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Abstract

Background/Objectives

Gut hormones such as cholecystokinin (CCK) and glucagon-like peptide-1 (GLP-1) play a

role as satiation factors. Strategies to enhance satiation peptide secretion could provide a

therapeutic approach for obesity. Carbohydrates and lipids have been extensively investi-

gated in relation to peptide release. In contrast, the role of proteins or amino acids is less

clear. Our aim was to compare the effects of the amino acids L-tryptophan (L-trp) and L-leu-

cine (L-leu) separately on gastric emptying and gut peptide secretion.

Participants/Methods

The study was conducted as a randomized (balanced), double-blind, parallel-group trial. A

total of 10 lean and 10 non-diabetic obese participants were included. Participants received

intragastric loads of L-trp (0.52 g and 1.56 g) and L-leu (1.56 g), dissolved in 300 mL tap

water; 75 g glucose and 300 mL tap water served as control treatments.

Results

Results of the study are: i) L-trp at the higher dose stimulates CCK release (p = 0.0018), and

induces a significant retardation in gastric emptying (p = 0.0033); ii) L-trp at the higher dose

induced a small increase in GLP-1 secretion (p = 0.0257); iii) neither of the amino acids mod-

ulated subjective appetite feelings; and iv) the two amino acids did not alter insulin or glu-

cose concentrations.
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Conclusions

L-trp is a luminal regulator of CCK release with effects on gastric emptying, an effect that

could be mediated by CCK. L-trp’s effect on GLP-1 secretion is only minor. At the doses

given, the two amino acids did not affect subjective appetite feelings.

Trial Registration

ClinicalTrials.gov NCT02563847

Introduction

Gut hormone secretion from enteroendocrine cells occurs in response to various nutrient

components, including carbohydrates, fats and proteins. Carbohydrates, glucose in particular,

and lipids, with a focus on long-chain fatty acids, have been extensively investigated in stimula-

tion of incretin responses [1]. In contrast, the role of individual amino acids, the building

blocks of proteins, in triggering gut hormone release has been less studied and remains an area

of controversy. Gut hormones, such as cholecystokinin (CCK) and glucagon-like peptide-1

(GLP-1), play a role as satiation factors [2]. Strategies to enhance satiation peptide secretion

could provide a therapeutic approach for treating obesity.

For example, an intraduodenal infusion of a mixture of tryptophan, valine, methionine and

phenylalanine dose-dependently stimulated CCK release and bile salt secretion, whereas an

intraduodenal administration of a mixture of arginine, histidine, leucine/isoleucine, lysine and

threonine did not change CCK concentrations or bile salt secretion [3]. This finding supports

the hypothesis that gut peptide release is dependent upon the nature of the specific nutrient.

The aromatic amino acid, L-tryptophan, is of particular interest as previous studies have

reported a potent effect on antropyloroduodenal motility and food intake [4, 5]. In addition, it

has been shown that L-tryptophan stimulates CCK secretion when administered to humans [4,

6–8]. On the other hand, the branched-chain amino acid, L-leucine, can act as a nutrient signal

to reduce food intake [9]. Whether supplementation of L-trp, in doses close to recommended

daily amounts, and L-leu, in doses isocaloric to L-trp, affects CCK and GLP-1 release and

appetite feelings warrants further investigation.

The primary aim of this present study was therefore to characterize the effect of L-trypto-

phan (L-trp) and L-leucine (L-leu) on the release of the satiation peptides, CCK and GLP-1, as

well as on appetite sensations. A secondary outcome was to investigate gastric emptying rates

of L-trp and L-leu. As the obese have a disturbed glycemic control with increased glucose and

insulin concentrations [10], we were also interested in comparing the effects between lean and

non-diabetic obese participants. The selection of the L-trp doses was based close to the daily

intake recommended by the World Health Organization, WHO [11, 12]. For L-leu an isocalo-

ric approach to L-trp was chosen.

Materials and Methods

Participants

A total of 10 lean volunteers (mean BMI: 21.7 ± 0.5 kg/m2, range 19.9–24.3 kg/m2; 5 men and

5 women; mean age: 24.6 ± 0.2 years, range 24–26 years), and 10 non-diabetic obese partici-

pants (mean BMI: 40.0 ± 1.4 kg/m2, range 33.8–48.2 kg/m2; 5 men and 5 women; mean age:

27.2 ± 2.8 years, range 20–48 years), took part in the study; all were healthy. The samples sizes
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for this study were chosen based on the results obtained in a pilot study using CCK release and

gallbladder contraction to L-tryptophan as a parameter. L-tryptophan induced threshold to

submaximal gallbladder contraction and a dose-dependent increase in CCK release. A sample

size of 10 participants in each group will allow the detection of large differences in parameters

(> 50%) between the treatment groups.

Overall study design

The study was carried out in accordance with the Declaration of Helsinki; the protocol was

submitted and approved by the Local Research and Ethics Committee in Basel (Ethikkommis-

sion Nordwest- und Zentralschweiz (EKNZ):2014–072; approval date: 16. May 2014). Partici-

pants were recruited by word of mouth (flyers on community notice boards) and followed-up

over a five month period (20th May 2014—25th October 2014). Each participant provided

written informed consent. The study is registered at ClinicalTrials.gov (NCT02563847) and

occurred after enrolment of participants commenced. As this study protocol is part of a larger

obesity cohort study, submitting this data would have entailed a sharing of confidential, sensi-

tive information about our research plans. The authors confirm that all ongoing related trials

for this intervention are registered. Exclusion from participation included smoking, substance

abuse, regular intake of medications, psychiatric or medical illness (especially diabetes, exclu-

sion criteria: fasting blood glucose�7.0 mmol/L) and any abnormalities detected on physical

examination or laboratory screening. None of the participants had a history of gastrointestinal

disorders, food allergies or dietary restrictions. Anthropometric measurements, including

weight, height, BMI, as well as heart rate and blood pressure, were recorded. Participants were

instructed to abstain from alcohol and strenuous exercise for 24 hours before each treatment.

Participants consumed a simple carbohydrate-restricted standard dinner before 0800 PM and

fasted from 1200 AM (midnight) onwards. Participants were admitted to the Phase 1 Research

Unit of the University Hospital Basel at 0800 AM; an antecubital catheter was inserted into a

forearm vein for blood collection.

Participants swallowed a radiopaque polyvinyl feeding tube (external diameter 8 French).

The tube was placed through an anesthetized nostril; its intragastric position was confirmed by

rapid injection of 10 mL of air and auscultation of the upper abdomen. The rationale for

intragastric administration of the nutrients was to bypass oro-sensory cues and thus provide

information on the isolated properties of nutrients, as well as on the relative role of the gastro-

intestinal tract in the secretion of satiation peptides and the short-term control of appetite.

Volunteers were seated in a comfortable chair during the session.

Experimental procedure

The study was conducted as a randomized (balanced, computer-based randomization), dou-

ble-blind, placebo-controlled, parallel-group trial. Except for the intragastric infusions, the test

trials were identical in design. Two doses (0.52 g = 2.48 mmoL and 1.56 g = 7.4 mmoL) of L-

trp and an isocaloric dose of L-leu (1.56 g = 11.9 mmoL; isocaloric to 1.56 g L-trp) were

selected. We used a 75 g load of glucose in 300 mL tap water as a positive control and 300 mL

of pure tap water as a placebo treatment. Each test solution was labeled with 50 mg 13C-sodium

acetate for determining gastric emptying. On 5 separate occasions, at least 3 days apart, partici-

pants received 1 of the 5 test solutions, in random order. The doses were well tolerated and did

not induce any adverse effects. The intragastric infusions were freshly prepared each morning

of the study and were at room temperature when administered. The study participant and

study nurse (who carried out all tests), as well as the personnel performing analysis of blood

samples, were blinded concerning the intragastric infusion administered.
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After taking two fasting blood samples (t = -10 and -1 min) and a fasting breath sample (t =

-1 min), participants received the test solution via the feeding tube within 2 minutes (t = 0–2

min). At regular time intervals (15, 30, 45, 60, 90 and 120 min), blood samples were taken into

tubes containing EDTA (6 μmol/L), a protease inhibitor cocktail (cOmplete™, EDTA-free, 1

tablet/50 mL blood; Roche, Mannheim, Germany) and a dipeptidyl peptidase IV inhibitor

(10 μL/mL; Millipore Corporation, St. Charles, Missouri, USA). Tubes, which had been placed

on ice until processing, were centrifuged at 4˚C at 3000 rpm for 10 min and plasma samples

were processed into different aliquots. The total blood volume taken during one test day was

100 mL. All samples were stored at -70˚C until analysis of plasma active GLP-1, CCK, insulin

and glucose was performed.

The participant’s vital signs (blood pressure, heart rate) were measured before and after

each study intervention.

Assessment of appetite perceptions

Subjective appetite perceptions (feelings of hunger and prospective food consumption) were

recorded immediately after each blood collection by using visual analog scales (VAS). The

scales and scores have previously been designed and described [10, 13, 14].

Assessment of gastric emptying

The gastric emptying rate was determined using a 13C-sodium acetate breath test, an accurate,

non-invasive method for measuring gastric emptying, without radiation exposure, and a reli-

able alternative to scintigraphy, the current “gold standard” [15]. Test solutions were labeled

with 50 mg of 13C-sodium acetate [15]. As described in detail previously [10], at fixed time

intervals after administration of the test solution (15, 30, 45, 60, 75, 90, 105, 180, 210 and 240

min), end-expiratory breath samples were taken into a 100 mL foil bag. The 13C-exhalation

was determined by non-dispersive infrared spectroscopy using an isotope ratio mass spectro-

photometer (IRIS1; Wagner Analysen Technik, Bremen, Germany), and expressed as the rela-

tive difference (δ ‰) from the universal reference standard (carbon from Pee Dee Belemnite

limestone). The calculation of percent of administered dose of 13C excreted per hour (%dose/

h) has previously been described in detail [10].

Materials

L-trp and L-leu (>97% pure) were purchased from Sigma Aldrich Chemical Company,

Schnelldorf, Germany. Glucose was purchased from Hänseler, Herisau, Switzerland. 13C-

sodium acetate was purchased from ReseaChem, Burgdorf, Switzerland.

Laboratory analysis

Plasma active GLP-1. Plasma active GLP-1 was measured with a commercially available

ELISA kit (Millipore Inc., St. Charles, Missouri, USA). The intra- and inter-assay variability is

below 9.0% and 13.0%, respectively. The lowest GLP-1 concentration detected by this assay is

0.5 pmol/L in a 100 μL plasma sample.

Plasma CCK. Plasma CCK concentrations were measured with a sensitive radioimmuno-

assay using a specific antiserum (No. 92128) [16]. The intra- and inter-assay variability is

below 15% for both. The lowest CCK concentration detected by this assay is 0.3 pmol/L in a

200 μL plasma sample.

Plasma insulin. Plasma insulin was measured with a commercially available electroche-

miluminescence immunoassay (Cobas/Roche Diagnostics GmbH, Mannheim, Germany). The
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intra- and inter-assay coefficient of variation for this assay is below 2.0% and 2.8%, respec-

tively. The lowest insulin concentration detected by this assay is 0.2 μU/mL in a 20 μL plasma

sample.

Plasma glucose. Plasma glucose concentration was measured by a glucose oxidase

method (Rothen Medizinische Laboratorien AG, Basel, Switzerland). The intra- and inter-

assay coefficient of variation is below 2.9% and 3.9%, respectively. The lowest glucose concen-

tration detected by this assay is 0.6 mmol/L in a 50 μL plasma sample.

After the 75 g glucose load, each Participant was classified, according to WHO criteria, as

having impaired glucose tolerance (2 h blood glucose <11.1 mmol/L, but>7.8 mmol/L) or

diabetes (fasting blood glucose�7.0 mmol/L and/or 2 h blood glucose�11.1 mmol/L) [17].

The 60 min blood glucose level after the 75 g glucose load was used as a predictor of the devel-

opment of type 2 diabetes (with a risk factor limit of 8.6 mmol/L as risk factor) [18, 19].

Statistical analysis

Descriptive statistics were used for demographic variables, such as age, weight, height, and

BMI. Hormone and glucose profiles as well as VAS ratings were analyzed by calculating the

change from baseline (the average of the two pre-infusion time points) for each post-infusion

time point, and by calculating the area under the concentration-time curve from the delta val-

ues (iAUC, incremental AUC). Gastric emptying rates were analyzed by calculating the change

from baseline (the single pre-infusion time point) for each post-infusion time point, and by

calculating the area under the concentration-time curve from the delta values (iAUC). For gas-

tric emptying we used iAUC0-60min, as gastric emptying of glucose occurs within 60min; all

other parameters are presented as iAUC0-120min, reflecting the hormone profile. The param-

eters were tested for normality by the Shapiro-Wilk test method. Differences between the treat-

ments were analyzed by generalized linear model repeated measures analysis of variance

(ANOVA), using gender and BMI as cofactors. Post-hoc pairwise comparisons between the

treatments were done using linear contrast with the Šidák correction. In case of significant

deviation from normal distribution, treatments were compared using multiple Wilcoxon

signed ranks tests with the Bonferroni-Holmes correction for multiplicity of testing.

Student’s unpaired t-test was used to test for significant differences between lean partici-

pants and non-diabetic obese participants in the different treatment groups (tap water, 75 g

glucose, 0.52 g L-trp, 1.56 g L-trp, and 1.56 g L-leu).

All statistical analyses were performed using the statistical software package, SPSS for Win-

dows, Version 24.0 (SPSS Inc., Chicago, Illinois, USA). Values were reported as mean ± SEM.

Differences were considered to be significant when p<0.05.

Results

All participants tolerated the study well and there were no adverse events. None of the partici-

pants had diabetes; three participants had impaired glucose tolerance and a risk factor for dia-

betes (according to the 60 min blood glucose levels after 75 g glucose). There were no drop-

outs; complete data from 20 participants (10 lean and 10 non-diabetic obese) were available

for analysis (Fig 1).

Plasma CCK

Infusion of L-trp induced an increase in CCK secretion with the higher dose, both in lean and

non-diabetic obese participants (Fig 2, Table 1). The maximal plasma concentration (Cmax)

in response to 1.56 g L-trp was statistically significant compared to tap water (p = 0.0018, Fig

2); the integrated increase was borderline statistically significant iAUC120: p = 0.0654; Table 1.
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The 1.56 g L-leu did not stimulate CCK secretion compared to tap water treatment (Fig 2,

Table 1).

No significant difference was observed between 1.56 g L-trp and 75 g glucose administra-

tion. In contrast, 75 g glucose induced a significant increase in CCK concentrations compared

to 0.52 g L-trp and 1.56 g L-leu (iAUC120: p = 0.0021 and p = 0.0002, respectively; Fig 2,

Table 1).

Neither BMI nor gender significantly influenced CCK secretion.

Plasma GLP-1

Infusion of the higher dose L-trp induced an increase in aGLP-1 secretion (Fig 3). The maxi-

mal plasma concentration (Cmax) in response to 1.56 g L-trp was statistically significant com-

pared to tap water (Cmax: p = 0.0257, Fig 3), however, the integrated effect did not reach

Fig 1. Flowchart. Adapted CONSORT flowchart for clinical trials.

doi:10.1371/journal.pone.0166758.g001
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statistical significance (Table 1). The 1.56 g L-leu did not significantly stimulate aGLP-1 secre-

tion compared to tap water treatment (Fig 3, Table 1).

The 75 g glucose administration induced a significant increase in aGLP-1 concentrations

compared to all amino acid treatments (iAUC120: p<0.02, respectively; Fig 3, Table 1).

No significant difference in the secretion of GLP-1 was found between lean and non-dia-

betic obese participants, or between males and females.

Plasma insulin

BMI significantly influenced insulin concentrations in the fasting state (p = 0.006).

Plasma insulin concentrations were not changed by the different amino acid infusions

(Fig 4).

The 75 g glucose administration induced a significant increase in insulin concentrations

compared to all amino acid treatments (iAUC120: p<0.001, respectively; Fig 4, Table 1).

Gender exerted no significant influence on insulin response.

Plasma glucose

BMI significantly influenced glucose concentrations in the fasting state (p = 0.007). Plasma

glucose concentrations were not changed by the different amino acid infusions (Fig 4,

Table 1).

The 75 g glucose administration significantly increased plasma glucose concentrations

compared to all amino acid treatments (iAUC120: p<0.001, respectively; Table 1).

Gender exerted no significant influence on glucose response.

Fig 2. Plasma cholecystokinin (CCK). Plasma CCK concentrations in response to intragastric loads of 75 g glucose, 0.52 g L-trp,

1.56 g L-trp, and 1.56 g L-leu. Placebo treatment is 300 mL tap water. Data are expressed as mean ± SEM. * vs. tap water, p�0.05; #

vs. 75 g glucose, p�0.05; § vs. 1.56 g L-trp; + vs. 0.52 L-trp. Statistical method: repeated measures ANOVA and simple contrasts

with Šidák correction. n = 20 (10 men and 10 women). iAUC, incremental area under the concentration-time curve; CCK,

cholecystokinin; L-trp, L-tryptophan; L-leu, L-leucine.

doi:10.1371/journal.pone.0166758.g002
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Gastric emptying rates

After 1.56 g L-trp a significant retardation in gastric emptying was observed compared to tap

water (iAUC60: p = 0.0033; Fig 5, Table 1). The 1.56 g L-leu had no effect (Fig 5 and Table 1).

Table 1. Effect of L-trp and L-leu on plasma CCK, GLP-1, insulin and glucose concentrations as well as on gastric emptying rates and appetite

feelings.

Hormones tap water (A) 75 g Glucose (B) 0.52 g L-trp (C) 1.56 g L-trp (D) 1.56 g L-leu (E)

CCK iAUC (0–120 min, pmol × min/L) lean -3.4±17.1 153.2±43.9 15.0±14.9 77.7±18.3 7.7±16.6

obese -14.3±27.3 120.2±20.3 36.6±26.2 58.5±26.7 0.4±15.0

total -9.5±16.6 134.9±22.1 27.0±15.8 67.0±18.3 3.7±10.8

p = 0.0001 (B) p = 0.0001 (A) p = 0.0021 (B) p = 0.0654 (A) p = 0.0002 (B)

p = 0.0654 (D) p = 0.0021 (C)

p = 0.0002 (E)

aGLP-1 iAUC (0–120 min, pmol × min/L) lean 45.6±60.8 714.5±105.4 113.9±54.2 225.6±95.9 54.9±51.2

obese 47.2±27.9 502.6±92.0 100.8±42.7 251.2±81.6 4.3±58.2

total 46.5±30.1 596.8±71.9 106.6±32.8 239.8±60.4 26.8±38.9

p = 0.0002 (B) p = 0.0002 (A) p = 0.0001 (B) p = 0.0153 (B) p<0.0001 (B)

p = 0.0001 (C)

p = 0.0153 (D)

p<0.0001 (E)

Insulin iAUC (0–120 min, μU × min/mL) lean -159.2±175.5 3460.4±318.4 -40.2±23.2 -39.8±40.9 -115.2±34.5

obese -41.8±100.1 11411±2253 -14.9±126.8 199.6±111.4 304.4±176.4

total -13.2±5.0 7877.5±1558.7 -26.2±69.5 93.2±69.2 117.9±109.2

p = 0.0004 (B) p = 0.0004 (A,C,D) p = 0.0004 (B) p = 0.0004 (B) p = 0.0006 (B)

p = 0.0006 (E)

Glucose iAUC (0–120 min, mmol × min/L) lean -3.6±7.6 121.7±44.1 -6.4±6.0 0.1±7.8 -17.3±4.6

obese -20.9±5.8 317.2±58.3 -16.8±8.5 -13.2±12.3 -13.5±3.1

total -13.2±5.0 230.3±43.7 -12.2±5.4 -7.3±7.6 -15.2±2.6

p = 0.0003 (B) p = 0.0003 (A) p = 0.0004 (B) p = 0.0007 (B) p = 0.0001 (B)

p = 0.0004 (C)

p = 0.0007 (D)

p = 0.0001 (E)

GE iAUC (0–60 min, % × min) lean 1388±91 761±56 1309±56 1140±83 1315±58

obese 1433±83 914±57 1372±64 1328±67 1507±73

total 1412±60 842± 43 1342±43 1239±43 1416±51

p<0.0001 (B) p<0.0001 (A,C-E) p<0.0001 (B) p = 0.0033 (A) p<0.0001 (B)

p = 0.0033 (D) p<0.0001 (B) p = 0.0248 (D)

p = 0.0248 (E)

Hunger iAUC (0–120 min, cm × min) lean 55.5±110.5 -86.5±80.3 118.8±41.9 -13.2±82.9 55.8±52.0

obese -14.8±27.7 -27.9±48.5 5.1±66.4 20.9±43.8 -22.8±53.5

total 18.5±53.3 -55.6±45.0 58.9±41.4 4.7±44.3 14.5±37.5

P.f. consumption iAUC (0–120 min, cm × min) lean -4.4±42.8 -77.0±80.6 36.1±50.8 -16.3±78.3 98.5±58.6

obese -30.2±42.8 -54.1±44.2 -1.1±84.4 -17.3±28.4 -16.3±55.4

total -18.0±52.8 -65.0±43.5 16.5±49.4 -16.8±38.8 38.1±41.4

GE, gastric emptying; iAUC, incremental area under the concentration-time curve. 0–60 min, time from start of test solution administration until 60 min after

administration. 0–120 min, time from start of test solution administration until 120 min after administration. Data are expressed as mean ± SEM. (X),

statistically significant difference vs. treatment X. Statistical method: repeated measures ANOVA and simple contrasts with Šidák correction. n = 10 lean (5

men and 5 women) and 10 non-diabetic obese (5 men and 5 women).

doi:10.1371/journal.pone.0166758.t001
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The 75 g glucose administration did markedly slow gastric emptying compared to all amino

acid treatments (iAUC60: p<0.0001, respectively; Fig 5, Table 1).

No significant differences in gastric emptying rates were observed between non-diabetic

obese participants and lean controls after all treatments.

Appetite perceptions

Feelings of hunger and prospective food consumption were not changed by the different

amino acid infusions compared to tap water (Fig 6, Table 1).

The 75 g glucose administration induced a numerical reduction in subjective feelings of

hunger and prospective food consumption compared to all amino acid treatments; the effect

did, however, not reach the level of statistical significance (Fig 6, Table 1).

Discussion

Luminal enteral communication is a key factor in the regulation of appetite, food intake and

metabolism. Important mediators of these effects include the gut hormones, CCK and GLP-1.

[2] Carbohydrates, proteins and fat can stimulate both hormones. Previous studies have

highlighted the importance of fat digestion in the regulation of CCK and GLP-1 release: Only

free fatty acids with chain lengths >12 carbons are able to stimulate both hormones. This is

consistent with the physical properties of these molecules as free fatty acids with>12 carbons

and, as such, solid lipids that require emulsification by bile salts for digestion [20]. The effect

of protein digestion on the release of these hormones is less clear. Protein, however, exerts

potent effects on appetite and modulates glycemic responses to food ingestion [21, 22]. With

this background in mind, we investigated the effects of two amino acids, L-trp and L-leu

Fig 3. Plasma active glucagon-like peptide-1 (aGLP-1). Plasma aGLP-1 concentrations in response to intragastric loads of 75 g

glucose, 0.52 g L-trp, 1.56 g L-trp, and 1.56 g L-leu. Placebo treatment is 300 mL tap water. Data are expressed as mean ± SEM. *
vs. tap water, p�0.05; # vs. 75 g glucose, p�0.05; § vs. 1.56 g L-trp. Statistical method: repeated measures ANOVA and simple

contrasts with Šidák correction. n = 20 (10 men and 10 women). aGLP-1, active glucagon-like peptide-1; iAUC, incremental area

under the concentration-time curve; L-trp, L-tryptophan; L-leu, L-leucine.

doi:10.1371/journal.pone.0166758.g003
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separately, on CCK and GLP-1 secretions, along with their effect on gastric emptying and feel-

ings of hunger and prospective food consumption, both in lean and non-diabetic obese partici-

pants. Other studies have shown that both amino acids modulate appetite and/or glucose

metabolism [4, 23, 24]. In this trial, we supplied the two amino acids and based the selection of

the L-trp doses close to the daily intake recommended by the WHO [11, 12]; for L-leu an iso-

caloric approach to the 1.56 g L-trp dose was chosen.

Fig 4. Plasma insulin and glucose. Plasma insulin and glucose concentrations in response to intragastric loads of 75 g

glucose, 0.52 g L-trp, 1.56 g L-trp, and 1.56 g L-leu. Placebo treatment is 300 mL tap water. Data are expressed as

mean ± SEM. Statistical method: repeated measures ANOVA and simple contrasts with with Šidák correction. n = 20 (10

men and 10 women).

doi:10.1371/journal.pone.0166758.g004
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The results of the study can be summarized as follows: i) L-trp, at the higher dose, stimu-

lates CCK release (>4 fold increase compared to tap water, p = 0.0018), and induced a signifi-

cant retardation in gastric emptying (p = 0.0033); ii) L-trp, at the higher dose, induced a small

increase in GLP-1 secretion (3 fold increase compared to tap water, p = 0.0257); iii) none of

the amino acids modulated subjective appetite feelings; iv) the two amino acids did not change

insulin or glucose concentrations.

In light of in vitro studies demonstrating that the individual L-amino acids, phenylalanine,

leucine, glutamate and tryptophan, provoke CCK secretion (but not their D-isoforms) [25], we

selected L-trp and L-leu for this study. Early studies from the end of the last century provided

experimental evidence that, through the release of CCK, L-trp modulates various digestive

functions, including bile salt and pancreatic enzyme secretion, as well as appetite [3, 7, 26].

Along these lines, it has been proposed that CCK plays a role in the regulation of GLP-1 release

which, in turn, could modulate digestive and metabolic processes [20]. Here we document that

low doses of L-trp, in the range of recommended daily intake, stimulate CCK release (> 4 fold

increase compared to tap water) and have a small effect on GLP-1 (3 fold increase compared

to tap water) secretion, whereas an isocaloric load of L-leu affected neither CCK nor GLP-1

release. The latter corresponds to a recent study by Steinert et al. [9]: Intraduodenal adminis-

tration of L-leu exerted no effect on plasma GLP-1 or PYY levels. The effect of L-trp on CCK

and GLP-1 release in the current study was only small compared to the effects of glucose

administration, but confirm and extend the role of luminal L-trp as one of the triggers stimu-

lating a cascade of digestive functions.

L-trp had a significant effect on gastric emptying; the retardation of gastric emptying is

most likely mediated by CCK, although final experimental proof is lacking. Unfortunately, spe-

cific CCKA receptor antagonists, such as dexloxiglumide or devazepide, are no longer available

for human use [27, 28].

Fig 5. Gastric emptying rates. Gastric emptying rates in response to intragastric loads of 75 g glucose, 0.52 g L-trp, 1.56 g L-trp and

1.56 g L-leu. Placebo treatment is 300 mL tap water. Data are expressed as mean ± SEM. * vs. tap water, p�0.05; # vs. 75 g

glucose, p�0.05; § vs. 1.56 g L-trp. Statistical method: repeated measures ANOVA and simple contrasts with Šidák correction.

n = 20 (10 men and 10 women). iAUC, incremental area under the concentration-time curve; L-trp, L-tryptophan; L-leu, L-leucine.

doi:10.1371/journal.pone.0166758.g005
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We, and others, have previously reported that non-diabetic obese adolescents and adults

have an attenuated GLP-1 response to meal ingestion compared to lean persons [29–31]. The

mechanism of the attenuated response is not entirely clear. Here, no difference in GLP-1 secre-

tion was observed between lean and non-diabetic obese participants.

Fig 6. Feelings of hunger and prospective food consumption. Feelings of hunger and prospective food

consumption in response to intragastric loads of 75 g glucose, 0.52 g L-trp, 1.56 g L-trp and 1.56 g L-leu. Placebo

treatment is 300 mL tap water. Data are expressed as mean ± SEM. Statistical method: repeated measures ANOVA

and simple contrasts with Šidák correction. n = 20 (10 men and 10 women). P.f.consumption, prospective food

consumption; iAUC, incremental area under the concentration-time curve; L-trp, L-tryptophan; L-leu, L-leucine.

doi:10.1371/journal.pone.0166758.g006
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An objective of this study was to investigate new strategies for enhancing satiation peptide

secretion in order to reduce appetite, and potentially food intake, by supplementing the amino

acids at doses close to recommendations (WHO). These results clearly indicate that the recom-

mended doses are insufficient to achieve these effects.

Some potential limitations of the present study require consideration. First, the aim of the

study was to investigate the effect of L-trp and L-leu on gastric emptying and gut peptide secre-

tion (doses for L-trp were close to recommended daily intake); we cannot exclude that higher,

pharmacological doses of L-trp and L-leu or a combination of different specific amino acids,

would have more potent effects on the secretion of gut peptides and appetite feelings. Second,

we report effects of L-trp and L-leu only on fasting blood glucose. Determination of the effects

of the two amino acids on postprandial glycemia requires concomitant administration of car-

bohydrates. Third, we used an intragastric infusion paradigm, a frequently used and well-toler-

ated procedure. The rational for intragastric administration of the nutrients was to bypass oro-

sensory cues and thus provide information on the isolated properties of nutrients, and the rela-

tive role of the gastrointestinal tract in the secretion of satiation peptides and the short-term

control of appetite. However, this may potentially interfere with normal physiological func-

tion; we can only speculate to what extent the observed effects may reflect those when food is

ingested orally. Fourth, it should be recognized that, under physiological conditions (when

protein is ingested orally), approximately two-thirds of protein absorption occurs as di- and

tripeptides (not free amino acids), in the upper small intestine; therefore, the effect of di-and

tripeptides on gut function and satiation warrants investigation. Fifth, the variance of some

parameters was higher than anticipated; our power calculations were based on a pilot study

using the difference in CCK release in response to both amino acids as response parameter;

based on these calculations 10 subjects per group would be sufficient to detect the expected dif-

ferences in the measured outcome parameters; unfortunately this was not the case for appetite

perceptions. Finally, we only studied lean and non-diabetic obese participants; effects in

T2DM remain to be established.

In conclusion, L-trp participates in the regulation of CCK release and affects gastric empty-

ing rates; in contrast, L-leu at the dose given exerts no digestive effects. The role of L-trp on

GLP-1 release was minor. Finally, the administration of the two amino acids did not change

glucose concentrations in either lean or in non-diabetic obese participants.
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