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in body weight regulation, partly because of its effects on appetite. The objective
was to compare the effects of high or normal casein-, soy-, or whey-protein breakfasts on appetite, specific
hormones, amino acid responses and subsequent energy intake. Twenty-five healthy subjects (mean±SEM
BMI:23.9±0.3 kg/m2; age:22±1 years) received standardized breakfasts: custards with either casein-, soy, or
whey-protein with either 10/55/35 (normal) or 25/55/20 (high)En% protein/carbohydrate/fat in a
randomized, single-blind design. Appetite profile (Visual Analogue Scales) and amino acid concentrations
were determined for 4 h whereas plasma glucose, insulin, active Glucagon-like Peptide 1 (GLP-1), and active
ghrelin concentrations were determined for 3 h; the sensitive moment for lunch was determined. Subjects
returned for a second set of experiments and received the same breakfasts, ad lib lunch was offered 180 min
later; energy intake (EI) was assessed. At 10En%, whey decreased hunger more than casein or soy (pb0.05),
coinciding with higher leucine, lysine, tryptophan, isoleucine, and threonine responses (pb0.05). At 25En%
there were no differences in appetite ratings. Whey triggered the strongest responses in concentrations of
active GLP-1 (pb0.05) and insulin (pb0.05) compared with casein and/or soy. There were no differences in EI.
In conclusion, differences in appetite ratings between different proteins appeared at a normal concentration;
at 10En% whey-protein decreased hunger more than casein- or soy-protein. At 25En% whey-protein triggered
stronger responses in hormone concentrations than casein- or soy-protein. The results suggest that a
difference in appetite ratings between types of protein appears when certain amino acids are above and
below particular threshold values.

© 2009 Elsevier Inc. All rights reserved.
1. Introduction
Obesity is the result of a positive energy balance,which ariseswhen
energy intake exceeds energy expenditure. Since body weight
regulation involves several pathways, weight management requires a
multi-factorial approach [1]. Recent findings suggest that a relatively
high protein intake plays a role in weight loss as well as in weight
maintenance thereafter, partly through increased postprandial and
post-absorptive satiety [1–4]. Weigle et al. showed that satiety is of
major importance, in an experiment in which a high protein diet
reduced ad lib food intake while sustaining satiety at a comfortable
level during a 12-week period [4]. In the present study we focused on
short-term satiety effects, i.e. those induced by a single meal. It has
been shown that protein ismore satiating than carbohydrates or fat [5],
and in previous experiments we found differences in appetite ratings
between different concentrations of the same protein type [6–8]. It is,
an Biology, P.O. Box 616, 6200
fax: +31 43 3670976.
Veldhorst).
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however, less clear whether there are differences between different
types of protein offered at fixed concentrations.

A limited number of human studies have compared different
protein types in terms of their effects on satiety. Although Hall et al.
found whey to be more satiating than casein [9], their results could
not be replicated by others [10]. A study by Bowen et al. found no
differences in postprandial responses after a whey, soy, or gluten
protein preload [11]. Anderson et al. nevertheless showed that whey
as well as soy protein, but not egg albumen, suppressed food intake at
a meal 1 h later [12]. A comparison of the effects of beef, chicken, and
fish protein revealed that fish protein increased satiety more than the
other protein types [13]. Lang et al. did not observe significantly
different effects of egg albumin, casein, gelatin, soy, pea, and wheat
gluten on appetite scores or energy intake [14], and in another
experiment, casein, soy, and gelatin protein did have weak but
inconsistent effects on satiety and did not affect food intake at dinner
[15]. Thus, results on the satiating properties of different types of
protein have been inconclusive.

We investigated differences in appetite between three different
protein types, namely casein, soy, and whey, all offered in two
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Table 1
Amino acid content of the breakfasts given as a custard with either 10% or 25% of energy
from casein, soy, or whey protein (g amino acid/100 g custard)

Casein Soy Whey Casein Soy Whey

10% 10% 10% 25% 25% 25%

Glutamic acida 0.477 0.328 0.381 1.127 0.816 0.957
Aspartic acidb 0.150 0.200 0.230 0.355 0.497 0.579
Cysteine 0.009 0.022 0.055 0.021 0.054 0.139
Serine 0.120 0.089 0.099 0.283 0.220 0.249
Histidine 0.064 0.048 0.039 0.152 0.119 0.097
Glycine 0.040 0.071 0.035 0.094 0.177 0.088
Threonine 0.090 0.066 0.150 0.214 0.164 0.378
Arginine 0.092 0.139 0.055 0.218 0.345 0.139
Alanine 0.064 0.073 0.106 0.150 0.182 0.266
Tyrosine 0.120 0.069 0.061 0.283 0.171 0.154
Valine 0.141 0.085 0.123 0.333 0.212 0.309
Methionine 0.064 0.022 0.048 0.152 0.056 0.121
Isoleucine 0.112 0.089 0.141 0.265 0.222 0.355
Phenylalanine 0.110 0.094 0.062 0.259 0.234 0.156
Tryptophan 0.027 0.023 0.039 0.064 0.057 0.099
Leucine 0.204 0.145 0.226 0.483 0.360 0.567
Lysine 0.172 0.110 0.201 0.405 0.274 0.504
Proline 0.230 0.087 0.128 0.544 0.216 0.321

a Glutamic acid=glutamine+glutamate.
b Aspartic acid=asparagine.
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concentrations. The amounts of protein represented the highest
recommended protein intake per day in energy balance, i.e. 25% of
energy from protein, or the lowest, normal, protein intake per day,10% of
energy from protein [16]. Casein is considered to be a ‘slow’ protein,
whereas whey protein is a relatively ‘fast’ protein [9,17–19]. Soy is a high
quality vegetable protein that is often used in food products. Hence, the
proteins offered differed in amino acid composition aswell as in kinetics.
ActiveGlucagon-like Peptide 1 (GLP-1) and active ghrelinweremeasured
since previous research showed that GLP-1 may inhibit appetite and
reduce food intake in humans [20,21], whereas ghrelin is an orexigenic
hormone that has been suggested to be involved in meal initiation [22].

The aim of the present study was to compare the effects of casein,
soy, or whey containing breakfasts on appetite ratings, plasma amino
acid, glucose, insulin, active GLP-1, and active ghrelin concentrations
and subsequent energy intake in two dosages. Since the timing of a test
meal plays an important role [12],first themoment in time thatmay be
sensitive to show a possible difference in food intake was determined
by assessing appetite ratings and blood parameters for 4 h. Accord-
ingly, in a subsequent experiment energy intake was measured at the
pre-determined moment in time.

2. Subjects and methods

2.1. Subjects

Thirty healthy male and female volunteers (Body Mass Index 22–
30 kg/m2, age 18–40 years) were recruited by advertisements in local
newspapers and on notice boards at the university. They underwent a
screening procedure including medical history taking, measurement of
body weight and height and cognitive restrained eating, using a Dutch
translation of the Three Factor Eating Questionnaire (TFEQ) [23,24].
Twenty-five subjects (11 male, 14 female) were selected on the basis of
being in good health, non-smokers, non-vegetarian, not cognitively
dietary restraint (TFEQ Factor 1 score≤9), not using medication apart
from oral contraceptives and at most moderate alcohol users (≤10
alcoholic consumptions per week). Their mean agewas 22±1 years, and
their body weight was 74.4±1.8 kg (BMI: 23.9±0.3 kg/m2). Written
informed consent was obtained from these participants and the study
protocol was approved by the Medical Ethics Committee of the
University Hospital Maastricht.

2.2. Study design

A randomized, single-blind, within-subject experimental study was
performed. All subjects came to the university on six occasions,
separated by at least one week. On each test day, subjects received a
subject-specific standardized breakfast. Appetite ratings and blood
parameters were obtained for 4 h after breakfast.

The sensitive moment in time to offer lunch was determined by the
latest time point after breakfast where there still were statistically
significant differences in the changes of concentrations of the orexigenic
hormone ghrelin between treatments. After two months, when the
sensitivemoment in timehadbeendetermined, subjects returned to the
university on six occasions in a randomized, single-blind design,
separated by at least one week. On each test day subjects received a
subject-specific standardized breakfast, after which an ad lib lunch was
offered at the pre-determined sensitive moment in time.

2.2.1. Breakfast
Breakfast was offered as a custard with either casein (Calcium

Caseinate S, DMV International, Veghel, TheNetherlands), soy (Supro®
590, The Solae Company, St. Louis, MO, United States of America), or
whey (Ultra Whey 90, Volactive Functional Food Products, Orwell,
United Kingdom) as a single protein source, with either protein/
carbohydrate/fat: 10/55/35 En% (normal protein) or protein/carbohy-
drate/fat: 25/55/20 En% (high protein). Proteinwas exchangedwith fat;
carbohydrate contentwas kept constant because of its effect onprotein
metabolism [25]. All custards had an energy density of 4 kJ/g. The
breakfast contained 20% of daily energy requirements, calculated as
basal metabolic rate (BMR), according to the equations of Harris–
Benedict, multiplied by an activity index of 1.75 which is the average
value reported for the general population in The Netherlands [26,27].
The mean energy content of the breakfast was 2.52±0.07 MJ and the
provided breakfasts were finished within 15 min.

The custards were produced by NIZO Food Research bv. (Ede, The
Netherlands) and had tapioca starch (Farinex VA50T, AVEBE, Veendam,
The Netherlands and Perfectamyl 3108 AVEBE, Veendam, The Nether-
lands) and sunflower oil (Reddy, NV Vandemoortele, Roosendaal, The
Netherlands) respectively as the carbohydrate and fat sources and
were citrus–vanilla (Citrus, J.B. de lange, Belfeld, The Netherlands;
Vanilla, J.B. de lange, Belfeld, The Netherlands) flavored. Extensive
product development and use of a taste panel lead to custards not
different in color, taste, or viscosity. The amino acid composition of the
custards is presented in Table 1.

2.2.2. Lunch
According to a normal Dutch lunch consisting of bread and a filling,

lunch consisted of Turkish bread (400 g) with egg salad (400 g) with
13/41/46 En% protein/carbohydrate/fat with an energy density of
11.4 kJ/g. Beforehand it was tested whether all subjects liked the lunch
sufficiently. Subjects were instructed to eat till they were comfortably
full.

2.2.3. Study protocol
The protocol started at 08.00 h after an overnight fast from 22.00 h.

A Venflon catheter was placed in a superficial dorsal vein of the hand
for blood sampling. To obtain arterialized venous blood samples the
hand was placed in a thermostatically controlled hot box at 60 °C for
20 min before the sampling time. A basal blood sample was taken and
appetite ratings were scored. After 5 min a second basal blood sample
was obtained and breakfast was offered (t=0 min). After the first and
the last bite, taste perception was scored. Appetite ratings were
completed just before breakfast and at 20, 40, 60, 80,100,120,180, and
240 min after breakfast. Blood samples for urea and amino acid
determination were obtained at −5 min and subsequently just after
the appetite ratings; blood samples for determination of glucose,
insulin, and active ghrelin concentrations were obtained before and
40, 60, 120, and 180 min after breakfast. In order to be able to observe
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possible differences at 30 and 90 min between meals that were
observed previously [28], venous blood samples for determination of
active GLP-1 concentrationwere obtained separately before, and at 30,
60, 90,120, and 180min after breakfast bymeans of a Venflon catheter
placed in an antecubital vein [28]. Subjects were allowed to drink
maximally two glasses of water spread over the morning.

In the second set of experiments, the protocol started after an
overnight fast from 22.00 h at 8.30 h with scoring appetite ratings.
Breakfast was offered (t=0min) and completed within 15 min. Subjects
stayed in the laboratory till lunch was offered at the previously
determined sensitive moment in time. The laboratory was a large
room, and subjectswere sitting in suchaposition that theywerenot able
to see each other or each others meals. Maximally eight subjects were
tested at the same time. They were sitting behind each other in a row at
least 2 m apart, with room dividers in between subjects. Remainders of
lunch were collected at the end, when all subjects had finished their
lunch. They were not allowed to talk to each other, and background
music prevented sound-signals that would indicate finishing meals.
Subjects were allowed to drink three glasses of water spread over the
entire test period.

2.3. Measurements

2.3.1. Appetite profile
To determine the appetite profile, hunger, fullness, satiety, and

desire to eat were rated on 100 mm Visual Analogue Scales (VAS),
anchored with ‘not at all’ and ‘extremely’ during the test day. VAS are
often used to measure subjective appetite sensations and the validity
and reproducibility has been shown in several studies [29,30]. Subjects
were instructed to rate themselves by marking the scale at the point
that was most appropriate to their feeling at that time. The distance
from this point to the left end of the scale was measured in mm;
changes from baseline (Δ) were calculated by subtracting the baseline
score (−5 min) from the score at a certain time point.

2.3.2. Taste perception
Taste perception profiles of the custards were assessed after the

first and the last bite of the breakfast using 100 mm Visual Analogue
Scales (VAS), anchored with ‘not at all’ and ‘extremely’ on the aspects:
pleasantness, sweetness, sourness, saltiness, bitterness, savouriness,
crispiness, and creaminess.

2.3.3. Blood parameters
Blood was distributed into EDTA tubes for glucose, insulin, and active

ghrelinmeasurement. For activeGLP-1measurement bloodwas collected
in EDTA tubes with added dipeptidyl peptidase IV inhibitor. For amino
acid and urea determination, blood was collected in lithium heparin
tubes. Blood samples were centrifuged at 4 °C for 10 min at 3000 rpm.
Hydrochloric acid and phenylmethylsulfonyl fluoride were added to
plasma for active ghrelin determination. For amino acid analysis, 250 μl
plasmawas deproteinized bymixing it with 20mg dry sulfosalicylic acid.
For analysis of urea, 200 μl plasma was deproteinized by mixing it with
20 μl of a 500 g/l trichloroacetic acid solution. All samples were stored at
Table 2
Hunger, glucose, insulin, GLP-1, and ghrelin responses expressed as area above the curve (hun
custard with either 10% or 25% of energy from casein, soy, or whey protein in 25 subjects (m

Casein Soy Whe

10% 10% 10%

Hunger (mmVAS. h) 6099±1066 w 7348±1199 8643
Glucose (mmol/l. h) 124±14 120±21 99
Insulin (mU/l. h) 6530±621 s 4936±469 c 5820
GLP-1 (pmol/l. h) 218±78 216±94 266
Ghrelin (pmol/l. h) 708±140 s 399±108 c 439

ANOVA repeated measures with Fisher's PLSD correction.
Within one protein level, c indicates a significant difference with casein, s indicates a signifi
−80 °C until further analysis. Plasma glucose concentrations were
determined using the hexokinase method (Glucose HK 125 kit, ABX
diagnostics, Montpellier, France). Insulin concentrations were measured
by RIA (Linco Research Inc., St. Charles, Missouri, USA). Plasma active
ghrelin concentrations were measured by ELISA (Linco Research Inc., St.
Charles, Missouri, USA). Plasma active GLP-1 samples were analyzed
using ELISA (EGLP-35K; Linco Research Inc., St. Charles, Missouri, USA).
Plasma concentrations of amino acids were determinedwith the use of a
fully automated HPLC (Pharmacia, Woerden, The Netherlands), after
precolumn derivatizationwith o-phthaldialdehyde [31]. Plasma ureawas
analyzed spectrophotometrically on a COBAS Mira S (Roche Diagnostica,
Hoffman-La Roche, Basel, Switzerland).

2.3.4. Energy intake
The food provided for lunch was weighed before and after eating

and energy intake was calculated by multiplying the amount of food
consumed with the energy value of the food as indicated by the
product labels (11.4 kJ/g).

2.4. Statistical analysis

Data are presented as mean changes from baseline±standard error
to the mean (SEM), unless otherwise indicated [32]. The area under the
curve (AUC) or area above the curve (AAC) of changes frombaseline over
time for appetite ratings and glucose, insulin, active GLP-1, active
ghrelin, amino acid and urea concentrations was calculated using the
trapezoidal method. To determine possible differences between the
different types of protein at a concentration of 10% and 25% of energy
fromprotein, a repeatedmeasures ANOVAbetween factorswith protein
level as factor was carried out.When therewas no effect of protein level
a repeated measures ANOVAwith Fisher's PLSD correction for multiple
comparisons within one protein type was carried out. After the second
set of experiments, a repeated measures ANOVA between factors with
protein level as factor and a repeated measures ANOVA with Fisher's
PLSD correction for multiple comparisons was carried out to determine
possible differences in energy intake. A p-value b0.05 was regarded as
statistically significant. Statistical procedures were performed using
StatView 5.0 (SAS Institute Inc., USA, 1998).

3. Results

3.1. Appetite profile

Baseline appetite ratingswere not different between treatments. The
changes in appetite ratings per type of protein did not differ depending
on protein level.Within one protein level, namely at 10% of energy from
protein, the AAC of hunger ratings was increased more after a breakfast
with whey than after a breakfast with casein (8643±814 mmVAS. h vs.
6099±1066mmVAS. h, pb0.05, Table 2, Fig.1). Hunger suppressionwas
increased more after a breakfast with whey than after a breakfast with
casein at 20, 40, 60, 80,120, and 240min after breakfast (pb0.05 for each
time point, Fig. 1) and after a breakfast with whey than after a breakfast
with soy at 20 min after breakfast (pb0.05, Fig. 1). At the level of 25% of
ger, ghrelin) or area under the curve (glucose, insulin, GLP-1) after a breakfast given as a
en and women)

y Casein Soy Whey

25% 25% 25%

±814 c 8217±1082 9210±1011 7613±1101
±17 68±18 s 122±13 c 95±11
±386 4792±980 sw 7520±929 c 9159±692 c
±71 161±90 w 195±72 425±135 c
±106 546±184 430±128 722±145

cant difference with soy, w indicates a significant difference with whey.



Fig.1. Changes in hunger ratings (mmVAS) after a breakfast offered as a custardwith either 10% (A) or 25% (B) of energy from casein, soy, or whey protein expressed as delta compared
to baseline in 25 subjects (men and women). Values are means+SEM. △ 10% of energy from casein, ○ 10% of energy from soy, □ 10% of energy from whey, ▲ 25% of energy from
casein, ● 25% of energy from soy, ■ 25% of energy from whey. ANOVA repeated measures with Fisher's PLSD correction ⁎pb0.05, ⁎⁎pb0.01; a wheybcasein ⁎⁎, b wheybsoy ⁎, c
wheybcasein ⁎, d wheybcasein ⁎⁎, e wheybcasein ⁎, f wheybcasein ⁎, g wheybcasein ⁎; area above the curve hunger 10% caseinbwhey ⁎.

678 M.A.B. Veldhorst et al. / Physiology & Behavior 96 (2009) 675–682
energy from protein there were no differences in hunger ratings
between casein, soy, or whey (Fig. 1). The other appetite ratings were
similar with respect to AUC or AAC (fullness, satiety, desire to eat) (data
not shown).

3.2. Taste perception

Pleasantness of taste of the custards with the first bite was sufficient
with a mean score of 56±4 mmVAS without differences between
custards.

3.3. Glucose

Baseline plasma glucose concentrations were not different between
treatments. The changes in glucose concentrationper type of protein did
not differ depending on protein level. Within one protein level there
were nodifferences in changes in glucose concentrationbetween casein,
soy, orwhey after a breakfastwith 10% of energy fromprotein, however,
after a breakfast with 25% of energy from protein, glucose concentra-
tions were increased more after a breakfast with soy than after a
breakfast with casein (122±13 mmol/l. h vs. 68±18 mmol/l. h, pb0.05,
Table 2).

3.4. Insulin

Baseline plasma insulin concentrations were not different between
treatments. The changes in insulin concentration per protein type
differed depending on the level of protein. At the level of 10% of energy
from protein, insulin concentrations were increased more after a
breakfast with casein than after a breakfast with soy (6530±621 mU/l.
h vs. 4936±468 mU/l. h, pb0.05, Table 2, Fig. 2). At the level of 25% of
energy from protein, insulin concentrations were increasedmore after
a breakfast with soy or whey than after a breakfast with casein (7520±
929 mU/l. h or 9159±692 mU/l. h, vs. 4792±980 mU/l. h, pb0.05 and
pb0.01 respectively, Table 2, Fig. 2).

3.5. Active GLP-1

Baseline plasma active GLP-1 concentrations were not different
between treatments. The changes in active GLP-1 concentration per
type of protein did not differ depending on protein level. Within one
protein level there were no differences in changes in active GLP-1
concentration between casein, soy or whey after a breakfast with 10%
of energy from protein, however, after a breakfast with 25% of energy
from protein, active GLP-1 concentrations were increased more after
a breakfast with whey than after a breakfast with casein (425±
135 pmol/l. h vs. 161±90 pmol/l. h, pb0.05, Table 2).

3.6. Active ghrelin

Baseline plasma active ghrelin concentrations were not different
between treatments. The changes in active ghrelin concentration per
type of protein did not differ depending on protein level. Within one
protein level, namely 10% of energy from protein, active ghrelin con-
centrationswere decreasedmore after a breakfastwith casein than after
a breakfast with soy (AAC 708±140 pmol/l. h vs. 399±108 pmol/l. h,
pb0.05, Table 2, Fig. 3).

3.7. Amino acids

Baseline plasma amino acid concentrations were not different
between treatments. The changes in glutamate, asparagine, glycine,
threonine, citrulline, arginine, valine, methionine, isoleucine, phenyla-
lanine, tryptophan, leucine, and lysine concentration per type of protein
differed depending on protein level. The AUC of the response of the
different amino acids after the six different breakfasts is presented in
Fig. 4; differences (pb0.05) between treatments are indicated with C
(different from the casein breakfast), S (different from the soy breakfast),
or W (different from the whey breakfast).

At the level of 10% of energy from protein the amino acids threonine,
alanine, alpha-aminobutyric acid, isoleucine, tryptophan, leucine, and
lysine were increased more after a breakfast with whey than after a
breakfast with casein (pb0.05, Fig. 4). The amino acids threonine, alpha-
aminobutyric acid, methionine, isoleucine, tryptophan, leucine, and
lysine were increased more after a breakfast with 10% of energy from
whey than after a breakfastwith 10% of energy from soy (pb0.05, Fig. 4).

At the level of 25% of energy from protein, the amino acids
asparagine, threonine, alpha-aminobutyric acid, valine, isoleucine,
tryptophan, leucine and lysine were increased more after a breakfast
with whey than after a breakfast with casein (pb0.05, Fig. 4). The



Fig. 2. Changes in insulin concentrations (mU/l) after a breakfast offered as a custardwith either 10% (A) or 25% (B) of energy from casein, soy, or whey protein in 25 subjects (men and
women). Values aremeans+SEM.△ 10% of energy from casein,○ 10% of energy from soy,□ 10% of energy fromwhey,▲ 25% of energy from casein,● 25% of energy from soy,■ 25% of
energy fromwhey. ANOVA repeated measures with Fisher's PLSD correction ⁎pb0.05, ⁎⁎pb0.01, ⁎⁎⁎pb0.001; a soybcasein ⁎⁎, b wheybcasein ⁎⁎, c soybwhey ⁎⁎, d soybwhey ⁎⁎, e
caseinbwhey ⁎⁎, f soybwhey ⁎⁎, g caseinbsoy ⁎, h caseinbwhey ⁎⁎, i caseinbsoy ⁎⁎⁎, j caseinbwhey ⁎⁎⁎; Area Under the Curve insulin soy 10%bcasein 10% ⁎⁎, area under the curve
insulin casein 25%bsoy 25% ⁎, casein 25%bwhey 25% ⁎⁎.
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amino acids threonine, alpha-aminobutyric acid, valine, isoleucine,
tryptophan, leucine and lysine were increased more after a breakfast
with whey than after a breakfast with soy (pb0.05, Fig. 4).
3.8. Energy intake

Based on the significant differences in concentrations of the
orexigenic hormone active ghrelin at 180 min, the ad lib lunch was
offered at 180 min after breakfast.

At the level of 10% of energy from protein, energy intake at lunch
was 3133±226 kJ, 3098±286 kJ and 2879±239 kJ after the breakfast
with casein, soy, or whey respectively (ns). At the level of 25% of
energy from protein, energy intake at lunch was 3080±229 kJ, 3212±
Fig. 3. Changes in active ghrelin concentrations (pmol/l) after a breakfast offered as a custard
delta compared to baseline in 25 subjects (men and women). Values are means+SEM. △ 10%
energy from casein,● 25% of energy from soy,■ 25% of energy fromwhey. ANOVA repeated
the curve active ghrelin casein 10%bsoy 10% ⁎.
280 kJ and 2876±243 kJ after the breakfast with casein, soy, or whey,
respectively (ns).

4. Discussion

Based upon the appetite ratings, a breakfast with whey reduced
hunger more than a breakfast with casein, and at short term also than
soy, at the level of 10% of energy from protein, however, this did not
affect subsequent energy intake at lunch. At the level of 25% of energy
from protein, the breakfast with whey triggered the strongest
response in insulin and active GLP-1, however, there were no
differences in appetite ratings or energy intake at lunch.

The citrus–vanilla flavored custards were similar to custards widely
available and often consumed inTheNetherlands. It is therefore unlikely
with either 10% (A) or 25% (B) of energy from casein, soy, or whey protein expressed as
of energy from casein, ○ 10% of energy from soy, □ 10% of energy fromwhey, ▲ 25% of

measures with Fisher's PLSD correction ⁎pb0.05, ⁎⁎pb0.01; a soybcasein ⁎⁎; area above



Fig. 4. Amino acid responses expressed as AUC from baseline (μmol/l h) after a breakfast offered as a custard with either 10% or 25% of energy from casein, soy, or whey protein in 25
subjects (men and women). Values are means+SEM. GLU: glutamate, ASN: asparagine, SER: serine, GLN: glutamine, HIS: histidine, GLY: glycine, THR: threonine, CIT: citrulline,
ARG: arginine, TAU: taurine, aAB: alpha-aminobutyric acid, TYR: tyrosine, VAL: valine, MET: methionine, PHE: phenylalanine, TRP: tryptophan, LEU: leucine, ORN: ornithine, LYS:
lysine. ANOVA repeated measures with Fisher's PLSD correction; C: different from the casein breakfast (pb0.05), S: different from the soy breakfast (pb0.05), W: different from the
whey breakfast (pb0.05).
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that unfamiliarity with the breakfasts influenced satiety responses. To
avoid any specific sensory effect of the iso-energetic custards, food
technology was involved to optimize taste and hedonic value of the
breakfasts. The custards were citrus–vanilla flavored and after being
tested by a professional taste panel of NIZO Food Research, taste
perception and hedonic values againwere evaluated by the subjects and
were excluded to affect appetite profile ratings differently.

The relatively stronger hunger suppression after a breakfast with
10% of energy from whey, compared with a breakfast with casein or
soy, coincided with a greater increase in responses of leucine, lysine,
tryptophan, isoleucine, and threonine; amino acids which may be
involved in the satiety response. Leucine and isoleucine are two of the
three branched-chain amino acids that regulate protein synthesis and
degradation, as well as insulin secretion and synthesis [33]. The
concomitant high energy costs of these processes may be related to
satiety [5,34]. Tryptophan has been suggested to be involved in satiety
via brain serotonin; serotonin is synthesized from tryptophan and is
an important regulator of appetite, macronutrient preference, and
mood [35]. The results of the present study suggest that tryptophan
may indeed be involved in the satiety process. Lysine has previously
been shown to produce a moderate decrease in food intake in sheep
[36]; excess levels of threonine added to a low protein diet resulted in
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a reduced weight gain in rats [37]. The mechanisms via which these
amino acids may influence satiety are not clear however and need to
be further established.

The moment at which lunch was offered was based upon the latest
moment in time when there were significant differences in ghrelin
concentrations between treatments. Ghrelin has been suggested to
play a physiological role in meal initiation in humans [22]. Differences
in ghrelin concentrations may therefore result in differences in energy
intake. Although there were differences in appetite ratings between
the different types of protein at the level of 10% of energy fromprotein,
there were no significant differences in energy intake. Apparently in
this experiment the differences in appetite ratings were not large
enough to induce effects on energy intake.

With respect to the proteins offered in a concentration with 25% of
energy there were no differences in appetite ratings. Nevertheless
there were significant differences in hormone responses between the
breakfasts with 25% of energy from protein; after a breakfast with
whey, increases in insulin and active GLP-1 were larger than after a
breakfast with casein and/or soy. Previously it has been shown that
casein coagulates in the stomach which delays gastric emptying
[17,18,38], this resulted in slower and less pronounced physiological
responses compared with soy and whey. The relatively larger insulin
responses after the high whey breakfast is in accordance with the
findings of Frid and others, reporting an insulinotrophic effect of whey
which partly may be explained by the involvement of certain amino
acids that have insulinogenic properties [39,40]. The larger increase in
active GLP-1 concentrations after a breakfast with whey can be
explained by the finding that whey inhibits dipeptidyl peptidase IV
activity, the enzyme involved in the breakdown of active GLP-1, thus
prolonging the action of active GLP-1 [41]. Active GLP-1 enhances
satiety and is an incretin hormone whereas insulin has been reported
to inhibit active GLP-1 secretion, probably as a negative feedback loop
[20,21,42]. Although insulin and active GLP-1 are considered as
‘satiety’ hormones, there was no larger increase in hunger ratings
after a breakfast with 25% of energy from whey than after the other
breakfasts. Here, a mathematical uncoupling of a satiating effect and
increases in ‘satiety’ hormone concentrations takes place.

Since there were differences in appetite ratings between types of
protein at the level of 10% but not at the level of 25% of energy, it seems
that the concentrations of certain amino acids need to be above a
particular threshold to promote a relatively stronger hunger suppres-
sion or greater satiety. The results suggest that certain proteins will
reach these threshold concentrations earlier than other types of
protein. After a breakfast with whey, sufficiently increased amino acid
concentrations were reached at the level of 10% of energy, whereas
concentrations were lower after a breakfast with casein or soy. Hence,
discriminating between types of protein is probably not sensitive
anymore at a higher level of protein, since the amino acid responses of
all breakfasts were above the threshold.

This is the first study that investigated acute differences in appetite
ratings between types of protein in concentrations within the normal
range in realistic mixed meals. The relatively high amount of protein
(≥50 En%) may have caused the lack of differences in satiety between
different types of protein when comparing appetite after either a
casein, whey, or carbohydrate preload or when comparing ad lib food
intake after whey, soy, or gluten protein [10,11]. It may not be possible
to distinguish satiating properties of different types of protein
anymore when the concentration of amino acids is above a threshold
level. In the present study the protein part of the breakfast consisted
exclusively of the protein type to be investigated whereas in previous
comparisons of the satiating capacities of egg albumin, casein, gelatin,
soy, pea, and wheat gluten protein only 60 to 70% of the protein part
was manipulated. This may have lead to diminished results and
consequently the absence of significant differences in appetite ratings
between the different protein types [14,15]. Timing plays an important
role in studying the effect of protein on food intake. An amount of
0.65 g/kg bodyweight of whey, soy, or egg albumen protein did induce
significant differences in food intake 1 h after the preload compared
with water as control, however, this is a rather irrelevant moment in
time for a next meal in a normal, free-living situation [12]. Hall et al.
observed a reduced desire to eat after a whey preload of 1.7 MJ with
48 g protein compared with a similar casein preload [9]. However,
90 min after the preload subjects already got a standard lunch with
fixed energy intake. The reduced desire to eat was observed between
90 and 180min; conclusions about the solely effect of the two preloads
can hardly be drawn. Moreover, the conclusions by Hall et al. could not
be confirmed in a similar study from Bowen and colleagues [10,11].

This studyprovides new information for the developmentofweight-
loss diets.Whey-protein can be used, alreadywith an amount of 10 En%,
in a diet to help people comply to a diet. When people feel less hungry
and desire to eat is suppressed, it is easier for them to comply to a diet
because they really feel an effect of the diet. Although there were no
short termdifferences in energy intake between casein, soy andwhey in
the present study, people may comply better to a high protein diet with
whey and eventually eat less and lose weight.

In conclusion, hunger was decreased more after a breakfast with
whey than after a breakfast with casein or soy in a concentration of 10%
of energy from protein, which coincided with increased concentrations
of the amino acids leucine, lysine, tryptophan, isoleucine, and threonine.
Although there were no differences in appetite ratings between casein,
soy, or whey at a level of 25% of energy from protein, the breakfast with
whey triggered stronger responses in hormone concentrations than the
breakfasts with casein or soy. The results suggest that a difference in
appetite ratings between different types of protein may only appear
when certain amino acids are above and below particular thresholds.
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