Ba nutrients MBPY

Article

Effects of L-Phenylalanine on Energy Intake and
Glycaemia—Impacts on Appetite Perceptions,
Gastrointestinal Hormones and Gastric Emptying in
Healthy Males

Penelope C. E. Fitzgerald !, Benoit Manoliu !, Benjamin Herbillon !, Robert E. Steinert 2,
Michael Horowitz ! and Christine Feinle-Bisset 1/*

1 Adelaide Medical School and Centre of Research Excellence in Translating Nutritional Science to Good
Health, Level 5 Adelaide Health and Medical Sciences Building, Corner North Terrace and George Street,
Adelaide 5005, Australia; penelope.fitzgerald@adelaide.edu.au (P.C.E.F.);
benoit.manoliu@agroparistech.fr (B.M.); herbillon.b@hotmail.fr (B.H.);
michael. horowitz@adelaide.edu.au (M.H.)

Department of Surgery, Division of Visceral and Transplantation Surgery, University Hospital Ziirich,
8091 Ziirich, Switzerland; steinert.robert@gmail.com
*  Correspondence: christine.feinle@adelaide.edu.au; Tel.: +61-8-8313-6053

check for
Received: 28 May 2020; Accepted: 15 June 2020; Published: 16 June 2020 updates

Abstract: In humans, phenylalanine stimulates plasma cholecystokinin (CCK) and pyloric pressures,
both of which are important in the regulation of energy intake and gastric emptying. Gastric
emptying is a key determinant of postprandial blood glucose. We evaluated the effects of intragastric
phenylalanine on appetite perceptions and subsequent energy intake, and the glycaemic response to,
and gastric emptying of, a mixed-nutrient drink. The study consisted of two parts, each including
16 healthy, lean males (age: 23 + 1 years). In each part, participants received on three separate
occasions, in randomised, double-blind fashion, 5 g (Phe-5 g) or 10g (‘Phe-10 g) L-phenylalanine,
or control, intragastrically, 30 min before a standardised buffet-meal (part A), or a standardised
mixed-nutrient drink (part B). In part A, plasma CCK and peptide-YY (PYY), and appetite perceptions,
were measured at baseline, after phenylalanine alone, and following the buffet-meal, from which
energy intake was assessed. In part B, plasma glucose, glucagon-like peptide-1 (GLP-1), insulin
and glucagon were measured at baseline, after phenylalanine alone, and for 2 h following the drink.
Gastric emptying of the drink was also measured by '3C-acetate breath-test. Phe-10 g, but not Phe-5
g, stimulated plasma CCK (p = 0.01) and suppressed energy intake (p = 0.012); energy intake was
correlated with stimulation of CCK (r = —0.4, p = 0.027), and tended to be associated with stimulation
of PYY (r = —0.31, p = 0.082). Both Phe-10 g and Phe-5 g stimulated insulin and glucagon (all p < 0.05),
but not GLP-1. Phe-10 g, but not Phe-5 g, reduced overall plasma glucose (p = 0.043) and peak plasma
glucose (p = 0.017) in response to the mixed-nutrient drink. Phenylalanine had no effect on gastric
emptying of the drink. In conclusion, our observations indicate that the energy intake-suppressant
effect of phenylalanine is related to the stimulation of CCK and PYY, while the glucoregulatory effect
may be independent of stimulation of plasma GLP-1 or slowing of gastric emptying.

Keywords: food intake; appetite regulation; blood glucose control; postprandial; amino acid;
cholecystokinin; peptide YY; glucagon-like peptide-1; insulin; gastric motility; humans

1. Introduction

Nutrient sensing in the small intestinal lumen is critical to the release of gut and gluco-regulatory
hormones, including cholecystokinin (CCK), released predominantly in the proximal small intestine,
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and peptide YY (PYY) and glucagon-like peptide-1 (GLP-1), in the distal small intestine [1].
These hormones mediate nutrient-induced slowing of gastric emptying, and the suppression of
energy intake and postprandial blood glucose [1-3]. The slowing of gastric emptying, resulting in
prolonged gastric distension, contributes to the perception of fullness [4], and, in the case of GLP-1,
plays a critical role in the lowering of postprandial blood glucose [1]. Moreover, GLP-1 contributes to
glucose lowering through its glucose-dependent effect to stimulate insulin and suppress glucagon [5].

Proteins, particularly whey protein, when administered intraduodenally or consumed 30 min
before a meal, reduce energy intake and postprandial blood glucose, at least in part, by slowing gastric
emptying and stimulating hormones, including CCK, PYY and GLP-1 [6-8]. Because relatively large
amounts of protein (up to 55 g, or 226 kcal) are required for these effects, there has been an interest in
characterising the effects of amino acids on upper gut functions, energy intake and postprandial blood
glucose control, since amino acids are likely to mediate these effects of protein.

The aromatic amino acid, L-phenylalanine (‘phenylalanine’), is of particular interest. An earlier
study found that oral ingestion of 10 g phenylalanine stimulated CCK and suppressed energy intake in
healthy volunteers [9], and we reported recently that intraduodenal infusion of phenylalanine, at a
load of 0.45 kcal/min for 90 min (total amount 10 g) stimulated pyloric pressures and plasma CCK [10].
Moreover, co-ingestion of 9 g phenylalanine with 25 g glucose stimulated insulin and lowered the
blood glucose response to glucose, compared with the glucose-only control condition [11]. In a recent
study in rats, oral gavage of phenylalanine, at doses of 3-6 mmol/kg, stimulated insulin and GLP-1,
and lowered the plasma glucose response to intraperitoneal glucose [12]. However, these doses were
high, corresponding to 35-70 g in a 70-kg human. Further, in murine cell cultures, 10 and 100 mM
phenylalanine stimulated GLP-1, and 50 and 100 mM phenylalanine stimulated PYY [12]. Given (i)
the key role of gut hormones, including CCK, GLP-1 and PYY, in the slowing of gastric emptying,
(ii) the reported effects of phenylalanine to stimulate GLP-1 in preclinical studies and (iii) the role of
gastric emptying as a key determinant of postprandial blood glucose, the role of gastric emptying in
the reported effects of phenylalanine to lower blood glucose warrants evaluation. Moreover, the effect
of phenylalanine on the release of GLP-1 and PYY in humans is, to our knowledge, unknown. Finally,
since previous studies have used relatively large doses of phenylalanine (10 g), the effects of a lower
dose (5 g) on these gastrointestinal (GI) functions, energy intake and postprandial blood glucose,
warrant investigation. This dose represents the average phenylalanine content of a meat-based Western
diet, which, when providing protein, will contain approximately 4-6 g phenylalanine [11].

The aims of this study were, therefore, to characterise the effects of intragastric phenylalanine
(using doses of 5 g and 10 g) on (1) the stimulation of plasma CCK and PYY, appetite perception
and energy intake from a subsequent buffet-meal and (2) gastric emptying of, and the plasma GLP-1,
insulin, glucagon and glucose responses to, a mixed-nutrient drink.

2. Materials and Methods

2.1. Study Participants

Healthy, normal-weight males were included into the study, 16 (mean age: 23 + 1 years, body
mass index (BMI): 22.6 + 0.5 kg/m?) in part A, and 16 (mean age: 23 + 1 years, BMI: 21.7 + 0.4 kg/m?)
in part B. Five volunteers completed both study parts. Participants were recruited by advertisement
from the general public and screened before their inclusion to exclude phenylketonuria, GI symptoms
or a history of GI disease or surgery, vegetarians, smokers, alcohol consumption of >2 drinks (20 g
ethanol) on >5 days/week, use of medications known to affect energy intake, appetite or GI function,
high-performance athletes, lactose intolerance, consumption of protein supplements, unstable body
weight (>5% change over the last 3 months before participation), restrained eaters (score > 12 on the
restrained eating component of the 3-factor eating questionnaire [13]), and an inability to tolerate or
comprehend the study protocol. All participants provided written, informed consent prior to their
inclusion. Once participants were enrolled, they were assigned to a treatment order of balanced
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randomisation that was generated with an online tool (www.randomization.com) by a researcher who
was not involved in data analysis. The study protocol was approved by the Human Research Ethics
Committee of the Central Adelaide Local Health Network and performed in accordance with the
Declaration of Helsinki. The study was registered as a clinical trial with the Australian New Zealand
Clinical Trials Registry (www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=371736&isReview=
true; ACTRN12616001595404).

2.2. Study Design

This study evaluated the effects of intragastric administration of L-phenylalanine, at doses of 5 g
(Phe-5 g) or 10 g (Phe-10 g), or control, on (1) energy intake, plasma CCK and PYY concentrations and
appetite perceptions (part A) and (2) the plasma glucose, insulin, glucagon and GLP-1 responses to,
and gastric emptying of, a mixed-nutrient drink (part B) (Figure 1).
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Figure 1. Schematic representation of the study design. (A): study protocol of part A. (B): study protocol
of part B. On study days in part A, at t = =31 min, a bolus (100 mL) of phenylalanine, at doses of either
5 g (Phe-5 g) or 10 g (Phe-10 g), or control, was administered intragastrically (IG) via a nasogastric tube
within 1 min, and the tube was then removed. At t = 0 min, they were presented with a standardised,
buffet-style meal for the assessment of energy intake and instructed to eat until they were comfortably
full, for up to 30 min. Blood samples, for the measurement of plasma cholecystokinin and peptide
YY, and visual analogue scale ratings, for measurement of appetite perceptions and GI symptoms,
were collected at baseline (t = =31 min) and at regular time points throughout the study, as indicated.
On study days in part B, at t = =31 min, as in part A, participants received phenylalanine or control.
30 min later, at t = —1 min, participants consumed 300 mL of a mixed-nutrient drink, containing
400 kcal and 56 g carbohydrate, within 1 min. The drink was labelled with 100 mg of 13C-acetate for
measurement of gastric emptying by 3CO, breath test. Blood samples were collected for measurement
of plasma glucose, insulin, glucagon and GLP-1 concentrations, and breath samples were collected for
subsequent analysis of 13CO,, at baseline and at regular time points throughout the study, as indicated.

2.3. Study Treatments

Due to the low solubility of phenylalanine, treatments were prepared as suspensions of 5 g or
10 g phenylalanine (Healthwise, Maroochydore, Queensland, Australia) and 29 mg CaCl, x 2 H,O in
10 mL of a suspending agent (ORA-Plus: Perrigo, Perth, Western Australia, Australia), and adjusted to
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a final volume of 100 mL with isotonic saline. The control consisted of 29 mg CaCl, x 2 H,O, 10 mL of
the suspending agent and isotonic saline to a final volume of 100 mL. Suspensions were prepared at
room temperature on the morning of each study visit by a researcher who was not involved in data
analysis, filled into syringes and administered via a nasogastric catheter directly into the stomach to
avoid potential influences due to the taste of the treatments. Syringes were covered to blind both the
subjects and investigator performing the study.

2.4. Study Protocol

In both parts A and B, subjects were studied on three occasions separated by 3-7 days, in a
randomised, double-blind fashion. Participants were instructed to refrain from strenuous exercise
and alcohol consumption for 24 h before each study visit and provided with a standardised meal
(beef lasagne, 400 g: total energy content: 1160 kcal; McCain Food, Wendouree, Victoria, Australia)
to be consumed by either 8 p.m. (part A) or 6.30 p.m. (part B) the night before each study visit,
after which participants were instructed to refrain from solids and liquids, except water. Having fasted
for 14 h, participants attended the Clinical Research Facility at the Adelaide Medical School, University
of Adelaide, at 10 a.m. (part A) or 8.30 a.m. (part B).

On study days in part A, upon arrival, an intravenous cannula was placed in a forearm vein
for regular blood sampling. Participants were then seated in an upright position and a custom-built
nasogastric, soft silicon feeding tube (outer diameter: 4 mm; Dentsleeve International, Mississauga,
Ontario, Canada) was inserted through an anaesthetised nostril, with the tip placed in the stomach.
At t = —31 min (10.30 a.m.), participants received a 100-mL intragastric bolus of either Phe-5 g or
Phe-10 g, or control, over 1 min, and the nasogastric tube was then removed. 30 min later, i.e., t = 0 min,
participants were presented with a standardised, cold, buffet-style meal, and instructed to eat until they
were comfortably full [14]. The participants were not made aware that the purpose of the meal was to
assess energy intake. Blood samples for the measurement of gut hormone concentrations, and visual
analogue scale questionnaires to assess appetite-related perceptions and GI symptoms, were collected
at baseline (t = =31 min), after phenylalanine or control (t = —20, —10, —1 min), and following the
buffet meal (t = 30 and 60 min) (Figure 1A) [15]. Att = 60 min, the intravenous cannula was removed,
and participants were allowed to leave the laboratory.

On study days in Part B, upon arrival an intravenous cannula and a nasogastric tube were
positioned, as described in part A. Att = —31 min (9 a.m.), participants received a 100-mL intragastric
bolus of either Phe-5 g or Phe-10 g, or control, over 1 min, and the nasogastric tube was then removed.
30 min later, i.e., at t = —1 min, participants consumed, within 1 min, a 300-mL mixed-nutrient drink
(Ensure Plus, vanilla flavour (267 mL can), Abbott Australasia Pty Ltd, Macquarie Park, New South
Wales, Australia; 400 kcal, 56 g carbohydrate, 15 g protein (predominantly casein), 13 g fat, plus 33 ml
water to make up the final volume) labelled with 100 mg of 1*C-acetate for measurement of gastric
emptying by breath test [16]. Blood samples, for measurement of plasma glucose and glucoregulatory
hormone concentrations, and breath samples, for subsequent analysis of 3CO, for measurement of
gastric emptying, were collected at baseline (t = —31 min) and at regular time points throughout the
study (Figure 1B). At t = 120 min, the intravenous cannula was removed and the participant provided
with a light lunch, after which they were free to leave the laboratory.

2.5. Measurements

2.5.1. Plasma Hormone and Glucose Analyses

Blood samples were collected into ice-chilled tubes containing ethylenediaminetetraacetic acid
(for analysis of plasma CCK and PYY (part A), as well as insulin, glucagon and GLP-1 (part B)
concentrations), and sodium fluoride (for plasma glucose analysis (part B)). Plasma was obtained by
centrifuging samples at 1832 g-force for 15 min at 4 °C within 15 min of collection and stored at —80 °C
until subsequent analysis.
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Plasma CCK-8 concentrations (pmol/L) were measured after ethanol extraction using an adaptation
of an established radioimmunoassay [17]. The antibody used recognises sulphated CCK-8 and does
not bind to structurally unrelated peptides. Cross-reactivity with unsulphated CCK-8 was 15% and
with human gastrin I 0.2%. The minimum detectable concentration was 1 pmol/L, and intra- and
inter-assay coefficients of variation (CVs) were 10.9% and 13.8%, respectively.

Plasma PYY concentrations (pmol/L) were measured by radioimmunoassay using an antiserum
(kindly donated by Dr. B Otto, Medizinische Klinik, Klinikum Innenstadt, University of Munich,
Munich, Germany) against human PYY (1-36) (Sigma-Aldrich, St Louis, MO, USA) and raised in
rabbits. This antiserum showed < 0.001% cross-reactivity with human pancreatic polypeptide or
sulphated CCK-8 and 0.0025% cross-reactivity with human neuropeptide Y. The minimum detectable
concentration was 1.5 pmol/L, and intra and inter-assay CVs were 14.4% and 4.3%, respectively [8].

Plasma GLP-1 concentrations (pmol/L) were measured by radioimmunoassay (GLPIT-36HK,
Millipore, Billerica, MA, USA). The minimum detectable concentration was 3 pmol/L, and intra and
inter-assay CVs were 7.0% and 10.2%, respectively.

Plasma insulin concentrations (mU/L) were measured using an ELISA immunoassay (10-1113,
Mercodia, Uppsala, Sweden). The minimum detectable concentration was 1 mU/L, and intra and
inter-assay CVs were 2.1% and 9.6%, respectively.

Plasma glucagon concentrations (pg/mL) were measured by radioimmunoassay (GL-32K,
Millipore, Billerica, MA, USA). The minimum detectable concentration was 15 pg/mL, and intra
and inter-assay CVs were 3.8% and 6.7%, respectively.

Plasma glucose concentrations (mmol/L) were measured by the glucose oxidase method using a
glucose analyser (YSI 2900 STAT Plus; Yellow Springs Instruments, Yellow Springs, Ohio, USA).

2.5.2. Measurement of Gastric Emptying

Gastric emptying was measured by breath test using 3C-acetate [16]. 1>CO, concentrations in
end-expiratory breath samples were measured using an isotope ratio mass spectrometer (FANCi; Fischer
Analysen Instrumente GmbH, Leipzig, Germany) with an online gas chromatographic purification
system. The results were expressed as percentage of '*CO, recovery/hour and profiles plotted as
cumulative values over the sampling period [18].

2.5.3. Appetite Perceptions, GI Symptoms and Energy Intake

Appetite-related perceptions (fullness, hunger, desire to eat and prospective food consumption)
were assessed using a validated 100-mm VAS questionnaire [19]. Nausea and bloating were also
assessed. Each VAS evaluated a sensation on a 100-mm horizontal line, where 0 mm represented
“sensation not felt at all” and 100 mm represented “sensation felt the greatest”. Participants rated how
they were feeling at a given time-point by placing a vertical stroke at the appropriate point on the line.

Energy intake at the buffet meal was calculated from the amount of food and drink (g) consumed
at the meal, obtained by weighing all food items before and after being offered to the participant.
The meal comprised 4 slices (120 g) of whole-meal bread, 4 slices (120 g) of white bread, 100 g sliced
ham, 100 g sliced chicken, 85 g sliced cheddar cheese, 100 g lettuce, 100 g sliced tomato, 100 g sliced
cucumber, 22 g mayonnaise, 20 g margarine, 1 apple (170 g), 1 banana (190 g), 175 g strawberry
yogurt, 100 g chocolate custard, 120 g fruit salad, 375 mL iced coffee, 300 mL orange juice and 600 mL
water, and had a total energy content of 2300 kcal (27% fat, 52% carbohydrate and 21% protein) and
weight of 2924 g. Energy intake (kcal) was then calculated using commercial software (FoodWorks 8.0;
Xyris Software, Highgate Hill, Queensland, Australia) [14].

2.6. Data and Statistical Analyses

The number of participants was determined by power calculations based on our previous
studies [18,20,21]. We calculated that n = 16 participants would allow detection of a 205-kcal difference
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in energy intake (part A), and a 1.0 mmol/L reduction in plasma glucose (part B), both at « = 0.05,
with a power of 80%.

To evaluate the effects of phenylalanine alone on plasma hormone and glucose concentrations
and VAS ratings (part A only), data were summarised by calculating areas under the curve (AUC)
from t = =31 to —1 min (AUC_31 o —1 min), using the trapezoidal rule. To evaluate the responses to the
buffet meal, AUCs from t = —1 to 60 min (AUC_1 ¢, 60 min) Were calculated for plasma CCK and PYY,
and VAS data. To evaluate the responses to the mixed-nutrient drink, AUCs from t = —1 to 120 min
(AUC_1 t0 120 min) Were calculated for plasma glucose, insulin, glucagon and GLP-1 concentrations
to characterise the overall response, while AUCs from t = —1 to 30 min (AUC_1 t;, 30 min) for plasma
glucose, insulin, glucagon and GLP-1 concentrations were calculated to characterise the ‘early’ response.
Peak plasma glucose was also determined. Gastric emptying data were expressed as AUCs from t = 0
to 120 min (AUCO to 120 min)-

Statistical analysis was performed in collaboration with a professional biostatistician, using SPSS
software (version 24.0; SPSS Inc., Chicago, IL, USA). Energy intake, total amount (g) consumed
and peak plasma glucose were analysed using repeated-measures one-way ANOVA with treatment
(control, Phe-5 g, Phe-10 g) as a factor. All AUC data were analysed using a mixed models analysis,
including baseline (t = —31 min) as a covariate and treatment as a fixed factor. An unstructured
covariance matrix was used to account for repeated treatments on each subject. Model assumptions of
normality and constant variance were assessed via residual plots, and where assumptions were not met,
anatural logarithmic transformation was applied to the data. For all ANOVAs sphericity was evaluated
by Mauchly’s test, and when violated, the Greenhouse-Geisser P value was reported. Post-hoc
comparisons, adjusted for multiple comparisons using Bonferroni’s correction, were performed where
ANOVAs or mixed models analyses revealed significant effects. Linear within-subject correlations
were performed, in part A, between energy intake with plasma CCK and PYY concentrations,
and appetite-related perceptions, at t = —1 min (i.e., directly before the buffet-meal), and, in part B,
between peak plasma glucose with plasma insulin, glucagon and GLP-1 concentrations at t = —1 min
(i.e., directly before the mixed-nutrient drink) and AUCs_ t, 30 min (i-€., early response to the mixed
nutrient drink), and with gastric emptying AUC o 30 min, @s well as with the dose of phenylalanine,
including baseline values as co-variates. Differences were considered statistically significant at p < 0.05.
All data are reported as means + SEMs.

3. Results

All subjects completed all study visits without adverse effects. Plasma insulin data and breath test
data were unavailable in one participant each, due to technical problems.

3.1. Part A: Effects on Energy Intake

3.1.1. Appetite Perceptions and GI Symptoms

There was an effect of treatment on fullness AUC_31 to -1 min (p = 0.016). Fullness was greater
after Phe-10 g, but not Phe-5 g, compared with control (p = 0.018) (Figure 2). There were no effects
on hunger, desire to eat, prospective food consumption, nausea or bloating. There were no effects on
appetite perceptions or GI symptoms.

3.1.2. Energy Intake

There was an effect of treatment on energy intake (kcal) (p = 0.005), but not the amount consumed
(g)- Phe-10 g, but not Phe-5 g, reduced energy intake compared with control (p = 0.012; Table 1).
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Figure 2. Hunger (A), desire to eat (B), prospective food consumption (C), fullness (D), nausea (E) and

bloating (F) at baseline (t = —31 min), in response to an intragastric bolus (100 mL) of phenylalanine,
at doses of 5 g (Phe-5 g) or 10 g (‘Phe-10 g), or control (t = =20, —10, —1 min) and after a buffet-meal
(t = 30 and 60 min). Data were analysed using a mixed models analysis, including baseline as a

covariate and treatment as a fixed factor. Post hoc comparisons, adjusted for multiple comparisons by

Bonferroni’s correction, were conducted when the mixed models analysis revealed significant effects.

(D) Fullness AUC_31 to —1 min: $ Phe-10g significantly different from control (p = 0.018). Data are means

+ SEM and shown as changes from baseline; n = 16.



Nutrients 2020, 12, 1788 8of 17

Table 1. Energy intake (kcal) and amount consumed (g) at an ad libitum buffet meal offered 30 min
after intragastric infusion of phenylalanine, at doses of 5 g (Phe-5 g) or 10 g (Phe-10 g), or control®

Variables Control Phe-5g Phe-10 g P

Energy intake (kcal) 1084 +76 ~ 987 +82  900+78*  0.005
Amount consumed (g) 1096 + 87 1065 + 93 988 + 78 NS

! Data are means + SEMs. 1 = 16. NS, not significant. Data were analysed using repeated-measures one-way
ANOVA with treatment as a factor. Post-hoc comparisons, adjusted for multiple comparisons by Bonferroni’s
correction, were conducted where ANOVAs revealed significant effects. * Significantly different from control
(p < 0.05).

3.1.3. Plasma CCK

There were no significant differences in fasting plasma CCK concentrations between study days
(Figure 3A).

99 |Pheor Buffet
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-4 Phe-10g
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Figure 3. Plasma concentrations of cholecystokinin (CCK) (A) and peptide YY (PYY) (B) at baseline
(t = =31 min), in response to an intragastric bolus (100 mL) of phenylalanine, at doses of either 5 g
(Phe-5 g) or 10 g (Phe-10 g), or control (t = —20, —10, —1 min) and after a buffet-meal (t = 30 and 60 min).
Data were analysed using a mixed models analysis including baseline as a covariate and treatment as
a fixed factor. Post hoc comparisons, adjusted for multiple comparisons by Bonferroni’s correction,
were conducted when the mixed model revealed significant effects. (A) Plasma CCK AUC_31 ty -1 min:
$ Phe-10 g significantly different from (p = 0.010). (B) Plasma PYY AUC_31 to—1 min: & Trend for
difference for Phe-5 g compared with control (p = 0.074). Data are means + SEM; n = 16.

Response to phenylalanine: There was an effect of treatment on plasma CCK AUC_31 to -1 min
(p = 0.002) (Table 2), which was greater after Phe-10 g, but not Phe-5 g, compared with control (p = 0.010).
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Table 2. Plasma CCK and PYY concentrations (part A), and plasma glucose, insulin, glucagon and
GLP-1 responses to, and gastric emptying of, a mixed-nutrient drink (part B), after intragastric infusion
of phenylalanine, at doses of 5 g (Phe-5 g), or 10 g (Phe-10 g), or control®

Variables Control Phe-5g Phe-10 g p (Mixed Models Analysis)
PART A: Effects on Energy Intake
Plasma CCK
AUC_31 o 1, pmol/L X min 121+5 137+ 6 135+ 6% 0.002
Plasma PYY
AUC_31 o 1, pmol/L X min 521 + 24 577 £ 16y 578 + 30 0.057

PART B: Effects on glycaemia
Plasma glucose

AUC_31 4o -1, mmol/L X min 134 +£2 136 + 2 134 +3 NS
AUC_1 o 120, mmol/L X min 601 + 25 581 + 20 556 + 28 * 0.027
AUC_1 ¢ 30, mmol/L X min 160 + 4 158 + 4 150 + 4 0.095
Peak glucose, mmol/L 6.1+0.2 59 +0.2 55+0.3* 0.021
Plasma insulin

AUC_31 to -1, mU/L X min 89+5 155+ 16* 173 £18* 0.000
AUC_1 o 120, mU/L X min 3183 + 375 3270 + 334 3372 + 293 NS
AUC_1 10 30, mU/L X min 2 6.4+0.2 6.7+0.1* 6.6+0.1% 0.006
Plasma glucagon

AUC_31 t -1, pg/mL X min 989 + 38 1139 +£ 51 * 1196 + 39 * 0.000
AUC _1 {120, pg/mL X min 4879 +342 5282 +329§ 6100 +304* 0.002
AUC_1 530, pg/ mL X min 1138 + 61 1334 + 67 * 1507 £ 76 * 0.000
Plasma GLP-1

AUC_31 o -1, pmol/L X min 499 + 30 484 £ 16 511 £ 23 NS
AUC_ 15 120, pmol/L X min 2703 + 157 2662 + 151 2986 + 163 0.087
AUC_1 30, pmol/L X min 688 + 44 651 + 31 737 + 48 0.088
Gastric emptying

AUC ¢4 120, % recovery of 13CO, 2032 +138 2021 +103 2021 + 126 NS

! Data are means + SEMs; n = 16, except plasma insulin and gastric emptying 1 = 15. AUC, area under the
curve; CCK, cholecystokinin; GLP-1, glucagon-like peptide-1; NS, not significant; PYY, peptide tyrosine tyrosine.
2 Data are reported as the natural log of AUC data. Data were analysed using a mixed models analysis, including
baseline (t = —31 min) as a covariate and treatment as a fixed factor. Post-hoc comparisons, adjusted for multiple
comparisons using Bonferroni’s correction, were performed where mixed models analysis revealed significant
effects. * Significantly different from control (p < 0.05). y Trend for difference from control (p = 0.074). § Trend for
difference from control (p = 0.097).

Response to buffet meal: Plasma CCK increased on all study days (p < 0.001), and remained
elevated 30 min later, with no difference between treatments (p = 0.573).

3.1.4. Plasma PYY

There were no significant differences in fasting plasma PYY concentrations between study days
(Figure 3B).

Response to phenylalanine: There was a trend for an effect of treatment on plasma PYY
AUC_31 to -1 min (p = 0.057) (Table 2). Phe-5g tended to increase plasma PYY AUC_31 t —1 min compared
with control (p = 0.074).

Response to buffet meal: Plasma PYY increased on all study days (p < 0.01), and remained elevated
30 min later, with no difference between treatments (p = 0.378).

3.1.5. Relationships between Dose of Phenylalanine, Energy Intake, Plasma CCK, Plasma PYY and
Appetite Perceptions

There were inverse correlations between energy intake (r = —0.5, p = 0.001), and the amount
consumed (r = —0.4, p = 0.001), a direct correlation between plasma CCK at t = -1 min (r = 0.5, p = 0.005),
and a trend for a direct correlation between fullness at t = —1 min (r = 0.30, p = 0.060), with the dose of
phenylalanine administered.

There was an inverse correlation between energy intake with plasma CCK (r = -0.4, p = 0.027),
and a trend for an inverse correlation with plasma PYY (r =-0.31, p = 0.082), at t = =1 min. There were
no correlations between energy intake and appetite perceptions at t = -1 min.
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3.2. Part B: Effects on Glycaemia

3.2.1. Plasma Glucose

There were no differences in fasting plasma glucose concentrations between study days (Figure 4).
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Figure 4. Plasma concentrations of glucose at baseline (t = 31 min), in response to an intragastric bolus
(100 mL) of phenylalanine, at doses of either 5 g (‘Phe-5 g) or 10 g (‘Phe-10 g), or control (t = —20, 10,
—1 min), and after a mixed-nutrient drink (t = 15-120 min). Dotted line represents the time at which
consumption of the drink was complete. Data were analysed using a mixed models analysis including
baseline as a covariate and treatment as a fixed factor. Post hoc comparisons, adjusted for multiple
comparisons by Bonferroni’s correction, were conducted when the mixed model revealed significant
effects. Glucose AUC_1 ¢ 120 min: ¥ Phe-10 g significantly different from control (p = 0.043). Data are
means + SEM; n = 16.

Response to phenylalanine: There was no effect of treatment on plasma glucose AUC_31 to -1 min
(Table 2).

Response to nutrient drink: Plasma glucose concentrations increased on all study days (p < 0.001).
There was an effect of treatment on plasma glucose AUC_1 ¢ 120 min (¢ = 0.027). Phe-10 g, but not Phe-5
g, reduced plasma glucose AUC_ 1, 120 min compared with control (p = 0.043). There was a trend for a
treatment effect on plasma glucose AUC_; ¢ 30 min (p = 0.095). However, post-hoc analyses revealed
no differences between treatments. There was a treatment effect on peak plasma glucose (p = 0.021).
Phe-10 g, but not Phe-5 g, reduced peak glucose compared with control (p = 0.017).

3.2.2. Plasma Insulin

There were no differences in fasting plasma insulin concentrations between study days (Figure 5A).

Response to phenylalanine: There was an effect of treatment on plasma insulin AUC_31 to -1 min
(p = 0.000). Plasma insulin AUC_31 ¢, -1 min Was greater after both Phe-10 g (p = 0.000) and Phe-5 g
(p = 0.003), compared with control (Table 2).

Response to nutrient drink: Plasma insulin concentrations increased on all study days. There was
no effect of treatment on plasma insulin AUC_1 , 120 min- There was a treatment effect for plasma
insulin AUC_; ¢ 30 min (p = 0.006). Both Phe-10 g (p = 0.006) and Phe-5 g (p = 0.002) increased plasma
insulin AUC_1 ¢, 30 min, compared with control.

3.2.3. Plasma Glucagon

There were no differences in fasting plasma glucagon concentrations between study days
(Figure 5B).
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Figure 5. Plasma concentrations of insulin (A), glucagon (B) and glucagon-like peptide-1 (GLP-1) (C) at
baseline (t = —31 min), in response to an intragastric bolus (100 mL) of phenylalanine, at doses of either 5 g
(Phe-5 g) or 10 g (Phe-10 g), or control (t = —20, —10, 1 min), and after a mixed-nutrient drink (t = 15-120 min).
Dotted line represents completion of drink consumption. Data were analysed using a mixed models
analysis including baseline as a covariate and treatment as a fixed factor. Post hoc comparisons, adjusted
for multiple comparisons by Bonferroni’s correction, were conducted when the mixed model revealed
significant effects. (A) Insulin AUC_31 45 —1 min: $ Phe-10g (p = 0.00) and # Phe-5 g (p = 0.003) significantly
different from control. Insulin AUC_; t, —30 min: * Phe-10g (p = 0.006) and & Phe-5 g (p = 0.002) significantly
different from control. (B) Glucagon AUC_31 o 1 min: $ Phe-10 g (p = 0.002) and # Phe-5 g (p = 0.003)
significantly different from control. Glucagon AUC_; ; _120 min: * Phe-10 g (p = 0.002), and  trend for
Phe-5 g (p = 0.097), compared with control. Glucagon AUC_; { —30 min: * Phe-10 g (p = 0.001) and and
Phe-5 g (p = 0.000) significantly different from control. Data are means + SEM; n = 16, except insulin n = 15.

Response to phenylalanine: There was an effect of treatment on plasma glucagon AUC_31 to -1 min
(p = 0.000) (Table 2). Plasma glucagon AUC_3j t, -1 min Was greater after both Phe-10g (p = 0.002) and
Phe-5 g (p = 0.003), compared with control.
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Response to nutrient drink: Plasma glucagon modestly increased on all study days (p < 0.005).
There were treatment effects for plasma glucagon AUC_; 1 120 min (p = 0.002) and AUC_1 ty —30 min
(p =0.000). Phe-10 g increased (p = 0.002), while Phe-5 g tended to increase (p = 0.097), plasma glucagon
AUC_1 to —120 min, compared with control. Both Phe-10 g (p = 0.001) and Phe-5 g (p = 0.000) increased
plasma glucagon AUC_1 , —30 min, compared with control.

3.2.4. Plasma GLP-1

There were no differences in fasting plasma GLP-1 concentrations between study days (Figure 5C).

Response to phenylalanine: There was no effect of treatment on plasma GLP-1 AUC_31 to -1 min
(Table 2).

Response to nutrient drink: Plasma GLP-1 concentrations increased on all study days (p < 0.005).
There were trends for effects of treatment on plasma GLP-1 AUC_; {4 120 min (p = 0.087) and GLP-1
AUC_1 5 —30 min (p = 0.088). However, post-hoc analyses revealed no differences between treatments,
although mean values were modestly higher after Phe-10 g.

3.2.5. Gastric Emptying

There was no effect of treatment on gastric emptying of the mixed-nutrient drink (Figure 6).
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Figure 6. Gastric emptying of a mixed-nutrient drink (containing 100 mg ['3CJacetate) consumed at
t = —1 min, 30 min after intragastric administration of a bolus (100 mL) of phenylalanine, at doses of
either 5 g (Phe-5 g) or 10 g (Phe-10 g), or control, measured by breath test and expressed as recovery
of 13CO; in breath samples. Dotted line represents the time at which consumption of the drink
was complete. Data were analysed using a mixed models analysis including baseline (t = 0 min,
i.e., completion of drink ingestion) as a covariate and treatment as a fixed factor. Post hoc comparisons,
adjusted for multiple comparisons by Bonferroni’s correction, were conducted when the mixed model
revealed significant effects. Data are means + SEM; n = 15.

3.2.6. Relationships between Dose of Phenylalanine, Peak Plasma Glucose, Insulin, Glucagon
and GLP-1

There was an inverse correlation between peak plasma glucose (r = —0.46, p = 0.007), and direct
correlations between insulin at t = —1 min (r = 0.70, p = 0.000) and glucagon at t = —1 min (r = 0.60,
p = 0.000), with the dose of phenylalanine administered.

There was a trend for an inverse correlation between peak plasma glucose with insulin (r = —0.31,
p =0.1) at t = =1 min. There were no correlations between peak plasma glucose with the AUCy {0 30 min
for gastric emptying or AUC_1 ¢4 30 min for insulin or GLP-1.

4. Discussion

We have demonstrated that phenylalanine has both energy intake-suppressant and blood
glucose-lowering effects in healthy people. Key findings were that (i) 10 g (Phe-10 g), but not
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5 g (Phe-5 g), phenylalanine reduced energy intake at a buffet meal, (i) Phe-10 g stimulated plasma
CCK, and (iii) energy intake was related inversely to plasma CCK, and there was a trend for an inverse
relationship with PYY, immediately prior to the meal, (iv) both Phe-5 g and Phe-10 g stimulated insulin
and glucagon, (v) Phe-10 g, but not Phe-5 g, reduced plasma glucose in response to a mixed-nutrient
drink and (vi) phenylalanine had no effect on gastric emptying. Accordingly, the reduction in energy
intake is, at least in part, mediated by CCK and PYY, and blood glucose lowering is primarily mediated
by insulin, while gastric emptying or GLP-1 do not appear to play a role.

Phe-10g reduced energy intake from a buffet meal consumed 30 min later by a substantial 184 kcal
(17%), in the absence of nausea. While the effect of Phe-5 g was not significant, the mean caloric
reduction was 100 kcal, and energy intake was related inversely to the dose of phenylalanine given.
Our findings confirm, and extend, those from an earlier study [9], which reported that oral ingestion of
10 g phenylalanine, 20 min before a meal (mince meat and rice, and cake) reduced energy intake from
that meal by 498 kcal (31%). The difference in the magnitude of the effect on energy intake may be due
to the timing of meal ingestion; in the previous study meal consumption 20 min after phenylalanine
ingestion may have been closer to peak CCK, possibly explaining the more modest energy intake
suppression in response to Phe-10 g, and the lack of a significant effect of Phe-5 g, in our study.

Other gut hormones, particularly PYY and GLP-1, also play a role in the regulation of acute energy
intake [22,23]. These are released predominantly from the distal small intestine, thus, their release is
more delayed compared with that of CCK [24]. Indeed, we found no effect of phenylalanine alone
on PYY, although there was a trend for an inverse correlation between energy intake and plasma
PYY immediately before the meal, suggesting some contribution to the effects of phenylalanine on
energy intake. While phenylalanine alone did not stimulate GLP-1 (as shown in part B of the study),
the marked stimulation of, particularly, glucagon and, to a more moderate extent, insulin within 30 min
of phenylalanine administration may suggest that these hormones also contributed to the lowering
of energy intake [25,26]. However, the contribution of each hormone individually was most likely
modest. Our data also do not confirm findings from preclinical studies of strong stimulatory effects
on PYY and GLP-1 [12], probably because much higher doses were used in these, suggesting that,
in humans, phenylalanine is not a strong PYY or GLP-1 secretagogue, also considering the relatively
high doses we used.

A second aim of our study was to investigate the effects of phenylalanine on postprandial blood
glucose and potential underlying GI mechanisms, particularly the role of gastric emptying, given earlier
reports that phenylalanine stimulates CCK [9,10], a key regulator of the slowing of gastric emptying [27],
and the reports in preclinical studies of potent effects on the incretin hormone, GLP-1 [12]. Phe-10 g
lowered plasma glucose in response to a mixed-nutrient drink consumed 30 min later, by 0.6 mmol/L,
compared with control. In contrast, Phe-5 g did not have an effect, although peak plasma glucose was
inversely related to the dose of phenylalanine. Thus, a relatively high load of phenylalanine is required
for a modest effect on blood glucose lowering. In an earlier study, phenylalanine, co-administered at
a dose of 1 mmol/kg lean body mass (9 g in a 70 kg person) with 25 g glucose, did not reduce peak
plasma glucose compared with glucose alone, but was associated with an earlier return of plasma
glucose to baseline levels, suggesting that consumption prior to a meal may be necessary for glucose
lowering. That the magnitude of glucose lowering in our study was modest may, in part, reflect the
fact that the nutrient drink also contained fructose-based carbohydrates, thus, a drink with a higher
content of glucose-based carbohydrates may have led to greater changes in both blood glucose and
glucose lowering. The glucose-lowering effect of phenylalanine is likely to be more pronounced in
people with type 2 diabetes with much more elevated postprandial glucose concentrations, and lower
doses may be sufficient, which warrants investigation.

Both Phe-5 g and Phe-10 g stimulated insulin prior to the nutrient drink, i.e., in the absence
of glucose. It is likely that circulating phenylalanine may have acted directly on pancreatic
beta-cells to stimulate insulin. In support, phenylalanine has been reported to stimulate insulin from
isolated beta-cells and insulin-secreting pancreatic beta-cell lines via the sulphonylurea receptor [28].



Nutrients 2020, 12, 1788 14 of 17

That insulin contributed to glucose lowering is supported by the observation that peak glucose tended
to be inversely related to insulin levels immediately before the drink. Moreover, the early insulin
response to the drink was greater after Phe-5 g and Phe-10 g compared with control. Both Phe-5 g
and Phe-10 g also potently stimulated plasma glucagon, both before and following the mixed-nutrient
drink, and this may have counteracted a more potent plasma glucose-lowering effect.

In contrast to preclinical studies [12], plasma GLP-1 was not stimulated measurably by
phenylalanine alone in our study, except for a possible indication of a rise immediately before
the nutrient drink, but slightly increased following the mixed-nutrient drink, with mean levels being
modestly higher following Phe-10 g. Since the insulinotropic effect of GLP-1 has been reported to
require glucose levels of 7-8 mmol/L [29], GLP-1-dependent stimulation of insulin was most likely not
the mechanism by which glucose was lowered in our study, although we cannot exclude an effect of
GLP-1 near the location of its secretion.

Gastric emptying is a major determinant of the blood glucose response to a meal [30,31]. In our
study, phenylalanine did not slow gastric emptying. This was unexpected given previous reports
that phenylalanine stimulates CCK, which is known to slow gastric emptying [27]. Although we did
not measure CCK in this part of the study, the rise in plasma CCK in part A, although significant,
was modest (2 pmol/L) and concentrations were returning towards baseline immediately before
consumption of the nutrient drink, thus, potentially not reaching levels required for an effect on
gastric emptying. Nevertheless, it is clear that slowing of gastric emptying did not underlie the
glucose-lowering effect of phenylalanine.

A major strength of our study was the comprehensive investigation of both intake and
gluco-regulatory effects of phenylalanine, and associated GI mechanisms, in humans. Some limitations
should also be recognised. We only included healthy young males because they have been reported
to be more sensitive to dietary manipulations [32] and to avoid any confounding influences of the
menstrual cycle on GI functions and energy intake [15], therefore, our observations should not be
extrapolated to females or other groups, including older people, people with obesity or type 2 diabetes.
We did not analyse the effects of phenylalanine on plasma ghrelin concentrations, given that the
effects on the gut hormones measured were modest. We also did not measure plasma phenylalanine,
which has been related to a decreased desire to eat [33], and is a marker of levels of the neurotransmitter,
dopamine, which plays a role in food reward [34,35]. Plasma phenylalanine concentrations would also
provide an indication of phenylalanine absorption, however, a previous study reported substantially
elevated circulating phenylalanine concentrations for about 150 min after consumption [11], suggesting
a prolonged presence of phenylalanine in the GI lumen. Finally, while we measured a number of GI
functions that play important roles in the regulation of appetite, energy intake and blood glucose
control, it is important to recognise that the regulation of appetite and energy intake, in particular,
is complex, and many factors, including the microbiome, circulating metabolites and activation of
central pathways, such as the leptin-melanocortin pathway, amongst others, also play a role.

5. Conclusions

The findings from this study add to a growing body of evidence that a number of amino acids
have effects to reduce energy intake and/or postprandial blood glucose in humans, at least in part,
by stimulating the release of gut and/or pancreatic hormones, and some amino acids also by slowing
gastric emptying [9-11,18,20,21,36-38]. The current study shows that phenylalanine, when given in
isolation in a concentrated form, has the capacity to both reduce energy intake and lower postprandial
blood glucose in healthy men in a dose-related fashion. The suppression of energy intake most likely
involved a number of gut, and possibly pancreatic, hormones, while the blood glucose-lowering effect
was due to insulin, while slowing of gastric emptying, surprisingly, played no role, and the involvement
of GLP-1 remains uncertain. While the effects were modest, particularly considering the relatively large
loads required for these effects, the data provide a rationale for establishing the appetite-suppressant
and blood glucose-lowering effects of phenylalanine in people with obesity and/or type 2 diabetes,
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as these are the target populations for novel strategies to reduce energy intake and lower postprandial
blood glucose. Such studies would need to evaluate whether the effects observed in healthy people in
the current study are maintained in people with obesity and/or type 2 diabetes. Moreover, since people
with type 2 diabetes have markedly elevated postprandial blood glucose levels, the magnitude of
the effect of phenylalanine on blood glucose may be enhanced, thus, smaller loads may be sufficient;
this warrants investigation.

Author Contributions: Conceptualization, R.E.S., M.H. and C.F.-B.; Data curation, P.C.E.F,; Formal analysis,
P.CE.F; Funding acquisition, C.E-B.; Investigation, PC.E.E,, BM. and B.H.; Methodology, C.F.-B.; Project
administration, C.E-B.; Resources, C.F.-B.; Supervision, C.F.-B.; Visualization, P.C.E.F,; Writing—original draft,
P.C.E.F and C.E-B.; Writing—review and editing, PC.E.F, RE.S., B.M., BH., M.H. and C.E-B. All authors have
read and agreed to the published version of the manuscript.

Funding: The research was supported by an NHMRC Project Grant (grant no. 1158296, 2019-22, to C.E.-B.).
C.E.-B. was supported by an NHMRC Senior Research Fellowship (grant 1103020, 2016-21).

Acknowledgments: We thank Kylie Lange, Centre of Research Excellence in Translating Nutritional Science to
Good Health, The University of Adelaide, a biostatistician, for statistical support and Scott Standfield and Judith
Wishart for performing the hormone analyses.

Conflicts of Interest: The authors declare no conflict of interest. The sponsors had no role in the design of the
study, the collection, analyses, or interpretation of data, writing of the manuscript, and in the decision to publish
the results.

References

1. Steinert, R.E.; Feinle-Bisset, C.; Asarian, L.; Horowitz, M.; Beglinger, C.; Geary, N. Ghrelin, CCK, GLP-1,
and PYY(3-36): Secretory controls and physiological roles in eating and glycemia in health, obesity, and after
RYGB. Physiol. Rev. 2017, 97, 411-463. [CrossRef]

2. Seimon, R.V,; Lange, K,; Little, T.].; Brennan, I.M.; Pilichiewicz, A.N.; Feltrin, K.L.; Smeets, A.]J.; Horowitz, M.;
Feinle-Bisset, C. Pooled-data analysis identifies pyloric pressures and plasma cholecystokinin concentrations
as major determinants of acute energy intake in healthy, lean men. Am. J. Clin. Nutr. 2010, 92, 61-68.
[CrossRef] [PubMed]

3. Liddle, R.A,; Morita, E.T; Conrad, C.K.; Williams, J.A. Regulation of gastric emptying in humans by
cholecystokinin. J. Clin. Investig. 1986, 77, 992-996. [CrossRef] [PubMed]

4. Hajishafiee, M.; Bitarafan, V.; Feinle-Bisset, C. Gastrointestinal sensing of meal-related signals in humans,
and dysregulations in eating-related disorders. Nutrients 2019, 11, 1298. [CrossRef]

5. Drucker, D.J. The biology of incretin hormones. Cell Metab. 2006, 3, 153-165. [CrossRef] [PubMed]

6.  Akhavan, T.; Luhovyy, B.L.; Brown, PH.; Cho, C.E.; Anderson, G.H. Effect of premeal consumption of whey
protein and its hydrolysate on food intake and postmeal glycemia and insulin responses in young adults.
Am. |. Clin. Nutr. 2010, 91, 966-975. [CrossRef]

7. Ma, J.; Stevens, J.E.; Cukier, K.; Maddox, A.F.; Wishart, ].M.; Jones, K.L.; Clifton, PM.; Horowitz, M.;
Rayner, C K. Effects of a protein preload on gastric emptying, glycemia, and gut hormones after a carbohydrate
meal in diet-controlled type 2 diabetes. Diabetes Care 2009, 32, 1600-1602. [CrossRef]

8.  Ryan, A.T,; Feinle-Bisset, C.; Kallas, A.; Wishart, ].M.; Clifton, PM.; Horowitz, M.; Luscombe-Marsh, N.D.
Intraduodenal protein modulates antropyloroduodenal motility, hormone release, glycemia, appetite,
and energy intake in lean men. Am. J. Clin. Nutr. 2012, 96, 474-482. [CrossRef]

9.  Ballinger, A.B.; Clark, M.L. L-phenylalanine releases cholecystokinin (CCK) and is associated with reduced
food intake in humans: Evidence for a physiological role of CCK in control of eating. Metabolism 1994, 43,
735-738. [CrossRef]

10. Steinert, R.E.; Landrock, M.E,; Horowitz, M.; Feinle-Bisset, C. Effects of intraduodenal infusions of
L-phenylalanine and L-glutamine on antropyloroduodenal motility and plasma cholecystokinin in healthy
men. J. Neurogastroenterol. Motil. 2015, 21, 404-413. [CrossRef]

11.  Nuttall, FQ.; Schweim, K.J.; Gannon, M.C. Effect of orally administered phenylalanine with and without
glucose on insulin, glucagon and glucose concentrations. Horm. Metab. Res. 2006, 38, 518-523. [CrossRef]

12.  Alamshah, A.; Spreckley, E.; Norton, M.; Kinsey-Jones, J.S.; Amin, A.; Ramgulam, A.; Cao, Y.; Johnson, R.;
Saleh, K.; Akalestou, E.; et al. L-phenylalanine modulates gut hormone release and glucose tolerance,


http://dx.doi.org/10.1152/physrev.00031.2014
http://dx.doi.org/10.3945/ajcn.2009.29015
http://www.ncbi.nlm.nih.gov/pubmed/20484444
http://dx.doi.org/10.1172/JCI112401
http://www.ncbi.nlm.nih.gov/pubmed/3949984
http://dx.doi.org/10.3390/nu11061298
http://dx.doi.org/10.1016/j.cmet.2006.01.004
http://www.ncbi.nlm.nih.gov/pubmed/16517403
http://dx.doi.org/10.3945/ajcn.2009.28406
http://dx.doi.org/10.2337/dc09-0723
http://dx.doi.org/10.3945/ajcn.112.038133
http://dx.doi.org/10.1016/0026-0495(94)90123-6
http://dx.doi.org/10.5056/jnm14143
http://dx.doi.org/10.1055/s-2006-949523

Nutrients 2020, 12, 1788 16 of 17

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

and suppresses food intake through the calcium-sensing receptor in rodents. Int. ]. Obes. 2017, 41,
1693-1701. [CrossRef]

Stunkard, A.J.; Messick, S. The three-factor eating questionnaire to measure dietary restraint, disinhibition
and hunger. J. Psychosom. Res. 1985, 29, 71-83. [CrossRef]

Nair, N.; Brennan, I.; Little, T.; Gentilcore, D.; Hausken, T.; Jones, K.; Wishart, ].M.; Horowitz, M.;
Feinle-Bisset, C. Reproducibility of energy intake, gastric emptying, blood glucose, plasma insulin and
cholecystokinin responses in healthy young males. Br. J. Nutr. 2008, 101, 1094-1102. [CrossRef]

Brennan, I.M.; Feltrin, K.L.; Nair, N.S.; Hausken, T.; Little, T.J.; Gentilcore, D.; Wishart, ].M.; Jones, K.L.;
Horowitz, M.; Feinle-Bisset, C. Effects of the phases of the menstrual cycle on gastric emptying, glycemia,
plasma GLP-1 and insulin, and energy intake in healthy lean women. Am. J. Physiol. Gastrointest. Liver
Physiol. 2009, 297, G602-G610. [CrossRef]

Mossi, S.; Meyer-Wyss, B.; Beglinger, C.; Schwizer, W.; Fried, M.; Ajami, A.; Brignoli, R. Gastric emptying
of liquid meals measured noninvasively in humans with [13C]Acetate breath test. Dig. Dis. Sci. 1994, 39,
1075-109S. [CrossRef]

Santangelo, A.; Peracchi, M.; Conte, D.; Fraquelli, M.; Porrini, M. Physical state of meal affects gastric
emptying, cholecystokinin release and satiety. Br. J. Nutr. 1998, 80, 521-527. [CrossRef] [PubMed]

Ullrich, S.S.; Fitzgerald, P.C.; Schober, G.; Steinert, R.E.; Horowitz, M.; Feinle-Bisset, C. Intragastric
administration of leucine or isoleucine lowers the blood glucose response to a mixed-nutrient drink by
different mechanisms in healthy, lean volunteers. Am. J. Clin. Nutr. 2016, 104, 1274-1284. [CrossRef]
Parker, B.A.; Sturm, K.; MacIntosh, C.G.; Feinle, C.; Horowitz, M.; Chapman, . M. Relation between food
intake and visual analogue scale ratings of appetite and other sensations in healthy older and young subjects.
Eur. J. Clin. Nutr. 2004, 58, 212-218. [CrossRef] [PubMed]

Steinert, R.E.; Luscombe-Marsh, N.D.; Little, T.J.; Standfield, S.; Otto, B.; Horowitz, M.; Feinle-Bisset, C.
Effects of intraduodenal infusion of L-tryptophan on ad Libitum eating, antropyloroduodenal motility,
glycemia, insulinemia, and gut peptide secretion in healthy men. J. Clin. Endocrinol. Metab. 2014, 99,
3275-3284. [CrossRef] [PubMed]

Steinert, R.E.; Landrock, M.F,; Ullrich, S.S.; Standfield, S.; Otto, B.; Horowitz, M.; Feinle-Bisset, C. Effects of
intraduodenal infusion of the branched-chain amino acid leucine on ad libitum eating, gut motor and
hormone functions, and glycemia in healthy men. Am. J. Clin. Nutr. 2015, 102, 820-827. [CrossRef]

Degen, L.; Oesch, S.; Casanova, M.; Graf, S.; Ketterer, S.; Drewe, J.; Beglinger, C. Effect of peptide YY3-36 on
food intake in humans. Gastroenterology 2005, 129, 1430-1436. [CrossRef] [PubMed]

Gutzwiller, J.P; Goke, B.; Drewe, J.; Hildebrand, P,; Ketterer, S.; Handschin, D.; Winterhalder, R.; Conen, D.;
Beglinger, C. Glucagon-like peptide-1: A potent regulator of food intake in humans. Gut 1999, 44, 81-86. [CrossRef]
Fried, M.; Mayer, E.A.; Jansen, ].B.M.].; Lamers, C.B.H.W.; Taylor, I.L.; Bloom, S.R.; Meyer, ].H. Temporal
relationships of cholecystokinin release, pancreatobiliary secretion, and gastric emptying of a mixed meal.
Gastroenterology 1988, 95, 1344-1350. [CrossRef]

Flint, A.; Gregersen, N.T.; Gluud, L.L.; Moller, B.K.; Raben, A.; Tetens, I.; Verdich, C.; Astrup, A. Associations
between postprandial insulin and blood glucose responses, appetite sensations and energy intake in normal
weight and overweight individuals: A meta-analysis of test meal studies. Br. J. Nutr. 2007, 98, 17-25. [CrossRef]
Bagger, ].I; Holst, ].J.; Hartmann, B.; Andersen, B.; Knop, EK.; Vilsbell, T. Effect of oxyntomodulin, glucagon,
GLP-1, and combined glucagon +GLP-1 infusion on food intake, appetite, and resting energy expenditure.
J. Clin. Endocrinol. Metab. 2015, 100, 4541-4552. [CrossRef] [PubMed]

Fried, M.; Erlacher, U.R.S.; Schwizer, W.; Lochner, C.; Koerfer, J.; Beglinger, C.; Jansen, J.B.; Lamers, C.B.;
Harder, E; Bischof-Delaloye, A. Role of cholecystokinin in the regulation of gastric emptying and
pancreatic enzyme secretion in humans: Studies with the cholecystokinin-receptor antagonist loxiglumide.
Gastroenterology 1991, 101, 503-511. [CrossRef]

Schwanstecher, C.; Meyer, M.; Schwanstecher, M.; Panten, U. Interaction of N-benzoyl-D-phenylalanine
and related compounds with the sulphonylurea receptor of 3-cells. Br. J. Pharmacol. 1998, 123, 1023-1030.
[CrossRef] [PubMed]

Nauck, M.A.; Kleine, N.; Orskov, C.; Holst, J.J.; Willms, B.; Creutzfeldt, W. Normalization of fasting
hyperglycaemia by exogenous glucagon-like peptide 1 (7-36 amide) in type 2 (non-insulin-dependent)
diabetic patients. Diabetologia 1993, 36, 741-744. [CrossRef]


http://dx.doi.org/10.1038/ijo.2017.164
http://dx.doi.org/10.1016/0022-3999(85)90010-8
http://dx.doi.org/10.1017/S0007114508042372
http://dx.doi.org/10.1152/ajpgi.00051.2009
http://dx.doi.org/10.1007/BF02300386
http://dx.doi.org/10.1017/S0007114598001615
http://www.ncbi.nlm.nih.gov/pubmed/10211050
http://dx.doi.org/10.3945/ajcn.116.140640
http://dx.doi.org/10.1038/sj.ejcn.1601768
http://www.ncbi.nlm.nih.gov/pubmed/14749739
http://dx.doi.org/10.1210/jc.2014-1943
http://www.ncbi.nlm.nih.gov/pubmed/24926954
http://dx.doi.org/10.3945/ajcn.115.114488
http://dx.doi.org/10.1053/j.gastro.2005.09.001
http://www.ncbi.nlm.nih.gov/pubmed/16285944
http://dx.doi.org/10.1136/gut.44.1.81
http://dx.doi.org/10.1016/0016-5085(88)90371-X
http://dx.doi.org/10.1017/S000711450768297X
http://dx.doi.org/10.1210/jc.2015-2335
http://www.ncbi.nlm.nih.gov/pubmed/26445112
http://dx.doi.org/10.1016/0016-5085(91)90031-F
http://dx.doi.org/10.1038/sj.bjp.0701686
http://www.ncbi.nlm.nih.gov/pubmed/9559882
http://dx.doi.org/10.1007/BF00401145

Nutrients 2020, 12, 1788 17 of 17

30.

31.

32.

33.

34.

35.

36.

37.

38.

Horowitz, M.; Edelbroek, M.A.L.; Wishart, ].M.; Straathof, ].W. Relationship between oral glucose tolerance
and gastric emptying in normal healthy subjects. Diabetologia 1993, 36, 857-862. [CrossRef]

Marathe, C.S.; Horowitz, M.; Trahair, L.G.; Wishart, ] M.; Bound, M.; Lange, K.; Rayner, C.K.; Jones, K.L.
Relationships of early and late glycemic responses with gastric emptying during an oral glucose tolerance
test. J. Clin. Endocrinol. Metab. 2015, 100, 3565-3571. [CrossRef]

Rolls, B.J.; Kim-Harris, S.; Fischman, M.W.; Foltin, R W.; Moran, T.H.; Stoner, S.A. Satiety after preloads
with different amounts of fat and carbohydrate: Implications for obesity. Am. . Clin. Nutr. 1994, 60,
476-487. [CrossRef]

Hall, W.L.; Millward, D.J.; Rogers, PJ.; Morgan, L.M. Physiological mechanisms mediating aspartame-induced
satiety. Physiol. Behav. 2003, 78, 557-562. [CrossRef]

Hardman, C.A.; Herbert, V.M.; Brunstrom, ].M.; Munafo, M.R.; Rogers, P.J. Dopamine and food reward:
Effects of acute tyrosine/phenylalanine depletion on appetite. Physiol. Behav. 2012, 105, 1202-1207. [CrossRef]
Montgomery, A.J.; McTavish, S.F.; Cowen, P]J.; Grasby, PM. Reduction of brain dopamine concentration with
dietary tyrosine plus phenylalanine depletion: An [11C] raclopride PET study. Am. . Psychiatry. 2003, 160,
1887-1889. [CrossRef]

Meyer-Gerspach, A.C.; Hifliger, S.; Meili, ].; Doody, A.; Rehfeld, ].F.; Drewe, J.; Beglinger, C.; Wolnerhanssen, B.
Effect of L-tryptophan and L-leucine on gut hormone secretion, appetite feelings and gastric emptying rates
in lean and non-diabetic obese participants: A randomized, double-blind, parallel-group trial. PLoS ONE
2016, 11, e0166758. [CrossRef]

Kalogeropoulou, D.; Lafave, L.; Schweim, K.; Gannon, M.C.; Nuttall, EQ. Leucine, when ingested
with glucose, synergistically stimulates insulin secretion and lowers blood glucose. Metabolism 2008,
57,1747-1752. [CrossRef]

Gannon, M.C.; Nuttall, FQ. Amino acid ingestion and glucose metabolism—A review. IUBMB Life 2010, 62,
660—668. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/BF00400362
http://dx.doi.org/10.1210/JC.2015-2482
http://dx.doi.org/10.1093/ajcn/60.4.476
http://dx.doi.org/10.1016/S0031-9384(03)00034-9
http://dx.doi.org/10.1016/j.physbeh.2011.12.022
http://dx.doi.org/10.1176/appi.ajp.160.10.1887
http://dx.doi.org/10.1371/journal.pone.0166758
http://dx.doi.org/10.1016/j.metabol.2008.09.001
http://dx.doi.org/10.1002/iub.375
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Participants 
	Study Design 
	Study Treatments 
	Study Protocol 
	Measurements 
	Plasma Hormone and Glucose Analyses 
	Measurement of Gastric Emptying 
	Appetite Perceptions, GI Symptoms and Energy Intake 

	Data and Statistical Analyses 

	Results 
	Part A: Effects on Energy Intake 
	Appetite Perceptions and GI Symptoms 
	Energy Intake 
	Plasma CCK 
	Plasma PYY 
	Relationships between Dose of Phenylalanine, Energy Intake, Plasma CCK, Plasma PYY and Appetite Perceptions 

	Part B: Effects on Glycaemia 
	Plasma Glucose 
	Plasma Insulin 
	Plasma Glucagon 
	Plasma GLP-1 
	Gastric Emptying 
	Relationships between Dose of Phenylalanine, Peak Plasma Glucose, Insulin, Glucagon and GLP-1 


	Discussion 
	Conclusions 
	References

