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Abstract

The present study was designed (a) to characterize the activity
of loxiglumide as a peripheral cholecystokinin (CCK) antago-
nist in healthy human subjects, and (b) to determine whether
CCKis a physiologic regulator of the intestinal phase of meal-
stimulated exocrine pancreatic and biliary secretions in man.
Intravenous loxiglumide (22 &mol/kg per h) was highly potent
in antagonizing CCK8-induced pancreatic enzyme and bile acid
secretion as well as pancreatic polypeptide release. The po-
tency, and selectivity of loxiglumide as an antagonist of CCK
provides the tool for evaluating the role of CCKas a physiolog-
ical mediator of meal-induced pancreatic and biliary'responses
in humans. Infusion of a' liquid test meal into the duodenum
evoked an immediate response of pancreatic enzyme and biliru-
bin outputs, respectively. Intravenous loxigiumide significantly
inhibited the meal-induced pancreatic amylase output by 63%
(P < 0.05), lipase output by 43% (P < 0.05), and bilirubin
output by 59% (P < 0.05). These data suggest that CCKis a
physiological mediator of the intestinal phase of meal-stimu-
lated pancreatic' and biliary responses. (J. Clin. Invest. 1990.
85:640-646.) CCKantagonist - pancreas

Introduction

Despite a large number of physiological studies on meal-stimu-
lated pancreatic enzyme secretion in man, many crucial ques-
tions remain unanswered. For example, the physiological role
of cholecystokinin (CCK),' one of the classical intestinal hor-
mones, has remained controversial (1'-3). There appears to be
no doubt that plasma CCKincreases after a meal. Also, by
comparing increments in plasma CCKand pancreatic trypsin
secretion after a meal and after exogenous CCK, we have pre-
viously suggested that CCKcould be a major stimul atory
mechanism of postprandial pancreatic trypsin secretion (4).
The availability of potent antagonists of CCKbinding to its
membrane receptor enabled us to reexamine the role of CCK
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1. Abbreviations used in this paper: AUC, area under output curve;
CCK, cholecystokinin; PEG, polyethylene glycol; PP, pancreatic poly-
peptide.

as a regulator of pancreatic and biliary secretion in man
(5-12). The results support the concept that CCKis a major
stimulatory mechanism of intestinal phase-stimulated pancre-
atic enzyme and biliary responses.

Methods

Subjects. 12 healthy male volunteers aged 22-28 yr (mean, 24 yr)
whose bodyweight was within 10% of their ideal value (mean, 72 kg)
participated in the studies. None was taking any medication or had any
history of gastrointestinal or endocrine symptoms and surgery. The
studies were approved by the University of Basel Human Ethical
Committee on 14 July 1987, and written informed consent was ob-
tained from each subject.

Experimental procedure. Subjects were studied after an overnight
fast. The order of experiments was randomized. Pancreatic and biliary
secretions were studied with the standard gastroduodenal intubation
marker peqfusion technique detailed elsewhere (4). In brief, a four-
lumen tube was placed under fluoroscopic guidance. The gastric aspi-
ration site was situated in the antrum for continuous gastric aspiration.
Normal saline containing polyethylene glycol (PEG4000) as a nonab-
sorbable marker was instilled into the second portion of the duodenum
in a concentration of 2 g/liter and at 2 ml/min. The duodenal contents
were recovered in 15-min aliquots at the distal aspiration site near the
ligamentum of Treitz.

Pharmacological characterization of loxiglumide. In this part of the
study, secretin was infused intravenously for the duration of each
experiment at a rate of 16.4 pmol/kg per h. After a 75-min period with
secretin alone, doubling doses of CCK8(4.7-37 pmol/kg per h) were
infused intravenously, each dose for 45 min. These doses have pre-
viously been'shown to produce threshold to maximal pancreatic en-
zyme secretion (13, 14). In three subjects, an additional dose of CCK8
(72 pmol/kg per h) was given to test whether the inhibitory effect of
loxiglumide is surmountable with supramaximal'doses of CCK8. On
different days and in random order, either saline (control) or two
different doses of loxiglumide (3.3 or 10 mg/kg per h equal to 7 and 22
;imol/kg per h), dissolved in 0.9% saline, were infused through an
indwelling catheter in a forearm vein for the duration of the experi-
ments (255 min).

Plasma samples were obtained in regular intervals before stimula-
tion and during the last 15 min of each dose of CCK8. Blood was
collected in ice-chilled EDTA tubes containing 5,000 kallikrein-in-
hibiting units aprotinin/5 ml blood. Samples were immediately centri-
fuged at 4VC and the plasma stored at -20'C until assayed for CCK,
pancreatic polypeptide (PP), and loxiglumide plasma concentrations.

To evaluate the specificity of loxiglumide, dose-response curves
were performed in five subjects with graded doses of secretin (5 and 15
pmol/kg per h) and bombesin (1-27 pmol/kg per h) given with con-
comitant infusions of loxiglumide (22 Atmol/kg per h) or, alternatively,
saline (control). Pancreatic and biliary secretions were collected as
described above. Each dose of each stimulant was given for 45 min.

To further test the specificity of loxiglumide as a CCKantagonist
against a structurally related substance such as gastrin, the effect of the
compound on pentagastrin-stimulated acid secretion was studied in
four healthy subjects. After a 45-min basal period, pentagastrin was
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given in graded doses (65, 260, and 1,042 pmol/kg per h), each given
for 45 min. The experiments were repeated with loxiglumide (22
Amol/kg per h). Gastric acid secretion was measured by continuous
aspiration using a double-lumen gastric tube and marker perfusion
technique (PEG4000) (13).

Meal studies. After proper placement of the intestinal four-lumen
tube, indwelling catheters were inserted into both cubital veins for
blood sampling and infusion, respectively. After a 60-min basal period
with saline perfusion to the duodenum, a liquid test meal was perfused
into the duodenum for 120 min at the rate of 2 ml/min. This perfusion
rate was used to simulate the rate of gastric emptying of a liquid test
meal (7). The reflux of duodenal contents into the stomach, measured
by recovery of PEG4000 in the gastric aspirate, averaged 2%(0-9%) of
the amount infused into the duodenum. On different days, either
saline (control) or an intravenous infusion of the CCKantagonist
loxiglumide (22 ,gmol/kg per h) was given throughout the experiment.
Plasma samples were obtained for the determination of CCKand
loxiglumide concentrations during the basal period and at regular in-
tervals after starting the meal perfusion.

The meal consisted of 275 ml Ensure@, 85 ml H20, and 0.72 g
PEG4000. It had an osmolality of 300 mosM/liter and a pH of 7.4. The
total caloric value of the perfused meal was 184 kcal, giving a load of
3.9 g protein/h, 3.1 g fat/h, and 12.3 g carbohydrates/h.

Determinations. Duodenal fluid output was measured to the next
milliliter, bicarbonate concentration of duodenal juice was determined
by the backtitration method (15), amylase using a commercial kit
(Alpha Amylase PNP; Boehringer Mannheim GmbH, Mannheim,
FRG) (16), lipase by the method of Grenner et al. (17) using a com-
mercial kit (Behring Werke, Marburg, FRG), bile salts using 3-alpha-
hydroxysteroid dehydrogenase (18), bilirubin spectrophotometrically
(19), and PEGturbidimetrically (20). The duodenal fluid secretion for
a given period was calculated as described previously (4). The recovery
of the duodenal marker averaged 87±3% (mean±SEM), whereas the
average percentage of PEGrecovered from the stomach was < 2%.
Recoveries were similar in the different experiments and were unaf-
fected by loxiglumide administration. Gastric fluid was measured to
the next milliliter; acid concentration was determined by titration, and
PEGconcentration was measured turbidimetrically (20).

Assays. Plasma CCKconcentrations were estimated as previously
described (21) and all measurements were done with antibody T204.
This antibody has been extensively characterized (22) and has been
shown to bind to all carboxyl-terminal CCKpeptides containing the
sulfated tyrosine. The antibody shows < 2%crossreactivity to sulfated
gastrins and does not bind to unsulfated forms of gastrin or structurally
unrelated peptides. Furthermore, loxiglumide does not interfere with
the assay. The sensitivity of the assay was 0.5 pmol/liter plasma. The
intraassay variation was < 10% at 2.6 pmol/liter. All samples were
assayed in the same run.

Coded plasma samples were assayed for PP concentration using
previously described methods (23). The sensitivity of the assay was 2
pmol/liter plasma.

Loxiglumide concentrations were measured by HPLCaccording to
methods described elsewhere (24). The detection limit was 0.02-0.03
ytg/ml plasma.

Materials. Synthetic CCK8was purchased from Peninsula Labora-
tories, Inc. (Belmont, CA). The peptide was dissolved in 0.9% saline
containing 0.5% human serum albumin under aseptic conditions by
the University of Basel Hospital pharmacy. Vials of 20 tg CCK8were
stored at -20°C. Synthetic human secretin was a kind gift of Prof. L.
Moroder (Max Planck Institute, Munich, FRG). Loxiglumide was ob-
tained from Rotta Research Laboratorium (Monza, Italy), and En-
sureg from Abbott Co. Ltd., Zug, Switzerland.

Data analysis. Data are expressed as mean±SEMunless stated
otherwise. For each subject and each test, pancreatic and biliary re-
sponses as well as plasma hormone responses to all doses of CCK8or to
meal perfusion were calculated as area under the output curve (AUC)
over basal values for bicarbonate (millimoles), lipase (milligrams),
amylase (kallikrein-inhibiting units), bilirubin (milligrams), bile salts

(millimoles), PP, and CCK(picomolar). Secretory outputs in response
to each dose of CCK8with and without different doses of loxiglumide
were also analyzed by the following routine: For multiple comparisons
of secretory responses, samples were first tested for normality by
Wilk-Shapiro test and for homogeneity of variances (test of Levene).
When normal distribution of data could not be rejected, data were

analyzed by two-way analysis of variance. In case of significant differ-
ences, this was followed by Newman-Keuls multicomparison test for
pairwise comparisons of AUCsand Dunnett multicomparison test for
the comparison of the secretory responses during each dose of CCK8
with and without loxiglumide. For nonnormally distributed samples,
the nonparametric Friedman test was applied. All statistical tests were
used as routine in RS/ 1, a commercially available software package for
VAX computers. The nominal level of significance was P = 0.05.

Results

Pharmacodynamics of loxiglumide
CCK8-induced pancreatic secretion. As expected, the infusion
of graded doses of CCK8produced a dose-dependent stimula-
tion of exocrine pancreatic secretion. The maximal amylase
and lipase outputs were observed with 37 pmol/kg per h
CCK8, whereas 72 pmol/kg per h (n = 3) did not seem to
further increase pancreatic enzyme output, suggesting supra-
maximal stimulation.

Doses of 3.3 and 10 mg/kg per h of loxiglumide antago-
nized markedly CCK8-stimulated pancreatic enzyme release
(Fig. 1, Table I). The antagonism of pancreatic secretory re-
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Table L Pancreatic Secretory Responses to Graded Doses
of CCK8 With and Without Concomitant Infusion
of Two Different Doses of Loxiglumide

Loxiglumide (,umol/kg per h)

0 (Control) 7 22

Bicarbonate (mmol) 36.4±3.4 15.7±6.3 10.8±3.6*
Amylase (MU) 41.3±8.0 23.3±9.0 12.7±3.8*
Lipase (mg) 83.6±14.3 32.4±29.2 18.6±15.2*

Group means±SEMwere calculated from individual AUCabove
basal values to all doses of CCK8. n = 6, except lower dose of
loxiglumide, where n = 4.
* P < 0.01 compared with control (saline).

sponses to CCK8produced by the higher dose of loxiglumide
was essentially complete. Both doses of loxiglumide com-
pletely antagonized the potentiating effect of CCK8 on the
bicarbonate response to secretin (Fig. 1); In the three subjects
who received an additional dose of CCK8(72 pmol/kg per h),
we observed a diminished inhibition of pancreatic enzyme
output during the lower dose of loxiglumide (7 pmol/kg per h),
suggesting that the inhibition caused by loxiglumide was sur-
mountable.

CCK8-induced bile acid secretion. Basal bile acid output
was very low and not affected by loxiglumide. Step-doses of
CCK8 induced increasing bile acid output with a maximal
response obtained at a dose of 9.2 pmol/kg per h (Fig. 2). Both
doses of loxiglumide completely blocked CCK8-stimulated
bile acid secretion (P < 0.01).

Secretin-stimulated secretion. During infusion of saline
(control), mean fasting pancreatic secretion was constant. The
infusion of loxiglumide for 75 min caused a marked decrease
in enzyme output, but had no significant effect on fluid and
bicarbonate secretion (Fig. 3). Graded doses of secretin in-
duced a dose-dependent increase in fluid and bicarbonate se-
cretion, which was not affected by loxiglumide (Fig. 4).

Bombesin-stimulated secretion. Bombesin (1-27 pmol/kg
per h) stimulated pancreatic enzyme and bicarbonate secretion
in a dose-dependent manner (Fig. 5). A dose of 22 ,umol/kg per
h of loxiglumide did not affect this response.
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Figure 3. Effect of loxiglumide (22 gmol/kg per h) on fasting pancre-
atic enzyme responses in'six healthy human subjects. Data are
mean±SEM. *P < 0.05.

CCK8-induced PP release. CCK8caused a dose-dependent
increase in plasma PP over basal concentrations (Table II).
Loxiglumide produced a complete antagonization of the PP
response to CCK8(P < 0.01).

Acid responses to pentagastrin with and without loxiglu-
mide. Intravenous pentagastrin resulted in a dose-related sig-
nificant increase in gastric acid output. The administration' of
22 ,umol/kg per h loxiglumide did not significantly change the
acid response to pentagastrin (Fig. 6).

Plasma CCKconcentrations. Fasting plasma CCKlevels
were comparable in the different experiments. Increasing
doses of CCK8produced a dose-dependent increase in plasma
CCK-like immunoreactivity, which was significant for the
lowest dose already (Table II). Loxiglumide did not affect
plasma CCKconcentrations in response to graded doses of
exogenous CCK.

Pharmacokinetics of loxiglumide
Infusion of loxiglumide for 4.25 h at the rates of 7 and 22
,gmol/kg per h produced dose-dependent plasma concentra-
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edly meal-stimulated pancreatic amylase and lipase outputs.
The inhibition amounted to 63% for amylase and 43% for
lipase output, respectively (P < 0.05) (Table III). The time
course of bilirubin output is also given in Fig. 7. Loxiglumide
significantly reduced the intraduodenal bilirubin response by

tions reaching steady-state conditions after 60 min (data
not shown). No half-life determinations were done in these
studies and no side effects were recorded during the experi-
ments.

Meal experiments
Pancreatic enzyme and biliary response to test meal. Pancre-
atic amylase and lipase outputs increased immediately after
starting the meal perfusion (Fig. 7). Loxiglumide (22 Atmol/kg
per h), given as an intravenous infusion, antagonized mark-

Table II. Plasma CCKand PPConcentrations in Response
to Graded Doses of CCK8 With and Without a Concomitant
Infusion of Loxiglumide (22 ,.mol/kg per h)

CCK PP

Dose of CCK8 Control Loxiglumide Control Loxiglumide

ng/kg per h pmol/liter

0 (Basal) 2.5±0.1 2.0±0.3 15.6±2.6 14.4±2.4
5 3.8±0.3 3.5±0.6 24.3±6.5 13.2±3.4

10 4.5±0.3 4.6±0.5 29.0±3.2 12.6±1.6
20 7.9±0.6 7.1±0.7 36.1±8.5 11.4±1.8
40 13.2±2.0 12.0±1.7 57.8±7.7 14.5±2.0

The average of two blood samples taken at the end of each infusion
period was used to calculate group means and SEM; n = 6.
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Table III. Pancreatic and Biliary Secretory Responses
to Intraduodenal Test Meal Perfusion
With and Without Loxiglumide in Healthy HumanSubjects

Control (saline) Loxiglumide (22 ,mol/kg per h)

Bilirubin (mg) 39.3±11.9 16.1±7.0*
Amylase (KIU) 40.8±3.4 15.0±3.1*
Lipase (mg) 200±24 113±29*

AUC(over 120 min) above basal values; n = 6.
* P < 0.05 compared with control (saline).

59% (Table III, P < 0.05). Fluid secretion during meal perfu-
sion reached 308±65 ml/120 min in control experiments and
was not significantly different with the antagonist (379±127
ml/ 120 min).

Plasma CCKconcentrations. Fasting plasma CCKlevels
were 1.8±0.1 pmol/liter for experiments both with and with-
out loxiglumide. Perfusion of the meal into the duodenum
evoked a prompt and significant increase of plasma CCKcon-
centrations. Loxiglumide significantly augmented the CCK
response to intraduodenal meal stimulation (AUC with loxi-
glumide was roughly four times higher compared with control;
P < 0.05) (Fig. 8).

Plasma PP concentrations. Loxiglumide did not affect un-
stimulated plasma PP concentrations. Duodenal perfusion of
the test meal caused a significant increase in PP response
(AUC = 4,431±1,583 pM- 120 min, P < 0.05) during saline
perfusion. Loxiglumide completely suppressed (P < 0.05) this
response (AUC = 614±582, P < 0.05).

Discussion

Loxiglumide has been characterized as a new potent antago-
nist of CCK(8-12). In vitro studies have demonstrated higher
affinity of loxiglumide for peripheral CCKreceptors than for
brain CCK receptors and competitive antagonization of
CCK8-stimulated gallbladder contraction, pancreatic enzyme
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Figure 8. Plasma CCKconcentrations after intraduodenal meal per-
fusion with and without intravenous loxiglumide (22 gmol/kg per h)
in six healthy subjects. Data are mean±SEM.

release, and smooth muscle strip contractions (8-1 1). It is un-
likely that loxiglumide acts on postreceptor mechanisms as it
does not inhibit amylase release stimulated by agents such as
calcium ionophore A-23187 and 12-0-tetradecanoylphorbol-
13-acetate in vitro, which bypass receptor mechanisms (5). In
vivo data in dog and rat demonstrate competitive-like kinetics
of CCK-stimulated protein secretion (12, 25).

This is the first study to characterize the activity and selec-
tivity of loxiglumide as an antagonist of CCK8 in healthy
human volunteers. Here we have shown that CCK8-stimu-
lated pancreatic enzyme and biliary secretions as well as
plasma pancreatic polypeptide release can be antagonized in a
dose-dependent manner, whereas pancreatic bicarbonate out-
put stimulated by secretin, pancreatic enzyme responses to
bombesin, and pentagastrin-stimulated acid secretion were
unaffected by the compound. The antagonism was close to
complete in the physiological dose range of CCK8. The CCK8
dose-response curve was gradually shifted to the right by in-
creasing loxiglumide, indicating competitive-like kinetics.
These data suggest that the compound is a specific antagonist
of CCKin man interacting competitively with CCKreceptors
in the exocrine and endocrine pancreas and in the gallbladder.

CCKhas a variety of biological effects upon the gastroin-
testinal tract. There is good evidence that circulating CCK
accounts for a major fraction of postprandial pancreatic en-
zyme secretion and gallbladder contraction in man and ani-
mals (1). Furthermore, physiological effects on gastrointestinal
motility have been suggested (1, 6, 7). These conclusions are
based on animal data obtained with other CCKantagonists
and on indirect evidence obtained in humans. Wehave re-

cently demonstrated that administration of loxiglumide com-

pletely inhibits postprandial gallbladder contraction in healthy
human subjects, thus indicating that endogenously released
CCKis a major regulator of the postprandial gallbladder re-

sponse in humans (26).
The fundamental questions with regard to the physiologi-

cal role of CCKas a regulator of postprandial pancreatic en-

zyme and biliary secretions have recently been summarized by
Solomon (1): (a) Are plasma CCKlevels increased after a

meal? (b) What proportion of the postprandial enzyme secre-
tion is due to elevated plasma CCK?(c) Do other factors in-
teract with CCK to augment its effect on digestive enzyme
secretion?

The present study shows that a significant increase in
plasma CCK is found after perfusion of a test meal to the
duodenum, confirming several previous reports with oral food
intake (4, 27-29). The magnitude of the postprandial CCK
release amounted to 2-3 pmol/liter, which is in the same range
previously reported for oral meals (4, 27-29). Comparable
plasma CCK-like concentrations were found after infusion of
CCK8 in doses < 18.5 pmol/kg per h. These doses of CCK8
produced an increase of pancreatic amylase and lipase output,
respectively, therefore indicating that postprandial concentra-
tions of CCK-like immunoreactivity are able to stimulate exo-

crine pancreatic secretion. Pretreatment with the CCKantago-
nist loxiglumide inhibited the pancreatic enzyme responses to
food stimulation by 43-63% and bilirubin output by 59%.
Taken together, these findings suggest that the amount of CCK
released postprandially is sufficient to account for a substantial
number 'of the pancreatic enzyme and biliary responses to
intestinal meal stimulation. Weinterpret these data as direct
proof that circulating CCKis a major stimulatory pathway of

644 Hildebrand et al.



the intestinal phase of exocrine pancreatic and biliary re-
sponses and thus a true hormone.

Pronounced inhibitory effects have been described after
atropine administration or vagotomy on exocrine pancreatic
secretory responses, but not on plasma CCKrelease, suggest-
ing a major role for direct cholinergic stimulation of pancreatic
enzyme secretion during meal stimulation (30). The present
data are not a contradiction to these observations, but are
compatible with these latter results: a sustained secretory re-
sponse remained after administration of the CCKantagonist
loxiglumide, although all endogenous CCKshould have been
blocked in the study by loxiglumide. We take the residual
pancreatic secretory response in response to intestinal meal
stimulation observed in the blocker experiment as evidence for
the existence of other stimulatory mechanisms such as cholin-
ergic stimulation.

This study revealed that plasma CCKlevels were increased
three- to fourfold in the meal experiment with concomitant
loxiglumide administration. Owyang and co-workers have
shown that CCKrelease is regulated by intraduodenal trypsin,
suggesting that feedback control of pancreatic enzyme secre-
tion is operative in man (30). Thus, the reduced pancreatic
enzyme response observed in the blocker experiment could
induce stimulation of CCKthrough a positive feedback con-
trol.

The cholinergic mediation of PP release and its inhibition
by atropine are well established (31, 32). Here, we demonstrate
that loxiglumide nearly abolished intestinal phase-stimulated
plasma PP release. These findings extend the previous obser-
vations with atropine (31, 32) and suggest that both the cho-
linergic and the peptidergic (CCK) system are required for a
regular PP response to intestinal phase stimulation.

Several questions remain unanswered in this study. What
is the contribution of CCKto the cephalic and gastric phase of
pancreatic secretion? Do other factors interact with CCKto
augment its effect on pancreatic enzyme secretion during the
various postprandial phases? Which molecular form of CCKis
predominant after meal stimulation? More information is
clearly required to answer these questions.

In conclusion, the results of the present study support the
concept that cholecystokinin plays a physiological role in the
regulation of the intestinal phase of human pancreatic enzyme
and biliary secretions after meal stimulation. Weconclude that
CCKis an important gastrointestinal hormone in human di-
gestive physiology.
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