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Abstract

Protein is the most satiating macronutrient and there is an effect of
dietary protein source, with dairy whey protein being particularly effective in
promoting satiety in adult humans. The underlying cause for this remains to be
elucidated. The objectives were to confirm that whey protein is more satiating
than maltodextrin carbohydrate in adult humans, to understand the potential
mediating factors and to investigate which characteristic of whey protein gives
rise to its satiating effect. Ad libitum food intake at a subsequent test meal after
administration of a preload, subjective feelings of appetite (using visual
analogue scales) and plasma concentrations of satiety-related hormones and
metabolites were determined. Preload diets enriched with whey protein induced
a greater reduction in subsequent food intake and suppression in rated feelings
of appetite compared with maltodextrin carbohydrate (p<0.05). The time of
consumption of the whey protein preload did not influence the satiety response.
Plasma concentrations of pancreatic polypeptide hormone, total amino acids,
and the branched-chain amino acids appear to play an important role in
mediating the satiating effect of whey protein (sustained increases from 15 to
120 min following preload consumption, p<0.05). To determine the underlying
characteristic of whey protein causing the satiating effect, the effects on satiety
of whey protein components (glycomacropeptide, alpha-lactaloumin, or beta-
lactoglobulin) and a free amino acid mixture simulating the amino acid
composition of the whey protein were compared with that of the intact whey
protein. The amino acid composition of whey protein per se appears to be
important in the regulation of food intake and the induction of satiety. The
individual constituent proteins or whey protein itself did not promote higher
satiety than that found based on providing the free amino acids. The absorbed
amino acid profile would appear to play an important role in mediating the
satiating effect of whey protein.
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Preface

In recent years, the prevalence of obesity in humans and the increased
risk for associated disorders, such as type 2 diabetes, cardiovascular disease,
and the Metabolic Syndrome, have increased rapidly. In simple terms, obesity
results from an imbalance between food (energy) intake and energy
expenditure. There is growing interest in the regulation of food intake as a
strategy to combat obesity. Satiety, induced by food consumption, is the state
in which an individual has a feeling of fullness and reduced feelings of
appetite, and results in a suppression of further food intake. The induction of

satiety may help to improve compliance to an energy-restricted diet.

The consumption of high-protein diets has been found to exert a
beneficial effect on the factors influencing energy balance. Consumption of
high-protein diets has been shown to promote body weight loss and to assist to
maintain body weight compared with diets high in either carbohydrate or fat.
The association between increased protein consumption and lower body weight
has been attributed to a higher energy cost of protein metabolism and a higher
satiating effect of protein. It is widely believed that, isoenergetically, dietary
protein promotes satiety more than carbohydrate, fat, or alcohol. Moreover, the
effect on satiety appears to be dependent on the source of protein. Dairy whey
protein has generally been found to induce satiety to a greater extent than
proteins from other sources. However, the mechanisms of action of the
satiating effect of whey protein remain unclear. The contribution of the whey
protein components (namely beta-lactoglobulin, alpha-lactaloumin, and
glycomacropeptide) and the plasma amino acid balance consequent upon
digestion of whey protein, to the satiety effect are poorly understood. Additive
and potentially synergistic effects between these different dairy protein
components also require further investigation. The overall aim of the work
described in this dissertation was to provide a better understanding of the role

of whey protein in promoting satiety in adult humans. An understanding of the



nature of the higher satiating effect of dairy whey protein in comparison with
other protein sources or macronutrients is important for its application as a

dietary intervention in the control of obesity.



Chapter 1

Review of literature



1.1. Introduction

The rising prevalence of overweightness and obesity (WHO, 2012), and
the increased risk for associated disorders, such as type 2 diabetes,
cardiovascular disease, and the Metabolic Syndrome (Bjorntorp, 2001,
Grundy, 2004; Kopelman, 2000; WHO, 2000), is a growing health problem.
The common strategy to prevent obesity and control body weight is to achieve
a negative energy balance that results in weight loss by restricting excessive
dietary intake coupled with an increase in energy expenditure (Rosenbaum et
al., 1997; WHO, 2000). Several dietary strategies for the management of
obesity have been proposed with the focus being on the energy density and fat
content of the diet (Jebb, 2005). Another recent strategy involves the
consumption of energy-restricted high-protein diets (> 15% of energy from
protein), which has been found to result in a reduction of body weight and
body fat mass, and help to sustain body weight (Eisenstein et al., 2002; Gilbert
et al., 2011; Halton & Hu, 2004; Noakes, 2008; Paddon-Jones et al., 2008; St
Jeor et al., 2001; Te Morenga & Mann, 2012; Westerterp-Plantenga, 2008;
Westerterp-Plantenga et al., 2009, 2012; Wycherley et al., 2012). This effect
may be partly attributed to the higher energy expenditure related to protein
intake and/or the greater satiating effect of dietary protein in comparison with

other macronutrients.

This review evaluates the effect of dietary protein on satiety and food
intake. The possible mechanisms involved in the increased satiety following
consumption of protein are also addressed. Some general aspects of dairy whey
protein and glycomacropeptide are introduced, followed by an overview of
experimental studies with humans on the effect of dairy whey protein and
glycomacropeptide on satiety, with particular emphasis on the underlying

mechanisms.



1.2. Satiety

1.2.1. Terminology

The processes involved in eating behaviour can be considered before
(preprandial), during (prandial) and after (postprandial) the consumption of a
meal (Halford & Blundell, 2005). In general terms, appetite has been defined
as a series of psychological and physiological feelings (hunger, desire to eat,
and fullness) related to the drive to find and eat food (Blundell et al., 2010;
Kissileff & van Itallie, 1982; Westerterp-Plantenga et al., 1994). Satiation is
the process of meal termination and is influenced by the size of the eating
episode (Blundell et al., 2010). Satiety is defined as the suppression in further
food intake and appetite and a feeling of fullness in the postprandial state.
Satiety, induced by food consumption, determines the time interval between
two meals (the inter-meal interval) and the amount of food consumed at the
next eating event (Blundell et al., 2010). The satiety cascade (Figure 1.1.) is the
concept that distinguishes four mediating processes (sensory, cognitive, pre-
absorptive and post-absorptive) involved in the inhibition of hunger during
satiety (Blundell et al., 2010; Halford & Blundell, 2005). However, Booth and
Thibault (2000) have argued that satiation and satiety are not distinct processes
but rather two different aspects of a continuous process of satiety influenced by
the size and attributes (energy content and macronutrient composition) of a
meal and the dietary habits of the individual. The state of satiety is thought to

start as soon as food is eaten and to increase after food consumption.
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Figure 1.1. Overview of the satiety cascade (reproduced with permission from
Halford & Blundell, 2005), including the three levels of operations: (A)
neurotransmitter and metabolic interactions in the brain, (B) physiological and

metabolic events, and (C) psychological and behavioural events.

5-HT, serotonin; AA, amino acid; AgRP, agouti-related peptide; CART,
cocaine- and amphetamine-regulated transcript; CCK, cholecystokinin, CRF,
corticotrophin releasing factor; FFA, free fatty acids; Gl, gastrointestinal; GLP-
1, glucagon-like peptide-1; GRP, gastric releasing peptide; MC, melanocortin;
NPY, neuropeptide Y; NTS, nucleus tractus solitarius; T/LNAA, tryptophan

large neutral amino acids ratio.



1.2.2. Measurement of satiety

Satiety studies are difficult to perform as many experimental variables,
such as subject characteristics, physical state and formulation of the test food,
and ad libitum or fixed food consumption conditions (Blundell et al., 2010;
Livingstone et al., 2000; Reid & Hetherington, 1997; Rolls & Hammer, 1995;
Stubbs et al., 1998), have to be taken into consideration. Currently, there is no
“Gold Standard” method for the measurement of satiety but there are generally
accepted measures or biomarkers (De Graaf et al., 2004), including rating
scales to measure subjective feelings of appetite, measures of food intake, and
measurement of satiety-related hormones. It appears that no single assessment
tool is sensitive and specific enough to be used as the sole indicator of satiety.
In addition, there is no standardised experimental design that provides a robust

and valid method to measure satiety.

1.2.2.1. Rating scales

In satiety studies, the most common method to assess subjective
perceived feelings of appetite is the visual analogue scales (VAS). VAS are
usually 100 mm long lines labelled at each end with extremes of the feeling to
be quantified. For example, in the assessment of hunger, the phrases ‘not at all
hungry’ (0 mm) and ‘as hungry as I have ever felt’ (100 mm) would be used.
Subjects are instructed to rate themselves by marking the scale at the point
most appropriate to their feeling at that time. Quantification of the
measurement is done by measuring the distance (mm) between 0 m and the
mark (Livingstone et al., 2000; Stubbs et al., 2000).

In short-term appetite studies, it is common to relate rated subjective
feelings of appetite with subsequent food intake to validate the rating method
(De Graaf, 1993; Flint et al., 2000). Indeed, several studies have shown strong
correlations between VAS ratings for appetite and subsequent food intake in

young adult subjects (Barkeling et al., 1995; De Castro & Elmore, 1988;
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Hulshof et al., 1993; Porrini et al., 1995). Although appetite VAS ratings may
be influenced by several factors, including age, gender, and physical activity
(Gregersen et al., 2011), the use of VAS to measure feelings of appetite has
been found to be reproducible and predict subsequent food intake in young and
old adult subjects (Flint et al., 2000; Parker et al., 2004; Stubbs et al., 2000).

Appetite can be thought of as a complex motivational state to search
for and ingest food. Ratings scales have been commonly used to measure
feelings of hunger, desire to eat, prospective food consumption and fullness in
satiety studies but these do not encompass the full range of appetite feelings
related to food intake (Hill & Blundell, 1982). It is possible that further
questions may be able to differentiate better between a sensation for meal
initiation and satiety (fullness). A collective measure of appetite based on an
average score (hunger + desire to eat + prospective food consumption —
fullness) may also be helpful when different questions are asked in different
satiety studies. It is also important to emphasise that rated appetite scores are
usually collected at different time intervals and as such, a temporal relationship
between appetite ratings and subsequent food intake should be taken into

account for validity.

1.2.2.2. Food intake

It is debatable whether food intake serves as a proxy for satiety, as the
feeling of satiety is a determining factor of food intake (Wiessing et al., 2012).
Efforts have been made to measure food intake in free-living individuals and in
individuals under controlled laboratory conditions. The typical way of
assessing food intake in a real life situation is through self-reporting, where the
individual either keeps records, or estimates by recall the type and amount of
food eaten (Bingham et al., 1994; Block, 1982). While these techniques are
frequently used, they lack both accuracy and precision (Block, 1982;
Livingstone et al., 1990; Schoeller, 1990). Methods used in the laboratory for a
more precise and accurate assessment of food intake include continuous

weighing of foods and laboratory weighing. With respect to continuous



weighing of food, Kissileff et al. (1980) developed the University Eating
Monitor to measure the amount and rate of food intake with the use of a
concealed electronic balance. Alternatively, electronic scales are used to weigh
the number of grams of food consumed in a laboratory setting. Subjects are
provided with foods that are pre-weighed and of a known composition to allow
measurement of the amount of food eaten and nutrient intake. After the meal

occasion, the foods are weighed and recorded by the investigator.

The primary food sources of energy are carbohydrates, proteins and
fats, termed the “macronutrients” as they are needed in large (“macro”
amounts. Another organic compound that can provide energy is alcohol
although it has no required bodily function (Westerterp-Plantenga et al., 1994).
At the end of the 19" century, Atwater devised energy conversion factors for
the major nutrients and these values are referred to as the ‘Atwater factors’
(FAO, 2003). The Atwater factors assign approximately 17 kJ (4 kcal) per
gram to carbohydrate and protein, 37 kJ (9 kcal) per gram for fat and 29 kJ (7
kcal) per gram for alcohol. The energy content of a food largely depends on the
amounts of carbohydrate, fat, protein and alcohol in that food, and the
metabolisable energy (ME) content of a food can be predicted by multiplying
the carbohydrate, protein, fat and alcohol contents with the Atwater factors
(Westerterp-Plantenga et al., 1994). However, the Atwater factor for
carbohydrate does not take into account the differentiation between available
carbohydrate and dietary fibre. Total carbohydrate is calculated by the
difference between 100 and the sum of the weight of crude protein, crude fat,
water and ash in 100 g of food. Southgate and Durnin (1970) introduced a
factor of 16 kJ (3.75 kcal) per gram for available carbohydrate expressed as
monosaccharide. An energy value of 8 kJ (2 kcal) per gram dietary fibre has
been recommended (FAO, 1973; Livesey, 2001). Nevertheless, it is important
to remember that the energy values calculated using the Atwater factors are
average ones as natural foods vary in composition from sample to sample and
this is especially applicable for animal sources in which the fat content may be
variable (Garrow, 1978). There are also other situations where ME values from
food tables may be misleading such as when the diets are high in non-

digestible carbohydrates or when foods have a variable water content

7



(Buchholz & Schoeller, 2004; Zou et al., 2007). Atwater factors are
approximations and are influenced by a number of factors (Moughan et al.,
2010). Nowadays, the Atwater factors and modified versions of them form the
basis for food composition tables that usually list the energy content of foods
not as gross energy (GE), the energy contained in food as ingested energy, but
as metabolisable energy (ME), the energy available to the human body for
metabolism (Buchholz & Schoeller, 2004).

1.2.3. Experimental designs

One of the obstacles in satiety research has been uncertainty about
which laboratory method to use. Methods currently being used include the test
meal design, the request for a meal and the preload-test meal method. The test
meal design or concurrent evaluation method relates to satiation and measures
the amount of food consumed when participants are provided with unrestricted
access (ad libitum) to a large amount of the manipulated test meal (Berti et al.,
2008; Kissileff, 1985; Porrini et al., 1997). The request for a meal following
consumption of a test meal, when subjects are deprived of time cues, and the
amount consumed at the next meal is used as a measure of satiety (Himaya et
al., 1997; Marmonier et al., 2000). The preload-test meal paradigm may serve
as a reference experimental technique for assessing subjective ratings of
appetite, objective measures of food intake and responses of hormonal factors
related to satiety (Blundell et al., 2010). This method is based on the premise
that a fixed amount of a specific food (preload) is provided at a predetermined
time interval prior to a test meal. Although simple in concept, preload studies
have differed with respect to subject characteristics (gender, age, BMI, feeding
behaviour), preload characteristics (weight/volume, energy content and
composition), time interval between preload and test meal, and composition of
the test meal (Blundell et al., 2010; Hellstrém et al., 2004; Livingstone et al.,
2000; Mela, 2001; Reid & Hetherington, 1997; Rolls & Hammer, 1995; Stubbs
et al., 1998) and need to be carefully scrutinised. The preload-test meal method
appears to be sensitive specifically to study the influence of a preload on

measures of satiety during the time interval between preload and test meal and



on food intake at a subsequent ad libitum test meal (Gregersen et al., 2008;
Lara et al., 2010; Speechly et al., 1999; Wiessing et al., 2012).

1.2.4. Satiating capacity of foods

One area of particular interest is the satiating power of foods and there
are several measures used to compare the ability of a food to induce satiety,
including the Satiating Efficiency measure, the Satiety Quotient and the Satiety
Index. Kissileff (1948) proposed the Satiating Efficiency measure and used the
preload method to compare the effectiveness of various preloads at decreasing
food intake at the subsequent test meal per unit of preload studied (Kissileff et
al., 1984). The Satiety Quotient measures the extent to which food consumed
during an eating episode reduces feelings of appetite per unit of food intake.
The Satiety Quotient is calculated by dividing the difference between ratings of
appetite before and after an eating episode (pre minus post) by the food (g) or
energy (kJ or kcal) of intake during the episode. If calculated at various time
points, the Satiety Quotient can indicate a temporal pattern of the satiating
effect of the food consumed (Green et al., 1997). Holt et al. (1995) put forward
the Satiety Index to measure the capacity of foods of equal energy portions to
lower ratings of appetite over 2 h in comparison with white bread as the
reference food. The state of satiety is determined by the magnitude and
direction of change in subjective feelings of appetite following consumption of
a meal and by food intake at the next eating episode. Therefore, the concept of
a metric test combining all three distinct measures may have merit. The
satiating effect of a food may be represented by an overall score derived from
the suppressive effect on subsequent food intake (Satiating Efficiency), and a
temporal profile of the reduction in rated subjective feeling of appetite, before
and after preload consumption (Satiety Quotient) and/or over a predetermined
time period (Satiety Index) per unit of preload. There is widespread agreement
that foods differ in their ability to enhance or reduce satiety but much depends

upon the measures of satiety used and the design of the studies.



1.3. Protein and satiety

1.3.1. Effects of protein intake on satiety

In many human studies, protein appears to be more satiating than the
other macronutrients (carbohydrate, fat or alcohol). Marmonier et al. (2000)
convincingly demonstrated that a high-protein meal delayed the request for
food for 60 min compared with 34 min for carbohydrate and 25 min for fat.
Several scientific reviews have indicated that protein intake results in increased
satiety and reduction in food intake (Anderson & Moore, 2004; Eisenstein et
al., 2002; Halton & Hu, 2004; Westerterp-Plantenga et al., 2009). Eisenstein
et al. (2002) reviewed ten preload studies that included measurement of food
intake as well as feelings of appetite and found that six showed a lower energy
intake at a subsequent meal and increased satiety with a high-protein preload
compared with a control preload. Halton and Hu (2004) reviewed short-term
studies on dietary protein and satiety and found that eleven out of fourteen
studies showed a decrease in subjective ratings of appetite and eight out of
fifteen studies showed that food energy intake was lower after consumption of
a high-protein diet compared with a control or at least one other macronutrient.

Consumption of preload meals high in protein has been shown to
reduce food intake at a subsequent meal and decrease subjective ratings of
appetite to a greater extent than available carbohydrate, fat, or alcohol (Table
1.1.). In a study by Poppitt et al. (1998) where the satiating effect of four
dietary components (fat, carbohydrate, protein, and alcohol) was investigated,
ten normal-weight women reported feeling less hungry and more satiated
throughout the study period and ate less food at lunch 90 min following a
protein preload relative to the other macronutrients. In the Latner and Schwartz
(1999) study, twelve normal-weight women consumed 31% more energy at a
dinner meal 4.5 hours after a high-carbohydrate lunch and 20% more food
energy after a mixed carbohydrate and protein lunch compared to an
isoenergetic (450 kcal) high-protein lunch. The latter condition suppressed

feelings of hunger more relative to the conditions on the other two diets.
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Regarding food intake at a subsequent meal, some studies have found
that a smaller amount of food and less food energy were consumed at a test
meal after ingestion of a high-protein meal compared with other
macronutrients. In a study of nine subjects, Booth et al. (1970) found that
energy intake at a meal 2 to 3 h later was lower after consumption of the
protein-rich lunch compared to the low-protein lunch. This is in line with the
study of Barkeling et al. (1990) who showed a 12% decrease in food intake at a
subsequent meal 4 h later when twenty normal-weight women ate a high-
protein (43% of energy derived from protein, 21% fat, 36% carbohydrate) meat
casserole compared to when they ate a high-carbohydrate (10% of energy
derived from protein, 21% fat, 69% carbohydrate) vegetarian casserole.
Similarly, Johnson and Vickers (1993) showed that a smaller amount of food
and fewer calories were consumed at a test meal 90 min after ingestion of a
high-protein meal compared with a high-carbohydrate or high-fat meal in

fourteen normal-weight subjects.

With respect to subjective ratings of appetite, there is some evidence
that dietary protein is rated as being more satiating than carbohydrate or fat.
Porrini et al. (1997) observed that ratings for desire to eat decreased and ratings
for fullness and satiety increased immediately after consumption of a high-
protein breakfast omelette than after a high-fat omelette. VVandewater and
Vickers (1996) found that VAS ratings for hunger and prospective
consumption were lower and ratings for stomach fullness were greater 2 min
following consumption of a high-protein yoghurt compared to the high-
carbohydrate yoghurt version. In addition, ratings for satiety or fullness were
shown to be higher after consumption of a high-protein meal compared to the
low-protein meal counterparts within a short time frame (4-7 h) (Crovetti et al.,
1998; Smeets et al., 2008). Over a whole day test period, three studies reported
a greater suppression of appetite after a high-protein meal compared to a meal
high in carbohydrate or fat (Johnstone et al., 1996; Lejeune et al., 2006; Stubbs
etal., 1996).
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However, other studies have failed to find an effect of protein on
subsequent food intake and subjective feelings of appetite in comparison with
other macronutrients (De Graaf et al., 1992; Geliebter, 1979; Griffioen-Roose
et al., 2011; Johnstone et al., 2000; Potier et al., 2010; Raben et al., 2003;
Vozzo et al., 2003). For instance, in a study by Raben et al. (2003), energy
intake at a test meal 5 h later and rated feelings of appetite did not differ
following ingestion of breakfast meals rich in one of the four macronutrients
(protein, carbohydrate, fat, and alcohol). Interestingly, Rolls et al. (1988) found
that when ten normal-weight women consumed a protein-rich meal, their food
intake at a subsequent test meal given 2 h later and ratings of hunger decreased
while their ratings of stomach fullness increased versus consuming a meal high
in sucrose, fat or sucrose and fat, but to a similar extent as ingestion of a meal
high in starch. Similarly, Johnson and Vickers (1993) reported no difference
between a high-protein and high-carbohydrate (predominantly starch) preload
meal on feelings of appetite, as both preload meals were rated as being more
satiating (lower hunger and prospective food consumption scores, and greater

stomach fullness scores) compared to a meal high in fat.
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Table 1.1. Effects of dietary protein on food intake and subjective ratings of appetite in normal-weight adult humans.

Reference Subjects Diets Time interval Effect on food intake  Effect on appetite
Crovetti et al. 10 women Preload meals: 7h No difference on test meal Ratings for fullness
(1998) HP (2373 kJ/567 kcal, 68.1% intake. increased over the 7 h
P,19.2% F, 12.6% C) test period and ratings
HC (2310 kJ/552 kcal, 10.1% for desire to eat were
P, 20.7% F, 69.1% C) lower over 3 h before
HF (2310 kJ/552 kcal, 8.6% administration of the test
P, 70.1% F, 21.3% C) meal after the HP meal
than after the HC or HF
meals, but ratings for
satiety did not differ.
De Graaf et al. 29 women 550 ml preload breakfasts: Food intake at lunch No difference in energy The rated responses to

(1992)

3.75 h later and for
the remainder of the
day was recorded in
a diary.

A zero condition (0.03 MJ, 8
kcal) and nine other
preloads varied in energy
levels (0.42 MJ/100 kcal,
1.05MJ/250 kcal, and 1.67
MJ/400 kcal) and
macronutrient content:

HP (70% P, 3% F, 27% C)

HC (1% P, 0% F, 99% C)

HF (3% P, 92% F, 5% C)

intake at lunch, for the
remainder of the day
and over the whole 24 h
test period.

appetite and fullness did
not differ in the time
interval between preload
breakfast and subsequent
meal (3.75 h).
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Geliebter (1979)

Griffioen-Roose
etal. (2011)

Johnson &
Vickers (1993)

12 men

37 women
23 men

8 women
6 men

283 kcal nutrient loads: 70 min No difference in test meal
Protein (egg albumen) intake.

Carbohydrate (corn starch)

Fat (corn oil)

Rice meal preloads varying 30 min Test meal intake 30 min
in taste and macronutrient later did not differ by
composition: taste and macronutrient

Sweet HP (1170 kJ/280 kcal, content.

26% P, 25% F, 49% C)
Sweet HC (1149 kJ/275 keal,
6% P, 24% F, 70% C)

Savoury HP (1176 kJ/281
kcal, 25% P, 23% F, 52%
C)
Savoury HC (1162 kJ/278
kcal, 7% P, 24% F, 69% C)
150 and 300 kcal preload 90 min A smaller amount of food
meal: (about 13%) and fewer
HP (80.3% P, 19.7% F, 0% calories (about 15%)
C) were consumed after the
HC (13.2% P, 3.5% F, 83.3% HP meal compared to
C) the HC or HF meals.
HF (5.7% P, 84.7% F, 9.6%
C)

Ratings for hunger and
fullness did not differ.

No change in subjective
ratings of appetite
between treatments.

The HC and HP meals
decreased hunger and
prospective food
consumption ratings and
increased stomach
fullness ratings more
than the HF meal.
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Johnstone et al.
(1996)

Johnstone et al.
(2000)

Latner &
Schwartz (1999)

6 men

8 men

12 women

Total meal intakes over 24-h:

HP (15.28 MJ, 37.5% P,
28.5% F, 34.0% C)

HC (15.12 MJ, 10.4% P,
29.0% F, 60.6% C)

HF (15.58 MJ, 10.1% P,
56.5% F, 33.4% C)

Amount (), energy
and nutrient intakes
(MJ) were measured
throughout the day of
overfeeding one
macronutrient and on
the subsequent day.

Intake of an ad libitum
test meal (550 kJ/100
g, 13% P, 40% F,

Snacks provided during
whole day:
HP (2.56 MJ, 73.4% P,

12.9% F, 13.7% C) 47% C) was
HC (2.61 MJ, 12.6% P, measured throughout
13.4% F, 74.0% C) the day.
HF (2.60 MJ, 12.7% P,
73.8% F, 13.5% C)
450 kcal preload lunch: 45h
HP (71.5% P, 19.2% F, 9.5%
C)

HC (0% P, 0% F, 99% C)
Mixed (35.7% P, 9.6% F,
55.1% C)

No effect on subsequent

day intake.

No effect on intake of test

meal following
consumption of snacks
and over the whole day
(including snack intake).

31% more energy was

consumed at dinner
following the HC lunch
and 20% more following
the mixed lunch than
following the HP lunch.

The HP meal decreased

ratings for hunger, desire
to eat, urge to eat, and
prospective consumption
and increased fullness
ratings over 24 hto a
greater extent than the
HC or HF meals.

Snack macronutrient

composition did not
affect mean daily ratings
for hunger, urge to eat,
prospective
consumption, thoughts
of food and fullness.

Hunger was less in the HP

condition than for the
HC and mixed
treatments. The mixed
lunch also reduced
hunger scores more than
the HC lunch.
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Lejeune et al.
(2006)

Poppitt et al.
(1998)

12 women Diets to be consumed over Total energy intake No difference in total The HP diet decreased 24-

four days: (20% for breakfast, energy intake per day. h AUC for hunger and
HP (4.1 kd/g, 30% P, 30% F, 40% for lunch and increased 24-h AUC for
40% C) 40% for dinner) was satiety (“How satiated
HC (4.3 kJ/g, 10% P, 30% F, measured on each of are you?”’) more than the
60% C) the four days. HC diet condition.

On day four, subjects
reported feeling less
hungry and more
satiated before and after
dinner following
consumption of the HP
diet relative to the HC

diet.

12 women 1 MJ baseline meal and drink 90 min Energy intake was about  Subjects reported feeling
to which 1MJ of each 16 % lower after the less hungry and more
macronutrient was added: protein treatment satiated ( “How

Protein (59.5% P, 20.1% F, relative to the other satisfying did you find
21.3% C) macronutrients the meal?””) throughout
Carbohydrate (11.0% P, the test period (120 min)

19.1% F, 65.9% C) on the protein meal
Fat (11.3% P, 67.0% F, compared to the other
20.7% C) macronutrients.

Alcohol (11.4% P, 20.1% F,
21.3% C, 46.7% Alcohol)
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Porrini et al.

(1995)

Porrini et al.

(1997)

Potier et al.
(2010)

10 men

14 men

22 women
6 men

HP meal (880 kcal, 56% P,
25% F, 19% C)

HC meal (960 kcal, 17% P,
27% F, 56% C)

Breakfast omelettes:

HP (273.5 kcal, 53.5% P,
45.2% F, 1.3% C)

HF (284.3 kcal, 14.8% P,
79.3% F, 5.9% C)

250 ml preload drinks
containing:

Protein (1019.1 kJ, 50 g of
protein: 90% whey protein
and 10% casein)

Carbohydrate (1029.1 kJ, 50
g of maltodextrins)

Fat (1016.2 kJ, 22.3 g of oil:
50% palm oil and 50% soya
bean oil)

120 min

120 min

60 min

Subsequent food intake
was lower (about 46%)
for the HP meal
compared with the HC
meal.

No difference in intake at
the subsequent test
meal.

Carbohydrate reduced
subsequent energy
intake more than fat,
while protein had an
intermediate effect.

No difference in ratings
for desire to eat, fullness,
and satiety.

Immediately after
consuming the HP
omelette, ratings for
desire to eat decreased
and ratings for fullness
and satiety (“How sated
do you feel?”) increased
more than after the HF
omelette.

No difference in rated
appetite sensations.
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Raben et al. 9 women
(2003) 10 men

Rolls et al. (1988) 10 women

Breakfast meals (2500 kJ for 5h
women and 3000 kJ for
men) high in:

Protein (31.8% P, 31.1% F,
37.2% C)

Carbohydrate (12.2% P,
23.7% F, 65.4% C)

Fat (11.6% P, 64.6% F,
23.9% C)

Alcohol (12.1% P, 24.3% F,
42.9% C, 23.0% Alcohol)

Preload meals high in: 120 min

Protein (298.2 kcal, 74.6% P,
25.4% F, 0% C)

Starch (300.3 kcal, 10.1% P,
9.3% F, 80.6% C)

Sucrose (299.8 kcal, 2.6% P,
0% F, 97.4% C)

Fat (289.7 kcal, 2.8% P,
97.2% F, 0% C)

Sucrose and Fat (299.9 kcal,
4.6% P, 37.1% F, 58.3% C)

No difference in
subsequent energy
intake.

Food intake at test meal
120 min later was lower
after consumption of the
preload meals rich in
protein and starch
compared to the sucrose,
fat and mixed (sucrose
and fat) preload meals.

No difference in ratings
for hunger, prospective
consumption, fullness
and satiety after the four
breakfast meals.

The high-protein and high-
starch preload meals
decreased hunger and
increased stomach
fullness over 120 min
more than the other three
preload meals.
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Smeets et al.
(2008)

Stubbs et al.
(1996)

19 women
11 men

6 men

Preload lunches:
HP (25% P, 30% F, 45% C)
HC (10% P, 30% F, 60% C)

Breakfast meals:

HP (5.29 MJ, 58.8% P,
19.5% F, 21.7% C)
HC (5.18 MJ, 18.5% P,
20.9% F, 60.6% C)
HF (5.24 MJ, 22.3% P,
57.1% F, 22.3% C)

Appetite ratings were
measured
immediately, at 30,
60, 120, 180 and 240
min following the
preload lunch.

Energy intake at a test
meal lunch 5 h later
and throughout the
rest of the day was
assessed.

Not measured

Lunch test meal and 24-h
energy intakes were
similar following all the
breakfast meals.

The ratings for hunger and
satiety were higher 30
and 120 min after the HP
lunch than after the LP
lunch. The area under
the curve of the satiety
rating score (“How
satiated are you?”’) was
greater after the HP meal
than after the HC meal.

The HP breakfast
produced greater
suppression of hunger
(mean hourly scores)
over 24 h than the HC or
HF breakfasts, but no
difference in ratings of
fullness, desire to eat,
urge to eat, prospective
consumption, and
preoccupation with
thoughts of food.
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Vandewater & 29 women 676 kcal preload yoghurts: Appetite ratings were  Not measured Greater decrease in hunger

Vickers (1996) 11 men HP (43% P, 6% F, 51% C) measured 2 min and prospective
HC (20% P, 6% F, 74% C) following consumption consumption ratings and
of the preload increase in stomach
yoghurts. fullness ratings after the

HP preload yoghurt than
the HC preload.

Vozzo et al. 15 men 3 MJ preload yoghurts: Spontaneous food Subsequent food intake No difference in ratings
(2003) HP (706 kcal, 29% P, 24% F, intake of a buffet over 7 h was suppressed for hunger and fullness.
44% C) style test meal from by the HP and HF
HC (714 kcal, 14% P, 24% 30 until 435 min preload yoghurts, but
F, 60% C) after preload not the HC yoghurt,
HF (702 kcal, 14% P, 40% F, ingestion (7 h) was compared with the no
42% C) measured. preload condition.

HP, High-Protein; HC, High-Carbohydrate; HF, High-Fat; P, protein; C, carbohydrate; F, fat; AUC, area under the curve.
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There is strong evidence to suggest that in normal-weight adult
subjects, dietary protein induces satiety more strongly than available
carbohydrate, fat, or alcohol, on an isoenergetic basis, as indicated by food
intake at a subsequent meal and subjective ratings of appetite (Table 1.1). The
discrepancies in observations from preload studies may be related to the time
interval between preload and test meal and the composition of the preload
(Blundell et al., 2010; Livingstone et al., 2000; Rolls & Hammer, 1995; Stubbs
etal., 1998).

A wide variation in time delay interval between preload and
subsequent meal consumption has been used across preload studies determined
by changes in feelings of appetite (Fischer et al., 2004) or plasma amino acid
profiles (Luhovyy et al., 2007) or plasma gastrointestinal hormones (Veldhorst
et al., 2009). Rolls et al. (1991) demonstrated that twenty-eight normal-weight
subjects compensated well for the energy intake from a preload yoghurt (357
kcal) by eating less at a subsequent test meal compared to the no preload
condition in the 30 min delay condition, but energy compensation became less
precise as the time interval increased to 90 and 180 min. Nonetheless, two
studies found that subsequent food intake and ratings of appetite did not differ
following consumption of preloads high in either carbohydrate or fat,
regardless of time interval (30, 90 and 180 min in the Rolls et al. (1991) study
and 90 and 270 min in the Blundell et al. (1993) study). In a recent study of
normal-weight boys (average age approximately 12 years) by Bellissimo et al.
(2007), ingestion of a preload beverage containing whey protein (837 kJ, 1
0/kg body weight) reduced (about 14%) energy intake at a subsequent test meal
60 min later more than a preload containing glucose (837 kJ, 1 g/kg body
weight), but this effect was not seen when the time delay interval between
preload and test meal was 30 min. Similarly, Bertenshaw et al. (2008) observed
a lower energy intake at a subsequent test meal following consumption a
preload drink enriched with whey protein (1258.6 kJ, 49.6% of energy from
protein, 0.5% fat and 49.9% carbohydrate) compared to maltodextrin
carbohydrate (1246.5 kJ, 2.3% of energy from protein, 0.1% fat and 97.6%
carbohydrate), independently of time delay interval (30 and 120 min). The

effect of the time interval between the ingestion of a preload and subsequent
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food intake on the measurement of satiety appears to be critical and deserves

more investigative attention.

The varying findings regarding the satiating effect of dietary protein
may be accounted for by differences in the composition of the preload used.
The possibility that the sensory qualities of preloads may alter food intake and
satiety has been examined with conflicting results (Anderson, 2006; Bellisle et
al., 2012; Sorensen et al., 2003; Yeomans et al., 2004). For instance, it is
thought that an increase in palatability results in an increase in food intake, but
the effect of palatability on subjective ratings of appetite is unclear
(Drewnowski, 1998; Sorensen et al., 2003; Yeomans et al., 2004). Studies have
reported either increased or decreased ratings of hunger following consumption
of a more palatable meal than after a less palatable meal or no difference in
ratings of appetite (Sorensen et al., 2003). The physical form of the preloads is
an important factor with some evidence suggesting that liquid preloads are less
satiating and elicit lower energy compensatory responses than their solid
counterparts (Almiron-Roig et al., 2003; Drewnowski & Bellisle, 2007; Mattes,
2006). With respect to dietary protein, a high-protein solid food was shown to
sometimes decrease (Mourao et al., 2007) and sometimes not influence
(Akhavan et al., 2011) subsequent food intake compared with a high-protein
liquid form. In addition, a solid form of protein was found to suppress feelings
of appetite to a greater extent than the liquid protein meal (Akhavan et al.,
2011; Leidy et al., 2011; Martens et al., 2011). Although these factors were not
measured, the mixed findings may have been due to differences in gastric
motility, stomach emptying rate or the post-prandial release of satiety-related

hormonal signals.

The protein content of the preloads may also play a role. The World
Health Organisation (WHQO) recommends that a dietary protein intake of on
average 10-15% of energy when in energy balance is considered to be normal
(WHO, 2000). An increase in satiety induced by dietary protein has been
demonstrated in the short-term with preload meals containing a relatively high
amount of protein (25-80% of energy derived from protein). In a recent study

of twenty-eight normal-weight men by Bertenshaw et al. (2009), increasing the
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proportion of energy derived from protein in preload drinks from (1155 kJ,
17.3 g protein, 25.1% of energy from protein, 0.3% from fat and 74.6% from
carbohydrate) to 50% (1163 kJ, 34.4 g protein, 49.5% of energy from protein,
0.2% from fat and 50% from carbohydrate) was associated with a dose
dependent reduction in intake at a subsequent test meal provided 30 min later
compared to when a low-energy control preload drink (328 kJ, 2.4 g protein,
12% of energy from protein, 3.4% fat and 84% carbohydrate) was imbibed,
with an intermediate effect when the provided energy from protein was 13%
(1151 kJ, 8.8 g protein, 12.8% of energy from protein, 0.2% fat and 87.1%
carbohydrate) (Bertenshaw et al., 2009). The European Food Safety Authority
(EFSA) also suggested that a daily serving of 49.15 g of protein would be
needed to promote satiety (EFSA, 2010). Furthermore, most satiety studies
have used preloads with mixed macronutrient composition, which have been
suggested to be more acceptable and representative of a real meal, but the
concurrent carbohydrate and fat contents may have influence satiety. However,
two studies using pure protein, fat or carbohydrate preloads did not show a
differential effect on subsequent food intake and appetite ratings (Fischer et
al., 2004; Potier et al., 2010). This indicates that macronutrient composition
when given in pure forms had little effect on measures of satiety and this
remains to be further tested. The greater satiating effect of dietary protein in
comparison with other macronutrients must be interpreted with caution because

of the variations in experimental designs.

1.3.2. Mechanisms by which protein intake affects food intake

and satiety

The mechanisms by which dietary protein may influence food intake
and satiety are unclear. It has been suggested that intake of a high protein diet
may favourably affect energy expenditure, circulating concentrations of amino
acids, and hormonal changes related to satiety (Fromentin et al., 2012;
Veldhorst et al., 2008). Bioactive peptides, peptides with specific amino acid

sequences which are active either locally in the gastrointestinal system or
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systemically to modulate physiological functions, released during protein
digestion may also impact on the regulation of food intake and satiety
(Froetschel, 1996; Jahan-Mihan et al., 2011; Moughan et al., 2007;
Rutherfurd-Markwick & Moughan, 2005).

1.3.2.1. Energy expenditure

There is a component of energy expenditure associated with the
consumption of food known as diet-induced thermogenesis (DIT) (or the
thermic effect of food or specific dynamic action) (Garrow, 1978) and can be
categorised into obligatory and facultative processes (Jequier, 1983a).
Obligatory thermogenesis is the heat produced during ingestion, digestion,
absorption and storage of nutrients. Complex carbohydrates are broken down
to simple sugars, fats to fatty acids and monoglycerides, and proteins to amino
acids. There are also some energetic costs to convert the excess energy from
food into reserve fuel such as glycogen or adipose tissue for storage (Warwick
& Baines, 2000; Westerterp-Plantenga et al., 1994). Facultative thermogenesis
is the energy expended during the above obligatory processes. Facultative
thermogenesis is the energy dissipated in response to excess dietary intake
(Jequier, 1983a; Westerterp-Plantenga et al., 1994) and is thought to be under
hormonal control (Gulick, 1922). In a healthy individual consuming an average
mixed diet and being in energy balance, it has been estimated that DIT
accounts for 10% of daily energy expenditure (Sims & Danforth, 1987; Tappy,
1996). A reduced DIT is thought to contribute to the pathogenesis of human
obesity (Jequier, 1983Db; Jequier & Schutz, 1985), but it is unclear whether this
thermogenic impairment is a cause or consequence of obesity (Bessard et al.,
1983; Jequier & Schutz, 1985).

DIT relates to the amount of adenosine triphosphate (ATP)
macromolecules required for the metabolism and storage of nutrients and is

influenced by the energy content and nutritional composition of a meal

24



(Kinabo & Durnin, 1990). Protein has been shown to have the greatest effect
on DIT and energy expenditure compared with other macronutrients (Crovetti
et al. 1998, Lejeune et al., 2006; Karst et al., 1984, Miller & Mumford, 1967;
Nair et al., 1983; Raben et al., 2003; Robinson et al., 1990; Tappy, 1996;
Westerterp, 2004; Westerterp et al., 1999; Westerterp-Plantenga et al., 1999).
For instance, Karst et al. (1984) studied the thermic effect of three protein
sources (egg albumen, gelatine, and casein), two carbohydrates (starch and
hydrolysed starch), and two fats (sunflower oil and butter) in twelve normal-
weight men for 6 h. While fat produced no observed thermic effect, the thermic
effect of protein was three times larger than that of carbohydrate. In addition,
Tappy (1996) reported that the DIT values of the macronutrients are 20 to 30%
for protein, 5 to 10% for carbohydrate and 0 to 3% for fat. A review of data
from nineteen trials revealed that for each 1% change in energy from protein,
the thermic effect of the meal increased by 0.22% (Westerterp, 2004).

Several studies have shown that the higher thermic effect of dietary
protein may be related to its satiating effect (Crovetti et al. 1998, Lejeune et al.,
2006, Westerterp-Plantenga et al., 1999). As the heat produced from DIT
helps to maintain deep body temperature, consumption of high-protein diets
results in greater levels of post-prandial DIT and an increase in body
temperature. The thermostatic hypothesis put forward by Brobeck (1948)
suggests that when body temperature is high, food intake is decreased to reduce
heat production and prevent hyperthermia. However, it is debatable whether
the maintenance of body temperature is the effect of food intake, most likely
through the process of diet-induced thermogenesis, or the cause for the
ingestion of food. High-protein diets seem to be effective in sustaining or
increasing fat-free body mass. The preservation of a higher lean mass has an
added energy cost and appears to have a significant effect on resting energy
expenditure (Westerterp-Plantenga et al., 1999). Consumption of dietary
protein above the required level will also increase protein turnover by
increasing protein synthesis and protein breakdown in the body (Garlick et al.,

1991, Robinson et al., 1990; Tessari et al., 2003; Van Milgen, 2002). All of the
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processes associated with intake of high-protein diets result in a lower

metabolic efficiency of energy utilisation that may be related to satiety.

1.3.2.2. Amino acids

The aminostatic theory put forward by Mellinkoff et al. (1956)
suggests that amino acids in the circulation influence eating behaviour. An
inverse relationship between the serum concentration of amino acids and
appetite has been shown. Mellinkoff et al. (1956) also suggested that the
central nervous system (CNS) may be able to detect changes in circulating
amino acids independent of their role as a source of energy. The observation
that a deficit of amino acids in the diet results in hyperphagia in rats supports
the aminostatic hypothesis (Gietzen, 1993; Gietzen et al., 1998). An increase in
circulating amino acids in response to ingestion of a protein diet may be
detected by chemoreceptors found in the anterior piriform cortex of the CNS
(Gietzen et al., 1998; Rudell et al., 2011) to activate hypothalamic neurones
involved in the suppression in food intake and stimulation of satiety (see
Section 1.4.3.3. Amino acids).

1.3.2.3. Satiety-related hormones

Several review articles have investigated numerous gastrointestinal
hormones that have been implicated in the regulation of food intake and satiety
(Cummings & Overduin, 2007, Murphy et al., 2006, Stanley et al., 2005;
Strader & Woods, 2005; Woods, 2004, 2005; Wren & Bloom, 2007). They can
be classified as orexigenic (appetite-stimulating) (e.g. ghrelin, neuropeptide Y)
and anorexigenic (appetite-suppressing or satiety-stimulating) (e.g.
cholecystokinin, glucagon-like peptide 1, glucose-dependent insulinotropic
polypeptide, peptide tyrosine-tyrosine and pancreatic polypeptide). A
comprehensive review article by Karhunen et al. (2008) examined the release
of a number of gastrointestinal hormones, related to the control of food intake

and satiety, in response to consumption of different macronutrients. In
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particular, protein intake has been found to be associated with a decrease in
circulating ghrelin and an increase in anorexigenic hormones, including
cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1) and peptide YY
(PYY).

1.3.2.3.1. Ghrelin

Of all of the gastrointestinal hormones involved in the regulation of
food intake, the peptide ghrelin appears to have the most potent orexigenic
activity. Ghrelin is a 28 amino acid peptide discovered in 1999 (Kojima et al.,
1999). It is synthesised predominantly in the stomach (Ariyasu et al., 2001;
Date et al., 2000; Kojima et al., 1999). The major bioactive form of ghrelin is
acylated ghrelin where a fatty acid, primarily n-octanoic acid, attaches to the
third serine residue (Hosoda et al., 2003). However, acylated ghrelin accounts
for only approximately 10% of total ghrelin found in the blood and the
majority (90%) is in the non-acylated form (de-acylated ghrelin) (Hosoda et
al., 2004). Administration of ghrelin has been shown to potently result in an
increase in food intake (Druce et al., 2005; Nakazato et al., 2001; Neary et al.,
2004; Wren et al., 2001) and ghrelin concentrations rise prior to feeding and
decrease after food ingestion (Ariyasu et al., 2001; Cummings et al., 2001,
2004). Ghrelin activates the neuropeptide Y (NPY) neurones present in the
hypothalamus to lead to an increase in food intake, which may be mediated by
either a central secretion of ghrelin (Cowley et al., 2003; Nakazato et al., 2001)
or activation of vagal neurones by circulating ghrelin (Date et al., 2002). A
number of studies found an increase (Erdmann et al., 2003, 2004) or no change
(Groschl et al., 2003; Lejeune et al., 2006; Smeets et al., 2008) in postprandial
circulating ghrelin levels after ingestion of a protein-rich meal. Other studies
showed that protein intake resulted in decreased postprandial circulating
ghrelin concentrations (Al Awar et al., 2005; Blom et al, 2006; Bowen et al.,
2006a, 2006b; Tannous dit EI Khoury et al., 2006). Nonetheless, Foster-
Schubert et al. (2008) compared the response of plasma total and acylated
ghrelin concentrations to oral isoenergetic and isovolumetric doses of

carbohydrate, fat and protein and reported a decrease in both total and acylated

27



ghrelin in the initial three hours. Total ghrelin nadir (lowest) levels were lower
after ingestion of carbohydrate and protein compared with the consumption of
fat. The investigators suggested a hierarchy for the suppression of both total

and acylated ghrelin: carbohydrate more than protein more than fat.

1.3.2.3.2. Cholecystokinin

The most widely documented gastrointestinal hormone related to satiety is
cholecystokinin (CCK). In 1973, Gibbs et al. (1973) discovered that
administration of purified or synthetic CCK led to a reduced food intake in rats.
CCK is secreted from the endocrine | cells of the small intestine (Buchan et al.,
1978). The precursor of human CCK is a protein of 95 amino acid residues and
CCK exists in multiple molecular forms including CCK-8, -22, -33, -39, -58
and -83 (Rehfeld, 2004; Rehfeld et al., 2001). It is generally agreed that CCK-8
is the most abundant form found in the CNS (Beinfeld et al., 1981; Rehfeld et
al., 1985) while CCK-33 is the predominant form present in human plasma
(Cantor & Rehfeld, 1987; Liddle et al., 1985; Rehfeld, 1998; Rehfeld et al.,
2001). Protein intake has been shown to lead to an increase in circulating levels
of CCK (Blom et al., 2006; Bowen et al., 2006b; Burton-Freeman, 2008; Hall
et al., 2003; Liddle et al., 1985). There is evidence in rats that suggests that
bioactive peptides from protein digestion reduces food intake by activating
opioid and CCK receptors and a suppression in food intake was also observed
when these receptors were blocked with antagonists (Baile et al., 1986;
Froetschel et al., 2001; Pupovac & Anderson, 2002). The satiating signal of
CCK may be transmitted to the CNS directly either by CCK crossing the
blood-brain barrier or attaching to its A receptors in the CNS (Rehfeld, 2004;
Wank, 2004), or indirectly by activating vagal afferent nerves (Schwartz &
Moran, 1994; Schwartz et al., 1991; Reidelberger et al., 2004). Other
mechanisms by which dietary protein may exert its satiating-inducing effect via
CCK include increased gastric distension (Kissileff et al., 2003; Melton et al.,
1992) and slower gastric emptying rate (French et al., 1993; Moran &
McHugh, 1982; Moran et al., 1993; Schwartz et al., 1993).
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1.3.2.3.3. Glucagon-like peptide-1

Glucagon-like peptide-1 (GLP-1) is a 30 amino acid peptide derived
from proglucagon and mainly secreted from the intestinal endocrine L cells
(Baggio & Drucker, 2007; Kieffer & Habener, 1999). The predominant
bioactive forms of GLP-1 present in human plasma are GLP-1 (7-36) amide
and glycine-extended GLP-1 (7-37) (Orskov et al., 1994). In a meta-analysis,
Verdich et al. (2001) concluded that intravenous administration of GLP-1 (7-
36) amide results in an average decrease in food energy intake of 11.7%,
irrespective of the BMI status of the individual. The effect of meal composition
on the secretion of GLP-1 has been reviewed by Kieffer and Habener (1999).
Circulating levels of GLP-1 have been found to increase following
consumption of a mixed high-protein meal (Blom et al., 2006; Bowen et al.,
2006a; Kieffer & Habener, 1999; Lejeune et al., 2006), but not in the Smeets et
al. (2008) study. The satiating effect of GLP-1 may be mediated via activation
of GLP-1 receptor located in the hypothalamic arcuate nucleus (ARN) region
and on vagal afferent pathways to the CNS (Baggio & Drucker, 2007; Kieffer
& Habener, 1999), stimulation of glucose-dependent insulin secretion (incretin
effect) (Hansotia & Drucker, 2005; Kreymann et al., 1987; Nauck, 1999;
Salehi et al., 2008), and a reduction in gastric emptying rate (Hellstrom &
Naslund, 2001; Meier et al., 2003; Nauck et al., 1997; Salehi et al., 2008;
Schirra & Goke, 2005; Schirra et al., 2006).

1.3.2.3.4. Peptide YY

Peptide tyrosine-tyrosine (PYY) is a member of the pancreatic
polypeptide-fold family, which also includes the orexigenic neuropeptide Y
(NPY) and anorexigenic pancreatic polypeptide (PP) hormones. PYY is made
up of 36 amino acid residues (Larhammar, 1996) and is mostly released by the
endocrine L cells in the distal ileum (Adrian et al., 1985; Tatemoto et al.,
1988). The two main circulating bioactive forms of PYY are PYY (1-36) and
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PYY (3-36) (Grandt et al., 1994). PYY (3-36) results from the cleavage of the
tyrosine-proline residues from the N-terminal by dipeptidyl-peptidase-1V
(DPP-1V) (Ballantyne, 2006; Batterham & Bloom, 2003). PYY (1-36) may
bind to four G-protein-coupled receptors (Y1, Y2, Y4 and Y5) to have an
orexigenic effect while the anorexigenic action of PY'Y (3-36) is mediated via a
strong specific affinity to the Y2 receptor (Ballantyne, 2006). PYY (3-36)
crosses the blood-brain barrier (Nonaka et al., 2003) to attach to its Y2
receptors highly expressed on the NPY neurones in the hypothalamic arcuate
nucleus (ARN) (Batterham et al., 2002). PYY (3-36) inhibits the activation of
the orexigenic NPY neurones, which in turn releases the inhibitory action of
NPY neurones on the anorexigenic pro-opiomelanocortin (POMC) neurones
(Batterham et al., 2002). However, recent studies have demonstrated that PYY
(3-36) inhibits the POMC neurones and has an orexigenic effect (Acuna-
Goycolea & van del Pol, 2005; Ghamari-Langroudi et al., 2005). Indeed,
administration of PY'Y (3-36) has been found to result in an acute anorexigenic
effect followed by a delayed orexigenic effect in (Parkinson et al., 2008).
These findings highlight the physiological importance of a hormonal balance of
PYY in the regulation of food intake and energy homeostasis. The role of PYY
as a modulator of food intake and a regulator of body weight has been
extensively reviewed (Ballantyne, 2006; Batterham & Bloom, 2003; Karra et
al., 2009; Le Roux & Bloom, 2005; Ueno et al., 2008). While Batterham et al.
(2006) reported that plasma PYY concentrations were higher following
consumption of a diet high in protein (65.3% of energy from protein, 17.4%
from fat and 17.3% from carbohydrate) compared with carbohydrate (17.5% of
energy from protein, 17.7% from fat and 64.6% from carbohydrate) or fat
(17.0% of energy from protein, 66.2% from fat and 16.8% from carbohydrate),
Smeets et al. (2008) found no difference in plasma PYY response between a
high-protein (25% of energy from protein, 30% from fat and 45% from
carbohydrate) and a high-carbohydrate diet (10% of energy from protein, 30%
from fat and 60% from carbohydrate).
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1.4. Whey protein and satiety

1.4.1. Nutritional profile of whey protein

Cow’s milk contains approximately 3.2% protein, and milk proteins
fall into two categories: casein and whey protein (Figure 1.2.). Caseins
represent approximately 80% while whey proteins represent the rest (20%) of
the total milk proteins (Walstra et al., 2006). During cheese making, whey is
the soluble component of milk that is separated from the casein curd. For years,
whey was considered as a waste product of the cheese making process but
recently, whey has become a valuable ingredient in numerous food products,
particularly in protein fortified products (Walzem et al., 2002). Depending on
the extraction method, there are two main types of whey protein: acid whey,
which is formed by the removal of casein by acid precipitation at pH 4.6 at
room temperature, or the most common sweet whey, which involves
coagulation via enzymatic action (Glass & Hedrick, 1977; Walstra et al.,
2006). Therefore, whey protein comprises a heterogeneous group of proteins
varying greatly in composition and amino acid residues. The major
components of whey protein are B-lactoglobulin (B-lg) and a-lactalbumin (a-
la). Whey protein is also abundant in bovine serum albumin (BSA),
immunoglobulins (Igs) and other nitrogenous constituents including lactoferrin,
lactoperoxidase, and other bioactive compounds and enzymes (Walstra et al.,
2006).
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Ois1 30.6%

as2 8% |
Caseins

~ 80% B 28.4% |

Y 2.4% I

K 10.1% I

Milk Protein
~32%
o — lactalbumin (o-la) 3.7%
B — lactoglobulin (B -lg) 9.8%
Whey Proteins - -

~20% Bovine Serum Albumin (BSA) 1.2%
Immunoglobulins (Igs) 2.1%
Other Constituents 2.4%

Figure 1.2. Protein composition of bovine milk (Adapted with permission from Walstra et al., 2006).

~ = approximately; o = alpha; = beta; y = gamma; « = kappa.
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1.4.2. Effect of whey protein intake on satiety

1.4.2.1. Dose dependent effect

A dose dependent relationship between the amount of whey protein
consumed and a reduction in subsequent food intake and an increase in satiety
has not been consistently reported. Poppitt et al. (2011) did not observe a dose
dependent reduction in food energy intake at a test meal 120 min later when
fifty overweight women were given low doses of whey protein (5, 10, and 20
g) in comparison with a water control. However, two studies using normal-
weight humans showed that whey protein dose dependently suppressed food
intake at a subsequent test meal compared with water control (Akhavan et al.,
2010; Astbury et al., 2010). Akhavan et al. (2010) showed that test meal intake
30 min later decreased in a dose dependent manner when whey protein doses
increased from 20 to 30 to 40 g, but not at a low dose of 10 g. Astbury et al.
(2010) found a linear relationship between whey protein doses (6.8, 13.1, and
25.4 g absolute protein and 12.9, 25.4, and 50.4 g of absolute protein) and a
reduction in food intake at a test meal 90 min later. With respect to subjective
ratings of appetite, while Akhavan et al. (2010) and Astbury et al. (2010) did
not find any difference in normal-weight subjects, Poppitt et al. (2011)
reported that overweight women felt less hungry and fuller over 120 min when
beverages containing whey protein were ingested compared with the water
beverage. The response was, however, not dose dependent and there was no
difference between the three whey protein doses on ratings of hunger and
fullness. In comparison with a water control, a single dose of ingested whey
protein resulted in a greater suppression on subsequent food intake in some
(Akhavan et al., 2011, Anderson et al., 2004) but not all (Abou-Samra et al.,
2011) studies.
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1.4.2.2. Whey protein versus casein

Boirie et al. (1997) proposed the terms ‘fast’ and ‘slow’ proteins for
whey protein and casein, respectively, based on the premise that whey protein
empties from the stomach faster than casein to elicit a rapid and sharp increase
in plasma amino acid concentrations while casein causes a slower, lower and
more prolonged increase in plasma amino acid concentrations. The latter effect
is due to the precipitation of casein as a curd in the acidic condition of the
stomach where it undergoes digestion by gastric proteases and results in casein
entering the small intestine more slowly in the form of small peptides (Boirie et
al., 1997; Boutrou et al., 2013; Chabance et al., 1998; Dangin et al., 2001;
Daniel et al., 1990).

The effect of the two major milk protein fractions on food intake and
satiety has been addressed. Although Hall et al. (2003) reported that ingestion
of liquid meals containing whey protein (1695 kJ, 48 g, 60.2% of energy from
protein, 20.0% from fat and 19.8% from carbohydrate) led to reduced food
intake at a buffet meal 90 min later and increased subjective ratings of appetite
more than ingestion of casein liquid meals (1674 kJ, 48 g, 51.3% of energy
from protein, 24.7% from fat and 24.0% from carbohydrate) in sixteen normal-
weight subjects, other investigators did not find any differential effects on
subsequent food intake and subjective ratings of appetite between whey protein
and casein (Bowen et al., 2006b) or between casein and a mixture of whey
protein and casein (2:1 ratio) (Potier et al., 2009). When other types of protein
were tested along with whey protein and casein, the findings on the effect of
whey protein versus casein on subsequent food intake and subjective feelings
of appetite were also inconsistent. Studies have found either increased
(Veldhorst et al., 2009a) or similar effect (Lorenzen et al., 2012; Veldhorst et
al., 2009b) of whey protein compared to casein. On the other hand, recent
studies have reported that rated feelings of satiety were greater following
consumption of casein relative to whey protein in normal-weight subjects
(Abou-Samra et al., 2011; Acheson et al., 2011). Similarly, Alfenas et al.
(2010) comparing ingestion of whey protein versus casein for 7 consecutive

days reported that twenty-six normal-weight participants fed the casein diet had
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lower daily energy intake than on the whey protein diet, as recorded using

dietary diaries.

1.4.2.3. Whey protein versus other protein sources

Several human studies have investigated whether consumption of
whey protein resulted in a stronger effect on satiety than different sources of
protein (Table 1.2.). In a study with normal-weight men by Anderson et al.
(2004), dietary whey protein (50 g) resulted in a greater reduction in energy
intake at a test meal 60 min later compared with egg albumen. In another study
with twenty-two normal-weight men, ingestion of whey protein (50 g) had a
greater effect in lowering food intake at a test meal 4 h later and ratings of
hunger than turkey meat, tuna or egg albumen (Pal & Ellis, 2010). Although
two studies showed no difference in food intake at a test meal provided 180
min following consumption of preloads containing different protein sources,
differences in subjective ratings of appetite were observed (Diepvens et al.,
2008; Veldhorst et al., 2009a). Consumption of whey protein had a greater
effect in suppressing feelings of hunger than either casein or soya protein in
twenty-five normal-weight participants (Veldhorst et al., 2009a). Similarly,
thirty-nine overweight subjects reported a greater feeling of satiety and fullness
following consumption of a whey protein preload than preloads containing
milk protein or a whey protein and pea protein hydrolysate mixture (Diepvens
et al., 2008). Nonetheless, several other studies have found that dietary whey
protein does not affect energy intake at a test meal or subjective feelings of
appetite differently from egg albumen (Abou-Samra et al., 2011), gluten
(Bowen et al., 2006a), pea protein hydrolysate (Diepvens et al., 2008), or soya
protein (Anderson et al., 2004; Bowen et al., 2006a; Veldhorst et al., 2009b).
In a recent study by Acheson et al. (2011), rated feelings of hunger, desire to
eat and prospective food consumption were lower, whereas ratings of fullness
were higher, following consumption of test meals containing casein and soya
protein over the 330 min test period compared with ingestion of a whey protein

test meal. While the evidence is not fully conclusive (EFSA, 2010), several
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studies suggest that the consumption of whey protein is more satiating than
other proteins.

1.4.2.4. Whey protein versus carbohydrate

With regard to the satiating effect of whey protein versus carbohydrate,
findings may depend on the type of carbohydrate used. Bowen et al. (2006a,
2007) showed no difference between whey protein and fructose or lactose on
energy intake at a subsequent meal 180 min later. However, glucose has been
shown to lead to increased subsequent food intake more than whey protein
(Bellissimo et al., 2007; Zafar et al., 2013), but similar effects have also been
reported (Bellissimo et al., 2007; Bowen et al., 2006a, 2006b, 2007).
Bellissimo et al. (2007) showed that following consumption of a preload drink
containing whey protein (1 g/kg body weight), energy intake at a subsequent
meal 60 min later was lower (about 13%) compared with a glucose preload
drink. Similarly, Zafar et al. (2013) found a greater reduction in food energy
intake (about 15%) following consumption of a whey protein preload drink
(130 kcal, 25 g whey protein) relative to glucose (200 kcal, 50 g glucose).
When the effect of the disaccharide sucrose (glucose and fructose) on satiety
was compared to whey protein, Anderson et al. (2004) demonstrated a greater
suppressive effect (about 19%) on food intake 60 min later of a preload drink
(833 kJ, 0.65 g/kg body weight) containing whey protein relative to sucrose.
With respect to the effect of maltodextrin on satiety compared with whey
protein, although no differential effects on subsequent food intake and ratings
of appetite were observed by Abou-Samra et al. (2011), Bertenshaw et al.
(2008) reported that energy intake at a subsequent test meal was lower (about
10%) following ingestion of a preload drink enriched with whey protein
(1258.6 kJ, 37.7 g protein, and 38.0 g carbohydrate per 300 ml) compared to
maltodextrin carbohydrate (1246.5 kJ, 1.7 g protein, and 72.8 g carbohydrate
per 300 ml), independent of the time interval between preload drink and test
meal (30, 60 or 120 min). The comparison of the satiating effect between whey

protein and carbohydrate merits more investigation.
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Table 1.2. Effects of dietary protein source on food intake and subjective ratings of appetite in adult humans.

Reference Subjects

Diets

Time interval  Effect on food intake

Effect on appetite

Abou-Samra et 29 NW men

al. (2011)

250 ml water control and 200
ml preload drinks (80 kcal)
containing either 20 g
maltodextrin or 20 g
protein:

Maltodextrin (21 g added, 80
kcal, 100% C)

Whey protein (22.2 g added,
83 kcal, 95.2% P, 4.8% C)

Casein (23 g added, 80 kcal,
96.3% P, 3.2% F, 0.5% C)

Egg albumen (24 g added, 94
kcal, 94.8% P, 5.2% C)

Pea protein (22.2 g added, 78
kcal, 95.2% P, 4.8% C)

30 min Greater reduction in energy
intake after the casein and
pea protein preloads
compared to water control,
but whey protein had an

intermediate effect.

Combined satiety score
(fullness, hunger, desire to
eat, and prospective food
consumption) ratings taken
every 10 min over 30 min
were higher after the casein
and pea protein preloads
compared to the other four
preloads. Ratings were also
higher after the whey
protein, egg albumen and
maltodextrin preloads than
the water preload.
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Acheson et al.
(2011)

Anderson et al.

(2004)

Anderson et al.

(2004)

23 NW subjects

13 NW men

22 NW men

In addition to a carbohydrate
(maltodextrin and dextrose
monohydrate, 459 kcal, 0.02
g/kg body weight, 1.2% P,
3.3% F, 95.5% C) test meal,
whey protein, casein and
soya protein were provided
at 0.81 g/kg body weight
(459 kcal, 50% P, 10% F,
40% C)

In addition to a water control
(67 kJ from added
maltodextrin), sucrose,
whey protein, egg albumen,
and soya protein were
provided at 0.65 g/kg body
weight in 400 ml preload
beverages (833 kJ, 50 g)

50 g of whey protein and egg
albumen preload beverages
(833 kJ in 400 ml) in
addition to water control (67
kJ from added maltodextrin
in 400 ml)

Appetite ratings
were collected
15 min before
test meal
consumption
and at different
time intervals
over 330 min
following test
meal
consumption.

60 min

60 min

Not measured

When expressed as
incremental AUC over 330
min, whey protein led to a
lower combined satiety
score rating (fullness,
hunger, desire to eat and
prospective food
consumption) than the
carbohydrate, casein and
soya protein test meals.

Whey and soya proteins Not measured
decreased food intake
relative to water control. No
difference between whey
and soya proteins but the
suppressive effect of whey
protein was greater than for
egg albumen and sucrose.

Whey protein reduced food Not measured
intake compared with the
water control (about 26%)
and egg albumen (about
22%).
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Bowen et al. 25 NW men
(2006a) 47 OW men
Diepvensetal. 20 OW women
(2008) 19 OW men

Soup preloads:

Glucose (65 g added, 1158 kJ,
1.5% P, 11% F, 87% C)

Whey protein (55 g added,
1216 kJ, 71% P, 11% F,
18% C)

Soya protein (57 g added,
1199 kJ, 71% P, 11% F,
18% C)

Gluten (57 g added, 1227 kJ,
71% P, 12% F, 17% C)

300 ml preload drinks (1024
kJ, 25% P, 33% F, 42% C)
containing:

15 g milk protein (80% casein
and 20% whey protein)

15 g whey protein

15 g pea protein hydrolysate

Mixture of 7.5 g whey protein
and 7.5 g pea protein
hydrolysate

180 min

180 min

Energy intake after glucose
was higher than gluten, with
intermediate effect of whey
and soya proteins. No effect
of BMI status on subsequent
food intake.

No difference in food intake
at the test meal.

Ratings of hunger and
prospective food
consumption did not differ
between the four preloads,
independently of BMI
status.

Greater rating of satiety and
fullness with whey protein at
30 and 90 min compared to
the milk protein and mixed
preloads, with a similar
effect for pea protein
hydrolysate.
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Hall et al.
(2003)

Hall et al.
(2003)

Lorenzen et al.

(2012)

8 NW women
8 NW men

8 NW women
1 NW man

17 OW men

90 min No difference in subjective

ratings.

The whey preload drink
reduced energy intake at
Whey protein (1695 kJ, buffet meal by 829 kJ or
60.2% P, 20.0% F, 19.8% 18% compared with the
Q) casein preload drink.
Casein (1674 kJ, 51.3% P,
24.7% F, 24.0% C)

450 ml preload drinks
containing 48 g:

450 ml preload drinks 90 min (Fixed Not measured Greater ratings of fullness and
containing 48 g: lunch 42 g/kg reduced ratings of desire to
Whey protein (1695 kJ, body weight) eat over 180 min following

60.2% P, 20.0% F, 19.8% ingestion of the whey
C) protein preload drink
Casein (1674 kJ, 51.3% P, compared with casein.

24.7% F, 24.0% C)
240 min

1.5 MJ preload drinks Subsequent food intake lower No effect of preloads on

containing:

Whey protein (36 g, 44.0% P,
1.1% F, 54.9% C)

Casein (34 g, 43.5% P, 1.4%
F, 55.1% C)

Skim milk (28 g casein and 7
g whey protein, 42.3% P,
0.8% F, 56.9% C)

(9%) after the whey protein
and casein preload meals
than the skim milk preload
meal.

combined appetite score and
individual ratings of satiety,
fullness, hunger, and
prospective food
consumption.
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Pal & Ellis
(2010)

Veldhorst et al.
(2009a)

22 NW men

14 NW women
11 NW men

600 g breakfast preload meals 240 min Greater suppression of food

containing 50.8 g protein energy intake by the whey
(71% P, 14% F, 15% C): protein preload compared
Whey protein (1161 kJ) with the tuna (about 10%),
Turkey meat (1217 kJ) turkey meat (about 16%)
Egg albumen (1218 kJ) and egg albumen (about
Tuna (1213 kJ) 16%) preloads.
Custard breakfast preloads 180 min No difference in subsequent
(mean energy content 2.52 + food intake among protein
0.07 MJ) with either whey source and protein level.

protein, casein or soya
protein at two different
energy levels:
NP (10% P, 35% F, 55% C)
HP (25% P, 20% F, 55% C)

When expressed as
incremental AUC over 240
min, whey protein induced
lower ratings of hunger and
prospective food
consumption compared to
the other three treatments.
Fullness ratings were greater
with the whey protein and
tuna preload meals than with
the turkey meat and egg
albumen meals.

When the protein energy level
was low (10%), whey
protein decreased ratings of
hunger compared to casein
(at all time points and
incremental AUC) or soya
protein (at 20 min).
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Veldhorstetal. 14 NW women  Custard breakfast preloads 180 min Independent of protein level, ~ When expressed as

(2009b) 10 NW men (mean energy content 2.39 + subsequent food intake was incremental AUC over 180
0.06 MJ) with either whey lower after preloads min, breakfast preloads
protein with containing alpha- containing alpha-
glycomacropeptide, whey lactalbumin, gelatine or lactalbumin, gelatine or
protein without gelatine and tryptophan than ~ gelatin with tryptophan
glycomacropeptide, casein, after preloads with whey generally decreased ratings
soya protein, alpha- protein without of appetite more than the
lactalbumin, gelatine, or glycomacropeptide, casein breakfast preloads
gelatine and tryptophan, at or soya protein. Food intake containing whey protein
two different energy levels: after whey protein with with glycomacropeptide,

NP (10% P, 35% F, 55% C) glycomacropeptide preload whey protein without

HP (25% P, 20% F, 55% C) was higher than after glycomacropeptide, casein,
preloads with alpha- or soya protein.
lactalbumin or gelatine and
tryptophan.

NW, normal-weight; OW, overweight; P, protein; C, carbohydrate; F, fat; NP, Normal-Protein; HP, High-Protein; AUC, area under the curve.
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1.4.3. Mechanisms of action of whey protein

Dietary whey protein may influence food intake and satiety via a
number of mechanisms (Jakubowicz & Froy, 2013; Luhovyy et al., 2007).
Firstly, whey protein ingestion results in the release of amino acids and small
peptides. The circulating levels of amino acids rapidly increase and this may
contribute to satiety through increased amino acid concentrations in the brain
and an associated reduction in appetite. Whey protein intake or subsequent
amino acids may induce a higher post-prandial release of satiety-inducing
hormones, including CCK, GLP-1, and PYY while inhibiting the action of
ghrelin. Whey protein may also stimulate a lower glycaemic and higher insulin
response than other protein types. The greater satiating effect of whey protein
in comparison with other protein types may also be, in part, due to the higher
thermic response and increased protein synthesis. Some or all of the above
factors may mediate the satiating effect of whey protein, but the relationship

needs to be clarified.

The stronger effect of whey protein on satiety compared with other
protein types or carbohydrate has been attributed to its protein components, the
presence of glycomacropeptide (GMP) and its amino acid composition. In
addition, bioactive peptides released during digestion of whey protein may play
important roles in regulating gastrointestinal function associated with the
control of food intake and satiety (Froetschel, 1996; Haque et al., 2008;
Jahan-Mihan et al., 2011; Korhonen & Pihlanto, 2006; Madureira et al.,
2010; Moughan, 2008; Moughan et al., 2007; Rutherfurd-Markwick &
Moughan, 2005).
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1.4.3.1. Protein components

Whey protein is constituted predominantly of B-lactoglobulin (51%)
and a-lactalbumin (19%) (Walstra et al., 2006). Studies investigating the effect
of these two whey protein fractions individually on food intake and satiety are
lacking. A rat study by Pichon et al. (2008) showed that consumption of either
whey protein concentrate or a whey protein enriched with B-lactoglobulin
reduced daily food energy intake compared to whole milk proteins. In addition
to this, a-lactalbumin has been shown to influence food energy intake and
appetite suppression in humans. Hursel et al. (2010) found that a breakfast diet
containing whey protein enriched with a-lactaloumin (41% of energy derived
from protein, 12% from fat and 47% from carbohydrate) decreased rated
feelings of hunger and desire to eat compared to a breakfast diet with whey
protein (41% of energy derived from protein, 12% from fat and 47% from
carbohydrate) in thirty-five normal-weight adult subjects. In a study of twenty-
four normal-weight subjects by Veldhorst et al. (2009b), consumption of
isolated a-lactaloumin providing 10% or 25% of energy resulted in a lower
energy intake at a test meal 180 min later and a greater suppression of rated
appetite feelings compared to whey protein. The effects of the individual
protein fractions present in whey protein on the regulation of food intake and
satiety remain unclear. The additive and potentially synergistic effects of these
different whey protein components have also not been tested.

1.4.3.2. Glycomacropeptide

Whey protein, isolated using enzymes after cheese production (sweet
whey also known as cheese or rennet whey), contains caseinomacropeptide
(CMP), a 64 amino acid soluble peptide cleaved from the action of chymosin
(rennet) on k-casein (Figure 1.3.). In addition, CMP is the first product released
after casein digestion by enzymatic gastric proteases (chymosin and/or pepsin)
and emptied from the stomach (Ledoux et al., 1999; Yvon et al., 1994). CMP
exists in various forms, differing in the degree of phosphorylation and

glycosylation (Beucher et al., 1994; Yvon et al., 1994). Glycomacropeptide
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(GMP) refers to the glycosylated form of CMP and contains varying amounts
of oligosaccharides, mostly sialic acid (N-acetylneuraminic acid),
galactosamine, and galactose, attached to threonine by glycosidic linkages
(Walstra et al., 2006). There is interest in the development of dietary
interventions or functional products involving GMP due to its various
biological activities (Brody, 2000). Pure GMP is completely devoid of
phenylalanine, tryptophan, tyrosine, arginine, cysteine, and histidine (Etzel,
2004). Phenylketonuria (PKU) is an inborn error of metabolism caused by
mutations in the gene encoding the enzyme phenylalanine hydroxylase, which
converts the aromatic amino acid phenylalanine to tyrosine (Donlon et al.,
2007). Consumption of a diet based on GMP (phenylalanine-free) and

supplementary amino acids absent in GMP is therefore advantageous to PKU

patients.
K-Caseln
Phe Met
1 105 106 169
NH — — COOH
Chymosin
1 105 106 169
- L Phosphorylation
para K-casein CMP .
Glycosylation
(Caseinomacropeptide) (Glycomacropeptide)

Figure 1.3. The enzyme chymosin breaks down k-casein into para-k-casein
and caseinomacropeptide (CMP). The latter can undergo glycosylation to form

glycomacropeptide (GMP).
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Although GMP has been shown to stimulate CCK release in animals
(Beucher et al., 1994; Pedersen et al., 2000; Yvon et al., 1994), the effects of
CMP or GMP on food intake, feelings of appetite, CCK release, and CCK-
mediated satiety have not been thoroughly addressed in humans. Keogh et al.
(2010) investigated the effect of degree of glycosylation of CMP on food
intake and CCK release in twenty overweight men. There was no difference
observed in plasma CCK response, energy intake at a test meal 180 min or
VAS-rated feelings of appetite following consumption of preloads (895 kJ)
containing either glucose, GMP-depleted whey protein concentrate (44.4 g
protein), glycosylated GMP (42.3 g protein) or minimally glycosylated GMP
(41.3 g protein). To test the effects of a preload containing GMP alone on food
intake, feelings of appetite and CCK release, Burton-Freeman (2008) fed
twenty normal-weight adults a milkshake preload (300 ml) containing no added
protein (control, 978 kJ, 2% energy from protein, 6% from fat and 94% from
carbohydrate), whey protein without GMP (WP-GMP, 29.2 g added, 995 kJ,
44% of energy from protein, 5% from fat and 53% from carbohydrate), whey
protein with GMP (WP+GMP, 27.3 g added, 999 kJ, 44% of energy from
protein, 3% from fat and 53% from carbohydrate or GMP isolate (GMP, 0.8 g
added, 986 kJ, 3% of energy from protein, 6% from fat and 93% from
carbohydrate). Energy intake at a test meal provided 75 min after drinking the
milkshake preloads did not differ. Although rated feelings of appetite did not
differ in the nine men, the preload drinks containing WP-GMP and WP+GMP
induced a greater decrease in rated feelings of appetite over 75 min compared
with the control milkshake preload in the ten women. The post-prandial CCK
response differed by gender, with the milkshake preload containing WP-GMP
showing the greatest CCK response compared with the other three preloads in
men, whereas for women, the CCK response was greater after consumption of
the WP-GMP and WP+GMP preloads relative to the control and GMP
preloads. It is possible that the amount of GMP used in the Burton-Freeman
(2008) study may have been too low as Gustafson et al. (2001) also reported
that 0.4 and 2.0 g of caseinomacropeptide (CMP) had no effect on food intake
60 min later or subjective ratings of appetite in fifty-two normal-weight
subjects. However, Veldhorst et al. (2009c) found that the presence of GMP as

part of whey protein in a breakfast meal reduced energy intake at lunch 180
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min later more than a breakfast containing whey protein devoid of GMP in
twenty-five normal-weight participants, but the amount of GMP present in the

whey protein has not been reported.

1.4.3.3. Amino acids

The relatively high proportion of essential amino acids (EAA) and
branched-chain amino acids (BCAA) in whey protein compared with other
protein types is also of great interest (Etzel, 2004; Glass & Hedrick, 1977;
Moughan, 2008). These amino acids may play a role in the reduction of food
intake and stimulation of satiety (Fromentin et al., 2012), related to the
aminostatic hypothesis (Bray, 1997; Mellinkoff et al., 1956) and the varying
thermic effects of individual amino acids (van Milgen, 2002). An increase in
post-prandial circulating levels of EAA has been found to be associated with a
reduction in food intake (Harper & Peters, 1989; Peters & Harper, 1987).
Nonetheless, there was no difference in short-term food intake observed
between consumption of either essential amino acids and non-essential amino
acids mixture (Anderson et al., 1994). An amino acid of interest is the EAA
tryptophan (Latham & Blundell, 1979; Morris et al., 1987) as it is a precursor
of serotonin, a neurotransmitter known to suppress food intake and appetite
(Halford et al., 2011). Etzel (2004) reported that isolated whey protein contain
13% more BCAA (isoleucine, leucine and valine) and 51% more leucine than
an average for proteins in terms of amino acid sequence. This is reflected by a
rapid higher circulating BCAA response (Hall et al., 2003; Veldhorst et al.,
2009a, 2009c). It should be noted that BCAA are metabolised for energy in the
muscles rather than the liver. Therefore, BCAA stimulate protein synthesis in
the muscles and are insulinotropic (via insulin signalling pathway) to a greater
extent than other amino acids. In addition, BCAA may act directly in the CNS
by stimulating the mammalian target of rapamycin (mTOR) and inhibiting the
adenosine monophosphate-activated protein kinase (AMPK) neuronal
pathways. This in turn activates the anorexigenic POMC neurones to modulate
food intake. The BCAA leucine has been proposed as being the most important

amino acid involved in the regulation of food intake and body weight (Garlick,
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2005; Layman, 2003; Layman & Walker, 2006). The relationship between the
constituents of whey protein and its satiating effect remains to be clarified.

A comprehensive review of the effect of whey protein and
glycomacropeptide on the control of food intake and satiety is covered as a
separate addendum to this literature review in the form of a published review
(see Appendix 1).

1.5. Conclusions and scope of thesis

The prevalence of overweightness and obesity has increased rapidly in
recent years. Among the factors implicated in the cause and treatment of
obesity, dietary energy intake is the primary target. A number of studies have
shown that high-protein diets lead to body weight loss and the maintenance of
a lower body weight. At least in the short-term, high-protein diets result in
suppression of further food intake and appetite, thus promoting satiety in
comparison with other macronutrients. The effect of the type of dietary protein
on satiety has also been the subject of several investigations, with dairy whey
protein thought to elicit a stronger satiating effect than other protein sources.
Glycomacropeptide (GMP) has been shown to stimulate the release of the
satiety-related gastrointestinal hormone cholecystokinin and may play a role in
the satiating effect of whey protein. However, discrepancies in published
results and a lack of understanding of a relationship between the satiating effect
(subsequent food intake and subjective ratings of appetite) and satiety-related
mechanistic factors (orexigenic and anorexigenic hormones and metabolites)
requires the need for well-controlled short-term studies testing the effect of
dairy whey protein and its components (including glycomacropeptide) on

satiety.
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Based on the review of the scientific literature, the following set of

experimental questions was formulated:

1)

@)

(3)

(4)

()

This set

Does a combination of whey protein and glycomacropeptide, which
may maximise the release of the satiety-related hormone
cholecystokinin, induce satiety in adult humans?

Is the satiety response of whey protein influenced by the time
interval between ingestion of a preload and the points of

measurement?

What are the underlying mediators by which whey protein induces

satiety (satiety-related hormones and/or metabolites)?

Is the satiating effect of functional protein components of whey
protein (including glycomacropeptide) greater when they are

consumed as independent entities or in combination?

Does the unique amino acid composition of whey protein play a role
in satiety?

of questions guided the conduct of the studies reported in this

dissertation.
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Chapter 2

The influence of whey protein and

glycomacropeptide on satiety in adult humans

Human studies have shown that dairy whey protein is more satiating than other
protein sources. Glycomacropeptide (GMP), present in whey protein
manufactured during cheese production, may induce satiety due to its potent
ability to stimulate the release of satiety-related hormone cholecystokinin. The
aim of the present study was to investigate whether the consumption of whey
protein and glycomacropeptide administered together has an effect on subsequent

food intake and subjective ratings of appetite in adult humans.

Previously published as Chung Chun Lam, S. M. S., Moughan, P. J., Awati, A., &
Morton, H. R. (2009). The influence of whey protein and glycomacropeptide on
satiety in adult humans. Physiology & Behavior, 96(1), 162—-168, and reproduced here

with slight modification.

Reproduced with permission of Elsevier.

76



2.1. Abstract

Protein is often considered the most satiating macronutrient. The
objective was to determine the short-term effect of mixtures of whey protein
and glycomacropeptide (GMP) versus a carbohydrate control on satiety in
healthy adult humans. The study was a randomised crossover Latin Square
design. On 4 separate days, fifty healthy subjects (19 males and 31 females)
received a subject-specific breakfast (08:00 h), a preload drink (12:00 h) and
lunch (12:30 h). The preload drink was presented as a milkshake with either
maltodextrin carbohydrate (control), whey protein isolate (WPI) with no GMP,
WPI with naturally present 21% GMP or WPI with naturally present 21%
GMP plus added GMP. Satiety was assessed using visual analogue scales
(VAS) and by determining ad libitum food intake during a cafeteria style meal
offered 30 min after the preload. The VAS indicated that the lower GMP
treatment induced a greater feeling of fullness immediately after consumption
of the preload compared with the other treatments. Energy and macronutrient
intake at lunch did not differ significantly (p>0.05) between treatments
although subjects chose to eat foods higher in carbohydrate and lower in
protein after the protein preloads. Women consumed the least amount of
protein after the protein preloads whereas no difference was found in men.
There was some evidence that whey proteins and their components enhance
satiety over a short-term period compared to carbohydrate but there was no
consistent effect of either whey protein alone or glycomacropeptide.

2.2. Introduction

The manner in which dietary chemical composition influences food
intake and energy balance is central to an understanding of obesity and body
weight control (Blundell et al., 1996). Dietary manipulations that maximise
satiety are promising as they improve compliance with energy restricted diets

(Westerterp-Plantenga et al., 2004). The aim is to provide foods shortly before
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a meal (preload) that increase the feeling of fullness and thus help to reduce the
amount of food consumed at the next meal (Kissileff & Van Itallie, 1982) and

the total (preload plus meal) amount of food consumed.

Various satiety-inducing food ingredients have been investigated
(Kirkmeyer & Mattes, 2000) and it is considered that in humans, protein is the
most satiating of the three macronutrients (Anderson & Moore, 2004,
Eisenstein et al., 2002; Halton & Hu, 2004). Marmonier et al. (2000) showed
that protein delays the return of hunger more than fat or carbohydrate.
Eisenstein et al. (2002) reviewed ten preload studies and found that in eight out
of the ten studies, energy intake in the subsequent meal was lower after a
higher-protein preload than after a lower-protein preload.With respect to
subjective ratings, a number of studies have shown that protein is more
satiating than carbohydrate or fat (Hill & Blundell, 1986, 1990; Latner &
Schwartz, 1999; Porrini et al., 1997; Rolls et al., 1988; Vandewater & Vickers,
1996). However, Geliebter (1979), Driver (1988), and Barkeling et al. (1990)
found that protein did not affect subjective responses to satiety. In general,
short-term studies to date have found an increased satiating capacity of protein-

rich foods over foods rich in either fat or carbohydrate (Eisenstein et al., 2002).

Protein source has also been evaluated for its effect on satiety and
food intake in humans. In one study (Anderson et al., 2004), isolates of whey,
soya protein, or egg albumen were fed to young men in flavoured beverages
and subjects were provided with a pizza meal 1-2 h later. The whey preload
resulted in the greatest reduction in food intake compared with an energy-free
water control. Soya protein also led to a decreased food intake, but no effect
was found for egg albumen. Within milk protein types, Hall et al. (2003)
reported that whey is more satiating than casein. Food energy intake from a
buffet meal consumed 90 min after ingestion of a whey preload was
significantly less compared with a casein preload. Also, subjective measures of

satiety were greater following consumption of the whey preload.

A possible explanation for the effect of whey protein on food intake

may reside in peptides present in whey and their physiological actions relevant

78



to food intake regulation (Anderson & Moore, 2004). Whey protein is high in
beta-lactoglobulin, alpha-lactalbumin, branched chain amino acids (BCAAS)
(especially leucine) (Luhovyy et al., 2007), and when prepared by ultrafiltration
(Brody, 2000), the peptide, glycomacropeptide (GMP).

Interest in the intake regulatory effect of caseinomacropeptide (CMP),
the unglycosylated form of GMP, arises from its known actions on
gastrointestinal function and the release of satiety gut hormones, specifically
cholecystokinin (CCK). CMP inhibits gastric acid secretions in calves
(Guilloteau et al., 1994) while a fraction of CMP, variant A, with slight
glycosylation, has been shown to stimulate CCK release in rats (Beucher et al.,
1994). In humans, the effects of GMP on food intake, CCK release and CCK-
mediated satiety have not yet been thoroughly addressed. A pre-meal beverage
containing whey protein enriched with GMP, oleic acid, calcium and specific
fibres reduced hunger and subsequent meal intake in overweight females
(Portman et al., 2000). To the contrary, Gustafson et al. (2001) found no effect
of GMP on objective or subjective measures of satiety when human
participants consumed 0.4 g or 2.0 g of GMP in a 100ml preload beverage of
34 J. However, the doses may have been too small to exert any effect and

studies at higher doses are required.

It was postulated that whey protein with naturally present GMP and
with added GMP would have a greater effect on satiety and satiety ratings than
whey protein devoid of GMP which in turn would have a greater effect than a
simple carbohydrate source. The objective was to ascertain short-term effects
on satiety in adult humans consequent upon the ingestion of whey protein or
whey protein plus glycomacropeptide preloads versus a carbohydrate control.
Satiety was assessed using visual analogue scales (VAS) and by determining
ad libitum food energy intake during a free-choice cafeteria style meal offered

30 min after the preloads.
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2.3. Subjects and methods

2.3.1. Subjects

Study subjects aged 18-40 years were recruited by public
advertisement. All individuals were required to complete a health checklist to
assess their suitability for the study. Inclusion criteria were: nonsmoker, no
known food allergies, no known current medical problems, not taking
medications known to affect appetite such as antidepressants, regular breakfast
consumers, not following a diet to lose or gain weight, not pregnant or breast-
feeding. Potential subjects completed the Three Factor Eating Questionnaire
(Stunkard & Messick, 1985), which measures cognitive dietary restraint,
disinhibition and hunger. Eligible volunteers provided written informed
consent. The study protocol was approved by the Massey University Human
Ethics Committee (Application no. 06/59).

2.3.2. Design

The study used a randomised, single-blind, within-subject crossover
design. Each subject participated on four experimental occasions each 1 week
apart. In each of the four sessions, subjects were provided with their usual
breakfast, a preload and lunch. Subjects were randomised to the study using a

repeated 4x4 Latin Square design.

Subjects were asked to maintain consistent levels of physical activity
the night and morning before each experimental session. Subjects were also
instructed to eat only the foods provided and to drink nothing else except water
or the additional choice of hot chocolate, tea or coffee at breakfast. On the first

test day, height and body weight were measured to calculate body mass index.
On the test day, each subject consumed his or her usual breakfast meal

at home before 0900 h, followed only by water as desired until consumption of

the test drink (Figure 2.1.). To ensure compliance with the consumption of
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breakfast, the experimenters interviewed the volunteers upon arrival. Subjects
came to the Nutrition Laboratory between 1130 and 1200 h. Each subject rated
his or her feelings of appetite subjectively using a visual analogue scale (VAS).
The VAS was a 10 cm line anchored at either end with opposing statements.
Subjects marked the line at points indicating their feelings of hunger, desire to
eat, fullness and prospective consumption (the amount of food they thought
they could eat at that moment in time). Upon completion of the questionnaire,
each subject consumed 300 ml of one of the four preloads and immediately
following ingestion of the drink, used a VAS to rate palatability and his or her
feelings of appetite. Subjects continued to assess their appetite using VAS
every 15 min until 90 min after having been presented with the preload drink.
No food or drink was available until 30 min after administration of the preload
drink, whereby subjects were provided with a cafeteria style lunch meal ad
libitum. Subjects were requested to eat until they felt full and did not wish to
eat any more food. The amounts of food consumed (to the nearest 0.1 g) were
determined by difference in the weight of food before and after the meal using

an electronic scale.
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ARRIVAL

Subjects fill out:
¢ baseline VAS Appetite

t=-5 mins

¢ VAS Appetite

START TIMER

Consume preload drink

(within 15 minutes)

Y

t=15 mins

s VAS Appetite

¢  VAS Appetite

Y

Immediately after consumption
¢  VAS Appetite
¢ VAS Palatability

t =0 mins

t =30 mins

t =45 mins

Y

VAS Appetite

Consume lunch meal

(ad libitum)

e VAS Appetite

t =60 mins

Y

s VAS Appetite

t=75 mins

Y

t =90 mins

t = time, based on the timer which was started immediately as the preload drink was consumed by the subject.

Figure 2.1. Experimental protocol.

VAS = visual analogue scales
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2.3.3. Preload drink and lunch meal

Four preload drinks were formulated, the ingredient compositions of
which are given in Table 2.1. The high carbohydrate control drink contained
maltodextrin while the three proteinaceous drinks contained either a whey
protein isolate (WPI) with 21% glycomacropeptide (GMP) (21% GMP WPI); a
mixture of WPI with 21% GMP and added GMP (21% GMP WPI+GMP) or a
WPI extracted from skim milk with no GMP (WPI no GMP). Drinks were
made up to 300ml and were approximately iso-energetic. Beverages were made

within 3 days of serving and stored in a refrigerator.

The macronutrient and energy contents of the preload drinks are also
given in Table 2.1. The carbohydrate control was predominantly comprised of
available carbohydrate but contained some protein from milk, which was
common across the preloads. The amount of WPI in 300 ml of 21% GMP WPI,
21% GMP WPI+GMP and WPI no GMP was calculated to be 31.6, 15.8 and
40 g respectively. The 21% GMP WPI and 21% GMP WPI+GMP preloads
contained 8.4 g and 24.2 g of GMP per 300 ml, respectively.

The lunch meal that subjects consumed ad libitum was an individual
cafeteria style platter containing three hot meals (macaroni and cheese; fried
rice; pasta spirals with tomato-based sauce), dairy milk chocolate bars, toffees
and water. Subjects were presented with more of each food item than they were
likely to consume and were instructed to eat as much or as little of any food

item as they desired.
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Table 2.1. Ingredient (g as-is basis) and nutrient (per 300ml) compositions of the preload drinks.

Preload Drink

Ingredient Carb 21% GMP WPI 21% GMP WPI + GMP WPI no GMP
Low-fat Milk" (g) 248 248 248 248
Sucrose? (g) 12 12 12 12
Maltodextrin® (g) 40 - - -
WPI ex cheese whey” (g) - 40 20 -
Glycomacropeptide® (g) - - 20 -
WPI ex skim milk® (g) - - - 40
Flavour’ 0.9ml or 1.5ml (chocolate)

Colour® See index below

Energy or Nutrient

Gross energy” (kJ) 1379.2 1620.2 1573.8 1628.9
Metabolisable energy™® (kJ) 1296.3 1273.2 1260.0 1259.4
Crude protein (g) 10.21 44.96 42.49 45.78
Available carbohydrate (g) 58.86 21.91 24.11 20.71
Crude fat (g) 3.79 4.15 3.92 3.95
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! Lite milk (Pam’s Products Ltd., Mt Roskill, Auckland, New Zealand)

2 SIMPLY Pure Cane White Sugar (Kerry New Zealand Ltd., Auckland, New Zealand)

3 Fieldose™ 10C (Penford New Zealand Ltd., Onehunga, Auckland, New Zealand)

*Whey protein isolate extracted from cheese whey containing 21% glycomacropeptide (Fonterra Ltd., Palmerston North, New Zealand)
> BioPURE-GMP™ (Davisco Foods International Inc., Eden Prairie, Minnesota, United States)

®Whey protein isolate extracted from skim milk not containing glycomacropeptide (Fonterra Ltd., Palmerston North, New Zealand)
’ Alternative flavour:

Chocolate flavour (Sensient 61656, Sensient Technologies New Zealand, Otahuhu, Auckland, New Zealand)

Banana flavour (Sensient 419012, Sensient Technologies New Zealand, Otahuhu, Auckland, New Zealand)

Strawberry flavour (Sensient 1397, Sensient Technologies New Zealand, Otahuhu, Auckland, New Zealand)

Caramel flavour (Product Makers 000896, Belletech International Ltd. Takapuna, New Zealand)

Vanilla flavour (Product Makers 000708, Belletech International Ltd. Takapuna, New Zealand)
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® Alternative colour:

Chocolate Brown colour (Sensient N1078, Sensient Technologies New Zeland, Otahuhu, Auckland, New Zealand): 0.2ml for caramel and 0.5ml
for chocolate drink

Red colour (Sensient 962144/N928, Sensient Technologies New Zeland, Otahuhu, Auckland, New Zealand): 0.1ml for strawberry drink

Yellow colour (Hansells 102, Hansells Ltd. Greenlane, Auckland, New Zealand): 0.1ml for vanilla and 0.3ml for banana drink

% Gross energy determined using a bomb calorimeter

19 Metabolisable energy calculated from the energy-producing food components using the energy conversion factors of 16.7 kd/g for protein and

available carbohydrate and 37.7 kJ/g for fat
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2.3.4. Chemical analysis

All food samples were freeze-dried at -20°C and finely ground. The
samples were analysed for gross energy, moisture, ash, crude protein, crude fat
and fibre.

The moisture and ash contents of the food samples were determined
after drying the samples in a convection oven at 105°C for 16 h, followed by
ashing in a furnace at 550°C for 16 h (AOAC, 2005).

The acid hydrolysis Mojonnier extraction method was used for
determining crude fat in the dietary samples. Samples were moistened with 2
ml of alcohol to prevent lumping on addition of 10 ml of hydrochloric acid
(mixed in a ratio of 25:11 v/v with water). The material was placed in a water
bath held at 70-80 °C with stirring for 30—40 min for hydrolysis. After cooling
and adding 10 ml of alcohol, the contents were extracted with a mixture of
ethyl ether and petroleum ether in a Mojonnier flask. The solvent was
evaporated and the extracted fat was weighed (AOAC, 2005; Nielsen, 2003).

Total nitrogen was determined using the total combustion method in a
LECO analyser. Crude protein was calculated using the nitrogen conversion
factor of 6.25 (AOAC, 2005).

The enzymatic—gravimetric method was used to determine the amount
of total dietary fibre in the food samples (AOAC, 2005). Dry duplicate samples
(fat extracted if containing > 10% fat) were digested sequentially with heat
stable a-amylase, protease, and amyloglucosidase to remove starch and protein.
The digested material was treated with four volumes of ethanol to precipitate
soluble dietary fibre before filtering, and the total dietary fibre residue was

washed with ethanol and acetone, dried and weighed (Nielsen, 2003).

The carbohydrate content of the food samples was determined by
difference. The level of available carbohydrate was calculated by subtraction of
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the sums of the weights of crude protein, total fat, total dietary fibre, moisture,
and ash from the total weight of the food (Nielsen, 2003).

The gross energy was determined by placing the samples in a bomb

calorimeter (Gallenkamp Co. Ltd., London, Great Britain).

The metabolisable energy (ME) was calculated from the energy
producing food components using the energy conversion factors of 16.7 kJ/g
for protein and available carbohydrate and 37.7 kJ/g for fat (Athar et al., 2003).

2.3.5. Statistical analysis

Statistical analyses were facilitated by SAS version 9.1 (Statistical
Analysis Systems, SAS Institute). Based on the results of Poppitt et al. (1998),
a sample size of 51 subjects was required to detect a difference in ad libitum
energy intake of 307 kJ to achieve power of 0.80 at a level of significance of
0.05. Amount of food, energy intake, nutrient intake at lunch and cumulative
(food plus preload) energy intake were subjected to a two-way analysis of
variance (ANOVA) with preload type and subject as factors. The test meal data
from the female and male groups were analysed separately. Palatability scores
(VAS) for the preload were also analysed using a two-way ANOVA. Scores
for hunger, desire to eat, fullness and prospective consumption were subjected
to a two-way repeated measures analysis of variance (ANOVA) with subjects
and preload type as factors in the model. A p value of less than 0.05 was
considered to indicate statistical significance. Where a main effect was found
to be significant, Duncan's post hoc test was performed for mean comparisons.
To analyse the relationship between food intake and changes in satiety ratings
as well as body weight, Pearson's correlation analysis was applied. Data are

presented as mean + standard error of the mean (sem) (Zar, 1999).
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2.4. Results

2.4.1. Subject characteristics

Fifty-five subjects were recruited and of these, five did not complete
the study due to compliance issues and their data were excluded. The age and
BMI of the remaining 50 subjects were (mean + sem) 24.6 + 0.8 years and 23.2
+ 0.5 kg/m?, respectively. The ages of the 19 men and 31 women were (mean +
sem) 25.4 + 1.3 years and 24.1 + 0.9 years, respectively. The BMI (kg/m?) for
the 19 men and 31 women were 23.9 £ 0.5 and 22.8 = 0.7, respectively.
Cognitive dietary restraint scores were 7.14 + 0.56 overall and for the men and
women, 4.84 + 0.59 and 8.55 + 0.72, respectively.

2.4.2. Satiety ratings (VAS)

The VAS results are shown in Figure 2.2. For hunger, desire to eat,
fullness and prospective consumption, there was a change in response over
time post ingestion of the preload drink (p<0.001) but there was no treatment
by time interaction (p>0.05). There was no overall effect of preload treatment
(p>0.05). Generally, subjects indicated that all the preloads suppressed hunger,
desire to eat and prospective consumption within 30 min of preload
consumption, and after the lunch test meal (30 min) these ratings decreased
further. The feeling of fullness increased immediately upon preload ingestion

(baseline -5 to 0) and increased further after lunch.

The VAS data were expressed as changes from baseline by subtracting
the baseline scores (time -5) from the pre-meal data (time 0, 15, 30) allowing
comparison of each subject's rating to his or her own pre-treatment score. For
the hunger, desire to eat and prospective consumption questions, there was no
effect of treatment (p>0.05). However, subjects rated themselves as feeling
more full (p<0.05) with the lower GMP preload (21% GMP WPI) compared to

the carbohydrate control and the other two proteinaceous preload drinks before
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the lunch test meal. There was an effect of treatment on fullness at 0 min but
none at 15 or 30 min after preload administration, though the results

approached statistical significance (p=0.058 and p=0.080, respectively).

2.4.3. Drink palatability

The acceptability, likeability and textural acceptability of the preload
drinks were determined using VAS (data not shown). There was an effect of
treatment on likeability (p<0.001), acceptability (p<0.02) and textural
acceptability (p<0.01) of the preloads.

The carbohydrate drink was the most liked and the WPI with no GMP
the least. Furthermore, the carbohydrate drink was more acceptable than that
based on WPI with no GMP. The texture of the carbohydrate preload was more
acceptable than that of the highest GMP level beverage and the WPI with no
GMP drink. Overall, the carbohydrate preload was rated as the most palatable

drink compared to the protein preloads.
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Figure 2.2. a)-d). Subjective VAS ratings throughout the study for the different preload drinks: carbohydrate, WP1 with naturally present GMP,

WPI with added GMP and WPI with no GMP.

Values are expressed as means, n = 50. Significant differences in fullness scores to preloads after consumption is shown at 0 min time point (*,

p<0.05). NSD = not significantly different.
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2.4.4. Food and water intake

There were no differences (p>0.05) among treatment groups for the
total amount of food eaten or food energy and water ingestion at the ad libitum
lunch. Cumulative (food plus preload) energy intake after the whey protein
preloads was not significantly different from the control preload (Table 2.2.).
There were no statistically significant differences between the preload drinks in
lunch intakes of food dry matter or carbohydrate, protein, fat and fibre (Table
2.2.). The protein intakes, however, were numerically lower for the higher
protein drinks and the treatment effect was close to significance (p=0.08).
When the carbohydrate, protein and fat energy intakes were expressed as
proportions of the food energy intake for the lunchtime meal, energy from
protein intake differed (p<0.05) across the preloads with the higher protein
preloads supporting lower protein energy as a percentage of total food energy.
Subjects chose to eat more fried rice, which is higher in carbohydrate and
lower in protein with the higher protein preloads and concomitantly less

macaroni cheese.

The effect of the preloads on food, water and macronutrient intakes at
the lunch test meal in men and women analysed separately was investigated
(Table 2.3.). Within men, there was no effect of treatment on the amount of
food or water consumed, nutrient or energy intake during the lunch meal
(p>0.05). When nutrient intake was analysed within women, however, it was
found that protein, but not carbohydrate and fat, was significantly different
across preloads (p<0.05) with the least amount of protein being consumed after
the highest GMP protein preload and the WPI with no GMP protein preload.
Food intake was some 10% lower for the high GMP preload compared to the

carbohydrate control, but the result did not reach statistical significance.
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Table 2.2. Effect of preload drink on food, specific nutrient (weight or percentage of total food energy intake) and water intake at lunch 30 min
after administration of preload (Mean; n = 50).

Preload Drink

Carb WPIno GMP  21% GMP WPI°  21% GMP WPI  Overall sem p
+ GMP
Weight (g)
Food intake 423.0 394.8 415.6 397.9 22.2 0.35
Dry matter 138.3 134.0 140.2 138.5 7.2 0.78
Carbohydrate 85.3 86.4 87.6 88.6 4.6 0.91
Fibre 3.8 3.6 3.7 3.5 0.2 0.51
Protein 17.8 15.7 17.2 16.2 1.0 0.08
Fat 26.3 23.2 26.3 24.9 1.8 0.15
Water intake 332.9 364.2 357.3 363.2 28.3 0.35
Food energy? (kJ) 2716.0 2583.8 2746.6 2693.5 145.0 0.58
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Percentage of total energy (%)°

0.24
0.02
0.34

Carbohydrate 53.8 56.6

Protein 11.0° 10.3°

Fat 35.2 33.1
Food + Preload” (kJ) 4012.3 3843.2

0.46

Means with different superscripts within a row were different, p<0.05 (Duncan’s post hoc test).

1 Weight of total foods consumed at lunch as-is

2 Energy of total foods consumed at lunch

3 The energy derived from carbohydrate, protein and fat was expressed as proportions of the food energy intake

* Cumulative energy intakes from lunch meal and the preload treatment

> This reading has one missing value (n = 49)
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Table 2.3. Effect of preload drink on food, water and nutrient intakes at lunch in men and women (Mean)

Preload Drink

Carb WPI no GMP  21% GMP WPI°  21% GMP WPI + GMP  Overall sem p

Men (n =19)

Food intake (Q) 516.3 489.7 511.4 509.4 32.8 0.88
Carbohydrate (g) 99.8 100.3 101.8 98.8 7.1 0.98
Fibre (g) 4.9 4.7 4.7 4.7 0.4 0.90
Protein (g) 19.9 18.6 20.0 19.8 1.6 0.81
Fat (g) 27.2 25.8 30.2 28.0 2.9 0.53

Food energy (kJ) 3028.8 2958.6 3176.4 3038.4 223.0 0.82

Water intake (g) 391.7 407.4 460.4 415.7 49.0 0.30

Women (n = 31)

Food intake (g) 365.7 336.8 356.8 327.3 23.8 0.25
Carbohydrate (g) 76.5 77.9 78.9 g2.2! 55 0.78
Fibre (g) 3.1 3.0 3.1 2.8 0.2 0.42
Protein () 16.5° 14.0° 15.5% 13.9"° 1.2 0.03
Fat (g) 25.7 21.7 24.0 23.01 2.2 0.12
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Food energy (kJ) 2524.3 2354.1 2483.2 2475.0" 179.3 0.66
Water intake (g) 296.9 337.7 294.2 329.9! 33.2 0.09

! This reading has one missing value (n = 30)

¥ Means with different superscripts within a row were different, p<0.05 (Duncan’s post hoc test)
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2.4.5. Correlation analyses

There was a positive relationship between food intake and body
weight of subjects (r = 0.58, p<0.05).

There was a positive correlation across individuals between amount of
food eaten and hunger score at 30 min (r = 0.329, p<0.05), desire to eat score
at 30 min (r = 0.372, p<0.05), and prospective consumption score at 30 min (r
= 0.399, p<0.05). There was a negative correlation with fullness score at 30
min (r = -0.372, p<0.05) as shown in Figure 2.3. Overall hunger, desire to eat
and prospective consumption ratings at 30 min correlated positively with total
ingested dry matter, food energy as well as carbohydrate, fat and protein intake

while fullness ratings correlated negatively (Table 2.4).

A key question was whether the lunch test meal intake was affected by
the sensory qualities of the preloads. To test this, test meal intake was
correlated with average sensory ratings. There was no relationship between
food intake and drink likeability (r = 0.013, p>0.05), acceptability (r = 0.026,
p>0.05) or textural acceptability (r = 0.027, p>0.05).
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Fullness (Visual Analogue Scores) at 30 min

10 e r=-0372
® ® p<0.05

I I T T T T !
100 200 300 400 500 600 700 800 900

Food intake (g)

Figure 2.3. Scatter plot and linear regression line (dashed line) for fullness
VAS scores at 30 minutes (cm) plotted as a function of food intake (g) (n =
50).
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Table 2.4. Pearson’s correlations between food intake and satiety VAS ratings at 30 minutes in men and women

Food Energy Dry matter Carbohydrate Fat Protein
(kJ) (9) (9) ) (@)
Hunger (cm) 0.250" 0.266 0.260"" 0.174" 02837
Desire to eat (cm) 03317 0.3417" 0.3197" 0.261"" 0.356
Prospective consumption (cm) 0.366 03717 0.3347 0.3127" 0.3947
-0.2807"" -0.294" -0.278"" -0.209"” -0.3107"

Fullness (cm)

Marked Pearson’s correlation coefficients (r) are significant at: *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001
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2.5. Discussion

The present investigation followed an established methodology for the
study of the effect of nutrients on satiety and food intake in human subjects
(Rolls & Hammer, 1995). Our data showed an effect of a preload drink on
subjective ratings of fullness. Subjects rated themselves as feeling more full
with the lower GMP preload 21% GMP WPI) compared to the whey protein
treatment with no GMP or with added GMP (21% GMP WPI+GMP) and the
carbohydrate control. Food intake at lunch and cumulative (preload + lunch)
food intake, however, were not affected by preload type but subjects ingesting

the protein preloads consumed foods at lunch that were higher in carbohydrate.

Differences between the fullness ratings determined using the visual
analogue scales (VAS) emerged immediately after the consumption of the
preload (time 0), with the lower GMP preload being rated as more filling than
the other preloads. VAS ratings have been shown to be reliable and
reproducible for discrimination of different satiety conditions (Porrini et al.,
1995; Raben et al., 1995) and our findings concur to some degree with others
(Hill & Blundell, 1986, 1990; Latner & Schwartz, 1999; Porrini et al., 1997;
Rolls et al., 1988; Vandewater & Vickers, 1996) that protein preloads are
relatively more satiating than carbohydrate. The validity of the VAS may be
determined by correlating the subjective satiety ratings with subsequent food
intake. In this human feeding setting, the ratings of hunger, desire to eat,
fullness and prospective food consumption correlated strongly with food intake
as has been observed previously (De Graaf et al., 1992; Hill et al., 1987;
Porrini et al., 1995; Rolls et al., 1988). The test meals resulted in large
decreases in the mean scores for hunger, desire to eat and prospective food
consumption and increased fullness scores independent of the test treatments.
This suggested that subjects understood the VAS scales and adjusted their food
intake at the lunch meal to their subjective satiety feelings.
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The lunch food intake correlated with the body weight of the subjects,
supporting the notion that an increase in body weight may be associated with
increased food intake. The sensory properties of the preload drinks were found
to be different with the carbohydrate drink being most liked, acceptable and
texturally acceptable. Drink palatability was not associated with food intake so
that the sensory properties of the preload did not appear to affect subsequent

food intake.

The preloads had no influence on food or energy intakes at the lunch
meal. Although the literature generally supports the view that protein ingestion
suppresses food intake more than carbohydrate does (Eisenstein et al., 2002),
some other studies have also failed to demonstrate this (De Graaf et al., 1992;
Geliebter, 1979; Stubbs et al., 1996). The results of the present study support
the observation that a protein preload does not affect food intake or the
proportions of macronutrients consumed in a subsequent meal in comparison
with carbohydrate. No statistically significant difference was observed for
macronutrient intakes in men. However, high protein preloads led to
significantly lower amounts of protein consumed at the lunch meal in women
but this difference did not extend to differences in carbohydrate and fat

ingestion.

There were some limitations to the present human feeding study.
Subjects were instructed not to eat or drink anything (other than water) after
consumption of their usual breakfast until the preload but subjects were not
strictly monitored during this period. At the lunch meal, while an element of
choice is clearly desirable, the range of foods might have been too great,
leading to an overriding of physiological satiety signals (Rolls et al., 1981). As
an alternative to the buffet style meal, a menu from which subjects pre-select in

advance from a range of foods, may have merit.

Another issue was the lack of a control preload containing no energy
(i.e. water control). We elected to incorporate a mainly carbohydrate preload
control condition into the study design because our aim was not to examine the

effect of a preload per se but rather the effect of a protein versus carbohydrate
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preload. Similar to Portman et al. (2000) and Bertenshaw et al. (2008), we used
a maltodextrin carbohydrate control because it is less sweet than sucrose or
glucose and more of it could be used to manipulate carbohydrate content.
Maltodextrin is derived from starch and is absorbed as rapidly as glucose. One
preload containing only GMP would have been useful as the effects of added
GMP in the present study might have been confounded with the WPI in the
preload. Nonetheless, GMP is a peptide that empties rapidly from the stomach
similarly to whey (Luhovyy et al., 2007). Burton-Freeman (2008) recently
reported that a preload containing GMP alone did not affect test meal intake
compared to a preload containing whey protein isolate with a low amount of
GMP or whey protein without GMP.

Another potential limitation of our study was the delay between the
preload and ingestion of the test meal. Studies that have reported that protein
exerts a greater satiating effect than carbohydrate vary in the time interval
between meals (Latner & Schwartz. 1999; Marmonier et al., 2000; Poppitt et
al., 1998; Porrini et al., 1995; Stubbs et al., 1996). The suppressive effects of
protein and carbohydrate, consumed in the fasted state, on subsequent food
intake are similar when assessed by voluntary food consumption within 60 min
after their ingestion (Reid & Hetherington, 1997), whereas after longer time
intervals, protein appears more suppressive of appetite and food intake (Poppitt
et al., 1998; Porrini et al., 1995; Stubbs et al., 1996). This is because the
shorter the interval between the preload and test meal, the better the accuracy
in energy compensation, and as the time lapse increases (1-5 h), the efficiency
of the compensation decreases (Rolls et al., 1991). Rolls et al. (1991) showed
that in the 30 min delay condition, subjects accurately compensated for the
calories in the preloads compared with a no-preload condition, but as the
interval increased, compensation was less precise. Gustafson et al. (2001)
applied a time interval of 1 h but failed to find an effect of
caseinomacropeptide on food intake and subjective measures of satiety. In a
recent study reported by Bellissimo et al. (2008), an effect of protein and
carbohydrate on subsequent food intake was found to be time-dependent. From
30 to 60 min, the effect of glucose decreased whereas the effect of whey

protein increased in normal weight boys due to carbohydrates and proteins
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having different postingestional consequences. Glucose and whey protein have
different rates of intestinal absorption and elicit different metabolic responses.
Glucose is rapidly absorbed to stimulate the satiety hormones glucagon-like
peptide-1 (GLP-1) and insulin. In contrast, whey protein requires digestion
before absorption (Hall et al., 2003) and results in the slower stimulation of
satiety hormones cholecystokinin (CCK) (Burton-Freeman, 2008) and GLP-1
(Bowen et al., 2006; Hall et al., 2003). Furthermore, the volume of preload
used in this study might have been ineffective for some subjects. Rolls et al.
(2000) reported that energy intake at lunch was reduced after consumption of a
600-ml preload compared to a 300-ml preload in normal weight men (BMI
between 20 and 25).

The results of this study suggest that whey with GMP had an effect on
the feeling of fullness but this did not translate into a lower food intake at the
lunch meal. Further work is required understanding dose of protein, delivery
mode of preload and timing between preload and subsequent test meal. The
pattern of release of cholecystokinin and other signals of satiety would also
assist in understanding the satiety response of protein.
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Chapter 3

Effect of time of consumption of preloads on
measures of satiety in healthy normal weight

women

Following consumption of preloads containing whey protein (including naturally
present glycomacropeptide) compared to maltodextrin carbohydrate, subjects
reported feeling fuller but intake at a subsequent ad libitum test meal 30 min later
was similar (Chapter 2). The time of administration of the test meal after the
preloads may account for the inability to detect an effect of whey protein on
subsequent food intake. The objective of the present study was to investigate
whether the satiating effect of whey protein (including glycomacropeptide) in
comparison with maltodextrin carbohydrate was influenced by time of

consumption.

Previously published as Chungchunlam, S. M. S., Moughan, P. J., Henare, S. J., &
Ganesh, S. (2012). Effect of time of consumption of preloads on measures of satiety in
healthy normal weight women. Appetite, 59(2), 281-288, and reproduced here with

modification.

Reproduced with permission of Elsevier.
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3.1. Abstract

Differences in the time interval between preload and test meal may
account for the variation in the satiating effects of whey protein found in
previous preload studies. The objective was to compare the satiating effects (ad
libitum meal intake at a set time after ingestion of preload) of whey protein
(including glycomacropeptide) and maltodextrin carbohydrate and to determine
whether such effects were influenced by the timing of preloads. On nine
separate days, 19 healthy normal weight women consumed mixed composition
preloads containing either water, or maltodextrin, or whey protein, 30, 60 or
120 min before an ad libitum test meal. Whey protein reduced food intake
(p<0.05) at the test meal more than maltodextrin and water (respective food
energy intakes were 2343, 2584 and 3135 kJ). The time interval between
preload and test meal did not affect the food intake response. Total energy
intake (preload + test meal) differed, with intake for the maltodextrin-enriched
preload being greater than that for the whey protein-enriched preload, which
was greater than for the water control. Total respective energy intakes were
3955, 3676 and 3135 kJ. Subjective ratings of appetite did not support a greater
satiating effect of whey protein versus maltodextrin on food intake but there
was evidence for a satiating effect of maltodextrin and whey protein versus the

water control.

3.2. Introduction

The prevalence of obesity has increased rapidly in recent years and an
understanding of factors regulating food intake and energy balance is central to
an understanding of obesity and body weight control (Bjorntorp, 2001). Foods
provided shortly before a meal (preload) that increase the feeling of fullness
and reduce the amount of food eaten at the next meal and the total (preload
plus test meal) amount of food energy consumed have potential. Dietary
manipulations that enhance satiety are promising as they improve compliance

with energy restricted diets (Westerterp- Platenga et al., 2004).
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Dietary protein appears to be the most satiating macronutrient. In
many human studies, high protein meals have been shown to increase feelings
of satiety and to lead to a decrease in subsequent ad libitum energy intake
compared to high carbohydrate or high fat meals (Anderson & Moore, 2004;
Eisenstein et al., 2002; Halton & Hu, 2004). Preload studies report that
subjects had increased feelings of satiety and reduced energy intake following
the ingestion of protein compared to carbohydrate (Latner & Schwartz, 1999;
Poppitt et al., 1998; Porrini et al., 1995). A few preload studies have found
suppression of food intake at a subsequent meal but no change in feelings of
satiety after a high protein meal (Barkeling et al., 1990; Johnson & Vickers,
1993). However, some preload studies report that protein did not affect food
intake or subjective responses to satiety at all relative to carbohydrate (De
Graaf et al., 1992; Geliebter, 1979; Raben et al., 2003; Vozzo et al., 2003).

Some methodological issues that may explain the inconsistent findings
on the satiating effects of protein are preload volume and composition, protein
source and the time interval between preload and test meal (Almiron-Roig,
Chen, & Drewnowski, 2003; Anderson et al., 2004; Blundell et al., 2010; Reid
& Hetherington, 1997). Previous studies on satiety in humans have generally
used only one time delay interval between preload and subsequent meal
consumption. A wide variation in time intervals has been employed across
experiments determined by differences in appetite or plasma amino acid
profiles (Luhovyy et al., 2007) or plasma hormones (Veldhorst et al., 2009).
The suppressive effect of carbohydrate on subsequent food intake is thought to
be within 60 min after ingestion, whereas protein appears more suppressive of
food intake after longer time intervals (Fischer et al., 2004). However, two
recent studies found that subsequent food intake was lower after a whey protein
preload relative to a carbohydrate preload regardless of time interval
(Bellissimo et al., 2007; Bertenshaw et al., 2008).

In an earlier study, we applied a time interval of 30 min but failed to
observe a consistent effect of whey protein versus maltodextrin on subsequent

food intake and several subjective measures related to satiety, though there was
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some evidence for a satiating effect of a whey protein containing
glycomacropeptide (GMP) (Chung Chun Lam et al., 2009, see Chapter 2). In
the same study, we found that women were more sensitive to the whey protein
preload intervention than men. It is unclear whether there is a critical time
delay interval at which whey protein is more satiating than other

macronutrients.

The objective of this study was to investigate the effects of different
time delay intervals between preload and test meal on measures of satiety in
healthy normal weight women. A secondary aim was to evaluate whether whey
protein (containing GMP) is more satiating than maltodextrin. GMP may be an
important factor for the satiating effect of whey protein (Luhovyy et al., 2007).
The satiety responses (subsequent ad libitum food intake and subjective ratings
of appetite) to maltodextrin-enriched, whey protein-enriched and water
preloads administered at 30, 60 and 120 min prior to an ad libitum test meal

were compared.

3.3. Subjects and methods

3.3.1. Subjects

Healthy normal weight women aged 18-40 years and having a body
mass index ranging between 19 and 25 kg/m? were recruited by public
advertisement. All individuals were required to complete a health checklist to
assess their suitability for the study. Inclusion criteria were: stable body
weight, non-smoker, no known food allergies, no known current medical
conditions affecting gastrointestinal motility or appetite, not pregnant or
lactating, everyday breakfast consumers. Potential subjects were invited to
attend an information session. Their height and weight were measured to allow
calculation of their body mass index. Subjects completed the Three Factor
Eating Questionnaire to assess their dietary restraint, disinhibition and hunger

(Stunkard & Messick, 1985) and potential participants who were restrained (a
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score of >11 out of 21 questions) were excluded (Lowe & Thomas, 2009). In
addition, participants tasted each preload drink and test meal prior to the
experiment. Subjects that rated the preloads and test meal less than 50 for taste
on a 100 linear scale were excluded. Subjects were asked to fill in a 2-day
breakfast food diary which helped ascertain that the amount of breakfast given
during the study was appropriate for them. Eligible volunteers provided written
informed consent to participate. The study was approved by the Massey

University Human Ethics Committee (Application No. 08/38), New Zealand.

3.3.2. Preload drinks and test meal

A water control (350 ml, no energy) was used at each time delay
interval. The carbohydrate and protein preload drinks (300 ml, 1.3 MJ)
comprised a basal mixture of commercial milk protein powder (brand
Alfalite®, Alfa Foods Distributors, Auckland, New Zealand) dissolved in
water with added sucrose (Kerry New Zealand Ltd., Auckland, New Zealand),
a strawberry flavour compound (Formula Foods Corporation Ltd.,
Christchurch, New Zealand), a red colourant (Sensient Technologies,
Auckland, New Zealand) and were enriched with either maltodextrin
carbohydrate (Fieldose™ 10GV, Penford New Zealand Ltd., Auckland, New
Zealand) or whey protein isolate (WPI1 894 containing 21% glycomacropeptide,
Fonterra Ltd., Palmerston North, New Zealand). In addition, water (50 ml) was
imbibed with the carbohydrate or protein preload drinks to minimise the
aftertaste of the preloads and thus all preloads were isovolumetric (350 ml). All
beverage stocks were made at least one day prior to the testing sessions and
stored in a refrigerator. Beverages were stirred thoroughly prior to serving. The
preload drinks and a test meal were analysed for crude protein, crude fat and
available carbohydrate using methods described by Chung Chun Lam et al.
(2009) (see Chapter 2). Total dietary fibre was analysed in the test meal only.
The ingredient, macronutrient and energy contents of the carbohydrate and

protein preload drinks are given in Table 3.1.
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Table 3.1. Composition of the preload drinks.

Preload Drink

Carbohydrate Protein
Ingredient (g per 300ml drink)
Milk powder 22.35 22.00
Sucrose 10.77 10.60
Flavour 0.54 0.53
Colour 0.08 0.08
Maltodextrin 44.88 0
Whey Protein Isolate 0 44.19
Water 242.38 238.60
Weight/per 300ml 321 316
Nutrient (per 300 ml serve)

Energy" (kJ) 1370.4 1333.0
Fat

9) 3.2 3.4

(% of energy) 8.9 9.6
Carbohydrate

Q) 71.7 26.4

(% of energy) 87.3 33.1
Protein

(@) 3.1 45.7

(% of energy) 3.8 57.3

! Metabolisable energy calculated from the energy-producing food components
using the energy conversion factors of 16.7 kJ/g for protein and available
carbohydrate and 37.7 kJ/g for fat
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The lunch test meal that subjects consumed ad libitum and served
warm was a single item meal (fried rice) consisting of rice, chicken, eggs, peas,
corn, carrots, spring onions, chicken stock, salt, sugar and vegetable oil. The
test meal contained 28.4 g of carbohydrate, 6.6 g of protein, 6.4 g of fatand 1 g
of fibre per 100 g (as served) and was calculated to have a metabolisable
energy content of 825 kJ per 100 g (as served). The fried rice was prepared in
one batch every week, refrigerated until required, and reheated according to a
standard protocol. Bottled spring water (750 ml) was also provided along with
the test meal.

3.3.3. Experimental procedure

A single-blind completely randomized factorial design with subjects
as ‘‘blocks’” was used. Women participated during the menses and follicular
phase of their menstrual cycle to avoid metabolic and appetite shifts that may
occur during ovulation and the luteal phase (Buffenstein et al., 1995; Dye &
Blundell, 1997). Each test day was separated from the next by a minimum of
one full day within the given 2 weeks. Each participant attended nine test
session days in total and received each of the three preload drinks (water,
carbohydrate and protein) administered at one of the three time delays of 30, 60
and 120 min. Each combination of preload drink and time delay was regarded
as a treatment and all nine treatments were randomly allocated to each subject

using random numbers.

On the day before a test session, subjects were instructed to refrain
from alcohol and to consume only water from 2200 h onwards. On each test
day, a standardised breakfast of toasted wholemeal bread with margarine,
strawberry jam or peanut butter or marmite and coffee or tea with sugar and
milk was provided to be eaten at least 3 h before the session appointment. Each
subject consumed her breakfast at home, followed only by water as desired
until consumption of the preload drink. Breakfast intake was recorded at each

test day.
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Subjects arrived at Massey University during their customary
lunchtime and attended at the same time on each test day. They remained
seated in individual cubicles with minimal disturbance from the investigators
throughout the experimental session. Each subject rated her feelings of appetite
subjectively using a visual analogue scale (VAS). Upon completion of the
questionnaire, each subject received her preload drink to be consumed within 5
min and the time it took to consume the preload drink was recorded. Timing
began after complete ingestion of the preload drink. Sensory ratings of the
preload drink on VAS and appetite ratings were completed at that time.
Subjects continued to rate their appetite using VAS every 15 min until either
30 or 60 min after having consumed the preload drink. For the time delay of
120 min, subsequent appetite ratings were taken at 15, 30, 45, 60, 75, 90 and
120 min after the first rating. At the end of these respective periods, subjects
were provided with the test meal which was available to be consumed ad
libitum within 15 min. Subjects were told to eat as much or as little as they
would like. Fifteen and 30 min after the lunch test meal was taken away,
subjects filled in VAS questionnaires for appetite. For the remainder of the day,

each subject was requested to record her food intake by means of a diary.

3.3.4. Measurements

The time spent drinking the preloads and consuming the lunch test
meal was recorded using a digital timer. The amounts of food and water
consumed were determined by the differences in the weights of food or water
before and after the lunch meal using an electronic scale (to the nearest 0.01 g).
Food intake during the remainder of the day was weighed using kitchen scales
and standard household measures. Items recorded in the food diary records
were entered into the FoodWorks software (Xyris, Brisbane, Australia) to
determine the energy and nutrient contents of the foods. Subjects rated the
sensory properties of the carbohydrate and protein preload drinks immediately
after consumption, for likeability, pleasantness of taste and likeability of

texture. Ratings were made on a 100 mm line (VAS) end-anchored with
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“dislike extremely’” or ‘‘not at all pleasant’” and ‘‘like extremely’’ or
“‘extremely pleasant’’. Before and after each preload drink and the test meal,
subjects completed 100 mm VAS lines for feelings of hunger, desire to eat,
fullness, prospective consumption and nausea. Left and right anchors for the
appetite ratings were ‘‘not at all’’ or ‘‘very weak’’ or ‘‘nothing at all’> and

2% ¢¢ 29 ¢C¢

“‘extremely’’, ‘“very strong’’, ‘‘a large amount’’, respectively.

3.3.5. Statistical analysis

The overall design of the study was a single-blind completely
randomized factorial design with subjects as ‘“blocks’’ (Ott, 1993). According
to power analysis based on results from previous studies investigating the
effect of time delay interval between preload and test meal on food intake
(Bellissimo et al., 2007; Rolls et al., 1991), a sample size of fifteen subjects
was estimated to be required to detect differences in ad libitum food intake
with 80% power. Data were tested for homogeneity of variance and the factors
fitted in the model were subject, preload drink (water, carbohydrate or protein),
time delay (consumption at 30, 60 or 120 min before the test meal) and the
interaction between the latter two factors. Sensory ratings, time to consume the
preload drink and test meal, and food intake data were subjected to an analysis
of variance (ANOVA). The effect of session days on test meal intake was
assessed by using a one-way ANOVA. As the diary records for food intake
post the ad libitum lunchtime test meal were collected only for the time delay

2 b

of 120 min, the ‘‘remainder of the day’’ and ‘‘total day’’ intakes were

subjected to an ANOVA with only preload drink as a factor.

The ratings for each self-reported measure (hunger, desire to eat,
fullness, prospective consumption and nausea) were compared by doing
separate analyses for each time delay. For the time delay of 30 min, there were
six time points whereas for the time delay of 60 min, there were eight and for
the time delay of 120 min, there were 11. Repeated measures ANOVA was
employed with preload drink (water, carbohydrate or protein) and time of

rating as factors. Further analysis using treatment contrasts was used to
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examine the statistical significance of the differences associated with preload
drink and time of rating. Total and net incremental area under the curves
(AUCs) of changes from 0 to 120 min were calculated by the trapezoidal
method for hunger, desire to eat, fullness and prospective consumption. The
AUCs for each rating across the eight time points were tested for a preload
drink effect using ANOVA.

A p value of less than 0.05 was considered to indicate statistical
significance. Where a main effect was found to be statistically significant, a
Duncan post hoc test was performed for mean comparisons. To analyse the
relationship between food intake at the test meal and sensory properties of the
drink, Pearson’s correlation analysis was applied. The results have been
reported as means and standard errors (mean = sem). All statistical analyses
were facilitated by the SAS software package (SAS version 9.2, SAS Institute
Inc., Cary, NC, USA, 2010).

3.4. Results

3.4.1. Study subjects

Twenty-two women were recruited for the study. Two women were
excluded as they had BMI’s above 25 kg/m? and one woman failed to complete
the study due to compliance issues. The age, BMI and cognitive dietary
restraint scores of the remaining 19 women were (mean + sem) 22.2 + 0.9
years, 22.9 + 0.4 kg/m? and 8 + 1, respectively. The ad libitum test meal intake
for each treatment combination was not significantly different between the nine
experimental session days (F(8,139) = 0.84, p = 0.57)
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3.4.2. Sensory ratings of the preload drinks

There was no significant preload drink x time delay interaction
(p>0.05) for overall likeability (F(2,90) = 1.18, p = 0.31), pleasantness of taste
(F(2,90) = 0.34, p = 0.71) and likeability of texture (F(2,90) = 2.01, p = 0.14)
of the preload drinks. Pleasantness of taste and likeability of texture were not
affected by time delay (F(2,90) = 0.31, p = 0.73 and F(2,90) = 0.11, p = 0.89,
respectively) or preload drink (F(1,90) = 1.85, p = 0.17 and F(1,90) =0.94, p =
0.33, respectively). Overall likeability was not significantly different between
the three time delays (F(2,90) = 0.36, p = 0.70) but there was a significant
effect of preload drink (F(1,90) = 8.17, p = 0.0053) as subjects rated the
carbohydrate preload (7.6 = 0.4 cm) as being more liked (overall likeability)
than the protein preload (7.0 £ 0.4 cm).

A Kkey question was whether the amount of food consumed at the
lunch test meal (g) was affected by the sensory ratings of the preload drinks.
Pearson’s correlation analyses of food intake with either the carbohydrate or
protein preload drink palatability showed that food intake was negatively
associated with the likeability of both the carbohydrate (r = -0.29, p = 0.0246)
and the protein (r = -0.43, p = 0.008) preload drinks. Although significant, the
Pearson correlation r values and scatter plots (Figure 3.1.) imply a weak
association between the likeability of the preloads and food intake. The rated
likeability of the preload drinks, therefore, did not appear to affect subsequent

food intake.
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Figure 3.1. Scatter plots and Pearson correlation between VAS-rated
likeability of the carbohydrate (carb, m) and protein (pro, A) preload drinks
and amount of food consumed at the lunchtime test meal (g) in nineteen

women.
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3.4.3. Drinking and eating time

Drinking time was neither significantly different between the three
time delays (F(2,144) = 0.30, p = 0.74) nor between the three preload drinks
(F(2,144) = 0.73, p = 0.48) and there was also no significant preload drink x
time delay interaction (F(4,144) = 0.28, p = 0.88). Subjects consumed the test
meal within the 15 min time period allowed. Eating time at the ad libitum test
meal differed by preload drink (F(2,144) = 7.43, p = 0.0009), but not by time
delay (F(2,144) = 1.76, p = 0.17) and there was no interaction between preload
drink and time delay (F(4,144) = 0.68, p = 0.60). Subjects spent longer eating
the ad libitum test meal after consumption of water (9.91 = 0.69 min)
compared to carbohydrate (8.88 £ 0.78 min) and protein (8.30 £ 0.81 min).

3.4.4. Water intake

Water intake at the ad libitum test meal (Table 3.2.) was affected by
time delay (F(2,144) = 16.29, p < 0.0001) and preload drink (F(2,144) = 5.50,
p = 0.005) but there was no significant preload drink x time delay interaction
(F(4,144) = 1.02, p = 0.40). On the days that the time delay was 120 min, water
intake was statistically significantly higher compared to the time delays of 30
and 60 min. Water intake at the test meal was statistically significantly lower
when the water preload was consumed compared to the carbohydrate and

protein preloads.

3.4.5. Ad libitum test meal intake

There was no interaction effect between preload drink and time delay
(F(4,144) = 0.47, p = 0.75) for the ad libitum test meal intake (Table 3.2.).
Thus, there was no evidence that food intake following consumption of the
preload drinks differed in response to the time interval between preload and

test meal (time delay). However, there were significant main effects of both
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time delay (F(2,144) = 6.95, p = 0.0013) and preload drink (F(2,144) = 25.34,
p < 0.0001). When the time delay was 30 min, less food was consumed
compared to 60 or 120 min. Subjects consumed less food energy at the test
meal following the protein preload compared to the carbohydrate and water
preloads. The carbohydrate preload led to a reduced food intake compared to
water. Macronutrient intakes showed a similar result to that of food intake.

3.4.6. Total energy intake

When the energy intake from the preload drink was added to the
energy intake from the test meal, total energy intake (Table 3.2.) was affected
by preload drink (F(2,144) = 26.72, p < 0.0001) and time delay (F(2,144) =
6.95, p = 0.0013), but there was no preload drink x time delay interaction
(F(4,144) = 0.47, p = 0.75). On the days that the time delay was 30 min, less
total energy was consumed relative to 60 and 120 min. Total energy intake was
higher for the carbohydrate preload drink compared to water and protein. Total
energy consumption was greater following the protein preload compared to

water.
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Table 3.2. Effects of preload drink and time delay on water, test meal and total (preload + test meal) energy intakes in women (Mean; n = 19).

Preload Drink

Time Delay p value
Water  Carbohydrate  Protein 30min 60 min 120 min Pooled Preload  Time  Drink X
SE Drink Delay Delay

Water intake 255.0° 292.1° 303.6° 250.2° 260.8° 339.7° 17.1 <0.01 <0.0001  0.40
(9)
Test meal 3134.8° 2584.4° 2342.6° 2450.3° 2750.2*° 2861.3° 114.1 <0.0001 <0.01 0.75
energy (kJ)
Total energy 3134.8° 3954.7° 3675.6" 3351.4° 3651.4%° 3762.4° 114.1 <0.0001 <0.01 0.75

(kJ)

Overall means in a row with different superscript letters were significantly different (p < 0.05).
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3.4.7. Reported food intake for the remainder of the day and
full 24h intake

There were no differences among preload drinks for the reported
energy (F(2,36) = 0.32, p = 0.72), carbohydrate (F(2,36) = 0.02, p = 0.97),
protein (F(2,36) = 1.06, p = 0.35), and fat (F(2,36) = 1.18, p = 0.32) intakes for
the remainder of the day (Table 3.3.). Although energy (F(2,36) = 0.78, p =
0.46) and fat (F(2,36) = 0.52, p = 0.59) intakes for the full 24 h measurement
period did not differ by preload drink, carbohydrate and protein intakes varied
(F(2,36) = 8.23, p = 0.0011 and F(2,36) = 71.99, p < 0.0001, respectively).
Carbohydrate intake over the whole test day was higher when the carbohydrate
preload was given compared to water and protein. Similarly, for subjects
receiving the protein preload, protein intake for the 24 h period was greater
compared to water and carbohydrate.
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Table 3.3. Effect of preload drink on food energy and nutrient intakes for the “remainder of the day” and “over the whole of the day” (breakfast

+ preload + test meal + remainder of the day; 24 hour) at the time delay of 120 minutes (Mean; n = 19).

Preload Drink

Water Carbohydrate Protein Pooled SE p value

Remainder of the day (reported food intake)

Energy (kJ) 3650.7* 3338.7* 3274.1 289.3 0.73

Carbohydrate (g) 86.2 86.5 89.1 8.7 0.98

Protein (g) 317 37.3 335 2.3 0.36

Fat (9) 25.1 29.3 314 2.4 0.32
Full 24 hour

Energy (kJ) 3650.7* 3338.7 3274.1 306.1 0.47

Carbohydrate (g) 86.2 86.5 89.1 9.3 <0.01

Protein (g) 31.7 37.3 335 2.1 <0.0001

Fat (9) 25.1 29.3 314 2.3 0.60
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Overall means in a row with different superscript letters were significantly different (p < 0.05).

1 On the days that subjects consumed the water and carbohydrate preload drinks, they reported alcohol consumption (average alcohol intake
116.0 + 32.5 g).
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3.4.8. Subjective ratings of appetite

The VAS ratings for hunger, desire to eat, fullness and prospective
consumption were analysed separately at each time delay. Results were similar
for each time delay and therefore, only the data for the time delay of 120 min
are shown (Figure 3.1.). As expected, hunger, desire to eat, fullness and
prospective consumption were affected by time (hunger: F(10,530) = 100.04, p
< 0.0001; desire to eat: F(10,530) = 107.62, p < 0.0001; fullness: F(10,520) =
153.70, p < 0.0001; prospective consumption: F(10,530) = 120.96, p < 0.0001).
After consumption of the carbohydrate and protein preload drinks, hunger,
desire to eat and prospective consumption decreased and then increased until

the test meal, whereas fullness followed the inverse pattern.

There was a significant interaction effect between preload drink and
time of rating for all the measures (hunger: F(20,530) = 4.01, p < 0.0001;
desire to eat: F(20,530) = 3.83, p < 0.0001; prospective consumption:
F(20,530) = 4.13, p < 0.0001; fullness: F(20,520) = 2.33, p = 0.001). Hunger
(Figure 3.1A), desire to eat (Figure3.1B) and prospective consumption (Figure
3.1C) levels were higher after consumption of the water preload than after the
carbohydrate and protein preloads (p < 0.05), except for time point 0 min for
all the measures and 15 min for hunger. Hunger, desire to eat and prospective
consumption were higher immediately (O min) after consumption of the water
preload than the carbohydrate preload (p < 0.01), but there was no difference
between the water and protein preloads (p > 0.05). At 15 min, carbohydrate led
to decreased hunger more so than water (p < 0.01). When subjects consumed
the protein preload, they felt fuller (Figure 3.1D) initially (0 min) compared to
when they had the water preload (p < 0.05). Compared with water, fullness
ratings were higher after the carbohydrate and protein preloads from 15 min
until the test meal (p < 0.05). The effect of preload drink on appetite ratings
seems to occur within 15 min after consumption of the preload drinks.
Differences between the carbohydrate and protein preloads emerged

immediately after consumption of the preload drinks (0 min) for hunger (p =
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0.0422) and desire to eat (p = 0.0157) ratings as well as at 45 (p = 0.0457) and
60 min (p = 0.0335) for hunger ratings.

There was a significant main effect of preload drink on area under the
curves (AUCs) from 0 to 120 min for hunger (F(2,36) = 13.73, p < 0.0001),
desire to eat (F(2,36) = 14.69, p < 0.0001), prospective consumption (F(2,36) =
16.70, p < 0.0001) and fullness (F(2,36) = 8.84, p = 0.0008). The AUC for
hunger, desire to eat and prospective consumption were higher following
consumption of water compared to both carbohydrate and protein, whereas the
AUC for fullness was lower (Table 3.4.). The AUC responses of the

carbohydrate and protein preloads for all the measures did not differ (p > 0.05).

3.4.9. Nausea

A potential complication in the interpretation of effects of treatment
on test meal intake would occur if preloads altered feelings of well-being post-
ingestion. This was tested by analysing rated nausea separately within each
time delay. Generally there were no differences in rated nausea at each time
delay. The only exception was at the time delay of 60 min where nausea ratings
were affected significantly by time (F(7,420) = 2.95, p = 0.005).
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Figure 3.2. Mean VAS ratings for subjects receiving the water (e),

carbohydrate (m) and protein ( A) preloads at the time delay of 120 minutes.

There was a significant preload-by-time interaction (all p < 0.0001, except for
fullness p < 0.001). Hunger, desire to eat and prospective consumption scores
were significantly higher (p < 0.05) while fullness scores were significantly
lower (p < 0.05) following ingestion of the water preload compared with
carbohydrate and protein at most time points. * Mean value was significantly

different between carbohydrate and protein preloads (p < 0.05).
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Table 3.4. Effect of preload drink on area under the curves (AUCSs) for subjective ratings of appetite at the time delay of 120 minutes (Mean; n =
19).

Preload Drink

Water Carbohydrate Protein Pooled SE p value
Total AUC (cm,120min)
Hunger 851.6 547.6" 606.9" 41.8 <0.0001
Desire to eat 872.5% 543.6" 587.8" 45.1 <0.0001
Prospective consumption 839.3° 548.5° 573.8" 38.0 <0.0001
Fullness 199.4° 380.8° 412.0° 37.1 <0.0001
Net incremental AUC (cm,120min)
Hunger 99.4 -192.6° -159.9° 455 <0.0001
Desire to eat 77.4° -187.1° -141.8° 42.3 0.0002
Prospective consumption 94.0° -171.2° -139.8° 40.9 0.0004
Fullness -30.5° 97.0° 162.4° 36.0 <0.0001

Overall means in a row with different superscript letters were significantly different (p < 0.05).
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3.5. Discussion

Our primary aim was to determine whether the effects of different
preload drinks on measures of satiety were affected by the time interval
between the preload and an ad libitum test meal. We investigated the effects of
three different preload drinks (water, carbohydrate-enriched and protein-
enriched) administered at three different time delays (30, 60 and 120 min) on
satiety. The results showed that there was no interaction between preload drink
and time delay and thus, the time delay between preload and test meal had no
influence on the effect of preload type on food intake at the subsequent test
meal. The time interval between preload and test meal does not appear to be a
major factor in determining the response of different preload drinks on
subsequent food intake and this failed to explain inconsistencies in published

findings of the effect of whey protein preloads on satiety.

3.5.1. Energy intake

In the presently described study, it is of note that although there was
no interaction between preload drink and time delay, there was a main effect of
preload drink. The differences in ad libitum test meal intake between
carbohydrate-enriched and protein-enriched preload drinks increased from 30
to 60 to 120 min (Table 3.5.), which would indicate that a time delay of 120
min would provide a more sensitive test for satiety than a time delay of 30 min.
The time delay intervals of 60 and 120 min were chosen as the effect of
carbohydrate on satiety and energy compensation has been reported to be
short-lived (within 60 min and less than 120 min) (Almiron-Roig et al., 2004;
Fischer et al., 2004; Rolls et al., 1991). By comparing the significant effect of
preloads on subsequent food intake, we found that drinks enriched with
maltodextrin carbohydrate and whey protein, when given in equal volumes and
isocalorically (~1300 kJ) at various times before a subsequent test meal offered
ad libitum, reduced food intake at the test meal more than water. The results
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showed that the whey protein-enriched preload reduced energy intake at the
lunchtime test meal by approximately 258 kJ more than carbohydrate and 826
kJ more than water overall. These findings are in line with previous studies that
reported that protein is more satiating than carbohydrate (Bellissimo et al.,
2007; Bertenshaw et al., 2008; Latner & Schwartz, 1999; Porrini et al., 1995).
The effect of the whey protein on subsequent food intake may be attributed to
the presence of GMP (20%) as GMP has been shown to stimulate the release of
the satiety-related gut hormone cholecystokinin (CCK) (Beucher et al., 1994;
Pedersen et al., 2000). The reduction in energy intake at the test meal,
however, did not compensate for the energy consumed in the preload (1.3 MJ).
Thus, total energy intake (energy in preload + test meal intake) was greater for
subjects receiving the two caloric preloads than for subjects receiving the water
preload, and greater following consumption of carbohydrate compared to
protein. Although there was evidence for a satiating effect of the whey protein,
the energy consumed in the preload to elicit this effect meant that total energy
intake was higher compared to the water control. Furthermore, when energy
intake for the full 24 h period (breakfast + preload + test meal + the remainder
of the day) was compared, the cumulative intake of the total day did not differ

between the preloads.
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Table 3.5. Mean test meal energy intake (kJ) following consumption of three different preload drinks and for time delays of 30, 60, and 120

minutes in ninety women.

Preload Drink p value
Time Delay (min) Water Carbohydrate Protein Preload Drink Time Delay Drink x Delay
30 2852.7 2289.0 2209.0 <0.0001 <0.01 0.75
60 3251.6 2611.4 2387.7
120 3300.1 2852.6 2431.0
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3.5.2. Study design

There are some aspects of the present study that require discussion. In
common with other satiety studies, as it is difficult to provide pure
macronutrients due to palatability issues, we chose a sweet milky vehicle for
our experimental preload drinks. Therefore, our carbohydrate preload drink
contained predominantly maltodextrin but also some protein and our protein
preload drink contained predominantly whey protein isolate but also
carbohydrate. The results may potentially have been confounded by the mixed
composition of the vehicle but our aim was to compare the effect of a whey
protein-enriched preload versus a maltodextrin carbohydrate-enriched preload.
Sugars and various sweeteners may affect satiety measures (Anderson, 1995;
Anderson & Woodend, 2003). Therefore, we opted to use maltodextrin with a
dextrose equivalent of 10. Maltodextrin is a simple carbohydrate derived from
corn starch and has a low sweetness. Another methodological issue that may be
important in studies of satiety but which is not considered to have greatly
affected the outcome of the presently described study is the form (liquid versus
solid) of the preload. There is some evidence that liquid beverages may elicit
weaker satiating and compensatory responses than solid foods (Almiron-Roig
et al., 2003; Mattes & Campbell, 2009; Mourao et al., 2007). However, a
recent study found that the form of delivery of whey protein (sweet whey
protein containing 15% GMP and acid whey protein devoid of GMP) did not
influence food intake one hour later (Akhavan et al., 2011). Although a
beverage was used here, there was still clear evidence for a satiating effect of

whey protein.

In our earlier work (Chung Chun Lam et al., 2009, see Chapter 2),
some limited evidence was obtained for an effect of whey protein on satiety in
adult humans, but the result was not as definitive as in the present study.
Several experimental factors that differed between the two studies may explain
the different results. In our previous research, we found that women were better

able to discriminate between different whey protein types than men and were
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thus recruited in the current study. The quantity of crude protein in the
carbohydrate preload of the present study was 3 g compared to 10 g in the
previous experiment. Although the protein content of the protein preloads in
both studies was around 45 g, the source was mostly from whey protein isolate
in the current study. Women received their preloads and meals isolated in
individual cubicles in the present study. Participants were not subjected to each
other’s eating behaviour, as was the case of the social setting of the previous
study. In the present experiment, women were presented with a single
homogeneous test meal, which may be a more sensitive method to study the
effect of protein on satiety than an array of food items (Long et al., 2000).
Normal-weight adult individuals were chosen to participate in the present study
as they exhibit similar eating behaviour and circulating satiety-related
hormonal responses compared to overweight and obese participants (Hellstrom
et al., 2004; Mela, 2001).

3.5.3. Conclusion

In conclusion, the feeding response to water and carbohydrate- and
protein-enriched preloads was not influenced by the time interval between
preload and test meal. The effects of a 45 g dose of carbohydrate or protein did
not differ with the 30, 60 and 120 min employed as time delay intervals. The
whey protein (containing GMP) preload was more satiating compared to
carbohydrate, in that it led to the greatest suppression of food intake at a
subsequent ad libitum test meal in normal weight women, independent of the
time delay. However, carbohydrate and protein, although both being more
satiating than water, failed to induce a lower overall consumption of energy
over the total period of study (preload + test meal) and over the whole day.
Subjects rated themselves as feeling more satiated following consumption of
the energy-containing drinks relative to water but there were only minor
differences in appetitive feelings between carbohydrate and protein. This work
needs to be extended to a wider range of time delays and protein and

carbohydrate sources.
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Chapter 4

Dietary whey protein influences plasma satiety-
related hormones and plasma amino acids in

adult women

A preload enriched with whey protein isolate (WPI) containing naturally present
glycomacropeptide (GMP) was shown to suppress subsequent food intake
compared with a maltodextrin carbohydrate-enriched preload in adult women
(Chapter 3). The objective here was to compare changes in the response of blood
parameters after consumption of the whey protein-enriched and maltodextrin
carbohydrate-enriched preload drinks. A number of gastrointestinal hormones
have been implicated in satiety, in particular cholecystokinin (CCK), glucagon-
like peptide-1 (GLP-1), and peptide tyrosine-tyrosine (PYY). The response of
plasma products of protein catabolism (amino acid, urea and ammonia) was also

studied to establish a possible role in the satiating effect of whey protein.
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4.1. Abstract

Dietary protein has been shown to increase satiety compared to
carbohydrate and fat in adult humans and a suppressive effect of whey protein
on subsequent food intake in comparison with maltodextrin carbohydrate has
been shown, but the mechanisms underlying this effect are unclear. The
objective was to investigate how the ingestion of whey protein (including
glycomacropeptide) affected postprandial plasma amino acid concentrations
and several satiety-related gastrointestinal hormones. Eighteen normal weight
women were studied in a single blind, randomised block design. Blood samples
were taken at various time intervals for 120 min after consumption of either a
carbohydrate (maltodextrin) enriched- or a protein (whey protein including
glycomacropeptide) enriched-test drink matched for energy (approximately
1300 kJ) and volume (300 ml). Plasma active ghrelin concentrations decreased
after both the carbohydrate- and protein-enriched test drinks (p<0.05). The
protein-enriched beverage led to increased plasma cholecystokinin (CCK) at 60
and 75 min (p<0.05), glucagon-like peptide-1 (GLP-1) at 90 min (p<0.001) and
peptide tyrosine-tyrosine (PYY) at 90 and 120 min (p<0.01) and pancreatic
polypeptide (PP) from 15 to 120 min (p<0.05) compared with maltodextrin.
Total amino acid, urea and ammonia plasma concentrations were also higher
after protein compared to maltodextrin ingestion (p<0.01). Increased plasma
concentrations of certain satiety-related gastrointestinal hormones, particularly
the peptide hormone PP, as well as higher plasma concentrations of the amino
acids and metabolites of amino acid catabolism are potential candidates, acting
either singly or together, for mediating the observed satiety response to whey

protein.

4.2. Introduction

The prevalence of obesity and associated health disorders has

increased rapidly in recent years (WHO, 2012). Dietary manipulations that

143



enhance satiety are promising as they improve compliance with energy
restricted diets and aid in maintaining a lower body weight after weight loss
(Westerterp-Plantenga et al., 2004). It is widely believed that protein is the
most satiating macronutrient (Anderson et al., 2004; Eisenstein et al., 2002;
Halton & Hu, 2004) and different types of protein may exert different effects
on satiety. There is some evidence that dairy whey protein elicits a stronger
effect on satiety compared to carbohydrate and other protein sources (Anderson
et al., 2004; Hall et al., 2003; Luhovyy et al., 2007; Paddon-Jones et al., 2008;
Veldhorst et al., 2008). In a previously reported study with healthy adult
women subjects conducted by our group (Chungchunlam et al., 2012, see
Chapter 3), we found an effect of a whey protein (containing naturally present
glycomacropeptide, GMP)-enriched preload drink on subsequent ad libitum
food energy intake compared with a maltodextrin carbohydrate-enriched test
drink. For a preload delay of 120 min, blood samples were collected
sequentially and analysed for several hormones and metabolites. The plasma

amino acid and hormone responses are the subject of this report.

Several systems appear to be involved in the regulation of food intake
and satiety, including signals from the central nervous system, gastrointestinal
tract, adipose tissue and a complex interacting system of both orexigenic
(appetite stimulating) and anorexigenic (appetite suppressing) hormones
(Stanley et al., 2005; Strader & Woods, 2005). Ghrelin is a peptide synthesised
predominantly in the stomach (Ariyasu et al., 2001) and appears to have a role
in the initiation of feeding (Cummings et al., 2001; Cummings et al., 2004).
Cholecystokinin (CCK) is secreted from the endocrine | cells of the small
intestine in response to dietary fat or protein and is involved in meal
termination (Degen et al., 2001; Rehfeld, 2004). Other hormones that may be
involved in the control of satiety are the incretin peptides that stimulate
glucose-dependent insulin secretion. Following nutrient ingestion, glucagon-
like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide
(GIP) are released from the intestinal L- and K-cells, respectively (Baggio &
Drucker, 2007; Elliott et al., 1993). In contrast to GIP (Meier et al., 2004),
GLP-1 has been found to promote satiety by interacting with its receptors in

the brain and slowing gastric emptying (Baggio & Drucker, 2007; Nauck et al.,
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1997; Stanley et al., 2004). Members of the pancreatic polypeptide-fold family
that are of interest in the regulation of satiety are pancreatic polypeptide (PP)
and peptide tyrosine-tyrosine (PYY) (Stanley et al., 2004). PP is released
primarily from the endocrine cells of the pancreas (Adrian et al., 1976) and
PYY is mainly produced by the distal intestinal L-cells (Adrian et al., 1985).
The actions of PP and PY'Y on satiety appear to be mediated by the Y receptors

in the central nervous system (Stanley et al., 2004).

Observations on the effect of whey protein including GMP on satiety-
related hormones are limited. The objective was to explore changes in plasma
hormone and metabolite concentrations that may account for the observed
(Chungchunlam et al., 2012, see Chapter 3) satiety effect of whey protein
containing GMP versus maltodextrin carbohydrate. Plasma glucose, insulin,
leptin, ghrelin, CCK, GIP, GLP-1, PYY, PP, urea, ammonia, and amino acid
concentrations were measured. This study builds upon previous meal response
studies by comparing the effects of a preload enriched with either carbohydrate
or whey protein on a wider range of gastrointestinal hormones, providing
insight into potential mediators of the increased satiety response to whey

protein.

4.3. Subjects and methods

4.3.1. Subjects

Nineteen women, aged between 18 and 40 years with a BMI between
19 and 25 kg/m? were recruited by public advertisement. Individuals
completed questionnaires on lifestyle, medical history and dietary habits and
the Three Factor Eating Questionnaire to assess dietary restraint (Stunkard &
Messick, 1985) during an information session. Blood was collected following
an overnight fast, for the analysis of glucose and insulin and subjects were
excluded if the fasting levels of glucose and insulin were outside of the normal

range. Subjects were selected on the basis of being non-smokers, body weight
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stable, everyday breakfast consumers, not pregnant or lactating, and having
regular menstrual cycles. Subjects were excluded if they reported a metabolic
disease, or were on medication that may affect appetite or blood clotting. One
woman did not tolerate the cannula and was excluded from the study. Eighteen
women completed the study and their characteristics are given in Table 4.1.
Written informed consent was obtained from the participants and the study was
approved by the Massey University Human Ethics Committee (Application no.
08/38), New Zealand.
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Table 4.1. Subject characteristics at baseline (Values are means + sem, n = 18).

Characteristic

Age (years) 21.9+0.8
Height (cm) 1659+ 1.6
Body weight (kg) 628+ 19
Body Mass Index (BMI, kg/m?) 22.7+0.4
Three Factor Eating Questionnaire®

Dietary restraint 81+11

Disinhibition 6.2+ 0.6

Hunger 59+0.8
Fasting plasma glucose (mmol/l)? 4.48 £0.04
Fasting plasma insulin (pmol/l)® 452 +4.0

! The three factor eating questionnaire comprised of three different factors of
human eating behaviour (dietary restraint: 21 questions, disinhibition: 16
questions, and hunger: 14 questions). Subjects who scored less than 10 for
dietary restraint, 7 for disinhibition, and 7 for hunger were regarded as
unrestrained eaters with less disinhibition of control of eating and were
considered to be less susceptible to feelings of hunger (Stunkard & Messick,
1985).

2 The normal range for fasting plasma glucose was accepted to be 3.5-5.5
mmol/l (Human plasma glucose using Roche hexokinase method, Roche
Diagnostic Kit, Basel, Switzerland) (ADA, 2004; Genuth et al., 2003).

% The normal range for fasting plasma free insulin was accepted to be 10-80
pmol/l (Human insulin immunoassay using Roche Elecsys 2010, Roche

Diagnostic Kit, Basel, Switzerland).
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4.3.2. Test diets

The two test beverages, the test meal and preparation protocol were
identical to those described earlier (Chungchunlam et al., 2012, see Chapter 3).
The carbohydrate-enriched drink (300 ml, 1370 kJ) contained 87% of energy as
carbohydrate, 4% of energy as protein and 9% of energy as fat. The amount of
carbohydrate and protein in 300 ml of the carbohydrate-enriched drink was 72
g and 3 g, respectively. The primary source of carbohydrate in the carbohydrate
beverage was maltodextrin (Fieldose™ 10GV, Penford New Zealand Ltd.,
Auckland, New Zealand). The protein-enriched drink (300 ml, 1333 kJ)
contained 33% of energy as carbohydrate, 57% of energy as protein and 10%
of energy as fat. The protein-enriched drink contributed 26 g carbohydrate and
46 g protein per 300 ml drink. The predominant source of protein in the protein
beverage was whey protein isolate with 21% naturally present
glycomacropeptide (WPI 894, Fonterra Co-operative Group Ltd., Palmerston
North, New Zealand).

The ad libitum test meal (fried rice) consisted of a homogeneous
combination of white rice, chicken meat, egg, oil and seasoning. The
metabolisable energy (ME) and macronutrient contents (per 100 g) of the test
meal were 835 kJ, 6.6 g protein, 28.4 g carbohydrate, 6.4 g fat and 1 g fibre,
respectively. Subjects were initially screened to ensure that they liked this test
meal. The ad libitum test meal was served in excess to allow subjects to eat
until comfortably full. The test meal was accompanied by a bottle of spring

water (750 ml) and subjects were allowed to request more water.

4.3.3. Experimental procedure

A single-blind randomised block design was used with the two test

beverages randomly allocated to each subject using random numbers. The two
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experimental days were separated by at least three days. Women participated
during days 0-14 of their menstrual cycle, where day O is the first day of
menstruation. Subjects were provided with a standardised breakfast which
consisted of toasted wholemeal bread, margarine, strawberry jam, peanut
butter, marmite and coffee or tea with sugar and milk to consume at home at
least 3 h before receiving the preload drink on the study day. Other than the
breakfast, they were asked to refrain from eating or drinking (apart from water)
until they arrived at the laboratory at Massey University at their customary
lunchtime. On arrival, baseline subjective measures of appetite were collected
using 10 cm visual analogue scales (VAS) (Flint et al., 2000). The questions
asked were: “How hungry are you?”, “How strong is your desire to eat?”,
“How full are you?” and “How much food would you like to eat?”. A catheter
was inserted into a vein of the subject’s arm for arterialized venous blood
sampling. After a blood sample was collected at baseline, the subject consumed
the test drink within 5 min. Following complete ingestion of the test drink
(time 0), a blood sample was drawn and subjects completed appetite ratings.
Blood samples and appetite ratings were collected every 15 min for 90 min. A
final blood sample and subjective appetite rating were taken at 120 min, before
the cannula was removed. Subjects were then provided with the fried rice test
meal (heated) to consume ad libitum within 15 min. Following the termination
of the test meal, subjects completed appetite ratings at 15 and 30 min later, and
they were then free to leave the laboratory.

4.3.4. Blood sample collection and analysis

Blood samples (10 ml) were obtained approximately 15 min prior to
test drink ingestion and 0, 15, 30, 45, 60, 75, 90 and 120 min postprandially.
Blood for plasma glucose analysis was collected in chilled fluoride oxalate
tubes. Blood for plasma free amino acid, urea and ammonia analysis was
collected in chilled tubes containing EDTA. Blood for plasma CCK was
collected in chilled EDTA tubes containing aprotinin (500 KIU/ml blood;
Phoenix Pharmaceuticals, Burlinghame, CA, USA). Blood for plasma

hormones (insulin, ghrelin, leptin, GIP, GLP-1, PP, PYY) was collected in
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chilled EDTA tubes containing aprotinin (500 KIU/ml blood; Phoenix
Pharmaceuticals, Burlinghame, CA, USA) and dipeptidyl peptidase-1V (DPP-
IV) inhibitor (10 pl/ml blood; Millipore, Missouri, USA). Plasma was isolated
by centrifugation at 4°C for 10 min at 3000 g (Heraeus megafuge 1.0R, Hanau,
Germany) within 10 min of collection and aliquots were stored at -80°C for

future analysis.

Plasma glucose was determined by a hexokinase method (Roche
Diagnostic Kit, Basel, Switzerland) and plasma urea was measured by an
enzymatic method (Roche Diagnostic Kit, Basel, Switzerland) on a Flexor E
analyzer (Vital Scientific NV, The Netherlands). Plasma ammonia was
measured using an enzymatic method (Randox Laboratories Inc., Crumlin,
United Kingdom). Plasma samples for free amino acid analysis were
deproteinised by ultrafiltration and y-amino-butyric acid was used as an
internal standard. Amino acid concentrations were determined with the use of a
RP-HPLC (Agilent Technologies, USA) after precolumn derivatization with o-
phthalaldehyde (OPA). The amino acid system used for plasma free amino acid
analysis gave poor separation for proline, therefore no data for this amino acid

are shown.

Insulin, active ghrelin, leptin, GIP, active GLP-1, PP and total PYY
were measured using a commercial Human Gut Hormone Milliplex® Kit
(Millipore, MA, USA). The detection limit for insulin was 137 pg/ml, ghrelin
was 13.7 pg/ml, leptin 137 pg/ml, GIP 2.7 pg/ml, GLP-1 13.7 pg/ml, PP 13.7
pg/ml and PYY 13.7 pg/ml. The intra-assay coefficient of variation (CV) was
less than 11% and the inter-assay CV was less than 19%. Ethanol extraction
was performed on plasma for cholecystokinin analysis according to the
manufacturer’s instructions. Cholecystokinin-33 levels were determined using
a commercial ELISA kit (Phoenix Pharmaceuticals, Burlinghame, CA, USA)

with the intra-assay CV ranging between 5 and 10%.
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4.3.5. Statistical analysis

A power calculation based on the results of Burton-Freeman (2008),
where a difference in cholecystokinin area under the curve of 0.66 pmol/l was
observed following consumption of preloads containing whey protein
compared with a control preload in women, showed that a sample size of ten
subjects was needed to achieve power of 0.80. The plasma hormonal,
metabolite and amino acid concentrations were first tested for normality of
distribution and the presence of statistical outliers (Ott & Longnecker, 2010).
The response values for glucose, insulin, ghrelin, leptin, CCK, GIP, GLP-1,
PYY, PP, urea, ammonia and amino acids were analysed using repeated
measures two-way ANOVA with time and drink and their interaction (time x
drink) as factors. Treatment contrasts were used to examine the statistical
significance of the differences between drinks at each time point. Log
transformations were conducted on PP and PYY concentrations to adjust for
skewed distributions. Net incremental (area above and below baseline) areas
under the curve (AUCs) (Gannon et al., 1989) of the response of each blood
parameter after consumption of the test drink (from 0 to 120 min adjusted for
baseline -15 min) were calculated by the trapezoidal method and tested for a
drink effect by using a paired t test. Pearson’s correlation analysis was used to
examine potential relationships within blood parameters. A p value of less than
0.05 was regarded as being statistically significant. Data are presented as
means and standard errors (Mean + sem). All data were analysed using the
Statistical Analysis Systems statistical software package version 9.2 (SAS
Institute, Cary, NC, USA).

4.4. Results

4.4.1. Glucose and Insulin

There was a significant drink x time interaction effect for plasma

glucose (p<0.0001) and insulin (p=0.0002) concentrations (Figure 4.1.).

151



Glucose concentrations were significantly higher after consumption of the
carbohydrate-enriched drink compared to the protein-enriched drink from 15 to
120 min (all p<0.0001, except for p=0.003 for 15 min and p=0.0065 for 120
min). The carbohydrate-enriched drink elicited an insulin response that was
significantly higher than that for protein at 45 (p<0.0001), 60 (p<0.0001) and
90 (p=0.011) min post-drink consumption. The net incremental AUC for
glucose and insulin was greater after consumption of the carbohydrate-enriched
drink than after the protein-enriched drink (Table 4.2.).

4.4.2. Active Ghrelin

There was no significant drink x time interaction effect (p=0.81) for
the active ghrelin response (Figure 4.1.) and there was no significant effect of
drink (p=0.63), but active plasma ghrelin concentrations were significantly
influenced by time (p<0.0001). Postprandially, active ghrelin concentrations
decreased rapidly after both test drinks and remained below the baseline level
throughout the duration of the study. The net incremental AUC for the active
ghrelin response was not different between the two beverages (Table 4.2.).

4.4.3. Leptin

Plasma concentrations of leptin (Figure 4.1.) were not significantly
influenced by drink (p=0.21) or time (p=0.28) and there was no significant
interaction between drink and time (p=0.69). The net incremental AUC for the
leptin response was not different between the beverages over the 120 min
period (Table 4.2.).
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Figure 4.1. Plasma concentrations of (A) glucose, (B) insulin, (C) ghrelin, and (D) leptin in eighteen normal-weight women in response to

ingestion of carbohydrate-enriched (o) and protein-enriched (®) beverages.

P values were derived by repeated-measures ANOVA and by contrast if the interaction between drink and time was significant: **** p<0.0001;

*** p<0.001; **, p<0.01; *, p<0.05; NS, not significant. Significance indicators shown on the curve are for differences between the two drinks at

each time point.
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4.4.4. Gastrointestinal hormones

There was no significant drink x time interaction effect (p=0.87) but
time (p<0.0001) and drink (p=0.0222) both had a significant effect on plasma
GIP concentrations (Figure 4.2.). When the main effect of drink was examined,
GIP concentrations were found to be more elevated after ingestion of the
carbohydrate-enriched drink than after ingestion of the protein-enriched drink
from 0 to 120 min (163.9 = 7.1 vs. 122.6 £ 4.1 pg/ml, respectively). The net
incremental AUC for the GIP response was not different between test
beverages (Table 4.2.).

When all data were included in the analysis, there was no significant
interaction between drink and time for the plasma CCK-33 response (p=0.43)
and there were no significant differences due to time (p=0.45) or drink
(p=0.58). However, there were 7 statistical outliers from 322 total observations
for the CCK-33 data. When the 7 statistical outliers for the CCK-33 data only
were removed, there was a significant interaction effect between drink and time
(p=0.0492) (data shown in Figure 4.2.). The protein-enriched drink induced
greater CCK-33 responses 60 (p=0.0406) and 75 (p=0.0035) min
postprandially than the carbohydrate-enriched drink. The net incremental AUC
for the CCK-33 response across the 120 min period did not differ between the
two test beverages (Table 4.2.).

There was a significant drink x time interaction effect on the plasma
concentrations of active GLP-1 (p<0.0001), PP (p<0.0001) and PYY
(p=0.0042) (Figure 4.2.). Following ingestion of the carbohydrate-enriched
drink, active GLP-1 plasma concentrations at 15 (p=0.0054) and 30 (p=0.0011)
min and PYY plasma concentrations at 30 min (p=0.0439) were significantly
higher than after protein ingestion. The protein-enriched drink elicited greater
active GLP-1 plasma concentrations at 90 min (p=0.0005) and PYY plasma
concentrations at 90 (p=0.003) and 120 (p=0.0006) min compared with the
carbohydrate-enriched drink. The mean plasma concentrations of PP peaked at
15 min and remained higher following ingestion of the protein-enriched drink
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than following consumption of the carbohydrate-enriched drink until 120 min
(p<0.05). The net incremental AUCs for the active GLP-1, PP and PYY
responses across the 120 min period were not significantly different between
beverages (Table 4.2.).

4.4.5. Correlations between plasma hormones

Pearson correlations showed a significant positive relationship
between plasma insulin and plasma glucose (r = 0.58, p<0.0001), GIP (r =
0.43, p<0.0001) and GLP-1 (r = 0.12, p=0.0351) across both test drinks and all
time points, but a weak significant negative relationship with PP plasma
concentrations (r = -0.21, p=0.0002). In particular, plasma concentrations of
insulin were negatively correlated with PP plasma concentrations at 120 min
following consumption of both test drinks (r = -0.34, p=0.0414). There was a
weak but significant positive correlation between overall PYY plasma
concentrations and overall plasma concentrations of GLP-1 (r = 0.12,
p=0.0417) and PP (r = 0.26, p<0.0001). Plasma concentrations of GLP-1 and
PP were positively correlated at 90 min following ingestion of the test drinks (r
= 0.35, p=0.0341) and the relationship at 120 min almost reached significance
(r =0.32, p=0.0549).
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Figure 4.2. Plasma concentrations of (A) CCK (cholecystokinin), (B) GIP
(glucose-dependent insulinotropic polypeptide), (C) GLP-1 (glucagon-like
peptide-1), (D) PP (pancreatic polypeptide), and (E) PYY (peptide tyrosine-
tyrosine) in eighteen normal-weight women after ingestion of carbohydrate-

enriched (o) and protein-enriched (e) beverages.

P values were derived by repeated-measures ANOVA and by contrast if the
interaction between drink and time was significant: **** p<0.0001; ***,
p<0.001; **, p<0.01; *, p<0.05; NS, not significant. Significant probability
levels shown on the curve are for differences between the two drinks at each

time point.

158



Table 4.2. Net incremental area under the curve (IAUC) for postprandial responses following consumption of the “carbohydrate”-enriched and
“protein”-enriched test drinks.

Net iAUC *

Carbohydrate Protein Overall sem p-value
Glucose (mmol/I,120min) 262.1 78.2 22.0 <0.0001
Insulin (pg/ml,120min) 149828.9 104301.9 12057.8 0.0162
Ghrelin (pg/ml,120min) -1359.1 -1729.3 514.4 0.61
Leptin (pg/ml,120min) 15960.0 -6315.3 19511.0 0.43
CCK (ng/ml,120min) 1.84 9.47 5.08 0.30
GIP (pg/ml,120min) 7829.5 6807.5 1069.0 0.50
GLP-1 (pg/ml,120min) 326.3 489.0 102.1 0.27
PP (pg/ml,120min) -34.2 5975.2 2494.1 0.10
PYY (pg/ml,120min) 357.1 435.6 106.7 0.60

! Net incremental area under the curve from 0 to 120 min, n = 18
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4.4.6. Urea and ammonia

There were differences in plasma urea and ammonia concentrations
(Figure 4.3.) between drinks over time, characterised by a significant drink x
time interaction effect (p<0.0001). The protein-enriched drink elicited a higher
urea response from 45 min to the end of the study period (all p<0.0001, except
for p=0.0138 for 45 min) and led to significant increases in plasma ammonia
concentrations from 15 to 120 min (P<0.0001) compared with carbohydrate.
The net incremental AUC for the urea response was higher after ingestion of
the protein-enriched beverage than that after the carbohydrate-enriched
beverage (72.3 £ 8.8 vs. -15.2 + 11.4 mmol/I,120min, p<0.0001). The net
incremental AUC for the ammonia response was also greater after consumption
of the protein-enriched beverage compared with carbohydrate (6.50 + 0.92 vs.
0.70 = 0.98 mmol/I,120min, p=0.0006). Pearson correlation analyses showed a
significant positive relationship between plasma urea and ammonia

concentrations across both test drinks and all time points (r = 0.46, p<0.0001).

4.4.7. Plasma amino acids

There was a significant drink x time interaction effect (p<0.0001) for
total amino acid (TAA) and branched-chain amino acid (BCAA: isoleucine,
leucine and valine) concentrations in plasma after drink ingestion (Figure 4.3.).
Total amino acid and branched-chain amino acid levels were significantly more
elevated from 15 to 120 min after protein drink ingestion than after
carbohydrate drink ingestion (all p<0.0001, except for p=0.0048 and p=0.0002
for 15 min for TAA and BCAA, respectively). The net incremental AUC for
the total amino acids response was higher after consumption of the protein-
enriched beverage compared with the carbohydrate-enriched beverage
(218883.8 + 26528.5 vs. 42205.9 + 17644.3 nmol/ml,120min, p=0.0002). The
net incremental AUC for the branched-chain amino acid response was also

greater after the protein-enriched beverage compared with the carbohydrate-
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enriched beverage (66797.1 + 6431.9 vs. 3191.1 + 1766.5 nmol/ml,120min,
p<0.0001).

The difference in individual plasma amino acid concentrations
between the carbohydrate and protein drinks was determined by net
incremental area under the curve (Table 4.3.). The net incremental AUC
responses for glutamine, glycine, histidine, ornithine, taurine and tryptophan
did not differ significantly after ingestion of the two test beverages (p>0.05).
However, for a-amino-butyric acid, alanine, arginine, asparagine, aspartic acid,
citrulline, cysteine, glutamic acid, isoleucine, leucine, lysine, methionine,
phenylalanine, serine, threonine, tyrosine, and valine, the net incremental AUC
responses were significantly higher after ingestion of the protein-enriched

beverage compared with the carbohydrate-enriched beverage (p<0.05).

Pearson correlation analysis revealed weak significant negative
relationships between overall plasma TAA and BCAA concentrations and
overall plasma concentrations of glucose (TAA: r = -0.30, p<0.0001; BCAA: r
= -0.37, p<0.0001) and GIP (TAA: r = -0.21 p=0.0002; BCAA: r = -0.21,
p=0.0003) following consumption of both test drinks. Postprandial plasma
TAA concentrations were weakly but significantly positively correlated with
plasma CCK concentrations at 75 min (r = 0.34, p=0.0368) and moderately
correlated with plasma GLP-1 concentrations at 120 min (r = 0.58, p=0.0002)
after consumption of both test drinks. A positive correlation between plasma
TAA and PP concentrations at 120 min (r = 0.30, p=0.0743) approached
significance. There was a significant positive correlation between plasma
BCAA concentrations and plasma concentrations of GLP-1 at 75 (r = 0.36,
p=0.0286) and 120 (r = 0.67, p<0.0001) min and PP at 120 min (r = 0.41,
p=0.0125). There was a weak but significant positive correlation between

overall plasma concentrations of TAA and urea (r = 0.17, p=0.0025).
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Figure 4.3. Plasma concentrations of (A) urea, (B) ammonia, (C) TAA (Total amino acid), and (D) BCAA (Branched-chain amino acid) in

normal-weight women in response to consumption of carbohydrate-enriched (o) and protein-enriched (e) beverages.

P values were derived by repeated-measures ANOVA and by contrast if the interaction between time and drink was significant: **** p<0.0001;

*** p<0.001; **, p<0.01. Significance indicators shown on the curve are for differences between the two drinks at each time point.
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Table 4.3. Net incremental area under the curve (IAUC) for plasma concentrations of individual amino acids following consumption of the

carbohydrate-enriched and protein-enriched test drinks™.

Amino acid net iIAUC Carbohydrate-enriched Drink Protein-enriched Drink Overall sem p-value

(nmol/ml,120min)

a-amino-butyric acid 528.2 1642.3 324.7 0.0267
Alanine 7503.5 21526.5 3378.1 0.0092
Arginine 1125.1 5041.1 870.6 0.0055
Asparagine 1632.7 5853.3 798.4 0.0016
Aspartic acid 46.8° 522.6 109.7 0.0158
Citrulline -225.5 1249.6 369.2 0.0117
Cysteine -5044.9 14816.5 1920.2 <0.0001
Glutamic acid 1210.2 2849.8 389.6 0.0085
Glutamine 19486.2 29278.9 7926.0 0.39

Glycine 388.6 1509.2 884.0 0.38

Histidine 3012.6 5362.6 1573.8 0.30

Isoleucine 600.5 17884.5 1281.9 <0.0001
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Leucine -290.4 28586.7 2040.8 <0.0001

Lysine 261.2 20836.2 1952.4 <0.0001
Methionine 623.5 3720.3 434.6 0.0001
Ornithine 227.3 253.0 25.0 0.47
Phenylalanine 571.3 2939.5 484.8 0.003
Serine 2531.7 7850.6 1262.0 0.0084
Taurine 2214.3 2452.9 673.5 0.80
Threonine 3850.6 19146.9 2348.5 0.0003
Tryptophan -75.6° 85.6" 82.2 0.20
Tyrosine 545.7 5082.6 739.0 0.0004
Valine 2881.0 20325.9 1918.3 <0.0001

! Net incremental area under the curve from 0 to 120 min, n = 18
2 Two missing data, n = 16

% One missing data, n = 17

* Three missing data, n = 15
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4.5. Discussion

Dietary protein has been shown to reduce ad libitum energy intake at a
subsequent test meal and to reduce subjective feelings of appetite more than
carbohydrate or fat. Moreover, there is some evidence that consumption of
dairy whey protein is more satiating compared with other protein sources. The
presently reported results relate to a larger study. In an earlier report
(Chungchunlam et al., 2012, see Chapter 3), results for the effect of time
interval between a preload drink and ad libitum food intake at a subsequent test
meal were reported for the same group of subjects discussed here. It was shown
that, regardless of the time interval between preload drink and test meal,
subjects consumed less food at an ad libitum test meal following a whey
protein-enriched preload compared to a maltodextrin carbohydrate-enriched
preload. Food intake at the ad libitum test meal for the preload delay of 120
min was greater following the carbohydrate-enriched drink compared with
whey protein (2920 + 230 vs. 2442 + 290 kJ, respectively, p=0.0345). The
latter finding provides a clear basis for the presently-reported investigation of

the response of several plasma hormones and metabolites in the subjects.

Ingestion of the two test beverages enriched with maltodextrin
carbohydrate or whey protein isolate (containing naturally present
glycomacropeptide) influenced several of the blood parameters differently, but
plasma leptin and active ghrelin concentrations were not affected by the
beverage type. Leptin concentrations in the circulation correlate positively with
body fat stores (Considine et al., 1996) and when subjects are in energy
balance (or within normal BMI range), the acute postprandial leptin response
shows only a weak relationship with appetite and satiety (Joannic et al., 1998;
Romon et al., 1999). Plasma active ghrelin was found to decrease immediately
after consumption of both the carbohydrate- and protein-enriched test drinks
and the decrease was not statistically significantly different between the whey
protein and maltodextrin carbohydrate. This is in line with several studies

showing that high protein and high carbohydrate meals have no differential
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effect on active plasma ghrelin levels (Blom et al., 2006; Lejeune et al., 2006;
Smeets et al., 2008). The maltodextrin carbohydrate-enriched test drink was
expected to have a greater effect on postprandial plasma glucose and insulin
concentrations than the whey protein-enriched test drink, as was observed.
After ingestion of the carbohydrate test drink, plasma glucose concentrations
peaked at 45 min and increased to approximately 39% above baseline
concentrations. This postprandial glucose response induced a rise in plasma
insulin concentration, which in turn was associated with an increase in plasma
concentrations of the incretin peptides, GIP and GLP-1. Plasma GIP
concentrations over time and the incremental AUC GIP response were higher
after the maltodextrin carbohydrate-insulin test drink relative to whey protein,
and active GLP-1 plasma concentrations were higher 15 and 30 min after

ingestion of the maltodextrin carbohydrate-enriched beverage.

Significantly, ingestion of the whey protein led to increased mean
plasma concentrations of CCK, PYY and PP, and for GLP-1, an increase at 90
min. All or some of these hormones are potential candidates as mediators of the
observed increased satiety response to whey protein. An effect of whey protein
in comparison with maltodextrin carbohydrate on responses of plasma CCK,
GLP-1 and PYY have been observed in other studies (Batterham et al., 2006;
Burton-Freeman, 2008; Calbet & Holst, 2004; Lejeune et al., 2006; Raben et
al., 2003). In the present study, the whey protein-enriched drink led to
increased mean plasma concentrations of CCK-33 at 60 and 75 min, active
GLP-1 at 90 min and total PYY from 90 to 120 min compared with the
maltodextrin carbohydrate-enriched drink. Of particular interest was the
significant elevation in mean plasma PP concentrations from 15 until 120 min
after whey protein ingestion compared to maltodextrin carbohydrate. Although
infusions of PP have been demonstrated to suppress food intake (Batterham et
al., 2003; Berntson et al., 1993; Jesudason et al., 2007), little is known about
the postprandial release of PP following the ingestion of a protein-rich meal
(Tomita et al., 1989; Zipf et al., 1983). The presently reported data provide
novel information about the response of plasma PP to whey protein when
compared to maltodextrin carbohydrate, justifying further investigation. The

finding that energy intake at the subsequent ad libitum test meal was lower
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following consumption of the whey protein-enriched preload compared with
that following ingestion of the carbohydrate-enriched preload (Chungchunlam
et al., 2012, see Chapter 3) led to the hypothesis that the suppressive effect on
subsequent food intake of whey protein may be associated with an increase in
plasma gastrointestinal hormones (Pearson’s correlation analysis). A
significant inverse relationship between food energy intake at the ad libitum
test meal and plasma concentrations of the hormone PP was found within
individual subjects (overall: r = -0.21, p=0.0003, and at 120 min: r = -0.33,
p=0.0464). So, not only were mean plasma PP concentrations significantly
higher at most times examined post-drink ingestion for the whey protein versus
carbohydrate, but the effect was also seen among individual subjects, with
subjects having higher plasma PP levels also showing lower food energy intake
at the subsequent test meal. The hormone PP may have a role in mediating the
satiating effect of whey protein, and this needs to be investigated further using
PP administration and techniques to block the effect of released PP. The
possibility that PP acts in concert with some of the other gastrointestinal
hormones, the mean plasma concentrations of which were also elevated with

whey protein, is also worthy of investigation.

A considerably elevated concentration of plasma amino acids within
15 min of consumption of the whey protein infers that plasma amino acids are
possible candidate metabolites associated with the mechanism by which whey
protein induces satiety. A sharp rise in mean circulating amino acid
concentrations has been shown previously to bring about a reduction in
appetite (Mellinkoff et al., 1956). The present observation that a rise in plasma
amino acid concentrations was associated (Pearson’s correlation analysis) with
an increase in plasma concentrations of CCK, GLP-1, and PP is also in
agreement with the hypothesis that plasma amino acids may be implicated in
satiety. The products of postprandial protein metabolism, urea and ammonia,
also increased after ingestion of the whey protein compared with carbohydrate,
which has been reported by others (Garlick et al., 1991). The whey protein-
enriched drink resulted in a higher initial (15 to 120 min) plasma ammonia
response and a delayed (45 to 120 min) increase in plasma urea concentrations

compared with maltodextrin carbohydrate. A secondary effect of plasma urea
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and ammonia concentrations to the effect of plasma amino acids, on satiety
should also not be excluded. The high energy costs associated with
postprandial protein metabolism may contribute to diet-induced thermogenesis
and increased satiety (Acheson et al., 2011; Crovetti et al., 1998; Westerterp-
Plantenga et al., 1999), though such an effect would not be specific to whey
protein.

The literature on why whey protein is more satiating than other
protein types and which component of whey protein induces satiety remains
unclear. During the digestion of whey protein, peptides with biological
activities are released and may influence gastrointestinal function to stimulate
satiety (Haque et al., 2008; Jahan-Mihan et al., 2011; Luhovyy et al., 2007;
Madureira et al., 2010; Moughan et al., 2007; Rutherfurd-Markwick &
Moughan, 2005). The amino acid composition of whey protein in relation to
other protein sources may play a role. Dairy whey protein is relatively high in
branched-chain amino acids (BCAA: isolecucine, leucine and valine) (Etzel,
2004; Moughan, 2008) and this was reflected by the increased plasma BCAA
concentrations for whey protein compared with carbohydrate. The BCAA
leucine has been proposed as being the most important amino acid involved in
the regulation of energy intake (Garlick, 2005; Layman, 2003; Layman &
Walker, 2006). It is not clear whether these responses are specific to whey
protein and further studies are required to examine how proteins from other
sources influence satiety-related gastrointestinal hormones and metabolites of
amino acid catabolism postprandially. The effect on satiety of the individual
protein components present in the whey protein isolate (glycomacropeptide,
beta-lactoglobulin, and alpha-lactalbumin) and the amino acid composition of
the whey protein used here will be the focus of further investigation.

It appears, from the presently reported results, that the satiety effect of
whey protein may be mediated by elevated plasma concentrations of the
satiety-related gastrointestinal hormones; CCK, GLP-1, PYY and PP. Higher
postprandial circulating levels of amino acids and products of amino acid
catabolism after consumption of whey protein may also be involved in

mediating the difference in satiety found between whey protein and
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maltodextrin carbohydrate. The peptide hormone PP, in particular, may play a
role in the satiating potential of whey protein. More studies examining the
effect of whey protein and other protein sources on satiety-related
gastrointestinal hormones and plasma amino acids are required. There is a need
now for controlled intervention studies where potential regulatory hormones
are administered or techniques for blocking the hormonal effects are applied.
Further work is needed to identify the importance of these gastrointestinal
hormone signalling responses, with underlying possible interactions, in relation
to satiety to gain a better understanding of the control mechanisms of food

intake and appetite.
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Chapter 5

The underlying cause of the satiating effect of
whey protein: effect of whey protein and
glycomacropeptide isolate on measures of satiety

in normal-weight adult women

Whey protein isolate (WPI) has been demonstrated to induce satiety compared
with maltodextrin carbohydrate in adult humans (Chapters 2 & 3). This effect may
be due to glycomacropeptide (GMP) present in the whey protein, but the previous
studies reported in this dissertation have not investigated the effects of GMP
alone. The aim of the present study was to compare the effects on satiety of WPI
with a high level of naturally present GMP, WPI with a low level of GMP and

GMP isolate alone. Maltodextrin carbohydrate was used as a baseline control.
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5.1. Abstract

Protein is the most satiating macronutrient and dairy whey protein is
considered to be more satiating than other protein sources. The purported
satiating effect of whey protein has been attributed by some investigators to the
presence of glycomacropeptide (GMP), as GMP has been found to induce the
secretion of the satiety-related hormone cholecystokinin. The objective was to
investigate the satiating effects of isoenergetic (~1600 kJ) preload drinks
enriched with maltodextrin carbohydrate, or enriched with whey protein isolate
(WPI) with 2% naturally present GMP (“WPI-low GMP”), WPI with 21%
naturally occurring GMP (“WPI-high GMP”) or GMP isolate (86% GMP,
“GMP”). Satiety was assessed in twenty-two women (mean age 23.8 years,
mean BMI 23.1 kg/m®) by determining the consumption of a test meal
provided ad libitum 120 min following ingestion of a preload drink, and also
by using visual analogue scales (VAS) for rating feelings of hunger, desire to
eat, prospective food consumption and fullness (appetite). The ad libitum test
meal intake was significantly different between the preload drinks (p=0.0003),
with food intake following ingestion of both of the WPI preload drinks being
18% lower compared with carbohydrate and GMP. There were no significant
differences in the VAS-rated feelings of appetite between the preload drinks
(p>0.05). GMP alone did not reduce subsequent food intake consumption
compared to maltodextrin carbohydrate but whey protein had a greater satiating
effect than maltodextrin carbohydrate. It appears that the presence of GMP in

whey is not the cause of the observed effect of whey protein on satiety.

5.2. Introduction

The rapid worldwide rise in the prevalence of obesity has led to
growing interest in dietary modifications that can enhance satiety and reduce
dietary energy intake (Van Kleef et al., 2012). Several scientific reviews have

concluded that protein is the most satiating macronutrient (Anderson & Moore,
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2004; Eisenstein et al., 2002; Halton & Hu, 2004; Westerterp-Plantenga et al.,
2009). A previous study from our own group showed that dairy whey protein
suppressed subsequent food energy intake in normal-weight adult women
compared with maltodextrin carbohydrate, when consumed as a milkshake
matched for energy content and volume (Chungchunlam et al., 2012, see
Chapter 3). The source of protein may influence the satiating effect of the
dietary protein, and whey protein appears to be more satiating than other

protein sources (Luhovyy et al., 2007; Veldhorst et al., 2008).

Cow’s milk contains approximately 3.3% protein, 78% of which is
casein and 19% whey proteins (Walstra et al., 2006). During cheese making,
whey is the soluble protein component of milk that is separated from the casein
curd. This whey also contains glycomacropeptide (GMP), the soluble peptide
cleaved from the action of rennet (chymosin) on k-casein. GMP may play a
role in satiety as GMP has been shown to be a potent stimulant of the release of
the satiety-related hormone cholecystokinin (CCK) in rats (Beucher et al.,
1994; Yvon et al., 1994). However, the potential of GMP to stimulate CCK
release in humans remains to be conclusively demonstrated (Burton-Freeman,
2008; Keogh et al., 2010). Studies investigating the effect of GMP on food
intake and satiety have resulted in mixed findings. Veldhorst et al. (2009a)
showed a decrease in food energy intake at a subsequent meal 180 min after
consumption of a test breakfast containing whey protein with GMP compared
with whey protein without GMP. However, in studies by Burton-Freeman
(2008), Lam et al. (2009) (see Chapter 2), Gustafson et al. (2001), and Keogh
et al. (2010), where GMP or caseinomacropeptide (CMP, the unglycosylated
form of GMP) was tested, no difference in food energy intake at a subsequent
test meal was found relative to a control preload (water, basal mixture,
carbohydrate or whey protein). With respect to subjective measures of satiety,
Gustafson et al. (2001), Keogh et al. (2010) and Veldhorst et al. (2009a)
reported no change, whereas others (Burton-Freeman, 2008; Lam et al., 2009,
see Chapter 2) did find differences. In a study by Burton-Freeman (2008),
ratings of satiety were greater after consumption of whey-containing
milkshakes (whey protein with and without GMP) compared with a milk-based

mixture and a GMP (0.8 g) milkshake in ten women, but this change in satiety
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ratings was not seen in nine men. Consumption of a beverage containing beta-
lactoglobulin (major component of whey protein) was found to increase
feelings of fullness in comparison with beverages containing either whey
protein concentrate or GMP (S. Poppitt, pers. comm.). In our previous study
(Lam et al., 2009, see Chapter 2), using nineteen men and thirty-one women,
ratings of fullness increased immediately after ingestion of a preload enriched
with whey protein isolate (WPI) containing naturally occurring GMP compared
with three other preload drinks (maltodextrin carbohydrate, WPI without GMP,
and a mixture of WPI with GMP and added GMP isolate).

The presence of GMP in whey protein confounds investigation of the
satiating effect of whey protein, and the effect of GMP alone on satiety and
food intake remains to be addressed. The objective was to compare the effects
of preload drinks enriched with maltodextrin carbohydrate, WPI with minimal
(2%) naturally occurring GMP, WPI with 21% naturally present GMP and
GMP isolate (86% GMP) on measures of satiety in normal-weight adult

women.

5.3. Subjects and methods

5.3.1. Subjects

Healthy women aged 18 to 40 years were recruited by public
advertisement. Smokers, trained athletes, pregnant or lactating women and
women not consuming breakfast regularly were excluded from the study.
Subjects were also excluded if their body weight had changed over the past 6
months, if they had a history of menstrual irregularities, a gastrointestinal
disorder or were taking any medication known to affect gastrointestinal
motility or appetite (e.g. steroids or anti-psychotic drugs). All subjects attended
an information session about the study procedure, signed a consent form, had
their height and weight measured to ensure that they met the body mass index
(BMI) criteria (BMI range: 19-26 kg/m?), completed the Three Factor Eating

Questionnaire to assess their dietary restraint, disinhibition and hunger
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(Stunkard & Messick, 1985) and tasted the preload drinks and test meal. The
Massey University Human Ethics Committee (Application no. 11/47) approved
the study. Twenty-two women completed the study and were compensated for
their participation. The mean age was 23.8 + 0.9 years and the mean BMI was
23.1 + 0.4 kg/m® According to the Three Factor Eating Questionnaire
(Stunkard & Messick, 1985), subjects scored low in restraint (8.9 + 1.0),
disinhibition (5.9 + 0.4) and perceived hunger (4.5 £ 0.7). Five out of the
twenty-two subjects were considered as restrained eaters, scoring at least 12 on
the restraint subscale of the Three Factor Eating Questionnaire (Lowe &
Thomas, 2009; Stunkard & Messick, 1985), but were included in the study as

results did not differ between restrained and unrestrained participants.

5.3.2. Preloads and test meal

Preloads (Table 5.1) were approximately isovolumetric (~280 ml) and
isoenergetic (~1600 kJ) drinks that comprised a basal mixture of skim milk
powder, sucrose, natural sweetener, vanilla flavour, yellow colouring and water
and either maltodextrin carbohydrate (“carbohydrate), whey protein isolate
(WPI) containing 21% naturally occurring glycomacropeptide (“WPI-high
GMP”), WPI containing minimal 2% glycomacropeptide (“WPI-low GMP”),
or glycomacropeptide isolate containing 86% GMP (“GMP”). The remaining
14% of the glycomacropeptide isolate comprised of 0.4% fat, 6.2% ash, 5.9%
moisture and 1.5% undetermined material. The “carbohydrate” preload drink
mainly comprised of maltodextrin carbohydrate (89.5% of metabolisable
energy) but also contained some protein (7.2% of metabolisable energy), while
the “protein” preload drinks were high in protein (66-76% of metabolisable
energy) but also contained some carbohydrate (22-31% of metabolisable
energy). The WPI-high GMP, WPI-low GMP and GMP preloads contained
12.8, 1.5 and 51.4 g of GMP per 300 g serve, respectively. The preload drinks
were freshly prepared one to three days prior to the study day and stored in a

refrigerator. Preloads were thoroughly mixed prior to serving.
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Table 5.1. Composition of the four preload drinks.

Carbohydrate’ WPI-high GMP*  WPI-low GMP? GMP*
Ingredient (g per 300 g serve)

Skim milk powder 15 15 15 15
Sucrose 9 9 9 9
Natural sweetener (Stevia) 0.06 0.06 0.06 0.06
Vanilla flavour 1.5 1.5 1.5 1.5
Yellow colour 0.09 0.09 0.09 0.09
Maltodextrin carbohydrate 60 - - -
Whey Protein Isolate-high Glycomacropeptide? - 60 - -
Whey Protein Isolate-low Glycomacropeptide® - - 60 -
Glycomacropeptide isolate* - - - 60
Water 214.35 214.35 214.35 214.35
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Nutrient (per 300 g serve)

Metabolisable energy (ME)® (kJ) 1650 1623 1558 1599
Fat
(9) 1.4 1.2 1.0 1.3
(% of ME) 3.3 2.9 2.5 3.1
Carbohydrate
(9) 88.4 22.8 20.4 29.3
(% of ME) 89.5 23.5 21.8 30.6
Protein
C)) 7.2 71.6 70.6 63.5
(% of ME) 7.2 73.6 75.7 66.4

! Avondex 10, New Zealand Starch Ltd., Auckland, New Zealand

2Whey protein isolate containing 21% glycomacropeptide (WP1 894, Fonterra Co-operative Group Ltd., Palmerston North, New Zealand).
$Whey protein isolate containing 2% glycomacropeptide (WP1 895, Fonterra Co-operative Group Ltd., Palmerston North, New Zealand).

* Glycomacropeptide isolate containing 86% glycomacropeptide (BioPURE-GMP™, Davisco Foods International Inc., Minnesota, United States)
> Metabolisable energy (ME) calculated from the energy-producing food components using the energy conversion factors of 16.7 kd/g for protein

and available carbohydrate and 37.7 kJ/g for fat

183



Subjects received a hot lunchtime test meal of chicken fried rice
provided in excess of the amount to be consumed (ad libitum) 120 min after
ingestion of the preload drinks, as detailed previously (Chungchunlam et al.,
2012, see Chapter 3). The food provided at the test meal contained 910 kJ
metabolisable energy (ME), 29.5 g available carbohydrate, 9.7 g crude protein,
6.4 g crude fat and 2.1 g total dietary fibre per 100 g. Water was available with

the meal.

5.3.3. Experimental procedure

The study was a single-blind, completely randomised block design.
Women participated during the menstrual period and follicular phase of their
menstrual cycles and were tested in four sessions with a minimum of two days
in between each session. On the day prior to each study session, subjects were
requested to abstain from alcohol and to consume only water from 2200 h
onwards. On the study day, subjects consumed a subject-specific breakfast that
provided on average 1326 kJ of metabolisable energy (ME) with 58.4% of the
ME derived from available carbohydrate, 11.3% from protein and 30.3% from
fat. The breakfast meal consisted of toasted wholemeal bread with margarine
and/or strawberry jam and coffee or tea with sugar and milk. Subjects were
instructed to consume their breakfast at least 3 h before the test session

appointment, followed only by water as desired.

On each study day, participants reported to the laboratory between
1200 and 1300 h and filled out a questionnaire to check for compliance with
the eating and drinking restrictions on the evening before and the morning.
Subjects who had not complied with the experimental protocol were scheduled
for another test day. Each subject completed a questionnaire for her baseline
assessment of appetite (hunger, desire to eat, prospective food consumption,
fullness) and nausea using 10-cm visual analogue scales (VAS) (Flint et al.,
2000). Subjects were provided with one of the four preload drinks (~280 ml)
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immediately followed by 50 ml of water, all to be consumed within 5 min.
After complete ingestion of the preload and water (0 min), subjects filled in a
questionnaire assessing the palatability of the preloads, appetite and nausea.
Subjects rated the palatability of the preloads on a 10-cm VAS for likeability,
pleasantness of taste, likeability of texture and sweetness. Subsequent appetite
and nausea ratings were completed at 15, 30, 45, 60, 75, 90 and 120 min after
preload ingestion. After the 120 min VAS rating, subjects were seated in
individual cubicles and offered the lunchtime test meal and water to be
consumed within 15 min. Subjects were instructed to consume as much or as
little as they desired and additional water was provided if requested. The
lunchtime meal and water were weighed before and after the ad libitum meal
using an electronic scale to determine the amounts consumed to the nearest
0.01 g. After the test meal and water were taken away, subjects rated the
likeability of the test meal with the use of a 10-cm VAS. Appetite and nausea
ratings were taken at 15 and 30 min after consumption of the lunch meal. This
protocol has been described in full previously (Chungchunlam et al., 2012, see
Chapter 3).

5.3.4. Statistical analysis

All statistical analyses were performed using the SAS software
program for WINDOWS, version 9.2 (SAS Institute Inc., Cary, NC, USA). The
design of the study was a single-blind randomised factorial design with subject
as the blocking variable (Ott & Longnecker, 2010). According to a power
analysis for a randomised block design (Kastenbaum et al., 1970) based on a
previous study (see Chapter 3) using a similar experimental procedure with
women subjects, a sample size of thirteen subjects is sufficient to detect a
difference of 792 kJ in ad libitum test meal intake with a power of 0.80 at a
significance level of 0.05. Primary analyses were undertaken to assess the
normality of the distributions of data and to test for the presence of statistical
outliers. VAS ratings for palatability of the preload and test meal (cm), test

meal and water intake (g) and energy intake of test meal (kJ ME) were
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analysed using an analysis of variance (ANOVA) with preload and subject as
factors. The effect of study session days on test meal intake (kJ ME) was tested
using a one-way ANOVA.

For the ratings of hunger, desire to eat, prospective consumption,
fullness and nausea, a repeated-measures ANOVA was performed to examine
the effect of preload and time of rating and their interaction (preload x time). If
a significant interaction was found, this effect was further examined using the
least squares means of the preload and time of rating combinations. When the
interaction was not significant (p>0.05), the main effects of preload and time of
rating were examined using the least squares means of the preload and time of
rating separately. Both procedures were conducted via Tukey’s multiple
comparison tests. The VAS ratings were further analysed by adjusting post-
preload scores (0 to 120 min) for baseline measurements, by fitting them as
covariates in the model. The nausea data were found to have a skewed
distribution and were log transformed. The net incremental (area above and
below the baseline rating) area under the curve (AUC) (Gannon et al., 1989)
following consumption of the preload drinks (0 to 120 min) was calculated
using the trapezoid rule and analysed for an effect of preload using a one-way
ANOVA.

To examine the relationship between energy intake at the test meal (kJ
ME) and palatability of the preload as well as ratings of appetite and nausea
from 0 to 120 min, Pearson’s correlation analysis was performed. Results were
considered statistically significant at a p-value of less than 0.05. Duncan’s
multiple range test procedure was applied for multiple pairwise treatment

comparisons. Results are reported as means and standard errors (mean + sem).
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5.4. Results

5.4.1. Palatability of the preloads and test meal

When palatability was ascertained immediately after consumption of
the preload drinks, there were significant differences in ratings of likeability
(p<0.0001), pleasantness of taste (p<0.0001), likeability of texture (p<0.0001)
and sweetness (p=0.0003) among the preload drinks (Figure 5.1.). The
carbohydrate preload drink was rated as being more liked and pleasant in taste
than the three other preload drinks. Moreover, overall likeability and
pleasantness of taste of the two whey containing preload drinks were greater
than that of the GMP preload drink. The texture of the GMP preload drink was
the least liked compared with the perceived textures of the three other preload
drinks. Subjects perceived the carbohydrate preload drink as being sweeter

than the protein containing preload drinks.
The palatability of the lunchtime test meal was not significantly

affected by preload type with subjects rating the test meal overall as being well
liked (7.7 £ 0.2 cm, p>0.05).

187



Il Carbohydrate

WPI-high GMP
WPI-low GMP
GMP

Figure 5.1. VAS ratings of overall likeability, pleasantness of taste and
likeability of texture and overall sweetness for the four preload drinks (Values

are means + sem, n = 22).

There was a significant effect of preload drink (p<0.05). Means in a column

with different superscript letters were significantly different (Duncan’s test,

p<0.05).
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5.4.2. Ad libitum food intake at lunch

The intake of water at the lunchtime meal did not differ significantly by
preload drink (p>0.05) (Table 5.2.).

There was no effect of the study session day on test meal energy intake
consumed at lunch (p>0.05). Preload drink had a significant effect on the amount (g)
and energy intake (kJ ME) of the test meal consumed ad libitum (p=0.0003) (Table 5.2).
Ad libitum energy intake at lunch was significantly higher when the carbohydrate and
GMP preload drinks were consumed compared with the two whey protein-containing
preloads. The mean food intakes ranked (numerically): GMP > Carbohydrate > WPI-
high GMP > WPI-low GMP, consistent with WPI affecting satiety.

There were significant differences between preload drinks in total energy
intake (the addition of energy intake from the preload drink and test meal) (p=0.0002)
(Table 5.2.). Following consumption of the carbohydrate and GMP preloads, total
energy intake was significantly greater than following ingestion of the two whey protein

preloads.

189



Table 5.2. Water intake, ad libitum test meal food (g) and energy (kJ ME) intakes and total (preload + test meal) energy intake after consumption
of preloads containing carbohydrate, whey protein isolate with high glycomacropeptide (WPI-high GMP), whey protein isolate with low
glycomacropeptide (WPI-low GMP) and glycomacropeptide isolate (GMP).

Carbohydrate ~ WPI-high GMP  WPI-low GMP GMP Overall sem p-value
Water intake (g) 381.3 454.7 441.9 407.0 21.2 0.06
Test meal food intake (g) 338.9° 290.2° 273.6 348.3° 135 0.0003
Test meal energy intake (kJ) 3084.2° 2640.4° 2490.0° 3169.6° 123.1 0.0003
Total energy intake (kJ) 4606.7° 4121.9° 3996.9° 4689.2° 123.2 0.0002

Means in a row with different superscript letters were significantly different (Duncan’s test, p<0.05)
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5.4.3. Subjective ratings of appetite and nausea

There was no significant interaction between preload and time
(p>0.05) for the VAS ratings of hunger, desire to eat, prospective consumption
and fullness (Figure 5.2.). There was a significant main effect of time
(p<0.0001) for each rating of appetite, but no main effect of preload was
observed (p>0.05). Analysis of the ratings following consumption of the
preload drinks (from O to 120 min), adjusted for the baseline rating, revealed
no significant interaction between preload and time (p>0.05) for the ratings of
hunger, prospective consumption and fullness. There was no main effect of
preload (p>0.05) but there was a main effect of time (p<0.0001) for these
ratings. A significant interaction between preload and time was found for
desire to eat (p=0.0184). Desire to eat ratings were significantly lower 90 min
following consumption of the carbohydrate preload (3.3 + 0.6 cm) compared
with the GMP (4.9 £ 0.6 cm, p=0.0362) and WPI-high GMP (5.3 + 0.6 cm,
p=0.0006) preloads. There was no significant effect of preload on ratings of
nausea (p>0.05). When the subjective ratings of appetite and nausea were
expressed as net incremental AUC over the 120 min period, no significant
main effect of preload was found (p>0.05) (Table 5.3.).
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Figure 5.2. Mean subjective VAS ratings of hunger, desire to eat, prospective consumption, and fullness in response to ingestion of preload
drinks containing carbohydrate, whey protein isolate with high glycomacropeptide (WPI-high GMP), whey protein isolate with low
glycomacropeptide (WPI-low GMP) and glycomacropeptide isolate (GMP).

The preload drink ingestion (0 to 120 min) was preceded by a baseline (B) measurement. Ratings were also completed 15 and 30 min following
consumption of the ad libitum lunchtime test meal. There was no significant preload by time interaction (p>0.05) and no significant effect of

preload drink (p>0.05), but an effect of time was found (p<0.0001) for each measure.
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Table 5.3. Subjective ratings of appetite and nausea expressed as net incremental area under the curve (Net iIAUC) following ingestion of
preloads containing carbohydrate, whey protein isolate with high glycomacropeptide (WPI-high GMP), whey protein isolate with low
glycomacropeptide (WPI-low GMP) and glycomacropeptide isolate (GMP).

Net iIAUC (cm,120min) Carbohydrate ~ WPI-high GMP  WPI-low GMP GMP Overall sem p-value
Hunger -252.3 -221.2 -324.9 -323.1 44.9 0.27
Desire to eat -247.5 -240.0 -362.6 -288.8 50.3 0.29
Prospective consumption -170.3 -208.5 -263.5 -209.0 41.1 0.46
Fullness 272.8 279.6 338.6 309.1 47.6 0.75
Nausea -31.8 49.8 64.9 -0.3 33.2 0.13
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5.4.4. Correlation analyses

Pearson’s correlation analysis of the relationship between energy
intake at the ad libitum test meal and subjective ratings of appetite following
consumption of the preload drinks (from 0 to 120 min) showed a significant
but weak positive correlation with overall hunger (r = 0.25, p<0.0001), desire
to eat (r = 0.28, p<0.0001) and prospective food consumption (r = 0.38,
p<0.0001). This significant positive correlation was also observed 120 min
following ingestion of the preload drinks and immediately preceding the
consumption of the lunchtime test meal for hunger (r = 0.30, p=0.0047), desire
to eat (r = 0.36, p=0.0004) and prospective food consumption (r = 0.46,
p<0.0001). A significant but weak negative correlation was found between test
meal energy intake and overall ratings of fullness (r = -0.34, p<0.0001) as well
as fullness ratings at 120 min (r = -0.36, p=0.0005). There was no significant
relationship between test meal energy intake and ratings of nausea (p>0.05).

There was no statistically significant correlation found between test
meal energy intake and the VVAS-rated scores for likeability, pleasantness of
taste, likeability of texture or sweetness of the preload drinks (p>0.05). The
palatability scores of the preload drinks and post-drink nausea ratings (from 0
to 120 min) were not correlated (p>0.05). Although the palatability ratings
differed among preload drinks, none of these differences were related to
subsequent ad libitum food intake or ratings of nausea in the subjects.

5.5. Discussion

The study showed that consumption of a preload drink enriched with
whey protein (WPI-high GMP and WPI-low GMP) suppressed energy intake at
a subsequent ad libitum test meal, compared to either a preload drink
containing GMP or a maltodextrin carbohydrate-enriched preload drink
baseline control. There was no difference in food energy intake at the
subsequent test meal between the GMP- and carbohydrate-enriched preload

drinks. Consumption of the two whey protein-enriched preload drinks also
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resulted in lower total energy intakes (preload + test meal energy intake) in
comparison with the carbohydrate- and GMP-enriched preload drinks. The
VAS ratings of appetite, however, did not differ significantly between preload
drinks.

The finding that whey protein led to a suppressed food intake at an ad
libitum test meal compared with a carbohydrate-enriched preload is in
agreement with several other studies (Bellissimo et al., 2007; Bertenshaw et
al., 2008; Chungchunlam et al., 2012, see Chapter 3), though not all studies
have shown an effect of whey protein versus carbohydrate (Burton-Freeman,
2008; Keogh et al., 2010). The finding that whey protein resulted in a reduced
subsequent food energy intake compared to GMP, rather than supporting
similar food intakes, is novel. Results from a previous study (Lam et al., 2009,
see Chapter 2) showed that ad libitum energy and macronutrient intakes 30
min after consumption of the preload drinks did not differ. The preload drinks
(300 ml, 1200 kJ) contained either 40 g of maltodextrin carbohydrate, WPI
without GMP, WPI with 21% naturally present GMP (8.4 g GMP) or a
combination of 20 g of WPI with GMP and 20 g of GMP isolate (24.2 g GMP).
Burton-Freeman (2008) found that energy intake at a meal 75 min later was
similar following ingestion of a milkshake (300 ml, 1000 kJ) containing no
added protein, 27 g of whey protein with GMP, 29 g of whey protein without
GMP or 0.8 g of GMP in ten women and nine men (BMI range between 22 and
27 kg/m?). Similarly, Gustafson et al. (2001) also reported that CMP, at doses
of 0.4 and 2.0 g in a beverage (100 ml, 0.034 kJ), had no effect on energy
intake 60 min later in twenty men and thirty-two women. It has been suggested
that the dosage level of CMP or GMP and glycosylated forms of CMP may
have an effect on subsequent food intake. However, Keogh et al. (2010)
observed no difference in energy intake at a test meal 180 min later in twenty
overweight men (BMI > 25 kg/m?) who consumed preloads (895 kJ)
containing either glucose, GMP-depleted whey protein concentrate (44.4 ¢
protein), glycosylated GMP (42.3 g protein) or minimally glycosylated GMP
(41.3 g protein). The finding that whey protein was more satiating compared to
GMP, which is in contrast to the findings of others, may have been related to
the higher dose of GMP (51.4 g) in the preload drink (~1600 kJ, 63.5 g protein)

196



and the time interval (120 min) used in the presently-reported study.
Nonetheless, Veldhorst et al. (2009a) showed that GMP as a component of
whey protein (amount of GMP present not reported) in a custard breakfast led
to a lower ad libitum energy intake 180 min later compared with a breakfast
containing whey protein without GMP fraction, regardless of the energy
derived from protein (10 and 25%). It seems that GMP alone may not play an
important role in satiety and the satiating effect of whey protein may not be
influenced by the presence or absence of GMP at a high protein level (> 40%

of energy).

There is some evidence of greater satiety and fullness ratings
following consumption of whey protein, but not GMP alone (Burton-Freeman,
2008; Lam et al., 2009, see Chapter 2). However, the present observation that
subjective VAS-rated direct measures of satiety did not differ between the
preload drinks containing either whey protein or GMP has also been found in
previous studies (Gustafson et al., 2001; Keogh et al., 2010; Veldhorst et al.,
2009a). Nonetheless, and independent of the preload drink consumed, hunger,
desire to eat and prospective food consumption scores were positively
correlated with energy intake at the ad libitum test meal, while fullness was
negatively related to test meal energy intake. The variation between subjects in
response to the appetite scales may have been too high to allow any statistically
significant differences among the preload drinks for the subjective measures of
appetite to be detected, despite the differences observed in subsequent food

intake.

The effect of perceived sensory differences between preload drinks
may mask the potential effect of the carbohydrate or type of protein under
investigation. Subjects perceived the preload drinks as being different in
likeability, pleasantness of taste, likeability of texture and sweetness. As
reviewed previously (Bellisle et al., 2012; Rolls, 1991; Sorensen et al., 2012),
some studies suggest that sweeter preload beverages increase subsequent food
intake and ratings of hunger more than water or less sweet preload drinks (King
et al., 1999; Rogers et al., 1988), but others did not find an effect (Black et al.,
1991; Rodin, 1990; Rolls et al., 1990). In the current study, the carbohydrate
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beverage was rated as extremely sweet compared to the other three beverages.
However, there was no statistically significant correlation between the
palatability of the preload drinks and subsequent food intake, suggesting that
the differences in the perception of the sensory properties of the preloads were

not related to subsequent food intake.

A potential limitation of our study was the lack of a preload
containing a whey protein completely devoid of GMP and a small difference in
the composition of the whey products studied. Although the WPI-low GMP
powder was anticipated to contain no GMP, protein analysis using reverse-
phase high performance liquid chromatography showed that the GMP content
in the WPI was 2%, most likely arising from contamination during processing.
It is unlikely, that this small amount of GMP (1.5 vs. 12.8 g per 300 serve in
the WPI-low GMP vs. WPI-high GMP preloads) would have contributed
significantly to the suppressive effect of the whey protein-enriched preload
drinks on subsequent food intake. The whey protein powders used here were
also composed of beta-lactoglobulin (WPI-high GMP: 43% and WPI-low
GMP: 64%) and alpha-lactalbumin (WPI-high GMP: 13% and WPI-low GMP:
16%). Studies investigating the effects of these components of whey protein on
satiety are very sparse. An animal study showed that beta-lactoglobulin, the
major whey protein component, induced a lower cumulative feed intake in rats
compared with whey and whole milk proteins (Pichon et al., 2008). The
satiating effects of isolated beta-lactoglobulin compared with whey protein in
humans remains to be investigated. However, isolated alpha-lactalbumin was
found to reduce subsequent food energy intake more than whey protein in
human subjects (Veldhorst et al., 2009b). Further research will focus on the
composition of whey protein and whether different characteristics of whey
protein (beta-lactoglobulin, alpha-lactaloumin, free amino acid mixture
simulating the amino acid composition of whey protein) influence satiety

differently.

In summary, ingestion of a preload containing whey protein with high
or low amounts of GMP suppressed food energy intake at an ad libitum test

meal compared to GMP alone. Total energy intake (preload + test meal) was
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also lower following consumption of the whey protein-enriched preloads than
following ingestion of the maltodextrin carbohydrate- and GMP-enriched
preloads. Subjective measures of satiety, however, did not differ between
preloads. GMP alone does not reduce subsequent food intake in comparison to
carbohydrate, and the presence of GMP does not appear to play an important
role in the observed satiating effect of whey protein.
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Chapter 6

Amino acid content of a whey protein isolate:

determined using multiple hydrolysis times

Whey protein isolate with naturally present glycomacropeptide has been shown to
induce satiety in adults in comparison with carbohydrate (Chapters 2, 3 & 5), and
this effect may be mediated at least in part via an observed rapid increase in
plasma amino acids after ingestion of whey (Chapter 4). In a further study (see
Chapter 7), an intact whey protein was compared to its equivalent amino acid
mixture given in the free form, in an attempt to assess if the amino acid
composition per se is the basis for the enhanced satiety. Such a comparison
requires that the amino acid composition of whey protein be known with accuracy.
The objective of the study reported here was to determine the amino acid

composition of a whey protein isolate with accuracy.
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6.1. Abstract

The aim was to determine with accuracy the amino acid composition
of a whey protein isolate (WPI) with naturally present glycomacropeptide. This
WPI was to be used in a subsequent study to determine if a reported satiating
effect of the protein was due to the amino acid composition of whey protein
per se or to other factors intrinsic to intact whey protein. The WPI powder was
hydrolysed at multiple time intervals (0-144 h) and a least-squares nonlinear
regression model applied to predict actual amino acid content as well as
hydrolysis and loss rates for each amino acid. The predicted amino acid
contents (Ap) determined using this method were compared with mean standard
24-h (20-h for tryptophan) hydrolysis values. The 24-h hydrolysis method was
shown to be suitable for the analysis of approximately one-half of the amino
acids, as results similar to those obtained using the more accurate multiple
hydrolysis model were observed. Aspartic acid, glutamic acid, histidine and
methionine contents were overestimated by 3.5, 1.6, 2.1 and 2.5%, respectively
whereas glycine, proline, serine and threonine were underestimated by 6.9, 4.8,
10.3 and 4.9%, respectively, by the 24-h hydrolysis method. The predicted
(multiple hydrolysis times model) tryptophan content (Ag) was found to be
23.1% greater than the equivalent 20-h hydrolysis value. The amino acid
composition of whey protein isolate with naturally present glycomacropeptide,

based on the more accurate multiple hydrolysis interval method, is reported.

6.2. Introduction

Dietary protein is considered to be the most satiating macronutrient
(Anderson & Moore, 2004; Eisenstein et al., 2002; Halton & Hu, 2004) and
dairy whey protein has been shown to elicit a stronger effect on satiety
compared to other protein sources (Anderson et al., 2004; Hall et al., 2003;
Luhovyy et al., 2007; Veldhorst et al., 2008, 2009a). In our previous studies
(Lam et al., 2009, see Chapter 2; Chungchunlam et al., 2012, see Chapter 3),
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ingestion of whey protein with naturally present glycomacropeptide resulted in
subjects consuming a lower energy intake at a subsequent meal compared with
a maltodextrin carbohydrate control. The difference in satiety may be mediated
by higher plasma levels of certain satiety-related hormones and amino acids
(data reported in Chapter 4). The amino acid composition of whey protein per
se may assist to explain the higher satiating property of whey protein with
glycomacropeptide, and to test this it is important to know the amino acid

composition of whey protein with accuracy.

The standard method used for the determination of amino acids
(excluding tryptophan, cysteine, methionine, asparagine and glutamine)
involves incubation of the protein in concentrated hydrochloric acid (6 M
HCL) in an oxygen-free environment at 110°C for 24 h (Moore & Stein, 1948,
1951). During acid hydrolysis, the amide amino acids, asparagine and
glutamine, are converted to their acid derivatives, aspartic and glutamic acids,
respectively. As a result, the determined contents of aspartic acid and glutamic
acid represent the sum of the respective acid and amide derivatives. Cysteine
and methionine, referred to as the sulphur amino acids, are commonly oxidised
to cysteic acid and methionine sulphone, respectively, prior to hydrochloric
acid hydrolysis of the protein. Tryptophan is usually determined following
alkaline hydrolysis of the protein in a nitrogen environment for 20 h at 110°C.
After hydrolysis of the sample protein, the amino acids are separated and

quantified using high-performance liquid chromatography (HPLC).

The chemistry and stability of amino acids during acid hydrolysis
differ among amino acids, and the 24-h analysis time (20-h for tryptophan;
AOAC, 2008) represents a compromise relative to the optimal hydrolysis time
across amino acids leading to the maximal release of most amino acids from
the protein while minimising amino acid degradation. The hydrolysis and
degradation of amino acids occur simultaneously during hydrolysis and this
needs to be recognised when determining the amino acid composition of
proteins. By determining the amino acid content using multiple hydrolysis
times, and using a least-squares nonlinear regression (Robel & Crane, 1972) to

model the relationship between amino acid yield and hydrolysis time, the
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actual protein-bound amino acid content of a protein source can be estimated
more accurately. This latter method is more accurate than the standard 24-h
hydrochloric acid hydrolysis-based amino acid analysis method (Darragh &
Moughan, 2005).

It was necessary to determine with accuracy the amino acid
composition of whey protein isolate to be used in the subsequent study because
of variation in protein and amino acid ratios due to seasonal factors (changes in
pasture availability and quality, physiological changes associated with the stage
of lactation and pathological changes associated with the incidence of mastitis
(Auldist et al., 1998)), and extraction methods for amino acid analysis. The
objective was to determine accurately the amino acid composition of a whey
protein isolate with naturally present glycomacropeptide using multiple

hydrolysis times combined with least-squares nonlinear regression.

6.3. Materials and methods

6.3.1. Sample

Spray-dried whey protein isolate (WPI) from cheese whey, WPI 894,
was donated by Fonterra Co-operative Group Ltd (Palmerston North, New
Zealand) and contained (w/w) approximately 85.1% protein, 5.5% moisture,
4% ash, 1% fat and 2% lactose. The glycomacropeptide content of the WPI
was 21.3%.

6.3.2. Tryptophan analysis

All amino acid analyses were conducted in triplicate at each
hydrolysis time. Tryptophan was determined using the method described by
Rutherfurd and Gilani (2009) with the following modification. The protein was
hydrolysed with 8 ml of 4.5 M sodium hydroxide (NaOH) containing 5% (w/v)
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maltodextrin carbohydrate as an oxygen scavenger. The solutions were
hydrolysed at 110°C for O, 2, 4, 6, 10, 14, 20, 24, 52, 92, and 144 h. Amino
acid separation and quantification was performed with a reverse-phase (Cig
column) HPLC system (Agilent Technologies, USA) and detection was carried
out by absorbance at 280 nm. The concentration of tryptophan was calculated
by comparing the peak area of tryptophan in the sample to the area in the
calibration tryptophan standards (AOAC, 2008). The free tryptophan molecular

weight was used to calculate the tryptophan weight.

6.3.3. Sulphur amino acid analysis

The performic acid oxidation procedure of Moore (1963) was used to
convert cysteine and methionine to their more stable derivatives, cysteic acid
and methionine sulphone, respectively. In brief, a 3 mg sample was oxidised
with 1 ml of performic acid and after oxidation, 150 ml of 48% hydrogen
bromide (HBr) was added to remove excess performic acid. Once dried down

in vaccuo, the material underwent acid hydrolysis as described below.

6.3.4. Analysis of the ‘acid-stable’ amino acids

Acid hydrolysis was conducted as described in the basic protocol of
Rutherfurd and Gilani (2009). Briefly, samples were hydrolysed in 1 ml of 6 M
glass-distilled hydrochloric acid (HCL) containing 0.1% (v/v) phenol. The
hydrolysates were degassed in vaccuo with the use of a vacuum pump and
sealed by melting the narrowed neck of the sample tube. These tubes were then
hydrolysed at 110°C for O, 2, 4, 6, 10, 14, 19, 24, 52, 92, and 144 h. Amino
acid analysis was conducted in triplicate at each hydrolysis time. After
hydrolysis, the tubes were cracked open before being dried in a centrifugal
concentrator (Savant SpeedVac SC250EXP, Thermo Fisher Scientific Inc.,
New Zealand). The residues were reconstituted in 67 mM sodium citrate buffer
(pH 2.2) containing 0.1% (w/v) phenol. Amino acids (except proline) were

separated and quantified using derivatisation with o-phthalaldehyde (OPA)
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followed by reverse-phase (C1g column) chromatography using HPLC (Agilent
1200SL, Agilent Technologies, USA). Amino acids were detected by
fluorescence at the excitation and emission wavelengths of 230 and 450 nm,
respectively. Norvaline was added as an internal standard. Cysteine and
methionine were measured in a separate run on the HPLC instrument as cysteic
acid and methionine sulphone, respectively. Proline, which is a secondary
amino acid, was quantified after derivatisation with 9-fluorenylmethyl
chloroformate (FMOC) (Einarsson et al., 1983) followed by reverse-phase
chromatography. The derivatised proline was detected using fluorescence with
excitation and emission wavelengths of 266 and 315 nm, respectively. The
weight of each amino acid was calculated using free amino acid molecular

weights.

6.3.5. Prediction of amino acid concentrations

The determined amino acid concentration at each hydrolysis time was
plotted against the hydrolysis time for each amino acid separately. A curve was

fitted to each plot using the following equation (Robel & Crane, 1972):

Agh {e':f— e'hrj
h—1

B(t) =

where B(t) is the amino acid concentration at hydrolysis time t, h is the
hydrolysis rate (the rate at which amino acids are released during hydrolysis), |
is the loss rate (the rate at which amino acids are degraded after hydrolysis) and
Ao is the amino acid content of the protein in the sample. A least-squares
nonlinear regression (Robel & Crane, 1972) was used to predict Ao, h and | for
each amino acid with the constraints that Ap and h > 0 (Darragh et al., 1996).
Data were analysed using the R software package version 2.15.1 (http://cran.r-

project.org/).
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6.4. Results

The free amino acid content (Bo) prior to hydrolysis (time 0 h) was
negligible for each amino acid and therefore, the protein bound (Ao) amino acid
content was considered to be equal to the total (protein bound + free) amino
acid content of the protein. The mean coefficient of variance between
triplicates calculated over all hydrolysis times was 4.9% for the ‘acid-stable’
amino acids (excluding methionine), 6.1% for proline, 5.9% for cysteine
(determined as cysteic acid) and methionine (determined as methionine
sulphone), and 6.5% for tryptophan. The mean amino acid yield was plotted
against hydrolysis time for each amino acid and these plots are shown in Figure
6.1. For all of the amino acids, the determined mean amino acid yield at each
hydrolysis time correlated closely with the predicted amino acid yield based on
the least-squares nonlinear regression model (R? = 0.95-0.98), with an overall
mean R? of 0.97.
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Figure 6.1. Effect of hydrolysis time (x-axis, h) on the concentration of amino

acids (y-axis, g/100g) for whey protein isolate.

The line of best fit using least-squares nonlinear regression is plotted along
with the determined mean amino acid contents (mean of triplicates) (). R?

values are given.
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The estimated protein-bound amino acid content determined with the least-
squares nonlinear regression model (Ao) and the mean amino acid content after 24 h of
hydrolysis for each amino acid are presented in Table 6.1. The values for alanine,
arginine, cysteine (determined as cysteic acid), isoleucine, leucine, lysine, methionine
(when determined without performic acid oxidation), phenylalanine, tyrosine and valine
were within 1% of the equivalent 24-h hydrolysis values. The greatest difference was
observed for tryptophan, which was underestimated by 23.1% after 20-h hydrolysis.
Glycine, proline, serine and threonine were also underestimated by 6.9, 4.8, 10.3 and
4.9%, respectively. The standard 24-h hydrolysis method overestimated the amino acid
content of aspartic acid (3.5%), glutamic acid (1.6%), histidine (2.1%) and methionine
(determined as methionine sulphone) (2.5%). The hydrolysis rate (h) and loss rate (1) for
each amino acid are given in Table 6.1. The hydrolysis rates ranged from 0.20 for
tryptophan and 1.13 for alanine. When the loss rates were compared across all amino
acids, the least stable amino acid was tryptophan (0.01361), followed by serine
(0.00552) and threonine (0.00281). Interestingly, the loss rate for methionine (without
performic acid oxidation) was similar to the loss rate for methionine sulphone (after
performic acid oxidation prior to acid hydrolysis), where the determined loss rate for
both methionine and methionine sulphone was 0.00065. The methionine content
determined after performic acid oxidation was 15 and 17% higher than the equivalent
value obtained using standard acid hydrolysis alone for the single 24-h acid hydrolysis

and the multiple hydrolysis methods, respectively.
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Table 6.1. The amino acid composition (g/100g powder on air-dry basis) of whey protein isolate estimated using a least-squares nonlinear
regression model after multiple hydrolysis times (A,) (mean £ sem), compared with the 24-h hydrolysis value (mean + sem) and estimated
hydrolysis rate (h) (amount of protein-bound amino acid released per hour) (mean = sem) and loss rate (I) (amount of protein-bound amino acid

destroyed per hour) for each amino acid (mean + sem)®.

24-h Ao Difference (%)? h [
Alanine 5.17 + 0.05 5.21+0.10 0.9 1.13+0.19 0.00073 + 0.00030
Arginine 2.31+0.04 2.32 +0.05 0.5 0.47 + 0.04 0.00143 + 0.00035
Aspartic acid 12.62 +0.48 12.18 +0.31 -3.5 0.70 +0.09 0.00059 * 0.00037
Cysteine® 2.14+0.01 2.15 + 0.04 0.6 0.95+0.13 0.00056 + 0.00028
Glutamic acid 17.94 +0.17 17.66 + 0.39 -1.6 0.68 +0.08 0.00066 + 0.00032
Glycine 1.33+0.01 1.43 +0.04 6.9 1.02+0.19 0.00046 + 0.00036
Histidine 1.46 +0.01 1.43 +0.03 2.1 0.47 +0.04 0.00020 + 0.00029
Isoleucine 6.40 + 0.06 6.41 + 0.14 0.1 0.26 + 0.02 0.00013 + 0.00029
Leucine 9.89 +0.08 9.94 +0.20 0.5 0.58 + 0.05 0.00060 + 0.00030
Lysine 8.01 +0.20 8.07 +0.17 0.7 0.61 +0.06 0.00059 + 0.00031
Methionine* 2.62 +0.02 2.55 + 0.04 -2.6 0.69 + 0.07 0.00065 + 0.00027
Methionine® 2.16 +0.02 2.16 + 0.04 -0.2 0.95 +0.12 0.00065 + 0.00027
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Phenylalanine
Proline

Serine
Threonine
Tryptophan®
Tyrosine

Valine

2.72 +0.01
5.19 + 0.32
4.05 + 0.09
6.68 + 0.06
1.23 +0.39’
2.77 +0.01
5.68 + 0.03

2.74 +0.06
5.45+0.11
451+0.10
7.02+0.12
1.60 £ 0.04
2.78 +0.06
5.65+0.13

0.8
4.8
10.3
4.9
23.1°
0.3
-0.5

0.50 £ 0.04
1.11+0.20
0.89+0.12
0.46 + 0.03
0.20+0.01
0.52 +0.05
0.27 +£0.02

0.00063 + 0.00029
0.00031 + 0.00032
0.00552 + 0.00048
0.00281 + 0.00029
0.01361 + 0.00082
0.00096 + 0.00031
0.00047 + 0.00030

! Samples were analysed in triplicate.

Difference (%) =
2

A, value — 24h value

X100

3 Detected as cysteic acid after performic acid oxidation followed by acid hydrolysis.

* Detected as methionine sulphone after performic acid oxidation followed by acid hydrolysis.
> Detected as methionine after acid hydrolysis.

® Tryptophan was uncorrected for the recovery of the internal standard

7 20-h hydrolysis value for tryptophan.

Ap value — 20h value

Difference (%) =
8

100
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6.5. Discussion

The aim was to accurately quantify the amino acid composition of a
whey protein isolate containing naturally present glycomacropeptide. Estimates
of the actual protein-bound amino acid content (Ag), hydrolysis rate (h) and
loss rate (I) were determined for each amino acid using a least-squares
nonlinear regression model based on multiple hydrolysis time intervals.
Overall, there was good agreement (<1% difference) between the amino acid
content determined using multiple hydrolysis times and the 24-h hydrolysis
values for approximately one-half of the amino acids. However, aspartic acid,
glutamic acid, histidine and methionine (as methionine sulphone) were
overestimated and glycine, proline, serine and threonine were underestimated
by the standard 24-h hydrochloric acid hydrolysis method. Tryptophan was
considerably underestimated (23.1%) by the 20-h alkaline hydrolysis method
and this is in agreement with the findings of Rutherfurd et al. (2008), who
determined the tryptophan content of several goat milk-based products using
either the 20-h alkaline hydrolysis method or least-squares nonlinear regression
method, where the tryptophan values were corrected for the recovery of an
internal standard (5-methyl tryptophan) during hydrolysis (S. Rutherfurd, pers.
comm.). These results highlight the inaccuracy of using a single hydrolysis
time for labile amino acids, particularly tryptophan, serine and threonine. The
amino acid contents of aspartic acid and glutamic acid are of particular interest
because of the higher 24-h hydrochloric acid hydrolysis value relative to the
predicted content (Ao). The results are in agreement with data reported by
Rutherfurd (2009) for five feedstuffs and Rutherfurd et al. (2008) for three goat
milk infant formulas. The reason for this finding is not clear but may be related
to the formation of the acid derivatives from the amide amino acids under the
hydrochloric acid hydrolysis condition. It is important to note that the
determined glutamic acid content (18.1%) reflects the amounts of glutamic
acid and glutamine while the determined aspartic acid content (12.7%)
represents the contents of aspartic acid and asparagine. The most abundant
amino acid in the whey protein isolate analysed in the present study was
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glutamic acid (18.1%), followed by aspartic acid (12.7%), leucine (10.0%) and
lysine (8.1%).

The hydrolysis rates (h) for most amino acids were found to be higher
in this study (39% on average) than those reported by Darragh & Moughan
(2005) for whey protein isolate. In addition, the hydrolysis rates reported here
were greater than those observed for whey protein concentrate (Darragh &
Moughan, 2005), skim milk powder (Darragh & Moughan, 2005; Rutherfurd,
2009), human milk (Darragh & Moughan, 1998) and goat milk products
(Rutherfurd et al., 2008). The loss rates (l) were, in general, lower (48% on
average) than those reported for whey protein isolate by Darragh & Moughan
(2005). It is commonly known that serine and threonine are particularly labile
during acid hydrolysis and as expected, losses of 13% for serine and 7% for
threonine were found. A similar observation was reported by Darragh and
Moughan (2005) for four milk protein products and Rutherfurd (2009) for five
feedstuffs. The differences in the hydrolysis and loss rates for each amino acid
across different protein sources may be due to differences in amino acid

sequence and the relative proportions of amino acids in the protein.

In conclusion, this study reports accurate amino acid compositional data
for a whey protein isolate determined using the least-squares nonlinear
regression method with multiple hydrolysis time intervals. These results
highlight that amino acid compositional data for some amino acids, particularly
tryptophan, should be interpreted in relation to the errors inherent in their

determination.
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Chapter 7

The underlying cause of the satiating effect of
whey protein: effect of whey protein components
and a free amino acid mixture simulating whey

protein on measures of satiety in adult women

Whey protein has been observed to have a higher satiating effect in adult women
compared with maltodextrin carbohydrate (Chapters 2, 3 & 5). The purported
satiating effect of whey protein may be due to the unique mixture of proteins in
whey, to constituent individual proteins (beta-lactoglobulin, alpha-lactalbumin,
and glycomacropeptide) and/or to its amino acid composition (amino acid analysis
reported in Chapter 6). In a previous study (Chapter 5) where the effect of the
component glycomacropeptide was investigated, the satiating effect of whey
protein was found to be unique to whey, and glycomacropeptide per se did not
appear to play a role. In the present study, the effects of dietary whey protein
given as intact whey protein isolate (WPI), beta-lactoglobulin, alpha-lactalbumin,
or a free amino acid mixture simulating the amino acid composition of WPI, on
subsequent ad libitum food intake and subjective measures of satiety were

investigated in healthy normal-weight adult women subjects.
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7.1. Abstract

Dairy whey protein has been shown to increase satiety relative to
maltodextrin carbohydrate, but which characteristic of whey protein gives rise
to its higher satiating effect remains to be elucidated. Satiety responses to
preload meals enriched (52 g amino acid equivalent) with either intact whey
protein isolate (WPI), beta-lactoglobulin (B-LG), alpha-lactalbumin (A-LA), or
a free amino acid mixture simulating the amino acid composition of WPI (AA),
were compared. A single-blind completely randomised block design included
twenty healthy normal-weight women (mean age 24.2 + 0.8 years; mean BMI
22.7 + 0.4 kg/m?). Consumption of an ad libitum test meal 120 min following
ingestion of the preload treatment and subjective feelings of appetite were
measured. There were no significant differences in the ad libitum test meal
intakes or total energy intakes (preload + test meal energy intakes) between the
four preload conditions (p>0.05). Subjective feelings of appetite did not differ
significantly in response to the four preload meals (p>0.05). Intact whey
protein, isolated major whey protein fractions and a free amino acid mixture
simulating whey protein showed similar effects on satiety. These results
suggest that the amino acid composition of whey protein may play an
important role, as the satiating effect of intact whey protein was mimicked by a
free amino acid mixture simulating the amino acid composition of whey

protein.

7.2. Introduction

Obesity is a global health concern (WHO, 2012) and there is growing
interest in dietary strategies to promote body weight loss. Several scientific
reviews conclude that the consumption of high-protein meals (>15% of energy
from protein) results over time in a reduction of body weight (Eisenstein et al.,
2002; Halton & Hu, 2004; Te Morenga & Mann, 2012; Westerterp-Plantenga
et al., 2009). The effect of high-protein diets on body weight loss may be
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related to the ability of protein to increase diet-induced thermogenesis and/or
induce satiety and reduce food intake to a greater extent compared with other
macronutrients (Anderson & Moore, 2004; Eisenstein et al., 2002; Halton &
Hu, 2004; Westerterp-Plantenga et al., 2009). Several studies have reported a
relationship between the source of protein and its satiety value, with dairy
whey protein considered to be more satiating than other protein types (Luhovyy
et al., 2007; Veldhorst et al., 2008). In previous studies with healthy normal-
weight human subjects (Lam et al., 2009; Chungchunlam et al., 2012, see
Chapters 2, 3 & 5), we found that whey protein suppressed subsequent food
intake and increased subjective measures of satiety relative to maltodextrin
carbohydrate. The satiating effect of whey protein may be attributed to an
effect of the intact proteins themselves, bioactive peptides released during
digestion (Haque et al., 2008; Jahan-Mihan et al., 2011; Madureira et al.,
2010; Moughan et al., 2007; Rutherfurd-Markwick & Moughan, 2005), or to
the amino acid composition of the whey protein (e.g. the high content of
branched-chain amino acids) and the kinetics of digestion and amino acid

uptake (reflected by postprandial plasma amino acids).

Amino acids may play an important role in the satiating effect of whey
protein. Proteins release peptides and amino acids into the digestive lumen
during digestion, and amino acids are transferred to the blood via amino acid
transport systems present in the intestinal mucosa (Alpers, 1987; Ten Have et
al., 2007). Human studies on the rate of digestion of milk protein and the
pattern of circulating plasma amino acids revealed that whey protein empties
from the stomach faster than casein to elicit a rapid initial increase in plasma
amino acid concentrations (Boirie et al., 1997; Hall et al., 2003). We have
previously reported that the consumption of whey protein results in a sharp
increase in plasma amino acids compared with maltodextrin carbohydrate (see
Chapter 4). There is some evidence that an increase in postprandial peripheral
serum amino acid concentrations is associated with a reduction in subjective
feelings of appetite (Mellinkoff et al., 1956). Moreover, whey protein is a rich
source of branched-chain amino acids (isoleucine, leucine and valine) (Etzel,
2004; Moughan, 2008; see Chapter 6) and this is reflected in the postprandial

plasma amino acid concentrations observed for whey protein (see Chapter 4).
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Nilsson et al. (2004) also showed that plasma concentrations of the dietary
essential amino acids (isoleucine, leucine, valine, lysine and threonine) were
more pronounced after ingestion of whey protein than that after the ingestion of
other protein sources (casein, skim milk, cod, and gluten). To our knowledge,
the satiety effect of intact whey protein has not been compared against that of a

free amino acid mixture simulating its amino acid content.

Whey protein is a term used to define a cluster of different soluble
proteins. The predominant “whey protein” fraction occurring in the milk of
cows is beta-lactoglobulin (50%), followed by alpha-lactalbumin (19%). In
addition to minor proteins (e.g. lactoferrin and lactoperoxidase present in trace
amounts), vitamins and minerals, whey protein also contains a mixture of
immunoglobulins (12%), proteose peptones (12%), and bovine serum albumin
(7%) (Walstra et al., 2006). When whey protein is isolated after the
manufacture of cheese, glycomacropeptide (GMP), a soluble protein
originating from casein, becomes part of this whey (Walstra et al., 2006).
While the glycomacropeptide (GMP) fraction of whey protein has received
much attention (Burton-Freeman, 2008; Gustafson et al., 2001; Keogh et al.,
2010; Lam et al., 2009 , see Chapter 2; Veldhorst et al., 2009a), our group and
others have demonstrated that GMP does not seem to play a role in the
satiating effect of whey, and the satiating effect of whey protein is unique to
whey (see Chapter 5). In a rat study, Pichon et al. (2008) demonstrated that
consumption of either whey protein concentrate (WPC) or beta-lactoglobulin-
enriched whey protein isolate (WPI) reduced daily energy intake compared
with whole milk protein. In a human study, eighteen lean men reported feeling
fuller following consumption of beta-lactoglobulin than WPC but there was no
difference in subsequent food intake 180 min later (S. Poppitt, pers. comm.). In
another human study, Hursel et al. (2010) found that a breakfast containing
alpha-lactalbumin-enriched whey protein decreased feelings of hunger and
desire to eat to a greater extent than a whey protein-containing breakfast.
Veldhorst et al. (2009b) also showed that isolated alpha-lactaloumin decreased
energy intake at an ad libitum test meal 180 min later and increased feelings of
satiety more than whey protein. Alpha-lactaloumin and beta-lactoglobulin

would appear to be important fractions of whey protein with respect to its
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satiating effect but the influence of the two major whey protein fractions
(alpha-lactablumin and beta-lactoglobulin) on satiety in humans remains
unclear. We hypothesise that the satiating effect of whey protein may be due to
the mixture of intact proteins in whey protein, to the effect of an individual
intact protein in whey protein, to an effect of peptides arising from the
digestion of these proteins, or to the plasma amino acid composition

consequent upon the digestion of whey protein.

The objective of the present study was to assess, therefore, whether
the higher satiating effect of whey protein is attributable to the whey protein
per se, the major whey protein fractions or the amino acid composition of whey
protein. The effect of whey protein, isolated beta-lactoglobulin, isolated alpha-
lactalbumin and a mixture of free amino acids simulating the amino acid
composition of whey protein, on subsequent ad libitum food intake and

subjective feelings of appetite were studied in healthy normal-weight women.

7.3. Subjects and methods

7.3.1. Subjects

Twenty women responded to public advertisement and were invited to
participate in the present study. To be included in the study, subjects had to be
aged between 18 and 40 years and with a body mass index (BMI) ranging from
19 to 26 kg/m® Subjects were screened for exclusion criteria that included
smoking, athletic training, a gastrointestinal disorder or eating disorder, dieting
or taking medication known to affect appetite, not consuming breakfast every
day, having a history of menstrual irregularities, pregnancy, lactation or trying
to become pregnant. Participants who had an allergy or disliking regarding the
test foods were not included in the study. All subjects had their height and
weight measured in the laboratory to ensure that they met the BMI criteria, and
completed the Three Factor Eating Questionnaire (Stunkard & Messick, 1985).

Scores of the Three Factor Eating Questionnaire were not used as selection
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criteria. The results were not affected when six restrained eaters, who scored
more than 11 out of 21 on the restraint scale of the Three Fractor Eating
Questionnaire (Lowe & Thomas 2009; Stunkard & Messick, 1985), were
excluded, So, the data of the six restrained eaters were included in the study
(mean dietary restraint score 9 + 1). The study received ethical approval from
the Massey University Human Ethics Committee (Application no. 11/47) and

all volunteers provided written informed consent.

7.3.2. Test foods

The breakfast meal consisted of toasted wholemeal bread and a
selection of margarine, strawberry jam and either coffee or tea plus white sugar
and full-fat milk. The same subject-specific breakfast was provided in packed
containers before each study day and participants were instructed to consume
all of the food items provided. The breakfast food consumption of each
participant was recorded. The metabolisable energy (ME) content of the
breakfast meal was 1503.1 kJ on average with 57, 11, and 32% of ME being
derived from carbohydrate, protein, and fat, respectively.

The four test preloads consisted of an orange-flavoured marmalade
spread (Jok’N’Al Orange marmalade, Joknal Products Ltd., Blenheim, New
Zealand) to which was added either whey protein isolate (WPI), alpha-
lactaloumin (A-LA), beta-lactoglobulin (B-LG) or a mixture of free amino
acids simulating the amino acid composition of whey protein (AA). The
preload spreads containing WPI, A-LA and B-LB were prepared in the
laboratory one week prior to the study day and stored in a refrigerator. The
preload spread containing the AA mixture was freshly prepared on each test
day. Each preload spread (250 g) was accompanied with a slice (45 g) of
toasted low-protein (1.2 g protein per 45 g) bread (Pavillion Original sliced
gluten free bread, Pavillion Foods, Christchurch, New Zealand) and 100 ml of
water. The WPI preload meal served as the control. The composition of the

four preload meals (295 g) is given in Table 7.1. The preload meals were
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isoenergetic (~1800 kJ) and contained a mixture of carbohydrate (52 g) and
protein or amino acids (52 g amino acid equivalent).

A lunchtime test meal was served in private cubicles 120 min
following consumption of the preload meals and comprised of a mixed
homogeneous single item hot fried rice meal and a bottle of spring water. The
hot fried rice test meal included white rice, minced chicken meat, eggs, peas,
corn, carrots, chicken stock, salt, sugar, and vegetable oil. The fried rice test
meal contained 36.8, 8.5, 5.8, and 1.0 g of available carbohydrate, crude
protein, crude fat and total dietary fibre, respectively, per 100 g with a
calculated ME content of 982.2 kJ per 100 g.
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Table 7.1. Composition of the four preload meals enriched with whey protein isolate (WPI), alpha-lactalbumin (A-LA), beta-lactoglobulin (B-

LG) and a free amino acid mixture simulating the amino acid composition of whey protein isolate (AA).

Preload meal
WPI A-LA B-LG AA
Ingredient (g per 295 g serve)
Low-protein bread* 45 45 45 45
Orange-flavoured marmalade spread® 190 195 196 200
Whey protein isolate (WPI)? 60 - - -
Alpha-lactalbumin isolate (A-LA)* - 55 - -
Beta-lactoglobulin isolate (B-LG) - - 54 -
Free amino acids (AA)® - - - 50
Calculated Nutrients (per 295 g serve)
Metabolisable energy (ME)’ (kJ) 1849.2 1792.7 1793.3 1790.4
Fat
(9) 1.8 1.3 1.3 1.2
(% of ME) 3.7 2.7 2.8 2.5
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Carbohydrate

) 53.9
(% of ME) 48.6
Protein (amino acids)
) 52.8
(% of ME) 47.7

51.9
48.4

52.5
48.9

52.1
48.5

52.3
48.7

92.7
49.2

51.8
48.3

! Low-protein bread (Pavillion Original sliced gluten free bread, Pavillion Foods, Christchurch, New Zealand) (444.4 ki ME, 1.2 g protein, 22.7
g carbohydrate, and 1.2 g fat per 45 g serve). The low-protein bread consisted of different starches (maize, modified maize, potato, tapioca),

water, rice flour, egg, vegetable oil, yeast, iodised salt and sugar.

2 Orange-flavoured marmalade spread (Jok’N’Al Orange marmalade, Joknal Products Ltd., Blenheim, New Zealand) (255.5 k] ME, 0.3 g

protein, 15.0 g carbohydrate, and O g fat per 100 g serve). The orange-flavoured marmalade spread was composed of water, 25% oranges

(orange juice, orange peel), polydextrose, fructose, pectin, locust bean gum, citric acid, malic acid, potassium sorbate and sucralose.

$Whey protein isolate containing 21% glycomacropeptide (WPI 894, Fonterra Co-operative Group Ltd., Palmerston North, New Zealand).

* Alpha-lactabumin isolate (Davisco Foods International Inc., Minnesota, United States)

> Beta-lactoglobulin isolate (Davisco Foods International Inc., Minnesota, United States)
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® Free amino acids (Evonik Degussa GmbH, Hanau, Germany) were mixed in proportions corresponding to the amino acid composition of whey
protein isolate containing 21% glycomacropeptide (see Chapter 6 for amino acid composition of the whey protein)
"Metabolisable energy (ME) calculated from the energy-containing food components using the energy conversion factors of 16.7 ki/g for protein

and available carbohydrate and 37.7 kJ/g for fat
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7.3.3. Experimental procedure

In a single-blind completely randomised block design, each woman
subject participated in four session days, with a minimum of two days between
test days. On the evening preceding each test day, subjects were instructed to
abstain from strenuous physical activity and alcohol consumption, and to
consume only water after 22:00 h. Women participated during the early phase
of their menstrual cycle (menstruation and follicular phase) (Buffenstein et al.,
1995; Dye & Blundell, 1997). On the morning of the test day, each subject
consumed a subject-specific breakfast meal at home. The participants were
instructed to consume all the food items provided at least 3 h before the test
session appointment. Throughout the morning, participants were instructed to

refrain from consuming anything except water.

Subjects arrived at the Human Nutrition Unit, Massey University
around 1200 to 1300 h. Subjects who did not comply with restrictions on the
evening before and the morning were scheduled for another test day. Upon
arrival at the laboratory, a baseline questionnaire to assess feelings of appetite
and nausea was completed. A test preload meal was served to be consumed
within 15 min. Following complete ingestion of the preload meal (time 0 min),
subjects completed a questionnaire assessing the palatability of the preload
meals. Feelings of appetite and nausea were measured at 0, 15, 30, 45, 60, 75,
90, and 120 min. Following the 120 min measurement, subjects were seated in
individual cubicles to consume the lunchtime test meal within 15 min. Subjects
were instructed to consume the test meal at will (ad libitum) until such point as
they felt comfortably full. The amount of the fried rice meal and water which
were provided without restriction at lunch was measured before and after
consumption, using an electronic scale (to the nearest 0.01 g). Subjects rated
the likeability of the fried rice test meal on a questionnaire immediately after
consumption. Subjects also completed questionnaires to assess subjective
feelings of appetite and nausea 15 and 30 min after consumption of the

lunchtime test meal.
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7.3.4. Questionnaires

Each subject was instructed to fill in a booklet of questionnaires to
assess subjective feelings of appetite (hunger, desire to eat, prospective food
consumption and fullness) and nausea. Ratings were made on a 10-cm visual
analogue scale (VAS) (Flint et al., 2000) labeled at each end with extremes:
“not at all” and “extremely” for hunger, fullness, and nausea, “very weak” and
“very strong” for desire to eat, and “nothing at all” and “a large amount” for
prospective food consumption. VAS-rated appetite and nausea scores were
collected immediately before consuming the test preload (baseline), during a
120 min period following consumption of the test preload (0, 15, 30, 45, 60,
75, 90, and 120 min), and 15 and 30 min following consumption of the
lunchtime ad libitum test meal. Subjects rated the palatability of the preload
meal (likeability, pleasantness of taste, likeability of texture and sweetness) and
likeability of the fried rice test meal using a 10-cm VAS immediately after
consumption of the preload meal and the lunchtime ad libitum test meal. The
VAS was end-anchored with “dislike extremely” and “like extremely” for
ratings of likeability and likeability of texture and with “not at all” and
“extremely” for ratings of pleasantness of taste and sweetness. This booklet of
guestionnaires has been described previously (Chungchunlam et al., 2012, see
Chapter 3).

7.3.5. Statistical analyses

Statistical analyses were performed with SAS software version 9.2 for
WINDOWS (SAS Institute Inc., Cary, NC, USA). A single-blind randomised
factorial design with subject as the blocking factor was used (Ott &
Longnecker, 2010). Power analysis, based on the results from previous studies
(see Chapters 3 & 5) using a randomised block design (Kastenbaum et al.,
1970), indicated that a sample size of thirteen women subjects had sufficient
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power of 0.80 at a level of significance of 0.05 to allow the detection of
differences in ad libitum test meal intake. Each variable was examined for
normal distribution and the presence of statistical outliers. Comparisons
between the four preload meals were evaluated using an analysis of variance
(ANOVA) with preload and subject as factors for VAS-rated palatability scores
of preload and test meal (cm), water (g), test meal (g and kJ ME) and total

energy (preload + test meal, kJ ME) intakes.

A repeated-measures ANOVA was used to evaluate the effect of
preload, time of rating and their interaction (preload x time) on VAS-rated
feelings of hunger, desire to eat, prospective consumption, fullness and nausea.
In the case of a significant interaction between preload and time (p<0.05),
Tukey-Kramer multiple comparison tests were used to examine the preload and
time combinations. The pre-preload baseline measurement of each VAS rating
showed some subject variation. To adjust for this, another repeated-measures
ANOVA was performed using the baseline measurement as a covariate in the
model. VAS-rated feelings of appetite and nausea were also reported as net
incremental area under the curve (net iIAUC) (Gannon et al, 1989) from 0 to
120 min using the trapezoidal rule and analysed using ANOVA for an effect of

preload.

Pearson’s correlation analysis was performed to test the relationship
between energy intake (kJ ME) at the lunchtime ad libitum test meal and
palatability of the preload as well as VAS-rated feelings of appetite and nausea.
A p-value of less than 0.05 was considered statistically significant. Duncan’s
multiple range test was used for making multiple pairwise treatment
comparisons. Results are expressed as means and their standard errors (mean £

sem).

7.4. Results

All twenty women, who were similar in age (mean age 24.2 + 0.8
years) and BMI (mean BMI 22.7 + 0.4 kg/m?), completed the four test session
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days. The results for five of the subjects on the AA preload meal were
excluded from the study due to a minor error in formulation of their preloads
(proportions of amino acids). Therefore, for the AA test preload meal, the
number of subjects is fifteen. When the data from the five subjects were
included in the analysis, there was no difference in the overall findings of the
study.

Subjects spent a similar amount of time consuming each of the four
preload meals (8.8 = 0.5 min on average). The time taken eating the ad libitum
test meal and drinking water at the lunchtime meal was also similar across
subjects (7.5 £ 0.4 min on average). The palatability of the lunchtime ad
libitum test meal did not differ between preload groups (preload effect:

p>0.05), with a mean overall likeability score of 8.5 + 0.2 cm.

No adverse effects of the preload meals were reported and VAS-rated
feelings of nausea and net iIAUC for nausea did not differ significantly between
the four preload conditions (p>0.05). Concurrently, Pearson’s correlation
indicated that there was no relationship between postprandial feelings of
nausea (0 to 120 min) or net iIAUC for nausea and energy intake at the

lunchtime ad libitum test meal (p>0.05).

7.4.1. Palatability of the preload meals

Ratings for the overall likeability, pleasantness of taste, likeability of
texture and overall sweetness of the four preload meals are shown in Table 7.2.
There were significant differences found in ratings for overall likeability
(p=0.011), pleasantness of taste (p=0.0003) and overall sweetness (p=0.0076)
between the preloads. The AA preload meal was rated as being the least liked
(overall likeability), least pleasant in taste, and least sweet compared with the
other three preload meals. There was no effect of preload on the ratings for
likeability of texture (p>0.05).
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Table 7.2. Palatability scores determined on a 10-cm visual analogue scale for the four preload meals containing either whey protein isolate
(WPI), alpha-lactalbumin (A-LA), beta-lactoglobulin (B-LG), or a free amino acid mixture (AA)™.

WPI A-LA B-LG AA Overall sem p-value
Likeability 3.9° 3.6° 3.6° 1.3° 0.5 0.0011
Pleasantness of taste 4.3° 3.5° 3.1° 1.1° 0.5 0.0003
Likeability of texture 4.4 3.3 2.8 3.3 04 0.06
Sweetness 5.3% 5.0° 4.9° 3.0° 0.5 0.0076

Means in a row with different superscript letters were significantly different (Duncan’s test, p<0.05)

1 Values are means, n = 20 for WPI, A-LA, and B-LG and n =15 for AA.
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7.4.2. Ad libitum test meal intake and total energy intake

There were no significant differences in ad libitum water intake
(Figure 7.1.) between the test preloads (preload effect: p>0.05), with amount of
water ingested at lunch averaging 380.4 + 23.5 g across all four preload
conditions. There was no significant effect of preload (p>0.05) on the amount
(9) and energy intake (kJ ME) of the ad libitum food test meal consumed at
lunch (Figure 7.1.). When the energy intake from the preload meal was added
to the ad libitum food test meal energy intake at lunch, total energy intake did

not differ significantly between the four preload meals (p>0.05) (Figure 7.1.).
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Figure 7.1(A). Amount. Ad libitum test meal water and food intakes (g) at lunch following consumption of the four preload meals containing
either whey protein isolate (WPI), alpha-lactaloumin (A-LA), beta-lactogobulin (B-LG) or a mixture of free amino acids (AA). Values are means

+ sem, n = 20 for WPI, A-LA, and B-LG and n = 15 for AA. There was no significant effect of preload (p>0.05).
Figure 7.1(B). Energy. Total energy intake (preload + food test meal energy intakes, kJ ME) when the four preload meals enriched with either

whey protein isolate (WPI), alpha-lactalboumin (A-LA), beta-lactogobulin (B-LG) or a mixture of free amino acids (AA) were consumed. Values

are means + sem, n = 20 for WPI, A-LA, and B-LG and n = 15 for AA. There was no significant effect of preload (p>0.05).
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7.4.3. Subjective ratings of appetite

When the total testing period (~3 h) was examined, there was no
significant interaction between preload and time (p>0.05) for the VAS-rated
feelings of hunger, desire to eat, prospective consumption, and fullness (Figure
7.2.). There was no significant main effect of preload (p>0.05), but, as
expected, there was a significant main effect of time (p<0.0001) observed for

each rating of appetite.

When the ratings determined following consumption of the preload
meal (0 to 120 min) were adjusted for the baseline rating, there was no
significant interaction between preload and time (p>0.05) observed for all the
VAS-rated feelings of appetite. The appetite ratings did not differ significantly
between preloads (p>0.05), but were influenced by time (p<0.0001). When 4
statistical outliers from 592 total observations were removed for the desire to
eat data, a significant interaction effect between preload and time was found
(p=0.0224). The preload meal containing B-LG increased the subjective
feeling of desire to eat more than the preload meals containing either AA or A-
LA at 90 and 120 min postprandially.

The feelings of hunger, desire to eat, prospective consumption, and
fullness expressed as net iIAUC following consumption of the preload meals (0
to 120 min) are shown in Figure 7.2. There were no significant differences
found in the net iIAUC responses for the appetite ratings between the four

preload conditions (preload effect: p>0.05).
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Figure 7.2. VAS-rated subjective feelings of hunger, desire to eat, prospective consumption, and fullness before (baseline, B) and after
consumption of the four preload meals, and 15 and 30 min following consumption of the ad libitum test meal. Inset: Net incremental areas under

the curve (Net iIAUC) from 0 to 120 min in response to the four preload meals.

The four preload meals were enriched with either whey protein isolate (WPI), alpha-lactalbumin (A-LA), beta-lactoglobulin (B-LG), or a free
amino acid mixture (AA). Values are means, n = 20 for WPI, A-LA, and B-LG and n = 15 for AA. There was no significant interaction between
preload and time (p>0.05) and there was no significant main effect of preload (p>0.05), but each VAS-rated feeling differed by time (p<0.0001).
There was no significant main effect of preload on Net iAUCs for each subjective feeling (p>0.05).
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7.4.4. Correlation anlyses

The relationship between palatability of the preload meals and
subsequent energy intake at the ad libitum test meal was tested. Energy intake
consumed at the subsequent test meal was not correlated to VAS-rated
measures of overall likeability (r = -0.11, p>0.05), pleasantness of taste (r = -
0.08, p>0.05), likeability of texture (r = 0.09, p>0.05), or overall sweetness (r =
0.05, p>0.05), for all of the four preload conditions.

Pearson’s correlation analysis was performed to examine the
relationship between energy intake at the subsequent test meal and subjective
ratings of appetite following consumption of the preload (0 to 120 min).
Overall, subsequent food energy intake was significantly weakly correlated
with subjective feelings of hunger (r = 0.30, p<0.0001), desire to eat (r = 0.29,
p<0.0001), prospective consumption (r = 0.31, p<0.0001), and fullness (r = -
0.24, p<0.0001). Immediately before consumption of the ad libitum test meal
(120 min), energy intake of the test meal was positively related to ratings of
hunger (r = 0.39, p=0.0005), desire to eat (r = 0.29, p=0.0106), and prospective
consumption (r = 0.32, p=0.0041), but negatively related to feelings of fullness
(r =-0.30, p=0.0087).

7.5. Discussion

We have established in our own work that whey protein is more
satiating in adult humans than carbohydrate (Chungchunlam et al., 2012, see
Chapters 3 & 5) and it has also been shown by others that whey protein is more
satiating than other protein sources (Anderson et al., 2004; Diepvens et al.,
2008; Hall et al., 2003; Pal & Ellis, 2004; Veldhorst et al., 2009¢). In spite of
this, little is known about the role of the major whey protein fractions (beta-
lactoglobulin and alpha-lactalbumin) and the amino acid composition of whey
protein in mediating this effect on satiety. The aim of the present study was to
evaluate the effects of a preload meal containing intact whey protein isolate
(WPI), beta-lactoglobulin (B-LG) alone, alpha-lactalbumin (A-LA) alone, or a
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mixture of free amino acids simulating the amino acid composition of whey
protein (AA), on subsequent ad libitum food intake and subjective feelings of

appetite in twenty healthy normal-weight women.

The present work required the feeding of free amino acids. Dietary
products based on free amino acids are generally low in palatability and may
induce aversive responses due to their taste (Kirimura et al., 1969; Nishimura
& Kato, 1988). The use of an orange-flavoured marmalade spread to mask the
taste of free crystalline amino acids was effective, with subjects reporting no
adverse effects or differences in feelings of nausea following consumption of
the amino acid-based diet. Although the preload meal containing the free
amino acids was perceived as being the least liked (overall likeability), least
pleasant in taste, and least sweet in relation to the other three preload meals
(WPI, B-LG, and A-LA), no relationship between the perceived sensory
characteristics of the preload meal and subsequent food energy intake was
observed. The intact whey protein powder used here was predominantly
protein (85%) and protein analysis using high-performance liquid
chromatography (HPLC) showed that the whey protein consisted (g/100g
powder) of beta-lactoglobulin (43.705), glycomacropeptide (21.263), alpha-
lactalbumin (13.984), proteose peptone-5 (3.184), immunoglobulins (1.706),
bovine serum albumin (1.086), and lactoferrin (0.008). The effects of the minor
protein components were not studied directly and it is possible that these minor
proteins may have a role to play in promoting satiety. However, as the satiating
effect of the intact whey protein did not differ from that of the free amino acid
mixture, this suggests that the minor protein constituents of whey protein did

not have an important satiating effect.

In healthy normal-weight adult women, ingestion of a preload meal,
containing similar amounts of carbohydrate but enriched with WPI, B-LG, A-
LA, or AA, resulted in similar ad libitum intakes of water (g) and food (g and
kJ ME) at a test meal 120 min after ingestion of the preload. Total energy
intake (preload + test meal energy intakes) also did not differ among preload

meals. With respect to the subjective feelings of hunger, desire to eat,
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prospective food consumption, and fullness (VAS scores and net iAUC), there
were no significant differences between the four preload meals. The VAS
scores for the subjective feelings of appetite were found to be related, as would
be expected, with subsequent food energy intake. The satiating effect of intact
whey protein was reproduced when whey protein was replaced by either beta-
lactoglobulin, alpha-lactalbumin or free amino acids. These results suggest that
the satiating effect of whey protein is mediated by virtue of its unique amino

acid composition, while the whey protein fractions may only play a minor role.

It has been proposed that whey protein per se and whey protein
fractions (beta-lactoglobulin and alpha-lactaloumin) differ in their ability to
induce satiety. Consumption of isolated beta-lactoglobulin (S. Poppitt, pers.
comm.) or alpha-lactalbumin (Veldhorst et al, 2009b) has previously been
reported to have a stronger satiating effect in relation to intact whey protein.
However, we failed to show any statistically significant differential effects of
the four preload meals (WPI, B-LG, A-LA and AA) on subsequent ad libitum
test meal intake or subjective feelings of appetite. Therefore, there is little
evidence from the presently reported study, for a direct effect of the intact
constituent protein structures or that the release of bioactive peptides during
digestion of whey protein or whey protein fractions (Haque et al., 2008;
Jahan-Mihan et al., 2011; Moughan et al., 2007; Rutherfurd-Markwick &
Moughan, 2005) is the underlying reason for the satiating effect of whey
protein. It is likely that the observed similar effects of the preloads on ad
libitum food intake and subjective feelings of appetite reflect in part a similar
rate of gastric emptying of the four preload meals. Whey protein is thought to
be a “fast” protein that empties rapidly from the stomach and leads to relatively
rapid intestinal absorption as peptides and amino acids (Boirie et al., 1997;
Hall et al., 2003; Ten Have et al., 2007). Interestingly, several studies have
shown that intact and hydrolysed whey protein (mostly in the form of peptides)
elicit similar rates of gastric emptying (Calbet & Holst, 2004; Power et al.,
2009). The rate of gastric emptying of free amino acids in relation to proteins
or peptides is not clear, as free amino acids may empty from the stomach
quickly, as the amino acids are readily available for intestinal absorption (Ten

Have et al., 2007), or slowly via stimulation of osmoreceptors found in the
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duodenum (Burn-Murdoch et al., 1978). Whey protein, beta-lactoglobulin,
alpha-lactalboumin and free amino acids may all exhibit similar rates of
appearance of amino acids in the peripheral blood. This is supported by the
results (S. Chungchunlam, unpublished data) of an accompanying study with
the growing rat where stomach emptying rates for the four experimental diets
used here were determined using a magnetic resonance spectroscopy technique.

Similar stomach emptying rates were found.

To the best of our knowledge, this is the first study comparing the
effects of intact whey protein and a mixture of free amino acids simulating the
amino acid composition of the whey protein on satiety. Whey protein, beta-
lactoglobulin, and alpha-lactalbumin are rich in dietary essential amino acids
and branched-chain amino acids (Etzel, 2004; Moughan, 2008). A number of
studies have reported more rapid increases in plasma total amino acids (TAA),
dietary essential amino acids (EAA), and branched-chain amino acids (BCAA:
isoleucine, leucine, and valine) for whey in comparison with other protein
sources (Boirie et al., 1997; Calbet & Holst, 2004; Hall et al., 2003; Morifuji
et al., 2010; Nilsson et al., 2004; Veldhorst et al., 2009a). Moreover, the ability
of beta-lactoglobulin (Farnfield et al., 2009) or alpha-lactaloumin (Veldhorst et
al., 2009b) intake to increase circulating plasma amino acids to a similar extent
as to whey protein has been shown in other human studies. With regards to free
amino acid meals, two studies have demonstrated a similar profile of plasma
amino acids when peptides and an equivalent mixture of free amino acids were
consumed in human subjects (Hegarty et al., 1982; Silk et al., 1979). A
relationship between the amino acid composition of the test meal and the
postprandial changes in circulating plasma amino acids has also been reported
by others (Adibi & Mercer, 1973; Hegarty et al., 1982; Marrs et al., 1975; Silk
et al., 1979) and in an earlier study (see Chapter 4). In particular, whey protein
elicited a greater increase in plasma branched-chain amino acids (BCAA)
relative to maltodextrin carbohydrate, and a significant relationship (p<0.05)
between plasma concentrations of BCAA and satiety-related hormones,
glucagon-like peptide-1 and pancreatic polypeptide, was observed (see Chapter
4). The similar effect of preload meals enriched with whey protein or its

equivalent free amino acids in inducing satiety, as observed here, provides
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some evidence that amino acids may be involved in the suppression by whey
protein of subsequent food energy intake and VVAS-rated subjective feelings of
appetite. One of the limitations of the present study is that we were unable to
measure rate of gastric emptying in the subjects and the concentrations of
amino acids in the peripheral blood, which may have helped to elucidate the
postprandial kinetics of the four preload meals and extend the interpretation of

the results.

Consumption of intact whey protein, isolated whey protein fractions,
and a free amino acid mixture reflecting the amino acid composition of whey
protein influenced satiety to a similar extent in adult women. Therefore, the
underlying cause of the satiating effect of whey protein seems to be related to
its unique amino acid composition. This warrants further investigation by
assessing the rate of whey protein digestion, the dynamics of uptake of dietary
amino acids and the appearance of circulating amino acids, and their potential
association with satiety responses. Concomitantly, there is a need for further
studies to compare the satiating effects of whey protein with other protein
sources, in terms of amino acid composition, and plasma amino acid

concentrations post-absorption.
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Protein is the most satiating macronutrient (Crovetti et al., 1998;
Geliebter, 1979; Johnson & Vickers, 1993; Marmonier et al., 2000; Poppitt et
al., 1998; Stubbs et al., 1996). There is also an effect of dietary protein type on
satiety, with dairy whey protein having been shown to elicit a higher satiating
effect compared with other protein sources in adult humans (Anderson et al.,
2004; Diepvens et al., 2008; Hall et al., 2003; Pal & Ellis, 2010; Veldhorst et
al., 2009a). This dissertation reports work from several studies on the effect of
whey protein on satiety in adult humans. The first study (Chapter 2) aimed to
confirm that dietary whey protein induces satiety compared with maltodextrin
carbohydrate. The objective here, was to provide a baseline for the following
studies. However, the results obtained showed equivocal evidence for this and
several methodological variables of the first study were considered to be
important. In particular, the time delay interval between preload and test meal
was proposed as being critical and was investigated in a second study (Chapter
3). In addition, the second study was designed to measure circulating hormones
and metabolites as potential mediators by which whey protein may induce
satiety (Chapter 4). Human preload studies identifying which characteristic of
whey protein may cause its satiating effect are scarce and the results remain
inconclusive. Two studies were thus undertaken (Chapters 5 & 7) to compare
the effects on satiety of major individual constituent proteins of whey protein
and a free amino acid mixture simulating the amino acid composition of whey
protein, with the effect of intact whey protein per se. For the latter purpose, the
amino acid composition of whey protein needed to be determined accurately

and this was the aim of the study reported in Chapter 6.

In the studies reported in this dissertation (Chapters 2, 3, 4,5 & 7),
maltodextrin was the carbohydrate source tested and this carbohydrate was
chosen as the control for several reasons. Maltodextrin is an oligosaccharide,
made up of glucose monomers present in corn starch, which are absorbed as
rapidly as free glucose (Southgate, 1995). As maltodextrin is less sweet than
either glucose or sucrose, a large amount can be added to a meal to increase the

carbohydrate content without affecting overall sweetness. The aim was to
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compare the effect of protein-enriched preloads versus carbohydrate-enriched
preloads, and as such the ‘“carbohydrate” preload treatments were
predominantly comprised of maltodextrin but also contained some protein,
while the “protein” preload treatments contained predominantly protein but
also carbohydrate. It is possible that the non-protein composition (mainly
carbohydrate providing 20-50% of metabolisable energy) of the preloads may
have lessened the effect of the protein preloads. On the other hand, the
enriched preloads, containing both protein and carbohydrate, provided the
subjects with a more balanced and possibly acceptable preload meal.
Moreover, it should be noted that although the dose of protein provided has
been shown to be effective in promoting satiety in acute short-term studies (see
Chapter 1 & Appendix 1), the amount, in practice is large, representing the
required protein intake of an adult human per day (50 g of protein required for
a 60 kg adult human per day) (WHO, 2002).

The objective of the first study (Chapter 2) was to confirm that dietary
whey protein induces satiety compared with maltodextrin carbohydrate in
normal-weight adult humans. Moreover, a combination of whey protein and
glycomacropeptide (GMP), where GMP is known to stimulate the release of
the satiety-related hormone cholecystokinin, was hypothesised to have a
stronger effect on satiety than whey protein without GMP. Nineteen men and
thirty-one women consumed a preload beverage enriched with either
maltodextrin carbohydrate (40 g), acid whey protein devoid of GMP (40 g),
cheese whey protein containing 21% naturally occurring GMP (40 g), or a
mixture of cheese whey protein (20 g) and GMP isolate (20 g). Subjects
consumed a “cafeteria” test meal 30 min following administration of the
preload drink and rated their subjective feelings of appetite using visual
analogue scales (VAS). Ingestion of the preload beverages enriched with
protein (40 g) did not reduce subsequent ad libitum food intake relative to
maltodextrin carbohydrate. Subjects rated themselves as feeling fuller
immediately following consumption of the preload drink containing cheese
whey protein including GMP compared to the other three preload drinks. Given

that the effects of whey protein and GMP on satiety were not clear in the first
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study, it was elected to evaluate several potential methodological limitations of
the first study that may have masked the effect of whey protein. In particular
the time delay interval between preload and test meal was a concern, and this

was investigated directly in the second study (Chapter 3).

The experimental protocol used in the first study (Chapter 2) followed
an established methodology for the study of the effect of macronutrients on
food intake and satiety in human subjects (Rolls & Hammer, 1995). In the first
study, women compensated for the high amount of protein in the protein
preloads by choosing to eat a subsequent meal that was lower in protein. The
finding that women may be more sensitive to dietary manipulations and
parameters of satiety than men is in agreement with the results of other studies
(Burley et al., 1993; Burton-Freeman et al., 2004; Drapeau et al., 2007;
Schneeman et al., 2003). This needs to be investigated in more detail.
Participants were studied in a “cafeteria” setting and were provided with a
buffet style test meal after administration of a preload. As such, environmental
factors (De Castro, 1988) and the variety of foods at the test meal (Rolls et al.,
1981) may have overridden the physiological satiety signals. Consequently, in
the subsequent studies undertaken (Chapters 3, 4, 5 & 7), only women were
recruited. The women consumed their test meals in individual private cubicles,
and a single-item test meal consisting of a mixed homogeneous fried rice meal
was used. Women also participated only during the menstrual period and
follicular phase of their menstrual cycle to avoid metabolic and appetite shifts
that may occur during ovulation and the luteal phase (Buffenstein et al., 1995;
Davidsen et al., 2007; Dye & Blundell, 1997). Moreover, the dose of whey
protein (40 g contributing ~32 g of absolute protein) used in the first study
(Chapter 2) may have been too low to enable an effect to be seen. Previous
preload studies have found that 40-50 g of whey protein was effective in
suppressing food intake and feelings of appetite (see Appendix 1 for review;
Akhavan et al., 2010; Astbury et al., 2010) and such higher doses of whey
protein were used in the subsequent studies (45-60 g contributing ~42-54 g of

absolute protein).

253



The second human study had two main objectives. The first aim was
to assess whether the time interval between ingestion of a preload and
consumption of an ad libitum test meal was an important factor in determining
the satiating response to whey protein (Chapter 3). The second aim was to
determine the effect of ingesting a whey protein-enriched preload beverage on
the postprandial plasma hormones related to the regulation of food intake and
satiety, and plasma metabolites associated with protein catabolism, in
comparison with maltodextrin carbohydrate (Chapter 4). There was no effect
of time delay interval between preload and test meal (30, 60 or 120 min) on
satiety (Chapter 3). This is in line with results from similar studies (Bellissimo
et al., 2007; Bertenshaw et al., 2008; Potier et al., 2010). However, the results
showed that the ingestion of whey protein containing GMP consistently led to
a reduced subsequent food energy intake compared with that of maltodextrin
carbohydrate and water, but no difference was observed in VAS-rated
subjective feelings of appetite (Chapter 3). At the time delay of 120 min, when
adult women consumed either the carbohydrate- or whey protein-enriched
preload drink, blood samples were collected at regular time intervals to
determine possible biochemical and metabolic mechanisms by which whey
protein may induce satiety versus maltodextrin carbohydrate (Chapter 4). It
was found that increased postprandial plasma concentrations of pancreatic
polypeptide (PP) may be a likely biochemical indicator of the satiating effect of
whey protein, as a lower subsequent food energy intake was related to elevated
plasma concentrations of PP. The extent to which protein promotes satiety via
PP release in humans requires further investigation. In addition, consumption
of whey protein resulted in an increased concentration of plasma amino acids
related to its amino acid composition (specifically branched-chain amino
acids). An increase in serum amino acid concentrations acts as a satiety signal
upon protein ingestion (Mellinkoff et al., 1956). It seems that elevated
concentrations of plasma amino acids coincided with increased plasma PP
concentrations, implying a correlated effect with PP to contribute to the
induction of satiety. While satiety and metabolic responses to the consumption
of particular free amino acids have been studied (Butler et al., 1981; Nilsson et
al., 2007; Veldhorst et al., 2009c), the contribution of the ratios of amino acids

is unknown and needs further study. Moreover, it has been suggested that the
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timing of administration of a subsequent test meal relative to a preload may
coincide with the pattern of change of circulating amino acids or hormones
(Luhovyy et al., 2007; Veldhorst et al., 2009b). A decrease in plasma
concentrations of the orexigenic hormone ghrelin (but no difference between
whey protein and carbohydrate), and an increase in plasma concentrations of
amino acids and the anorexigenic hormone PP was shown to occur 15 min
following ingestion of the whey protein preload and was sustained over the
duration of the test period (120 min) (Chapter 4). Looking at the other
anorexigenic hormones, consumption of whey protein induced an increase in
plasma concentrations of cholecystokinin (CCK) at 60 and 75 min, glucagon-
like peptide-1 (GLP-1) at 90 min, peptide tyrosine-tyrosine (PYY) at 90 and
120 min. Therefore, it is not appropriate to use blood parameters to determine
the optimal time delay interval between preload and test meal and it is
important to emphasise that the hormonal and metabolic factors present in the
peripheral blood are only indicators of the promotion of satiety and may not

have a causal effect.

The remainder of the studies (Chapters 5, 6 & 7) aimed at
investigating the underlying cause for the higher satiating effect of whey
protein. It may be attributable to the predominant constituent protein fractions
(beta-lactoglobulin, glycomacropeptide, or alpha-lactaloumin), the amino acid
profile of whey protein per se, or a combination of the factors. The third human
study (Chapter 5) showed that pure glycomacropeptide does not affect
subsequent food intake and subjective feelings of appetite, as previously
reported (Burton-Freeman, 2008; Gustafson et al., 2001; Keogh et al., 2010).

Whey-protein induced satiety may be mediated by plasma amino acids
related to its amino acid composition, the intact proteins themselves, or to
bioactive peptides released during gastrointestinal digestion (Haque et al.,
2008; Jahan-Mihan et al., 2011; Madureira et al., 2010; Moughan et al., 2007;
Rutherfurd-Markwick & Moughan, 2005). A free amino acid mixture
simulating the amino acid composition of whey protein was formulated to be

used in the fourth human study (Chapter 7). The amino acid composition of the
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whey protein had been determined with a high level of accuracy (Chapter 6)
using multiple hydrolysis times and by fitting a nonlinear model which takes
into account the simultaneous hydrolysis of bound amino acids and degradation
of free amino acids. The fourth study (Chapter 7) was then undertaken to
compare the effect, on food intake and satiety, of intact whey protein, isolated
alpha-lactalbumin, isolated beta-lactoglobulin, and a free amino acid mixture
simulating the amino acid composition of whey protein. This is the first study
comparing the satiating response to consumption of whey protein with that
following a free amino acid mixture simulating the amino acid composition of
whey protein in adult humans. A novel finding of this dissertation is that whey
protein constituents and the free amino acid mixture were satiating to a similar
extent to intact whey protein per se (Chapter 7). Therefore, this provides
preliminary evidence that the satiating effect of whey protein may be attributed
to its amino acid composition and possibly elevated plasma concentrations of
amino acids, relative to carbohydrate, but this requires further investigation.
The four preload treatments exhibited similar rates of emptying from the
stomach (S. Chungchunlam, unpublished data) and likely similar dynamics of
uptake of the amino acids. This should be considered more fully in future

studies.

It is known that proteins differ in their amino acid composition
(Gilbert et al., 2011) but it is not clear whether such differences are the
underlying cause for reported differences in the promotion of satiety. Whey
protein, egg albumen, and soya protein are all considered to be “complete”
proteins as they provide all of the dietary essential amino acids, but differ in
their satiating efficiency. Other protein sources are completely devoid of
specific amino acids in the pure form, such as the lack of phenylalanine,
tryptophan, tyrosine, arginine, cysteine, and histidine in glycomacropeptide
(GMP), no tryptophan present in gelatin, and no lysine in zein. Therefore,
future research should investigate the extent to which dietary manipulation of
amino acid intakes (possibly at levels to meet adult amino acid requirements)
affects the induction of satiety and the regulation of food intake. More

information on the mechanisms involved is needed.
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The dose at which protein was provided in the studies (50 g amino
acid equivalent) was high, meeting the daily protein requirements of a 60 kg
adult human (WHO, 2002). In the first study (Chapter 2), when given a choice
of test meals, women compensated for the high amount of protein in the
preload by choosing to eat a test meal lower in protein. However, in the second
study (Chapter 3), this compensation effect was not seen in the reported
protein intake (food diary) for the remainder of the day, and the total protein
intake for the day (breakfast + preload + test meal + reported food diary
intakes) was higher when the whey protein preload was consumed compared
with carbohydrate or water. Interestingly, total food energy intake for the day
when a preload was ingested, independent of the energy and macronutrient
contents, was similar (Chapter 3). Another study has also found that daily food
energy intake, when a preload containing either protein or carbohydrate was
consumed, was similar to that when no preload was ingested (Potier et al.,
2010). This implies that normal-weight adult humans are able to maintain a
constant daily food energy intake. This raises important questions concerning
the short-term measures of satiety and the limitations of their results. It should
be considered that the maximum impact on the suppression of further food
intake induced by consumption of whey protein as determined in acute studies

does not necessarily endure over longer time periods.

The most common method for measurement of feelings of appetite in
satiety studies is the visual analogue scale (VAS). In the studies reported in this
dissertation, this validated scale was used to assess appetite feelings, including
hunger, desire to eat, prospective food consumption, and fullness. As expected,
VAS-rated feelings of appetite differed over time and were associated with the
consumption of a meal. However, it is not clear why VAS measurements of
appetite feelings were not effective in detecting differences across preloads
postprandially in most studies, where differences in ad libitum food intake
were found. Possible reasons for this include a small sample size, variation
between subjects, inability to detect small differences, and the time point of

ratings. It may be useful to test for more appropriate times of measurement of
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VAS-rated feelings of appetite in future studies. In addition, VAS have been
used extensively to assess ‘non-appetite’ sensations due to their ease of design
and interpretation. For instance, in the reported studies (Chapters 3, 5 & 7),
VAS was used to measure the perception of sensory properties of preloads
immediately following consumption of the preloads. The results obtained
showed that this tool was sensitive enough to detect differences, but the
reproducibility and validity of the VAS scales to describe ‘non-appetite’

perceptions is not clear, suggesting caution in their use in this respect.

It should be recognised that although the preload-test meal design has
been preferentially used in satiety studies, a limitation of this method is that it
does not adequately reflect free-living conditions. Subjects are constrained
within a laboratory setting and their eating behaviour and physical activity are
restricted. Another disadvantage of running a preload study is that it is
expensive and time-consuming. Its relevance to real life conditions is
questionable and a large sample size may be required to enable differences in
the measures of satiety to be detected. It has been queried as to whether a better
approach would be to have subjects placed in a laboratory deprived of time
cues and knowledge of the nutritional composition of a preload, to assess the
time of request for a subsequent test meal. Moreover, most satiety studies have
been conducted using normal-weight subjects as they are in a relatively stable
energy balance and exhibit similar feeding behaviour. There is little
information regarding the promotion of satiety in overweight and obese
individuals (Bowen et al., 2006a, 2006b, 2007, 2008; Hill & Blundell, 1990;
Leidy et al., 2010; Poppitt et al., 2011). Nonetheless, the findings of satiety
studies in normal-weight subjects have been extrapolated to dietary

interventions aimed at body weight loss in overweight and obese participants.

The main results of the acute short-term studies in this dissertation
suggest that whey protein is more effective in reducing subsequent food intake
compared to maltodextrin carbohydrate. The studies provide an insight into the
underlying mechanisms associated with long-term effects. Long-term studies

suggest that consumption of a high protein diet (providing > 15% of energy)

258



results in body weight loss. The question remains as to whether short-term
acute studies are consistent with the body composition changes observed in
long-term feeding studies, in particular the contribution of whey protein. A
recent study by Frestedt et al. (2008) showed that when obese participants
supplemented their energy-restricted diet (500 kcal per day) with a specialised
whey protein fraction (intact whey protein, peptides and minerals, e.g. calcium,
20 g protein per day), they lost more body fat and had a lower lean body mass
at 12 weeks compared with receiving an isoenergetic supplement containing
maltodextrin. Both groups lost body weight, but there was no statistically
significant difference between the supplements. This highlights the importance
of body composition measurements in addition to body weight measurements
and demonstrates that a relationship between short-term and long-term studies
does exist. Further studies investigating the longer-term (at least 6 months)
effects of dietary whey protein supplements in overweight and obese subjects
are required. There is also an important opportunity for research to explore
whether the consumption of whey protein over the long term results in a
decrease in body fat and an increase in the retention of lean tissue mass in

normal-weight subjects, and thus reduces the risk of developing obesity.

8.1. Conclusions

With respect to the relatively greater satiety induced by whey protein

in comparison with carbohydrate, the following conclusions can be made:

(1) Consumption of 45 g whey protein (which included
glycomacropeptide) promotes satiety to a greater extent than

maltodextrin carbohydrate.

(2) The time of administration of an ad libitum test meal following
ingestion of a preload does not appear to be a factor in determining

the satiating response to a preload containing whey protein.
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(3) Increased postprandial plasma concentrations of anorexigenic
hormones (CCK, GLP-1, PYY, PP) and metabolites of protein
catabolism (amino acids, urea and ammonia) are potential mediators

by which whey protein induces satiety.

(4) Little evidence was found for the hypothesis that the satiating effect
of whey protein is attributable to its major individual protein
constituents (glycomacropeptide, beta-lactoglobulin, and alpha-

lactalbumin).

(5) It can be concluded that the satiating effect of whey protein is
mediated by virtue of its amino acid composition, as the satiety
response to ingestion of a free crystalline amino acid mixture
simulating the amino acid composition of whey protein was similar

to that of intact whey protein.

8.2. Recommendations for future research

The studies in this dissertation were based on the assumption that
protein is more satiating than carbohydrate. The question remains as to whether

other types of protein affect satiety differently from whey protein.

Regarding subject characteristics contributing to the effect of protein
on satiety, several aspects remain to be elucidated. Gender and/or body size
and body composition need to be further investigated as factors influencing the

outcomes of satiety studies.

A finding presented in this dissertation is that the reduction in food
intake following ingestion of whey protein was related to a postprandial
increase in plasma concentrations of the anorexigenic hormone pancreatic

polypeptide (PP). The role of PP in protein-mediated satiety needs to be further
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explored and a possible synergistic effect with other satiety-related hormones
or metabolites of protein catabolism should also be assessed.

With respect to the characteristics of whey protein contributing to
whey protein-induced satiety, the individual major protein fractions
(glycomacropeptide, alpha-lactalbumin, and beta-lactoglobulin) did not seem
to play a role. It would be of interest to study the effects of the minor protein

constituents of whey protein on the regulation of food intake and satiety.

The studies in this dissertation showed that the satiating effect of
whey protein may be attributed to its amino acid composition and postprandial
plasma amino acid (specifically branched-chain amino acid) response. The
effects of different types of protein, with particular amino acid compositions,
on satiety and the appearance of plasma amino acids postprandially remain to

be investigated.

Studies investigating the long-term effects of high protein intake on
changes in body composition in overweight or obese human subjects have
shown successful body weight loss and maintenance of body weight. It remains
to be established whether intake of a high-protein diet, using whey protein as
the protein source in comparison with other proteins, contributes to favourable
body weight loss and weight maintenance. Measurements of the short-term
effects of protein consumption will provide additional insight into the
underlying mechanisms associated with the beneficial effects of high-protein

diets over the long term.
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Appendix 1

Whey protein and satiety: implications for diet

and behavior

The objective of this chapter, presented in the form of a published review, was to
extend the review of literature (Chapter 1) and to review the effects of whey
protein on the regulation of food intake and satiety. The evidence associating
protein intake with satiety and body weight is reviewed first, followed by a brief
review of the potential mechanisms of action of protein on satiety. The effect of
dairy whey protein, particularly glycomacropeptide, on food intake and satiety are

discussed.

Previously published as Chung Chun Lam, S. M. S., & Moughan, P. J. (2011).
Whey protein and satiety: implications for diet and behavior. In: V. R. Preedy, R.
R. Watson, & C. R. Martin (Eds), Handbook of Behavior, Food and Nutrition (pp.
1107-24). New York, USA: Springer, and reproduced here with minor

modification.

Reproduced with kind permission of Springer Science and Business Media.

268



Chapter 72
Whey Protein and Satiety: Implications for Diet
and Behavior

Sylvia M.S. Chung Chun Lam and Paul J. Moughan

Abhreviations

VAS Visual analogue scales
GMP Glycomacropeptide
BCAAs  Branched chain amino acids
p-lg [-Lactoglobulin

a-la a-Lactalbumin
BSA Bovine serum albumin
Ig Immunoglobulins

CCK Cholecystokinin

GLP-1  Glucagon-like peptide- 1
PYY Peptide YY

DIT Diet-induced thermogenesis

72.1 Introduction

In recent years, the prevalence of obesity and overweight has increased rapidly in various populations
and across all age groups, but particularly among the young. Consequently, the risk of diseases asso-
ciated with obesity such as type-2 diabetes. cardiovascular disease, hypertension, and stroke has also
risen dramatically and this is a major health concern (Bjorntorp 2001).

The regulation of food intake has been the subject of intensive study driven by the need to under-
stand the problem of overweight and obesity. It is well established that the satiating effect of foods
is an important part of overall food intake regulation. Satiety is defined as the feeling of fullness and
suppression of hunger feelings after a meal resulting from the ingestion of food. Foods that maxi-
mize satiety are promising as they help to reduce the amount of food consumed at the next eating
episode and increase the time interval between two meals (Van Itallie and Vanderweele 1981; Kissiletf
and Van Ttallie 1982; Blundell et al. 1996).

Various satiety-inducing food ingredients have been investigated (Kissileff et al. 1984; Rolls et al.
1990; Holt et al. 1995). It would appear that energy density (Stubbs et al. 2000) and fiber content
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(Burton-Freeman 2000; Howarth et al. 2001) of a food are important factors modulating food intake
and satiety. Consumption of low energy-dense foods and/or high-fiber foods is directly related to
lower energy intake and increased satiety. Although there is some evidence that simple carbohydrate
and fat may have an effect on satiety, there is increasing data indicating that protein is the most satiat-
ing macronutrient independent of its calorific value (Eisenstein et al. 2002; Anderson and Moore
2004 Halton and Hu 2004).

72.2 Dietary Protein, Food Intake, and Satiety

In many human studies protein appears to be more satiating than the other macronutrients (available
carbohydrate, fat, or aleohol). Marmonier et al. (2000) convincingly demonstrated that a high-protein
meal delayed the request for food for 60 min compared with 34 min for carbohydrate and 25 min for
fat. Eisenstein et al. (2002) reviewed ten preload studies that included measurement of food intake
as well as satiety ratings, and found that eight out of the ten studies showed a lower energy intake at
the subsequent meal with a high protein preload than with a low protein preload. More direct evi-
dence regarding the effect of high-protein meals in reducing food energy intake and increasing feel-
ings of satiety comes from studies by Booth et al. (1970), Porrini et al. (1995), Poppitt et al. (1998),
and Latner and Schwartz (1999) (see Table 72.1). In the study of Poppitt et al. {1998) where the
satiating effect of the four dietary components (fat, carbohydrate, protein, and alcohol) was investi-
gated, subjects reported feeling less hungry and more satiated throughout the study period and ate
less food at lunch following a protein preload relative to the other macronutrients. In the Latner and
Schwartz (1999) study, subjects consumed 31% more energy at dinner after a high-carbohydrate
lunch and 20% more energy after a mixed carbohydrate and protein lunch compared to a high-
protein lunch. The latter condition suppressed hunger more relative to the other two diets. Porrini
et al. (1995) found that when twelve normal-weight men consumed a carbohydrate-rich meal, their
subsequent food intake was higher versus consuming a protein-rich meal. Ratings of fullness and
satiety were also increased after the high-protein preload compared to the high-carbohydrate pre-
load. In a study of nine subjects who ate a protein-rich or a protein-poor lunch, Booth et al. (1970)
found that energy intake at a meal 2-3 h later was lower after consumption of the protein-rich lunch
compared to the low-protein lunch.

A few studies found suppression of food intake at a subsequent meal but no change in feelings of
satiety after a high-protein meal (Table 72.1). Johnson and Vickers (1993) showed that a smaller
amount of food and fewer calories were consumed after a high-protein meal compared with a high-
carbohydrate or high-fat meal in 14 normal-weight subjects. However, there was no difference
between carbohydrate and protein on feelings of satiety as both carbohydrate and protein were rated
as more satiating than fat. Although Barkeling et al. (1990} did not find any change in subjective
ratings of satiety between a high-protein meat casserole and a high-carbohydrate vegetarian casse-
role, they showed a decrease in food intake at the subsequent meal when subjects ate the high-protein
meat casserole compared to when they ate the high-carbohydrate vegetarian casserole.

With respect to subjective ratings of satiety, studies by Stubbs et al. (1996), Vandewater and
Vickers (1996), Crovetti et al. (1998), and Smeets et al. (2008) have shown that protein is more sati-
ating than carbohydrate or fat (Table 72.1). Stubbs et al. (1996) reported that energy intake at a lunch
test meal was similar for all the breakfast treatments but there was a greater suppression of the feeling
of hunger after a high-protein meal compared to a meal high in carbohydrate or fat. Similar findings
were observed by Crovetti et al. (1998) who studied intake at a test meal and satiety feelings by means
of a satiety rating questionnaire in ten normal-weight women. There was no difference between the

270



1109

72 Whey Protein and Satiety: Implications for Diet and Behavior

{panuimo)

“J2[J1p 10U PIp £12085 JO STUnEy

Ry
10U PIP SURTHNUOIDEW 21}
10} £1anes oy sasuodsar pajer ayf,

"SR ] YSIN J0 JJEIPALoqED

yamny atp Jaipe ety porsad 1sa

1 £ 21 raao [eatw uraord-ysng
au 12Je 1[Ny 2] s1oalqng

PRINSEW 10K

SJUANEDT] U22M130)
s3unes axnsalgns u1 a5ueyo op]

‘Teat 152) Surmp ayepn

AF12U2 UT 20URJJIP ON

Aep iy Jo
IDPUTELIRL 1) JOJ eI

AF1202 UT 20U ON]

SYBIUT (B

152 [210] UD 23U ON

‘yauny sood-urajond

ay o1 pamedwos

youn| yop-uraood

ay Jo uondwmsuos e

Jamo] sea 0T £51aug

“Jeatl 2eIpAL0QRD-UE 1Y
a0 pamedwos

peatn urajcad-yEny

A} 1Y SATOTED T2m]

2571 pawmsuod s1efgng

pAIMSEAW M sFUTET
Lenes pue projard aip) 1o
ur (), paiuasard sea e 153,

REH RN
Jo vondwnsuod e
POSSISSE OS2 oM STUnes
Aeneg Lrep e ul papiodal
SEA JSEIYEAIG ISNJE SYRIUT POO.]

‘aareuuonsanb Suner £1anvs
© SUISN PRI alam SSUTRAT
£12nes pue 120e] [ el pood

2UN] IAJE [ £—7 2YRIUT POO

‘palel 0sE alam
L1anes jo sSunaoy anoalgns
PUE JOJTUOW SUMNED [RSIAATUN
e TUISN pamseau sem Loun|
2[0J2SSED I 1 S LIUT pooy

{yoms wIod) deIpAyoqme)
(o wioa) jeq
(unumgqe §52) pro| uralald
“JURIU0D JUILINUOIE
PUe ({JA £9°T PUE"CO'T
TEO) STaAa] A5 1aua
u1r patnea speojaid
JAI0 AUTU A1) pue
(A £0°0) UONIPUD D 0I2Z
sysepyeasg pmbrpuag
d %98 DBYIT Eo.mr..
HI0 % T0LY U2l 1u) Yoy
(d B10Td BHBLoT
TIWOIFH IO %169
[eat 2qespAyoqes ys1H
(D %9T1
H2%T61 d wol g jo
351°89) Eaw moad-ysTg

yauny Jood-uraorg
YDUN] YaLI-UTI100g
DBESH BITH
wolp { Jo %01 d 5 el
A[OIASSED URLIIASaA
aeIpiyogmes Y
(D%9¢ d %1Td
wor § J0 H¢F 'd T §19)
2Qorssed eaw uroid-ysig

AL ERM
[BUHOU Q4] ],

DO
WFT2M- [ETLION
auu-uas],

UMM
WS 12m- B0 U3,

(uoneatoads
2100y ou)

s)aalgns
WS 1R -[EULIOU SUIN

wAOM W FTam
-[enion Auam],

(6L61)
21931120

(THE1)TE 1R
JeRIn ac]

(8661) T 12

24007

(04610 TR
qoog

(0661) TE R
sunayeg

f1anes s)nsay

AYBIUT POOJ SINSIY

amseajy

S191(]

s1elgng

SA0URT] Y

suEmnyg w AR1jes jo sTuer aanpalgns pue aeu pooj uo majord nn21p Jjo sppapje papiesal jo vonendwoy |74 a|qel

271



5.M.5.C.C. Lam and P.J. Moughan

1m0

“S[EaE 0T I AR
SUONESTIS {121ES UT 2DUIJJIP ON

‘eatu
2ARIPAYOQIEF YSTY ) 1M
paredwod peaw v oad-ysyg
JO UONSABUT SULMO[[O] ISy
aram La1Es pume ssauj[ng Jo sSuney
“SIUAMNUOII U IO 21
0} pamedwo eaw uraerd
uo ponad 1521 211 InoyEnag
pRIEnEs arow pue LI5uny
ssa] Fun@a) papodar salqng

“aun| AeIpAYoqRI-yEny
e 210U JAFUNY Paonpal o8
YaUN| paxiw A, “SIuAunean
paxT pue aperpiyoqres-ysn
U]} 10J UL} UOTIPUOD
uroad-yang atp Ul ssa] sEam JASUNH

“projad w-ysmng

SN[} UL IO SSIU[T YO L0

pasearou pue nondumnsuos

aanoadsoud pue saduny

paseamap sprojaid urajord-ydng
pue 2eIpyoqIeo-ysTyg 211,

ayeur AR
wanbasgns w1 2susI2Ip ON

‘Teat aqeIp
-AUOqIe -y I 200 Y
paredwos maw wiosd

STy A J0J J3mO]

ST AT poo] Juenbasqng

SR LANUCIIE W 12110
AU} 01 ATV USRI
woad 2 Janye 15amo]

Apueagrusts jpeansne)s

sk eI £y

“yaumn] uijosd-ygng

21 FurMmo[[0f wey) youn|
POXIW 21} SULMO[[O]
QIOW 507 P

yaun| aeIpAYoqIeI-ysng
ayy Furmofo) Jauup

1 PILNS V0D st AFIaU

azowr uansad auo-Amy Y ¢f paatas Jauurp a{1s-1apng

“s[uam

WS Jo AeIpiyogq e
-y@ny 2t o) paredwos
reaw utioad-yFng

311 I8 PAWNSUOD
2I2M SALIOTED Joma] pue

POOJ JO JUNOWE JDJ[EWS V' POAJDS SEM UDUN] 13JJng U v

183) At} JAPE U C [NUN UNU
(F K124 pUE J21JE ‘2102
pamseaty a1am sFure
Lnes aapoalgns pue sjeatu

ISEP{ERIq JAE [ § uUl Poog

“A12mes Jo
sEUTRa) JI21 paiel s1xefqns
PUE PAIMSEA SEM LI

WG PE ue 12 38 poo

‘pRmseERW 25am Llanes pue
JR23uny Jo ssurjaa) 2anelgns
UIOTT PUE 06 0¢

18 pue ‘ol Joud pue juaunean
IJE U (3 ST POO

"PAssasse alam sSUNLI
fanes eaunsod pue -a1g
uondwnsuos yauny Juge

‘projaad

AN JAJE UMW ()G PUE T UON
-dwnsuos asnoadsord pue
“SSRUIN] YILLWOTS Ta5uny
1oty pajes spalgns pue
peojaid 21 Surmopjo] un gG

=t

(%HET) 10YOI[Y
(2590 d "€
(25900 T
(2%TErd 1

UALINUOIIEL e Aq

paInqEnuod g aeuaorad
£q pasapip sisepyeaIg

[N |

LT 'd WO HJO BHLT)
Jeatu 1w pAyoqie) ySiH

(D %6l d

2HET d WOIp F J0 29¢)
[eat woId-YsH

pappe

SEM [OUOJE pUR 18]

‘m10ad “aerpiyogaed

3o [T y2mgs o julip
PUE [BAL AUTaSEq []A] |

(d %L °CE

¥ W g joas1es d
3 0t 3% D2 79) youn] paxmy

(D twoxg

A 10 %66 Wwawajddns

asoafjod Jo S ¢r1)
goun-T A pAyog) 43Iy

(d wor g jo

35C £ "moad £angm Jo
3 08) youn uroid-ysrH

Jeaw ej-yFIH
[l eI pAYoqeI-YETH
reow wijoad-ySiH

uat ] pue
UROM TS ToM (£00T) T
-[ENUOU U22RUIN U=ey

UL 3R (CanT) eI
-[ELIION DAT2M], o

USWoM JFEM (R66T) TR
-[EUIION SAT2M], mddog

6661)

UM T 1m TS
~[RLUIOU A2 M, pue Jauye]

vt (€661)

XIS pue Uatios SEHIA

1S Tam-TRWIOT SUIN] puE UOSUYo |

Lanes snsay

T Paoy SN

ANSEI[Y

s121(]

s100gng S20UAI2JY

(penunuoa) 1°zz 2Aqel

272



m

72 Whey Protein and Satiety: Implications for Diet and Behavior

w] 4 ‘Aeipiyoqres o ‘uold g AFua F sanun i ‘samoledaw [y anoy y

[orjo afe

10 ) aqeapLyogae uegl Funenes 200w ST uRoxd e pasoys ospe £120es jo sFunes 24120gns pue jeaw wanbasqns e 2w pooj aseaoop wioad ur gy sy csaunseau
aanoafgns pue aanaalgo £g payedrpur se ULy U [OYod[E Jo ey ‘aespAyogred ajgeprear uetp A[3uons asow Hanes saonmpur uraoad Lmarp eyl s1sa83ns 20Uapiad ay) Jo Waam ay L

“Rnes Jo ST UL 20U IJP OR

*SJUALE 2]
1e4-USIH 10 aeIpiyoqe)-ysH
SN UL Y {7 J2A0 PUE YU
pUE 1SERElg Udamiaq Jasuny
Jo uossasddns spears paon pod
1seeang ueiosd-ysg 2y,
“gaun]
uioad-aenbape auy Jaiye vey
youn| wajosd-ysiy aup) rape
UT ()T PUE (f JAYSTY 2lom
Lanes pue saduny Joj s3URES AL

*s1nE0A weI-yEny “Apms awp
pue apeIpiyogmey 1O UOTIRIND A1) JOJ S[EAIAUT
-yary veyr unyoL I ST 18 Pash 213 ssauqng
uReIg-YSTH 21 pue 12a3uny Surssasse

Iaye ApuedyuEs-uon safeas suner aanaslgng
A[eonsnes ing jsea| ‘pamseaw sem (1 1) £ep 2y

ayeut poog juanbasqng  Jo JAPUTEWAT 21) 0] IYRIUT PO0]

“{[moy pamsea
sem anadde pue *ssaupmng

‘S USR] 1SEjyEaIg ‘125 uny anaalgns pue

atp J[e SUIMof[of Tejrus passasse st LBp Aty Jo 1sal

Al SAYBUT A5 12U 20} OO PUE YLIN]
gouny I pue goung e 1s2) v e 2eut A5y

“Jeat At
Sumsol[oy unw g pue ‘pg |
‘0Z1 09 "0 1 Kj2neipaw
pamseaunjoN  pamseau a5am supe Haneg

(D 2TF d %F1 4 won
10 350p) ¥nygod 1e-ydy
(d %rl 4
%¥T D WO H 30 309)
wny o aerplyogre)-ysiy
d BT
‘DAt dwos g jo
AL6T) PNYFoL uraorg-ysSTH
(d waoiy q
10 %TT) SR el 1e4-YSIH
(d woi
ERCE SRRt L]
A piyoqe)-ys1H
{d wor H 30 3%6¢)
e ERIg U g-USTH
(4 B0 "D
%09 'd WoIp F 30 301)
youn| urajorg-arenbapy
(4 %0 "D By d Wil g
30 2567) youny upord-ysyg

U S m
~[RULION UIJXNTS

ua XIg

UL [ pue
UMWoM 1T 1M
~[EILLIOT UaJAUIN

(£00T) T2 1R
DZZOA,

(9661) "¢ 12
sqanig

(8007) 12
slaowg

273



maz 5.M.5.C.C. Lam and F.J. Moughan

diets on test meal intake but subjects felt fuller after the high-protein meal over the 7-h test period
than after the high-carbohydrate or high-fat meals. In the Smeets et al. (2008) study, the visual ana-
logue scales (VAS) for hunger and satiety were higher after the high-protein lunch than after the
adequate-protein lunch. In addition, results from a study by Vandewater and Vickers (1996) showed
that protein-rich meals produced a greater feeling of satiety. The high-protein versions of yoghurt or
sandwich induced a greater decrease in hunger and increase in stomach fullness ratings than the low-
protein versions.

Contrary to the above discussed results, however, Geliebter (1979), de Graaf et al. (1992), Raben
et al. (2003), and Vozzo et al. (2003) found that protein did not affect food intake or subjective
responses to satiety (Table 72.1). There was no difference in ratings of satiety and energy intake at a
test meal presented 70 min after equicaloric loads of protein (egg albumin), fat (corn oil), and carbo-
hydrate (corn starch) (Geliebter 1979). In the de Graaf et al. (1992) study. energy intake at a test
meal, energy intake for the remainder of the day, and satiety feelings did not differ with preloads that
varied in macronutrient content. Raben et al. (2003) showed no change in subsequent energy intake
or satiety feelings after meals rich in one of the four macronutrients; protein, carbohydrate, fat, or
alcohol. In the Vozzo et al. (2003) study, spontaneous food intake and ratings of satiety did not differ
significantly after preloads high in protein, carbohydrate, or fat. Subsequent food intake tended to be
suppressed 29% by the high-protein preload, 20% by the high-fat preload. and 17% by the high-
carbohydrate preload.

Several trials have investigated the relationship between high dietary protein intake and reduced
body weight as well as long-term weight maintenance as summarized in Table 72.2. In a 6-month
study, Skov et al. (1999) compared the effects of diets varying in percentage energy from protein
(25% vs. 12%) on body weight and body composition in 65 otherwise healthy overweight and
obese subjects. Weight loss after 6 months was 5.1 kg in the low-protein group vs. 8.9 kg in the
high-protein group and fat loss was 4.3 and 7.6 kg, respectively. Subjects spontaneously limited
their food intake on the high-protein diet which may have been associated with an enhanced satiety
of the high-protein diet. In another study, when 19 subjects increased the proportion of dietary
energy supplied by protein from 15% to 30% for 12 weeks, they reported greater feelings of satiety,
a larger decrease in spontaneous energy intake, and lost more body weight and body fat on the high-
protein diet (Weigle et al. 2005). Layman et al. {2003) monitored the weight management progress
of 24 overweight women, who were either on a carbohydrate to protein ratio of 3.5 (68 g protein/
day) or a ratio of 1.4 (125 g protein/day). Participants in both groups lost 7-7.5 kg after 10 weeks
but women on the low carbohydrate to protein ratio diet reported feeling more satiated compared to
the women that were on the high carbohydrate to protein ratio diet. A 4-week study (Baba et al.
1999) of 13 obese hyperinsulinemic normoglycemic men on a hypoenergetic diet that provided
80% of their resting energy expenditure found that those who consumed a high-protein diet (45%
protein, 25% carbohydrate, and 30% fat as a percentage of dietary energy) lost more weight (8.3 vs.
6.0 kg) compared to those who consumed a high carbohydrate diet (12% protein, 58% carbohydrate,
and 309 fat).

The weight of the evidence suggests that protein is more satiating than the other macronutrients.
Preload studies looking at differences in food intake at the subsequent meal and/or feelings of sati-
ety report an increased satiety value of protein. However, some studies did not find any change in
subsequent intake or subjective ratings of satiety. Discrepancies in observations from preload stud-
ies may be affected by preload volume and composition and the time interval between preload and
test meal (Rolls and Hammer 1995). In a recent study by Bellissimo et al. (2007), when the time
interval between preload and test meal was increased from 30 to 60 min, the effect of carbohydrate
preload decreased whereas the effect of whey protein increased. Carbohydrates and proteins
have different post-ingestional consequences. The satiating effect of protein may improve over time
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Table 72.2 Summary of results of studies that investigated the long-term effects of high-protein diets in overweight
and obese humans

References Subjects Diets
High-Protein diet (45%

Effects
Greater weight loss with the

Duration

Baba et al. Thirteen men Four weeks

(1999)

of E from P, 25% C,
30% F)

Low-Protein diet (12%
of E from P, 58% C,
30% F)

High-Protein diet than with the
Low-Protein, High-
Carbohydrate diet.

Laymanetal.  Twenty-four High-Protein diet, Ten weeks Decrease in body weight in both
(2003) women carbohydrate to diets but the ratio of fat/lean
protein ratio of 1.4 loss was found to be greater in
(125 g protein/day: the High-Protein diet compared
30% of E from P, with the Low-Protein,
41% C, 29% F) High-Carbohydrate diet.
Low-protein diet, Greater satiety with the High-
carbohydrate to Protein diet was demonstrated
protein ratio of 3.5 than with the Low-Protein diet.
(68 g protein/day;
16% of E from P,
58% C,26% F)
Skov et al. Sixty-five High-protein diet (25%  Six months Greater body weight loss and body
(1999) subjects: 19 of E from P, 45% C, fat loss with the High-Protein

women and 6
men on each
treatment diet

Sixteen women
and 3 men

Weigle et al.
(2005)

30% F)

Low-protein diet (12%
of E from P, 58% C,
30% F)

High-protein diet (30%
of E from F, 50% C,
20% F)

Low-protein diet (15%
of E from F, 50% C,
35% F)

Twelve
weeks

diet compared to the Low-
Protein diet. Subjects also
spontaneously reduced their
total food intake on the
High-Protein diet.

Decreased spontaneous energy

intake, body weight, and
body fat on the High-Protein
diet. Subjects on the
High-Protein diet also
reduced their spontaneous

energy intake and reported
creater feelings of satiety.

The effects of high-protein intake on body weight and body composition in overweight and obese humans
E energy, P protein. C carbohydrate, F fat

(after 30 min) but the effect may become less precise as the duration to the next meal increases up
to 3 h. The effect of the time interval between the ingestion of protein and subsequent food intake
on the measurement of satiety appears to be critical and deserves more investigative attention.
Nonetheless, consumption of high-protein meals in the long term may reduce body weight and
body fat; effects that may be useful in the treatment of obesity. The short-term effects of protein on
satiety may be an important factor.

72.3 Mechanism of Action of Protein on Satiety

Dietary protein may influence food intake and satiety via a number of mechanisms. Firstly, higher
dietary protein intakes influence the plasma concentrations of amino acids which in turn may influence
satiety-related hormones. Proteins have a high thermic effect and bioactive peptides released during
digestion in the gut may also play a role (Rutherfurd-Markwick and Moughan 2003; refer to Fig. 72.1).
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Increased amino acid concentratons in Increased amino acid levels in brain
blood M detectad by a ‘satiety centre’

Stimulates release of satiety-relate d
hormones while inhibiting the action of|_
ghrelin
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Fig. 72.1 Mechanisms of action of dietary protein. This figure illustrates the mechanisms whereby dietary protein
may exert its effect on satiety. Protein ingestion results in the release of amino acids and small peptides. The circulating
levels of amino acids rapidly increase and this may contribute to satiety through increased amino acid concentrations
in the brain. Amino acids may also stimulate the release of satiety-related hormones including cholecystokinin, glucagon-
like peptide-1, and peptide Y'Y while inhibiting the action of ghrelin, a hormone known to stimulate feeding. Part of
the satiety effect of dietary protein may be due to the higher thermic effect of protein and the bioactive peptides
released during protein digestion. — proven mechanism, --»= probable mechanism

72.3.1 Amino Acids

The aminostatic hypothesis of feeding put forward by Mellinkoff et al. (1956} suggests that plasma
amino acid concentration is inversely related to fluctuations in appetite. Studies in rats fed amino-
acid-imbalanced diets indicate that low plasma concentrations of certain amino acids may lead to
increases or decreases in food intake. The changes in plasma amino acid concentrations result in
changes in amino acid concentrations in the brain, which are sensed by a “satiety centre™ in the brain.
The rise in plasma amino acids elicited by protein ingestion may assist in the suppression of food
intake and the onset of satiety (Mellinkoff et al. 1956). Specific amino acids may have different effects
on the satiety centre, which could explain differences among protein sources in inducing satiety.

72.3.2 Satiety Hormones

A number of studies show that dietary protein intake is correlated to the release of a number of
satiety-related hormones such as cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1), peptide
YY (PYY) and to a decrease in ghrelin, a hormone known to stimulate feeding. In the study by Hall
et al. (2003}, the suppression of food intake by whey was shown to be associated with increases in
CCK and GLP-1. Compared with whey or casein, carbohydrate consumption decreased ghrelin and
increased CCK to a lesser extent (Bowen et al. 2006b). However, no difference in ghrelin, GLP-1,
and PYY was found between a high-protein (25% of energy from protein) and an adequate-protein
diet (10% of energy from protein) (Smeets et al. 2008). Further, in a metabolic trial in which the energy
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from protein was increased from 10% to 30%, plasma ghrelin remained unchanged, but after dinner
GLP-1 concentrations were higher on the high-protein diet compared with the adequate-protein diet
(Lejeune et al. 2006).

72.3.3 Thermic Effect of Protein

The higher thermic effect of dietary protein may be partly responsible for its satiating effect.
Consuming high-protein diets results in greater levels of heat production, partly related to increased
energy expenditure, compared to carbohydrate and fat, which is referred to as the thermic effect of
protein or diet-induced thermogenesis (DIT). Karst et al. (1984) studied the thermic effect of three
protein sources {egg white, gelatine, and casein), two carbohydrates (starch and hydrolyzed starch),
and two fats (sunflower oil and butter) in 12 healthy men for 6 h. While fat produced no observed
thermic effect, the thermic effect of protein was three times larger than that of carbohydrate. A review
of data from 19 trials revealed that for each 1% change in energy from protein, the thermic effect of
the meal increased by 0.22% (Westerterp 2004). Crovetti et al. (1998) argued that the greater thermic
effect of protein relative to carbohydrate or fat might be related to satiety. Similar conclusions were
made by Westerterp-Plantenga et al. (1999), Lejeune et al. (2006), and Smeets et al. (2008). In the
Westerterp-Plantenga et al. (1999) study, a high-protein meal (29% of energy from protein, 61%
from carbohydrate and 10% from fat) increased DIT more than that for a high fat meal (9% of energy
from protein, 30% from carbohydrate, and 61% from fat). They concluded that satiety assessed by
VAS was associated with the thermic effect of the diets.

The higher thermic effect of protein is believed to be related to satiety and might explain at least
in part why high-protein meals promote body weight loss. The role of dietary protein in body weight
regulation and underlying mechanisms has been the subject of recent reviews (Halton and Hu 2004
Moughan 2008; Westerterp-Plantenga et al. 2009). High-protein diets seem to be effective in sustain-
ing or increasing fat-free body mass. The preservation of a higher lean mass has an added energy cost
and appears to have a significant effect on resting energy expenditure. Consumption of dietary pro-
tein above the required level will increase protein turnover by increasing protein synthesis and protein
breakdown in the body. All of the processes associated with high-protein diets result in a lower meta-
bolic efficiency of energy utilization that may contribute to weight loss.

72.4 Protein Source and Food Intake and Satiety

The source of dietary protein appears to be a factor in the suppression of food intake. Some evidence
indicates that consumption of milk proteins, particularly whey protein may increase satiety in animals
and humans.

72.4.1 Animal Studies

Studies in animals indicate that whey protein consumption may reduce food intake more than other
protein sources. Yu et al. (2009) investigated the effects of whey, soy, and gluten proteins on inter-
meal interval, meal number, meal size, and meal duration in male mice. Mice fed the whey protein

277



me 5.M.5.C.C. Lam and P.J. Moughan

diet showed the greatest reduction in energy intake over seven days and gained less weight than those
fed the other protein diets. The decrease in energy intake in mice fed the whey protein diet was
attributed to a low meal number and a long intermeal interval rather than a decrease in meal size.
Using obese minipigs, Ferrari et al. (2005) and Dunshea et al. (2007) compared the effects of whey
or soy proteins on food intake and body weight. Both studies found that obese pigs fed the high whey
protein diet reduced their food intake to a greater extent than pigs fed the high soy protein diet.
Furthermore, pigs fed the high-protein diets experienced less weight and fat gain than pigs fed the
low-protein diets, with the greater effect demonstrated by whey protein than soy protein.

72.4.2 Human Studies

The evidence regarding a stronger effect of whey protein compared to other protein sources on sati-
ety in humans is limited (Table 72.3). In one study. food intake at a test meal 60 min later was
reduced to a greater extent after consumption of whey protein than after soy protein or egg albumen
(Anderson et al. 2004). In another study, although food intake at lunch 180 min after consumption of
the treatments did not differ, whey protein had a greater effect in suppressing hunger than either
casein or soy (Veldhorst et al. 2009a). Within milk protein types, Hall et al. (2003) reported that
whey suppressed food intake at a buffet meal 90 min later more than casein. Subjective ratings of
satiety were also greater following consumption of the whey preload.

However, not all studies have found whey to have an effect on food intake and satiety. In one
study, Bowen et al. (2006b) investigated the role of whey and casein proteins, relative to lactose or
glucose in energy intake and satiety and in a second study. Bowen et al. (2006a) compared the effects
of whey, soy, gluten, and glucose. In both studies, energy intake at a buffet lunch 3 h later was 10%
higher after the glucose treatment compared with all the other preloads. There was no difference in
subjective ratings for hunger, satiety, emptiness, or desire to eat between the treatments. Although
the researchers observed a greater reduction in food intake after consumption of the high-protein
meals than the high carbohydrate meals, they did not find any significant effect of protein source
(whey, soy, gluten, and casein). The time interval of 180 min between preload and test meal may
have been too long for the effect of the different protein sources on food intake to be detected.

Several studies have compared the effect of different dietary proteins on satiety but it remains
unclear whether whey protein has a stronger effect on satiety than other protein sources. There is
evidence for an effect of whey protein, but the situation is not definitive.

72.5 Composition of Whey Protein

It is of interest to enquire as to what properties of whey protein could lead to the purported satiety
effect. Is it related to the amino acid composition of whey, peptides released upon digestion or some
other attribute?

Cow’s milk contains approximately 3.3% protein, and milk proteins fall into two main categories:
caseins and whey proteins, as illustrated in Fig. 72.2. Caseins represent ~80% while whey proteins
represent the rest (~20%) of the total milk proteins (Walstra et al. 2006). During cheese making, whey
is the soluble component of milk that is separated from the casein curd. For years, whey was consid-
ered as a waste product of the cheese making process but recently, whey has become a valuable ingre-
dient in numerous food products, particularly in protein fortified products (Walzem et al. 2002).
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a— lactalbumin {a-la) 3T

|

B - lactaglobulin (5 -g) 9.8% |

3 Biood Serum Albumin (BSA) 1.2% |
Immureglobuling (lgs) 21|
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Fig. 72.2 Protein composition of bovine milk. Bovine milk contains about 3.3% protein. The two major fractions of
milk proteins are casein and whey protein, which comprise about 80% and 20% of the total milk proteins. Casein and
whey protein are divided into other components. During cheese making, the enzyme chymosin breaks down k-casein
into para-k-casein and caseinomacropeptide. The latter is water-soluble and becomes part of the whey fraction
(Adapted from Walstra et al. 2006, with permission. ~ = approximately: a = alpha: p = beta: y = gnmma: K = kappa)

The nutritive value of whey protein is related to its amino acid composition as well as the high
bioavailability of these amino acids. Whey protein has a very high concentration of branched chain
amino acids (BCAAs). These BCAAs are thought to be beneficial to athletes and individuals looking
to achieve optimal lean muscle mass as they help to increase the bioavailability of carbohydrate in
the muscles and prevent muscle protein breakdown during exercise (Walzem et al. 2002). The most
important components of whey proteins are B-lactoglobulin (f-lg), e-lactalbumin (o-la), bovine
serum albumin (BSA), and immunoglobulins (Ig). Other nitrogenous constituents include lactoferrin,
lactoperoxidase, and many other bioactive factors and enzymes. They also contains caseinomacro-
peptide, a polypeptide of 64 amino acid residues, formed from the action of the enzyme chymosin
on k-casein. Glycomacropeptide (GMP), the glycosylated fragment of caseinomacropeptide has
been shown to stimulate the secretion of the gut hormone cholecystokinin (CCK) (Beucher et al.
1994), which may induce satiety. Glycomacropeptide would appear to be a prime candidate for
explaining a satiating effect of whey. Having said this, the empirical evidence for an effect of glyco-
macropeptide on satiety is not overwhelming (refer to Table 72.4).

72.6 Effect of Glycomacropeptide on Food Intake and Satiety in Humans

Caseinomacropeptide, the unglycosylated form of GMP, at doses of 0.4 and 20 g did not show any
effect on food intake or subjective ratings of satiety over 1 h in a clinical trial (Gustafson et al. 2001).
In our own work and with a carefully controlled study. we did not find any difference in energy intake
at a cafeteria meal offered 30 min after administration of whey preloads without GMP, or with naturally
present GMP or with added GMP (Chung Chun Lam et al. 2009). However, Veldhorst et al. (2009b)
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found that the presence of GMP as part of whey protein in a breakfast meal reduced energy intake at
lunch, 180 min later. To test the effects of a preload containing GMP alone on food intake, feelings
of satiety, and CCK release, Burton-Freeman (2008) fed 20 adults either a low-protein preload, or a
whey protein preload with GMP, or a whey protein preload without GMP, or a GMP preload. Test
meal intake 75 min later, subjective satiety or CCK release was not affected by whey protein or GMP.
Contradictory findings on the effect of GMP on satiety may be related to differences in the dose of
whey protein used and the time interval between preload and test meal. Human trials looking at the
long term effect of GMP and whey protein are limited. In a 12-month randomized trial, Keogh and
Clifton (2008) compared the effects of GMP-enriched whey powder versus skim milk powder meal-
replacements in 127 overweight and obese subjects. Subjects who consumed the GMP-enriched
whey protein meal replacement had greater weight loss after 12 months than those who consumed
skim milk meal-replacements (9.9 vs. 10.8 kg), but the difference was not statistically significant.
The role of GMP on CCK release and CCK-mediated satiety requires further work.

72.7 Applications to Other Areas of Health and Disease

The need to understand the regulation of food intake and the termination of eating is essential to the
understanding and effective treatment of obesity and eating disorders. Obese people or individuals
with eating disorders such as anorexia nervosa, bulimia nervosa, or binge eating disorder may exhibit
different hunger and satiety mechanisms compared to normal-weight people or people not suffering
from eating disorders. Binge eating is a central characteristic of bulimia nervosa and binge eating
disorder and is defined as the consumption of a very large amount of food until the person feels
uncomfortably full (American Psychiatric Association 1994).

People with bulimia nervosa and binge-eating disorder exhibit distorted satiety responses and tend
to overeat throughout the day (Rossiter et al. 1992) and during binge episodes (Yanovski et al. 1992).
Individuals who binge-eat were found to consume a higher proportion of energy from fat and a lower
percentage of intake from protein. Hetherington et al. (1994) showed that the percentage of dietary
energy from protein intake during the day was lower for women with bulimia nervosa compared with
controls. Similarly, women with binge-eating disorders ate a lower proportion of energy from protein
than controls when asked to binge-eat (Yanovski et al. 1992). Consumption during binge episodes in
subjects suffering from binge-eating disorders was shown to be high in carbohydrates but during non-
binge days, a greater amount of protein was consumed {Rossiter et al. 1992). Protein intake may assist
eating-disordered and obese individuals from overeating or binge-eating.

For individuals who binge-eat, the satiating effect of different macronutrients may be a factor
in the loss of control over eating. There is strong evidence that protein, in comparison with other
macronutrients, is more effective in promoting satiety and suppressing food intake (Table 72.5).
Latner and Wilson (2004) investigated the effect of protein on binge eating, food intake at a test
meal and rated satiety in subjects with bulimia nervosa or binge-eating disorder. Over the course
of 2 weeks, eighteen women with bulimia nervosa or binge eating disorder ingested a high-protein
or a high-carbohydrate supplement three times daily. Food intake at test meals was reduced and
subjects felt less hungry and fuller after protein supplementation compared with carbohydrate
supplementation. Subjects experienced less binge eating episodes during protein supplementation
than during carbohydrate supplementation. Dietary protein may in part correct the satiety impair-
ment in people with bulimia nervosa and binge eating disorders. The role of protein in inducing
satiety and reducing binge eating episodes may have some implications for the long-term treatment
of eating disorders.
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Table 72.5 Key features of satiety

1.

Satiety is defined as the feeling of fullness that determines the time interval between two meals (the intermeal
interval) and the amount of food consumed at the next eating event.

. Foods that increase satiety offer promise to encourage an individual to prolong the intermeal interval and reduce

food intake. This is useful for the overweight and people on energy-restricted diets that have difficulty achieving
satiety while complying with the energy restriction.

. Many dietary factors affect satiety including the energy density. fiber content and macronutrient composition of a

food. It is widely believed that protein is the most satiating macronutrient independent of its caloric value. Whey
protein derived from milk may be more effective than other protein sources in inducing satiety.

. Three main approaches used to measure satiety:

* The time taken to request food after a test meal.

= Rating scales are used to measure subjective feelings of satiety. The most common is the visual analogue
scales which are usually 100 mm long lines labeled at each end with extremes of the subjective feeling.

* Food intake at a subsequent meal.

This table lists the key features underlying the concept of satiety including the definition of satiety, why satiety is
important, the dietary factors affecting satiety and the measurement of satiety

Summary

Satiety is related to the time interval between meals and the amount of food eaten at the next
eating occasion.

Dietary protein appears to be more satiating and suppresses food intake more than carbohydrate
or fat.

The effect of protein on food intake and satiety may be source-dependent with whey protein
derived from milk, potentially having an effect on food intake suppression and increased satiety.
Glycomacropeptide, found in whey protein, is a peptide claimed to induce satiety by stimulating
the release of the hormone cholecystokinin involved in the control of food intake.

The mechanisms of action of protein related to food intake suppression and satiety include
increased secretion of satiety-related hormones, a greater thermic effect of protein, the plasma
concentration of amino acids, and possibly bioactive peptides released during digestion.

Dietary protein may play a role in the long-term treatment of eating disorders by promoting satiety
and reducing binge-eating episodes.

Key Terms

Amino acids: The building blocks of proteins.

Binge eating: The uncontrollable consumption of an excessive amount of food.

Bioactive peptides: Peptides which are active either locally in the gut or systemically to impact
on a range of physiological functions, including modifying nutrient absorption and excretion,
immunoregulatory effects, and antihypertensive activity. Some are released from foods during
digestion.

Branched chain amino acids: Three out of the nine essential amino acids that cannot be pro-
duced by the body. They are leucine, isoleucine, and valine.

Casein protein: The major fraction of milk protein comprising of 80% of the total protein.
Energy density: The energy content in kilojoules or Calories per unit of weight or volume.
Fiber: Plant materials which are resistant to digestion by alimentary enzymes.
Glycomacropeptide: The glycosylated fragment of caseinomacropeptide, a polypeptide of 64
amino acid residues. When milk is treated with the enzyme chymosin during the formation of
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cheese curd, caseinomacropeptide is released from bovine kappa-casein and moves out of the
curd with the whey fraction.

Peptide: Two or more amino acids chained together by a bond. Peptides can serve as messengers
within the body such as enzymes, hormones, antibodies, and structural components.

Satiety: The feeling of fullness that occurs after eating a meal.

Visual analogue scales: A subjective measure of satiety. The scale is usually 100 or 150 mm
long labeled at each end with extremes of the subjective feeling to be quantified.

Thermic effect of food or diet-induced thermogenesis: Levels of heat produced during the
absorption and metabolism of ingested nutrients and partly related to energy expenditure.

Whey protein: The soluble component of milk that is separated from the casein curd during
cheese making and represents 20% of the total milk protein.
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