-15 as wel l  as  in insects  10 a n d  plants.17, is 

T h e  ro le  o f  h y d r o x y t y r a m i n e  as a p r e c u r s o r  to  n o r a d r e n a l i n e  and  ad rena l i ne  is wel l  

* Supported by United States Public Health Service Grant HE 11294. 
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established. 19-25 In more recent years, much attention has been focused on hydroxy- 
tyramine as a possible neurohormone with transmitter function in the central nervous 
systemP, 12, 26-40 Further, its relationship to Parkinsonism 41-44 and its concentration 
in specific areas of the brain have emphasized the possible importance of this compound 
as a neurohormone. 

Very little is known about the metabolism of hydroxytyramine in the human. 
However, Shaw 45 showed that 3,4-dihydroxyphenylacetic acid and 3-methoxy- 
4-hydroxyphenylacetic could be formed from hydroxytyramine. The purpose of this 
paper is to delineate more precisely the metabolism and precursor-product relation- 
ship of hydroxytyramine to noradrenaline and adrenaline in normal human subjects. 

METHOD 

Infusion of 3-hydroxytyramine-2-C 14 and collections of post infusion urine: 
Six normal, healthy males (ages 21-35) were infused with 104.6/~c (872/zg) 3-hydroxy- 

tyramine-2-C 14. The labeled hydroxytyramine was dissolved in 1000 ml of physiological 
saline and infused into the antecubital vein at a constant rate over a period of 4 hr. 
The subjects were kept supine during the infusion and thereafter maintained in a 
sedentary state until the termination of the collection periods. Urine was collected 
during the infusion period and at 2-hr intervals for the first 4 hr post infusion, then at 
the end of 8 hr, 24 fir, and at the end of the second, third, fourth and fifth days. The 
urine samples were immediately frozen and stored at --20°C until assayed. 

The infused 3-hydroxytyramine .[3,4-dihydroxyphenyl (ethylamine-2-C 14) hydro- 
chloride] was chromatographed in three solvent systems and found to be more than 
96 per cent pure. 

Isolation and quantitation of metabolic products of 3-hydroxytyramine 
Preliminary separation of the acidic and basic metabolites. An aliquot of urine 

containing 2 × 106 dpm was placed on a 1.0 × 6.0 cm column of Amberlite IRC-50 
cation-exchange resin.* After the effluent which contained the acidic and neutral 
compounds had passed through the resin, the column was washed with four 10-ml 
portions of glass-distilled water. The water wash was combined with the effluent 
and assayed for total radioactivity; 1.0 ml of sample was placed into each of two 20-ml 
glass counting vials to which was added 15 ml of  freshly prepared scintillation fluid 
containing 2 g/1. PPO and 50 mg/1. POPOP in ethanol-toluene (1:1)solvent.  
The Amberlite column was then eluted with 40 ml of 1 N acetic acid, The eluate 
contained the basic compounds and was also assayed for total radioactivity. 

Separation of acidic compounds. An aliquot of the Amberlite effluent and wash 
containing 100,000 tdpm and carrier compounds of MOMA (3-methoxy-4-hydroxy- 
mandelic acid), HVA (3-methoxy-4-hydroxyphenylacetic acid). DOMA (3,4-di- 
hydroxymandelic acid) and DOPAC (3,4-dihydroxyphenylacetic acid) was placed 
on 1 × 35 cm column of Dowex-l-X2 acetate anion-exchange resin. The column was 
placed on an automatic fraction collecting system and eluted with 300 ml glass- 
distilled water, followed by a variable gradient elution consisting of  ammonium 

* Source of Materials: Amberlite IRC-50 (CG-50, Type II), Rohm and Haas Co., Philadelphia, 
Pa.; Dowex-l-X2, 200-400 mesh, Bio Rad Laboratories, Richmond, Calif.; 3-hydroxytyramine-2-C 14 
HCI (3,4-dihydroxyphenylethylamine, dopamine), Nuclear-Chicago, Chicago, Ill.; Packard Instru- 
ment Corp., Downers Grove, Ill. 
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acetate buffers of varying molarity and acidity. The flow rate was adjusted to approxi- 
mate 1 ml/min. 

The course of the elution was followed by passing the column eluate through one 
of two types of monitoring systems. In one system, the eluate was passed through the 
quartz flow cell (I.0 ml volume) of a Beckman DB-G spectrophotometer, and the 
O.D. measured at 279 m/~. The output of the DB-G spectrophotometer was recorded 
on one channel of a Texas Instruments Co. Servo-Riter II dual-pen recorder; the 
DB-G, a dual beam instrument, was found to be necessary in the development of this 
monitoring system to insure long-time baseline stability. After passing through the 
DB-G spectrophotometer, the eluate entered a I0 ml (Packard Instrument Co.) 
flow cell and the radioactivity was counted; the cell was packed with 25-50 mesh 
pilot-B beads (scintillator) and was placed in a Packard model 3041 flow monitor 
equipped with an analog, ratemeter, output. This output was recorded on the other 
channel of the dual recorder. From the fraction collector an impulse was relayed to 
an event marker on the recorder so as to indicate the change of each fraction by the 
fraction collector. Those fractions comprising a single radioactive peak were pooled 
and assayed for total radioactivity. 

By altering slightly the above system, it was possible to obtain a digital readout 
of the total radioactivity in each peak. In this latter system, the O.D. monitoring 
system and column operation are the same. The eluate, upon leaving the DB-G 
spectrophotometer, was passed into a Packard (10 ml) flow cell which was placed in a 
standard series 3000 Packard Td-Carb scintillation spectrometer (model 3214). The 
spectrometer was instructed by a volume measuring device to digitally indicate the 
total counts accumulated during each preset volume collection. In this manner 
continuous integration was performed during the course of the column elution. 
Calculations of the data from this system, when compared with the first system, 
yielded results which, throughout the course of the elution, were well within experi- 
mental error. No evidence of quenching could bc detected when samples representing 
less than 30 ml urine were fractionated. A typical elution pattern obtained with this 
system is shown in Fig. 1. 

The recovery of the total radioactivity placed on the Dowex-1 column was 97 =k 6 
per cent. The peaks containing specific free phenolic acids, such as MOMA, HVA, 
DOMA and DOPAC, were confirmed by paper chromatography of each peak in 
three solvent systems, i.e. n-butanol-N-acetic acid-H20 (4:1:1); benzene-proprionic 
acid-H20 (8:2:2) and isopropanol-5 % NHa (8:2). In order to chromatograph these 
peaks, it was necessary first to remove the ammonium acetate. This was done by 
passing the peaks through a 5 × 30 cm column of Dowex 50-X8, 200-400 mesh, 
cation-exchange resin in the hydrogen form. The resulting acetic acid was evaporated 
from the effluent and the compounds were applied to Whatman No. 1 filter paper 
and chromatographed. The conjugates of HVA and DOPAC were identified by 
refluxing the ammonium acetate free peak in 3 N H2SO4 followed by extraction into 
ether and chromatography of the resulting compound with appropriate carder com- 
pounds in the solvent systems described above. The MOMA conjugate was similarly 
identified after refluxing in 2 N H2SO4. The conjugates of 3-methoxytyramine (3-MT), 
normetadrenaline (NM), normadrenaline (NOR) and 3-hydroxytyramine (dopamine, 
3-HT) were identified by hydrolysis of the conjugated amine in 2 N H2SO4 followed 
by ion-exchange absorption and chromatography of the free amines on IRC-50 
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Amberlite resin. The peak containing the normetadrenaline conjugate was also found 
to contain significant amounts of noradrenaline conjugate. This peak was collected 
and acidified to 2 N H2SO4 and refluxed for 30 min under nitrogen. The free nor- 
adrenaline was absorbed on acid-washed alumina at pH 8.5 while the normetadrenaline 
was not retained by the alumina. In this manner, the relative amounts of each com- 
pound in this peak were determined. 

The peaks indicated in Table 1 as 3-methoxy-4-hydroxyphenylethanol conjugate 
and 3-methoxy-4-hydroxyphenylglycol conjugate have been tentatively identified 
on the basis of hydrolysis in 2 N HzSO4 and extraction in ethyl acetate at pH 6.0. 
Before hydrolysis no radioactivity could be extracted into ethyl acetate from an 
acidic or neutral medium, whereas after hydrolysis most of the radioactivity was 
extracted at pH 6-0 into ethyl acetate; this is a characteristic of the phenylethanol 
and the phenylglycol compounds. The methoxy metabolites contained in this peak 
are stable in a basic medium, which is in contrast to the dihydroxyphenyl compounds. 

Separation of the basic compounds. An aliquot of urine containing 500,000 tdpm 
was placed on a 60 × 0.9 cm column of Amberlite IRC-50 resin along with carrier 
compounds of adrenaline, metadrenaline, normetadrenaline, noradrenaline, 3-hy- 
droxytyramine (dopamine) and 3-methoxytyramine. The column was washed with 
20 ml of 0.2 M ammonium acetate buffer, pH 6.2, and attached to one of the monitor- 
ing systems described above. The column was eluted with 0.3 M ammonium acetate 
buffer, pH 5.0, followed by 0.4 M buffer. Fig. 2 represents a typical elution pattern 
obtained with this system. The large radioactive peak at the beginning of the elution, 
which was washed off the column with 0.2 M ammonium acetate, contained the 
acidic metabolites. The basic metabolites were eluted from the column with 0.3 M 
and 0.4 M ammonium acetate, pH 5-0. In post-infusion urines, these basic metabolites 
represented 1-2 per cent of the total radioactivity placed on the column. The identity 
of the radioactive peaks was determined and confirmed by paper chromatography. 
Adrenaline and normetadrenaline elute from the column at the same point, but in these 
experiments further separation procedures did not yield detectable amounts of 
adrenaline in these urines. Most of the radioactivity was confined to the compounds 
normetadrenaline, noradrenaline and 3-hydroxytyramine; only trace amounts of 
3-methoxytyramine were found (see Table 1). 

RESULTS 
During the infusion of hydroxytyramine, 38.9 per cent of the dose was recovered 

in urine as hydroxytyramine, noradrenaline and their respective metabolites. The 
recovery of hydroxytyramine, free and conjugated, accounted for 9.1 per cent while 
3-methoxy-4-hydroxyphenylacetic acid, free and conjugated, accounted for the 
majority (53.1 per cent) of the radioactivity recovered during the infusion period 
(see Fig. 3). During the same period, noradrenaline and its conjugate represented a 
total of 4.7 per cent of the radioactivity recovered during the infusion period. This 
figure, however, does not include the various radioactive metabolites of adrenaline 
and noradrenaline, i.e. metadrenaline, normetadrenaline, normetadrenaline conjugate, 
MOMA, etc. (see Table 1). The individual collection periods provide information 
on the rate at which one might expect to find adrenaline, noradrenaline and hydroxy- 
tyramine and their respective metabolites appearing in the urine after an i.v. infusion 
of hydroxytyramine (see Table 1 and Figs. 3, 4 and 5). 
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FIG. 1. A representative tracing of the acidic metabolites as they are eluted from the Dowex l-X2 column. 
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3-HYDROXYTYRAMINE - 2C 14 INFUSION 
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FIG. 3. A comparison of the accumulative recovery of the infused radioactivity as 3-methoxy-4- 
hydroxyphenylacetic acid (HVA, free and conjugated), 3,4-dihydroxyphenylacetic acid (DOPAC, 
free and conjugated) and 3-hydroxytyramine (free and conjugated) from the beginning of the infusion. 

to 72 hr post infusion. 
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FIG. 4. A comparison of the accumulative recovery of the infused radioactivity as noradrenaline 
(free and conjugated), 3,4-dihydroxymandelic acid (DOMA) and normetadrenaline from the begin- 

rang of the infusion to 72 hr post infusion. 
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The unknown compounds indicated in Table 1 as P5B, P6, P11, P12 and P17 have 
not been definitely identified, but preliminary experiments seem to indicate that they 
are various degradation products of 3,4-dihydroxyphenylacetic acid. From these 
results it can be seen that much of the infused hydroxytyramine is rapidly converted 
to 3-methoxy-4-hydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic acid, and their 
respective conjugates (see Table 1). Fig. 3 shows this same relationship graphically 
as an accumulative recovery of the infused radioactivity. As can also be seen from 
Table 1, the excretion of radioactive noradrenaline is maximal during the infusion 
period and rapidly decreases until by 72 hr post infusion, none is found in the urine. 

3-HYDROXYTYRAMINE - 2C 14 INFUSION 

Accumulative recovery of the infused dose from 
14.0' infusion to 72 hou ~ ~. . . .~ . , . . .__. .~ 

12-0' 

10-0" 

*k of the / ~ MOMA (free b conjugated) . 
infused 8.0. / dose 

6.0. 

4.0, t t 

2.0' Normetadrenaline-Conjugate 

0 . . . . .  I I I I ! I , I  I ! I 

infusion 0 4 8 12 16 20 L4 48 
Period HOURS POST-INFUSION 

FIG. 5. A comparison of the accumulated recovery of the infused radioactivity as 3-methoxy-4- 
hydroxymandelic acid (free and conjugated) and normetadrenaline conjugate from the beginning of 

the infusion to 72 hr post infusion. 

The normetadrenaline follows a somewhat similar pattern except that the quantity is 
considerably less. When this is illustrated as accumulative recovery (Fig. 4), very 
little change is noted after the 12 hr post infusion period. The conjugate of nor- 
adrenaline and normetadrenaline also reached the highest level during the infusion 
period and gradually decreased over the next 72-96 hr (see Table 1 and Figs. 4 and 5). 

MOMA and DOMA have been dearly established as metabolic products of both 
adrenaline and noradrenaline; 46-49 they apparently are not derived directly from 
hydroxytyramine. The amount of the infused radioactivity recovered as MOMA 
recovered during each collection period gradually increases from the infusion period 
to peak at 8-24 hr post infusion and thereafter gradually decreases, but relative to 
the other metabolites the amount is still quite large even after 120 hr (Table 1). 
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Fig. 5 shows the accumulative recovery of radioactive MOMA from the infusion 
period to 72 hr post infusion. DOMA, on the other hand, is found in only trace 
amounts during the infusion period and was largest during the first 2 hr post infusion 
(Table 1). Although DOMA rapidly decreased so that only trace amounts could be 
found 48 hr post infusion, the quantities were always small, which could be explained 
on the basis of a rapid conversion to MOMA. The fact that MOMA was at its highest 
level 8-24 hr post infusion and is known to be the largest single catabolite of 
noradrenaline and adrenaline clearly indicates its importance as a metabolic product 
of endogenous noradrenaline. 4e-49 The presence of DOMA in larger amounts than 
normetadrenaline during the first 24 hr post infusion might at first seem to indicate a 
greater relative importance of  DOMA over normetadrenaline, but such a conclusion 
cannot be deduced, since the rate at which the primary and secondary metabolites 
are formed and excreted is not precisely known. As is known, the normetadrenaline 
is either converted by conjugation to normetadrenaline conjugate or deaminated. 47-51 
The amount of normetadrenaline conjugate was largest in the infusion period and 
gradually decreased over the next 120 hr (Table 1). 

The fact that no detectable amounts of adrenaline were found during the infusion 
period or in the periods immediately following infusion indicates that the amount of 
radioactive 3-hydroxytyramine incorporated into the adrenal medulla was very small 
as compared to that taken up by other tissues (Table 1). 

DISCUSSION 
3-Hydroxytyramine was first synthesized in 1910.1 However, it was not shown to 

be present in mammalian tissue until 1950 when it was shown to occur in cardiac 2, 3 
and adrenal tissue. 3, 4 It has now been shown to be present in various other tissues, 5-12 
in human urine, 13-15 and is the immediate precursor in the biosynthesis of nor- 
adrenaline. 10-2s Recently, attention has been focused on its possible role as a neuro- 
hormone. 9,12,~e-40 Hitherto, the precursor-product relationship of circulating 
hydroxytyramine has not been described. 

In these experiments it is apparent that at least in the human approximately 75 per 
cent of  the circulating infused hydroxytyramine was metabolized directly into meta- 
bolic products of hydroxytyramine, and approximately 25 per cent was synthesized 
into noradrenaline and metabolic products of noradrenaline (see Table 1; percent 
of infused dose recovered at the end of 120 hr). The fact that only trace amounts of 
adrenaline were detectable and that no metadrenaline was found would seem to 
indicate that almost all of  the labeled hydroxytyramine which was not directly 
metabolized was incorporated into noradrenaline; very little was N-methylated to 
form adrenaline, even though the adrenals are capable of synthesizing adrenaline 
from hydroxytyramine via noradrenaline, zl 

The hydroxytyramine 2-C 14 that was not directly metabolized appeared in urine 
either in the form of noradrenaline or metabolic products of noradrenaline (Table 1). 
This finding would seem to indicate that hydroxytyramine was taken up by the 
sympathetic system, synthesized (aliphatic hydroxylation) into endogenous nor- 
adrenaline 2-C 14, released and metabolized concomitantly with the naturally occurring 
neurohormone. In brief, these experiments avoid many of the pitfalls and errors 
imposed by infusing exogenous labeled noradrenaline where one measures the 
metabolic products of circulating exogenous noradrenaline rather than the naturally 
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occurring noradrenaline. Although most of the noradrenaline metabolic products 
have been previously identified, 46-62 these experiments provide more accurate and 
detailed information regarding the rate of appearance and excretion of endogenous 
noradrenaline and its metabolic products. 

The primary metabolites of noradrenaline are DOMA and normetadrenaline; all 
other metabolites are secondarily formed. From the results of these experiments, it is 
apparent that initially both oxidative deamination and O-methylation take place; 
however, it is difficult to say which is the principal initial route of noradrenaline 
metabolism because the rate at which the secondary metabolites are formed cannot 
be determined precisely. The secondary metabolites which were separated and 
identified were normetadrenaline conjugate, 3-methoxy-4-hydroxymandelic acid and 
its 4-0 sulfate conjugate, and the conjugates of 3-methoxy-4-hydroxyphenylglycol 
and 3,4-dihydroxyphenylglycol. Other secondary metabolites such as 3-methoxy-4- 
hydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic acid and their 4-0 sulfate 
conjugates were also separated and identified, but in these experiments their origin is 
principally from hydroxytyramine. 

Approximately 75 per cent of the infused hydroxytyramine 2-C 14 is directly metabo- 
lized into hydroxytyramine-related metabolic products (see Table 1 and Fig. 3). 
The 75 per cent recovery of metabolic products compares quite favorably with the 
rat experiments of Goldstein et  al. 6s The metabolic products in the human are 3- 
methoxytyramine, 3-methoxy-4-hydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic 
acid, 3-methoxy-4-hydroxyphenylethanol, 3,4-dihydroxyphenylethanol and their 
respective conjugates, as well as the conjugate of hydroxytyramine and several 
unknowns. Of these, 3-methoxy-4-hydroxyphenylacetic acid is by far the largest in 
amount, since it represents 18.6 per cent of the infused dose recovered during the 
infusion period (see Table 1). This indicates a rapid conversion of hydroxytyramine 
to 3-methoxy-4-hydroxyphenylacetic acid or this is to say circulating hydroxytyramine 
is rapidly O-methylated and deaminated. The conjugates of 3,4-dihydroxyphenylacetic 
acid, 3-methoxy-4-hydroxyphenylacetic acid and 3-methoxytyramine are found in 
approximately the same amount. Although 3-methoxy-4-hydroxyphenylacetic acid 
and 3,4-dihydroxyphenylacetic acid are also formed from noradrenaline, 64 the 
amount formed from noradrenaline is small compared with that formed from hydroxy- 
tyramine. 45 
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