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Summary. Intraduodenal phenylalanine administration 
(333 mg/min over 60 min) released endogenous cholecysto- 
kinin in healthy young subjects as demonstrated radioim- 
munologicaily and by intraduodenal bilirubin and pancreatic 
enzyme output. Concomitantly, there was only a small in- 
crease over basal in circulating immunoreactive-insulin and 
immunoreactive-C-peptide concentrations. In healthy volun- 
teers intraduodenal infusions of saline (10 ml/min), glucose 
(333 mg/min) or phenylalanine (333 mg/min) were per- 
formed for 60 rain when plasma glucose was clamped at ap- 
proximately 8 mmol/l. Phenylalanine enhanced immunore- 
active-insulin and immunoreactive-C-peptide responses 
three-fold more than did the same amount of glucose. Immu- 
no-reactive gastric inhibitory polypeptide responses were 
small and not different after glucose and phenylalanine ad- 
ministration, lmmunoreactive cholecystokinin was signifi- 
cantly stimulated to 9.4_+ 1.4 pmol/l only by intraduodenal 
phenylalanine. Plasma phenylalanine concentrations in- 
creased into the supraphysiological range (approximately 
1.5 mmol/l). Intravenous infusions of phenylalanine achiev- 
ing plasma concentrations of 1.2 mmol/l stimulated insulin 

secretion at elevated plasma glucose concentrations (approx- 
imately 8 mmol/l clamp experiments), but had no effect at 
basal plasma glucose concentrations. A small increase in 
cholecystokinin also was observed. Intravenous infusions of 
synthetic sulphated cholecystokinin-8 leading to plasma con- 
centrations in the upper postprandial range (8-12 pmol/l) 
did not augment the immunoreactive-insulin or immunoreac- 
tive-C-peptide levels during hyperglycaemic clamp experi- 
ments, in the absence or presence of elevated plasma phenyl- 
alanine concentrations. It is concluded that the augmenta- 
tion of the glucose-induced insulin release by intraduodenal 
administration of phenylalanine cannot be related to chole- 
cystokinin release, but rather is explained by the combined 
effects of elevated glucose and phenylalanine concentrations. 
In man, cholecystokinin does not augment insulin secretion 
caused by moderate hyperglycaemia, elevations of phenylal- 
anine concentrations, or combinations thereof. 
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in, gastric inhibitory polypeptide, insulin secretion, phenylal- 
anine, amino acids. 

After the ingestion of  meals, insulin secretion is stimu- 
lated by a rise in glycaemia. In addition, insulinotropic 
gastrointestinal hormones are released, which stimu- 
late pancreatic B cells via the enteroinsular axis [1, 2]. 
This phenomenon is called the incretin effect [3, 4] and 
is responsible for up to 60% of the amount  of  insulin 
secreted in response to an oral glucose load [5, 6]. In 
man, gastric inhibitory polypeptide (GIP) is regarded 
as the main incretin candidate after glucose ingestion. 
GIP  is released during the process of  glucose absorp- 
tion [7] and enhances the insulin response to hypergly- 
caemia [8]. However, after a mixed meal, additional in- 
sulinotropic hormones may be released by the protein 
or fat content of the food, which have not been consid- 
ered typical incretins, because they are not released by 
glucose ingestion. 

Until a few years ago most cholecystokinin (CCK) 

preparations were contaminated with G I E  Therefore, 
the insulinotropic effect described for C C K  may have 
been due to GIP. In more recent studies, CCK has 
been shown to augment the insulin response to hyper- 
glycaemia in rats [9-12] and dogs [13], but not in pigs 
[14]. In rat pancreatic islets, specific C C K  binding sites 
have been demonstrated [15, 16]. Whether cholecysto- 
kinin, which is released after the ingestion of amino ac- 
id and fat containing meals [17-19], may act as an insu- 
linotropic hormone in man is less clear. A recent study 
suggested that intravenous infusions leading to physio- 
logical concentrations of  CCK-8 enhanced the insulin 
response to intravenous arginine and mixed amino ac- 
ids, but not glucose infusions [20]. 

It was the aim of  this study to elucidate the role, in 
healthy man, of  endogenously-secreted cholecystokin- 
in and of  intravenously administered exogenous 
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CCK-8, as an incretin hormone, during euglycaemic 
and hyperglycaemic clamp experiments. Part of the re- 
suits have been communicated in abstract form [45, 46]. 

Subjects and methods 

Experimental design 
Healthy volunteers without a personal or family history of diabetes 
participated in six experimental protocols (subject characteristic, 
Table 1). All gave informed consent after the procedures and possi- 
ble risks had been explained. The study protocol was approved by 
the committee for ethics in human research of the Medical Faculty 
at the Georg-August-University in Grttingen on May 13, 1986. 

Protocol (a), duodenal perfusion with phenylalanine solutions. In 
five male subjects, a double lumen duodenal tube was positioned 
under fluoroscopic control with openings in the upper and mid part 
of the duodenum (for infusion of phenylalanine solutions) and be- 
hind the ligament of Treitz (for continuous aspiration of duodenal 
contents). 

Protocol (b), hyperglycaemic clamp experiments with intraduodenal 
infusions of  saline (control), glucose, or phenylalanine. Eight subjects 
were studied on three occasions, the different experiments being per- 
formed in randomised order. Double lumen tubes were positioned 
under fluoroscopic control with openings in the antral region of the 
stomach (for continuous aspiration of gastric juice) and in the mid 
and lower part of the duodenum for the infusion of saline, glucose, 
or phenylalanine solutions. 

Protocol (c), intravenous infitsion of sulphated cholecystokinin-8 
during a hyperglycaemic clamp experiment. Of the 8 subjects partici- 
pating in protocol (b), 6 took part in an additional experiment, which 
was carded out in the same way as the hyperglycaemic clamp experi- 
ment with intraduodenal saline infusion. Synthetic sulphated CCK-8 
was infused intravenously. 

Protocol (d). intravenous infusions r  phenylalanine during hyper- 
glycaemic clamp experiments at a rate that elevates plasma phenylala- 
nine concentrations into the upper physiological range. Eight subjects 
participated. 

Protocol (e), intravenous infusions of  phenylalanine during hyper- 
glycaemic clamp experiments at a rate that elevates plasma phenylala- 
nhle concentrations into a similar range as observed during intraduo- 
denal administrations of  phenylalanine (20 g/h). Six subjects partici- 
pated. 

Protocol (f), intravenous infusions of  phenylalanine under basal 
conditions at a rate that elevates plasma phenylalanine concentrations 
into a similar range as observed during intraduodenal administration 
r  phenylalanine (20 g/h). Three subjects participated. 

Experimental procedures 
All studies were performed in the morning after an overnight fast. 
Two intravenous cannulas were placed into forearm veins. Infusions 
of glucose, saline, and CCK-8, and removal of blood specimens were 
performed on contralateral arms. 

tu (a). Approximately 30 min after positioning the duodenal 
tube, a perfusion with 0.9% NaCI, pH 6.0, 37~ 10 ml/min, was 
started. After 60 min, the perfusate was changed to contain phenylal- 
anine (for biochemical purposes, Merck AG, Darmstadt, FRG), 
20 g/600 ml (202 mmol/1), made isoosmolar to plasma with addi- 
tions of NaC1, adjusted to pH 6.0, and warmed to 37 ~ The infu- 
sion rate was 10 ml/min (121 mmol/h). At 120 min, the phenylala- 
nine solution was again replaced by saline. Blood was drawn before 
and at 30 min intervals during the intraduodenal peffusion for the 
determination of plasma glucose, immunoreactive (IR)-insulin, IR- 
C-peptide, IR-CCK, and phenylalanine concentrations. The duode- 
nal content was continuously aspirated from the distal duodenum 

Table 1. Subject characteristics of healthy volunteers participating in 
the studies 

Protocol Number Sex Age Height Weight Body mass 
index 

M / F  (years) (cm) (kg) (kg/m 2) 

(a) 5 5/0 25+3 185+ 8 79+ 5 23.3+0.9 
(b) 8 8/0 26+1 180+ 8 74+10 22.9+1.9 
(c) 6 6/0 26+1 181+ 9 77+ 9 23.5+1.7 
(d) 8 3/5 25+2 173+ 9 63+12 21.0+2.1 
(e) 6 3/3 25+2 176+11 65+13 20.7+2.3 
(f) 3 2/1 25+2 180+ 3 69+ 4 21.1+1.2 

Mean___ SD. Some subjects participated in more than one study 

and collected in 15 min fractions for the measurement of bilirubin, 
trypsin, and a-amylase. 

Protocol (b). Approximately 30 min after positioning the duodenal 
tube, a 180 min hyperglycaemic clamp was initiated aiming at a 
stable plasma glucose value of 8 mmol/1. Glucose (20% in water) 
was injected (approximately 0.12 g/kg body weight). The glucose in- 
fusion rate necessary to keep the desired plasma concentration was 
adjusted according to repeated plasma glucose measurements per- 
formed at 5 min intervals (Beckman Glucose Analyser 2, Beckman 
Instruments, Munich, FRG). Glucose infusion rates were proto- 
coiled in order to serve as a measure of the biological activity of cir- 
culating insulin concentrations [211. At 60 min, an intraduodenal in- 
fusion was started containing saline, glucose, or phenylalanine. The 
infusion rates were 10 ml/min. All solutions were made isoosmolar 
to plasma by adding appropriate amounts of NaC1, adjusted to 
pH 6.0, and prewarmed to 37 ~ Glucose and phenylalanine solu- 
tions contained identical amounts (20 g in 600 ml) of the respective 
substrate. Intraduodenal infusions were stopped at min 120. Blood 
was drawn before (O1, 02) the start of the experiment and at min 15, 
30, 45, 60, 75, 90, 105, 120, 150, and 180. Twenty-five min after start- 
ing the intraduodenal infusions, the duodenal content was aspirated 
for the measurement of bilirubin and trypsin concentrations. The in- 
fusions were interrupted for approximately 1 min for this purpose. 

Protocol (c). The experiment was carded out exactly as the hypergly- 
caemic clamp with intraduodenal saline infusion. From min 60 to 
120, synthetic sulphated CCK-8 (Bachem Feinchemikalien, Buben- 
dorf, Switzerland), was infused intravenously at a rate of 25 pmol. 
kg -1.h -1, and four-fold this infusion rate during the initial 5 min. 
The infusate contained 175 pmol/ml (measured: 195.3+ 
10.9 pmol/ml, n= 6) CCK-8, in physiological saline with an addition 
of human serum albumin, 2 g/I (Rhodalbumin 20%, salt-poor, Meri- 
eux, Norderstedt, FRG). Purity was checked by HPLC (one major 
peak) and by amino acid analysis. This solution was filtered through 
a Millipore filter (pore diameter 0.22 gm) and was pumped through 
infusion lines 30 min before starting intravenous infusions. Thus, ab- 
sorption of CCK to syringes and tubes during the period of intrave- 
nous infusion was minimised. There was no difference in CCK con- 
tent of the infusate before and after the period of infusion (data not 
shown). 

Blood was drawn and duodenal aspirates were obtained as de- 
scribed for Protocol (b), except that the duodenal sample was aspi- 
rated 7.5 min after starting the intravenous infusion of CCK-8. 

Protocol (d). The hyperglycaemic clamp was performed as described 
for Protocol (b). No duodenal tube was used. From min 60 to 120, a 
sterile and pyrogen free phenylalanine (20 g/l) solution (Braun Mel- 
sungen AG, Melsungen, FRG) was infused intravenously at a rate of 
1.7 .umol. kg-1. min-1, and twice this infusion rate during the initial 
10 min. Each subject was studied on two occasions. In random or- 
der, placebo or sulphated CCK-8 (Peninsula Laboratories, Mersey- 
side, England) were infused intravenously at a rate of 25 pmol. 
kg -1 .h -1, and four-fold this infusion rate during the initial 5 min. A 
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Table 2. Stimulation of pancreatic enzyme secretion, gall bladder contraction, and release of cholecystokinin during duodenal perfusions with 
phenylalanine (333 mg/min over 60 min). Duodenal content was continuously aspirated from the distal duodenum and collected in 15-min 
fractions 

Parameter Basal Peak Unit Time 0- | 20 min Unit 
value a value to peak integrated 

(min) incremental 
responses 

Duodenal output 
a-amylase 3.4_+ 1.4 12.2+_3.0 U- 103/15 min 15-30 30.1 _-!- 27.9 U- 103 
Trypsin 13.2 _+ 5.3 42.3 -+ 4.9 h U/15 min 15 - 30 78,5 _+ 50.4 U 
13ilirubin 1.4-+0.8 10.9+1.2" mg/15 min 15-30 18.9_+ 8.7 c mg 

Hasma concentrations 
IR-CCK 2.1 _+ 0.3 4.3 -+ 1.3 b pmol/l  60 187 -+ 162 r pmol. l -~. min 

Mean _-!-SEM, n =  5. ~ Duodenal output during the last 15 min of or, respectively, plasma concentrations after 60 min of duodenal saline perfu- 
sion (10 ml/min), b Significantly different (Student's paired t-test) from basal value (p_--< 0.05). ~Significantly different from zero (Student's 
t-test, p <  0.05) 

Table 3. Experimental protocols and clamp conditions 

Protocol Intraduodenal 
administration :' of 

Intravenous infusion of Plasma glucose concentration 

glucose phenyl- CCK ~ ~ Basal Steady b Coefficient 
(clamp) alanine ~ state of variation 

(mmol/l) (mmol/l) (%) 

(a) phenylalanine (20 g/h)  
(b) saline (10 ml/min) 

glucose (20 g/h)  
phenylalanine (20 g/h)  

(c) saline (10 ml/min) 
saline (10 ml/min) 

(d) 

(e) 

(f) 

variable 
variable 
variable 
variable 
variable 
variable 
variable 
variable 
variable 

- - 5.0+0.1 5.0+0.1 2.1 +0.7 
- - 5.0+0.1 7.9+0.1 4.2+0.5 
- - 4.9+0.1 7.8+0.1 4.7+0.5 
- - 4.9+0.1 7.8+0.1 5.4+0.6 
- - 5.1 -+0.1 8.0+0.1 4.3-+0.6 
- + 5.2_+0.1 7.9+0.1 4.1 +0.7 
+ (low) d - 5.1 _+ 0.2 8.1 -+ 0.1 8.9 -+ 1.1 
+ (low) 't + 5.0 _-!- 0.1 8.1 -+ 0.1 9.2 __ 1.6 
+ (high) ~ - 4.9 -+ 0.2 7.9 -+ 0.2 7.0 -+ 0.7 
+ (high) e + 4.9+0.1 8.1 -+0.1 6.4_+0,8 
+ (high) ~ - 5.0 _-!- 0.1 5.0 + 0.2 2.6 + 0,6 
+(high) e + 5.0+0.3 5.0-+0.2 2.1 -+0.3 

M ean + SEM. ~ From min 60-120, ~ from min 15-180, r 25 pmol. k g  i. h - ~, o 1.7 ~tmol �9 kg- 1. min - 1, ~ 17 p, mol - kg- 1. m i n  1 

high purity (>99%) was guaranteed by the supplier and checked by 
HPLC and amino acid analysis. The infusate was prepared as de- 
scribed for Protocol (b). 

l~'otocol le). The experiments were performed as described for Proto- 
col (d), except that phenylalanine infusions were performed at a rate 
of 17 .umol. kg -1 .min -1. 

P~'otocol C[). The experiments were performed as described for Proto- 
col (e). However, blood glucose was not elevated by intravenous glu- 
cose infusions. 

Blood was drawn into heparinised tubes or (for the determina- 
tion of IR-glucagon) into tubes containing EDTA (5 mg) and aprot- 
inin (0.35 mg or 2500 KIU, Trasylol, Bayer AG, Leverkusen, FRG), 
in a volume of 0.125 ml, and kept in ice until sedimenting blood cells 
by centrifugation. 

Glucose was assayed immediately using a Beckman glucose ana- 
lyser 2 (glucose oxidase method). Insulin immunoreactivity was de- 
termined in plasma according to Melani et al. [221 using human insu- 
lin as standard, lmmunoreactive C-peptide was measured using a 
commercial radioimmunoassay kit (Mallinckrodt Diagnostica, Diet- 
zenbach, FRG). Immunoreactive CCK was estimated according to 
[23], using antiserum G-160 and sulphated CCK-8 for tracer prepara- 
tion and as standard. Gastric inhibitoR, polypeptide was measured 
by the method of Kuzio et al. [24] using antibody Goe 5/76/9 and 
natural porcine GIP (purchased from Dr. J.C. Brown) as standard, 

with some modifications [25]. Immunoreactive gastrin was deter- 
mined as described by Mayer et al. [26] using antiserum 118/2/4A 
and human gastrin-17 (Ser,,'a Feinbiochemica, Heidelberg, FRG) for 
tracer preparation and as standard, lmmunoreactive glucagon was 
measured using a commercial radioimmunoassay kit (Biodata Labo- 
ratories, obtained from Serono Diagnostika, Freiburg, FRG). Plasma 
phenylalanine and tyrosine concentrations were measured on an Al- 
pha Plus Amino Acid Analyser (LKB Biochrom Ltd., Cambridge, 
England). In duodenal aspirates, bilirubin concentrations were mea- 
sured according ot [27], trypsin [28] using the artificial substrate ben- 
zoyl arginine p-nitroanilide (Boehringer Mannheim, Mannheim, 
FRG), and a-amylase according to [291 using starch as substrate and 
35 dinitro salicylic acid as colour reagent. 

Statistical analysis 

Results are presented as mean_+ SEM for the number of determina- 
tions indicated. Integrated incremental responses are calculated ac- 
cording to the trapezoidal rule (minus mean baseline values). Signifi- 
cances of differences were estimated by paired or unpaired Student's 
t-tests (two-tailed), when appropriate. Comparisons of group means 
between more than two experimental points (repeated measure- 
ments, three protocols) were carried out using Peritz' F test for multi- 
ple comparisons [30]. 
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Fig.1. Plasma phenylalanine concentrations during intraduodenal 
(upper panel) and intravenous (lower panel) administrations of 
phenylalanine. Dotted and hatched bars indicate the period of 
phenylalanine (and CCK) infusion. Symbols for the upper panel: 
[3---13: Perfusion under basal conditions with permanent withdraw- 
al of jejunal contents. II-------l: Infusion during hyperglycaemic 
clamp experiments. Symbols for the lower panel (intravenous infu- 
sion during hyperglycaemic clamp experiments): 7---x7 ; v - -V  : 
low rate (l.7p.mol.kg-J.min-1); O---O; Ik----O: high rate 
(17 lamol-kg-l-min-1). Open symbols: Without exogenous CCK. 
Closed symbols: with concomitant infusions of sulphated CCK-8 

Results 

Intraduodenal administration of phenylalanine under 
basal (euglycaemic) conditions 

Duodenal perfusions with a phenylalanine solution 
(333 mg/min)  increased exocrine pancreatic secretions 
(trypsin and amylase output). Gall bladder contraction 
was evident from a more than 10-fold increase in bili- 
rubin output, and invariably began 20 to 25 min after 
starting the intraduodenal phenylalanine administra- 
tion. This biological evidence for the release and action 
of  cholecystokinin was confirmed by radioimmunolog- 
ical measurement (Table 2). There was a slight increase 
in circulating I R-insulin (from basal 0.036-+0.001 to 
0.071 -+ 0.006 nmol/1, p <  0.05) and IR-C-peptide (from 
basal 0.39+0.04 to 0.52-+0.03 nmol/1, p<0.05) during 
the period of intraduodenal phenylalanine infusion, 
which was not accompanied by any change in plasma 
glucose concentrations (5.0_+0.1 mmol/ l ,  Table3). 
Phenylalanine concentrations increased from basal 
0.04_+ 0.00 mmol/ l  to 0.33 _+ 0.03 mmol / l  after 30 min 
and to peak values of  1.19+_0.08 mmol/1 after 60 min 
(Fig.l),  accompanied by a smaller increase in plasma 
tyrosine concentrations from basal 0.04_+0.01 to 
0.10+0.01 mmol / l  (data not shown). 
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Fig.2. Plasma IR-insulin (upper panel) and IR-C-peptide (lower 
panel) responses during hyperglycaemic clamp experiments (approx- 
imately 8 mmol/l) with intraduodenal infusions (10 ml/min) of sa- 
line (control experiment O-----O), glucose (333 mg/min O---O), 
and phenylalanine (333 mg/min A---A). Asterisks indicate signifi- 
cantly different value (Peritz' F test, p<0.05) from the control experi- 
ment (saline infusion, ~), or from the experiment with intraduodenal 
glucose administration (0). Hatched bars indicate the period of in- 
traduodenal administration of saline, glucose, or phenylalanine, re- 
spectively 

Intraduodenal administration of saline, glucose (20 g/h), 
and phenylalanine (20 g/h) during hyperglycaemic 
(8 mmol/l) clamp experiments 

While maintaining a hyperglycaemic clamp (plasma 
glucose concentration 8.0 mmol/ l ,  Table 3), IR-insulin 
and IR-C-peptide concentrations rose gradually over 
the period of 180 min (Fig.2). Therefore, in line with 
previous reports [31], it was necessary to increase the 
glucose infusion rate in the course of the experiments 
(Fig.3). Intraduodenal infusions of  a glucose solution 
(333 mg/min  administered over 60 min) stimulated in- 
creases in IR-insulin (to 0.53_+0.18 nmol / l  at 105 min) 
and IR-C-peptide (to 2.54_+0.27 nmol / l  at 105 min, 
Fig.2). These values were higher than with intraduo- 
denal saline infusions, although the difference did 
not reach statistical significance (Peritz' F test, p=< 
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]'able 4. Insulin secretion and cumulative glucose infusion rates necessary to maintain stable hyperglycaemia during clamp experiments 

Protocol Intraduodenal  Intravenous infusion of  Cumulative Integrated incremental response b 
administration o P  glucose 

glucose phenyl- CCK" infusion b IR-insulin IR-C-peptide 
(clamp) alanine '~ (g/kg) (nmol.  1-1. min) (nmol.  1-1. min) 

(a) phenylalanine - - - 0.00_+0.00 2.1_+ 0.4 14.0_+ 3.3 
(b) saline + - - 0.81 + 0.14 9.3_+ 1.7 53.0_+ 10.0 

glucose + - - 0.92 _+ 0.15 37.0 _+ 13.7 83.1 _+ 14.5 
phenylalanine + - - 1.71 + 0.21" 88.1 +20.4 ~ 220.6+32.5 c 

(c) saline + - - 0.64 -+ 0.07 8.9 -+ 2.3 49.5 -+ 13.3 
saline + - + 0.63 -+ 0.11 7.5 + 3.5 52.4-+ 16.3 

(d) - + + (low) d - 1.39 -+ 0.14 11.2 _+ 1.5 61.8 _+ 15.3 
- + +( low) d + 1.36+0.16 13.3-+ 2.8 76.4_+ 9.7 

(e) - + +(high) ~ - 1.76-+0.231 38.5-+ 8.4 f 162.2_+29.3 f 
- + +(high) ~ + 1.63 + 0.23 f 34.1-+ 5.9 t 156.4_+29.4 f 

(f) - - +(high)  ~ - 0.04-+0.04 2.4+ 1.4 23.1 _+ 8.4 
- - +(high)  ~ + 0.00-+0.00 1.9_+ 0.9 14.9_+ 4.4 

min 60-120, b min 60 I 180 (i. e,, after introduction of  the stimuli), c significant difference (Peritz" F-test, p_-< 0.05) to the respective control exper- 
iment (intraduodenal saline infusion), d 1.7 .ttmol - kg-1.  rain 1, c 17 I, tmol �9 kg -  i. m i n -  ~, t significant difference (Student 's  t-test, p-_< 0.05) to the 
respective control experiment (without intravenous phenylalanine infusion) 
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Fig.3. Plasma glucose concentrations (upper 
panels) and glucose infusion rates necessary for 
reaching and maintaining the desired concentra- 
tion range (lower panels) for hyperglycaemic 
clamp experiments with intraduodenal infusions 
(10 ml /min)  of  saline ( - ; ,  left panels), glucose 
(333 rag/rain, E:-~, middle panels), and phenyl- 
alanine (333 mg/min,  ~ ,  fight panels). Aster- 
isks indicate significantly different value (Peritz' 
F test, p<0.05)  from the control experiment (sa- 
line infusion, *), or the experiment with intra- 
duodenal  glucose administration ( 0 )  

Table 5. Stimulation of  gall bladder  contraction and of  pancreatic trypsin secretion: concentrations of  bilirubin and trypsin in samples of  duo- 
denal content during intraduodenal infusions of  saline (10 ml /min,  control), glucose (333 mg/min) ,  and phenylalanine (333 mg/min) ,  or during 
intravenous infusions of  sulphated CCK-8 (25 pmol.  kg-1.  h-1). Hyperglycaemic clamp experiments (plasma glucose approximately 8 mmol/ l )  

Protocol Number  lntraduodenal  Intravenous Bilirubin Trypsin 
infusion of  infusion of  concentration concentration 

(mg/l)  (U/I)  

(b) 8 saline glucose 16_+ 7 84.1 _+46.4 
8 glucose glucose 18 + 13 23.4 +__ 9.0 
8 phenylalanine glucose 216 _+ 51 a 339.4 + 63.4 ~' 

(c) 6 saline glucose 20_+ 9 106.9_+ 78.9 
6 saline CCK-8 s + glucose 314_+ 99 h 333.7 _+ 58.7 ~ 

Mean + SEM. Protocol (b): samples aspirated 25 rain after starting intraduodenal  infusions. Protocol (c): Samples aspirated 7.5 min after start- 
ing intravenous infusions of  sulphated CCK-8.  ~ Significant difference (p<0.05,  Peritz' F-test) to experiments with intraduodenal saline or glu- 
cose. b Significant difference (p_--< 0.05, Student 's  t-test) to experiments without CCK-infusions 
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0.05). Only towards the end of the experiment a higher 
glucose infusion rate was necessary (Fig.3, asterisk), 
indicating that the intraduodenal glucose infusion did 
not cover the increased glucose need. 
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Fig.4. Plasma IR-CCK-8 equivalents' (upper panel) and IR-GIP 
(lower panel) responses during 180 min hyperglycaemic clamp ex- 
periments (approximately 8 mmol/I) with intraduodenal infusions 
(10ml/min) of saline (control experiment O----~), glucose 
(333 mg/min O---O) ,  or phenylalanine (333 mg/min A---A) from 
min 60-120 (hatched bars). Asterisks indicate significantly different 
value (Peritz' F test, p<0.05) from the control experiment (saline in- 
fusion, ~) or from the experiment with intraduodenal glucose ad- 
ministration ( 0 )  
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lntraduodenal administration of phenylalanine 
raised plasma phenylalanine concentrations from basal 
0.05+_0.01 to 0.94+0.11 mmol/I  after 30 min and to 
1.18 +- 0.08 after 60 min (Fig. 1). Plasma phenylalanine 
concentrations rose further after cessation of intradu- 
odenal infusions. This rise in phenylalanine concentra- 
tions was accompanied by a small increase in tyrosin 
levels from basal 0.06 + 0.01 to 0.09 _-!-0.01 mmol/ l  after 
60 min and to 0.11 +0.02 mmol/I  after 120 min. IR-in- 
sulin increased (to 1.19+-0.23 mmol/1 at 150 min) and 
IR-C-peptide rose (to 4.27+_0.53 nmol/ l  at 180 min). 
This elevation in lR-insulin and C-peptide persisted 
over the period of phenylalanine infusion. The I R-in- 
sulin and IR-C-peptide values reached as well as the 
integrated incremental areas (from the start of the in- 
traduodenal infusion until the end of the experiments) 
were significantly greater than those during and after 
intraduodenal saline or glucose administration (Fig.2, 
Table 4). As a consequence, more glucose had to be in- 
fused to maintain a plasma glucose concentration of 
8 mmol / l  (Fig.3). 

Only intraduodenal phenylalanine infusions led to 
higher concentrations of bilirubin and trypsin in duo- 
denal aspirates (Table 5). The apparent stimulation of 
exocrine pancreatic secretion and gall bladder contrac- 
tion is explained by the secretion and action of CCK 
as measured radioimmunologically (Fig.4, upper pan- 
el, Table 6). Intraduodenal saline or glucose infusions 
did not release CCK as shown by the insignificant 
changes throughout the period of their intraduodenal 
administration. IR-GIP plasma concentrations in- 
creased slightly but significantly during both intradu- 
odenal glucose and phenylalanine administration 
(Fig.4, lower panel, Table 6). 

IR-gastrin concentrations were stimulated in some, 
but not all subjects, by the intraduodenal administra- 
tion of phenylalanine, from basal 4.9___2.8 pmol/ l  to 
37.7+17.7 pmol/ l  at 120min (p<0.05). IR-glucagon 
was depressed slightly by raising plasma glucose con- 
centrations to 8 mmol/l .  There was no evidence for a 
stimulation of glucagon secretion by the intraduodenal 
administration of phenylalanine during hyperglycae- 
mic clamp experiments (Table 6). 

Table 6. Integrated incremental responses of IR-CCK-8-equivalents, IR-GIP, IR-glucagon, and IR-gastrin-17-equivalents to intraduodenal ad- 
ministrations of saline (control), glucose (333 mg/min), or phcnylalanine (333 mg/min) during hyperglycaemic (approximately 8 mmol/l) 
clamp experiments. Integrations were carried out over 120 min (min 60 to 180, of 180 min clamp experiments) 

Hormone Unit Intraduodenal administration of: 

saline glucose phenylalanine 

IR-CCK-8 pmol . l - l -min  ll0+_ 31 105_+ 37 455+ 58 ~Lb 
IR-GIP pmol. 1 1. min - 471 -+ 187 1808 + 355 a 2799 _+ 649 ~ 
I R-glucagon pmol. 1 - 1. min 10 _-Z- 132 - 104 +__ 138 201 + 140 
IR-gastrin pmol-l-1, min 358 + 400 219 + 71 2002 + 887 

Mean + SEM, n= 8. Significances of differences were calculated using Peritz' F-test. a Significant difference (p< 0.05) to the control experiment 
(saline administration), h Significant difference (/7<0.05) to the experiment with intraduodenal glucose administration 
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Fig.5. IR-CCK-8 equivalents (upper 
panels), IR-insulin (middle panels) and 
IR-C-peptide (lower panels) during 
180 min hyperglycaemic clamp experi- 
ments (approximately 8 mmol/l) with 
(0-----0) or without (O---O) the intra- 
venous infusion of sulphated CCK-8 
(25 pmol.kg I.h-1) from min 60 to 120. 
Left panels (A): no intravenous phenyl- 
alanine (Protocol c). Middle panels (B): 
low rate (1.7 pmol.kg 1-min -1) intrave- 
nous phenylalanine infusion (rain 60 to 
120; Protocol e). Right panels (C): high 
rate (17 rtmol �9 kg- ~. min - 1) intravenous 
phenylalanine infusions (rain 60 to 120; 
Protocol f). Mean _+ SEM. Open U, 
dotted [], and hatched ~ bars indi- 
cate period of intravenous phenylalanine 
and/or CCK-8 administration 

Intravenous inJi~sion of sulphated cholecystokinin-8 dur- 
ing hyperglycaemic (8 mmol/l) clamp experiments. When 
sulphated CCK-8 was infused intravenously in the 
course of  a hyperglycaemic clamp experiment, plasma 
concentrations rapidly reached 11.2-+ 1.0 pmol/ l ,  and 
did not change during the period of  infusion. Thereaf- 
ter, a rapid decline to basal levels was observed 
(Fig.5A, upper panel). IR-insulin and IR-C-peptide 
concentrations were not altered by these CCK-8 con- 
centrations in the upper physiological range, when 
compared to the hyperglycaemic clamp experiment 
without CCK infusions, carried out in the same sub- 
jects (Fig.5A, middle and lower panel). The biologic 
activity of the CCK-8 infused was ascertained by the 
demonstration of  significantly increased bilirubin and 
trypsin concentrations in duodenal aspirates. The stim- 
ulation of  exocrine pancreatic secretion and of  gall 
bladder contraction occurred earlier (7.5 min after 
starting the intravenous infusion of  CCK) than with 
intraduodenal administrations of  phenylalanine 
(Table 5). 

Intravenous infusions of phenylalanine during hypergly- 
caemic clamp experiments. Intravenous infusions of  
phenylalanine elevated plasma phenylalanine concen- 
trations to peak values of  0.13_+0.01 mmol/1 (low infu- 
sion rate) or 1.27_+ 0.04 mmol/ l  (high infusion rate) af- 
ter 60 min (Fig. l), independent of whether or not 
CCK-8 was infused concomitantly. With the low phe- 
nylalanine infusion rate, IR-insulin and IR-C-peptide 
concentrations increased only very little over the val- 
ues observed under hyperglycaemic clamp conditions 
alone (Fig. 5 B, Table 4). With the higher phenylalanine 
infusion rate (total amount  infused: 12.8 -+ 1.0 g, within 
60 min), IR-insulin increased to 0.69_+0.16 nmol / l  and 
IR-C-peptide to 3.38-+0.32 nmol/ l .  These values were 
higher than with the lower phenylalanine infusion rate 
(total amount  infused: 1.2_+0.1 g, within 60 min), but 
still lower than those observed with intraduodenal ad- 
ministration of  phenylalanine (20 g over 60 min). The 
difference was significant for integrated incremental 
IR-insulin values (88.1 _+20.4 versus 38.5-+8.4 nmol.  
l - t -min ,  p=0.02), but not for integrated incremental 
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IR-C-peptide values (220.6+32.5 versus 162.2-+ 
29.3nmol . l - l .min,  p=0.101; Table4). The plasma 
phenylalanine concentrations under these conditions 
(20 g/h intraduodenally versus 12.8 _+ 1.0 g/h intraven- 
ously) were similar during the period of phenylalanine 
administration (min 60 to 120, Fig. 1), but further rose 
after cessation of intraduodenal infusions (continued 
presence of phenylalanine in the gut lumen). Both the 
low and the high rate intravenous phenylalanine infu- 
sion increased I R-CCK-8 concentrations significantly, 
to 3.9_+0.5 (p_-<0.02) and 5.2_+0.8 (p~0.003)pmol/1, 
respectively. Additional intravenous infusions of sul- 
phated CCK-8, which raised plasma CCK-8 concen- 
trations into the postprandial range (Fig.5B and C, 
upper panels), did not stimulate insulin secretion fur- 
ther. This lack of action of CCK-8 was evident with a 
background of moderately or supraphysioiogically ele- 
vated plasma phenylalanine concentrations. 

Intravenous infusion of phenylalanine during basal (eu- 
glyeaemic) conditions. Like intraduodenal administra- 
tions of phenylalanine under basal (euglycaemic) con- 
ditions (Table 2), intravenous phenylalanine infusions 
were followed by minute increases in IR-insulin and 
IR-C-peptide (Table 4). Phenylalanine concentrations 
were similar to those during hyperglycaemic experi- 
ments (data not shown). Intravenous infusions of 
CCK-8 did not augment insulin secretion due to intra- 
venous phenylalanine infusions under euglycaemic 
conditions. 

Discussion 

This study confirms that intraduodenal infusions of 
phenylalanine release CCK and, thereby, increase the 
concentration of bilirubin and enzymes in the duode- 
num [18, 19]. Simultaneously, plasma levels of insulin 
and C-peptide only slightly increase. The same intra- 
duodenal infusion of phenylalanine during hyper- 
glycaemic clamp conditions induces a dramatic in- 
crease of insulin and C-peptide, while a comparable 
intraduodenal infusion of glucose (20 g/h) is not capa- 
ble of significantly augmenting insulin secretion. This 
effect of phenylalanine cannot be related to the release 
of CCK because an infusion of CCK-8 during hyper- 
glycaemic clamp conditions induced pancreas secre- 
tion and gall bladder contraction, but no changes of in- 
sulin and C-peptide levels (Fig. 5 A). 

Glucose-dependent stimulation of insulin secretion 
of similar magnitude is also seen with intravenous in- 
fusions of phenylalanine (Fig.5, Table 4), which result 
in plasma concentrations similar to those following in- 
traduodenal administrations of this amino acid. This 
confirms older studies which demonstrated minor in- 
sulin release after large quantities of intravenous phe- 
nylalanine under basal conditions [32] and synergistic 
actions of certain amino acids and glucose [33, 34]. It 
cannot be deduced from the present study whether in- 

traduodenal administration of phenylalanine releases 
more insulin than does intravenous infusion of the 
same amount, as shown for amino acid mixtures [35], 
because the quantities administered aimed at similar 
plasma concentrations rather than identical amounts. 
It is not certain, whether additional hormonal factors 
contribute to the stimulation of insulin secretion after 
intraduodenal phenylalanine: Integrated incremental 
responses of insulin and C-peptide were lower after 
stimulation with intravenous phenylalanine, but only 
the difference in insulin values was significant 
(Table 4). This suggests that the activity of the enteroin- 
sular axis [1, 2] after intraduodenal phenylalanine un- 
der hyperglycaemic conditions is mainly mediated by 
substrate stimulation. Nevertheless, permissive factors 
or a combined action of several stimuli have to be dis- 
cussed. 

An elevation of glucose concentrations into the 
range that corresponds to the maximum plasma levels 
after oral glucose loads [5, 6] or mixed meals [36] is es- 
sential for an effect of intraduodenal or intravenous 
phenylalanine on insulin secretion (Table 4). 

The plasma phenylalanine concentrations reached 
with our regimen of intraduodenal administration were 
far above those observed postprandially [37] and even 
after a large oral protein load [38]. Therefore, two regi- 
mens of intravenous phenylalanine administration 
have been studied during hyperglycaemic clamp con- 
ditions. The lower infusion rate resulted in phenylala- 
nine concentrations just above those measured after a 
meat meal [38] and did not significantly augment insu- 
lin secretion. On the other hand, phenylalanine admin- 
istration (intraduodenally, 20 g over 60 min; intraven- 
ously, 12.8 g over 60 min) resulting in supraphysiologi- 
cal plasma levels had an insulinotropic effect. How- 
ever, 10-fold physiological plasma levels may be 
considered pharmacological. 

With 20 g of this amino acid administered over a 
period of 60 min, a small, but significant increase in 
IR-GIP plasma concentrations was noted (Fig.4), al- 
though phenylalanine is among the amino acids that 
have been reported not to stimulate the release of GIP 
after their intraduodenal administration [39]. This in- 
crease in GIP levels was comparable to the GIP re- 
sponse during intraduodenal infusion of 20 g glucose 
over 1 h which did not significantly augment the insu- 
lin secretion during the hyperglycaemic clamp. How- 
ever, interactions of GIP and amino acids appear pos- 
sible: insulin release during intravenous administra- 
tions of mixed amino acids is enhanced by GIP in 
dogs [40], and arginine has been shown to augment the 
effect of GIP on insulin secretion in the isolated per- 
fused rat pancreas [41]. 

Gastrin was increased by intraduodenal phenylala- 
nine in some, but not in all of the subjects studied 
(Table 6). Gastrin responses did not correlate to insulin 
or C-peptide responses, and the maximum concentra- 
tions reached was lower than necessary for glucose-de- 
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pendent insulinotropic effects [42]. Therefore, a partici- 
pation of gastrin in the activity of the enteroinsular 
axis after phenylalanine can be excluded. 

CholecystokhTin, under experimental conditions is 
insulinotropic in rodents [9-12, 43, 441 and dogs [13], 
but not in pigs [14]. In humans the role of CCK as a 
stimulus to insulin secretion is less clear. The incretin 
effect after oral glucose does not involve CCK because 
there is, at most, a moderate increase in circulating 
CCK concentrations after a simple carbohydrate chal- 
lenge [17], and elevated CCK concentrations main- 
tained by intravenous infusion of CCK-8 do not en- 
hance the rate of insulin secretion during hyperglycae- 
mic clamp experiments (Fig.5A) or intravenous glu- 
cose infusions [20]. In contrast, exogenous CCK-8 
enhanced insulin secretion after either intravenous ar- 
ginine or mixed amino acid stimulation [20], suggesting 
that CCK could act as a physiological incretin after 
mixed meals. However, arginine in a dose of 15 g is a 
supraphysiological stimulus to insulin secretion, and 
also the intravenous infusion of 15 g mixed amino ac- 
ids [20] will elevate plasma amino acids more than a 
mixed meal. 

The present study tested possible effects of endo- 
genously secreted CCK (after stimulation via intraduo- 
denal phenylalanine) and of exogenously administered 
sulphated CCK-8. With intraduodenal phenylalanine 
as the stimulus, a contribution of CCK to the large 
amount of insulin secreted appeared possible. This ef- 
fect, however, could be largely mimicked by intrave- 
nous phenylalanine infusions and the insulin secretion 
rates could not be changed by additional infusions of 
CC K (Fig. 5). 

After having explained the exaggerated insulin re- 
lease after intraduodenal phenylalanine under hyper- 
glycaemic conditions, the lack of significant incretin 
stimulation by intraduodenal glucose needs to be dis- 
cussed. In previous studies, the incretin stimulation 
contributed approximately 20% to insulin secretion af- 
ter 25 g oral glucose [6]. In the present study, an even 
lower amount of glucose was administered. As demon- 
strated by the small GIP response (Fig.4), a constant, 
slow intraduodenal administration of 20 g glucose may 
stimulate the release of incretin hormones less than a 
glucose load delivered to the duodenum by gastric 
emptying. 

In conclusion, intraduodenal phenylalanine admin- 
istrations under hyperglycaemic conditions release 
more insulin than does the same amount of glucose. 
Although CCK is released, the stimulation of insulin 
secretion via the enteroinsular axis is largely due to in- 
teractions of elevated glucose and phenylalanine plas- 
ma concentrations (substrate stimulation). Exogenous 
infusion of CCK-8 in physiological concentrations 
does not augment insulin release induced by intrave- 
nous infusions of glucose and phenylalanine. These re- 
sults do not support a role as an incretin hormone for 
cholecystokinin in man. 
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