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Abstract—The metabolism of intravenous *H-L-dopa by the rat gut in vivo has been studied. After
a single i.v. bolus of a pharmacologic dose of L-dopa, the rat duodenum accumulated *H-noncatechol
metabolites of dopa at a far greater rate than stomach, spleen or heart. *H-noncatechols were localized
predominantly in the duodenal mucosa and not the muscularis. In the mucosa, *H-noncatechols
accounted for 90 per cent of the total *H, most of which was in the amino acid noncatechol fraction
after chromatographic separation on Alumina and Dowex. Accumulation of noncatechol metabolites
in duodenal mucosa was not dependent on the administration of a pharmacologic dose of dopa:
after a tracer dose of *H-L-dopa the per cent of *H-noncatechols in the amino acid fraction actually
increased. The pattern of dopa metabolites in duodenal mucosa was substantially different from
a variety of other tissues, but was similar to liver, jejunum and colon. Diversion of the bile by
cannulation of the common bile duct prior to the administration of *H-L-dopa did not change
the accumulation or pattern of metabolites in the duodenum. Analysis of the noncatechol amino
acid fraction from duodenal mucosa by incubation with Glusulase and f-glucuronidase, thin-layer
chromatography. and fluorescent assay revealed that the compounds accumulated by duodenal mucosa
were largely glucuronide conjugates of catechols, particularly dopamine. It is concluded that circulating
dopa is taken up by the rat intestinal mucosa, decarboxylated, conjugated and stored. largely in
the form of glucuronide conjugates. The gut thus makes a major contribution to the over-all metabolism
of circulating dopa. Dopa metabolites stored in the gut, moreover, are a potential reservoir of catechols
for reutilization by the organism, and this may have important implications for the clinical pharma-

cology of L-dopa in man.

During the course of experiments on the interaction
of L-dopa (3,4-dihydroxyphenylalanine) with the sym-
pathetic nerve endings in the rat[1,2], it became
clear that the uptake and metabolism of dopa varied
considerably in different rat tissues [3]. Particularly
impressive was the accumulation of dopa metabolites
in the duodenum. The present study was undertaken
to identify the metabolic pathways involved in the
transformation of dopa by the rat duodenum. The
major pathways of dopa metabolism are shown in
Fig. 1. Evidence is presented that blood-borne dopa
is taken up by duodenal mucosa and conjugated with
glucuronide. This appears to be a major factor in
the over-all metabolism of dopa and has implications
for the clinical pharmacology of L-dopa in man.

METHODS

Radioisotopes and counting techniques. The water
used in all laboratory procedures was filtered,
demineralized (Corning) and glass-distilled (Corning).

*The work was supported in part by the Charles A.
King Trust, a general research support grant from the
Beth Israel Hospital No. 2-6131, and grant RR-76 from
the general clinical research center program of the division
of research resources, National Institutes of Health.

+ A preliminary report of this work was presented before
the Eastern Section of The American Federation of Clini-
cal Research, January 1975, and published in Clin. Res.
22, 688A (1974).

L-3,4-Dihydroxyphenylalanine-*H (G) (*H-L-dopa), 6~
9 Ci/m-mole, was purchased from New England Nu-
clear Corp. (Boston, Mass.). It was purified prior to
use by column chromatography on Alumina. Samples
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Fig. 1. Metabolism of dopa. The major pathways of dopa
metabolism are shown. meta-O-methylation of catechols
by catechol-O-methyltransferase (COMT) results in the for-
mation of the corresponding methoxy (noncatechol) com-
pounds. Decarboxylation by aromatic L-amino acid decar-
boxylase (AAD) to the corresponding amine and oxidative
deamination by monamine oxidase (MAQ) to the corre-
sponding acid are also shown. In addition (not shown),
glucuronide and sulfate conjugation of the phenolic hy-
droxyl group can occur, reactions which also result in
the formation of noncatechols.
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were counted by liquid scintillation spectrometry in
a Nuclear Chicago scintillation counter. Two hundred
ul of an aqueous sample was mixed with 40 ml eth-
anol-methanol (3:1) and 10:0ml toluene liquifluor
(New England Nuclear Corp.) scintillator. Efficiency
for *H in this system is § per cent. All samples were
counted at least ten times the background in cpm
to reduce the statistical error of counting.

Animals. Female Sprague-Dawley rats (Charles
River Corp., Boston, Mass.) weighing 150-200 g were
used in all experiments. They were housed two/cage
in a constant temperature animal room and allowed
free access to water and Purina laboratory chow.
Food was withheld for 24 hr prior to each experiment.
and for 48 hr prior to biliary diversion.

L-Dopa was a gift of Dr. W. E. Scott of Roche;
it was dissolved in 0-45%, NaCl in 0-075 to 0-15 N HCl
and injected (25 or 50 mg/kg) via the tail vein in
a volume of approximately 1-0ml. Sufficient *H-L-
dopa was added to the nonradioactive L-dopa so that
400, 800 or 2500 uCi/kg was administered as well.
Injections were performed on unanesthetized animals
except where biliary diversion was performed prior
to administration of dopa.

The animals were killed by a blow at the base
of the skull or, when plasma was required, by guillo-
tine. The organs were rapidly removed. weighed and
frozen on dry ice (stored at —20°) until homogeniza-
tion in iced 04 N perchloric acid (within 4 weeks).
The duodenal mucosa was separated from the muscu-
laris by the sharp edge of a glass slide. Specimens
of duodenal mucosa so obtained weighed between
100 and 200mg. In some of the experiments, the
glandular portion of the rat stomach was dissected
from the non-glandular portion, and the mucosa of
the glandular portion stripped from the muscularis
as described for the duodenum.

In experiments involving biliary diversion, the ani-
mals were anesthetized with nembutal, and a polyeth-
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Fig. 2. Chromatographic separation of *H-dopa metabo-
lites. Perchloric acid extracts of tissues are applied to Alu-
mina columns at pH §-6. The effluent contains the noncate-
chols; the catechols are eluted with 0-2 N acetic acid. Both
effluent and eluate are applied to Dowex columns at pH 2.
The amino acid fraction is eluted with neutral Buffer, the
amines with strong acid or acid-ethanol. The deaminated
compounds (predominantly acids) appear in the Dowex
effluent and are calculated by difference. Glucuronide con-
jugates appear in the Alumina cffluent and the neutral
buffer eluate of Dowex. Note that the term “noncatechol”
as used in this paper includes conjugates that are not
retarded on Alumina.
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ylene catheter inserted into the common bile duct
and secured with ligatures. In some experiments. the
pylorus and distal duodenum were ligated as well.
After the bile was diverted. *H-L-dopa was adminis-
tered via tail vein and the bile collected. Bile tlow
averaged 0-01 ml/min. Bile was frozen in acctone and
dry ice and stored at —20 . Prior to analysis. it was
acidified with perchloric acid to a final concentration
of 0-4 N and the resulting extract treated as described
for tissue homogenates.

At the time of analysis, the frozen tissues were
homogenized in iced 04 N perchloric acid in a
ground glass homogenizer (Kontes) to extract the
catecholamines and precipitate the proteins. After
volume adjustment, the precipitated protein  was
removed by low speed centrifugation, an aliquot
removed for counting total radioactivity, and the
remainder of the perchloric acid extract subjected to
column chromatography as described below.

Column chromatography. The chromatographic scp-
aration of dopa metabolites on Alumina and Dowex
is shown in Fig. 2. Alumina, at pH 86. sclectively
retards catechols, while the noncatechols (including
conjugates) run off in the effluent [4]. Both catechol
and noncatechol amino acids. amines and deaminated
compounds may be further separated on Dowex,
since at pH 2 amino acids and amines are retarded
on Dowex-50 and deaminated metabolites escape in
the efftuent (Fig. 2). Glucuronide conjugates of amino
acids. amines and deaminated compounds. which
appear in the Alumina ctfluent, are at least partially
absorbed on Dowex and cluted with neutral buffer.
This fraction may fMsely clevate the noncatechol
amino acid {raction whjch is usually thought to con-
sist of 3-O-methyldopa [5].

Both Alumina and Dowex were purified prior to
use. Alumina (Woelm neutral) was prepared accord-
ing to the method of Anton and Sayre [6]: the Alu-
mina was washed repeatedly with hot HCl followed

by copious amounts of water (until the pH is over

3-4) and then dried at 200 . The rccovery of nore-
pinephrine (NE) was checked with each new batch.
Dowex-50 W x 4, 100-200 mesh (Bio Rad) was pre-
pared according to the method of Hirs cr al.[7]:
after thoroughly washing with glass-distilled water,
the resin was cycled through the sodium form by
washing in 40°;, sodium hydroxide and converted to
the H* form by washing in 3N HCL

The columns were all glass, with an internal dia-
meter of 0-5¢cm and a 50-ml reservoir (Kontes). They
were plugged with Pyrex glass wool. The final height
of the Alumina column was 40cm and the Dowex
column 5-:0em. The rate of flow was about 20 ml/hr.
Four hundred mg dry Alumina was added to both
the plugged column and the sample. The column was
washed with 0-2 N sodium acetate (pH 8-6), and 10 ml
of 2° . EDTA and 60 mg sodium metu-bisulfite were
added to the sample to retard catecholamine oxi-
dation. The sample was gradually titrated up to
pH 8:6 with sodium hydroxide. and stirred for 5 min
with a motor-driven glass stirring rod. The sample
and the Alumina were transferred quantitatively to
the column which was then washed with pH 86
sodium acetate and distilled water. The Alumina
eflluent was collected in glass beakers; catechols were
eluted with 0-2 N acetic acid. The pH of the effluent
(noncatechols) and eluate (catechols) was then
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adjusted to 20 and the samples were passed over
Dowex columns (separate columns for effluent and
eluate) which had been washed with 20 ml of 2 N HCl,
5ml H,0, 10ml of 1-0M sodium acetate (pH 6-0) and
5ml water [8]. After the sample had run through,
the column was washed with water, the amino acids
were cluted with 0-5M, pH 6-5. potassium acetate,
the catecholamines with 2NHCI[2,8,9], and the
noncatecholamines (Dowex effluent column) with
3N HCl in 50°, ethanol [10]. Recovery of added *H-
dopa averaged 75 per cent, added *H-dopamine and
3H-normetanephrine 80 per cent, and added *H-NE
85 per cent. Added *H-L-dopa contaminated the non-
catechol deaminated fraction by 15-20 per cent. Con-
tamination of the other fractions with *H-L-dopa or
any of the fractions with the other compounds was
negligible (less than 3-0 per cent). The results reported
here are not corrected for recovery or contamination.
The total catechol, amino acid and amine fractions
were counted directly; the noncatechol and de-
aminated fractions were calculated by difference (Fig. 2).

Analysis of conjugates. Conjugates of dopa metabo-
lites were identified by incubation of the appropriate
sample with Glusulase (Endo, 20,000 units S-glucur-
onidase, 10,000 sulfatase) or f-glucuronidase (Sigma,
1000 units). Incubations were performed at 37° for
18 hr in the presence of 0-2ml of 5% ascorbic acid
to retard catechol oxidation. The pH of the incuba-
tion mixture was 54 for Glusulase and 65 for f-
glucuronidase. The reaction was stopped with
0-4 N HCIO, and the protein removed by centrifuga-
tion. The perchloric acid extract was then applied
to Alumina and Dowex as described above (see Fig.
2). Samples incubated under identical conditions but
without enzymes served as controls. Since Glusulase
contains both f-glucuronidase and sulfatase activity,
the appropriate conjugate can be identified by com-
paring the results obtained with Glusulase with those
obtained with pure glucuronidase.

Thin-layer chromatography. Specific identification
of the tritiated compounds in the column eluates was
performed by spotting the appropriate sample on
Silica gel plates and running for 4-5 hr in a solvent
system of N-butanol-acetic acid-water (12:3:5) along
with standards of authentic compound. The plates
were then dried. sprayed with ninhydrin, dried, and
heated for 3-5min at 100°. The Silica was then
scraped off the plate, 0-5cm at a time. from the origin
to the solvent front; each aliquot of Silica was placed
in a scintillation vial, mixed with 2-0 ml absolute eth-
anol, 10 ml liquiflor and counted for *H. This system
allowed adequate separation of dopa, 3-O-methyl-
dopa and dopamine.

Assuy of O-methyldopa. Authentic 3-O-methyldopa
was kindly provided by Dr. W. E. Scott of Roche.
3-O-methyldopa was determined by fluorescent
assay [11]. The neutral buffer eluate was adjusted to
pH 72, oxidized with iodine and stopped with alka-
line-sulfite solution [12]. A heated reversed blank was
used [2]. Fluorescence (determined on an Aminco
Bowman spectrophotofluorometer at an excitation
wave length of 340 and emission wave length of
390 nm) was linear between at least 50 and 400 ng,
and 50ng gave a reading twice blank.

Statistics. Where appropriate, statistical significance
was determined by the Student ¢-test for unpaired
variables.
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RESULTS

Accumulation of noncatechol metabolites of *H-L-
dopa in rat gut. After intravenous administration of
SH-L-dopa, the concentration of noncatechol metabo-
lites of dopa in duodenum and ileum was significantly
greater than in other rat tissues (Fig. 3). This impres-
sive difference (10-fold greater in duodenum than
heart, stomach or spleen) prompted experiments
designed to localize and identify the noncatechol
compounds involved. In the experiment shown in
Table 1, rats were killed 5 min after the i.v. injection
of 3H-L-dopa and the mucosa was separated from
the muscularis. The *H-dopa metabolites in both por-
tions of tissue were then isolated chromatographically
as shown in Fig. 2. Significantly more *H-noncate-
chols were localized in the mucosa than in the muscu-
laris. The bulk of this was in the neutral buffer eluate
(the amino acid fraction) which accounted for 587
per cent of the total *H in the duodenal mucosa
(1635 + 178 nCi/g) as compared with 28-8 per cent
in the muscularis (577 £ 74 nCi/g). The difference
between mucosa and muscularis is more striking than
the figures indicate since muscularis, by this tech-
nique, was not completely separated from mucosa.

The pattern of *H-dopa metabolites in various
other tissues is shown in Table 2. Of all the tissues
studied, only the liver equaled the duodenal mucosa
in the percentage of total radioactivity in the noncate-
chol amino acid fraction. Similar concentration was
not found in the gastric mucosa, where the amino
acid noncatechol fraction accounted for only 5 per
cent of the total radioactivity. As shown in Table
3, the accumulation of noncatechols in the duodenal
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Fig. 3. *H-noncatechol metabolites in rat tissues after i.v.
administration of *H-L-dopa. Animals were injected with
50 mg/kg of L-dopa containing 400 uCi/kg of *H-L-dopa
and killed (five/group) at 2, 10, 30, 60 and 120 min. Tissues
were homogenized in 0-4NHCIO, as described in
Methods, and 3H-noncatechol metabolites calculated from
the difference between the total radioactivity and the Alu-
mina eluate. Values for stomach were below 10nCi/g at
2 and 10 min, and these points are not shown. Duodenal
levels were significantly greater (P < 0-05 to 0-001) than
all other tissues at 10, 30, 60 and 120 min; *H-noncatechol
levels in ileum were greater than all tissues (except duo-
denum) at 10 and 30 min (P < 0-001).
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Table 1. *H-dopa metabolites in rat duodenal mucosa and muscularis*

Mucosa (N = 11)

Muscularis (N = 10)

(nCi/g) (" *HIt (nCi/g) (o *H)

Total *H 2760-0 + 2648 (100°,) 20567 + 2726 (100°,)

3H-noncatechols 24734 + 24243 (89-7° )1 1307:6 + 1453 (67-1°,)
Amino acid fraction 16353 + 17852 (58-7° ) 5774 + 736 (28-8°,)
Amine fraction 728 + 244 (2:6°,) 435 + 168 (21",
Deaminated fraction 765-3 + 1001 (28:6°,) 6737+ 774 (357

3H-catechols 2971 + 7588 (10-3%)8 749-1 + 1887 (329°,)
Amino acid fraction 504 + 220 (1-82,) 1589 4+ 420 (69°,)
Amine fraction 272 + 150t (1-:0°)% 2497 + 414 (12:1°,)
Deaminated fraction 2089 + 458 (7-6°,) 31925 41023 (15:5°)

* Rats were killed 5min after i.v. *H-L-dopa (25 mg/kg: 800 uCi/kg) and the mucosa and muscularis separated
and analyzed as described in Methods. Mucosa differs significantly from muscularis in accumulation of noncatechols,
particularly in the amino acid (neutral buffer cluate) fraction. N = number of animals. Values are means + S.EM.

1, total *H/sample.

TP < 0001

§P < 0-05.

lation of noncatechols cannot be considered an over-
flow pathway secondary to the administration of a
large dose.

The time course of the accumulation of *H-nonca-
techols in the amino acid fraction of duodenal
mucosa is shown in Fig. 4. Since the plasma levels

mucosa is not the result of administration of a phar-
macologic dose. The administration of a tracer dose
of *H-L-dopa (0-02 mg/kg rather than 25 mg/kg) was
associated with an even greater percentage of *H in
the noncatechol amino acid fraction (72-7 as com-
pared with 59-1 per cent). Thus, duodenal accumu-

Table 2. *H-dopa metabolites in various tissues*

Noncatechol Catechol
amino acid amino acid
Total *H fraction fraction
Tissue (nCi/g) (nCi/g) (“o2H) (nCyg) °,*H)
Duodenal
mucosa 26485 + 2111 1710:5 + 957 (64:9%,) 697 + 69-7 (2:8°,)
Liver 18236 4+ 182-3 1142:0 + 1410 (61-8°,) 226 + 17 (1-37,)
Kidney 67065 + 941-4 4716 + 125 (7-6%) 20812 + 2444 (31°:2°)
Gastric
mucosa 13129 + 1529 595 + 212 (5:0°) 5877 + 683 (44-7°,)
Gastric
muscularis 13488 + 650 560 + 58 (4-2°,) 660-6 + 600 (48:7°,)
Plasma 8614 + 44-5 340 + 33 (399%) 3772 + 346 (40-8°,)
Heart 10286 + 56'8 157 + 23 (1-5%) 401-3 + 661 (38-9°,)
Diaphragm 11581 + 690 4743 + 474 (40-6°,,)

* Animals (four to six/group) were injected with *H-L-dopa (25 mg/kg; 800 uCi/kg) and killed after 5 min. Organs
were rapidly removed and analyzed as described in Methods. Values are means +S.EM. (°, *H) = °, total radioactivity.

Table 3. *H-dopa metabolites in rat duodenal mucosa after pharmacologic (25 mg/kg) and tracer (0-02 mg/kg) dose
of L-dopa*

25 mg/kg (N = 6)

002 mg/kg (N =7)

(nCi/g) (", *H) (nCi/g) (°,*H)

Total *H 26937 4+ 3273 (100%,) 31165 + 3226 (100°,)
3H-noncatechols 2582:6 + 3227 (95-7%,) 30348 + 3169 (97:3°)

Amino acid fraction 16262 + 2590 (59-1°,) 22779 4 2537 (72:7" )F

Amine fraction 40-7 + 270 (1-3%) 193-8 + 30-5 (6:2°)

Deaminated fraction 9158 + 1151 (35-2%,) 5631 + 441 (18-4°,)
3H-catechols 1111 + 100 (4:3%) 81-7 + &5 (27"

Amino acid fraction 613 + 613 o1,

Amine fraction

Deaminated fraction 111-1 + 100 (4:3%) 755+ 74 (2:6°,)

* Rats were injected with 800 uCi/kg of *H-L-dopa containing either 25 mg/kg or 0-02 mg/kg of L-dopa (N = number
of animals) and killed after 5 min. The noncatechol amino acid fraction was greater in the tracer group. thus indicating
that the accumulation of metabolites in this fraction is not the consequence of a large dose. Note that although
the counts are higher in the tracer group, the actual accumulation of compound is less by a factor of 1250.

P < 002
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Fig. 4. Relationship between plasma and duodenal levels
of metabolites in the noncatechol amino acid fraction. Ani-
mals were injected with *H-L-dopa (25 mg/kg; 800 uCi/kg)
and killed (six/group) 2. 5 and 20 min later. The noncate-
chol amino acid fraction (—@—) in duodenal mucosa and
plasma is shown along with the catechol amino acid frac-
tion (dopa) (—O—) in plasma. The catechol amino acid
fraction was essentially absent in duodenal mucosa and
hence is not shown; in plasma, the catechol amino acid
fraction was shown by thin-layer chromatography to con-
sist almost entirely of unmetabolized *H-L-dopa (see Fig.
5). The pattern shown is consistent with uptake of dopa
by the duodenal mucosa with the subsequent formation
and storage of the noncatechol compounds that appear
in the amino acid fraction.

of this fraction are low in contrast to high initial
plasma dopa levels, it appears that the duodenal
mucosa takes up dopa and forms and stores the non-
catechol metabolites, rather than directly accumulat-
ing noncatechol metabolites from the circulation.
Effect of biliary diversion on duoderal accumulation
of *H-L-dopa metabolites. Since liver (Table 2) has
high levels of *H-noncatechols, the possibility of an
enterohepatic circulation with duodenal absorption
of compounds secreted in bile was investigated. In
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these experiments, *H-L-dopa was administered after
the common bile duct had been cannulated and the
bile flow diverted and collected. The results are shown
in Table 4. The accumulation of *H-noncatechol
metabolites was not altered by biliary diversion. Thus,
although the bile contained considerable amounts of
*H-dopa metabolites (Table 4), the absorption of
compounds secreted in the bile cannot account for
the high levels found in duodenal mucosa in the pre-
vious experiments.

To rule out gastric or pancreatic secretion of *H-
dopa metabolites with subsequent absorption by the
duodenal mucosa, the preceding experiment was
repeated with the pylorus and distal duodenum
ligated. The pattern of metabolite accumulation was
unchanged by this maneuver (Table 5). Furthermore,
the small amounts of gastric and duodenal fluid col-
lected after 10 min contained negligible *H.

Results for jejunum and colon (with the bile
diverted) are shown in Table 6. Jejunum was similar
to duodenum; colon accumulated less *H-dopa meta-
bolites than small bowel, but the pattern of metabo-
lites was similar.

Identification of *H-dopa metabolites in the noncate-
chol amino acid fraction of gut. As shown in Fig.
1. 3-O-methyldopa is a major noncatechol amino acid
metabolite of dopa. Analysis of the noncatechol
amino acid fraction of duodenum by fluorescent assay
revealed no detectable O-methyldopa in duodenum,
although authentic O-methyldopa added to the eluate
produced a highly fluorescent derivative.

Since Tyce et al.[5] have shown that conjugates
of dopa metabolites (which appear in the Alumina
effluent) are retarded on Dowex and eluted by neutral
buffer, the possibility was investigated that the ac-
cumulation of dopa metabolites in the amino acid
noncatechol fraction of gut represents conjugates of
dopa and dopa metabolites. The noncatechol amino
acid fraction of duodenum was incubated with and
without Glusulase (glucuronidase and sulfatase) and
with and without S-glucuronidase and the incubation
mixture repassed over Alumina and Dowex. As
shown in Table 7, the percentage of noncatechols
dropped from 97 per cent in the samples incubated
without enzyme to 40 per cent in the samples incu-
bated with Glusulase, while the amino acid noncate-

Table 4. *H-dopa metabolites in duodenal mucosa after biliary diversion*

Duodenal
mucosa Liver Bile
(nCi/g) (%5 °H) (nCi/g) (% *H) (nCi/g) {°,’H)
Total *H 24562 + 2633 (100%) 18899 + 49-3 (100%,) 26036 + 23099 (100%)
3H-noncatechols 22472 + 2919 (90-7%) 18563 + 497 (982°%,) 2452 + 2257 (94-1°))
Amino acid fraction 1564-7 + 2234 (63-0%) 1269-1 + 48-8 6722 448-4 + 479 (17:2°)
Amine fraction 17t + 17-1 (0-7%) 549 + 49 (2:9%)
Deaminated fraction 6655 + 2013 (27-0%) 5323 + 624 (28-1%) 20038 + 1836 (77-0°)
3H-catechols 2090 + 336 (9-3%) 337+ 21 (1-8%,) 1514 + 163 (59°,)
Amino acid fraction 2326 + 2326 (0-8%) 1291 + 24 (0-7%) 104-8 + 11-6 (41°,)
Amine fraction 19-84 + 19-84 (0-8%) 97+ 34 (0:5%)
Deaminated fraction 1659 + 413 (77%) 111+ 18 (0-6%) 467 + 58 (1-8°%)

* Four animals were studied. Under barbiturate anesthesia, the common bile duct was cannulated and *H-i-dopa
(25 mg/kg; 800 uCi/kg) was administered i.v. Bile was collected for 10 min, the animals were killed, and tissues and
bile analyzed as described in Methods. The volume of bile collected averaged 100 /10 min. Note that diversion
of the bile did not change the amount of *H accumulated by the duodenum or the pattern of metabolites formed

(see Tables I, 2 and 3).
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Table 5. *H-dopa metabolites in duodenal mucosa after diversion of the bile and ligation of the pylorus and duodenum*

Duodenal
mucosa Liver Bile
(nCi'g) “.,*H) (nCr/g) (. *H) (nCi'g) ", *H)
Total *H 28357 4+ 2806 (100" ) 17701 + 1353 (100 ) 2542:5 4+ 2400 (ron”,)
*H-noncatechols 2570-2 + 2397 (909") 17382 + 1323 (9%2°) 23762 + 2444 (932"
Amino acid fraction 16165 + 1770 (57-1°) 1087-0 £ 1114 (61:7°,) S512:5 + 69-5 (20:0°,)
Amine fraction 1712 + 297 (60" ,) 873+ 134 (50", 62-0 + 94 (2:4°,)
Deaminated fraction 782:6 + 970 (27-8" ) 5639 + 976 (30-5°) 18018 + 173-6 (70-8°,)
*H-catechols 2653 + 799 (9-1°,) 310 + 32 (1-8”} 1663 + 161 (6:8°,)
Amino acid fraction 77+ 77 (027 ) 17+ 12 10:7°,) 99-9 + 141 (4-0,)
Amine fraction 109-5 + 541 (37} 66 + 25 (047 )
Deaminated fraction 1482 + 219 (32°) 136 + 34 (087 ) 664 + 76 (2:7°)

* Experimental design as in Table 4 (four animals) but. in addition to biliary diversion. ligation of the pylorus
and distal end of the duodenum was performed beforc administration of *H-L-dopa. After 10 min, the animals were
killed and tissues were analyzed. Gastric and duodenal fluid was aspirated and analyzed as well. but these fluids
contained negligible amounts of *H. Results do not differ significantly from those presented in Table 4.

Table 6. *H-dopa metabolites in jejunum and colon*

Jejunum Colon

(nCi:g) ", *H) (nCi/g) “,*H)

Total *H 90879 + 344K (100°,) 20282 + 617 (100°,)
*H-noncatechols 78571 + 2171 (86-6°,) 15486 + 490 (764" )
Amino acid fraction 45962 + 3585 (50-6°,) 5033 4+ 166 (24:9°)
Amine fraction 3515 4 433 (3-9°,) 501 + 46 {2:5%)
Deaminated fraction 2909-4 + 206:5 (32:2°) 9952 + 446 (49-0°,)
*H-catechols 12307 + 1907 (13:4°)) 4796 + 20-6 (23:6°,)
Amino acid fraction 90°8 + 98 (1", 113-8 + 117 (56°,)
Amine fraction 2294 4+ 29% (2:5°,) 1142+ 69 (56",)
Deaminated fraction 9045 + 169-2 (9:8°,) 2516 + 1212 (2:5°)

* Five animals were studied after biliary diversion under light barbiturate anesthesia. The dose of *H-L-dopa w.is
2.5 mCi/kg: 25 mg/kg. Whole gut rather than mucosa was used for these tissues. Total *H in heart in the experiment
was 16862 + 1119 nCi/g.

of incubation with Glusulase and

Table 7. Noncatechol amino acid fraction in duodenal mucosa—Effect
f-glucuronidase*
o 3y
pH 5-4 Incubation pH 65 Incubation
No enzyme Glusulase No enzyme f-glucuronidase
*H-noncatechols 97-10 + 0-14 3964 + 096 9734 + (-18 49-45 + 58
Amino acid fraction 58:62 + 295 0-68 4+ 0-03 4872 + 273 044 + 0:06
Amine fraction 380 + (38 388 £+ 034 -85 + 0:27 329 4+ (2%
Deaminated fraction 2541 4+ 355 2509 + 0:04 46:77 + 308 4572 4+ 083
¥H-catechols 291 + 014 60-36 + 0:96 266 + (1% 50:55 £ 038
Amino acid fraction 079 + 0-02 708 + 040 042 £+ 006 317 + 043
Amine fraction 200 + 005 3749 + 242 186 + 0-21 3146 + 103
Deaminated fraction 014 + 014 1379 + 2:36 038 + 013 1592 + 0:99

* Values are per cent of total *H + S.E.M. Under barbiturate anesthesia, five animals were injected with *H-L-dopa (25
mg'’kg: 2-5 mCi’kg) after the common bile duct had been cannulated. Bile was collected for [0 min, the animals were
killed and duodenal mucosa was analysed as described in Methods. Total *H in duodenum was 9422-2 + 10841 nCi/g.
Aliquots of amino acid fraction (Alumina cflluent, neutral buffer eluate from Dowex, Fig. 2) were then incubated
at pH 54 with and without Glusulase and at pH 6:5 with and without f-glucuronidase for 18 hr. The specimens
were then repassed over Alumina and Dowex as described in Methods. Before incubation. the amino acid noncatechol
fraction contained 5339-9 4 10739 nCi‘g for duodenal mucosa (587 per cent total *H). All samples incubated with
cnzymes differed from samples incubated without enzyme (P < (001) except for noncatechol amines and noncatechol
deaminated fraction of duodenal mucosa. Note that incubation without enzyme resulted in a loss of the original
amino acid fraction of about 40 per cent. Thesc counts appear in the deaminated fraction and represents either
poor recovery of conjugates on Dowex or destruction of the original compounds during the incubation to a derivative
not retarded on Dowex. For this reason, the results with enzyme are always compared to similarly incubated samples

without enzyme.
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Table 8. Noncatechol amino acid fraction—Effect of incu-
bation with Glusulase*

% "H
No enzyme With enzyme
Noncatechols  Catechols  Noncatechols  Catechols
Bile 98-8 + 03 112403 632+ 13 l6¥+ 13
Jejunum 985 £ 01 -5+ 01 459 + 07 541 + 07
Colon 986 + 011 14+ 01 608 + 05 391 +05
Liver 979 £+ 01 21+ 01 455+ 02 545+ 02

* Five animals were studied as described in Table 7.
Values are means + SEM. All samples incubated with
enzyme differed significantly from those without
(P < 0:001). As in duodenum (Table 7), the catecholamine
fraction (dopamine) was the predominant catechol in the
four tissues studied here, accounting for 20-28 per cent
of the total *H in the incubated samples. In bile and
colon, significant amounts of methoxydopamine were
released after incubation with Glusulase as indicated by
substantial increases in the noncatecholamine fraction of
enzyme-incubated sample (from 3 per cent without enzyme
to 20 per cent with).

chol fraction fell from 586 to 0-7 per cent. Similar
results were obtained with S-glucuronidase, as shown
in the table. The data in Table 7 indicate that glucur-
onide conjugates of catechols comprise the amino
acid noncatechol fraction in duodenum. Thus, after
incubation with Glusulase, the catechol amino acid
fraction (dopa) increased from 08 to 71 per cent.
the catecholamine fraction (dopamine) from 2 to 37-5
per cent, and the deaminated catechols (dopac) from
01 to 15-8 per cent.

In Table 8, Glusulase incubation studies of the
amino acid noncatechol fraction of bile, jejunum,
colon and liver are shown. The results are similar
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Fig. 5. Thin-layer chromatography of the amino acid non-
catechol fraction of duodenal mucosa and the amino acid
catechol fraction of plasma. Neutral buffer eluates were
spotted on Silica gel plates and run in a solvent system
of n-butanol-acetic acid-water (12:3:5). Chromatographs
of the duodenal mucosa are shown before and after incuba-
tion with Glusulase. Note that after incubation with Glu-
sulase most of the *H travels with authentic dopamine
(OMD, 3-0-methyldopa; DA, dopamine). In plasma, 5 min
after i.v. injection the 3H from the catechol amino acid
fraction co-chromatographs with authentic dopa.
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to those obtained with duodenum. There was a sub-
stantial increase in the catechol fraction in all samples
incubated with enzyme (from less than 2 per cent
catechols to greater than 35 per cent catechols).

Further identification of the amino acid noncate-
chol fraction of duodenal mucosa by thin-layer chro-
matography is shown in Fig. 5. Before incubation,
all of the tritium was located near the origin; after
incubation with Glusulase, most of the *H traveled
with authentic dopamine. In plasma, for comparison,
the catechol amino acid fraction co-chromatographed
with authentic dopa.

DISCUSSION

These studies demonstrate that the gut is a major
site of dopa metabolism in the rat. The amount of
dopa taken up and metabolized by duodenum,
jejunum. ileum and colon is quantitatively significant
when compared with liver and kidney, the two organs
usually associated with the metabolism of circulating
catechols. The significance of the gut in the metabo-
lism of a variety of diverse drugs and hormones is
a subject of increasing interest, and the results
reported here are in accord with other recent studies
implicating the gut as an important metabolic
organ [13].

Duodenum, liver, bile, jejunum. ileum and colon
accumulated large amounts of noncatechol metabo-
lites (Tables 2, 4, 6; Fig. 3). The pattern of metabolites
in these tissues was substantially different from the
pattern in plasma, heart, diaphragm, stomach or kid-
ney. In duodenum, liver and jejunum, most of the
noncatechol metabolites were eluted in the neutral
buffer eluate (amino acid) fraction. The evidence pre-
sented in the paper strongly suggests that the *H-
metabolites in the fraction are glucuronide conjugates
of dopamine and other dopa metabolites. As noted
by Tyce et al. [5] in studies on bile, glucuronide con-
jugates are adsorbed on Dowex-50 and eluted with
neutral buffer in what is usually considered the amino
acid fraction in chromatographic separations of dopa
metabolites; such conjugates may thus be mistaken
for 3-O-methyldopa. The studies with glucuronidase
(Tables 7 and 8), thin-layer chromatography (Fig. 3},
and the results of fluorescent assay for O-methyldopa
indicate that in the rat gut the amino acid noncate-
chol fraction is principally composed of glucuronide
conjugates of catechols. The generation of metabolites
that are retained on Alumina after incubation with
glucuronidase suggests (but does not prove) that con-
jugation with glucuronide occurs on the phenolic hy-
droxyl groups. The experiments shown in Tables 4
and 5 clearly exclude enterohepatic circulation (duo-
denal absorption of compounds secreted in bile) as
a cause of the duodenal accumulation of conjugates.
The high plasma dopa levels and low plasma noncate-
chol levels (Fig. 4) are consistent with formation of
conjugates in the duodenum rather than uptake of
circulating conjugates formed elsewhere. The exper-
iment shown in Table 1 indicates that in the duo-
denum uptake and conjugation of dopa occurs in
the mucosa rather than the muscularis. As shown
in Table 3 the percentage of H in the noncatechol
amino acid fraction increased significantly with a low
dose of dopa (0-02 pug/kg), as compared with the phar-
macologic dose used in all the experiments (25 mg/
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kg). This indicates that glucuronide conjugation is
not an overflow pathway secondary to a large dose;
it suggests, rather. that the conjugation mechanism
may be saturable at higher doses.

The fact that the gut forms glucuronide conjugates
of estrogens [14] has been known for some time. It
is also well recognized that glucuronide conjugates
of catecholamines and catecholamine metabolites
appear in the urine of rats[15] and man[16-18].
The gut, however. has not been considered a major
factor in the metabolism of circulating catechols.
Conjugation is usually thought to be of greater im-
portance in the metabolism of ingested catechols [19],
and such conjugates are presumed to originate pre-
dominantly in liver and kidney. The results described
here indicate that circulating dopa is rapidly and
cffectively taken up and conjugated by the gut
mucosa. [t is not clear from the present studies
whether the uptake process in intestinal mucosa is
related to or independent of the conjugation process.
Studies in Gunn rats which lack glucuronyltransferase
would clearly be of interest in this regard. Nor is
it clear whether conjugated dopamine (the principal
conjugate) is formed after decarboxylation to free
dopamine or whether conjugated dopa is decarboxy-
tated. The demonstration of conjugates of methoxy-
dopamine in colon and bile indicates that at least
some transformations occur before conjugation. since
O-methylation requires an intact catechol group [20].
It thus seems likely that duodenal uptake of dopa
is primary. Conjugation may even promote catechol
storage by inhibiting further metabolism.

The role of the gut in the metabolism of the endo-
genous catecholamines. norepinephrine and epine-
phrine, remains to be cxplored. Such studies should
be performed in animals treated with 6-hydroxydop-
amine (an agent which destroys the sympathetic nerve
endings) so that neuronal uptake of the amine is
climinated.

The uptake and conjugation of circulating dopa
by the gut has certain implications for the clinical
pharmacology of L-dopa in man. Conjugates stored
in the intestinal mucosa are a potential reservoir of
dopa metabolites. Although it remains to be shown
that *H-dopa metabolites can be recovered in stool
or intestinal contents after intravenous administration
of *H-L-dopa to animals with biliary fistulas, it is
conceivable that stored catechol metabolites may gain
access to the intestinal lumen as intestinal cells slough
or through diffusion. Once inside the bowel lumen,
these metabolites would be available to the intestinal
microflora which have been shown to cause the
deconjugation, o-demethylation. p-dehydroxylation,
and decarboxylation of catechols in mam-
mals [ 13. 21]. Subsequent reabsorption of dopa meta-
bolites modified by bacteria may have important
pharmacologic effects. Sandler ¢t ¢l. [19. 22] have spe-
culated, for cxample, that m-hydroxytyrosine deriva-
tives which arise from the p-dehydroxylation of dopa
may be a significant factor in the effects of L-dopa
on the central nervous system. Dopa metabolites ori-
ginating in intestinal mucosa may be particularly im-
portant. since compounds originating in diet or bile
arc likely to be absorbed higher in the bowel thereby
having less access to the gut flora. Compounds from
the intestinal mucosa would. theoretically, be avail-
able to a greater bacterial population. It has recently
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been demonstrated that enteric coated 1-dopa results
in a greater increase in m-hydroxytyrosine derivatives
than the usual dopa formulation [23], a finding that
supports the concept that intestinal origin of substrate
further down the gut may be of special significance.
The fact that in man sulfate conjugation of dopa
metabolites may predominate [247 (rather than glu-
curonide conjugates as in the rat) does not alter the
potential significance of intestinal conjugation for the
clinical pharmacology of r-dopa. since the intestinal
microflora possess sulfatasc as well as glucuroni-
dase [13].
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