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AB S T R AC T The ability of products of digestion to
stimulate pancreozymin secretion in man was investi-
gated using a bioassay procedure, based on duodenal
perfusion, which quantified the total outputs of pan-
creatic enzymes evoked by intraduodenal stimuli under
steady-state conditions. Patterns of response resulting
from physiologic intraduodenal concentrations of test
material were basal output (with isotonic saline), wash-
out of enzymes (with dextrose, micellar fatty acid, and
amino acids), and sustained output of enzymes (with
amino acids and micellar fatty acid). The sustained se-
cretion of pancreatic enzymes found during the 2nd
hr of perfusion and subsequently was characteristic of
pancreozymin-induced secretion. The enzyme output in
response to a mixture of essential and nonessential
amino acids was significantly higher than that evoked
by micellar fatty acid and was comparable with that
resulting from the maximally tolerated dose of pan-
creozymin given by vein.

Perfusion with essential amino acids caused enzyme
outputs comparable to those induced by perfusion with
the original amino acid mixture, whereas perfusion with
nonessential amino acids had no effect. When the
essential amino acids were tested individually, only
phenylalanine, methionine, and valine caused significant
increases in pancreatic enzyme output; the effect of
tryptophan was indeterminate. However, the pancreatic
enzyme output was less in response to these three es-

sential amino acids than to mixtures containing all of
them.

This work was presented in part at the meeting of the
Central Society for Clinical Research, Chicago, 31 October
to 2 November 1968.
Received for publication 23 January 1970 and in revised

form 13 April 1970.

INTRODUCTION
Pancreozymin, a hormone released from the mucosa of
the upper part of the small intestine after ingestion of
food, promotes secretion of pancreatic enzymes and
evacuation of bile from the gallbladder, both of which
are essential for normal digestion and absorption. In
the dog, peptone, certain amino acids, and fatty acid
soaps infused intraduodenally evoked secretion of pan-
creatic enzymes by this hormonal mechanism (1). The
dietary components or derivatives causing secretion of
pancreozymin in man are ill-defined, and earlier work,
limited to the immediate response to temporary stimuli,
fails to distinguish between "washout" of previously
formed enzymes from the ducts (2) and specific secre-
tion of enzymes from the acinar cells. Furthermore, the
methods used allowed no meaningful comparison of the
potencies of different stimuli.
McClure (3) found striking increases in intra-

duodenal concentrations of lipase, amylase, and proteo-
lytic enzymes after intraduodenal instillation of tri-
glycerides and beef peptone; dextrose was thought to
give a smaller response. By a different technique, in-
volving cannulation of the pancreatic duct during cho-
lecystectomy, Doubilet and Fishman (4) found that hy-
drochloric acid or triglycerides placed in the duodenum
stimulated a mixed secretion of enzymes, fluid, and bi-
carbonate in the postoperative period. In the amounts
selected, glucose and protein exerted a similar but
milder effect.
We report here the effects of physiologic intraduodenal

concentrations of the major digestive products (5) on
pancreozymin secretion as assessed by determining total
pancreatic enzyme output in healthy man. Different pat-
terns of enzyme secretion were defined, and the response
due to pancreozymin release was identified. Since, under
the circumstances of the study, amino acids were found
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to have the greatest effect on pancreatic enzyme secre-
tion, the potency, specificity, and magnitude of the re-
sponses to individual amino acids were characterized.

EXPERIMENTAL DESIGN AND
ASSUMPTIONS

Pancreatic enzyme output in response to the intradu-
odenal perfusion of test materials was measured under
steady-state conditions. The effects of saline (control),
amino acids (either individually or in combinations),
dextrose, and micellar fatty acid were compared with
each other and with the response to the maximally tol-
erated dose of porcine pancreozymin given by vein.
The sustained pancreatic enzyme output measured in

response to some but not all intraduodenal stimuli pre-
sumably reflected secretion of pancreozymin, the hor-
monal basis of the relationship having been established in
the dog (1). We use the term "pancreozymin" because
of its historic association with pancreatic enzyme se-
cretion, but we recognize that pancreozymin and cho-
lecystokinin are probably identical (6). In estimating
pancreozymin secretion, we have made the assumption,
customary in bioassay techniques, that proportional
relationships exist between the magnitudes of the stimuli,
amounts of hormone released, and quantities of enzyme
secreted. Release of secretin may have occurred simul-
taneously (1) in our model, but volume and bicarbonate
output were not measured. By contrast, it is improbable
that gastrin release was evoked and unlikely that it could
influence pancreatic enzyme output in these studies.
Gastric pH was less than 2.0 in all but 6% of instances
and only once exceeded 4.0; reflux of duodenal contents
was minimal (see below); and the physiologic effect
of gastrin on pancreatic enzyme secretion is small com-
pared with that of pancreozymin (7, 8). Furthermore,
glycine was found not to affect enzyme output although
it is a potent stimulant to gastrin release in the dog (9).
And, finally, pancreatic enzyme outputs of the same
magnitude as those we attribute to pancreozymin were
found previously (10) when the distal jejunum, a site
far removed from gastrin release, was perfused with
amino acids.

METHODS
45 healthy volunteers (43 men and 2 women, ages 22-46 yr)
fasted overnight before participating in these studies. Total
outputs of pancreatic lipase, trypsin, and amylase were deter-
mined by a method, detailed elsewhere (11), involving
simultaneous perfusion and aspiration of both the stomach
and the duodenum. In brief, a double-lumen polyvinyl tube
(I.D., 2 mm) was positioned fluoroscopically in the duodenum.
Test solutions, containing polyethylene glycol (PEG) (5 g/
liter) as a duodenal marker, were instilled into the second
portion of the duodenum at 10 ml/min, and duodenal con-
tents were recovered by siphonage at the ligament of Treitz.
These specimens were collected over ice and pooled at 20-min

intervals. The gastric tube, consisting of a polyvinyl tube
(I.D., 2 mm) cemented to a Levin tube by tetrahydrofuran,
was positioned so that the perfusion site was in the fundus
and the sampling site was in the antrum. "Cr-labeled CrCl
(2 ACi/ml) was used as a gastric marker. The stomach was
perfused at 5 ml/min, and the gastric contents were aspirated
distally through the Levin tube by continuous mechanical
and intermittent hand suction.

Concentrations of PEG and 'Cr were determined in both
gastric and duodenal aspirates. Concentrations of lipase,
trypsin, and amylase were measured in the duodenal samples.
From the concentrations and recoveries of markers and en-
zymes when steady-state conditions had been established,
as reflected by PEG concentrations in the duodenal aspirates
(12), total pancreatic enzyme output was calculated (11).
Under these conditions, the recovery of gastric contents is
83.3% (SE 1.3), while 11.6% (SE 1.4) of gastric contents
passes to the duodenum. Simultaneously, 8.5% (SE 1.0) of
duodenal contents refluxes to the stomach and 36.7% (SE
3.3) of duodenal marker is recovered at the ligament of
Treitz (11).
The perfusates (Table I) contained physiologic intra-

duodenal concentrations of the test substances (5). All per-
fusates were warmed to 37'C and adjusted to pH 6.0; they
were made isotonic with sodium chloride. All solutions of
amino acids, micellar fatty acid, and dextrose were instilled
for 2-hr periods. The isotonic saline was used as a control,
being instilled for the initial 60 min of every study and
also for a 60-min period after every test solution. Steady-
state conditions, as reflected by stable concentrations of
PEG (11, 12), were achieved after 20 min of each perfusion.
The standard amino acid mixture (182 mmoles/liter) was

isonitrogenous with 30 g of beef muscle hydrolysate per

TABLE I
Composition of Perfusates (mM)

Isotonic saline

Dextrose

Micellar fatty acid
Sodium taurocholate
Sodium taurodeoxycholate
Monoolein

Standard amino acid mixture*

Essential amino acid mixture
1. Isoleucine
2. Leucine
3. Methionine
4. Phenylalanine
5. Threonine
6. Tryptophan
7. Valine
8. Lysine

Nonessential amino acid mixture
1. Arginine
2. Aspartic acid
3. Cystine
4. Glutamic acid
5. Glycine
6. Histidine
7. Proline
8. Tyrosine

150.0

277.5

20.0

182.6

78.4

104.2

7.0
3.0
10.0

11.3
17.0
5.2
6.7

10.6
1.4

12.8
13.4

10.5
20.1
1.6

28.4
21.4
4.7
12.8
4.7

* Mixture of essential and nonessential amino acid mixtures.
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liter (13). The standard solution of micellar fatty acid was
prepared by dissolving monoolein (chiefly 1-monoolein)
in sodium taurocholate and sodium taurodeoxycholate. This
monoglyceride is rapidly hydrolyzed to fatty acid in the
proximal small intestine in man, and we confirmed this
by thin-layer chromatography of the aspirates, which
showed the predominant lipid present to be fatty acid.
For preliminary studies, each standard solution (amino

acid mixture, micellar fatty acid, or dextrose) was perfused
for 2 hr in each of eight healthy male volunteers, with com-
plete randomization of period sequences. Because, by the
criteria applied, amino acids were found to be the most
potent in stimulating pancreatic enzyme output, additional
studies were performed to determine specifically the nature
of the stimulus. Solutions of the essential (78 mmoles/liter)
and nonessential (104 mmoles/liter) amino acids were pre-
pared in the same concentrations as in the original mix-
ture. Each mixture was perfused in the eight volunteers
for a 2 hr period. Subsequently, solutions of the individual
essential amino acids (20 mmoles/liter) were perfused into the
duodenum randomly in 12 volunteers for periods of 2 hr.
An incomplete block design, with blocks of two plots, was
used (14). To determine sensitivity of pancreozymin re-
lease in relation to the magnitude of the stimulus, additional
studies with perfusates containing amino acids at 18 and
270 mmoles/liter were made in six volunteers, the indi-
vidual amino acids being present in the same proportion as
in the standard mixture.
To determine "maximal" pancreatic enzyme output, cho-

lecystokinin-pancreozymin (kindly supplied by Dr. E.
Jorpes, Karolinska Institutet) was administered by vein at
an initial dose of 0.125 CHR U/kg per min and increased to
the maximally tolerated dose (0.25-0.35 CHR U/kg per
min) in eight volunteers while intraduodenal perfusion with
isotonic saline was maintained. The highest enzyme output
before the development, if any, of side-effects (abdominal
pain, nausea, vomiting, diarrhea, or fever) was characterized
and validated (11, 15) as the maximal response. To study the
possible systemic effect of amino acids on pancreatic en-
zyme output, the standard amino acid solution was given
intravenously to three volunteers for 2 hr while simultaneous
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intraduodenal perfusion with isotonic saline was maintained.
All amino acids were purchased from Aldrich Chemical

Co., Inc. (Milwaukee, Wis.). Sodium taurocholate and so-
dium taurodeoxycholate were obtained from Maybridge
Research Chemicals (U.K.), and monoolein (> 95%o mono-
glyceride) was purchased from Eastman Organic Chemicals
(Rochester, N. Y.). 51Cr was counted in a sodium iodide
well-counter (Gamma Spectrometer, Picker Corp., White
Plains, N. Y.) and PEG was determined by the method
of Hyden (16). Pancreatic lipase and trypsin concentrations
in duodenal aspirates were determined in an automatic
titrater using Lipomul (Upjohn Co., Kalamazoo, Mich.)
and tosyl-L-arginine methyl ester as a substrate (17). The
amylase content was measured by the method of Smith and
Roe (18). In 15 duodenal samples analyzed in triplicate, the
mean coefficients of variation in the determination of PEG,
amylase, lipase, and trypsin were 1.2, 2.6, 2.8, and 0.2%o,
respectively. The reproducibility of the perfusion technique
was tested by measuring outputs of pancreatic enzymes on
12 occasions in the same individuals at 8:30 a.m. and 1:00
p.m. on the same day and at a week later; the coefficient of
variation was < 6%o on 8 occasions and ranged from 9.1 to
13.8%o on the remainder.

RESULTS

The patterns of pancreatic enzyme output in response to
intraduodenal perfusion with isotonic saline or standard
solutions, represented by trypsin outputs (Fig. 1), in-
cluded basal, washout, and sustained secretions. Outputs
of trypsin, lipase, and amylase did not differ in propor-
tion to each other during this study (Fig. 2) or under
other test circumstances (Table II). Basal output of en-
zymes occurred continuously during perfusion with
isotonic saline and after the washout period when dex-
trose was used (Fig. 1). With each test solution there
was a rapid and significant (P < 0.01) increase in en-
zyme output during the first 20 min. The response to

Time(minutes)

FIGURE 1 Trypsin output (mean +SE) during intraduodenal perfusion with
amino acid mixture, micellar fatty acid, dextrose, or isotonic saline.
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dextrose was temporary, lasting 40 min, and it had the
characteristics of a washout effect. The amino acid
mixture and micellar fatty acid caused sustained outputs
of all enzymes. Therefore, to distinguish the sustained
enzyme output attributable to pancreozymin release from
basal and washout secretions, the enzyme output during
the 2nd hr of perfusion has been taken as representative;
all subsequent data reported are from this period.

Outputs of enzymes in response to perfusion with the
standard amino acid mixture during this 2nd hr were
significantly higher than those in response to micellar
fatty acid (P < 0.05), and the responses to micellar
fatty acid were greater than those to dextrose or iso-
tonic saline (P < 0.05). The enzyme outputs in re-
sponse to isotonic saline and dextrose did not differ sig-
nificantly (Fig. 2).
When essential amino acids were used, pancreatic

enzyme outputs did not differ significantly from those
evoked by the standard mixture or by the maximally
tolerated dose of pancreozymin given by vein (Table
II). By contrast, the enzyme outputs after perfusion
with nonessential amino acids were no greater than
those during perfusion with isotonic saline. When each
essential amino acid was used individually, the highest
enzyme outputs occurred with phenylalanine, valine, and
methionine (Fig. 3). The responses were comparable to
each other, lower (P < 0.05) than outputs evoked by

the essential amino acid mixture or pancreozymin given
by vein, and greater (P <0.05) than the response to
isotonic saline (Table II). Pancreatic enzyme output in
response to isoleucine, leucine, lysine, or threonine did
not differ from the basal output in response to isotonic
saline (Fig. 3). The pancreatic enzyme output in re-
sponse to tryptophan (Fig. 3) was equivocally increased
(P = 0.05) in relation to the response to isotonic saline.

20r

1oo -

10-

50 -

El Trypstn
El Lipase
* Amylase

Saline Dextrose

iT]

I

Fatty Amiro
acid acid

Analysis of variance(P<0 05)

FIGURE 2 Outputs of trypsin, lipase, and amylase (mean
+-SE) during 2nd hr of intraduodenal perfusion with saline
or digestive products.

TABLE I I
Pancreatic Enzyme Output in Response to Different Stimuli

Enzyme output, mean ±SE

Intraduodenal perfusate Trypsin Lipase Amylase

U X 103/hr

Isotonic saline 5.1 4:2.0 24.7 414.2 30.0 ±10.5

Standard amino acid mixture
18 mm 16.4 ±7.5 64.5 ±6.2 122.1 ±t 1.6
180 mm 17.4 ±7.1 73.8 48.4 134.3 ±-6.2
272 mM 16.5 42.5 93.6 ±6.8 147.0 ±11.3

Essential amino acid mixture 24.2 ±2.1 93.6 46.8 147.9 ±11.3

Nonessential amino acid mixture 7.8 ±2.3 41.5 45.7 42.6 ±11.3

Individual amino acids, 20 mm
Methionine 8.1 ±0.4 50.1 ±0.9 63.2 ±18.7
Phenylalanine 12.3 ±2.6 50.4 ±1.3 80.5 ±20.9
Valine 8.4 ±2.4 53.5 ±1.4 87.3 ±17.9
Tryptophan 5.6 +1.0 30.4 ±8.9 38.8 ±16.0

Isotonic saline + pancreozymin by vein 28.0 ±1.2 117.1 ± 12.1 166.1 ±22.6

Isotonic saline + standard amino acid 8.5 ±3.2 19.3 ±7.2 39.6 +21.4
mixture by vein
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FIGURE 3 Changes in trypsin output during intraduodenal per-
fusion with individual essential amino acids, compared with per-
fusion with isotonic saline. By analysis of variance, P <0.02 for
difference between isotonic saline and valine and methionine.

Perfusions with amino acids in concentrations of 18,
182, and 272 mmoles/liter all gave similar outputs of
enzymes (Table II), which did not differ significantly
from the maximal output in response to pancreozymin
given by vein. Intravenous infusion of the amino acid
mixture, by contrast, produced no change in outputs of
pancreatic enzymes compared to those during the con-
trol periods with isotonic saline.

DISCUSSION
Three distinct patterns of pancreatic enzyme secretion
in man were delineated. First, a steady, relatively small,
basal output of enzymes occurred when isotonic saline
was the perfusate. Second, all hydrolytic products of
digestion produced an immediate washout effect. Third,
amino acids and micellar fatty acid both evoked a sus-
tained secretion of enzymes which, in the case of amino
acids, did not differ from the enzyme output, considered
to be maximal, in response to pancreozymin infused by
vein (11, 15).

Continuous basal secretion of pancreatic juice has been
reported to occur with pancreatic fistula in man (19)
but may then partially reflect release of secretin due to
acid in the duodenum. Our results confirm those of
Agren and Lagerldf (20) by showing continuous basal
secretion of pancreatic juice in healthy man, even when
gastric contents are aspirated. Continuous basal secre-
tion of pancreatic juice from the isolated perfused ca-
nine pancreas has also been documented (21).
The rapid discharge of pancreatic enzymes evoked by

all three digestive products but subsiding after approxi-

mately 40 min when dextrose was used is consistent
with washout of preformed enzymes from the pancreatic
ducts (2). The temporary action of dextrose may reflect
stimulation of secretin release (22), especially because
similarly transient enzyme secretion follows the continu-
ous intravenous administration of secretin (23). By con-
trast, continuing outputs of enzymes occurred when
amino acids or fatty acid was used and presumably
(1) reflected augmentation or replacement of the initial
washout response by endogenously released pancreo-
zymin.
The sustained secretion of pancreatic enzymes after

perfusion with the amino acid mixture or fatty acid dur-
ing the 2nd hr parallels the pattern of response which
has been attributed to secretion of pancreozymin in ani-
mals (1) and validated by numerous studies using por-
cine pancreozymin in man. The potency of amino acids
was greater than that of fatty acid or dextrose at the
physiologic intraduodenal concentrations used. Even at
much lower concentration (18 mmolesAiter), amino
acids caused outputs of pancreatic enzymes indistinguish-
able from those considered to be maximal in response to
the administration of pancreozymin by vein (18). The
possibility was explored that, after absorption, the
amino acids used might increase pancreatic enzyme syn-
thesis, and hence secretion, directly; such an effect has
been demonstrated in vitro (24). However, because
pancreatic enzyme output remained basal when amino
acids were given by vein, our results are unlikely to

have been influenced through this mechanism. Micellar
fatty acid was also found to stimulate pancreatic enzyme
secretion, and various other lipids, including triglyceride
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and diethyl ether, produce a similar effect in several
species, probably by releasing pancreozymin from the
small intestine (1). Fatty acids are the simplest deriva-
tives with these properties but their mechanism of action
is unknown and was not pursued by us because the
amino acids were more potent by the criteria applied.
To investigate the specificity of the response to amino

acids, it was first established that only essential amino
acids stimulated pancreatic enzyme output. Because the
effect of essential amino acids was identical with that of
the mixture of essential and nonessential amino acids, no
inhibitory action can be attributed to nonessential amino
acids. When the essential amino acids were examined
individually, stimulation of pancreatic enzyme output
was found only with phenylalanine, methionine, valine,
and possibly tryptophan. However, the responses to
these amino acids individually were less than those
evoked by the mixture of essential amino acids. Thus,
two or more amino acids may complement each other in
the metabolic pathways involving synthesis or release
of pancreozymin, perhaps by acting preferentially or
cumulatively at different sites. The effects of individual
amino acids on pancreatic enzyme secretion and pan-
creozymin release have not previously been investigated
in man. Wang and Grossman (1) found that phenylala-
nine, tryptophan, and leucine were effective in short-term
studies in dogs. Others (25) have reported that addi-
tion of methionine, isoleucine, and phenylalanine to the
diet of dogs with chronic fistulas produced increased
concentrations of lipase and "protease" in pancreatic
juice. The discrepancies between these results may reflect
differences in species and methods.
The intermediary steps relating the intraduodenal ac-

tion of certain essential amino acids to the secretion of
pancreozymin cannot be specified from our experiments.
All of those amino acids effective in man are a-amino
monocarboxylic essential acids with an uncharged side
chain, are believed to be absorbed by the same transport
mechanism, and are present in the polypeptide chain of
pancreozymin (26, 27). It lately has been recognized that
specific amino acids may stimulate synthesis or secretion,
or both, of other polypeptides and protein. Leucine
stimulates insulin release (28), arginine stimulates
growth hormone secretion (29), and tryptophan and iso-
leucine stimulate albumin synthesis (30). Amino acids
with these properties all are of the "essential" variety, a
connotation which may come to include an essential
function in metabolic control as well as in the regulation
of normal growth.
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