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General introduction

The prevalence of obesity and its associated health problems, such as type 2
diabetes and cardiovascular diseases, has increased to epidemic proportions in a
growing number of countries (1,2). Chronic positive energy balance, that is, energy
intake exceeding energy expenditure, is the underlying mechanism. In situations of
positive energy balance, excess energy obtained from food is stored in body
reserves, subsequently resulting in body weight gain (3). The treatment of obesity
implies loss of body weight, which requires a negative energy balance. At a
negative energy balance, energy is mobilized from body reserves (3). The most
efficient and effective way to achieve a negative energy balance is by applying an
energy‐restriction diet (4). However, suddenly decreasing energy intake from the
habitual diet results in increased feelings of hunger and desire to eat, and in a
decrease of the feeling of fullness. These changes in appetite make it hard to
sustain a lower energy intake. Furthermore, body weight loss usually results in a
reduction in energy expenditure due to loss of fat‐free mass (FFM). These
conditions counteract the negative energy balance induced by the energy‐
restricted diet, and create a situation in which it is difficult to loose body weight.

PROTEIN INTAKE AND ENERGY BALANCE
High‐protein diets have come into focus as being beneficial strategies for body
weight loss and weight maintenance thereafter (5‐7). These diets have the
potential to maintain a negative energy balance by sustaining satiety at the level of
the original diet (8, 9), and sustaining energy expenditure, which is underscored by
preservation of fat‐free mass (10,11). Most remarkable effects are shown when
relatively high‐protein diets are consumed in negative energy balance achieved by
restriction of carbohydrate and fat intake, but not of protein intake.
The translation of high‐protein diets as a treatment strategy into a preventive
measure cannot be taken for granted because high‐protein diets have different
effects in relation to energy balance. A positive energy balance induced by
overfeeding with a high‐protein diet results in significant body weight gain. In a
situation with low physical activity, fat mass as well as FFM were increased (12).
Resistance training combined with a high‐protein diet in positive energy balance
enhanced FFM accretion (13).
Epidemiological studies suggest that protein intake is neither associated with
body weight gain or obesity, nor with body weight loss (14). Furthermore, it has
been observed that protein intake is maintained within a small range across
populations and over time (15). Therefore, the question remains whether high‐
protein diets can prevent the development of a positive energy balance. Suitable
dietary interventions would target both sides of energy balance through prevention
of overeating as well as of decreases in energy expenditure.
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Short‐term intervention studies using energy‐balanced diets have already
shown that high‐protein diets induce a larger increase in satiety compared with
diets lower in protein (9,16‐21). Furthermore, higher rates of energy expenditure
(22,23) and an initial negative energy balance (22) were observed in response to
energy‐balanced high‐protein diets. However, it is unclear whether the observed
effects from these acute studies are transient or sustained, thus preventing body
weight gain.

Energy intake
Energy intake represents the sum of energy obtained from the consumption of
protein, carbohydrate, fat and alcohol. In general, energy intake is tuned to energy
requirement and therefore to energy expenditure. This regulation occurs on a
weekly, rather than on a daily basis (24). The dietary reference intake for protein
covers 10‐15% of the energy requirement (25). The current recommendation for fat
is not to exceed an intake of 30‐35% of energy (26). In a usual diet, carbohydrate
provides the remaining 50‐60% of energy.
Relatively high‐protein diets enable the consumption of protein at the level of
requirement, which is 0.83 g/kg body weight/d for adults (27), while restricting
energy intake. At a negative energy balance, consuming protein at the level of
requirement appears to be sufficient to induce body weight loss while preserving
FFM (11). Sustaining the original protein intake while decreasing carbohydrate and
fat intake has prompted the ‘protein leverage hypothesis’ (Figure 1.1). This
hypothesis encompasses a geometric model suggesting that protein intake
depends on an individual‐specific protein target intake (29,30). This protein target
intake adjusts the intake of carbohydrate and fat depending on the relative protein
content of the diet. As a result, relatively high‐protein diets would spontaneously
induce an energy deficit, while lower‐protein diets may result in overeating.
Possible mechanisms for an inverse relation between dietary protein intake and
energy intake may be increased or decreased satiation on high‐ and low‐protein
diets, respectively (4,17). Furthermore, there may be a drive to adjust energy
intake to meet protein or amino acid requirements.
Protein‐induced satiation
Protein is reportedly the most satiating macronutrient on a calorie for calorie
basis (31). Therefore, protein‐induced satiation has been proposed as the main
mechanism behind the beneficial effects of high‐protein diets for body weight
management. Dietary amino acids may affect satiety signaling in the brain directly
via elevated blood concentrations (21,32‐36). There are amino acid sensitive
neurons in the brain stem and in the arcuate nucleus of the hypothalamus (32). The
‘aminostatic theory’ suggests that elevated serum amino acid concentrations,
which cannot be channeled into protein synthesis, serve as satiety signaling
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molecules, and thereby suppress food intake (37). Dietary amino acids may also
have indirect effects on satiety signaling. Amino acid sensors have been detected in
the duodeno‐intestinal and hepatoportal regions (38). Depending on the type of
amino acid, they increase or decrease the activity of hepatic vagal afferent fibers,
subsequently promoting satiety signaling in the brain (38). Furthermore, plasma
concentrations of gut hormones such as glucagon‐like peptide 1 (GLP‐1) and ghrelin
change in response to the peripheral and central detection of amino acids (39).
GLP‐1 is released from the endocrine L‐cells of the gastrointestinal tract in response
to food intake in proportion to energy intake and in relation to macronutrient
composition (39,40). Increased concentrations of GLP‐1 have been shown to
reduce appetite (40). Also, changes in plasma glucose concentrations may be
involved in food intake regulation (39,41). Postprandial increases in glucose
concentrations trigger insulin secretion by the β‐cells of the pancreatic islets, which
induces appetite‐suppressive effects (41,42). Ghrelin is secreted primarily by the
gastric X‐cells during fasting (39). Ghrelin concentrations lagged behind changes in
hunger scores and insulin concentrations (43), suggesting a role for insulin as
negative regulator of ghrelin (44).
Moreover, high protein‐low carbohydrate diets may contribute to the
development of a ketogenic state through the formation of ketone bodies. After
deamination by the liver, amino acids with ketogenic properties may be converted
into the ketone bodies acetoacetic acid and β‐hydroxybutyric acid, and into minute
quantities of acetone (45). It has previously been shown that β‐hydroxybutyrate
concentrations increased in parallel to the appetite suppressive effects of ketogenic
high‐protein diets (46,47).

Figure 1.1

The protein leverage hypothesis (28).
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Protein and indispensable amino acid requirements
Meeting metabolic needs for amino acids is crucial to ensure health (25). Amino
acids provide nitrogen and carbon skeletons for tissue protein synthesis and for the
production of nitrogenous compounds involved in a range of bodily functions (48).
All types of amino acids are needed physiologically but some cannot be synthesized
in the body and must therefore be obtained through the diet, the dietary
indispensable amino acids (IAA). Protein quality evaluation aims to determine the
capacity of food sources and diets to meet protein and IAA requirements.
Currently, nitrogen balance studies are primarily applied to define protein
requirements as the degree to which protein intake compensates for obligatory
loss of nitrogen from several pathways including amino acid breakdown (25,49).
According to the World Health Organization, adults require a protein intake of at
least 0.66 g/kg body weight/d to maintain nitrogen balance. Protein source may
influence nitrogen balance, because diets containing protein of lower quality may
be associated with increased loss of nitrogen (48,50,51). The digestible IAA score
(DIAAS) is a way to define protein quality by the extent to which dietary IAA are
provided in proportion to requirements (25). The DIAAS would enable
determination of whether protein intake from a certain diet is sufficient to satisfy
the metabolic needs for individual IAA.

Energy expenditure
Protein, carbohydrate, fat and alcohol obtained from food are utilized for energy
expenditure in a hierarchical order. Since energy absorbed from alcohol cannot be
stored in the body, alcohol is the first macronutrient that is oxidized. The energy
released from the oxidation of alcohol is about 28 kJ/g. Amino acids that are
consumed in excess are oxidized, or converted to glycogen or fat and stored in
body reserves. The body can store energy as glycogen in liver and muscle cells, and
as fat, mainly in adipose tissue. The oxidation of protein yields about 17 kJ/g, which
is comparable to the energy obtained from the oxidation of carbohydrates (52).
The storage capacity for glycogen is small, about 400‐600 g (53). Therefore,
carbohydrates replace fat as a substrate for energy expenditure, as long as
carbohydrate energy intake remains less than total energy expenditure (TEE) (54).
Only when energy intake from carbohydrates exceeds total energy expenditure,
excess carbohydrates are converted to fat (54), of which the storage capacity is
much larger. Fat is at the bottom of the hierarchy for substrate utilization for
energy expenditure, and has the highest energy density (38 kJ/g) (52). It is mainly
fat that counterbalances energy imbalances through mobilization and storage.
Changes in alcohol, protein and carbohydrate intake elicit acute adjustments in
oxidation, whereas a change in fat intake may only induce such a response in the
longer‐term (55). The fact that energy balance does not automatically implicate
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substrate balance appears when diet composition is changed while maintaining
energy balance.
TEE consists of four components; the sleeping metabolic rate (SMR), the energy
cost of arousal, the diet‐induced thermogenesis (DIT), and the activity energy
expenditure (AEE) (3). Usually, SMR and the energy cost of arousal are expressed in
a combined component, called basal metabolic rate (BMR). BMR represents energy
expenditure at rest, while being awake, in the fasted state, and in a thermoneutral
environment (56). BMR accounts on average for 60‐80% of TEE, and is mainly
determined by FFM. The increase in energy expenditure above BMR in response to
food intake is defined as DIT. This component represents the energy that is
required for the initial steps of metabolism and storage, and is therefore
dependent on the amount of food ingested (3,56). Furthermore, DIT differs per
nutrient being 20‐30% of energy intake for protein, 5‐10% for carbohydrate, 0‐3%
for fat, and 10‐30% for alcohol (57). In humans consuming a regular diet in energy
balance, DIT accounts on average for 10% of the energy intake (58, 59). AEE, the
most variable component of TEE, is determined by body size and physical activity.
The physical activity level is defined as TEE divided by BMR. In the majority of
humans, the physical activity level ranges from 1.5 to 2.0 (60). This corresponds
with an AEE of 10‐30% of TEE.
Body composition
The general model for body composition is the discrimination between fat mass
and FFM. Since FFM is the main determinant of BMR, body composition has a
substantial impact on energy expenditure. High‐protein diets preserve FFM under
negative energy balance (11), and to build‐up FFM at a positive energy balance in
combination with resistance exercise (13). Therefore, there may be a difference in
energy expenditure on high‐ compared with lower‐protein diets in the longer‐term.
Fat tissue can be considered as metabolically active tissue as well (61).
Subcutaneous adipose tissue, which is located immediately beneath the skin, forms
a large part of the total adipose tissue (62). Adipose tissue can also be found in
significant amounts around organs and in tissues, such as the liver, pancreas,
kidneys and muscles. Besides these fat depots, fat can also accumulate within
certain organs and tissues. This fat is referred to as ectopic fat. The processes of fat
storage and mobilization in adipose tissue are regulated in a highly coordinated
manner depending on energy balance (63). However, a chronic positive energy
balance may result in an imbalance in these processes, whereby adipocytes are no
longer capable of storing all excess energy. Then, part of the energy is stored as
ectopic fat. Increased accumulation of ectopic fat, especially in the liver and
pancreas has been linked to the metabolic disturbances associated with obesity,
such as a diminished insulin sensitivity and dyslipidemia (64‐68). Intrahepatic
triglyceride (IHTG) content, and not VAT volume, is an independent risk factor for
these metabolic disturbances (64,65).
13
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Protein turnover
All proteins in the body are in a constant state of turnover, which means that they
are simultaneously synthesized and degraded (49,69). The largest part of protein
synthesis involves a recycling of amino acids from protein breakdown, with only a
small part obtained from dietary intake. Protein balance is met when protein
synthesis equals protein breakdown. A change in the rate of protein turnover does
not affect protein balance if breakdown changes to the same extent as synthesis.
The processes involved in protein turnover have high energetic costs (70‐73).
Therefore, changes in the rate of protein turnover may directly affect energy
expenditure.
The processes of growth and recovery, as well as of muscle mass accretion
require a net protein synthesis. The net balance between muscle protein synthesis
and breakdown distinguishes the anabolic state (synthesis exceeds breakdown)
from the catabolic state (breakdown exceeds synthesis). Protein or amino acid
supplementation effectively stimulates skeletal muscle protein synthesis, inhibits
protein breakdown, and therefore, stimulates muscle protein accretion following
resistance and endurance exercise (74‐76). The synthesis of new protein is derived
from the intracellular pool of amino acids. These amino acids can be derived from
either protein breakdown or inward transport of amino acids from plasma. A direct
relationship has been observed between the total rate of appearance of IAA into
the intracellular pool and the rate of muscle protein synthesis. This suggests that
homeostasis in protein turnover requires the availability of a sufficient amount of
IAA (77,78).

OUTLINE OF THE THESIS
High‐protein diets may constitute beneficial strategies for body weight loss and
weight maintenance thereafter (5‐7). However, the translation of high‐protein diets
as a treatment strategy into a preventive measure cannot be taken for granted,
because high‐protein diets exert different effects in relation to energy balance. In
this thesis a series of studies on the interaction of dietary protein with energy
balance is presented.
The review presented in Chapter 2 describes the state‐of‐the‐art for the
application of relatively high‐protein diets in the treatment of obesity. Specific
attention is paid to age‐dependent protein requirements, the effects of protein
intake and protein source, the relevance of other dietary macronutrients, and the
mechanisms behind protein‐induced appetite control and energy expenditure.
Chapters 3 and 4 address the question of whether regulatory mechanisms
prioritize the intake of protein over that of carbohydrate, fat, and total energy. To
investigate this hypothesis, we conducted a series of studies to determine ad
libitum energy intake in response to diets with a relative protein content lower
14
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than, comparable to, and higher than customary diets over 12 consecutive days.
Proteins from varying sources were tested to determine whether they affect
energy intake or appetite control differently. Measurements of nitrogen balance
were applied to assess whether protein intake from low‐protein diets was sufficient
to meet protein requirements over 12 days (Chapters 4 and 5). More specifically,
Chapter 5 describes whether dietary IAA were adequately obtained from diets low
in protein or limited in protein variety during the 12‐day interventions. Protein‐
induced satiation has been proposed as a mechanism for the inverse relation
between protein intake and energy intake. Therefore, in Chapter 6 the results of
studies that assessed the within‐subject relations between postprandial changes in
hunger and fullness ratings, and the postprandial changes in amino acids, GLP‐1,
ghrelin, glucose, and insulin concentrations following the consumption of meals
differing in protein content and protein source are presented.
After having elaborated on the effects of dietary protein on energy intake, we
continued with the investigation of the other side of the energy balance equation,
namely energy expenditure. The studies presented in Chapters 7, 8 and 9 aimed to
determine whether the acute effects observed from high‐protein diets in energy
balance are transient or sustained. We determined energy expenditure and
macronutrient balances on high protein‐low carbohydrate and high carbohydrate‐
low protein diets, at a constant body weight, over 12 weeks (Chapter 7). Since FFM
and fat mass are both metabolically active tissues, in Chapter 8 we assessed the
potential of high protein‐low carbohydrate diets compared with high carbohydrate‐
low protein diets to modify or preserve FFM, visceral adipose tissue volume and
IHTG content. In Chapter 9 basal whole‐body protein balance and fasting muscle
protein synthesis were investigated after consuming a high‐protein or a low‐
protein diet, at a constant body weight, for 12 weeks.
Finally, Chapter 10 provides a general discussion of the work presented in this
thesis. The implications of this work in the prevention and treatment of obesity are
discussed, and perspectives for future research are provided.
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ABSTRACT
Purpose of review
The review addresses briefly the relevance of protein diets for body weight loss and weight
maintenance. The addition of recent findings on age‐dependent protein requirements,
specific effects of protein intake and protein source, the relevance of the other dietary
macronutrients, especially of ‘low‐carb’, ‘protein leverage’, the mechanisms of protein‐
induced satiety, and food‐reward makes the review up‐to‐date.

Recent findings
Different effects of protein diets in different age groups result from age‐dependent protein
requirements that are primarily related to effects on body composition. A protein intake of
0.8 g/kg body weight/d is sufficient to sustain a negative energy balance in adults,
irrespective of the protein source. ‘Low‐carb’ diets trace back to the protein‐induced effects.
Evidence that protein intake drives energy intake as suggested by the protein leverage
hypothesis is scarce and equivocal. Finally, limited protein‐induced food reward may affect
compliance to a protein diet.

Summary
An implication of the findings for clinical practice is that a protein intake of 0.8–1.2 g/kg
body weight/d is sufficient to sustain satiety, energy expenditure, and fat‐free mass,
independent of a dietary ‘low‐carb’ content. Limited protein‐induced food reward may
affect compliance to a protein diet.
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INTRODUCTION
Dietary treatment of obesity implies loss of body weight, which requires a negative
energy balance. The most efficient and effective way to achieve a negative energy
balance is by applying an energy‐restriction diet. Usually, this intervention
increases the feelings of hunger and desire to eat, and decreases the feeling of
fullness, which increases the risk for regain of body weight. This needs to be
prevented. In addition, the usual reduction in energy expenditure and fat‐free mass
(FFM) during body weight loss should be prevented. This can be achieved by
applying a protein diet (1). Specification of protein diets is necessary. The age‐
dependent protein requirements, and the protein intake, protein source, and
further macronutrient composition of the diet need to be considered. The protein
leverage hypothesis is a relatively new concept, that is, a ‘protein target’ to drive
energy intake. In addition, novel insights into appetite control mechanisms and
reward homeostasis have recently been developed. For a comparison of long‐term
studies, we only cite studies that employed a biomarker to confirm compliance
with the designated protein intake. The aim of this review is to specify how protein
diets can be applied as a clinical approach for body weight loss and weight
maintenance.

PROTEIN REQUIREMENT AND AGE
Adults require a protein intake of at least 0.66 g/kg body weight (BW)/d to
maintain nitrogen‐balance (2**). Nitrogen balance depends on nitrogen needed for
both the maintenance, and in the case of growth, additional protein deposition in
newly formed tissues. An average value of 70% can be considered for the efficiency
of dietary protein utilization, whereas this value can vary with factors such as
protein quality (3,4**,5). Age‐related changes in protein metabolism, such as the
decrease in whole body protein synthesis from 17.4 g/kg BW/d in newborns to 6.9
g/kg BW/d in infants, 3.0 g/kg BW/d in adults to 1.9 g/kg BW/d in the elderly, result
in different protein requirements (2**). Age‐dependent protein requirements
imply differing roles of dietary protein in different age groups.
From a limited source of older, but classic articles, it appears that in specific age
groups higher protein intakes mainly affect body composition, and not body
weight. In newborns, infants and children, a higher‐protein intake led to a higher
gain of FFM (6‐11). In the elderly, a sustained protein intake may attenuate loss of
FFM.
Despite a reduction in energy requirements, protein requirements are
unaltered in the elderly. This results from a decreased protein synthesis and a
lower protein digestibility, coinciding with larger protein breakdown (4**). Age‐
related loss of FFM is an effect of ageing itself, rather than the result of insufficient
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protein intake. However, maintaining protein intake could stimulate muscle protein
synthesis, which may slow down the loss of FFM (12*,13*). Compared with adults,
this means that the relative proportion of protein in the diet should increase in
order to counteract the unfavorable effects of ageing on protein metabolism.

EFFECTS OF PROTEIN INTAKE, PROTEIN‐SOURCE, AND
MACRONUTRIENT COMPOSITION OF PROTEIN‐DIETS FOR
BODY‐WEIGHT LOSS AND WEIGHT MAINTENANCE
High‐protein diets support a negative energy balance, as shown by results from
intervention studies (1,14,15**). Monitoring and confirming compliance with the
designated protein intake by a biomarker, such as urinary nitrogen, is necessary to
evaluate the efficacy of protein diets. Studies on protein diets have used large
ranges of protein intake vs. control, and contained mixed sources of protein (1).
Considering protein intake, studies have compared high‐protein with medium‐
protein or low‐protein energy‐restriction diets (1). Specific effects of protein intake
and source of protein on body weight loss were evaluated in a series of 6‐month
energy‐restriction studies comparing protein intake just above the minimum
requirement of 0.66 g/kg BW/d (0.8 g/kg BW/d) with well above the minimum
requirement (1.2 g/kg BW/d) (16,17*,18*). During energy restriction, sustaining
protein intake at the level of requirement appeared to be sufficient to induce body
weight loss while preserving FFM. Protein intake above requirement resulted in a
stronger decrease in fat mass and preservation of FFM, but had no effect on body
weight loss (18*). Also, protein source had no effect on body weight loss (16,17*).
Similar results were found for weight maintenance after weight loss (16,17*,18*).
Diets with protein contents below requirement appeared to increase the risk of
body weight regain. The use of these diets as control diets contributes to the
observed differences in outcomes of energy‐restricted protein‐diet studies
(1,15**,18*).
Several of the earlier studies claimed, that the favorable effects on body weight
loss were observed because of the diet being ‘low‐carb‘ (14). In response, possible
effects of the macronutrient composition of protein diets were assessed in a
dietary intervention study over 12 mo. (19). It turned out that effects of high
protein content on body weight loss and weight maintenance were present
independent of the carbohydrate content, while the low carbohydrate content did
not show independent effects (19).
A specific application of high‐protein diets is used after bariatric surgery, as
protein malnutrition is a commonly observed phenomenon, postoperatively (20). In
patients, adherence to an energy‐restricted, relatively high‐protein diet is
associated with improvements in nutritional status, with improvements in the
feelings of satiety, with body weight loss, and improved body composition.
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Regarding the protein source, specifically high leucine content appeared to be
relevant for maintaining muscle mass (20).
It is important to note that the observations described above, describe results
from intervention studies applying favorable effects of protein intake during
negative energy balance, thereby preventing or minimizing the unfavorable effects
of negative energy balance. Observational studies do not necessarily show the
same associations when assessing protein intake under everyday conditions, and
not during energy restriction (21).
Sustaining original protein intake while decreasing fat and carbohydrate intake,
as is advocated above for a protein intake of 0.8 g/kg BW/d, alludes to the protein
leverage hypothesis. This hypothesis encompasses a geometrical model suggesting
that protein intake depends on an individual‐specific protein target, thus driving
energy intake (22,23*). This protein target might adjust food intake depending on
the relative protein content of the diet. Possible underlying mechanisms have been
tested in a study design with the relative protein content of a diet as an
independent variable, and the total fat along with carbohydrate intake, or total
energy intake, as a dependent variable. Earlier field studies showed that animals
underate relative to energy balance on higher‐protein diets, and overate on lower‐
protein diets (23*). However, a recent animal study by Rothman et al. (24) did not
find any evidence to support this hypothesis. An intervention study in humans
showed compensatory protein intake after consuming an energy‐balanced low‐
protein diet (25). A this study was not designed to measure protein leverage
effects, a clear conclusion on energy intake driven by macronutrient composition
could not be drawn (25).
A 12‐d randomized crossover study conducted in energy balance, in which
protein was exchanged with carbohydrate, while palatability was matched,
observed a significantly lower ad‐libitum energy intake from meals containing
30En% from protein, but no higher energy intake from 5En%‐protein meals,
compared with 15En%‐protein meals (26*). Thus, ‘protein leverage’ affected
energy intake on 30En%‐protein diets, but not on 5En%‐protein diets when protein
was replaced with carbohydrate. It is suggested that it may be the fat content that
drives energy intake on low‐protein diets. Overeating of energy‐dense high‐fat
foods, that are automatically low in protein, reduces the En% from protein in the
diet. Control over energy intake may be easily overruled by a high‐fat intake when
protein intake is low, or by a high‐protein intake when above the level of
requirement (26*). It can be speculated that protein intake may be directed by a
certain range aiming to prevent shortage or excess intake (26*,27,28*).
The classical multifactorial hypothesis regarding the mechanisms behind the
effects of protein diets still holds, and new insights show that a protein intake of
0.8 g/kg BW/d is sufficient to sustain satiety, energy expenditure, and FFM,
whereas a higher protein intake of the diet, for example, 1.2 g/kg BW/d increases
FFM. Protein source does not affect body weight management. A ‘low‐carb’ diet
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being high in protein relies upon the protein‐induced effects, independent of the
‘low‐carb’ effects per se. Evidence for a target for protein intake driving energy
intake, as hypothesized by protein leverage so far is scarce and equivocally.

MECHANISMS BEHIND PROTEIN‐INDUCED APPETITE
CONTROL AND ENERGY EXPENDITURE
High‐protein intake sustains the original appetite profile, despite energy restriction.
Proposed mechanisms are as follows: a ketogenic state, relatively elevated plasma
amino acid, anorexigenic hormone concentrations, and increases in diet‐induced
energy expenditure, all feeding back on the central nervous system (1,29**). With
respect to the ketogenic effect; fasting β‐hydroxybutyrate concentrations and
gluconeogenesis were increased after a ketogenic high‐protein, ‘low‐carb’ diet
compared with an isoenergetic normal‐protein, normal‐carbohydrate diet for 1.5
days (30*). The increased concentrations of β‐hydroxybutyrate directly affected
appetite suppression, whereas gluconeogenesis and appetite ratings were
unrelated to each other. However, a study on gluconeogenesis and energy
expenditure after a high‐protein, carbohydrate‐free diet showed that 42% of the
increase in energy expenditure after the high‐protein diet was explained by the
increase in gluconeogenesis (31).
Amino acid‐related effects have been shown with whey protein, showing a high
and early rise in plasma amino acid concentrations coinciding with a stronger
decrease in hunger ratings compared with casein (32). A high‐casein protein
breakfast was more satiating than a normal‐casein breakfast, coinciding with
prolonged elevated concentrations of plasma amino acids (33). Also, a high‐soy‐
protein breakfast was more satiating than a normal‐soyprotein breakfast, related
to a larger increase in taurine concentrations, which is derived from the amino
acids cysteine and methionine (34).
Anorexigenic gut hormones such as peptide YY, glucagon‐like peptide‐1, and
cholecystokinine are produced in response to peripheral and central detection of
amino acids. They react on elevated protein intake from specific sources and act on
brain areas involved in the control of food intake (27,28*,32,35**). High‐protein
intake directly affects the activation of the arcuate nucleus and the nucleus tractus
solitarius in the brain, resulting in a suppressed food intake, at least acutely (29**).
The latter observation may underscore a limited protein‐induced food‐reward
effect, which may limit compliance to a protein‐diet.
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REWARD HOMEOSTASIS RELATED TO DIETARY PROTEIN
Reward‐driven eating behavior may dominate energy homeostasis
(28*,29**,36*,37*,38). Several brain areas that are involved in food reward might
link high‐protein intake with reduced food wanting and thereby act as a mechanism
involved in the reduced energy intake following high protein intake (28*,29**,36*,
37*,38). A hypothesized mechanism by which protein might act on brain reward
centres involves direct effects of certain amino acids as precursors of the
neuropeptides, serotonin, and dopamine (28*,29**). A high‐protein, low‐
carbohydrate breakfast vs. a normal‐protein, high‐carbohydrate breakfast led to
reduced reward‐related activation in the hippocampus and parahippocampus
before dinner (35**). Furthermore, acute food‐choice compensation changed the
macronutrient composition of a subsequent meal in a compensatory direction
(36*). A compensatory increase in carbohydrate intake was related to a decrease in
liking and task‐related signalling in the hypothalamus after a highprotein breakfast.
After a lower‐protein breakfast, an increase in wanting and task‐related signalling
in the hypothalamus was related to a relative increase in protein intake in a
subsequent meal (36*). Protein intake may directly affect the rewarding value of
this macronutrient (25,36*). These phenomena may also explain an occasional lack
of compliance to protein‐diets.

ADVERSE EFFECTS OF PROTEIN‐DIETS
High‐protein intake might interfere with calcium homeostasis by increasing the acid
load. This could be partially buffered by bone, subsequently resulting in bone
resorption and hypercalciuria (39**). However, this can be neutralized by
consuming alkalirich foods such as fruits and vegetables (40). In general, high‐
protein intake does not seem to be associated with an impaired calcium balance.
Clinically, large prospective epidemiologic studies have shown positive associations
of protein intake with bone mineral mass and reduced incidence of osteoporotic
fracture (41). Furthermore, nitrogen intake seems to have a positive effect on
calcium balance and consequent preservation of bone mineral content (42). With
respect to renal issues, only patients with a pre‐existing dysfunction appeared to
have an increased risk for the development of kidney stones and renal diseases
(39**). Recent insight into the composition of infant nutrition indicates that protein
intake above requirements may predispose infants to the development of
overweight and obesity. In the elderly, health‐beneficial effects of higher‐protein
intake might outweigh the adverse effects possibly because of the changes in
protein metabolism with ageing. On the contrary, persistent total protein and
amino acid intake below requirements impairs bodily functions leading to higher
disease and mortality risks across the lifespan (4**,43). Taken together, application
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of relatively high‐protein diets, whereby protein intake is sustained at the original
level, does not seem to have any adverse effects in healthy individuals.

CONCLUSION
In conclusion, insight that different effects of protein diets in different age groups
are primarily related to effects on body composition adds to the prevailing
evidence and opinion that the effects of protein diets on body weight loss and
weight maintenance mainly hold for adults. In adults, a protein intake of
0.8‐1.2 g/kg BW/d is sufficient to sustain satiety, energy expenditure, and FFM,
independent of a dietary ‘low‐carb’ content. This implies that protein intake does
not need to be exceptionally high to be used for body weight management, thus
avoiding adverse effects. New for clinical practice is the special focus on leucine
content showing that high‐protein diets could also successfully be used after
bariatric surgery. Until now, the mainly investigated and cited mechanisms behind
proteininduced satiety are the reputed increase in anorexigenic hormone
concentrations. In addition, the present review highlights the contributions of a
ketogenic state, relatively elevated plasma amino acid concentrations, and
increases in diet‐induced energy expenditure, all feeding back on the central
nervous system. The recent observations on limited protein‐induced food reward,
potentially affecting compliance to a protein diet, sheds light on the necessity of
future interdisciplinary research in the fields of food technology, satiety physiology,
and reward physiology.
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ABSTRACT
Background
The protein leverage hypothesis requires specific evidence that protein intake is regulated
more strongly than energy intake.

Objective
The objective was to determine ad libitum energy intake, body weight changes, and appetite
profile in response to protein–to–carbohydrate + fat ratio over 12 consecutive days and in
relation to age, sex, BMI, and type of protein.

Design
A 12‐d randomized crossover study was performed in 40 men and 39 women [mean ± SD
age: 34.0 ± 17.6 y; BMI (in kg/m2): 23.7 ± 3.4] with the use of diets containing 5%, 15%, and
30% of energy from protein from a milk or plant source.

Results
Protein‐content effects did not differ by age, sex, BMI, or type of protein. Total energy intake
was significantly lower in the high‐protein (7.21 ± 3.08 MJ/d) condition than in the low‐
protein (9.33 ± 3.52 MJ/d) and normal‐protein (9.62 ± 3.51 MJ/d) conditions (P=0.001),
which was predominantly the result of a lower energy intake from meals (P=0.001). Protein
intake varied directly according to the amount of protein in the diet (P=0.001). The AUC of
visual analog scale appetite ratings did not differ significantly, yet fluctuations in hunger
(P=0.019) and desire to eat (P=0.026) over the day were attenuated in the high‐protein
condition compared with the normal‐protein condition.

Conclusions
We found evidence to support the protein leverage hypothesis in that individuals underate
relative to energy balance from diets containing a higher protein–to–carbohydrate + fat
ratio. No evidence for protein leverage effects from diets containing a lower ratio of protein‐
to‐carbohydrate + fat was obtained. It remains to be shown whether a relatively low protein
intake would cause overeating or would be the effect of overeating of carbohydrate and fat.
The study was registered at clinicaltrials.gov as NCT01320189.
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INTRODUCTION
Obesity is reaching epidemic proportions in a growing number of countries and is
associated with several related health problems such as type 2 diabetes and
cardiovascular diseases (1,2). The development of obesity results from a chronic
energy imbalance, with energy intake exceeding energy expenditure. After the
focus of weight‐loss strategies regarding food intake regulation on changes in
carbohydrate and fat consumption, the role of protein has recently received
considerable attention (2). According to the protein leverage hypothesis developed
by Simpson and Raubenheimer (3), even small changes in the dietary percentage of
protein may have substantial effects on energy intake. Early studies in insects (4), a
reanalysis of data from studies in chickens (5) and rats (6,7), laboratory studies in
rodents (8,9), and a more recent study in free‐living monkeys (10) suggest that
protein intake is maintained at a more constant level than is that of carbohydrate
and fat. However, it is still unknown whether dietary protein exerts leverage to
drive energy intake in humans or whether overeating predominantly occurs with
carbohydrate and fat, thereby automatically decreasing the relative proportion of
protein in the diet (11,12), whereas overeating of protein is prevented by its highly
satiating effect (13). Weigle et al. (14) showed that a high‐protein diet (30% of
energy from protein) compared with a normal‐protein diet produced a sustained
decrease in ad libitum energy intake and related weight loss. Griffioen‐Roose et al.
(15) showed in a 4‐d study that subjects increased their protein intake in a
compensatory way during ad libitum feeding after a low‐protein diet (5% of energy
from protein). Also, Gosby et al. (16) showed from a short‐term, in‐house dietary
manipulation study that lean subjects consumed on average 10% more energy on a
moderate‐low protein diet (10% of energy from protein) compared with a normal‐
protein diet. Proposed mechanisms for the inverse relation between dietary
protein intake and energy intake may be increased satiety due to a relatively high
protein content (17,18). Several studies showed that, in energy balance, high‐
protein diets reduced postprandial hunger and increased postprandial satiety
(14,19,20).
The protein leverage hypothesis requires specific evidence on cause and effect‐
ie, that protein intake is regulated more strongly than energy intake or that,
depending on energy intake, with absolute protein intake being relatively stable (in
g/kg body weight) (1), relative protein intake automatically varies with energy
intake. Therefore, we carried out a controlled dietary intervention study to
determine ad libitum energy intake, body weight changes, and appetite profile in
response to protein‐to‐carbohydrate + fat ratio over 12 consecutive days and in
relation to age, sex, BMI, and type of protein. Following the analyses by Stock (21)
and by Simpson and Raubenheimer (3), isoenergetic diets with a large range in
protein concentrations (5%, 15%, and 30% of energy from protein) were provided
whereby protein was exchanged for carbohydrate. Proteins from varying sources,
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namely milk protein (whey protein with α‐lactalbumin) and plant protein (soy
protein), were used, because they may differ in their effects on energy intake or in
possible adaptations in appetite profile (22‐24).

SUBJECTS AND METHODS
The Medical Ethical Committee of the Maastricht University approved the study,
and all participants gave written informed consent. The study was registered at
clinicaltrials.gov as NCT01320189.

Study subjects
On the basis of the study by Weigle et al. (14), power analysis showed that with an
α of 0.0167 (significance level for each test: α=0.05, taking into account the
Bonferroni correction for multiple testing) and a β of 0.10, ≥81 subjects were
needed. Ninety subjects were recruited by advertisements in local newspapers and
on notice boards at the university; 9 of these subjects dropped out due to lack of
time. Two subjects were excluded from the data analysis because of
noncompliance, as shown by the urinary nitrogen biomarker. Overall, 79 subjects
(40 men and 39 women) were included in the final data analysis. To cover a wide
range of BMIs, subjects were normal weight, overweight, or obese [BMI range
(in kg/m2): 18.2 ‐ 33.9]; to include the lifespan to a large extent, they were between
18 and 70 y old. BMI and age were equally divided between the male and female
groups. Subjects underwent a screening that included anthropometric
measurements and the completion of questionnaires.
Body weight was measured by using a digital balance, and height was measured
by using a wall‐mounted stadiometer. BMI was calculated as body weight (kg)
divided by height (m) squared. Waist and hip circumferences were determined in
standing position by using a tape measure. Waist circumference was measured at
the smallest circumference between the rib cage and iliac crest, and hip
circumference was measured at the level of the spina iliaca anterior superior.
Accordingly, waist‐to‐hip ratio was calculated by dividing waist by hip
circumference.
Subjects completed questionnaires related to health, smoking behavior, use of
medication, alcohol consumption, physical activity, eating behavior, anxiety, and
liking of the study meals. Subjects were nonsmoking, not using more than
moderate amount of alcohol (>10 drinks/wk), weight stable (body weight change of
<3 kg during the last 6 mo and no planned weight change during the study period),
and not using medications or supplements except for oral contraceptives in
women.
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The validated Dutch translation of the Baecke Activity Questionnaire was used
to measure habitual physical activity (25). This questionnaire consists of 3 indexes
of physical activity, namely work, sport, and leisure time (26). Eating behavior was
analyzed using a validated Dutch translation of the Three Factor Eating
Questionnaire (TFEQ), which measures the 3 factors involved in eating behavior,
namely “cognitive restraint of eating”, “disinhibition of restraint”, and “hunger”
(13,27). On the basis of the median of the TFEQ scores in the population from the
south of the Netherlands, dietary restraint was defined by TFEQ dietary restraint
scores ≥9. Dietary restraint scores <9 indicated dietary unrestraint (28). High
disinhibition was defined by TFEQ disinhibition scores ≥5, and scores <5
represented low disinhibition. Trait anxiety level was scored by means of the State‐
Trait Anxiety Inventory questionnaire (29).
Small portions of the study meals were served to test the palatability and
acceptability of the study meals, and visual analogue scales (VASs) were used to
assess liking. These 100‐mm scales were anchored with “not at all” at one end and
“extremely” at the other end. Subjects had to make a single vertical mark at the
appropriate point between the 2 anchors on each scale. Only subjects who rated
the taste of the meals as sufficient (VAS score for liking: ≥50 mm) were included in
the study.

Study design
The study used a single‐blind crossover design with 3 randomly sequenced
experimental conditions that differed in relative protein content of the provided
meals. Subjects visited the university to consume breakfast, lunch, and dinner ad
libitum in the research restaurant for 12 consecutive days in each condition. The
reason for the use of the 12‐d time period is the phenomenon that energy balance
is regulated over a week and that at least this period of time is needed to show a
possible effect on body weight (30). Subsequent test sessions started 8 wk after the
start of the preceding one and included a washout period of ~6 wk to prevent
possible treatment‐induced effects and to take possible effects of menstrual cycle
phase on energy intake of women into account (31,32). Two different protein
isolates were used: whey protein with α‐lactalbumin (Hiprotal Whey Protein Alpha,
Domo; FrieslandCampina) and soy protein (SUPRO Soy Protein Isolate; Solae, LLC).
Subjects were randomly assigned to either the whey‐protein group or the soy‐
protein group.

Diet composition
The 3 applied conditions differed in relative protein content of the meals: 5% of
energy, 15% of energy, and 30% of energy from protein (Table 3.1). Because the
intake and storage for carbohydrate are regulated over a shorter period of time
than for fat (33) and to prevent bias caused by the possible effects of energy
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density on energy intake, the fat content between meals and between conditions
was maintained at a constant proportion (35% of energy from fat) (33). Another
reason to keep the proportion of fat relatively constant is to prevent subjects from
overeating on a high‐fat diet, which is usually caused by taste and energy density
(34,35). Thus, protein was completely exchanged by carbohydrate. The resulting
protein‐to‐carbohydrate + fat ratios (% of energy) of the diets were 5:95 (low‐
protein), 15:85 (normal‐protein), and 30:70 (high‐protein). All meals (breakfast,
lunch, and dinner) within each condition had the same macronutrient composition.
Moreover, all food items, and the energy density, weight and volume of the meals
were the same between conditions (Table 3.1).
Table 3.1 Composition of the study diets: whey and soy protein combined
Percentage of energy from protein
5%
Breakfast
Protein (% of energy)
Carbohydrate (% of energy)
Fat (% of energy)
Protein:carbohydrate + fat (% of energy)
Energy density (kJ/g)
Lunch
Protein (% of energy)
Carbohydrate (% of energy)
Fat (% of energy)
Protein:carbohydrate + fat (% of energy)
Energy density (kJ/g)
Dinner
Protein (% of energy)
Carbohydrate (% of energy)
Fat (% of energy)
Protein:carbohydrate + fat (% of energy)
Energy density (kJ/g)
1

15%

30%

5.05 ± 0.03
59.93 ± 0.09
35.01 ± 0.06
2
5:95
7.21 ± 0.33

15.01 ± 0.03
49.90 ± 0.20
35.09 ± 0.18
15:85
7.23 ± 0.04

30.00 ± 0.04
34.94 ± 0.22
35.06 ± 0.18
30:70
7.18 ± 0.10

5.15 ± 0.20
59.80 ± 0.21
35.06 ± 0.01
5:95
8.69 ± 0.34

14.95 ± 0.03
50.00 ± 0.03
35.04 ± 0.00
15:85
8.72 ± 0.20

30.00 ± 0.02
35.04 ± 0.05
34.96 ± 0.05
30:70
8.69 ± 0.27

5.20 ± 0.13
59.82 ± 0.03
34.98 ± 0.12
5:95
5.49 ± 0.07

14.99 ± 0.01
49.97 ± 0.01
35.04 ± 0.01
15:85
5.49 ± 0.07

30.06 ± 0.08
35.65 ± 0.15
35.04 ± 0.07
30:70
5.46 ± 0.10

1

2

Mean ± SD (all such values); Mean ratio (all such values).

The energy content of the meals was calculated from the nutrition information
on the food items or from the standard Dutch NEVO food‐composition table.
Breakfast was composed of breakfast cereals (Kellogg’s Nederland) moistened with
orange juice (not milk). Lunch consisted of bread with vegetable salad, and dinner
was composed of pasta with tomato sauce. Initially, all meals were low in protein
content. Whey and soy protein isolates were used to exchange carbohydrate with
protein in the normal‐ and high‐protein conditions to reach the proportions of
protein according to the study design.
Food was served as ready‐to‐eat meals to prevent selective consumption of
food items within meals. Three different variants for breakfast, lunch, and dinner
were offered in each condition to decrease the possible effects of boredom on
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energy intake and appetite profile. Meals were provided ad libitum for 30 min, and
subjects were instructed to eat until they felt comfortably full. A fixed amount of
300 ml of water per subject was offered with each meal.
After each meal, snack items were provided in individual boxes for ad libitum
consumption at home. All snack items were very low in protein content (~5% of
energy from protein) to reduce interference with the protein intake during the test
meals. The provided snack items were the same after each meal and in each
condition. Subjects were instructed to bring all leftovers back during their visit to
the research restaurant for the subsequent meal. Subjects were allowed to drink
water, tea, and coffee without added milk or sugar ad libitum between the meals,
but no other foods or beverages were allowed to be consumed.

Biomarker of protein intake
Nitrogen excretion, measured from 24‐h urine collections at baseline (day 0) and at
days 5 and 11, was used as biomarker for protein intake. Urine was collected in
2‐l urine bottles with 10 ml of diluted hydrochloric acid (4 mmol/l) added to
prevent nitrogen loss through evaporation. Collection started after the first voiding
in the morning on the collection days at 8:00h and lasted until and with the first
voiding on the next day at 8:00h. The total volume of the 24‐h urine was recorded.
Urine was gently mixed, and samples were taken and frozen at ‐20°C until analysis.
Nitrogen concentrations were measured with a nitrogen analyzer (CHN‐O‐
Rapid;Hereaus). Total nitrogen output was calculated as 24‐h urinary nitrogen plus
10% to account for normal losses via feces and other losses.

Energy and macronutrient intake
Each meal was weighed, to the nearest gram, before it was provided to the
subjects. Leftovers were weighed, after which energy and macronutrient intakes
were calculated per subject. The provided snack items were also recorded, and the
leftovers that had to be brought back were weighed to determine the energy and
macronutrient intake from the snacks per subject. Mean total energy intake was
calculated as the sum of energy intake from meals and the reported mean energy
intake from snacks. Individual daily energy requirements were calculated as the
resting metabolic rate according to the formula of Harris and Benedict (36) times
the physical activity level based on the Baecke Activity Questionnaire (26). Energy
balance was determined as the difference between energy requirement and energy
intake.

Appetite profile
Appetite profile was measured by means of the VAS. These 100‐mm scales were
anchored with ‘not at all’ at one end and ‘extremely’ at the other end and
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combined with questions on feelings of hunger, satiety, fullness, thirst, and desire
to eat. Before and after breakfast, lunch, and dinner, subjects had to complete the
VAS.

Body weight
Body weight was measured in the fasted state in the morning of days 1, 6, and 12.

Statistical analysis
SPSS version 19 for Macintosh OS X (SPSS Inc) was used to perform statistical
analyses. Data are presented as means ± SDs.
Differences in subject characteristics between sexes and protein groups (whey
compared with soy) were evaluated by using factorial ANOVA. The AUC over the
day was calculated for VASs for hunger, fullness, satiety, and desire to eat by using
the trapezoidal method. Amplitude scores were calculated for all appetite
measures to assess fluctuations over the day. The scores were calculated by using
VASs, by subtracting the minimum score from the maximum score. Factorial
ANOVAs with repeated measures were used to test whether nitrogen excretion
and VAS ratings changed over time within conditions (low protein, normal protein,
high protein) and to test whether nitrogen excretion, VAS ratings, amplitude
scores, or the effects of sex and protein group on differences in energy intake,
macronutrient intake, and body weight change differed in response to protein–to–
carbohydrate + fat ratio. Bonferroni correction for multiple comparisons and post
hoc analyses were applied with all ANOVA tests.
Simple linear regression analyses were used to determine the contribution of
age and BMI to the prediction of energy intake and body weight changes, in
response to protein–to–carbohydrate + fat ratio. Differences were regarded as
significant if P<0.05.

RESULTS
Subject characteristics
Subject characteristics are summarized in Table 3.2. No significant differences were
observed between the 2 protein groups at baseline with regard to anthropometric
measurements, physical activity, eating behavior, and anxiety. Age and BMI ranges
were comparable between both protein groups.
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Table 3.2

Subject characteristics in the whey‐ and soy‐protein groups

1

Whey‐protein group

Soy‐protein group

39 (16/23)
2
34.5 ± 16.8
18 – 70
171.7 ± 10.6
68.6 ± 13.8
23.1 ± 3.5
18.2 – 33.9
77.6 ± 11.6
100.9 ± 6.2
0.77 ± 0.08
6.5 ± 1.2
1.76 ± 0.15
11.4 ± 2.0
2.4 ± 0.5
3.3 ± 1.3
3.4 ± 0.4
9.1 ± 1.4
6.0 ± 4.0
3.8 ± 1.9
3.8 ± 3.0
31.8 ± 8.0

40 (24/16)
33.6 ± 18.6
18 – 69
174.0 ± 9.6
73.6 ± 12.3
24.3 ± 3.2
18.1 – 33.4
80.9 ± 10.5
103.2 ± 7.0
0.78 ± 0.08
6.9 ± 1.0
1.75 ± 0.14
12.1 ± 2.1
2.4 ± 0.6
3.4 ± 1,1
3.2 ± 0.6
9.0 ± 1.4
4.8 ± 2.9
4.0 ± 1.9
4.0 ± 3.2
31.3 ± 7.4

No. of subjects (M/F)
Age (y)
Age range (y)
Height (cm)
Weight (kg)
2
BMI (kg/m )
2
BMI range (kg/m )
Waist circumference (cm)
Hip circumference (cm)
WHR
BMR (MJ/d)
PAL
DER (MJ/d)
Baecke work score
Baecke sport score
Baecke leisure‐time score
Baecke total score
TFEQ dietary restraint score
TFEQ disinhibition score
TFEQ hunger score
STAI score
1

There were no significant differences between the protein groups (factorial ANOVA). BMR, basal
metabolic rate; DER, daily energy requirement; PAL, physical activity level; STAI, State‐Trait Anxiety
2
Inventory; TFEQ, Three‐Factor Eating Questionnaire; WHR, waist‐to‐hip ratio; Mean ± SD (all such
values).

Biomarker of protein intake
Baseline nitrogen excretion did not differ significantly between conditions (9.7 ±
3.8 g/d), which indicates that subjects had a normal protein intake at the start of
each test period. Nitrogen excretion significantly decreased in the low‐protein
condition to 5.0 ± 1.6 g/d (P=0.001) and increased in the high‐protein condition to
13.7 ± 6.1 g/d (P=0.001) compared with baseline. In the normal‐protein condition,
nitrogen excretion did not change significantly throughout the test period (8.3 ± 3.4
g/d). Nitrogen excretion differed significantly between the conditions, thereby
confirming significant differences in protein intake between conditions (P=0.001).
In each condition, no significant differences between the urine collection days 5
and 11 were observed, which indicated stable protein intakes within the conditions
over the 12‐d test periods.

Energy and macronutrient intake
Age, sex, BMI, and type of protein did not have an effect on differences in energy
and macronutrient intake between conditions. Mean protein intake from meals
over 12 d varied directly with the amount of protein in the diet (P=0.001; Table
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3.3). Mean carbohydrate intake was significantly different between conditions (P =
0.001; Table 3.3), with the highest intake in the low‐protein condition and the
lowest intake in the high‐protein condition.
Table 3.3

Mean energy and macronutrient intake and change in body weight over 12 d between
1
conditions: whey‐protein and soy‐protein groups combined (n = 79)
Percentage of energy from protein
5%

Energy intake (MJ/d)
Total
Snacks
Meals
Breakfast
Lunch
Dinner
Protein intake, meals
(MJ/d)
(g/kg BW/d)
Carbohydrate intake, meals
(MJ/d)
(g /kg BW/d)
Fat intake, meals
(MJ/d)
(g/kg BW/d)
Protein:carbohydrate + fat
Meals (% of energy)
ΔBWday12 ‐ day1 (kg)
Energy balance (MJ/d)

15%

30%

2,a

9.62 ± 3.51
a
2.44 ± 2.35
a
7.13 ± 2.39
b
2.38 ± 0.91
a
2.02 ± 0.88
b
2.73 ± 1.03

a

1.07 ± 0.36
b
0.9 ± 0.3

a

3.57 ± 1.20
b
3.1 ± 1.1

a

2.50 ± 0.84
a
1.0 ± 0.3
15:85
12:88
‐0.8 ± 1.0
a
‐2.20 ± 2.84

9.33 ± 3.52
a
2.15 ± 2.09
a
7.18 ± 2.38
a
2.56 ± 0.91
a
2.10 ± 0.90
a
2.52 ± 0.99
0.36 ± 0.12
a
0.3 ± 0.1

4.31 ± 1.43
a
3.7 ± 1.2

2.51 ± 0.83
a
1.0 ± 0.3
3
5:95
5:95
‐0.9 ± 1.1
a
‐2.48 ± 2.92

a

7.21 ± 3.08
a
1.16 ± 1.13
b
6.04 ± 2.12
c
2.19 ± 0.93
b
1.56 ± 0.68
c
2.29 ± 0.94

b

b

1.81 ± 0.64
c
1.6 ± 0.5

c

b

2.12 ± 0.74
c
1.8 ± 0.6

c

a

2.12 ± 0.74
b
0.8 ± 0.3
30:70
23:77
‐1.0 ± 1.0
b
‐4.61 ± 4.64

b

1

Values with different superscript letters are significantly different, P<0.05 (repeated‐measures ANOVA
2
with Bonferroni correction for pairwise post hoc comparisons). BW, body weight; Mean ± SD (all such
3
values); Mean ratio (all such values).

An increase in protein–to–carbohydrate + fat ratio of meals resulted in
significant undereating relative to energy balance (P=0.001), whereas a decrease in
protein–to–carbohydrate + fat ratio did not significantly affect energy intake (Table
3.3; Figure 3.1). As a result of the lower mean energy intake from meals, fat intake
was significantly lower in the high‐protein condition than in the low‐protein
(P=0.001) and normal‐protein (P=0.001) conditions (Table 3.3).
The lower mean energy intake from meals in the high‐protein condition,
compared with the low‐ and normal‐protein conditions, respectively, was also
present as a lower mean energy intake during all separate meals: breakfast
(P=0.001, P=0.004), lunch (P=0.001, P=0.001), and dinner (P=0.013, P=0.001).
Significant differences between the low‐ and normal‐protein conditions were
observed in mean energy intake during breakfast (P=0.018) and dinner (P=0.047),
with a higher mean energy intake during breakfast and a lower mean energy intake
during dinner in the low‐protein condition than in the normal‐protein condition.
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In each condition, individual daily energy intake from meals was similar
throughout the days (skewness values of 0.54, 0.66, and 0.35 and kurtosis values of
‐0.57, ‐0.26, and ‐0.60 for the low‐, normal‐, and high‐protein conditions,
respectively).
Energy intake from snacks did not significantly differ between conditions
(Table 3.3).

Figure 3.1

Relation between mean protein intake (MJ/d) and mean carbohydrate + fat intake (MJ/d)
in response to diets differing in protein–to–carbohydrate + fat ratio for 12 d. Between‐
subject effects are expressed as individual means for the 5% of energy from protein
condition (white squares), the 15% of energy from protein condition (white diamonds),
and the 30% of energy from protein condition (white triangles); within‐subject effects are
expressed as group means (black circles). The dashed line combines group means, and the
dotted line represents intakes of protein and carbohydrate + fat that may occur if intakes
were regulated to energy intake in the 15% of energy from protein condition. The
differences between the dashed line and the dotted line show the degree to which
carbohydrate + fat intake is balanced against protein intake. CHO, carbohydrate; F, fat; P,
protein.

Appetite profile
Before breakfast, VASs for hunger, desire to eat, fullness, and satiety were not
significantly different between the conditions. Consumption of the meals induced
significant decreases in mean VASs for hunger and desire to eat and significant
increases in mean VASs for fullness and satiety (P=0.001) in all conditions over the
12‐d test periods. Despite differences in energy intake, no significant differences in
hunger, desire to eat, fullness, and satiety over the day were observed between
conditions, expressed as mean AUC over the 12‐d test periods. Significant lower
amplitude values showed less fluctuation in hunger (P=0.019) and desire to eat
(P=0.026) in the high‐protein condition (57 ± 19 and 58 ± 21, respectively) over the
day compared with the normal protein condition (60 ± 19 and 62 ± 21,
respectively).
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Mean VASs for liking showed that subjects rated the meals as sufficiently
palatable except for the lunch in the high‐protein condition. VAS liking scores for
lunch in the high‐protein condition were significantly lower than those in the low‐
and normal‐protein conditions (P=0.001). VAS liking scores for dinner were
significantly higher in the whey‐protein group compared with the soy‐protein
group (condition 3 protein interaction, P=0.023), but energy intake during dinner
was not significantly different between both protein groups.

Body weight and energy balance
During the test periods, mean body weight gradually decreased from day 1 to day
12 in all 3 conditions (P=0.001), which implies that subjects were in negative energy
balance in all conditions (Table 3.3). The decrease in body weight did not differ
between conditions. Subjects consistently regained their original body weight
before the subsequent test session started. Mean energy deficit was significantly
greater in the high‐protein condition than in the low‐ and normal‐protein
conditions (Table 3.3).

DISCUSSION
The protein leverage hypothesis requires specific evidence that protein intake is
regulated more strongly than energy intake. Results from our study provide
evidence that supports the protein leverage hypothesis with respect to effects
from diets containing a higher protein–to–carbohydrate + fat ratio. Individuals
underate relative to energy balance, predominantly from meals in the high‐protein
condition. No evidence for protein leverage effects from diets containing a lower
ratio of protein to carbohydrate + fat was obtained. Nitrogen excretion
measurements confirmed that protein intake varied directly with the amount of
protein in the diet. Differences in energy intake between conditions were not
influenced by age, sex, BMI, or type of protein.
Although the mean energy balance was different between conditions, body
weight loss did not differ significantly. This is likely to be due to a fat‐free mass–
sparing effect in the high‐protein condition. Body weight loss with an energy‐
deficient, normal‐protein diet consists of loss of fat mass of 60–75% and of loss of
fat‐free mass of 25–40%. The corresponding energy equivalent of the body weight
loss is ~30 MJ/kg (37). Body weight loss with an energy‐deficient, high‐protein diet
consists of nearly only loss of fat mass and no loss of fat‐free mass. The
corresponding energy equivalent of the body weight loss then is ~52 MJ/kg
(21,37,38). Although the duration of the test periods was sufficient to measure
differences in body weight change, it was not long enough to reliably measure
differences in body composition (34,39).
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Appetite scores were similar between the conditions, despite the intervention‐
induced lower energy intake in the high‐protein condition, which indicates that
subjects were similarly satiated and satisfied by the diets, including less eating with
a high‐protein diet. These results confirm the observations by Weigle et al. (14).
Fluctuation over the day in hunger and desire to eat was lower in the high‐protein
condition than in the normal‐protein condition. Less pronounced fluctuation in
appetite may indicate more stable levels of appetite hormones and insulin over the
day, which may improve control over food intake (40).
Gosby et al. (16) also tested the protein leverage hypothesis and showed that
compared with a normal‐protein diet (15% of energy from protein), human
subjects had a higher energy intake with a moderately low‐protein diet (10% of
energy from protein), whereas energy intake with a high‐protein diet (25% of
energy from protein) was not different. Similar between the studies was the aim to
test protein leverage in a randomized well‐controlled experimental study by using a
variety of foods and some food choice wherein protein (not being deficient in
amino acids) and carbohydrate were exchanged and energy density and palatability
were kept similar. A difference in the design between the present study and that of
Gosby et al. was the relative protein content of the diets: 5% of energy, 15% of
energy, and 30% of energy from protein compared with 10% of energy, 15% of
energy, and 25% of energy from protein, respectively. Further differences in the
design between the studies were the number of subjects (n=79 compared with
n=22), characteristics of the subjects (mean ± SD age: 34.0 ± 17.6 compared with
24.3 ± 1.3 y; BMI: 23.7 ± 3.4 compared with 21.8 ± 0.4; age range: 18–70 compared
with 18–51 y; BMI range: 18–34 compared with 18–26), duration of the
experiments (3 times for 12 d compared with 3 times for 4 d), measurement of
possible changes in body weight (measurement of significant changes is possible
over 12 d, whereas this is not applicable over 4 d), and measurements of further
subject characteristics, such as waist‐to‐hip ratio, dietary restraint, and physical
activity scores, and calculations of physical activity level, basal metabolic rate, and
daily energy requirement in the present study.
A similarity in the outcome was the higher total energy intake in the lower
compared with the higher protein condition. This indicates that a protein‐
leveraging mechanism might work between relatively low and relatively high
protein diets. However, there is a discrepancy in the results between the studies
with respect to energy intake from the 15% of energy from protein diets. The
present study observed an energy intake similar to the 5% of energy from protein
diet, whereas Gosby et al. observed an energy intake similar to the 25% of energy
from protein diet. The main discrepancy in protein‐induced energy intake
differences results from the fact that the present study observed these differences
from meals, thus as a satiation effect, whereas Gosby et al. observed these
differences from snacks, thus a satiety and food‐choice effect. We speculate that
the satiation effect may be caused by the larger difference in the protein content of
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the diets. Nitrogen contents of the urinary samples indicated large and constant
differences in protein intake between the conditions, which was not the case in
Gosby et al. The lack of an effect from snack intake in the present study may be due
to the availability of only reported snack intake, which has created large SDs and
implies the possibility of uncontrolled snack intake during the hours that subjects
were away from the study site, a consequence of the number of subjects and the
duration of the experiment.
The strength of the present study was the complete control over energy and
macronutrient intake from 3 meals per day over a period of 12 d in a large number
of subjects, including both sexes and with a large range in age and BMI, and the
nitrogen contents of the urinary samples, which indicated large and constant
differences in protein intake between the conditions.
Meal times were scheduled in consultation with the subjects, taking their
preferred meal times into account. The slight difference in palatability of the
lunches observed in the present study was not related to differences in total
energy intake.
To unravel the possible mechanism behind the protein leverage hypothesis, it is
necessary to show a direct effect on energy intake from a relatively low and a
relatively high protein diet. To our knowledge, until now, studies have observed
only one side, either from a low‐protein diet (15,16) or from a high‐protein diet
(14). Observational studies, either from food‐intake surveys (1,41) or from
ecological field studies (4,10), showed a relative constant absolute protein intake,
which may fluctuate relatively depending on energy intake. The driving force
behind the observations may have been prevention of overeating with a high‐
protein diet (17,18,20,24,42‐45) and overeating easily with a high‐carbohydrate,
high‐fat diet (33‐35,46,47). More research is necessary to unravel cause and effect
taking all macronutrients into account.
The prevention of overeating with a high‐protein diet also is in line with the
hypothesis of Stock (21), which suggests that energy efficiency is influenced by
dietary protein content. Thermogenesis may be increased with unbalanced diets in
an effort to homeostatically expend excess energy (21). Overeating easily may have
been prevented in the present study because an exchange of only protein and
carbohydrate took place, and possible overeating on a relatively high‐fat diet was
impossible (47).
Another explanation may be maintenance of protein balance, which is essential
for normal growth and development in organisms. This requires homeostasis in
total nitrogen intake and in the intake of essential amino acids. A proposed
mechanism to prevent nitrogen imbalance may be related to an observed signaling
pathway for detection of amino acid depletion. Reduced concentrations of
essential amino acids in the anterior piriform cortex in the brain may lead to
deacetylation of the cognate transfer RNA (48). Subsequent activation of general
amino acid nonderepressing kinase 2 may phosphorylate eukaryotic initiation
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factor 2α, a factor involved in the control of the initiation of translation in protein
synthesis, leading to behavioral responses (48‐56).
To conclude, we found evidence to support the protein leverage hypothesis in
that individuals underate relative to energy balance from diets containing a higher
protein–to–carbohydrate + fat ratio. No evidence for protein leverage effects from
diets containing a lower ratio of protein to carbohydrate + fat was obtained. It
remains to be shown whether a relatively low protein intake would cause
overeating or would be the effect of overeating of carbohydrate and fat.
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ABSTRACT
Background
The protein leverage hypothesis requires specific evidence that protein intake is regulated
more strongly than energy intake.

Objective
The objective was to determine ad libitum energy intake, body weight changes, appetite
profile, and nitrogen balance in response to 3 diets with different protein‐to‐carbohydrate +
fat ratios over 12 consecutive days, with beef as a source of protein.

Design
A 3‐arm, 12‐d randomized crossover study was performed in 30 men and 28 women [mean ±
SD age: 33 ± 16 y; body mass index (in kg/m2): 24.4 ± 4.0] with the use of diets containing
5%, 15%, and 30% of energy (En%) from protein, predominantly from beef.

Results
Energy intake was significantly lower in the 30En%‐protein condition (8.73 ± 1.93 MJ/d) than
in the 5En%‐protein (9.48 ± 1.67 MJ/d) and 15En%‐protein (9.30 ± 1.62 MJ/d) conditions
(P=0.001), stemming largely from lower energy intake during meals (P=0.001). Hunger
(P=0.001) and desire to eat (P=0.001) ratings were higher and fullness ratings were lower
(P=0.001) in the 5En%‐protein condition than in the 15En%‐protein and 30En%‐protein
conditions. Nitrogen excretion was lower in the 5En%‐protein condition (4.7 ± 1.5 g/24 h;
P=0.001) and was higher in the 30En%‐protein condition (15.3 ± 8.7 g/24 h; P=0.001)
compared with the 15En%‐ protein condition (10.0 ± 5.2 g/24 h). Nitrogen balance was
maintained in the 5En%‐protein condition and was positive in the 15En%‐ and 30En%‐
protein conditions (P=0.001).

Conclusions
Complete protein leverage did not occur because subjects did not consume to a common
protein amount at the expense of energy balance. Individuals did underconsume relative to
energy requirements from high‐protein diets. The lack of support for protein leverage effects
on a low‐protein diet may stem from the fact that protein intake was sufficient to maintain
nitrogen balance over the 12‐d trial. This trial was registered at clinicaltrials.gov as
NCT01646749.
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INTRODUCTION
The prevalence of obesity and its associated health problems, such as type 2
diabetes and cardiovascular diseases, has increased to epidemic proportions in a
growing number of countries (1,2). Chronic positive energy imbalance is the
underlying mechanism. Dietary protein intake has frequently been associated with
food intake regulation because of its effects on energy balance (2). According to
the protein leverage hypothesis developed by Simpson and Raubenheimer (3),
energy intake may be adjusted to maintain protein intake relatively constant.
Studies in insects (4), chickens (5), rats (6‐8), mice (9), and free‐living monkeys (10)
suggest that protein intake is regulated more strongly than the intake of
carbohydrate and fat. However, it is still unknown whether regulatory mechanisms
prioritize the intake of protein over that of carbohydrate, fat, and total energy in
humans (11,12).
A dietary intervention study by Weigle et al. (13) showed a sustained decrease
in ad libitum energy intake and related weight loss from a high‐protein diet [30% of
energy (En%) from protein] compared with a more customary protein diet (15En%
from protein) (13). Furthermore, Griffioen‐Roose et al. (14) observed in a 4‐d study
that subjects increased their protein intake during ad libitum intake after 14 d of
consuming a low‐protein diet [0.5 g protein/kg body weight (BW)/d; ~5En%]. They
did not replicate the findings of lower intake with a higher protein diet
(2.0 g protein/kg BW/d; ~21En%). Results from another short‐term metabolic trial
showed that subjects consumed, on average, 12% more energy from a 10En%‐
protein diet compared with a diet containing 15En% from protein (15). Possible
mechanisms for the inverse relation between dietary protein intake and energy
intake may be increased and decreased satiation on high‐ and low‐protein diets,
respectively, as well as maintenance of nitrogen balance on low‐protein diets
(16,17).
We carried out a controlled dietary intervention study in which we determined
ad libitum energy intake, BW changes, appetite profile, and nitrogen balance in
response to diets with protein‐to‐carbohydrate + fat ratios that were lower than,
similar to, and higher than customary diets over 12 consecutive days in a crossover
design trial. A recent comparable study evaluated diets containing protein mainly
from dairy or plant sources (18). That trial showed that energy intake was lower
with a 30En%‐protein diet compared with 5En%‐protein and 15En%‐protein diets
(18). Appetite ratings were similar between the 30En%‐protein and the 15En%‐
protein diets, indicating that the subjects were similarly satiated by these diets,
despite consuming less from the high‐protein diet (18). The determination of
nitrogen balance is relevant, because a 5En%‐protein diet contains protein well
below normal amounts for human populations. Meat protein may have a higher
potential than protein from dairy or plant sources to induce a negative energy
balance because of its higher potential to increase energy expenditure (19) and a
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possible larger satiating capacity (19), and so may more strongly modify energy
relative to protein intake. Therefore, this study was performed with the use of beef
protein as the primary protein source.

SUBJECTS AND METHODS
The Medical Ethical Committees of Maastricht University and Purdue University
approved the study, and all participants provided written informed consent. The
study was registered at clinicaltrials.gov as NCT01646749.

Study subjects
Based on the study by Martens et al. (18), power analysis showed that with an α of
0.0167 (significance level for each test: α=0.05, taking into account the Bonferroni
correction for multiple testing) and a β of 0.10, at least 56 subjects are needed to
show a difference in energy intake between the 30En%‐protein and the 15En%‐
protein diets. Seventy‐nine subjects were recruited by advertisements in local
newspapers and on notice boards at Maastricht University and at Purdue
University; 19 of them dropped out because of lack of time. Two subjects were
excluded from the data analysis because of noncompliance, as shown by the
urinary nitrogen biomarker. Overall, 58 subjects (30 men and 28 women) were
included in the final data analysis. To cover a wide range of BMIs, subjects were
normal weight, overweight or obese [BMI range (in kg/m2): 18.7‐38.7]. Ages ranged
from 19 to 70 years. BMI and age were equally divided between the male and
female groups. Subjects underwent screening that included anthropometric
measurements and the completion of questionnaires eliciting information about
health, smoking behavior, use of medications, alcohol consumption, physical
activity, eating behavior, and liking of the study meals. Subjects were nonsmoking,
not using more than moderate amounts of alcohol (>10 drinks/wk), were weight
stable (BW change <3 kg during the past 6 mo and had no planned weight change
during the study period), were not using medication or supplements except for oral
contraceptives in women, and rated the taste of the meals as sufficient [visual
analog scale (VAS) score for liking: ≥50 mm] (18).

Study design
This 2‐center study used a crossover design with subjects blinded for the
3 randomly sequenced experimental conditions that differed in relative protein
content. Subjects visited the university to consume breakfast, lunch, and dinner ad
libitum in the research center for 12 consecutive days in each condition. Previous
work indicated that a 12‐d time period is sufficient to document a possible effect of
the dietary manipulation on BW (20). Subsequent test sessions started 8 wk after
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the start of the preceding test session and included a washout period of ~6 wk to
minimize carryover and take menstrual cycle phase effects on energy intake in
women into account (21,22). Beef protein was used as the main protein source.

Diet composition
The 3 experimental conditions differed in relative protein content of the meals and
snacks, including 5En%, 15En%, and 30En% from protein (Tables 4.1 and 4.2). All
diets were based on a protein content of 5En% from wheat protein, with beef
protein providing an additional 10En% and 25En% to reach the intended protein
content of the 15En%‐ and 30En%‐protein conditions. Protein was exchanged for
carbohydrate to prevent possible effects of palatability and energy density on
energy intake (23‐25). The resulting protein‐to‐carbohydrate + fat ratios (En%) of
the diets were 5:95 (low‐protein), 15:85 (medium‐protein), and 30:70 (high‐
protein; Tables 4.1 and 4.2).
Table 4.1

Composition of the study diets at Maastricht University
Percentage of energy from protein
5%

Breakfast
Protein:carbohydrate + fat (% of energy)
Energy density (kJ/g)
Lunch
Protein:carbohydrate + fat (% of energy)
Energy density (kJ/g)
Dinner
Protein:carbohydrate + fat (% of energy)
Energy density (kJ/g)
1

15%

30%

5:95
2
7.31 ± 0.09

15:85
7.24 ± 0.13

30:70
7.37 ± 0.10

5:95
10.97 ± 1.27

15:85
10.75 ± 1.24

30:70
10.83 ± 1.31

5:95
5.81 ± 0.62

15:85
5.85 ± 0.86

30:70
5.78 ± 0.90

1

2

Mean ratio (all such values); Mean ± SD (all such values).

Table 4.2

Composition of the study diets at Purdue University
Percentage of energy from protein
5%

Breakfast
Protein:carbohydrate + fat (% of energy)
Energy density (kJ/g)
Lunch
Protein:carbohydrate + fat (% of energy)
Energy density (kJ/g)
Dinner
Protein:carbohydrate + fat (% of energy)
Energy density (kJ/g)
1

15%

30%

6:94
2
18.76 ± 0.57

15:85
19.89 ± 0.81

26:74
20.47 ± 1.78

4:96
20.89 ± 1.09

16:84
19.01 ± 0.27

30:70
18.83 ± 0.78

6:94
20.13 ± 0.52

15:85
20.57 ± 0.87

29:71
20.53 ± 0.65

1

2

Mean ratio (all such values); Mean ± SD (all such values).
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The energy content of the meals was calculated from the nutrition information
on the food items and from standard food‐composition tables (26,27) and software
[Nutrition Data System for Research (in the United States)]. Breakfast was
composed of breakfast cereals (Kellogg’s Nederland) moistened with orange juice
at Maastricht University and of breakfast cereals with diluted milk, breads, and
potatoes at Purdue University. At Maastricht University, lunch consisted of bread
with vegetable salad, and dinner was composed of pasta with oil, vegetables, and
tomato sauce. At Purdue University, lunch consisted of pasta with oil and
vegetables, mainly tomatoes. Dinner meals included dairy, vegetable, and pasta
combinations with the addition of fruit, salad, and salad dressing. Three different
variants for the breakfast cereals, the pasta combinations (pastas, oils, fruits, and
vegetables), and the salads served with lunch and dinner were offered in each
condition to decrease the possible effects of boredom on energy intake and
appetite profile. Palatability was measured by having subjects rate the foods and
ensuring they were acceptable before their enrollment.
Food was served as ready‐to‐eat meals to prevent the selective consumption of
food items within meals. Meals were provided ad libitum for 30 min, and subjects
were instructed to eat until they felt comfortably full. A fixed amount of 300 ml
water per subject was offered with each meal (18).
After each meal, snack items were provided in individual boxes for ad libitum
consumption at home. The total energy content of the provided snacks was
~2 MJ/d in each condition. The total protein content of the snacks differed per
condition, in that all snack items were low in protein in the 5En%‐protein condition
and contained, on average, 15En% or 30En% from protein in the medium‐protein
and high‐protein conditions, respectively. Beef was the main protein source of the
protein‐containing snacks. Two different combinations of several sweet and savory
snack items were offered in each condition. Subjects were instructed to bring all
leftovers with them during their visit to the research center for the subsequent
meal. Subjects were allowed to drink water, tea, and coffee without added milk or
sugar, ad libitum between the meals, but no other foods or beverages were
allowed to be consumed (18).

Energy and macronutrient intake
Each meal was weighed to the nearest gram before it was provided to the subjects.
Leftovers were reweighed, after which energy and macronutrient intakes were
calculated for each subject. The provided snack items were also recorded, and the
portions returned uneaten were weighed to determine the energy and
macronutrient intake from the snacks per subject. Mean total energy intake was
calculated as the sum of energy intake from meals and the energy intake from
snacks. Individual daily energy requirements were calculated as the resting
metabolic rate calculated with the formula of Harris and Benedict (28) × the
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physical activity level based on the Baecke Activity Questionnaire or on the
2 validated questions on physical activity at work and during leisure time (29,30).

Appetite profile
Appetite profile was measured by means of the VASs. These 100‐mm scales were
anchored with “not at all” at one end and “extremely” at the other end and
combined with questions on feelings of hunger, satiety, fullness, thirst, and desire
to eat. Subjects were required to complete the VASs before and after breakfast,
lunch, and dinner.

Body weight and energy balance
BW was measured in the fasted state in the morning of days 1, 6, and 12. Energy
balance was determined as the difference between energy requirement and energy
intake.

Biomarker of protein intake and nitrogen balance
Nitrogen excretion, measured from 24‐h urine collections at baseline (day 0) and at
days 5 and 11, was used as an estimate of protein intake. Urine was collected in
2‐l urine bottles containing 10 ml of diluted hydrochloric acid (4 mmol/l) to prevent
nitrogen loss through evaporation. Collection started after the first voiding in the
morning on the collection days at 8:00h and lasted through the first voiding on the
next day at 8:00h. The total volume of the 24‐h urine was recorded. Urine was
gently mixed, and samples were taken and frozen at ‐20°C until analysis. Nitrogen
concentrations were measured with an elemental analyzer [CHN‐O‐Rapid; Heraeus
(in the Netherlands), and Integra COBAS 400 plus; Roche Diagnostics GmbH in the
United States)]. Total nitrogen output was calculated as 24‐h urinary nitrogen plus
10% to account for normal losses via feces and other losses. Nitrogen balance was
calculated as the difference between nitrogen excretion and nitrogen intake.

Statistical analysis
SPSS version 20 for Macintosh OS X (SPSS, Inc) was used to perform statistical
analyses. Data are presented as means ± SDs.
The AUC over the day was calculated for appetite ratings for hunger, fullness,
satiety and, desire to eat by using the trapezoidal method. Amplitude scores were
calculated for all appetite measures to assess fluctuations over the day. The scores
were calculated with the use of VASs, by subtracting the minimum score from the
maximum score. Differences in subject characteristics, nitrogen excretion, appetite
ratings, energy intake, macronutrient intake, and BW change between centers
were assessed using factorial ANOVA. Factorial ANOVAs with repeated measures
were used to test whether nitrogen excretion and nitrogen balance changed over
57

Chapter 4

time within conditions (5En%‐protein, 15En%‐protein, 30En%‐protein) and to test
whether energy and macronutrient intake, appetite ratings, BW change, and
nitrogen excretion differed between the diets with various protein‐to‐carbohydrate
+ fat ratios. Bonferroni correction for multiple comparisons and post hoc analyses
was applied with all ANOVA tests. Pearson’s correlation coefficients were used to
express the relations between nitrogen excretion and protein intake and between
nitrogen balance and energy intake and protein intake within conditions.
Differences were regarded as significant if P<0.05.

RESULTS
Subject characteristics
Subject characteristics are summarized in Table 4.3. Apart from age, which was
significantly higher in subjects from Maastricht University than in those from
Purdue University, mean subject characteristics did not differ between the centers.
Table 4.3

Subject characteristics

No. of subjects (M/F)
Age (y)
Age range (y)
Height (cm)
BW (kg)
2
BMI (kg/m )
2
BMI range (kg/m )
BMR (MJ/d)
PAL
DER (MJ/d)
TFEQ dietary restraint score
TFEQ disinhibition score
TFEQ hunger score

1

Maastricht

Purdue

Total

28 (14/14)
2,a
38 ± 19
19 – 70
170.0 ± 7.1
70.3 ± 9.8
24.2 ± 2.4
20.0 – 28.9
6.6 ± 1.2
1.76 ± 0.17
11.7 ± 2.5
5±3
4±2
5±3

30 (16/14)
b
29 ± 11
19 – 54
168.2 ± 11.7
69.4 ± 13.6
24.7 ± 5.1
18.7 – 38.7
6.7 ± 0.9
1.70 ± 0.14
11.4 ± 1.8
6±4
5±3
4±3

58 (30/28)
33 ± 16
19 – 70
169.1 ± 9.7
69.8 ± 11.8
24.4 ± 4.0
18.7 – 38.7
6.7 ± 1.0
1.73 ± 0.16
11.5 ± 2.1
6±4
4±3
4±3

1

Values with different superscript letters are significantly different, P<0.05 (between centers, factorial
ANOVA). BMR, basal metabolic rate; BW, body weight; DER, daily energy requirement; PAL, physical
2
activity level; TFEQ, Three‐Factor Eating Questionnaire; Mean ± SD (all such values).

Energy and macronutrient intake
Total energy intake was significantly lower in the 30En%‐protein (8.73 ± 1.93 MJ/d)
than in the 5En%‐protein (9.48 ± 1.67 MJ/d) and 15En%‐protein (9.30 ± 1.62 MJ/d)
conditions (P=0.001; Table 4.4), stemming largely from lower energy intake during
meals (P=0.001) but not snacks. The lower mean energy intake from meals in the
30En%‐protein condition, compared with the 15En%‐protein condition, was a result
of a lower mean energy intake during lunch (P=0.001) in both centers. In the total
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sample, mean energy intake during breakfast and dinner was comparable between
the conditions, whereas energy intake during breakfast was significantly lower in
the 30En%‐ protein compared with the 15En%‐protein condition at Maastricht
University (P=0.001) and significantly higher in the 5En%‐protein condition
compared with the 15En%‐protein condition at Purdue University (P=0.023).
Table 4.4

Mean energy intake, energy balance, and change in BW over 12 d between conditions in
1
subjects from the Maastricht and Purdue centers separately and combined
Maastricht (n=28)

Energy intake (MJ/d)
Total
5En% from protein
15En% from protein
30En% from protein
Snacks
5En% from protein
15En% from protein
30En% from protein
Meals
5En% from protein
15En% from protein
30En% from protein
Breakfast
5En% from protein
15En% from protein
30En% from protein
Lunch
5En% from protein
15En% from protein
30En% from protein
Dinner
5En% from protein
15En% from protein
30En% from protein

2,a,

8.81 ± 1.67 *
a,
8.79 ± 1.67 *
a,#
7.74 ± 1.76

Purdue (n=30)

b,

10.10 ± 1.43 *
b,
9.76 ± 1.44 *
b,
9.64 ± 1.62 *

a,

1.45 ± 0.56 *
a,
1.56 ± 0.78 *
b,
1.61 ± 0.69 *

a,

8.65 ± 1.21 *
b, #
8.20 ± 1.28 *
b,#
8.03 ± 1.50

a,

2.03 ± 0.30 *
a,#
1.88 ± 0.33
b,
2.20 ± 0.35 *

a,

3.35 ± 0.55 *
b,#
3.06 ± 0.45
a,^
2.56 ± 0.61

a,

3.27 ± 0.66 *
b,
3.27 ± 0.66 *
b,
3.27 ± 0.76 *

a,

‐1.25 ± 1.87 *
b,
‐1.59 ± 1.71 *
b,
‐1.71 ± 2.04 *

1.69 ± 0.53 *
a,#
1.39 ± 0.51
a,#
1.30 ± 0.46
7.11 ± 1.58 *
a,
7.41 ± 1.67 *
a,#
6.44 ± 1.76
2.07 ± 0.69 *
a,
2.02 ± 0.59 *
a,#
1.61 ± 0.43
2.54 ± 0.86 *
a,
2.60 ± 0.83 *
a,#
2.25 ± 0.98
2.50 ± 0.64 *
a,
2.79 ± 0.68 *
a,
2.58 ± 0.73 *

Energy balance (MJ/d)
5En% from protein
15En% from protein
30En% from protein

‐2.92 ± 2.39 *
a,
‐2.94 ± 2.26 *
a,#
‐3.99 ± 2.46

ΔBWday 12‐day 1 (kg)
5En% from protein
15En% from protein
30En% from protein

‐1.3 ± 1.0 *
a,
‐1.3 ± 0.9 *
a,
‐1.4 ± 1.3 *

a,

Total (n=58)

9.48 ± 1.67*
9.30 ± 1.62*
#
8.73 ± 1.93

a,

1.57 ± 0.55*
1.48 ± 0.67*
1.46 ± 0.61*

b,

7.91 ± 1.59*
7.82 ± 1.52*
#
7.26 ± 1.80

a,

2.05 ± 0.52*
1.94 ± 0.47*
1.92 ± 0.49*

b,

2.96 ± 0.82*
2.84 ± 0.70*
#
2.41 ± 0.82

b,

2.90 ± 0.75*
3.04 ± 0.71*
2.94 ± 0.81*

b,

‐2.06 ± 2.43*
‐2.24 ± 2.46*
#
‐2.81 ± 2.63

a,

‐0.5 ± 1.0 *
a,
0.0 ± 1.2 *
a,
‐0.4 ± 0.8 *

‐0.9 ± 1.1*
‐0.6 ± 1.2*
‐0.9 ± 1.2*

1

Values within a row with different superscript letters are significantly different, P<0.05 (between
centers, factorial ANOVA). Values with different superscript symbols indicate significant differences
between diets that differed in relative protein content, P<0.05 (at the Maastricht center, at the Purdue
center, or at both centers combined, repeated‐measures ANOVA with Bonferroni correction for pairwise
2
post‐hoc comparisons). BW, body weight; En%, percentage of energy; Δ, change; Mean ± SD (all such
values)
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Moreover, a significantly lower mean energy intake from dinner was observed
in the 5En%‐protein condition compared with the 15En%‐protein condition
(P=0.018) at the Maastricht center. The palatability of the meals was comparable
between the conditions. Energy intake from snacks was comparable between the
conditions in the total sample of subjects and in those from Purdue University,
whereas the intake was significantly higher in the 5En%‐protein‐condition at the
Maastricht center (Table 4.4). Comparison of the centers showed that total energy
intake was significantly higher in all conditions at Purdue University than at
Maastricht University, despite similar energy requirements.
Mean protein intake over 12 d varied directly according to the amount of
protein in the diet (P=0.001; Table 4.5). Mean protein intake was below the
“protein requirement” in the 5En%‐protein condition and above protein
requirements in the 15En%‐ and 30En%‐protein conditions (Table 4.5). Mean
carbohydrate intake was significantly different between the conditions (P=0.001;
Table 4.5), with the highest intake in the 5En%‐protein condition and the lowest
intake in the 30En%‐protein condition. Fat intake was significantly lower in the
30En%‐protein condition compared with the 5En%‐protein (P=0.001) and 15En%‐
protein (P=0.001) conditions (Table 4.5). Daily energy and protein intake did not
significantly change over the 12‐d test periods in each condition. An increase in
protein‐to‐carbohydrate + fat ratio of the diet resulted in significant under‐
consumption relative to energy requirements (P=0.001), whereas a decrease in
protein‐to‐carbohydrate + fat ratio did not significantly affect energy intake (Table
4.4, Figure 4.1). Men consumed more energy than did women, but sex did not have
an effect on differences in energy and macronutrient intake between conditions.

Appetite profile
The consumption of the meals elicited significant decreases in mean ratings of
hunger and desire to eat and significant increases in mean ratings of fullness in all
conditions over the 12‐d test periods (P=0.001). Mean AUC over the 12‐d test
periods was significantly higher for appetite ratings of hunger (P=0.001) and desire
to eat (P=0.001) and significantly lower for fullness (P=0.001) in the 5En%‐protein
compared with the 15En%‐protein condition (see Supplemental Table S4.1 under
“Supplemental data” in the online issue). Despite significant differences in energy
intake, appetite ratings of hunger and of fullness were comparable between the
conditions and that of desire to eat was significantly lower in the 30En%‐protein
condition than in the 15En%‐protein condition, expressed as mean AUC over the
12‐d test periods (see Supplemental Table S4.1 under “Supplemental data” in the
online issue). Amplitude scores did not significantly differ between the conditions.
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Table 4.5

Mean macronutrient intakes and ratios of protein‐to‐carbohydrate + fat over 12 d
between conditions in subjects from the Maastricht and Purdue centers separately and
1
combined
Maastricht (n = 28)

Protein intake
5En% from protein
(MJ/d)
(g/kg BW/d)
15En% from protein
(MJ/d)
(g/kg BW/d)
30En% from protein
(MJ/d)
(g/kg BW/d)
Carbohydrate intake
5En% from protein
(MJ/d)
(g/kg BW/d)
15En% from protein
(MJ/d)
(g/kg BW/d)
30En% from protein
(MJ/d)
(g/kg BW/d)
Fat intake
5En% from protein
(MJ/d)
(g/kg BW/d)
15En% from protein
(MJ/d)
(g/kg BW/d)
30En% from protein
(MJ/d)
(g/kg BW/d)
Protein:carbohydrate + fat (En%)
5En% from protein
Meals
Total
15En% from protein
Meals
Total
30En% from protein
Meals
Total

2,a,

0.43 ± 0.09 *
a,
0.4 ± 0.1 *

Purdue (n = 30)

Total (n = 58)

b,

0.51 ± 0.01*
0.4 ± 0.1*

b,#

1.36 ± 0.29
#
1.2 ± 0.3

#

b,^

2.25 ± 0.57
^
2.0 ± 0.5

^

b,

5.76 ± 1.20*
5.0 ± 1.1*

b,#

4.81 ± 0.90
#
4.2 ± 0.9

#

b,^

3.62 ± 0.92
^
3.2 ± 0.9

^

0.59 ± 0.08 *
b,
0.5 ± 0.1 *

a,#

1.46 ± 0.26
b,#
1.3 ± 0.3

a,^

2.41 ± 0.50
b,^
2.1 ± 0.5

a,

6.37 ± 1.02 *
b,
5.5 ± 1.0 *

a,#

5.25 ± 0.77
b,#
4.6 ± 0.9

a,^

4.28 ± 0.65
b,^
3.8 ± 0.7

a,

3.18 ± 0.44 *
a,
1.2 ± 0.2 *

a,

3.23 ± 0.52*
1.2 ± 0.2*

a,

3.05 ± 0.50 *
a,
1.2 ± 0.3 *

a, #

3.13 ± 0.57*
1.2 ± 0.3*

2.95 ± 0.56
b,
1.2 ± 0.2 *

b,#

2.85 ± 0.61
#
1.1 ± 0.3

5:95
5:95

5:95
6:94

5:95
5:95

15:85
14:86

15:85
15:85

15:85
15:85

30:70
27:73

30:70
25:75

30:70
26:74

1.25 ± 0.29
a,#
1.1 ± 0.2
2.08 ± 0.61
a,^
1.8 ± 0.5

5.11 ± 1.03 *
a,
4.4 ± 0.9 *
4.33 ± 0.79
a,#
3.7 ± 0.7
2.92 ± 0.56
a,^
2.5 ± 0.6

3.27 ± 0.60 *
a,
1.2 ± 0.2 *
3.22 ± 0.64 *
a,
1.2 ± 0.2 *
a,#

2.75 ± 0.66
a,#
1.0 ± 0.3

3

#

1

Values within a row with different superscript letters are significantly different, P<0.05 (between
centers, factorial ANOVA). Values with different superscript symbols indicate significant differences
between diets that differed in relative protein content, P<0.05 (at the Maastricht center, at the Purdue
center, or at both centers combined, repeated‐measures ANOVA with Bonferroni correction for pairwise
2
post‐hoc comparisons). BW, body weight; En%, percentage of energy; Mean ± SD (all such values);
3
Mean ratio (all such values).
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Figure 4.1

Relation between mean protein intake and mean carbohydrate + fat intake in response to
diets differing in protein‐to‐carbohydrate + fat ratio for 12 d (n=58). Between‐subject
effects are expressed as individual means for the 5En%‐protein condition (white squares),
the 15En%‐protein condition (white diamonds), and the 30En%‐protein condition (white
triangles); within‐subject effects are expressed as group means (black circles). The dashed
line combines group means, and the dotted line respresents intakes of protein and
carbohydrate + fat that may occur if intakes were regulated to energy intake in the 15En%‐
protein condition. The differences between the dashed line and the dotted line show the
degree to which carbohydrate + fat intake is balanced against protein intake. CHO,
carbohydrate; En%, percentage of energy; F, fat; P, protein.

BW and energy balance
During the test periods, mean BW decreased from day 1 to day 12 in all conditions
(P=0.001), except for the 15En%‐protein condition at Purdue University (Table 4.4).
The decrease in BW did not differ between conditions. Subjects consistently
regained their original BW before the subsequent test session started. Mean
energy deficit was significantly greater in the 30En%‐protein condition compared
with the 15En%‐protein condition (Table 4.4).

Biomarker of protein intake and nitrogen balance
Baseline nitrogen excretion did not differ significantly between the 5En%‐
protein (9.0 ± 3.4 g/24h), 15En%‐protein (10.0 ± 5.2 g/24h) and 30En%‐protein
(9.9 ± 3.9 g/24h) conditions and indicated that subjects had normal protein intakes
at the start of each test period (see Supplemental Table 2 under “Supplemental
data” in the online issue). At days 5 and 11, nitrogen excretion was significantly
lower in the 5En%‐protein condition (5.5 ± 2.4 and 4.7 ± 1.5 g/24h, respectively;
P=0.001) and was higher in the 30En%‐protein condition (14.8 ± 7.4 and 15.3 ± 8.7
g/24h, respectively; P=0.001) compared with baseline (see Supplemental Table S4.2
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under “Supplemental data” in the online issue). In the 15En%‐protein condition,
nitrogen excretion did not change significantly from baseline throughout the test
period. Nitrogen excretion differed significantly between the conditions, thereby
confirming significant differences in protein intake between conditions (P=0.001).
In each condition, no significant differences between the urine collection days 5
and 11 were observed, which indicates stable protein intakes within the conditions
over the 12‐d test periods. Urinary nitrogen excretion was significantly correlated
with the measured protein intake in the 15En%‐ and 30En%‐protein conditions
(r=0.277 and 0.348, respectively; P<0.05), whereas this correlation was not
significant for the 5En%‐protein condition. Nitrogen balance did not significantly
differ from zero in the 5En%‐protein condition and was positive in the 15En%‐ and
30En%‐protein conditions (P=0.001). Nitrogen balance correlated significantly with
daily energy intake (5En%‐protein, r=0.522; 15En%‐protein, r=0.372; 30En%‐
protein, r=0.364; P<0.05) and protein intake (5En%‐protein, r=0.673; 15En%‐
protein, r=0.593; 30En%‐protein, r = 0.534; P=0.001) in all conditions (Figure 4.2).

Figure 4.2

Relation between mean protein intake and mean nitrogen balance at day 11 in response
to diets differing in protein‐to‐carbohydrate + fat ratio (n=58). Between‐subject effects for
the 5En%‐protein condition (white squares), the 15En%‐protein condition (black
diamonds), and the 30En%‐protein condition (white triangles). P<0.05 (Pearson’s
correlation coefficient) for all conditions. BW, body weight; En%, percentage of energy; N,
nitrogen; P, protein.

DISCUSSION
The protein leverage hypothesis requires specific evidence that protein intake is
regulated more strongly than energy intake. This study did not show complete
protein leverage because subjects did not consume to a common protein amount
at the expense of energy balance. Individuals did underconsume relative to energy
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requirements, predominantly from meals comprising diets that contained a higher
protein‐to‐carbohydrate + fat ratio. No evidence for protein leverage effects from
diets containing a lower ratio of protein‐to‐carbohydrate + fat was obtained. The
successful implementation of the dietary protein intervention on each arm of the
trial was confirmed by urinary nitrogen concentrations. Nitrogen excretion was
lower in the 5En%‐protein condition and was higher in the 30En%‐protein condition
compared with the 15En%‐protein condition. Nitrogen balance was maintained in
the 5En%‐protein condition and was positive in the 15En%‐ and 30En%‐protein
conditions.
The meals at Maastricht University were consistently of lower energy content
than the Purdue meals, and this likely stemmed from the lower‐energy‐density
meals at Maastricht. The difference in energy density was attributable to the use
of more liquid in the recipes at Maastricht University (eg, with the breakfast cereals
and with the sauces served with dinner). However, energy density was consistent
across diets within a study center. The consistency of findings on energy intake
across centers suggests that energy density was not a critical determinant of
responses.
BW loss did not differ between the protein diets, despite mean energy balance
being more negative after the 30En%‐protein diet compared with the 5En%‐ and
15En%‐protein diets. This may be a result of a possible fat‐free mass‐sparing effect
from the high‐protein diet (31). Although the duration of the test periods was
sufficient to measure differences in BW change, it was not long enough to reliably
measure differences in body composition (24,32). The observed decrease in BW
was likely the result of daily structure with fixed and regular meal times imposed by
the study design.
Protein intake must still fall within a certain range to ensure it addresses
possible shortages or excesses (18,33,34). Humans have a wide capacity to respond
and adapt to differences in protein intake (35). However, the limits of such
adaptation to a protein challenge acutely and over the long term remain to be
clarified. The basis for apparently stronger protein leveraging responses in various
animal models (4‐9) than in humans is unclear. Possibilities for species differences
may reflect abilities to maintain protein intake for growth and reproduction on low‐
protein diets and/or limitations on metabolism of excess protein from high‐protein
diets.
To provide supporting evidence for the protein leverage hypothesis in humans,
it is necessary to show direct effects on energy intake from relatively low‐protein
and relatively high‐protein diets. Only 2 preceding studies have applied such a
design to test the protein leverage hypothesis experimentally (15,18). Similar to the
results of the present study, these trials observed trends only in one direction,
either a higher energy intake with a 10En%‐protein diet (15) or a lower energy
intake with a 30En%‐protein diet (18). None of the trials observed changes in
energy intake in both conditions relative to a diet containing 15En% from protein.
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In a recent review, Gosby et al. (36) argued that protein intake is prioritized over
the intake of carbohydrate and fat and over total energy intake. They reported an
inverse relation between energy intake and dietary protein content with a dietary
protein range between 10 and 20En%, with less convincing findings noted at the
more extreme protein intakes. However, the less consistent findings were drawn
from shorter trials where it is likely that subjects were not in energy balance or
from less well controlled trials in subjects in free‐living situations. Thus, conclusions
must be drawn with caution. The authors argued that diets containing <10%En
from protein may be so extreme as to preclude a compensatory dietary response.
The primary approach to test the lower limits of protein intake has been to assess
effects of a lack of indispensible amino acids. The detection of reduced
concentrations of indispensable amino acids in the brain affects protein synthesis,
subsequently leading to behavioral responses including underconsumption of diets
that lack a minimal amount of indispensable amino acids (37‐40). Nitrogen balance
studies are commonly applied to evaluate the degree to which protein intake
compensates for obligatory losses of nitrogen from several pathways including
amino acid breakdown (41,42). Tomé (43) and Tomé and Bos (44) determined that
minimum nitrogen losses are ~54 mg/kg BW/d, which would have corresponded to
a protein intake of 24 g/d in our study. The measured protein intake of 31 g/d in
our study corresponds to 0.4 g/kg BW/d when considering a mean BW of 69.8 kg.
Because the efficiency of dietary protein utilization needs to be taken into account,
a low‐protein diet of 5En% from protein would be too low in protein to sustain
long‐term health. Observations from studies in developing countries show health
deterioration related to low protein intake, especially of indispensible amino acids,
at intakes <0.66 g/kg BW/d (45). However, one of the findings of our study was that
nitrogen balance was maintained over 12 d during ad libitum consumption of the
5En%‐protein diet. Protein intake being below the assumed protein requirement
was not a trigger to increase energy intake over the 12‐d study period. Subjects
would have needed to consume 0.92‐2.3 kg food/d more with the 5En%‐protein
diet than they did with the 15En%‐protein diet to fully offset the protein dilution.
With higher energy densities this is feasible, yet with lower energy densities this
becomes difficult (46). However, it is not proposed that a diet containing 5%En is
sustainable; it was implemented only to test the protein leverage hypothesis. Other
experimental studies have reported positive energy balance with diets containing
as low as 3‐5En% from protein (47,48). These data suggest that the lower
concentration of protein provided in the present trial was not outside the range
that is feasible to test protein leveraging. Although we are aware that no clear
recommendation exists that defines the safe upper limit of protein intake, intake
up to 1.66 g/kg BW/d was not associated with increased health risks (41,45). In our
study, protein intake during the high‐protein diet interventions was below this
amount of intake and could hence be considered safe.

65

Chapter 4

The positive nitrogen balance as observed on the high‐protein diet corresponds
with earlier observations. Fuller and Garlick (49) measured the long‐term effects of
a change in protein intake and reported a persistent positive nitrogen balance over
40 d after a change from a normal to a high protein intake. A possible explanation
might be a transient retention or loss of body nitrogen because of a labile pool of
body nitrogen (50). Conversely, there is concern that overeating is facilitated by a
high‐carbohydrate, high‐fat diet (23‐25,46,51). More research is necessary to
establish a cause‐and‐effect relation by taking all macronutrients into account. In
the current study, the high carbohydrate content of the low‐protein diet did not
cause overeating. Subjects reported more hunger and desire to eat and less
fullness with the 5En%‐protein diet than with the 15En%‐protein diet. The low
fullness value of the 5En% diet was a stimulus for increased energy intake between
meals in the Maastricht sample but not at Purdue. It remains to be determined
whether overeating with a relatively low‐protein diet stems from its high‐fat
content.
Subjects consumed less food during the 30En%‐protein diet relative to baseline.
This occurred with appetite scores comparable to those elicited by a 15En%‐protein
diet. These findings support previous evidence that, under some conditions, high‐
protein diets have strong satiety effects and result in a lower energy intake
(13,16‐18,52‐57). The strengths of the present study were its 2‐center study design
with the same protocols and the tight control over energy and macronutrient
intake over a period of 12 d, in a large number of subjects, including both sexes.
In conclusion, complete protein leverage did not occur because subjects did not
consume to a common protein amount at the expense of energy balance.
Individuals did underconsume relative to energy requirements from high‐protein
diets. The lack of support for protein leverage effects on low‐protein diets may
stem from the fact that protein intake was sufficient to maintain nitrogen balance
over 12 d; thus, there was still a low drive to adjust energy intake to meet some
optimal protein intake level.
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SUPPLEMENTAL TABLES
Table S4.1

Appetite profile over 12 d between conditions in subjects from the Maastricht and Purdue
1
centers separately and combined
Maastricht (n = 28)

Hunger (mmVAS/24h)
5En% from protein
15En% from protein
30En% from protein
Fullness (mmVAS/24h)
5En% from protein
15En% from protein
30En% from protein
Desire to eat (mmVAS/24h)
5En% from protein
15En% from protein
30En% from protein

Purdue (n = 30)

2,a,

19066 ± 6573 *
b,#
15703 ± 4929
b,#
14715 ± 5124

a,

21696 ± 7017 *
a,#
25309 ± 7502
a,#
25065 ± 9294

a,

18648 ± 7414 *
b,#
15057 ± 4727
b,#
14016 ± 5537

24466 ± 2417 *
a,#
23226 ± 2081
a,#
22413 ± 3045
25597 ± 2331 *
a,#
27285 ± 2618
a,#
28397 ± 3750
24781 ± 3131 *
a, #
23560 ± 2228 *
a,#
22460 ± 3146

Total (n = 58)

b,

21673 ± 5671*
#
19335 ± 5366
#
18432 ± 5728

b,

23579 ± 5612*
#
26263 ± 5734
#
26674 ± 7309

b,

21608 ± 6493*
#
19162 ± 5664
^
18093 ± 6197

1

Values within a row with different superscript letters are significantly different, P<0.05 (between
centers, factorial ANOVA). Values with different superscript symbols indicate significant differences
between diets that differed in relative protein content, P<0.05 (at the Maastricht center, at the Purdue
center, or at both centers combined, repeated‐measures ANOVA with Bonferroni correction for pairwise
2
post‐hoc comparisons). En%, percentage of energy; VAS, visual analog scale; Mean ± SD (all such
values).
Table S4.2

Urinary nitrogen excretion (g/24h) at baseline (day 0) and at days 5 and 11 between
1
conditions in subjects from the Maastricht and Purdue centers separately and combined
Maastricht (n = 28)

5En% from protein
Day 0
Day 5
Day 11
15En% from protein
Day 0
Day 5
Day 11
30 En% from protein
Day 0
Day 5
Day 11

Purdue (n = 30)

2,a,

8.0 ± 3.1 *
a,#
5.2 ± 2.9
a,#
4.4 ± 1.5

a,

9.5 ± 6.5 *
a,
8.2 ± 2.8 *
a,
9.1 ± 4.4 *

a,

9.2 ± 4.4 *
a,#
15.1 ± 8.8
a,#
15.7 ± 10.7

10.1 ± 3.4 *
a,#
5.7 ± 1.8
a,#
4.9 ± 1.6
10.5 ± 3.4 *
a,
9.3 ± 2.7 *
a,
10.0 ± 2.8 *
10.5 ± 3.2 *
a,#
14.5 ± 5.6
a,#
14.8 ± 6.0

Total (n = 58)

b,

9.0 ± 3.4*
#
5.5 ± 2.4
#
4.7 ± 1.5

a,

10.0 ± 5.2*
8.7 ± 2.8*
9.6 ± 4.0*

a,

9.9 ± 3.9*
#
14.8 ± 7.4
#
15.3 ± 8.7

1

Values within a row with different superscript letters are significantly different, P<0.05 (between
centers, factorial ANOVA). Values with different superscript symbols indicate significant differences
between diets that differed in relative protein content, P<0.05 (at the Maastricht center, at the Purdue
center, or at both centers combined, repeated‐measures ANOVA with Bonferroni correction for pairwise
2
post‐hoc comparisons). En%, percentage of energy; Mean ± SD (all such values).
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ABSTRACT
Background
Protein quality evaluation aims to determine the capacity of food sources and diets to meet
protein and indispensable amino acid (IAA) requirements. This study determined whether
nitrogen balance was affected and whether dietary IAA were adequately obtained from the
ad libitum consumption of diets at three levels of protein from different primary sources for
12 days.

Methods
Two 12‐day randomized crossover design trials were conducted in healthy subjects [n=70/67
(M/F); age: 19‐70 y; BMI: 18.2‐38.7 kg/m2]. The relative dietary protein content was lower
than [5% of energy (En%)], similar to (15En%), and higher than (30En%) customary diets.
These diets had a limited variety of protein sources, containing wheat protein as a single
protein source (5En%‐protein diet) or 5En% from wheat protein with 10En% (15En%‐protein
diets) or 25En% (30En%‐protein diets) added from whey with α‐lactalbumin, soy or beef
protein.

Results
There was a dose‐dependent increase in nitrogen excretion with increasing dietary protein
content, irrespective of the protein sources (P=0.001). Nitrogen balance was maintained on
the 5En%‐protein diet, and was positive on the 15En%‐ and 30En%‐protein diets (P<0.001)
over 12 days. Protein intake from the 5En%‐protein diet did not reach the amount necessary
to meet the calculated minimal IAA requirements, but IAA were sufficiently obtained from
the 15En%‐ and 30En%‐protein diets. In the 15En%‐ and 30En%‐protein conditions, a higher
protein intake from the soy‐containing diets than from the whey with α‐lactalbumin or beef
containing diets was needed to meet the minimal IAA requirements.

Conclusion
Protein intake did not compensate for an insufficient indispensable amino acid intake with a
low‐protein diet for 12 days. These trials were registered at clinicaltrials.gov as
NCT01320189 and NCT01646749.
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BACKGROUND
Meeting metabolic needs for amino acids is crucial to ensure health (1). Amino
acids provide nitrogen and carbon skeletons for tissue protein synthesis and for the
production of nitrogenous compounds involved in a range of bodily functions (2).
Many types of amino acids are needed physiologically but some cannot be
synthesized in the body and must therefore be obtained through the diet; these
amino acids are known as the dietary indispensable amino acids (IAA). Protein
quality evaluation aims to determine the capacity of food sources and diets to
meet protein and IAA requirements. Currently, nitrogen balance studies are
primarily applied to define protein requirements as the degree to which protein
intake compensates for obligatory losses of nitrogen from several pathways
including amino acid breakdown (1,3). However, nitrogen balance alone may be
insufficient and other factors should be considered when determining protein
requirement. For example, protein sources may influence the efficiency of protein
utilization, and diets containing protein of lower quality are associated with
increased losses of nitrogen (2,4,5). Furthermore, the observation of a non‐linear
relationship between protein intake and nitrogen balance indicates the existence of
metabolic adjustments to changes in protein intake (2,6). The overall requirements
of amino acids should consider adaptive components, such as net protein
deposition and oxidative losses (3).
Due to a large inter‐individual variability, even during energy balance and after
metabolic adaptation, nitrogen balance studies are not sufficiently accurate to
determine whether dietary protein intake meets IAA requirements (1,3,7). In the
context of protein‐diets, the digestible IAA score (DIAAS) enables the
determination whether dietary protein intake is sufficient for the metabolic needs
for the individual IAA. The DIAAS permits the definition of protein quality by
determination of the extent to which dietary IAA are provided in proportion to the
requirements (1).
Recently, it has been proposed that humans either consume relatively more
energy from a low‐protein diet (8), or relatively less from a high‐protein diet (9,10).
In these studies, complete protein leveraging was absent (8‐10). It is unclear
whether protein intake compensates for the protein‐proportions to maintain
nitrogen balance or to meet a sufficient amount of IAA. Compensatory intake of
protein for obligatory loss of nitrogen is essential for normal growth and
development in organisms (1,3). The proposed mechanism to prevent negative
nitrogen balance may be related to an observed signaling pathway that detects
amino acid depletion (11‐19). This study determined whether nitrogen balance was
affected and whether dietary IAA were adequately obtained from the ad libitum
consumption of diets at three levels of protein from different primary sources for
12 days. Data from two dietary intervention trials conducted over 12 consecutive
days were combined and analyzed (9,10). The relative dietary protein content was
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lower than [5% of energy (En%)], similar to (15En%), and higher than (30En%)
customary diets. These diets had a limited variety of protein sources, containing
wheat protein as single protein source (5En%‐protein diet) or 5En% from wheat
protein with 10En% (15En%‐protein diets) or 25En% (30En%‐protein diets) added
from whey with α‐lactalbumin, soy or beef protein.

METHODS
Results from a trial on whey protein with α‐lactalbumin (n=39) and soy protein
(n=40) at Maastricht University (9), and a two‐center trial on beef protein (n=58) at
Maastricht University and at Purdue University (10) were combined for analysis.
These studies were conducted according to the guidelines laid down in the
Declaration of Helsinki and all procedures involving human subjects were approved
by the Medical Ethical Committees of Maastricht University and Purdue University.
Written informed consent was obtained from all subjects. The study on whey with
α‐lactalbumin and soy protein was registered as NCT01320189 and that on beef
protein as NCT01646749 at clinicaltrials.gov. Data on energy and protein intake of
the separate studies has been previously published (9,10). The present study
encompasses the analyses on the nitrogen balances and on the DIAAS.

Study subjects
One hundred and eighty‐six subjects were recruited, of whom 28 dropped out due
to lack of time. Four subjects were excluded from the data analysis because of non‐
compliance, as shown by urinary nitrogen excretion. Overall, 137 subjects (70 men
and 67 women) were included in the final data analysis. BMI ranged from
18.2‐38.7 kg/m2 and age from 19 to 70 y (9,10). Subjects underwent screening that
included anthropometric measurements and the completion of questionnaires
eliciting information about health, smoking behavior, use of medications, alcohol
consumption, physical activity, eating behavior and liking of the study meals.
Subjects were non‐smoking, not using more than moderate amounts of alcohol
(>10 drinks/wk), were weight stable (body weight change <3 kg during the prior
6 mo and had no planned weight change during the study period), were not using
medication or supplements except for oral contraceptives in women, and rated the
taste of the meals as acceptable [Visual analog scale (VAS) score for liking: ≥50 mm]
(9,10). Individual daily energy requirements were calculated as the basal metabolic
rate calculated with the formula of Harris and Benedict (20), times the physical
activity level based on the Baecke Activity Questionnaire or on the two validated
questions physical activity at work and at leisure time (21,22).
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Study design
In the two single‐blind, randomized crossover design trials, the relative protein
content included 5En% from wheat protein (5En%‐protein diet), and 5En% from
wheat protein with 10En% (15En%‐protein diets) or 25En% (30En%‐protein diets)
from whey with α‐lactalbumin (Hiprotal Whey Protein Alpha; DOMO,
FrieslandCampina), soy protein (SUPRO Soy Protein Isolate; Solae LLC) or beef
protein. Subjects were randomly assigned to diets containing whey protein with
α‐lactalbumin or the soy protein in trial one and all consumed beef protein in the
second trial. The order of the three treatment arms for protein energy content was
random for all subjects. Each dietary intervention lasted for a period of
12 consecutive days, in which subjects visited one of the universities for ad libitum
consumption of breakfasts, lunches and dinners (9,10). Prior work indicated that
this period of intervention is long enough to reliably measure possible effects on
energy and macronutrient intake (23). The wash‐out period between the test
sessions was ~ 6 wk to minimize carry‐over effects and to take menstrual cycle
phase effects into account in women on energy intake (24,25).

Diet composition
Each protein‐diet consisted of 5En% from wheat flour protein. The 5En%‐protein
condition contained wheat flour as a single protein source. In the 15%‐protein
conditions, the protein content was comprised of 33% (5En%) of wheat flour
protein and of 67% (10En%) of either whey plus α‐lactalbumin, soy or beef protein.
Dairy protein was comprised of 70% of whey protein and of 30% of α‐lactalbumin.
Protein content of the 30En%‐protein conditions comprised of 17% (5En%) of
wheat flour protein and of 83% (25En%) of either beef, whey plus α‐lactalbumin or
soy protein. Again, dairy protein content was comprised of 70% of whey protein
and of 30% of α‐lactalbumin. The fat content between the meals and between the
conditions was maintained at a constant proportion (35 En%) to prevent possible
effects of energy density and palatability on energy intake (26‐28). The resulting
diet compositions were 5/60/35 En% from protein:carbohydrate:fat (low‐protein),
15/50/35 En% (medium‐protein), and 30/35/35 En% (high‐protein). Moreover, the
fiber content was comparable between the conditions.

Biomarker of protein intake and nitrogen balance
Nitrogen excretion, measured from 24‐h urine collections at baseline (day 0) and at
days 5 and 11, was used as a crude estimate of protein intake. Urine was collected
in 2‐l urine bottles containing 10 ml of diluted hydrochloric acid (4 mmol/l) to
prevent nitrogen loss through evaporation. Collection started after the first voiding
in the morning on the collection days at 8:00h, and lasted through the first voiding
on the next day at 8:00h. The total volume of the 24‐h urine was recorded. Urine
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was gently mixed, and samples were taken and frozen at ‐20°C until analysis.
Nitrogen concentrations were measured with an elemental analyser (CHN‐O‐Rapid,
Heraeus, Hanau, Germany, in the Netherlands, and Integra COBAS 400 plus, Roche
Diagnostics GmbH, Rotkreuz, Switzerland, in the USA). Total nitrogen output was
calculated as 24‐h urinary nitrogen plus 10% to account for normal losses via feces
and other losses (9,10). Nitrogen balance was calculated as the difference between
nitrogen excretion and nitrogen intake.

Protein intake
Each meal was weighed to the nearest gram before it was provided to the subjects.
Leftovers were reweighed to permit calculation of protein intake for each subject.
Weights of provided snack items were also recorded, and the portions returned
uneaten were weighed to determine the protein intake from the snacks per
subject. Mean protein intake was calculated as the sum of protein intake from
meals and from snacks (9,10).

DIAAS
The IAA compositions of wheat protein and that of beef protein in the provided
diets were obtained from the United States Department of Agricultural data base
(29) and from a FAO publication (30) (Additional file 1). Amino acid analyses of
specific food products provided the dietary IAA compositions of whey,
α‐lactalbumin and soy protein (Supplemental Table S5.1) (31). The IAA content of
the protein‐diets was calculated as the sum of IAA of the separate proteins in the
diets. Subsequently, the IAA content of the protein‐diets was corrected for
digestibility (Supplemental Table S5.2) (1). Since fecal protein represents largely
bacterial protein, determination of undigested protein at the end of the ileum is a
more reliable measure for the digestibility of dietary protein (32‐34). Furthermore,
the predicted ileal amino acid content needs to be corrected for ileal endogenous
amino acids that are voided in the digestive tract. When the coefficients of amino
acid digestibility are corrected for the endogenous amino acids, the resultant
digestibility coefficients are considered as ‘true’ coefficients (1,32,33). Differences
have been observed in the ileal digestibility of different proteins, as well as
between different amino acids within each type of protein (1,32,35). Therefore, in
this study, the digestible IAA content was calculated for each individual IAA within
each of the protein sources (wheat, whey with α‐lactalbumin, soy, and beef) as the
dietary IAA content (mg/g protein) multiplied by the corresponding IAA true ileal
digestibility coefficient. True ileal digestibility coefficients were obtained from a
compound table representing observations in humans, pigs and rats from single
studies or as means across studies (33). In general, digestibility coefficients for
humans are used. When human data were not available, predictions for humans
based on data obtained from growing pigs or rats were used, and then followed by
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digestibility coefficients for growing pigs or rats. For wheat flour protein, a
predicted value obtained from pig true ileal amino acid digestibility was used,
based on the equations of Deglaire and Moughan and from the endogenous amino
acid losses determined using the protein‐free diet method (32‐34). A determined
value in humans was available for the whey with α‐lactalbumin protein
concentrate, whereby endogenous amino acid losses were determined using the
protein‐free diet method (32‐34,36). Also for soy protein isolate, amino acid
digestibility coefficients corrected for endogenous amino acid losses were
determined using the protein‐free diet method. These were available from a
human study by Moughan et al. (32‐34,36). Since specific studies on beef protein
are scarce, the amino acid digestibility coefficients of meat protein hydrolysate
determined in rats with endogenous amino acid losses determined using the
enzyme hydrolyzed casein/ultrafiltration method, were used as representatives
(33).
The minimal IAA requirements are the minimal intakes of IAA to avoid
deficiencies (37,38). These represent the profile of IAA intake to fulfill the
obligatory role of maintenance. The DIAAS for the minimal IAA intakes were
calculated for each IAA per protein‐diet with the following formula (Supplemental
Table S5.3):
DIAAS (%) = 100 x [(mg of the digestible dietary IAA in 1 g of the dietary protein) /
(mg of the same dietary IAA in 1 g of the reference protein)] (1).

The DIAAS of a protein reflects the availability of the most limiting IAA relative
to the minimal requirement. The lowest DIAAS indicates that the corresponding IAA
is the most limiting IAA of the protein, and this score is used as the DIAAS for that
protein. The minimal IAA scores for a reference protein were calculated with a
minimal protein requirement value of 0.66 g/kg body weight (BW)/d (1)
(Supplemental Table S5.3). In our study, the minimal DIAAS for each IAA within the
different protein‐diets was calculated (Table 5.1). Thus, the lowest score
represents the DIAAS for the corresponding protein‐diet.
In order to assess whether subjects met their minimal IAA requirements by
consuming the different protein‐diets, the protein intake to meet these
requirements was calculated per diet (Table 5.2).
Protein intake to meet dietary IAA requirements (g/kg BW/d) = [assumed dietary
IAA requirement (minimal: 0.66 g/kg BW/d) / DIAAS].
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Table 5.1

Dietary IAA reference ratios for minimal IAA and DIAAS per protein diet
His

5En% wheat
10En% (+ 5En% wheat)
Whey + α‐lac
Soy
Beef
25En% (+ 5En% wheat)
Whey + α‐lac
Soy
Beef

Ile

Leu

Lys

SAA

AAA

Thr

Val

Trp

DIAAS

1.26 1.06 1.05 0.53

1.68

1.36

1.00 0.94 1.62

% (IAA)
53 (Lys)

1.19 1.63 1.45 1.47
1.29 1.14 1.00 0.84
1.78 1.38 1.23 1.44

2.00
1.09
1.65

1.50
1.01
1.79

1.90 1.13 3.06
1.10 0.89 1.54
1.55 1.12 1.33

113 (Val)
84 (Lys)
112 (Val)

1.17 1.77 1.55 1.69
1.31 1.18 1.00 0.93
1.93 1.47 1.30 1.68

2.08
0.96
1.66

1.53
1.02
1.92

2.12 1.18 3.41
1.14 0.89 1.53
1.71 1.18 1.28

117 (His)
89 (Val)
118 (Val)

α‐lac, α‐lactalbumin; AAA, aromatic amino acids (phenylalanine + tyrosine); DIAAS, digestible
indispensable amino acid score; En%, percentage of energy; IAA, indispensable amino acid; His,
histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; SAA, sulphur amino acids (cysteine + methionine); Thr,
threonine; Trp, tryptophan; Val, valine.

Table 5.2

Calculated protein intake to meet minimal IAA requirements and measured intake over 12
days
Calculated

Measured

Calculated

g/kg BW/d
5En% wheat
15En%
5En% wheat + 10En%:
Whey + α‐lac
Soy
Beef
30En%
5En% wheat + 25En%:
Whey + α‐lac
Soy
Beef

Measured
g/d

1.24

0.39

87.6

27.5

0.58
0.78
0.59

1.01
0.98
1.18

40.0
57.8
41.0

67.5
70.7
81.2

0.56
0.74
0.56

1.61
1.56
1.96

38.3
54.5
38.9

108.4
113.4
134.5

α‐lac, α‐lactalbumin; BW, body weight; En%, percentage of energy; IAA, indispensible amino acid.

Statistical analysis
SPSS version 20 for Macintosh OS X (SPSS Inc.) was used to perform statistical
analyses. Differences in subject characteristics between protein groups were
assessed using Factorial ANOVA. Factorial ANOVAs with repeated measures were
applied to test whether nitrogen excretion and nitrogen balance changed in
response to the dietary interventions within protein groups. Differences were
regarded as statistically significant if P<0.05. Data are presented as mean ± SD.
Possible effects of protein source on nitrogen excretion and nitrogen balance
were evaluated by calculating the differences in response elicited by the different
protein diets within each protein group. Kruskal‐Wallis tests were used to evaluate
whether these differences were affected by source of protein. Mann‐Whitney tests
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were used to follow‐up noted differences. The Monte Carlo method was applied to
estimate the significance of the Mann‐Whitney tests. Effect sizes for the Mann‐
Whitney tests were calculated by dividing the obtained z‐scores by the
corresponding number of subjects. A Bonferroni correction was applied so all
effects are reported at a 0.05 / 3=0.017 level of significance. Data are presented as
median ± range. Differences were regarded as statistically significant if P<0.05.

RESULTS
Subject characteristics
Subject characteristics are summarized per protein group in Table 5.3. Subject
characteristics did not differ between the protein groups.
Table 5.3

Subject characteristics of the whey with α‐lactalbumin, soy and beef protein groups
Whey protein

Participants, M/F (n)
Age (y)
Age range (y)
Height (cm)
BW (kg)
2
BMI (kg/m )
2
BMI range (kg/m )
BMR (MJ/d)
PAL
DER (MJ/d)
TFEQ Dietary restraint score
TFEQ Disinhibition score
TFEQ Hunger score

16/23
35 ± 17
18 – 70
172 ± 11
68.6 ± 13.8
23.1 ± 3.5
18.2 – 33.9
6.5 ± 1.2
1.76 ± 0.15
11.4 ± 2.0
6±4
4±2
4±2

Soy protein
24/26
34 ± 19
18 – 69
174 ± 10
73.6 ± 12.3
24.3 ± 3.2
18.1 – 33.4
6.9 ± 1.0
1.75 ± 0.14
12.1 ± 2.1
5±3
4±3
4±3

Beef protein
30/28
33 ± 16
19 – 70
169 ± 10
69.8 ± 11.8
24.4 ± 4.0
18.7 – 38.7
6.7 ± 1.0
1.73 ± 0.16
11.5 ± 2.1
6±4
4±3
4±3

Values shown as means ± SDs. There were no significant differences between the protein groups
(factorial ANOVA). BMR, basal metabolic rate; BW, body weight; DER, daily energy requirement; PAL,
physical activity level; TFEQ, Three‐Factor Eating Questionnaire.

Biomarker of protein intake and nitrogen balance
There was a dose‐dependent increase in nitrogen excretion with increasing dietary
protein content, irrespective of the protein sources (P=0.001, Table 5.4). In each
condition, no significant difference between the urine collection at days 5 and 11
were observed, which indicates stable protein intakes within the conditions over
the 12‐d test periods (9,10). Nitrogen balance did not differ significantly from zero
on the 5En%‐protein‐diet, and was positive on the 15En%‐ and 30En%‐protein diets
(P=0.001, Table 5.4). The differences in nitrogen excretion and balance between
the protein‐diets were not affected by the sources of protein or by age.
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Table 5.4

Nitrogen excretion and nitrogen balance per protein diet
Whey protein (n = 39) Soy protein (n = 40) Beef protein (n = 58)

N excretion day 11 (mg/kg BW/d)
5En% (5En% wheat)
15En% (5En% wheat + 10En%)
30En% (5En% wheat + 25En%)
N balance day 11 (mg/kg BW/d)
5En% (5En% wheat)
15En% (5En% wheat + 10En%)
30En% (5En% wheat + 25En%)

a

71.2 ± 30.6
b
124.8 ± 59.0
c
203.0 ± 104.6
a

4.2 ± 39.1
b
47.6 ± 52.1
c
73.5 ± 69.6

a

67.9 ± 21.6
b
138.0 ± 56.8
c
217.4 ± 109.7

a

3.5 ± 27.6
b
50.1 ± 60.4
c
95.8 ± 110.1

70.8 ± 22.8
b
112.2 ± 47.9
c
191.0 ± 79.9
‐6.9 ± 28.3
b
48.5 ± 43.5
c
71.5 ± 53.9

a

a

Values shown as means ± SDs. Values with different superscript letters indicate significant differences
between diets that differed in relative protein content, P<0.05 (in the whey, in the soy, or in the beef
protein diets, repeated‐measures ANOVA with Bonferroni correction for pairwise post‐hoc
comparisons). There were no significant differences between the protein groups (Non‐parametric tests).
BW, body weight; En%, percentage of energy; N, nitrogen P, protein.

Protein intake and DIAAS
The DIAAS for minimal IAA intake are displayed for the 5En%‐protein diet, and for
the 15En% and 30En%‐protein diets containing whey with α‐lactalbumin, soy or
beef protein separately (Supplemental Table S5.3). Measured protein intake from
the 5En%‐wheat‐protein diet was lower than the intake necessary to meet the
calculated minimal IAA requirements (Table 5.2). Measured protein intake from the
15En%‐ and 30En%‐protein diets was sufficient to meet minimal IAA requirements,
irrespective of protein source. Age did not have an effect on differences in protein
intake between conditions.
In line with previous data on amino acid composition, wheat flour protein was
deficient in lysine, and had a lower total IAA content than whey with α‐lactalbumin,
soy and beef protein (Supplemental Table S5.1). A characteristic of whey and α‐
lactalbumin protein was the relatively high abundance of leucine and lysine. Soy
protein was lower in the sulphur amino acids (SAA) cysteine and methionine. The
15En%‐ and 30En%‐soy protein diets had a relatively lower IAA content than diets
with comparable protein levels from whey with α‐lactalbumin or beef sources
(Supplemental Table S5.2).
For the 5En%‐protein diet, the lowest minimal DIAAS was obtained for lysine.
Valine and histidine were the most limiting IAA of the 15En%‐ and 30En%‐protein
diets containing whey with α‐lactalbumin protein (Table 5.1). For the 15 En%‐ and
30En%‐protein diets containing soy, the most limiting IAA were lysine and valine
respectively. The minimal DIAAS for the diets containing 15En% and 30En% from
beef protein were ascribed to valine. DIAAS for minimal IAA intake were higher on
the 15En%‐ and 30En%‐protein diets compared with the 5En%‐protein diet. All the
added protein sources tested were relatively high quality protein sources, but the
DIAAS for minimal IAA intake only exceeded 100% for the whey with α‐lactalbumin
and beef containing diets. In the 15En%‐ and 30En%‐protein conditions, a higher
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protein intake from the soy‐containing diets than from the whey with α‐
lactalbumin or beef containing diets was needed to meet the minimal IAA
requirements.

DISCUSSION
This study determined whether nitrogen balance was affected and whether dietary
IAA were adequately obtained from the ad libitum consumption of diets at three
levels of protein from different primary sources for 12 days. The successful
implementation of the dietary protein intervention on each condition in both trials
was confirmed by urinary nitrogen concentrations. There was a dose‐dependent
increase in nitrogen excretion with increasing dietary protein content, irrespective
of the protein sources. Despite protein intake with the 5En%‐protein diet being
below the minimal protein requirement of 0.66 g/kg BW/d (1), it was sufficient to
maintain nitrogen balance over 12 days. Nitrogen balance was positive on the
15En%‐ and 30En%‐protein diets, irrespective of dietary protein composition.
However, protein intake from the 5En%‐protein diet did not reach the amount
necessary to meet the calculated minimal IAA requirements, but IAA were
sufficiently obtained from the 15En%‐ and 30En%‐protein diets. In the 15En%‐ and
30En%‐protein conditions, a higher protein intake from the soy‐containing diets
than from the whey with α‐lactalbumin or beef containing diets was needed to
meet the minimal IAA requirements.
Data of this study suggest that the lower concentration of protein provided with
the 5En%‐protein diet was not outside the range that is feasible to maintain
nitrogen balance over 12 days. The Adaptive Demands model developed by
Millward may provide an explanation for this observation by proposing that the
metabolic demand for amino acids comprises a fixed component and a variable
adaptive component (39). Short‐term changes in protein intake are likely within the
adaptive range (3). Adaptations in protein and amino acid metabolism to changes
in protein intake largely occur via changes in whole body protein turnover and
amino acid oxidation (2,40). Changes in amino acid oxidation were reflected as
decreased and increased nitrogen excretion in response to the low‐ and high‐
protein diets respectively. The activity of the enzymes that regulates:
1) transamination, 2) the disposal of the carbon skeletons in intermediary
metabolism, and 3) the disposal of nitrogen through the urea cycle was increased
in response to high protein intake (41,42). Nevertheless, a positive nitrogen
balance was observed in the present study following the high‐protein diets despite
increased enzyme activities. This is in line with earlier observations (2,43‐45), but
does not automatically reflect an increase in protein anabolism (3). The capacity of
the body to increase amino acid anabolism through an increase in lean body mass
is limited (3). Only interventions using diets high in specific IAA, such as leucine,
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might be able to stimulate protein synthesis in specific target groups (46,47).
Therefore, a transient retention or loss of body nitrogen because of a labile pool of
body nitrogen may contribute to adaptations in amino acid metabolism in response
to changes in protein intake (48). Transient adaptive mechanisms may be
distinguished from mechanisms that maintain homeostasis in the body in the
longer‐term.
The calculated DIAAS for the 5En%‐protein diet were well below 100%, which
confirms that wheat is a low‐quality protein. Especially at this low protein density,
the intake of lysine was inadequate for satisfying the minimal IAA requirements.
Protein intake should exceed 0.66 g/kg BW/d to reach the minimal IAA intake.
Consequently, measured intake from wheat protein being 0.39 g/kg BW/d with the
5En%‐protein diet means that minimal IAA requirements were not met. Protein
intake was not spontaneously adjusted to reach the calculated optimal intake level
of IAA. To meet the calculated minimal DIAAS level, subjects should have consumed
~63 MJ a day, from this diet. Interestingly, in animals, the detection of reduced
concentrations of IAA in the anterior piriform cortex in the brain may result in
deacetylation of the cognate transfer RNA (15). Subsequent activation of general
amino acid nonderepressing kinase 2 may phosphorylate eukaryotic initation factor
2α, a factor involved in the control of the initiation of translation in protein
synthesis. This may lead to behavioral responses including under‐consumption of
diets that lack a minimal amount of IAA (13,16,18). The findings of this study do not
show a behavioral response in humans (9,10). The lower concentration of protein
provided in the present trials was not outside the range that is feasible to adjust
protein intake. Nevertheless, a study (49) has documented acute food‐choice
compensation after low‐protein meals in humans. After a low‐protein meal, an
increase in wanting and task‐related signaling in the hypothalamus has been
related to increased protein intake in a subsequent meal (49). Griffioen‐Roose et al.
(0) showed in a 4‐day study that subjects increased their protein intake in a
compensatory way during ad libitum feeding after a low‐protein diet (5En% from
protein). Since no shift towards a higher energy intake from the 5En% protein diet
compared with the 15En% protein diet was observed (9, 10), the insufficient
amount of IAA clearly does not trigger a possible compensatory protein intake over
12 days. Observations from studies in developing countries show health
deterioration related to low protein intake, especially of IAA, at intakes
<0.66 g/kg BW/d (1). Thus, although we conclude that protein intake did not
compensate for an insufficient IAAintake with a low‐protein diet for 12 days, we do
not propose that low‐protein diets are sustainable.
Increasing the relative dietary protein content from whey with α‐lactalbumin,
soy or beef protein resulted in an improved protein quality of the diets. However,
the higher DIAAS of the whey with α‐lactalbumin and beef diets did not affect total
daily protein intake differently compared with the lower DIAAS of the soy diets.
Minimal requirements for IAA were reached with the ad libitum intake of each
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15En% and 30En%‐protein diet. However, a higher protein intake from the soy‐
containing diets than from the whey with α‐lactalbumin or beef containing diets
was needed to meet the minimal IAA requirements. This corresponds with the
recommendations for vegetarians to consume more protein or to include a
combination of different plant protein sources in the diet. Furthermore, a larger
amount of protein from whey with α‐lactalbumin or beef was available to fulfill
roles beyond the obligatory role of maintenance. Since the subjects in this study
were healthy, one of these roles may be the stimulation of muscle protein
synthesis. The relative high abundance of leucine in whey with α‐lactalbumin
protein may be beneficial to stimulate muscle protein synthesis (46).
The DIAAS can be applied in practice to examine protein quality of food
products or mixed diets. However, it should be emphasized that the calculations of
the DIAAS rely on some assumptions. First, the use of digestibility coefficients
based on animal data is unavoidable when human data is not available. Second, the
calculated protein intake necessary to meet minimal IAA requirements is based on
the assumptions of a daily minimal protein requirement. This value may vary
depending on dietary protein composition and should be adjusted according to
subject‐specific protein requirements. Factors influencing protein and amino acid
metabolism, subsequently affecting protein and IAA requirements, should be
further elucidated. Longer‐term intervention studies with measurements of blood
concentrations of amino acids and other key factors in appetite regulation, whole
body protein turnover and muscle protein synthesis would provide more insight in
the changes in protein and amino acid metabolism in response to dietary protein
intake. Furthermore, possible IAA sensing pathways involved in the regulation of
energy and protein metabolism in humans remain to be investigated.

CONCLUSION
To summarize, nitrogen balance was maintained on the 5En%‐protein diet, and was
positive on the 15En%‐ and 30En%‐protein diets over 12 days. Despite this, the
protein intake from the 5En%‐protein diet did not reach the amount necessary to
meet the calculated minimal IAA requirements, but IAA were sufficiently obtained
from the 15En%‐ and 30En%‐protein diets. In the 15En%‐ and 30En%‐protein
conditions, a higher protein intake from the soy‐containing diets than from the
whey with α‐lactalbumin or beef containing diets was needed to meet the minimal
IAA requirements. In conclusion, protein intake did not compensate for an
insufficient indispensable amino acid intake with a low‐protein diet for 12 days.
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SUPPLEMENTAL TABLES
Table S5.1

IAA composition per type of protein

His
20
16
27
20
34

Wheat flour
Whey
α‐lac
Soy
Beef

Ile
34
59
57
37
48

Leu
66
94
107
60
81

Lys
27
84
103
46
89

mg/g protein
SAA
39
43
60
18
40

AAA
55
51
81
68
80

Thr
26
63
48
28
46

Val
41
51
43
35
50

Trp
11
16
38
10
8

α‐lac, α‐lactalbumin; AAA, aromatic amino acids (phenylalanine + tyrosine); His, histidine; IAA,
indispensable amino acid; Ile, isoleucine; Leu, leucine; Lys, lysine; SAA, suphur amino acids (cysteine +
methionine); Thr, threonine; Trp, tryptophan; Val, valine.

Table S5.2

True ileal digestible IAA and total IAA content per protein diet
mg/g protein

5En% wheat
5En% wheat + 10En%:
Whey + α‐lac
Soy
Beef
5En% wheat + 25 En%:
Whey + α‐lac
Soy
Beef

His
19

Ile
32

Leu
62

Lys
24

SAA
37

AAA
52

Thr
23

Val
37

Trp
10

Total
294

18
19
27

49
34
41

85
59
73

66
38
65

44
24
36

57
61
68

44
25
36

44
35
44

18
9
8

425
305
397

18
20
29

53
35
44

91
59
76

76
42
76

46
21
37

58
64
73

49
26
39

46
35
46

20
9
8

457
311
428

α‐lac, α‐lactalbumin; AAA, aromatic amino acids (phenylalanine + tyrosine); En%, percentage of energy;
His, histidine; IAA, indispensable amino acid; Ile, isoleucine; Leu, leucine; Lys, lysine; SAA, sulphur amino
acids (cysteine + methionine); Thr, threonine; Trp, tryptophan; Val, valine.

Table S5.3

IAA reference pattern for minimal requirements
mg/g protein

His
15

Ile
30

Leu
59

Lys
45

SAA
22

AAA
38

Thr
23

Val
39

Trp
6

AAA, aromatic amino acids (phenylalanine + tyrosine); His, histidine; IAA, indispensable amino acid; Ile,
isoleucine; Leu, leucine; Lys, lysine; SAA, sulphur amino acids (cysteine + methionine); Thr, threonine;
Trp, tryptophan; Val, valine.
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ABSTRACT
Protein‐induced satiety has been proposed as the main mechanism behind the beneficial
effects of high‐protein diets for body weight management. This study assessed the within‐
subject relations between postprandial changes in hunger and fullness ratings, and the
postprandial changes in amino acid, GLP‐1, ghrelin, glucose, and insulin concentrations
following the consumption of normal and high casein‐, soy‐, or whey‐protein containing
breakfasts. Healthy subjects (n=25, age: 22 ± 1y, BMI: 23.9 ± 0.3 kg/m2) received
standardized breakfasts with casein‐, soy‐, or whey‐protein, with 10/55/35 or 25/55/20% of
energy (En%) protein/carbohydrate/fat (randomized cross‐over design). Hunger and fullness
ratings, and plasma amino acid, GLP‐1, ghrelin, glucose, and insulin concentrations were
determined for 240 min. Postprandial increases in fullness ratings were related to increases
in concentrations of most amino acids, irrespective of protein content and protein type. The
amino acids arginine, asparagine, isoleucine, leucine, lysine, and phenylalanine showed a
R2>50% in the breakfasts with 10En% from casein‐, soy‐, or whey‐protein, as well as with
25En% from whey‐protein. GLP‐1, insulin and ghrelin concentrations were related to
postprandial hunger and fullness responses, for ghrelin and insulin sometimes as trends.
Glucose concentrations showed less strong relations with hunger and fullness. To conclude,
postprandial kinetics of arginine, asparagine, isoleucine, leucine, lysine, and phenylalanine
were related to casein‐, soy, and whey‐protein‐induced fullness especially at 10En% of
protein, while the postprandial kinetics of GLP‐1, ghrelin, and insulin were also related to
changes in appetite at 25En% of these proteins.
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INTRODUCTION
In the light of prevention and treatment of the current epidemic of overweight and
obesity, protein‐diets have come into focus as having the potential to act on the
different metabolic targets regulating body weight (1,2). Protein is generally known
as being the most satiating macronutrient on a calorie for calorie basis (3), with
protein‐induced satiety proposed as main mechanism behind the beneficial effects
of high‐protein diets for body weight management. Mellinkoff et al. showed in
1956 significant inverse correlations between changes in the serum amino acid
concentration and fluctuations in appetite (R2=0.2‐0.4) (4). Whether induced by
feeding of protein or amino acids, or by infusing amino acid mixtures, appetite
decreased when serum (4) or plasma amino acid concentrations (5‐9) increased,
and vice versa. More specifically, postprandial increases in plasma concentrations
of single or groups of amino acids have been observed to coincide with the
development of satiety (5‐8,10). Hall et al. showed increased fullness ratings and
total plasma amino acid concentrations following a liquid whey preload compared
with casein (6). The larger total plasma amino acid response following whey
compared with casein was largely attributed to larger increases in concentrations
of isoleucine (102%), leucine (70%), threonine (95%), and valine (34%) (6).
Veldhorst et al. showed that at 10 energy percent (En%) protein, whey decreased
hunger ratings more than casein or soy, coinciding with larger isoleucine, leucine,
lysine, threonine, and tryptophan responses (5). Moreover, it was shown that a
25En% vs. a 10En% casein‐protein breakfast was more satiating at 3 and 4h
postprandial, coinciding with prolonged elevated concentrations of the sum of
amino acids as well as of the branched‐chain amino acids (8). However, between‐
subject relations were not observed. With respect to soy protein, satiety ratings
were more increased after a breakfast with 25En% vs. 10En% of protein (7).
Postprandial satiety and hunger suppression were positively related to taurine
concentrations. Furthermore, responses of almost all amino acids were larger after
a 25En% than after a 10En% whey‐protein breakfast (9). However, satiety ratings
were more increased after a breakfast with 10En% whey‐protein than with 25En%
whey‐protein (9). Acheson et al. observed increased plasma amino acid
concentrations after casein‐, soy‐, and whey‐protein meals, with total amino acid
concentrations reaching higher peak values at 60 min and 120 min after the whey‐
protein meal compared with the casein‐ or soy‐protein meals, due to increases of
the amino acids isoleucine, leucine, lysine, and valine (10). In this study, whey‐
protein was found to be less satiating than casein‐ or soy‐protein.
Apart from amino acids, the anorexigenic gut peptide glucagon‐like peptide 1
(GLP‐1), the orexigenic gut peptide ghrelin, glucose and insulin may also play a role
in protein‐induced satiety (11) GLP‐1 is released from the endocrine L‐cells of the
gastrointestinal tract in response to food intake in proportion to the caloric intake
and in relation to the macronutrient composition (11,12). Increased concentrations
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of GLP‐1 have been shown to reduce appetite (12). Ghrelin is secreted primarily by
the gastric X‐cells during fasting (11). Ghrelin appears to stimulate appetite (13,14),
and may play a role in meal initiation (11). Furthermore, changes in plasma glucose
concentrations may be involved in food intake regulation (11,15). Postprandial
increases in glucose concentrations trigger insulin secretion by the β‐cells of the
pancreatic islets, which induces anorexigenic effects (15,16). Veldhorst et al. have
shown stronger glucose and insulin responses after a 10En% vs. a 25En% casein‐
protein breakfast, but no further effects on GLP‐1 and ghrelin concentrations were
observed (8). With respect to soy‐protein, a stronger peak response of glucose was
shown after a 10 En%‐protein breakfast, but the insulin response was higher after a
25En%‐protein breakfast. Postprandial GLP‐1 and ghrelin responses were not
differently affected (7). At 25En%, whey‐protein showed a stronger physiological
reaction than casein‐ and soy‐protein through stronger GLP‐1 and insulin responses
(9).
However, apart from the correlations between satiety and fullness, and taurine
concentrations after a 25En% soy‐protein breakfast, no between‐subject
correlations between postprandial appetite ratings and postprandial amino acid,
(an)orexigenic hormone, glucose, and insulin concentrations were observed (5,7‐9).
It seems obvious that the ingestion of larger meals evokes stronger meal‐size
related fullness, amino acid, (an)orexigenic hormone, glucose, and insulin
responses. Likely, a higher fullness is rated only within subjects (23). Between
subjects, differences in individual energy requirements play a role (17), and we
advocate that fullness ratings are related to the magnitude of achieved energy
intake relative to energy requirement. Therefore, fullness ratings may be the same
between subjects of different sizes who ingest different amounts of food, and
therefore, between‐subject magnitudes of energy intake relate rather to different
subject‐sizes than to fancied different levels of hunger or fullness. However, the
question remains whether the within‐subject changes in hunger and fullness
ratings in the course of a meal, relate to the within‐subject changes in
concentrations of amino acids, (an)orexigenic hormones, glucose, and insulin.
The present study assessed the within‐subject relations between postprandial
changes in hunger and fullness ratings, and the postprandial changes in amino acid,
GLP‐1, ghrelin, glucose, and insulin concentrations following the consumption of
normal and high casein‐, soy‐, or whey‐protein containing breakfasts. The aim was
to find different associations that might relate to the observed differences in
postprandial hunger and fullness between proteins as well as between different
dosages of the same protein.

MATERIALS AND METHODS
Data on the comparisons of high (25En%) vs. normal (10En%) casein‐, soy‐, and
whey‐protein breakfasts, that were previously collected and published in peer‐
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reviewed journals by Veldhorst et al. (5,7‐9) were further analyzed. None of the
outcomes of the present within‐subjects analyses on the possible relations
between postprandial changes in hunger‐ and fullness‐ratings and changes in
amino acid, GLP‐1, ghrelin, glucose, and insulin concentrations were reported in
these papers (5,7‐9). This section summarizes the protocols that were used by
Veldhorst et al. (5,7‐9).

Subjects
Twenty‐five healthy Caucasian subjects (11 men and 14 women; age 22 ± 1 y (range
19‐38 y); body weight 74.4 ± 1.8 kg) with a BMI of 23.9 ± 0.3 kg/m2 (range
21.8‐27.1 kg/m2) participated in those studies (7‐9). Subjects were selected on the
basis of being in good health, non‐smokers, non‐vegetarian, not cognitively dietary
restraint (Three‐Factor Eating Questionnaire Factor 1 score ≤9) (18), not using
medication apart from oral contraceptives, and at most moderate alcohol users
(≤10 alcoholic consumptions/wk). All subjects gave written informed consent. The
studies were approved by the Medical Ethical Committee of the Maastricht
University, and were in accordance with the Helsinki Declaration of 1975 as revised
in 1983. A full description of the subject recruitment has been reported in the
papers by Veldhorst et al. (5,7‐9).

Study design
Three single‐blind, within‐subject experimental studies were performed, according
to the same design, in random order (5,7‐9). For the women, the experiments were
carried out in the same phase of the menstrual cycle. The protocol started at 08:00
h after an overnight fast from 22:00 h. A Venflon catheter was placed in a
superficial dorsal vein of the hand. To obtain arterialized venous blood samples the
hand was placed in a thermostatically controlled hot box at 60°C for 20 min before
each sampling time. Breakfast was offered (t = 0 min) and consumed within 20 min.
Appetite ratings and amino acid concentrations were measured just before
breakfast and at 20, 40, 60, 80, 100, 120, 180, and 240 min after breakfast. Blood
samples for the determination of GLP‐1 concentrations were obtained at 30, 60, 90
and 120 min after breakfast, and those for the determination of ghrelin, glucose
and insulin at 40, 60, 120 and 180 min after breakfast. Subjects were allowed to
drink maximally two glasses of water spread over the morning. A full description of
the study design has been reported in the papers by Veldhorst et al. (5,7‐9).

Breakfast
Breakfast was offered as a custard with either casein (Calcium Caseinate S,
DMVInternational, Veghel, The Netherlands), soy (Supro® 590, The Solae Company,
St. Louis, MO, United States of America), or whey (whey, Ultra Whey 90, Volactive
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Functional Food Products, Orwell, United Kingdom) as a single protein source with
an En% protein/carbohydrate/fat of 10:55:35 (normal protein) or 25:55:20 (high
protein), as described before (5,7‐9). Protein was exchanged with fat; carbohydrate
content was kept constant because of its effect on protein metabolism (19). All
custards had an energy density of 4 kJ/g. The amount of the breakfast subjects had
to consume corresponded to 20% of their individual daily energy requirement
(DER). For each subject the DER was calculated by multiplying the basal metabolic
rate (BMR) by an activity index of 1.75, as indicated by the Baecke questionnaire
(20). This value corresponds with the average value reported for the general
population in The Netherlands (21). The BMR was calculated according to the
equation of Harris–Benedict (17).
The mean energy content of the breakfast was 2.5 ± 0.07 MJ and the provided
breakfasts were finished within 20 min. The custards were produced by NIZO Food
Research bv. (Ede, The Netherlands). Extensive product development and use of a
taste panel lead to custards not different in color, taste, or viscosity. The amino
acid composition of the custards is presented in Table 6.1 (5,7‐9).
Pleasantness of taste of the custards was rated as sufficient (VAS score ≥50 mm)
(7‐9). Taste perception ratings of pleasantness of taste, sweetness, sourness,
saltiness, bitterness, savouriness, crispiness, and creaminess did not differ by
protein type and content (5,7‐9). A full description of the breakfast characteristics
has been reported in the papers by Veldhorst et al. (5,7‐9).
Table 6.1

Amino acid content of the breakfasts given as a custard with either 10 En% or 25 En% from
casein, soy, or whey protein (g amino acid/100 g custard) (5,7‐9)

Alanine
Arginine
1
Aspartic acid
Cysteine
2
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine
1

Casein
10 En%
0.064
0.092
0.150
0.009
0.477
0.040
0.064
0.112
0.204
0.172
0.064
0.110
0.230
0.120
0.090
0.027
0.120
0.141
2

Casein
25 En%
0.150
0.218
0.355
0.021
1.127
0.094
0.152
0.265
0.483
0.405
0.152
0.259
0.544
0.283
0.214
0.064
0.283
0.333

Soy
10 En%
0.073
0.139
0.200
0.022
0.328
0.071
0.048
0.089
0.145
0.110
0.022
0.094
0.087
0.089
0.066
0.023
0.069
0.085

Soy
25 En%
0.182
0.345
0.497
0.054
0.816
0.177
0.119
0.222
0.360
0.274
0.056
0.234
0.216
0.220
0.164
0.057
0.171
0.212

Whey
10 En%
0.106
0.055
0.230
0.055
0.381
0.035
0.039
0.141
0.226
0.201
0.048
0.062
0.128
0.099
0.150
0.039
0.061
0.123

Whey
25 En%
0.266
0.139
0.579
0.139
0.957
0.088
0.097
0.355
0.567
0.504
0.121
0.156
0.321
0.249
0.378
0.099
0.154
0.309

Aspartic acid = asparagine. Glutamic acid = glutamine + glutamate. GMP, glycomacropeptide.
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Appetite ratings
VAS (100 mm) were used to assess appetite with separates scales for hunger and
fullness. The scales were anchored with ‘not at all’ and ‘extremely’ (5,7‐9).

Blood parameters
As reported in the papers by Veldhorst et al. (5,7‐9) blood was collected in lithium
heparin tubes for the determination of amino acid concentrations. The plasma was
deproteinized by mixing it with dry sulfosalicylic acid. Blood was distributed into
EDTA tubes for the measurement of active ghrelin, glucose and insulin
concentrations, with hydrochloric acid and phenylmethylsulfonyl fluoride added for
the determination active ghrelin. For the determination of active GLP‐1
concentrations, blood was collected in EDTA tubes with added dipeptidyl peptidase
IV inhibitor. Blood samples were centrifuged at 4°C for 10 min at 3000 rpm. All
samples were stored at −80°C un l further analysis. Plasma concentra ons of
amino acids were determined with the use of a fully automated HPLC (Pharmacia,
Woerden,
The
Netherlands),
after
precolumn
derivatization
with
o‐phthaldialdehyde (22). Plasma active GLP‐1 and active ghrelin concentrations
were measured by ELISA (EGLP‐35K; Linco Research Inc., St. Charles, Missouri,
USA). Plasma glucose concentrations were determined using the hexokinase
method (Glucose HK 125 kit, ABX diagnostics, Montpellier, France). Insulin
concentrations were measured by RIA (Linco Research Inc., St. Charles, Missouri,
USA) (5,7‐9).

Statistics
The actual analyses tested the strength of the within‐subject relations between
postprandial changes in hunger and fullness ratings, and postprandial changes in
plasma amino acid, GLP‐1, ghrelin, glucose, and insulin concentrations. This was
performed with the statistical approach described and applied by Lemmens et al.
(23). We calculated, for each subject individually, as well as averaged over all
subjects, regression slopes and R2 values for the regression of hunger and fullness
ratings on the plasma amino acid, GLP‐1, ghrelin, glucose and insulin
concentrations for the corresponding measuring moments following the
consumption of breakfasts with either 10En% or 25En% from casein‐, soy‐, or
whey‐protein.
ANOVA repeated measures were used to test whether the regression slopes for
each subject individually, as well as for the means of the regression slopes, for each
condition, were different from zero. In case the within‐subject and mean regression
slopes were significantly different from zero, the regression was considered as
statistically significant (23). Then, the lowest R2 value among the subjects was
taken to indicate the magnitude of explained variation. All tests were two‐sided
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and differences were considered significant at P<0.05. Values are expressed as
means (± SD). Data were analyzed using SPSS version 18 for Macintosh OS X.

RESULTS
The present results of the within‐subject tests show that increases in fullness
ratings were positively related to increases in plasma concentrations of all amino
acids, except for citrulline, following the consumption of breakfasts with either
10En% or 25En% from casein, soy, or whey protein (Table 6.2). For citrulline, the
relation between fullness ratings and plasma concentrations was inverse. The
means of the regression slopes for fullness as a function of single amino acids were
significantly different from zero for almost all amino acids within each condition
(Table 6.2, P<0.05). The amino acids arginine, asparagine, isoleucine, leucine,
lysine, and phenylalanine showed a R2>50% in the breakfasts with 10% of energy
from casein‐, soy‐, or whey‐protein, as well as with 25 En% from whey‐protein
(Table 6.2). The means of the within‐subject relations between postprandial
changes in fullness and postprandial changes in the concentrations of these amino
acids are shown in Figure 6.1.
Postprandial decreases in ratings of hunger and increases in ratings of fullness
were either linearly or cubistically significantly related to changes in concentrations
of GLP‐1, ghrelin, glucose, and insulin following the consumption of the breakfast
containing 10En% casein (Table 6.3, P<0.05). These relations were also present for
GLP‐1 and ghrelin, but only partly for insulin, and not for glucose following the
consumption of the 25En%‐casein breakfast (Table 6.3, P<0.05). For soy 10En%,
changes in ratings for hunger or fullness were either linearly or cubistically
significantly related to changes in concentrations of GLP‐1 and insulin, whereas for
soy 25En%, such relations were also present for ghrelin (P<0.05), and as trends for
glucose (Table 6.3). Similar relations were present for GLP‐1, glucose, and insulin
(P<0.05), and as trends for ghrelin following the consumption of the 10En%‐whey
breakfast. For whey 25En%, all relations were present except for glucose (Table 6.3,
P<0.05). The means of the within‐subject relations between postprandial changes
in hunger and fullness ratings, and postprandial changes in GLP‐1, ghrelin, glucose,
and insulin concentrations are shown in Figure 6.2.
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0.9±1.2
0.1±0.01
0.5±0.7
0.1±0.02
9.0±1.9a
0.2±0.04
9.3±1.8a
0.3±0.05
9.1±1.7a
0.4±0.05
5.2±1.2a
0.3±0.05

0.2±0.02a
0.4±0.1
0.1±0.02a
0.4±0.05
0.1±0.02a
0.4±0.04
0.1±0.02a
0.4±0.04
0.1±0.02a
0.5±0.04

α‐amino‐
butyric acid

0.2±0.02a
0.5±0.05

Alanine

0.8±0.1a
0.6±0.04

1.4±0.1a
0.5±0.05

0.4±0.05a
0.6±0.05

0.9±0.1a
0.6±0.1

0.9±0.1a
0.4±0.1

1.4±0.2a
0.5±0.05

Arginine

0.6±0.1a
0.5±0.04

1.1±0.1a
0.5±0.04

0.5±0.05a
0.5±0.04

0.3±0.1a
0.5±0.1

0.9±0.1a
0.4±0.1

1.6±0.2a
0.5±0.04

Asparagine

‐2.7±0.3
0.2±0.03

‐3.5±0.6a
0.3±0.04

‐4.9±0.9a
0.4±0.05

‐3.7±0.6a
0.4±0.05

‐4.5±1.0a
0.3±0.05

‐3.8±0.7a
0.3±0.05

Citrulline

0.6±0.1a
0.3±0.04

0.9±0.2a
0.2±0.04

1.1±0.1a
0.4±0.05

1.4±0.3a
0.3±0.05

0.9±0.3a
0.2±0.1

1.1±0.2a
0.2±0.03

Glutamate

0.2±0.04a
0.2±0.04

0.2±0.1a
0.2±0.03

0.4±0.1a
0.4±0.05

0.3±0.1
0.1±0.03

0.2±0.1
0.2±0.1

0.3±0.1
0.3±0.05

Glutamine

0.5±0.1a
0.3±0.04

0.6±0.1a
0.2±0.03

0.5±0.1a
0.4±0.05

0.9±0.2a
0.3±0.05

0.6±0.2a
0.2±0.04

0.7±0.1a
0.2±0.04

Glycine

1.1±0.1a
0.4±0.04

1.3±0.2a
0.4±0.04

1.1±0.1a
0.4±0.05

1.7±0.3
0.3±0.05

0.7±0.2a
0.3±0.05

1.8±0.2a
0.4±0.05

Histidine

0.3±0.03a
0.5±0.05

0.6±0.05a
0.5±0.04

0.4±0.05a
0.4±0.05

1.0±0.2a
0.6±0.1

0.5±0.1a
0.4±0.05

1.0±0.1a
0.5±0.05

Isoleucine

0.1±0.02a
0.5±0.05

0.3±0.03a
0.5±0.04

0.3±0.03a
0.5±0.05

0.7±0.1a
0.6±0.05

0.3±0.04a
0.4±0.05

0.6±0.1a
0.5±0.05

Leucine

Observed regression slopes and R2 values for the within‐subject relations between 4 h fullness ratings and plasma amino acid concentrations following
consumption of a breakfast with either 10 En% or 25 En% from casein, soy, or whey protein1

Casein 10 En%
Slope
R2
Casein 25 En%
Slope
R2
Soy 10 En%
Slope
R2
Soy 25 En%
Slope
R2
Whey 10 En%
Slope
R2
Whey 25 En%
Slope
R2

Table 6.2
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1

1.2±0.2a
0.4±0.05
2.4±0.5a
0.3±0.05
2.1±0.3a
0.4±0.05
2.4±0.2a
0.5±0.05
1.2±0.1a
0.6±0.05

0.2±0.04a
0.4±0.1
0.6±0.1a
0.6±0.05
0.3±0.03a
0.5±0.05
0.3±0.03a
0.5±0.04
0.2±0.02a
0.5±0.05

2.0±0.3a
0.5±0.1

2.7±0.4a
0.5±0.05

0.7±0.1a
0.3±0.05

1.9±0.3a
0.4±0.05

0.5±0.2
0.2±0.04

1.4±0.04a
0.3±0.10

Ornithine

Values are means ± SD, n=25. a Different from zero, P<0.05.

2.3±0.3a
0.5±0.05

Methionine

0.5±0.1a
0.5±0.05

Lysine

(continued)

Casein 10 En%
Slope
R2
Casein 25 En%
Slope
R2
Soy 10 En%
Slope
R2
Soy 25 En%
Slope
R2
Whey 10 En%
Slope
R2
Whey 25 En%
Slope
R2

Table 6.2

1.0±0.1a
0.6±0.04

1.8±0.2a
0.5±0.04

0.9±0.1a
0.5±0.05

1.7±0.3a
0.5±0.1

1.3±0.2a
0.5±0.1

2.1±0.2a
0.5±0.04

Phenylala‐
nine

0.6±0.1a
0.5±0.05

1.0±0.2a
0.4±0.05

0.5±0.1a
0.4±0.1

1.3±0.2a
0.5±0.1

0.6±0.1a
0.4±0.1

1.1±0.1a
0.4±0.04

Serine

5.9±2.3
0.2±0.04

‐0.9±1.4
0.1±0.03

7.3±1.3a
0.3±0.04

‐0.6±1.0
0.1±0.02

3.3±1.2
0.2±0.1

‐2.6±1.1
0.1±0.02

Taurine
(sulfonic acid)

0.3±0.03a
0.5±0.05

0.6±0.1a
0.5±0.04

0.5±0.1a
0.5±0.04

0.9±0.1a
0.5±0.1

0.5±0.1a
0.4±0.1

1.0±0.1a
0.6±0.05

Threonine

0.7±0.1a
0.4±0.05

1.7±0.2a
0.5±0.04

1.9±0.2a
0.5±0.05

2.8±0.4a
0.5±0.04

2.4±0.3a
0.4±0.1

2.2±0.2a
0.4±0.04

Tryptophan

0.7±0.1a
0.5±0.04

1.4±0.2a
0.5±0.04

0.6±0.1a
0.4±0.05

1.7±0.3a
0.5±0.1

0.5±0.1a
0.3±0.05

1.4±0.2a
0.5±0.1

Tyrosine

0.3±0.03a
0.5±0.05

0.5±0.05a
0.5±0.04

0.3±0.04a
0.4±0.05

0.7±0.1a
0.5±0.1

0.2±0.04a
0.2±0.04

0.6±0.1a
0.5±0.05

Valine
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Figure 6.1

Means of the within‐subject relations between postprandial fullness and arginine (A),
asparagine (B), isoleucine (C), leucine (D), lysine (E), and phenylalanine (F) for the
2
corresponding measuring moments. Values are means, n=25; Regression slopes and R
values different from zero, P<0.05 for all amino acids. GLP‐1, glucagon‐like peptide 1; VAS,
visual analog scale.
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100

1

b1 = ‐0.611b
b2 = 0.013
b3 = 0.001
0.003

a

0.015

b1 = 0.127a

0.050

b1 = ‐0.286b
b2 = 0.006
b3 = 0.001
0.013

b1 = 0.079

0.088

0.034

b

b1 = 0.050
b2 = ‐0.004
b3 = 5.019‐5
0.001

0.016

b1 = ‐0.047a

0.001

0.029

b1 = 0.097a

b1 = ‐0.027a

0.018

0.157

0.098

0.090

0.081

0.131

b1 = ‐0.294b
b2 = 0.005
b3 = 0.001
0.022

Glucose

a

0.039

b1 = ‐2.286a

0.055

0.036

b1 = ‐1.378

0.056

0.087

0.048

b1 = ‐2.105a

Insulin

n=25. a Linear model, different from zero, P<0.05. b Cubic model, different from zero, P<0.05.

P

P
Whey 25 En%
Slope

P
Whey 10 En%
Slope

P
Soy 25 En%
Slope

P
Soy 10 En%
Slope

P
Casein 25 En%
Slope

b1 = ‐0.614b
b2 = 0.018
b3 = 0.001
0.003

Ghrelin

b1 = 1.009a

Hunger
GLP‐1

a

b1 = 0.001b
b2 = ‐0.001
b3 = 1.895‐5
0.010

0.032

b1 = 0.047a

0.012

b1 = 0.031

0.012

b1 = 0.046a

0.001

b1 = 0.026a

0.024

b1 = 0.046a

Fullness
GLP‐1

b

0.011

b1 = ‐0.131a

0.063

b1 = 0.050
b2 = 0.001
b3 = 0.001
0.007

0.072

0.031

b1 = ‐0.095a

0.024

b1 = ‐0.132a

Ghrelin

0.162

b1 = 0.001b
b2 = ‐0.001
b3 = 9.988‐6
0.033

0.079

0.057

0.070

b1 = ‐0.077b
b2 = 0.001
b3 = 1.164‐5
0.005

Glucose

0.039

b1 = 2.340a

b1 = 0.001b
b2 = ‐0.042
b3 = 0.001
0.041

b1 = ‐0.875b
b2 = 0.001
b3 = 0.001
0.014

b1 = 0.001b
b2 = ‐0.042
b3 = 0.001
0.002

b1 = 0.001b
b2 = ‐0.047
b3 = 0.001
0.015

b1 = 0.001b
b2 = ‐0.063
b3 = 0.001
0.009

Insulin

Mean observed regression slopes and P‐values for the within‐subject relations between 4 h hunger and fullness ratings and plasma GLP‐1, ghrelin,
glucose, and insulin concentrations following consumption of a breakfast with either 10 En% or 25 En% from casein, soy, or whey protein1

Casein 10 En%
Slope

Table 6.3
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Figure 6.2

Means of the within‐subject relations between postprandial hunger and GLP‐1 (A), ghrelin
(B), glucose (C), insulin (D), and fullness and GLP‐1 (E), ghrelin (F), glucose (G), insulin (H)
a
for the corresponding measuring moments. Values are means, n=25; Linear model,
b
different from zero, P<0.05; Cubic model, different from zero, P<0.05). GLP‐1, glucagon‐
like peptide 1; VAS, visual analog scale.
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DISCUSSION
This study assessed the within‐subject relations between postprandial changes in
hunger and fullness and postprandial changes in amino acid, GLP‐1, ghrelin,
glucose, and insulin concentrations following the consumption of normal and high
casein‐, soy‐, or whey‐protein containing breakfasts. The aim was to find different
associations that might relate to the observed differences in postprandial hunger
and fullness between proteins as well as between different dosages of the same
protein. Results showed that postprandial increases in fullness ratings were related
to increases in plasma concentrations of most amino acids, irrespective of protein
content and protein type. The amino acids arginine, asparagine, isoleucine, leucine,
lysine, and phenylalanine showed a R2>50% following the consumption of
breakfasts with 10En% from casein‐, soy‐, or whey‐protein, as well as with 25En%
from whey‐protein. This indicates that increases in postprandial amino acid
concentrations are related to protein‐induced fullness, independent of the type of
protein but rather with 10En%‐protein meals than with 25En%‐protein meals. The
observations that the magnitude of the explained variation in fullness of these
amino acids was less with breakfasts comprising a larger protein content from
casein or soy suggest that these amino acids may be important for protein‐induced
fullness at lower protein contents. Prolonged elevations of amino acid
concentrations, and differences in the peaks of the different amino acids, may have
contributed to the lower order of magnitude of the explained variation at 25En% of
protein.
The effects of single amino acids on protein‐induced fullness have been studied
before. A leucine‐supplemented diet led to a similar decrease in food intake and
body weight as a high‐protein diet (24,25). Furthermore, leucine administration
directly in the central nervous system decreased food intake in a dose‐dependent
manner, which was not observed with other amino acids (24,25). Leucine has been
shown to activate the mammalian target of rapamycin (mTOR) pathway within the
mediobasal hypothalamus, and possibly also within the nucleus tractus solitarus of
the brain stem (26). Leucine has also been observed to inhibit the hypothalamic
5’adenosine monophosphate‐activated protein kinase pathway (25), a pathway
that also interacts with the mTOR pathway (27), thereby modulating hypothalamic
neuropeptides. Subsequent activation of catabolic pro‐opiomelanocortin neuron
activity and inactivation of anabolic neuropeptide Y/Agouti‐related peptide
neurons in the arcuate nucleus of the hypothalamus induce a reduction of food
intake. These two neuronal circuits are balanced and partly control food intake
(28). Furthermore, leucine and isoleucine are two of the three branched‐chain
amino acids that may regulate protein synthesis and degradation, as well as insulin
secretion and synthesis (29‐31). The high‐energy costs of these processes may be
related to satiety (32,33).
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With respect to lysine, it was shown that its consumption induced a mild satiety
effect (34). Arginine is a semi‐essential amino acid and known to increase growth
hormone release on the hypothalamic level (35,36). Growth hormone increases
protein synthesis by enhancing amino acid uptake (37). Moreover, arginine is the
direct precursor of nitric oxide (38), which was reported to be an important
regulator of gastrointestinal motility and emptying (39). Phenylalanine is an
essential amino acid whose effects on satiety are thought to be potent by
controlling the release of cholecystokinin, and stimulating a rise in insulin and
glucagon concentrations, while controlling glucose metabolism (40,41).
In general, dietary amino acids affect satiety signaling in the brain indirectly via
innervation of vagal afferent fibers or changes in gut hormone secretion and
directly via increased postprandial plasma concentrations (2,42). The ‘aminostatic
theory’ suggests that elevated serum amino acid concentrations, which cannot be
channeled into protein synthesis, serve as satiety signals in the central nervous
system and thereby result in suppressed food intake (4).
The changes in the postprandial concentrations of GLP‐1, insulin, and ghrelin
were related to the changes in hunger and fullness ratings, although for ghrelin and
insulin sometimes as trends. Glucose concentrations showed less strong relations
with hunger and fullness, probably due to the faster kinetics of the responses.
With respect to the different proteins, it was shown before that a 25En%‐casein
breakfast was more satiating than a 10En%‐casein breakfast (8). Now this
observation is underscored by the relations between changes in hunger and the
changes in GLP‐1 and ghrelin concentrations. Similarly, a breakfast containing
25En% from soy was reported to be more satiating than a breakfast with 10En%
from soy, which was related to elevated concentrations of taurine (7). In the
present analysis, changes in hunger ratings following the consumption of soy‐
containing breakfasts were related to the changes in GLP‐1‐ and insulin‐
concentrations. Lastly, whey‐protein was more satiating than casein or soy at
25En%, which was underscored by larger isoleucine, leucine, lysine, threonine, and
tryptophan responses (5). With the present analyses, these responses partly
coincide with the relations with the amino acids arginine, asparagine, isoleucine,
leucine, lysine, and phenylalanine, and with GLP‐1, ghrelin and insulin. From these
relations we observe that the within‐subject correlations add to the explanation of
the earlier observed differences in protein‐induced fullness. The dissimilar effects
of whey protein compared with casein or soy protein may be related to whey being
more satiating than casein and soy protein.
To conclude, postprandial kinetics of arginine, asparagine, isoleucine, leucine,
lysine, and phenylalanine were related to casein‐, soy, and whey‐protein‐induced
fullness especially at 10En% of protein, while the postprandial kinetics of GLP‐1,
ghrelin, and insulin were also related to changes in appetite at 25En% of these
proteins.
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Maintenance of energy expenditure on
high‐protein vs. high‐carbohydrate diets at
a constant body weight may prevent a
positive energy balance
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ABSTRACT
Background & aims
Relatively high‐protein diets are effective for body weight loss, and subsequent weight
maintenance, yet it remains to be shown whether these diets would prevent a positive
energy balance. Therefore, high‐protein diet studies at a constant body weight are
necessary. The objective was to determine fullness, energy expenditure, and macronutrient
balances on a high‐protein low‐carbohydrate (HPLC) diet compared with a high‐
carbohydrate low‐protein (HCLP) diet at a constant body weight, and to assess whether
effects are transient or sustained after 12 weeks.

Methods
A randomized parallel study was performed in 14 men and 18 women [mean ± SD age:
24 ± 5 y; BMI (in kg/m2): 22.8 ± 2.0] on diets containing 30:35:35 (HPLC) or 5:60:35 (HCLP) %
of energy from protein:carbohydrate:fat.

Results
Significant interactions between dietary intervention and time on total energy expenditure
(TEE) (P=0.013), sleeping metabolic rate (SMR) (P=0.040), and diet‐induced thermogenesis
(DIT) (P=0.027) appeared from baseline to wk 12. TEE was maintained in the HPLC diet
group, while it significantly decreased throughout the intervention period in the HCLP‐diet
group (wk 1: P=0.002; wk 12: P=0.001). Energy balance was maintained in the HPLC diet
group, and became positive in the HCLP diet group at wk 12 (P=0.008). Protein balance
varied directly according to the amount of protein in the diet, and diverged significantly
between the diets (P=0.001). Fullness ratings were significantly higher in the HPLC vs. the
HCLP‐diet group at wk 1 (P=0.034).

Conclusions
Maintenance of energy expenditure on HPLC vs. HCLP diets at a constant body weight may
prevent development of a positive energy balance. The study was registered on
clinicaltrials.gov with Identifier: NCT01551238.
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INTRODUCTION
High‐protein diets appear to show different effects in relation to energy balance.
Considering the increasing prevalence of overweight and obesity, energy‐restricted
and ad libitum high‐protein diets have come into focus as being a beneficial
strategy for body weight loss, and weight maintenance thereafter (1‐4). Most
remarkable long‐term effects are shown when relatively high‐protein diets are
consumed in negative energy balance achieved by restriction of carbohydrate and
fat intake, but not of protein intake. The potential of these diets to maintain a
negative energy balance, to induce body weight loss, and to maintain the lower
body weight, can be explained by a sustained satiety at the level of the original diet
(5,6), and a sustained energy expenditure, which is underscored by preservation of
fat‐free mass (FFM) (7, 8). However, the question remains whether these effects,
observed for high‐protein diets in negative energy balance, can be translated into
preventive measures for body weight gain when consumed in neutral, or even in
positive energy balance. A positive energy balance induced by overfeeding with a
high‐protein diet was shown to result in a significant body weight gain. In a
situation with low physical activity, fat mass as well as FFM were increased,
together with an increase in resting energy expenditure (9). Resistance training
combined with a high‐protein diet in positive energy balance showed an apparent
effect on FFM accretion (10). The acute effects of high protein intake combined
with resistance training on muscle protein synthesis are assumed to be predictive
for high‐protein diets stimulating muscle hypertrophy in the longer‐term (11‐13).
Studies at a constant body weight, where energy balance can be neutral in
principle, but may fluctuate between days (14), could be used to predict whether
protein intake plays a role in the development of overweight and obesity. The
results of a systematic review of epidemiological studies suggest that protein intake
was neither associated with body weight gain or obesity, nor with body weight loss;
moreover, the observations are inconsistent (15). Recently, it was suggested that
the differential effects of protein intake are due to differences in protein source
(16). Furthermore, it has been observed that protein intake is maintained within a
small range across populations and over time (17).
Short‐term intervention studies using energy‐balanced diets with large
contrasts in relative protein content have shown that high‐protein diets induce
increased satiety compared with diets lower in protein, at least over 24 hours
(5,18‐23). Furthermore, higher rates of energy expenditure (24,25), a positive
protein balance (21,24,26) and an initial negative energy balance (24) were
observed in response to these energy‐balanced high‐protein diets. However, it is
unclear whether the observed effects from these acute studies are transient or
sustained, thus implying prevention of body weight gain. In order to assess
whether a high‐protein diet would be a concept for prevention of a positive energy
balance, we carried out a dietary intervention study to determine fullness, energy
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expenditure, and macronutrient balances on a high‐protein low‐carbohydrate
(HPLC) diet compared with a high‐carbohydrate low‐protein (HCLP) diet at a
constant body weight, and assessed whether effects are transient or sustained
after 12 weeks.

MATERIALS AND METHODS
The Medical Ethical Committee of Maastricht University approved the study, and
all subjects gave written informed consent. The study was registered on
clinicaltrials.gov with Identifier: NCT01551238.

Study subjects
Sensitivity analysis on data from a respiration chamber study by Westerterp et al.
(27) for the difference in 24‐h diet‐induced thermogenesis (DIT) between 29En%
and 9En%‐protein diets showed that the effect size was 0.391. Based on this effect
size, with an α of 0.05 and a β of 0.10, sample size calculation showed that at least
16 subjects per group were needed to show an interaction effect of dietary
intervention and time on 24‐h DIT in this study.
Forty‐two subjects were recruited by advertisements in local newspapers and
on notice boards at the university, of whom five dropped out due to lack of time.
Five subjects had to be excluded from the data analysis because of non‐compliance
with the designated protein intake, as shown by the urinary nitrogen biomarker.
Metabolic parameters of one subject were missing. Thus, 32 subjects (14 men and
18 women) were included in the final data analysis, and 31 subjects (14 men and
17 women) in the analysis of metabolic parameters.
Subjects underwent a screening that included anthropometric measurements
and the completion of questionnaires eliciting information about health, smoking
behaviour, use of medications, alcohol consumption, physical activity, eating
behaviour and palatability of the study foods. Subjects were normal weight or
slightly overweight [BMI range (in kg/m2): 19.2‐26.1 and aged between 19 and 34 y.
BMI and age were equally divided between males and females. Waist
circumference was measured at the smallest circumference between the rib cage
and iliac crest, and hip circumference at the level of the spina iliaca anterior
superior. Subjects were non‐smoking, not using more than moderate amounts of
alcohol (>10 drinks/wk), were weight stable (body weight change <3 kg during the
last 6 mo and had no planned weight change during the study period), and were
not using medication or supplements except for oral contraceptives in women.
The validated Dutch translation of the Baecke Activity Questionnaire was used
to measure habitual physical activity scores, which were subsequently converted
into a standardized individual physical activity level (28,29). Eating behaviour was
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analyzed using a validated Dutch translation of the Three‐Factor Eating
Questionnaire, which measures the 3 factors involved in eating behaviour, namely
‘cognitive restraint of eating, ‘disinhibition of restraint’, and ‘hunger’ (30,31).
Protein and carbohydrate shakes were served and tested on palatability by
100‐mm visual analog scales (VAS) anchored with ‘not at all’ at one end and
‘extremely’ at the other end. Only subjects who rated the shakes as sufficiently
palatable (VAS score ≥50 mm), and who were confident of being able to consume
these daily during the study period were included in the study.

Dietary intervention
This study used a single‐blind parallel design comprising short‐ and longer‐term
intervention periods with diets differing in relative protein content. Two days
before the baseline measurement in a respiration chamber, all subjects were
provided with an energy‐balanced diet containing a normal relative protein content
(15:50:35% of energy (En%) from protein:carbohydrate:fat). Individual daily energy
requirements (DER) were calculated as the basal metabolic rate determined with
the formula of Harris and Benedict (32) times the individual physical activity level.
During the 48‐h baseline measurement, a diet with a similar macronutrient
composition was served, whereby the physical activity level was estimated to be
1.35 for subjects being in energy balance. Subsequently, subjects were randomly
allocated to the HPLC (30:35:35En% from protein:carbohydrate:fat) or the HCLP
(5:60:35En%) diet group by stratification on sex, age and BMI. Protein was
completely exchanged with carbohydrate, resulting in a relative fat content being
similar in the baseline‐, the HPLC‐ and the HCLP diets. Subjects were instructed to
maintain a stable body weight throughout the complete period of 12 weeks.
Therefore, they received detailed dietary guidelines based on individual DER. The
dietary guidelines consisted of a variety of recipes for breakfasts, lunches, dinners
and snacks, including the food items and the amounts that had to be consumed.
The HPLC and HCLP diets were comparable, and consisted of commercially
available food items. The guidelines included the prescription to consume
additional protein [HPLC: whey with α‐lactalbumin (Hiprotal Whey Protein Alpha,
FrieslandCampina Domo EMEA, Amersfoort, The Netherlands)] or carbohydrate
[HCLP: maltodextrin (Fantomalt, Nutricia, Zoetermeer, The Netherlands)] by shakes
twice daily. Subjects had to consume the shakes in addition to the dietary changes
to ensure they reached the intended diet compositions that were difficult to reach
with only commercially available food items. The 48‐h measurements in the
respiration chamber were repeated after 1 week (short‐term) and after 12 weeks
(longer‐term), whereby subjects received energy‐balanced diets corresponding to
their diet group. Daily energy intake was divided over three meals, with breakfast
containing 20%, and lunch and dinner 40%. During all measurements in the
respiration chamber, the meals within each condition had the same macronutrient
composition. Furthermore, the incorporation of the protein and carbohydrate
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powders in the meals enabled to keep all food items and the energy density,
weight and volume of the meals the same between the baseline diet, the HPLC, and
the HCLP diets.
Diets were composed using nutrition information on the food items and from
standard food‐composition tables (Dutch Food Composition Table Stichting
Nederlands Voedingsstoffenbestand, Utrecht, The Netherlands). During the
respiration chamber measurements, breakfast was composed of breakfast cereals
(Kellogg’s Nederland, ‘s Hertogenbosch, The Netherlands) moistened with orange
juice. Lunch consisted of bread with butter and cucumber salad, served with
protein or carbohydrate shakes corresponding to diet group. Dinner meal included
pasta with oil, vegetables and tomato sauce. Subjects were allowed to drink water
ad libitum between the meals, but no other foods or beverages were allowed to be
consumed. At weeks 5 and 9 of the intervention period, interim visits were
scheduled to monitor compliance to the dietary guidelines.

Biomarker of protein intake
Nitrogen excretion, measured from 24‐h urine collections during the respiration
chamber measurements at baseline, and at weeks 1 and 12, and before the interim
visits at weeks 5 and 9, was used as an estimate of protein intake. Urine was
collected in 2‐l urine bottles containing 10 ml of diluted hydrochloric acid
(4 mmol/l) to prevent nitrogen loss through evaporation. The total volume of the
24‐h urine was recorded. Urine was gently mixed, and samples were taken and
frozen at ‐20°C until analysis. Nitrogen concentrations were measured with an
elemental analyser (CHN‐O‐Rapid, Heraeus, Hanau, Germany, in the Netherlands,
and Integra COBAS 400 plus, Roche Diagnostics GmbH, Rotkreuz, Switzerland, in
the USA). Total nitrogen output was calculated as 24‐h urinary nitrogen plus 10% to
account for normal losses via faeces and other miscellaneous losses.

Body weight and body composition
Body weight and adipose tissue volume were determined with subjects in the
fasted state, at equivalent times in the morning at baseline and after the 12‐wk
intervention. Total adipose tissue volume was obtained by means of air
displacement plethysmography (BOD POD, Life Measurement Inc., Concord, CA,
USA), and from the measurement of total body water using the deuterium dilution
method according to the Maastricht protocol (33). FFM was obtained by
subtracting adipose tissue volume from body weight. During the interim visits at
weeks 5 and 9, body weight was measured in order to determine whether it
remained constant.
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Energy expenditure and substrate oxidation
The respiration chamber measurements started at 20:00h (day 0), and stopped at
20:00h two days later (day 2). The respiration chamber is an airtight chamber of 14
m3 furnished with a bed, chair, desk with computer, TV, telephone, intercom, sink
and toilet. The climate inside the chamber was controlled. O2 consumption and CO2
production were continuously measured by open‐circuit ventilated indirect
calorimetry. The room was ventilated with fresh air at a rate of 70‐80 l/min. Flow
was measured using electronically modified dry gasmeters (G6, gasmeterfabriek
Schlumberger, Dordrecht, The Netherlands). The concentrations of O2 and CO2
were measured with dual pairs of infrared CO2 analyzers (ABB/Hartman&Braun
Uras, Frankfurt a.M, Germany) and paramagnetic O2 analyzers (Servomex 4100,
Crowborough, England and ABB/Hartman&Braun Magnos, Frankfurt a.M,
Germany). During each 15‐min period, six samples of outgoing air, one sample of
fresh air, zero gas and calibration gas were measured. The gas samples to be
measured were selected by a computer that also stored and processed the data
(34). Physical activity was continuously measured by means of a radar system. The
unit emits a radar signal of constant frequency in the respiration chamber. The
signal is reflected by the walls of the respiration chamber, and objects within it, and
subsequently detected by a radar receiver working on the Doppler principle. The
radar output is expressed as counts/min, which is proportional to the amount of
movement of the subject in the respiration chamber. Airflow, noise and radio
interferences do not interfere with the measured radar output (34).
Subjects had fixed bed times between 23:30h and 07:30h. In the daytime, they
were not allowed to sleep or to perform exercise. Meals were offered at stated
times (breakfast: 08:30h, lunch: 13:30h, dinner: 18:30h), and subjects were
instructed to finish these within 30 min.
Total energy expenditure (TEE) and the separate components of energy
expenditure, sleeping metabolic rate (SMR), DIT, and activity energy expenditure
(AEE) were calculated for the first and second 24‐h interval during the 48‐h stay in
the respiration chamber. O2 consumption and CO2 production were used to
calculate TEE according to the formula of Weir (35). SMR was expressed as the
lowest mean TEE during three consecutive hours between 00:00h and 07:00h. The
mean radar output corresponding with the SMR was assumed to represent the
inactive state. Simple linear regression analysis based on the relationship between
TEE and the corresponding radar output was used to calculate DIT and AEE. DIT was
represented by the increase in energy expenditure relative to the energy expended
during the assumed inactive state. AEE was calculated by subtracting SMR and DIT
from TEE. Energy expended for thermoregulation was neglected, since subjects
were staying in the respiration chamber in thermoneutral conditions. Energy
balance was determined as the difference between energy intake and TEE.
The relationships between measured SMR at baseline and FFM at baseline were
determined for the HPLC and HCLP diet groups. These equations were used to
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predict SMR in the different protein groups at week 12 by filling in the FFM values
measured at week 12. The ratios of measured SMR to predicted SMR were
calculated as measures for adaptive thermogenesis. Adaptive thermogenesis is
described as the decrease in SMR beyond what can be predicted by changes in FFM
(36).
Respiratory quotient (RQ) was calculated by dividing CO2 production by O2
consumption as a measure of substrate oxidation. Specifically, the amount of
protein oxidized was calculated from urinary nitrogen excretion. The difference
between nitrogen intake and output was used to determine protein balance. The
amounts of carbohydrate and fat oxidized were calculated from CO2 production, O2
consumption and protein oxidation with the formulas of Carpenter (37).
Carbohydrate and fat balances were determined as the difference between intake
and oxidation.

Appetite profile
Appetite profile was measured by means of VAS. These 100‐mm scales were
anchored with ‘not at all’ at one end and ‘extremely’ at the other end, and
combined with questions on feelings of hunger, satiety, fullness, and desire to eat.
Subjects had to complete the VAS every hour during the daytime, and just before
each meal during the 48‐h that they stayed in the respiration chamber for the
baseline measurement and for the measurements after week 1 and week 12 of the
dietary intervention.

Metabolic parameters
Venous blood samples were collected in the fasted state on each morning during
the measurements in the respiration chamber at 8:00h. Blood samples were
distributed into EDTA tubes for the measurement of glucose, insulin and
β‐hydroxybutyrate concentrations. Blood samples were centrifuged at 4°C for
10 min at 3000 rpm. Plasma samples were stored at −80°C un l further analysis.
Glucose concentrations were determined using the hexokinase method (ABX Penta
Glucose HK CP reagens, Horiba ABX diagnostics, Montpellier, France). Insulin
concentrations were measured by RIA (Human insulin specific RIA kit HI‐14K, Merck
Millipore, Darmstadt, Germany). Spectrophotometry was used for the
determination of β‐hydroxybutyrate concentrations (Ranbut kit, Randox
Laboratories Ltd., Crumlin, County Antrim, UK).

Statistical analysis
SPSS version 20 for Macintosh OS X (SPSS Inc.) was used to perform statistical
analyses. Data are presented as means ± SDs.

116

Protein and energy expenditure

The AUC over the day was calculated for appetite ratings for hunger, fullness,
satiety and desire to eat by using the trapezoidal method. Differences in subject
characteristics, nitrogen excretion, body weight and body composition, energy
expenditure and its components, substrate oxidation, appetite ratings, and
metabolic parameters between the diet groups were assessed using Factorial
ANOVA. Factorial ANOVAs with repeated measures were used to test whether
nitrogen excretion, body weight and body composition, energy expenditure and its
components, substrate oxidation, appetite ratings, and metabolic parameters
changed over 1 week vs. baseline and over 12 weeks vs. baseline within the diet
groups, and to test whether these effects differed between the diet groups.
Bonferroni correction for multiple comparisons and post‐hoc analyses was applied
with all ANOVA tests. The relationships between measured TEE or SMR and FFM
were determined using simple linear regression analysis. Differences were
regarded as statistically significant if P<0.05.

RESULTS
Subject characteristics
Mean subject characteristics are displayed in Table 7.1. No significant differences
were observed between the HPLC and HCLP diet groups at baseline. The subsets of
subjects that were included for the measurement of energy expenditure were
representative samples.
Table 7.1

Subject characteristics in the HPLC and HCLP diet groups

No. of subjects (M/F)
Age (y)
Height (cm)
Body weight (kg)
WHR
FM (kg)
FFM (kg)
2
BMI (kg/m )
BMR (MJ/d)
PAL
DER (MJ/d)
TFEQ Dietary restraint score
TFEQ Disinhibition score
TFEQ Hunger score
a

HPLC

HCLP

15 (7/8)
a,b
24 ± 5
172 ± 10
65.6 ± 8.9
0.78 ± 0.06
13.9 ± 5.0
51.7 ± 11.7
22.5 ± 1.8
6.7 ± 1.0
1.8 ± 0.1
12.2 ± 1.7
5±3
4±2
4±2

17 (7/10)
24 ± 5
172 ± 9
67.9 ± 9.2
0.80 ± 0.06
14.5 ± 4.3
53.4 ± 11.0
23.2 ± 2.1
6.8 ± 0.8
1.8 ± 0.1
11.9 ± 1.7
6±4
4±2
4±2

b

Mean ± SD (all such values). Values with different superscript letters are significantly different, P<0.05
(independent‐samples t‐test). BMR, basal metabolic rate; DER, daily energy requirement; FFM, fat‐free
mass; FM, fat mass; HCLP, high‐carbohydrate low‐protein; HPLC, high‐protein low‐carbohydrate; PAL,
physical activity level; TFEQ, Three‐Factor Eating Questionnaire; WHR, waist‐to‐hip ratio.
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Biomarker of protein intake
Baseline nitrogen excretion did not differ significantly between the HPLC
(11.8 ± 3.2 g/d) and the HCLP (12.2 ± 3.4 g/d) diet groups. Nitrogen excretion
increased significantly in the HPLC (21.7 ± 5.1 g/d, P<0.05) and decreased
significantly in the HCLP (7.0 ± 2.4 g/d, P=0.001) diet group compared with
baseline. Significant differences in protein intake between the diet groups were
confirmed in that nitrogen excretion differed significantly between the diet groups
throughout the intervention period (P=0.001).

Body weight and body composition
Body weight remained stable during the 12‐wk intervention period (Table 7.2). In
the HPCL diet group, fat mass slightly decreased, and FFM slightly increased in
response to the dietary intervention. Small increases in fat mass, coinciding with
small decreases in FFM were observed in the HCLP diet group. These changes did
not reach statistical significance in each of the diet groups.
Table 7.2

Body weight and body composition over 12 weeks in the HPLC (n=15) and HCLP diet
groups (n=17)
Baseline
HPLC

Body weight (kg)
FM (kg)
FFM (kg)
a

a,b

65.6 ± 8.9
13.9 ± 5.0
51.7 ± 11.7

Week 12
HCLP

HPLC

HCLP

67.9 ± 9.2
14.5 ± 4.3
53.4 ± 11.0

65.6 ± 8.5
13.5 ± 5.3
52.2 ± 11.1

67.7 ± 8.5
14.9 ± 5.1
52.8 ± 10.2

b

Mean ± SD (all such values). Values with different superscript letters are significantly different, P<0.05
(independent‐samples t‐test). FFM, fat‐free mass; FM, fat mass; HCLP, high‐carbohydrate low‐protein;
HPLC, high‐protein low‐carbohydrate.

Energy expenditure and substrate oxidation
TEE and the separate components of energy expenditure; SMR, DIT, and AEE, were
comparable between the HPLC and HCLP diet groups during the baseline
measurement in the respiration chamber (Table 7.3). Significant interactions
between dietary interventions over time on TEE (P=0.013), SMR (P=0.040), and DIT
(P=0.027) appeared from baseline to wk 12. TEE, SMR, and DIT were maintained
throughout the intervention period on the HPLC diet. On the HCLP diet, these were
significantly decreased at wk1 (TEE: P=0.002) and at wk 12 (TEE: P=0.001, SMR:
P=0.034, DIT: P=0.003). AEE was stable throughout the intervention period in both
diet groups (Table 7.3).
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4.9 ± 0.3
9.2 ± 4.8
46.3 ± 47.2

58 425 ± 16 516
59 684 ± 16 418
68 384 ± 18 446
63 651 ± 20404

0.02 ± 0.56
4.1 ± 18.8
0.3 ± 53.5
6.4 ± 26.2

67 ± 21
262 ± 69
74 ± 26

HCLP
8.81 ± 1.35
6.32 ± 1.04
0.93 ± 0.25
1.29 ± 0.26
0.87 ± 0.03

4.8 ± 0.2
7.3 ± 4.1
75.1 ± 48.4#

52 629 ± 25 023
71 108 ± 24 964#
77 182 ± 21 897#
55 697 ± 24 498

0.42 ± 0.55
‐16.4 ± 11.1^,#,§
12.1 ± 69.7
19.9 ± 28.5

40 ± 13*,^,#
299 ± 88^,#
61 ± 25

HCLP
8.42 ± 1.19*
6.21 ± 0.92
0.88 ± 0.30
1.29 ± 0.23
0.89 ± 0.04*,^,#

4.8 ± 0.2
8.0 ± 3.6
28.5 ± 7.0^,#

61 652 ± 17 146
53 488 ± 19 849^,#
61 852 ± 21 485#
66 947 ± 21 862

Week 1

0.34 ± 1.07
20.2 ± 19.4^,#,§
1.2 ± 59.9
8.4 ± 31.3

123 ± 22*,#
184 ± 59*,#
74 ± 33

HPLC
8.56 ± 1.37
6.10 ± 0.94
0.88 ± 0.16
1.36 ± 0.40
0.85 ± 0.03#

4.9 ± 0.3
8.1 ± 3.0
76.1 ± 63.9#

53 640 ± 26 283
67 201 ± 29 708
73 301 ± 29 112
57 213 ± 27 353

4.9 ± 0.3
8.4 ± 3.2
29.0 ± 14.6^,#

60 043 ± 25 063
57 209 ± 21 343
67 301 ± 23 709
64 089 ± 28 212

0.55 ± 0.47#,§
‐11.9 ± 14.1^,#,§
35.4 ± 68.5#
11.0 ± 33.0

36 ± 15*,^,#
276 ± 93^,#
70 ± 29

HCLP
8.28 ± 1.18*,#
6.09 ± 0.93*,#
0.68 ± 0.21*,#
1.31 ± 0.16
0.89 ± 0.03*,^,#

Week 12

0.15 ± 0.96#
20.5 ± 15.3*,^,#,§
‐0.8 ± 47.5#
3.5 ± 27.3

123 ± 23*,#
186 ± 45*,#
79 ± 31

HPLC
8.75 ± 1.45#
6.31 ± 1.28#
0.99 ± 0.45#
1.37 ± 0.37
0.84 ± 0.03#

Mean ± SD (all such values); b n (HPLC/HCLP) = 12/9; c n (HPLC/HCLP) = 15/17; d n (HPLC/HCLP) = 15/16; * Change over time compared with baseline (paired‐sample’s
t‐test, P<0.05); ^ Difference between treatments (independent sample’s t‐test, P<0.05); # Time x treatment interaction (repeated‐measures ANOVA with Bonferroni
correction for pairwise post‐hoc comparisons, P<0.05); § Different from zero (independent sample’s t‐test, P<0.05); AEE, activity energy expenditure; CHO,
carbohydrate; DIT, diet‐induced thermogenesis; E, energy; F, fat; ox, oxidation; HCLP, high‐carbohydrate low‐protein; HPLC, high‐protein low‐carbohydrate; P,
protein; RQ, respiratory quotient; SMR, sleeping metabolic rate; TEE, total energy expenditure.

4.9 ± 0.2
8.2 ± 3.5
53.2 ± 49.5

Glucose (mmoll)d
Insulin (μU/ml)d
β‐hydroxybutyrate (μmol/l)d

a

57 692 ± 24 413
65 039 ± 27 306
71 323 ± 24 801
61 779 ± 24 183

Hunger (mmVAS/24h)c
Fullness (mmVAS/24h)c
Satiety (mmVAS/24h)c
Desire to eat (mmVAS/24h)c

0.20 ± 1.01
5.8 ± 10.7
24.1 ± 74.4
‐0.4 ± 34.4

Pox (g/d)c
CHOox (g/d)c
Fox (g/d)c

E balance (MJ/d)c
P balance (g/d)c
CHO balance (g/d)c
F balance (g/d)c

66 ± 16
240 ± 68
82 ± 39

TEE (MJ/d)b
SMR (MJ/d)b
DIT (MJ/d)b
AEE (MJ/d)b
RQ2

Baseline

Mean energy expenditure, macronutrient balance, hormone concentrations and appetite profile in the HPLC and HCLP diet groups at baseline and at
weeks 1 and 12

HPLC
8.70 ± 1.50a
6.13 ± 1.03
0.89 ± 0.41
1.54 ± 0.50
0.86 ± 0.04

Table 7.3
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In both diet groups, SMR was linearly related to FFM at baseline (HPLC:
P=0.010; HCLP: P=0.001) and at wk 12 (HPLC: P=0.004; HCLP: P=0.001). In the HPLC
diet group, the slope of the regression line was increased at wk 12 vs. baseline
(SMRwk12 = 0.086FFM + 1.75, R²=0.60 vs. SMRbaseline = 0.072FFM + 2.33, R²=0.67).
The slope of the regression line showed a similar pattern in the opposite direction
in the HCLP diet group (SMRwk12 = 0.085FFM + 1.71, R²=0.94; SMRbaseline = 0.089FFM
+ 1.70, R²=0.93], indicating that SMR for a certain FFM were decreased at wk 12 vs.
baseline. Measured and predicted SMR did not differ in the HPLC diet group after
12 weeks. In the HCLP diet group, measured SMR was significantly lower than the
predicted value (P=0.018). A trend for an effect of diet on the ratio of measured to
predicted SMR (P=0.070) was observed. The ratio was maintained throughout the
intervention period on the HPLC diet. On the HCLP diet, the ratio of measured to
predicted SMR was significantly decreased at wk 12 vs. baseline (0.963 ± 0.034 vs.
1.001 ± 0.056, P=0.017).
The rates for substrate oxidation did not significantly differ between the HPLC
and HCLP diet groups during the baseline measurement (Table 7.3). Protein
oxidation was significantly increased in the HPLC diet group, and was significantly
decreased in the HCLP diet group at wk 1 (P=0.001). These changes were sustained
throughout the intervention period in both diet groups. In the HPLC diet group,
carbohydrate oxidation showed a similar pattern in the opposite direction with
rates being lower at wk 1 (P=0.018) and at wk 12 (P=0.022). Carbohydrate
oxidation was significantly higher in the HCLP compared with the HPLC diet group
at wk 1 (P=0.002), which was sustained at wk 12 (P=0.008). Fat oxidation did not
change during the intervention period, irrespective of dietary intervention.
Changes in substrate oxidation were reflected as RQ values being significantly
lower in the HPLC compared with the HCLP diet group at wk 1 (P=0.007) and at wk
12 (P=0.005, Table 7.3).
A significant interaction between dietary intervention over time on energy
balance appeared from baseline to wk 12 (P=0.013). Subjects in the HPLC diet
group were in energy balance during all measurements in the respiration chamber.
In contrast, subjects in the HCLP diet group were in positive energy balance during
the measurement at wk 12 (P=0.008), and a trend for a positive energy balance was
already observed at wk 1 (P=0.051, Table 7.3). Protein balance varied directly
according to the amount of protein in the diet (P=0.001). Protein balance was
positive in the HPLC diet group at wk 1 (P=0.015) and at wk 12 (P=0.001), in similar
order of magnitude (Table 7.3). A similar pattern in the opposite direction was
observed in the HCLP diet group (wk 1: P=0.016, wk 12: P=0.047). The significant
interaction between dietary intervention and time on carbohydrate balance from
baseline to wk 12 (P=0.038, Table 7.3) indicates prevention for the development of
a positive energy balance in response to the HPLC vs. the HCLP diet (Table 7.3).
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Appetite profile
Ratings of hunger, satiety, fullness, and desire to eat were not significantly different
between the HPLC and HCLP‐diet groups at the moments that subjects entered the
respiration chamber. Appetite ratings, expressed as mean AUC over the 48‐h test
periods, were also comparable between the diet groups during the baseline
measurement (Table 7.3). Significant interactions between dietary intervention and
time on ratings for fullness (P=0.013) and satiety (P=0.010), and a trend for an
interaction on ratings for desire to eat (P=0.068) appeared from baseline to wk 1
(Table 7.3). Small non‐significant decreases in ratings of hunger and desire to eat,
and small non‐significant increases in ratings of satiety and fullness were observed
in the HPLC diet group at wk 1, which were largely recovered during the
measurement at wk 12. In the HCLP diet group, appetite ratings showed a similar
pattern in the opposite direction, however also not reaching statistical significance.
Mean AUC over the 48‐h test period was significantly higher for appetite ratings of
fullness (P=0.034), and showed a trend for being higher for satiety (P=0.055) in the
HPLC compared with the HCLP‐diet group at wk 1 (Table 7.3). The palatability of the
meals was comparable between the conditions.

Metabolic parameters
At the 48‐h baseline measurement, glucose and insulin concentrations were
comparable between the HPLC and HCLP diet groups. Glucose and insulin
concentrations did not significantly change during the intervention period in each
of the diet groups. However, a trend for lower glucose concentrations at wk 12
compared with wk 1 was observed in the HPLC‐diet group (P=0.068).
β‐hydroxybutyrate concentrations did not differ between both diet groups at
the 48‐h baseline measurement. Significant interactions between dietary
intervention and time on β‐hydroxybutyrate concentrations appeared from
baseline to wk 1 (P=0.026) and wk 12 (P=0.038), with β‐hydroxybutyrate
concentrations relatively increasing in the HPLC‐diet group and decreasing in the
HCLP‐diet group. At wk 1 and 12, β‐hydroxybutyrate concentrations were
significantly higher in the HPLC compared with the HCLP‐diet group (P=0.003,
P=0.009).

DISCUSSION
Relatively high‐protein diets are effective for body weight loss, and subsequent
weight maintenance, but no observations are available on whether these diets
would prevent a positive energy balance. Therefore, high‐protein diet studies at a
constant body weight are necessary. In this dietary intervention study, in which
subjects maintained their body weight, we observed initial, but transient effects on
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fullness, and sustained effects on energy expenditure and macronutrient balances
on a HPLC diet vs. a HCLP diet. The observation that the condition of stable body
weight was met in both diet groups confirmed that these effects were not affected
by changes in body weight. The successful implementation of the dietary
intervention in each diet group was confirmed by urinary nitrogen concentrations.
The HPLC and the HCLP diets differently influenced energy expenditure over
12 weeks, in that no change was observed in the HPLC diet group, whereas energy
expenditure decreased in the HCLP diet group. SMR and DIT changed in opposite
directions in response to the HPLC and HCLP diets, reaching statistical significance
in the HCLP diet group after 12 weeks. The decrease in energy expenditure in the
HCLP diet group was already observed after 1 week, and continued throughout the
remaining intervention period. This response was completely underscored by
decreases in SMR and DIT, which both showed a similar response pattern.
Body composition did not change over time within each diet group. However,
small changes in FFM in opposite directions between the HPLC and HCLP diet
groups are in line with the observed effects on SMR. High protein intake appears to
be a strong stimulus for preservation of FFM, whereas low protein intake increases
the susceptibility for a decrease in FFM. Correspondingly, FFM increased
independently of body weight in a 12‐week intervention study in which subjects
were counseled to exchange 2 MJ of their habitual energy intake with isocaloric
protein supplements (38). Previous studies have reported that high protein intake
stimulates protein synthesis and turnover, and induces a small suppression of
protein breakdown (39‐41). In the present study we observed that consumption of
the HPLC diet did not translate into a clear increase in FFM in a situation of a
constant body weight without strenuous exercise. Possibly, an external stimulus
such as resistance exercise is necessary for high protein intake to induce protein
anabolism (13,42). Nevertheless, the small changes in FFM, and the stimulation of
protein synthesis and protein turnover likely contribute to the explanation for the
small increase in SMR. Furthermore, the high protein intake on the HPLC diet may
have prevented adaptive thermogenesis to develop. Adaptive thermogenesis via a
decrease in SMR did develop on the HCLP diet. These processes may have
facilitated the development of a positive energy balance on the HCLP diet, which
was present at week 12. HPLC diets may be beneficial to prevent a positive energy
balance to develop.
The positive protein balance on the HPLC‐diet was maintained throughout the
intervention period, and the sustained positive nitrogen balance on the HPLC diet
corresponds with earlier observations (43). Similarly, sustained nitrogen accretion
with high‐protein intake was shown in nitrogen balance studies, whereas no gain of
body nitrogen was measured (44). A possible explanation is the retention or loss of
body nitrogen due to a labile pool of body nitrogen (45). Remarkably, the positive
protein balance throughout the intervention period only appeared in a slight, but
not significant increase in FFM. A significant increase in FFM over 12 weeks on a
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high‐protein diet has been observed before (38), in a study with only men, in
relation to their habitual physical activity. That it was not observed in the present
study may be due to the number of women included in this study, and the lower
level of AEE. In the HCLP‐diet group, the opposite had occurred. Protein‐balance
appeared to remain negative, and a slight decrease in FFM occurred, not reaching
statistical significance.
Differential effects of dietary protein content on metabolic efficiency may
contribute to the explanation for changes in DIT in opposite directions in response
to the HPLC and HCLP diets. The metabolic efficiency is lower for protein compared
with carbohydrate and fat. It was previously shown that DIT increased with
0.22 ± 0.42% for each En% increase in protein content in the range between
10 En% and 30 En% (46). The decreased protein oxidation in response to the lower
protein intake on the HCLP diet, coinciding with a decrease in DIT suggests that
extrapolation to low‐protein diets is possible.
The sustained increase in RQ in the HCLP diet group reflects a consistently
larger contribution of carbohydrates to the substrate oxidation. However, the
amount of carbohydrates oxidized was not significantly increased, indicating that
carbohydrates were not in excess to such an extent that oxidation rates were
enhanced to expend this energy as heat (47,48). Carbohydrate oxidation did show a
sustained decrease in the HPLC diet group. Increases in protein oxidation likely
contribute to the small increases in DIT in response to the HPLC diet, which are
beneficial to sustain TEE in the longer‐term.
The present study observed that appetite profile was differently influenced by
the dietary interventions in the short‐term, with small increases in fullness and
satiety ratings in the HPLC diet group, and small changes in opposite direction in
the HCLP diet group. Habituation appeared over the longer‐term. A previous study
showed that the ad libitum consumption of a relatively high‐protein diet induced
acute increases in fullness and hunger ratings, subsequently resulting in a
decreased energy intake (6). In the longer‐term, fullness and hunger ratings
returned to the levels of the initial diet. The sustained decrease in energy intake
automatically resulted in a decreased protein intake. The initial changes in appetite
as observed in our study are in line with this mechanism of protein‐induced satiety.
However, when translation into changes in energy intake is not possible, such as in
situations where subjects have to maintain their body weight, appetite appears to
show habituation. Subjects in both diet groups may have had difficulties to
consume the required amounts of food during the first week of consuming the
HPLC or HCLP‐diets. The findings that subjects were able to keep protein intake low
or high suggest that these intakes fall within the range in which humans are
capable to respond and adapt for a period of at least 12 weeks.
Sustained higher fasting β‐hydroxybutyrate concentrations in the HPLC than in
the HCLP diet group confirmed a metabolic response to the dietary treatment.
However, β‐hydroxybutyrate concentrations in the HPLC diet group do not
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represent a hyperketonic state, such as was previously observed following
ketogenic lower‐carbohydrate diets (49,50). This observation is in line with the
absence of increases in fasting insulin concentrations or fat oxidation, that indicate
carbohydrate intake being high enough to prevent strong ketogenesis.
Nevertheless, considering the similarities in responses observed in this study, the
suggested contribution of ketogenesis on appetite suppression and energy
expenditure might not be neglected (25,51‐53). Only a trend for lower fasting
glucose concentrations at wk 12 compared with wk 1 was observed in the HPLC‐
diet group. In line with this observation, a previous study did not observe
differences in glucose concentrations between high‐protein and normal‐protein
diets during weight maintenance after body weight loss (54).
The strength of the present study was the longer‐term intervention using diets
with large contrasts in relative protein content, whereby body weight was
controlled. This design enabled to predict whether relatively high‐protein diets
would be a concept for prevention of body weight gain. We are aware that protein
intake from diets containing 5 En% from protein would be too low to sustain long‐
term health, which makes it difficult to assess the effects of these diets over a
period longer than 12 weeks. Furthermore, it remains to be determined whether
diets containing protein in the order of 30 En% are suitable to be consumed in
energy balance in the longer‐term. Summarizing, if energy intake is pre‐
determined, coping with an initial higher fullness on a high‐protein diet by lowering
energy intake is not possible. Then, the effects of HPLC vs. HCLP diets on fullness
are transient, indicating that habituation appears over the longer‐term. However,
maintenance of TEE via SMR and DIT on the HPLC vs. the HCLP diets was sustained
after 12 weeks, and may therefore be sufficient to prevent a positive energy
balance in the longer‐term.
In conclusion, maintenance of energy expenditure on HPLC vs. HCLP diets at a
constant body weight may prevent development of a positive energy balance.
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ABSTRACT
Background
Protein supplementation has been shown to reduce the increases in intrahepatic triglyceride
(IHTG) content induced by acute hypercaloric high‐fat and high‐fructose diets in humans.

Objective
To assess the effect of a 12‐wk iso‐energetic high protein‐low carbohydrate (HPLC) diet
compared with an iso‐energetic high carbohydrate‐low protein (HCLP) diet on IHTG content
in healthy non‐obese subjects, at a constant body weight.

Design
Seven men and nine women [mean ± SD age: 24 ± 5 y; BMI: 22.9 ± 2.1 kg/m2] were randomly
allocated to a HPLC [30:35:35 % of energy (En%) from protein/carbohydrate/fat] or a HCLP
(5:60;35 En%) diet by stratification on sex, age and BMI. Dietary guidelines were prescribed
based on individual daily energy requirements. IHTG content was measured by 1H‐magnetic
resonance spectroscopy before and after the dietary intervention.

Results
IHTG content changed in different directions with the HPLC (CH2H2O: 0.23 ± 0.17 to
0.20 ± 0.10; IHTG%: 0.25 ± 0.20% to 0.22 ± 0.11%) compared with the HCLP diet (CH2H2O:
0.34 ± 0.20 vs. 0.38 ± 0.21; IHTG%: 0.38 ± 0.22% vs. 0.43 ± 0.24%), which resulted in a lower
IHTG content in the HPLC compared with the HCLP diet group after 12 weeks, which almost
reached statistical significance (P=0.055).

Conclusions
A HPLC vs. a HCLP diet has the potential to preserve vs. enlarge IHTG content in healthy non‐
obese subjects at a constant body weight. The study was registered on clinicaltrials.gov with
Identifier: NCT01551238.
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INTRODUCTION
Energy‐restricted high‐protein diets are commonly applied as interventions aiming
to induce body weight loss and related improvements in metabolic profile (1, 2). On
the other hand, high carbohydrate‐high fat diets may increase the susceptibility for
overeating, which may result in the development of metabolic disturbances (3‐5).
Visceral adipose tissue (VAT) volume has been linked to the metabolic disturbances
associated with obesity, such as a diminished insulin sensitivity and dyslipidemia
(6). However, high ectopic lipid content, especially intrahepatic triglyceride (IHTG)
content, and not VAT volume, is an independent risk factor for these metabolic
disturbances (7‐9). In obese subjects, increases in BMI, total adipose tissue volume,
or VAT volume were only associated with increases in insulin resistance and
disturbances in very‐low‐density lipoprotein (VLDL)‐TG metabolism when IHTG
content was increased simultaneously (9). Furthermore, insulin sensitivity was
lower and VLDL secretion was higher in obese subjects with a high IHTG content
(>5.5% of liver volume), matched on VAT volume (8). No differences were observed
between subjects with a high VAT volume (>1100 cm3) but similar IHTG content (8).
Therefore, measuring IHTG content as a marker of metabolic function in dietary
intervention studies is highly relevant.
Several human studies suggest that high protein intake may modulate IHTG
content. A 4‐wk uncontrolled study showed that protein supplementation was
associated with a reduction in IHTG content in obese subjects (10). In two short‐
term dietary intervention studies, protein supplementation reduced the increases
in IHTG content induced by hypercaloric high‐fat and high‐fructose diets in healthy
subjects (11,12). However, the longer‐term effects of dietary protein content on
IHTG content, thereby excluding the possible effects of metabolic disturbances and
changes in body weight are unknown. Therefore, in the context of prevention of
metabolic disturbances, the aim of this dietary intervention study was to assess the
effect of a 12‐wk iso‐energetic high protein‐low carbohydrate (HPLC) diet
compared with an iso‐energetic high carbohydrate‐low protein (HCLP) diet on IHTG
content in healthy non‐obese subjects, at a constant body weight.

SUBJECTS AND METHODS
The Medical Ethical Committee of Maastricht University approved the study, and
all subjects gave written informed consent. The study was registered on
clinicaltrials.gov with Identifier: NCT01551238. The protocol for this trial and
supporting CONSORT checklist are available as supporting information; see
Checklist S1 and protocol S1.
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Study subjects
Based on the study by Thetaz et al. (12), power analysis showed that with an α of
0.05 and a β of 0.80, at least 7 subjects per group were needed to show a
difference in IHTG content between the dietary interventions of this study.
Twenty‐four subjects were recruited by advertisements in local newspapers and
on notice boards at the university. Data from measurements of four subjects were
unreliable, and were therefore excluded from analysis. Four subjects had to be
excluded from the data analysis because of non‐compliance with the designated
protein intake, as shown by the urinary nitrogen biomarker. The baseline
characteristics of the excluded subjects did not differ from the total sample.
Overall, 16 subjects (7 men and 9 women) were included in the final data analysis.
Subjects underwent a screening that included anthropometric measurements
and the completion of questionnaires eliciting information about health, smoking
behaviour, use of medications, and alcohol consumption. Subjects were aged
between 19 and 31 y had a BMI between 19.0 and 25.3 kg/m2. Age and BMI were
equally divided between males and females. Subjects were non‐smoking, not using
more than moderate amounts of alcohol (>10 drinks/wk), were weight stable (body
weight change <3 kg during the last 6 mo and had no planned weight change during
the study period), and were not using medication or supplements except for oral
contraceptives in women.
The validated Dutch translation of the Baecke Activity Questionnaire was used
to measure habitual physical activity scores, which were converted into a
standardized individual physical activity level (13,14).

Dietary intervention
The study used a single‐blind parallel design in which subjects were randomly
allocated to the HPLC [30/35/35 % of energy (En%) from protein/carbohydrate/fat]
or the HCLP (5/60/35 En%) diet following stratification on sex, age and BMI.
Detailed dietary guidelines were prescribed based on individual daily energy
requirements, calculated as the basal metabolic rate determined with the formula
of Harris and Benedict (15) times the physical activity level (16). This was carried
out in order to keep body weight constant. Moreover, subjects were told that they
were expected to maintain their body weight and physical activity level. The dietary
guidelines included a variety of recipes for breakfasts, lunches, dinners and snacks,
consisting of commercially available food items and the amounts that had to be
consumed to reach the intended diet compositions. The guidelines included the
prescription to consume additional protein [HPLC: whey with α‐lactalbumin
(Hiprotal Whey Protein Alpha, FrieslandCampina Domo EMEA, Amersfoort, The
Netherlands)] or carbohydrate [HCLP: maltodextrin (Fantomalt, Nutricia,
Zoetermeer, The Netherlands)] by shakes twice daily (Table 8.1).
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Table 8.1

Sample menu for the HPLC and HCLP diets

Breakfast

Lunch

Snack
Dinner

Snack

HPLC

HCLP

Low‐fat yoghurt
Breakfast cereals
Kiwi
Semi‐skimmed milk
Whole‐wheat bread
Margarine
Cheese spread
Chicken breast
Protein shake
White rice
French beans
Chicken breast
Walnuts
Olive oil
Savoury sauce
Protein shake
Cereal bar
Apple

Whole‐grain juice with forest fruits
Breakfast cereals
Apple
Orange juice
Whole‐wheat bread
Margarine
Apple spread
Hazelnut paste
Carbohydrate shake
White rice
French beans
Red cabbage with apple
Red pepper
Olive oil
Savoury sauce
Carbohydrate shake
Corn crisps
Pear

The amounts that were prescribed to consume were based on individual daily energy requirements.

Body weight and biomarker of protein intake
At baseline and at weeks 5, 9 and 12, body weight was measured by using a digital
balance in order to check whether it remained constant, and 24‐h urinary nitrogen
excretion was determined as biomarker of protein intake throughout the
intervention period.

IHTG content
MRI and proton magnetic resonance spectroscopy (1H‐MRS) measurements were
performed using a 1.5‐T whole‐body scanner (Intera; Philips Healthcare, Best, The
Netherlands). Sagittal, coronal and transversal images through the right lobe in the
lower third of the liver were obtained by MRI (slice thickness 8 mm; repetition
time/echo time, 500/15 ms; matrix 180 x 96) in order to gain anatomical and
positional information of the liver, 1H‐MRS enabled to measure IHTG content by
distinguishing hepatic water from a spectrum of IHTG. Fatty acid chains that
represent different proton moiety were separated by the relative magnitude of
resonance (17). A 20 x 20 x 20 mm volume of interest was positioned, avoiding the
lateral margin of the liver parenchyma, major blood vessels, and intrahepatic bile
ducts. The position of the volume of interest was the same at the baseline
measurement and at the measurement after the intervention. Following shimming
(10 x 10 x 10 cm volume), eight spectra were acquired using a Q‐body coil (18).
Point‐resolved spectroscopy sequence (PRESS) was used for spatial localization and
signal acquisition using a protocol set up by Schrauwen‐Hinderling et al. (repetition
time/echo time, 4000/33 ms; number of signals averaged fat/water, 64/16) (19).
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Water signal was suppressed using 150 Hz frequency‐selective prepulses. The
unsuppressed water signal was measured in the same volume of interest under the
same shimming conditions, and was used as a reference signal (19). Spectra were
fitted using the Java‐based magnetic resonance user interface (jMRUI) package
fitted in the domain using a non‐linear least‐squares algorithm (AMARES) (19‐21).
Areas of resonance from protons of methylene [‐(CH2)n‐] and methyl (CH3) in the
fatty acid chains, relative to the area of protons of H2O, were used as a measure for
the IHTG content. A more extensive description of the applied post processing
procedure has been published previously (18,19,21‐23).

Statistical analysis
All statistical analyses were performed by using SPSS version 20 for Macintosh OS X
(SPSS Inc.). Differences in subject characteristics and anthropometrics between the
diet groups were assessed using Factorial ANOVA. Mann‐Whitney tests were used
to test for differences in IHTG content between the diet groups.
Factorial ANOVAs with repeated measures were used to test whether nitrogen
excretion, body weight, and BMI changed over time within the diet groups, and to
test whether these effects differed between the diet groups. Data on IHTG content
were log transformed before these statistical analyses were performed. Differences
were regarded statistically significant if P<0.05. Data are presented as mean ± SD.

RESULTS
Subject characteristics
Subject characteristics did not differ between the diet groups at baseline (Table
8.2). No adverse events were reported.

Body weight and biomarker of protein intake
The condition of stable body weight was met in both arms. Baseline nitrogen
excretion did not differ significantly between the HPLC (12.2 ± 3.6 g/d) and HCLP
(11.4 ± 3.4 g/d) diets. Nitrogen excretion increased significantly in the HPLC
(23.3 ± 4.4 g/d, P<0.05), and decreased in the HCLP (6.5 ± 1.3 g/d, P=0.001) diet
group compared with baseline. Significant differences in protein intake between
the diet groups were confirmed in that nitrogen excretion differed significantly
between the diet groups throughout the intervention period (P=0.001).
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Table 8.2

Subject characteristics, anthropometrics and IHTG content in the HPLC and HCLP diet
groups at baseline and after 12 weeks.
Baseline

After 12 weeks
HPLC
HCLP

No. of subjects (M/F)
Age (y)
Baecke total score
Height (cm)
BW (kg)
2
BMI (kg/m )

HPLC
7 (4/3)
23 ± 5
9.4 ± 1.0
173 ± 8
67.6 ± 6.6
22.6 ± 2.0

HCLP
9 (3/6)
25 ± 5
8.9 ± 1.1
170 ± 9
64.5 ± 8.2
22.3 ± 2.1

67.8 ± 6.2
22.7 ± 2.3

64.3 ± 7.5
22.2 ± 2.0

IHTG content
CH2H2O
IHTG (%)

0.23 ± 0.17
0.25 ± 0.20

0.34 ± 0.20
0.38 ± 0.22

0.20 ± 0.10*
0.22 ± 0.11*

0.38 ± 0.21*
0.43 ± 0.24*

Values represent numbers or means ± SD. * Trend (P=0.055) for factorial ANOVA with repeated
measures between diet groups. BW, body weight; HCLP, high‐carbohydrate low‐protein; HPLC, high‐
protein low‐carbohydrate; IHTG, intrahepatic triglyceride.

IHTG content
IHTG content decreased with the HPLC (CH2H2O: 0.23 ± 0.17 to 0.20 ± 0.10; IHTG%:
0.25 ± 0.20% to 0.22 ± 0.11%) and increased with the HCLP diet (CH2H2O:
0.34 ± 0.20 vs. 0.38 ± 0.21; IHTG%: 0.38 ± 0.22% vs. 0.43 ± 0.24%), although not
reaching statistical significance (Table 8.2). These changes of IHTG content in
different directions resulted in a lower IHTG content in the HPLC compared with
the HCLP diet group after 12 weeks, which almost reached statistical significance
(P=0.055).

DISCUSSION
Protein supplementation has been shown to reduce the increases in IHTG content
induced by acute hypercaloric high‐fat and high‐fructose diets in humans. In the
context of prevention of metabolic disturbances, we assessed the longer‐term
effects of iso‐energetic diets with large contrasts in relative protein content on
IHTG content in healthy non‐obese subjects, thereby excluding the possible effects
of changes in body weight. The present study showed that IHTG content changed in
different directions with the HPLC compared with the HCLP diet, which resulted in
a lower IHTG content in the HPLC compared with the HCLP diet group after
12 weeks, which almost reached statistical significance. The observation that the
condition of stable body weight was met in both diet groups confirmed that this
observation was not affected by changes in body weight. The successful
implementation of the dietary intervention in each diet group was confirmed by
urinary nitrogen concentrations.
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A proposed mechanism for the modulation of IHTG content by a high protein
intake is the stimulation of hepatic lipid oxidation due to the high energetic
demand for amino acid catabolism and ketogenesis (24,25). Hepatic lipid oxidation
may also be stimulated by an increased bile acid production in response to high
protein intake, a process that may also inhibit lipogenesis (26). Furthermore,
protein‐induced glucagon secretion inhibits de novo lipogenesis and stimulates
hepatic ketogenesis (27,28).
On the other hand, previous studies showed that hyper‐ and eucaloric high‐
carbohydrate diets stimulated the synthesis of fatty acids from dietary glucose via
de novo lipogenesis (29‐32). The carbohydrate‐induced de novo lipogenesis
correlated with plasma TG concentrations (30,31). Increased IHTG deposition was
shown to be the result of hepatic TG‐synthesis exceeding the rate of its secretion
into VLDL (29,30). The relationship between high carbohydrate intake and
increased VLDL‐TG concentrations, possibly caused by stimulation of VLDL‐TG
production and inhibition of VLDL‐TG clearance (33), may result in increases in
hepatic TG concentrations, and subsequently in IHTG content (31). Protein
supplementation has been observed to blunt the increase in IHTG content induced
by short‐term hypercaloric high‐fructose intake in healthy subjects (12). Therefore,
it is likely that the observed trend for a difference in IHTG content after the
consumption of the HPLC compared with the HCLP diet may be the result of
combined effects involving changes in protein and carbohydrate intake.
The strength of the present study was the application of an iso‐energetic
macronutrient intervention for a period that was long enough to reliably measure
changes in IHTG content, thereby excluding the possible effects of metabolic
disturbances and changes in body weight. Our healthy, non‐obese subjects had a
low IHTG content at baseline, which relates to a healthy metabolic function. This
may exhibit a strong resistance to metabolic changes in response to dietary
interventions when stimuli such as a high‐fat or a high‐fructose intake are absent
(11,12). This indicates that high protein‐low carbohydrate diets may be biologically
less relevant for inducing a significant decrease in IHTG content in healthy subjects.
Nevertheless, the observations of this study are relevant by suggesting that high
protein‐low carbohydrate diets may be beneficial for the prevention of metabolic
disturbances in healthy subjects. Measurements of energy expenditure, body
composition, body fat distribution including ectopic fat deposition, and metabolic
function are needed to assess the translation of high‐protein diets as a treatment
strategy into a preventive measure. By addressing ectopic fat deposition in
response to dietary interventions, this study adds to the discussion of the clinical
relevance of dietary protein for the prevention of obesity. It would also be relevant
to implement the measurement of IHTG content in studies assessing the effects of
high‐protein diets during body weight loss and weight maintenance in patients with
metabolic disturbances.
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To conclude, a HPLC vs. a HCLP diet has the potential to preserve vs. enlarge
IHTG content in healthy non‐obese subjects at a constant body weight.
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ABSTRACT
Background
Based on controlled 36‐h experiments a higher dietary protein intake causes a positive
protein balance and a negative fat balance. A positive net protein balance may support fat‐
free mass accrual. However, few data are available on the impact of more prolonged
changes in habitual protein intake on whole‐body protein metabolism and basal muscle
protein synthesis rates.

Objective
To assess changes in whole‐body protein turnover and basal muscle protein synthesis rates
following 12 weeks of adaptation to a high vs. a low dietary protein intake.

Methods
A 12‐wk randomized parallel study was performed in 7 men and 8 women (BMI:
22.8  2.3 kg/m2, age: 24.3  4.9 y) who followed either a high‐protein (HP: 2.4 g/kg body
weight/d) or a low‐protein (LP: 0.4 g/kg body weight/d) energy‐balanced diet (30/35/35% or
5/60/35% energy from protein/carbohydrate/fat). Immediately after the diet, continuous
infusions with L‐[ring‐2H5]phenylalanine and L‐[ring‐2H2]tyrosine were applied, while blood
samples and muscle biopsies were collected to assess fasting whole‐body protein turnover
and basal muscle protein synthesis rates (FSR) in vivo in humans. Compliance to the diets
was checked by urinary nitrogen excretion.

Results
After 12 weeks of intervention, whole‐body protein balance was more negative in the HP
group when compared with the LP group (‐4.1  0.5 vs. ‐2.7  0.6 mol phenylalanine/kg
body weight/h; P<0.001). Whole‐body protein breakdown (43.0  4.4 vs. 37.8  3.8 mol
phenylalanine/kg body weight/h; P<0.001), synthesis (38.9  4.2 vs. 35.1  3.6 mol
phenylalanine/kg body weight/h; P<0.01) and phenylalanine hydroxylation rates (4.1  0.6
vs. 2.7  0.6 mol phenylalanine/kg body weight/h; P<0.001) were significantly higher in the
HP group vs. the LP group. Basal FSR was maintained on a LP vs. HP diet (0.042  0.01 vs.
0.045  0.01 %/h; P=0.620).

Conclusion
Adaptation to a low‐protein intake (0.4 g/kg body weight/d) does not result in a more
negative whole‐body protein balance nor reduce basal muscle protein synthesis rates when
compared to a high‐protein intake. ICTRP, registration number NCT01551238.
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INTRODUCTION
High‐protein diets have attracted interest for many years because of their ability to
preserve fat‐free mass (FFM) during negative energy balance (1,2). While being in a
neutral or positive energy balance, a temporary increase in dietary protein
ingestion for 3 months can lead to an increase in FFM (3,4), especially when
combined with regular exercise (5). Therefore, a temporary increase in dietary
protein intake may act as a preventive measure to remain weight stable (6).
However, the impact of prolonged adaptation to a low or high protein intake on
whole‐body protein balance or muscle protein synthesis (MPS) has not been
assessed. An increase in protein turnover due to increased protein consumption
may be responsible for the preservation or increase of FFM irrespective of energy
balance.
Several studies (2) have shown that ingestion of dietary protein may stimulate
net muscle protein accretion. The postprandial rise in circulating essential amino
acids (EAA), and leucine in particular, has been identified as being the key factor
stimulating the postprandial rise in MPS rate (8,9). In contrast to prolonged
consumption of a high dietary protein diet, it is thought that relatively low protein
consumption may lead to a reduction in protein turnover, due to a decrease in
protein synthesis and an increase in protein breakdown. A diet providing
15 energy% of protein, or an absolute amount of 0.8 g/kg body weight/d is
recommended to maintain proper protein balance (13,14). Prolonged under‐
consumption of dietary protein could theoretically lead to a decrease in muscle
mass. Nevertheless, despite a large amount of short‐term studies investigating the
impact of dietary protein on whole‐body protein turnover and MPS, hardly any
trials have examined this matter over an extended period of time, neither did any
trial compare high‐protein diets with the effect of low‐protein diets over an
extended period of time. In the present study we assess the impact of a high‐
protein diet vs. a low‐protein diet on post‐absorptive whole‐body protein balance
and fasting MPS rates in vivo in humans.

SUBJECTS AND METHODS
Subjects
In the main study, Martens et al. (n=37) (unpublished observations) studied the
impact of a high‐protein diet compared with a low‐protein diet on satiety and
energy expenditure. In a subgroup of subjects (n=20) we determined post‐
absorptive whole‐body protein metabolism and basal muscle protein synthesis
rates to assess possible changes following 12 weeks of adaptation to a high vs. low
dietary protein intake. After drop‐out of 5 subjects (2 subjects due to agenda
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problems, one subject we were not able to place the catheters and 2 subjects
withdrew from the study without giving any reason), fifteen subjects, (7 men and 8
women), aged 19 to 31 years; BMI between 19 and 26 kg/m2) participated in the
current study. The power calculation, with a 2‐sided significance level of 0.05 and
power of 0.8, was based on previous research on whole‐body protein metabolism
(15). In the reference study, a crossover design with ten healthy subjects was
performed and resulted in significant effects of dietary protein consumption on
whole‐body protein balance.
Subjects were recruited via advertisements in local newspapers and on notice
boards at the university. Subjects underwent a screening and all were in good
health, non‐smokers, not using medication (except for oral contraception) and
moderate alcohol users (<10 drinks per week). None of them had a food allergy,
gained or lost more than 3 kg in six months prior to the study, or were cognitive
dietary restrained (F1>9) as assessed by a validated Dutch translation of the Three
Factor Eating Questionnaire (16). The validated Dutch translation of the Baecke
Activity Questionnaire was used to measure habitual physical activity (17). This
study was conducted according to guidelines laid down in the Declaration of
Helsinki and the Medical Ethical Committee of Maastricht University Medical
Centre approved all procedures involving human subjects. All subjects provided
written informed consent. The main study was registered at the International
Clinical Trials Registry Platform as NCT01551238.

Study design
The study had a randomized, single‐blinded, parallel design and consisted of a long‐
term (12 weeks) dietary intervention. Subjects were randomly divided in two
groups that received either a high protein (HP, 30/35/35% of energy from
protein/carbohydrate/fat) or a low protein energy‐balanced diet (LP, 5/60/35% of
energy from protein/carbohydrate/fat).
In order to maintain their diet at home, all subjects received a booklet
containing individual guidelines with permitted and non‐permitted foods and their
corresponding portions, as well as three example menus. The example menus
consisted of commercially available food products and were tailored to the energy
requirements of each subject based on basal metabolic rate calculated with the
Harris and Benedict equation (18) and multiplied with a physical activity level of 1.7
estimated by means of a computer simulation program (19). Subjects on the HP
diet (30% of energy from protein) had to drink two protein shakes each day during
12 weeks. The supplemental protein was whey protein with ‐lactalbumin
(Hiprotal Whey Protein Alpha and Domo; FrieslandCampina). Subjects on the LP
diet (60% of energy from carbohydrate) had to drink two carbohydrate shakes each
day during 12 weeks. The supplemental carbohydrate was maltodextrin
(Fantomalt, Nestle). The fat content between conditions was maintained at a
constant proportion (35% of energy from fat). Subjects were instructed to keep
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their weight stable. Subject characteristics reported in Table 9.1 were determined
as described by Martens et al. (unpublished observations).
Table 9.1

Subjects’ characteristics

No. of subjects (M/F)
Age (y)
Height (m)
Weight (kg)
Δ Weight (kg)
2
BMI (kg/m )
2
Δ BMI (kg/m )
FM%
Δ FM(%)
FFM%
Δ FFM(%)
PAL

1

HP

LP

Total

P‐value

9 (4/5)
23.9 ± 4.2
1.70 ± 0.08
62.8 ± 6.1
+0.71 ± 0.8
22.1 ± 2.4
+0.26 ± 0.30
24.2 ± 7.3
+0.04 ± 1.31
75.8 ± 7.3
‐0.04 ± 1.31
1.82 ± 0.14

6 (3/3)
25.0 ± 6.2
1.70 ± 0.09
67.3 ± 8.6
+0.06 ± 1.2
23.3 ± 2.2
+0.04 ± 0.39
22.7 ± 7.8
+0.32 ± 0.97
77.4 ± 7.8
‐0.32 ± 0.97
1.79 ± 0.15

15 (7/8)
24.3 ± 4.9
1.70 ± 0.09
65.1 ± 7.1
+0.45 ± 0.98
22.6 ± 2.3
+0.17 ± 0.34
23.6 ± 7.3
+0.15 ± 1.16
76.5 ± 7.3
‐0.15 ± 1.16
1.81 ± 0.14

0.686
0.899
0.312
0.216
0.373
0.903
0.339
0.672
0.709
0.672
0.677

1

Δ changes over 12 wk. FM, fat mass; FFM, fat‐free mass; PAL, physical activity level. Values are
expressed as mean ± SD. Data were analyzed with one‐way ANOVA. Table adapted and modified from
Martens et al. (unpublished observations).

Biomarker of protein intake
Nitrogen excretion was used as biomarker for protein intake. Subjects collected
their 24‐h urine at five different time points during the 12‐wk period. Collection
started after the first voiding in the morning at 8:00h and lasted until the next day
at 8:00h including the first voiding. The total volume of the 24‐h urine was
recorded. Urine was collected in 2‐l urine bottles with 10ml of diluted hydrochloric
acid (4 mmol/l) added to prevent nitrogen loss through evaporation. Urine was
gently mixed, and samples were taken and stored at ‐20°C until analysis. Nitrogen
concentrations were measured with a nitrogen analyzer (CHO‐O‐Rapid; Hereaus).

Test day
The experiment started at 8:00h, when overnight‐fasted subjects arrived at the
laboratory by car or public transportation. A polytetrafluoroethylene catheter was
inserted into an antecubital vein for stable isotope infusion. A second
polytetrafluoroethylene catheter was inserted in a heated dorsal hand vein of the
contralateral arm and placed in a hot box (60°C) for arterialized blood sampling
(20). After basal blood collection (t=0 min), plasma phenylalanine (Phe) and
tyrosine (Tyr) pools were primed with a single intravenous dose of L‐[ring‐2H5] Phe
(2 mol/kg body weight) and L‐[ring‐2H2]Tyr (0.615 mol/kg body weight) , after
which a continuous L‐[ring‐2H5]Phe and L‐[ring‐2H2]Tyr infusion was started (0.050 ±
0.0005, 0.015 ± 0.0001 and 0.100 ± 0.0009 mol/kg body weight/min,
respectively). After resting in a supine position for 120 min, a second arterialized
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blood sample was drawn, and a muscle biopsy was collected from the vastus
lateralis muscle (t=120 min). Additional arterialized blood samples (8 ml) were
collected at t=180, 240, and 300 min with a second muscle biopsy taken, from the
contralateral leg, at t=300 min, which marked the end of the fasting basal period as
well as the experiment. Blood samples were collected in tubes containing EDTA and
centrifuged at 1000 x g for 10 min at 4°C. Aliquots of plasma were frozen in liquid
nitrogen and stored at –80°C. Muscle biopsies were obtained from the middle
region of the vastus lateralis, 15 cm above the patella and ~3 cm below entry
through the fascia, by using the percutaneous needle biopsy technique (1). Muscle
samples were dissected carefully and freed from any visible nonmuscle material.
Muscle samples were immediately frozen in liquid nitrogen and stored at –80°C
until additional analysis.

Plasma analysis
Plasma glucose (Uni Kit III, 07367204; Roche) concentrations were analyzed with a
COBAS‐FARA semiautomatic analyzer (Roche). Insulin was analyzed by using a
radioimmunoassay (Insulin RIA kit; LINCO Research Inc). Plasma (100 ml) for amino
acid analyses was deproteinized on ice with 10 mg dry 5‐sulphosalicylic acid, mixed,
and the clear supernatant fluid was collected after centrifugation. Plasma amino
acid concentrations were determined by using HPLC after precolumn derivatization
with o‐phthaldialdehyde (2). For plasma ring‐2H–enrichment measurements,
plasma Phe and Tyr were derivatized to their t‐butyldimethylsilyl derivatives and
analyzed by using gas chromatography–mass spectrometry (GC‐MS) (Agilent 6890N
GC/5973N MSD; Agilent) by using selected ion monitoring of masses 336 and 341
for unlabeled and labeled (ring‐2H5) Phe, respectively; and masses 466, 468, and
470 for unlabeled and labeled (ring‐2H2 and ring‐2H4) Tyr, respectively (3).
Thereafter, ratios of labeled:unlabeled derivatives were analyzed by using gas
chromatography–combustion isotope ratio mass spectrometry (FinniganMAT 252;
ThermoFisher Scientific). Standard regression curves were applied in all isotopic
enrichment analyses to assess the linearity of the mass spectrometer and to
control for the loss of tracer.

Muscle analysis
For the measurement of L‐[ring‐2H5]Phe enrichment in the muscle tissue–free
amino acid pool and mixed muscle protein, 55 mg wet muscle was freeze‐dried.
Collagen, blood, and other nonmuscle fiber material were removed from muscle
fibers under a light microscope. The isolated muscle fiber mass (10–15 mg) was
weighed, and 8 volumes (8x dry weight of isolated muscle fibers x wet:dry ratio) of
ice‐cold 2% perchloric acid were added. The tissue was homogenized and
centrifuged. The supernatant fluid was collected and processed in the same
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manner as plasma samples, such that tissue‐free L‐[ring‐2H5]Phe enrichments could
be measured by using their t‐butyldimethylsilyl derivatives on aGC‐MS.
The protein pellet was washed with 3 additional 1.5‐ml washes of 2% perchloric
acid, dried, and hydrolyzed in 6 mol/l HCl at 120°C for 15–18h. The hydrolyzed
protein fraction was dried under a nitrogen stream while heated to 120°C, and a
50% acetic acid solution was added, and the hydrolyzed protein was passed over a
Dowex exchange resin (AG 50W‐X8, 100–200 mesh hydrogen form; Biorad) by
using 2 mol/l NH4OH. The eluate was collected, and L‐[ring‐2H5]Phe was derivatized
to N‐methyl‐N‐tert‐butyldimethylsilyltrifluoroacetamidephenylethyl‐amine (4).
Thereafter, ratios of labeled:unlabeled derivatives were determined by using
GC‐MS. Standard regression curves were applied to assess the linearity of the mass
spectrometer and to control for the loss of tracer.

Calculations
The intravenous infusion of L‐[ring‐2H5]Phe and L‐[ring‐2H2]Tyr, and arterialized
blood sampling were used to assess whole‐body protein metabolism in steady state
conditions. The total Phe rate of appearance (Ra) was calculated by using modified
Steele’s equations (24, 25). These variables were calculated as follows:
(1) TotalRa = (F‐(pV x C(t) x dEiv/dt))/Eiv(t) = protein breakdown

where F is the intravenous tracer infusion rate (mol/kg body weight/min),
pV (0.125) is the distribution volume for Phe (6). C(t) is the mean plasma Phe
concentration between two consecutive time points. dEiv/dt represents the time‐
dependent variations of plasma Phe enrichment derived from the intravenous
tracer, and Eiv(t) is the mean plasma Phe enrichment from the intravenous tracer
between 2 consecutive time points. Total Ra represents the plasma entry of Phe
derived from whole‐body protein breakdown. The total rate of disappearance of
Phe (total Rd) equals the Phe‐to‐Tyr conversion rate (first step in Phe oxidation) and
utilization for protein synthesis. These variables were calculated as follows:
(2) TotalRd = totalRa – (pV x dC/dt)
(3) PHE to TYR conversion = TyrRa x ((Et(t))/(Ep(t))) x (PheRd/(Fp + PheRd))
(4) Protein synthesis = total Rd – PHE to TYR conversion
(5) PHE net balance = protein synthesis – Total Ra
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where Phe Rd and Tyr Ra are the flux rates for Phe and Tyr, respectively; Et(t) and
Ep(t) are the mean plasma enrichments of L‐[ring‐2H2]Tyr and L‐[ring‐2H5]Phe,
respectively; and Fp is the infusion rate of the Phe tracer. The fractional synthetic
rate (FSR) of mixed muscle protein (in %/h) was calculated by using the precursor‐
product method (3):
(6) FSR = (Ep/(Eprecursor x t)) x 100

where Ep is the  increment of muscle protein‐bound L‐[ring‐2H5]Phe during the
incorporation period. Eprecursor is the average plasma L‐[ring‐2H5]Phe enrichment
during the time period for determination of amino acid incorporation, and
t indicates the time interval (h) between biopsies.

Statistical analysis
A one‐way ANOVA was used to assess differences in subject characteristics,
hormone, amino acid concentrations and basal FSRs between treatments. Further,
a 2‐factor ANOVA with time as factor 1 and treatment as factor 2 was used to
assess differences between treatments over time (time x treatment interaction) for
plasma Phe, Tyr, Leu concentrations and plasma enrichments, as well as whole‐
body protein metabolism. In case of a significant time x treatment interaction,
pairwise comparisons for individual time points were applied to locate differences
between treatments. Finally, a 2‐factor repeated measures ANOVA was used to
assess differences over time and between treatments for protein intake, excretion
and balance. Statistical significance was set at P<0.05. All calculations were
performed with the SPSS 20.0 software package (SPSS Inc.). All data are expressed
as means ± SEMs.

RESULTS
Plasma analyses
Basal plasma insulin (10.9 ± 1.8 vs. 11.0 ± 1.7 mU/l; P=0.948) and glucose
(4.95 ± 0.18 vs. 4.62 ± 0.11 mmol/l; P=0.202) concentrations did not differ between
the HPLC vs. HCLP group after 12 weeks.
Plasma Phe is illustrated over time in Figure 9.1A. After 12 wk on a HP vs. LP
diet plasma Phe levels were not significantly different between groups (P=0.121).
Plasma Tyr (P<0.01) and Leu (P<0.01) concentrations were significantly increased
after the HP diet compared with the LP diet. At wk 12, basal EAA (P=0.199), basal
branched‐chain amino acids (P=0.402) and basal total amino acids (P=0.717)
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concentrations in plasma were not different between the HP vs. LP group (Table
9.2).
Figure 9.1B shows the time course of the plasma L‐[ring2H5]phenylalanine
enrichment. Plasma L‐[ring2H5]phenylalanine enrichments were significantly higher
in the LP group compared with the HP group (P<0.001).
Table 9.2 Hormone and amino acids concentrations in plasma

Glucose (mmol/l)
Insulin (Mu/l)
Phenylalanine (μmol/l)
Tyrosine (μmol/l)
Leucine (μmol/l)
Total BCAA (μmol/l)
Total EAA (μmol/l)
Total AA (μmol/l)

1

HP

LP

P‐value

4.95 ± 0.18
10.86 ± 1.81
55 ± 2
54 ± 3
122 ± 5
457 ± 42
969 ± 75
2566 ± 148

4.62 ± 0.11
11.04 ± 1.70
52 ± 4
46 ± 3
105 ± 8
374 ± 41
880 ± 54
2642 ± 117

0.948
0.202
0.121
<0.01
<0.01
0.199
0.402
0.717

1

BCAA, branched chain amino acids; EAA, essential amino acids; AA, amino acids. Values are expressed
as mean ± SEM. Data were analyzed with one‐way ANOVA.

Figure 9.1

2

Mean (± SEM) plasma Phe (A) concentration (μmol/l) and plasma L‐[ring‐ H5]Phe (B)
enrichment (MPE) after 12 wk on a HP (grey) vs. LP (black) diet. Data were analyzed with a
two‐factor ANOVA (time x treatment). *Treatment effect P<0.001.

Whole‐body protein metabolism
Whole‐body protein synthesis, breakdown, oxidation and net balance in the fasted
state are expressed as the AUC in Figure 9.2. Whole‐body protein synthesis,
reflected by the Phe‐utilization and expressed as the average of total Phe Rd minus
the conversion rate of Phe into Tyr, was significantly higher in the HP group vs.
LP group (38.9  4.2 vs. 35.1  3.6 mol Phe/kg body weight/h; P<0.01). Phe
released into the systemic circulation from whole‐body protein breakdown and
expressed as the mean of Total Ra was also larger after 12 weeks on a HP diet vs. a
LP diet (43.0  4.4 vs. 37.8  3.8 mol Phe/kg body weight/h; P<0.001).
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Phenylalanine Rd was also increased in the HP group vs. the LP group (43.0  4.4 vs.
37.8  3.8 mol Phe/kg body weight/h; P<0.001).
Whole‐body protein oxidation, which was expressed as the average of the Phe‐
to‐Tyr conversion rate, was greater in the HP group vs. the LP group (4.1  0.6 vs.
2.7  0.6 mol Phe/kg body weight/h; P<0.001). The deduction of synthesis minus
breakdown, resulting in whole‐body protein balance, was more negative in the HP
group compared with the LP group (‐4.1  0.5 vs. ‐2.7  0.6 mol Phe/kg body
weight/h; P<0.001).

Figure 9.2

Mean (± SEM) basal whole‐body protein metabolism expressed as the AUC (μmol Phe/kg
body weight) after 12 wk on a HP (grey) vs. LP (black) diet. Data were analyzed with a two‐
factor ANOVA (time x treatment). *Treatment effect P<0.001.

Whole‐body protein metabolism differed significant between men and women
with higher protein synthesis (P<0.05), protein breakdown (P<0.01) and protein
oxidation (P<0.001) rates as well as a more negative protein net balance (P<0.001)
in men compared with women. When expressed per kg FFM, only protein synthesis
and protein breakdown rates differed between genders, with higher protein
synthesis (P<0.03) and protein breakdown (P=0.05) rates for women. There were
no significant interactions between gender and treatment for whole‐body protein
metabolism.

Muscle tracer analysis and mixed‐muscle protein synthesis rates
The increment in muscle protein bound L‐[ring‐2H5]Phe enrichment between the
first and the second biopsy did not differ between the HP group and the LP group
(0.0094  0.0023 vs. 0.0101  0.032 MPE; P=0.615).
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Post‐absorptive mixed MPS rates (Figure 9.3) did not differ following 12 weeks
on either the HP diet or LP diet (0.042  0.01 vs. 0.045  0.01 %/h; P=0.620). FSRs
were significantly higher in women vs. men (P<0.01), without any significant
interaction for gender vs. treatment.

Figure 9.3

Mean (± SEM) mixed muscle protein fractional synthesis rates in the basal state after 12
weeks on a HP (grey) vs. LP (black) diet. Data were analyzed with a one‐way ANOVA.

Protein balance
In Figure 9.4 we present results for this subgroup, taken from Martens et al.
(unpublished observations) that reflect the protein balance, based on nitrogen
retention.

Figure 9.4

Mean (± SEM) protein intake, excretion and balance at baseline and after 12 weeks on a
HP (grey) vs. LP (black) diet. Data were analyzed with a two‐factor repeated measures
#
ANOVA (time x treatment). *Treatment effect P<0.001. Time effect P<0.03. Adapted and
modified from Martens et al. (unpublished observations).
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Protein balance, based on protein intake and nitrogen excretion, did not differ
between the HP vs. LP (0.1 ± 7.7 vs. 1.4 ± 5.1 g/d; P=0.892) diet groups at baseline.
During the following 12 wk, protein intake and nitrogen excretion were significantly
increased in the HP (P<0.001) and significantly decreased in the LP (P<0.03) diet
group compared with baseline. Protein balance at wk 12 was positive in the HP
(10.7 ± 5.2 g/d) and negative the LP (‐18.5 ± 4.4 g/d).
Protein intake (P<0.001) and nitrogen excretion (P<0.01) were significantly
different between males and females. However, protein balance did not differ
between both genders (P=0.485).

DISCUSSION
In the current study, continuous intravenous infusions of L‐[ring‐2H5]Phe and
L‐[ring‐2H2]Tyr were used to asses whole‐body protein metabolism and MPS rates
in the basal fasted state, in subjects that followed either a HP diet or LP diet for
12 weeks. Prolonged adaptation to a high quantity of dietary protein intake may
stimulate an increase in FFM due to the stimulation of muscle protein synthesis
and/or inhibition of protein breakdown, leading to a positive protein balance (13).
It could also be speculated that a protein intake below the recommended 0.8 g/kg
body weight/day for a period of three months may lead to a muscle mass loss due
to the lack of sufficient precursor availability for de novo MPS (i.e. amino acids).
Assessing basal whole‐body protein turnover provides insight in the impact of
prolonged changes in dietary protein intake on basal whole‐body protein synthesis,
breakdown, oxidation rates and whole‐body net protein balance. The results from
the present study show that whole‐body protein metabolism was modulated
following three months on a HP diet compared with a LP diet. Protein turnover was
significantly higher with significant increases in protein synthesis, protein
breakdown, and protein oxidation rates. Surprisingly, whole‐body net protein
balance was less negative after the LP diet when compared with the HP diet
(Figure 9.2).
Whole‐body phenylalanine kinetics reflect the sum of turnover rates of various
tissues, these measurements of basal protein synthesis and breakdown rates do
not necessarily reflect skeletal muscle tissue protein synthesis or breakdown.
Therefore, we collected multiple muscle biopsies to measure fasting muscle protein
FSR. As discussed above, results for whole‐body protein metabolism showed a less
negative net balance after the LP diet compared with the HP diet. With respect to
FSR we observed no significant differences between the HP and LP group. These
data seem to be in line with the whole‐body data, showing that prolonged
habituation to a daily dietary protein intake of less than 0.4 g/kg body weight/d
does not result in a decline in basal MPS rate. In fact, basal FSR are well maintained
following these 3 months of dietary protein intake restriction. This is also in
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accordance with the body composition data, in which there were no significant
changes observed over 12 weeks of dietary intervention or between both groups
with respect to body weight, FFM and fat mass. Apparently, a LP diet for 3 months
does not seem to compromise skeletal muscle mass maintenance and does not
reduce basal whole‐body protein balance nor reduce basal muscle protein
synthesis rate.
Though we did not intend to assess potential gender differences in basal
protein balance and fasting MPS rates, we did observe differences with respect to
whole‐body protein metabolism and FSR between men and women. Whereas some
researchers (27‐30) observed no major sex differences with respect to muscle
protein synthesis rates in the post‐absorptive state in men vs. women, others (31)
have reported rather lower rates in men compared with women. Though there is
some discrepancy in the literature, our data suggests that after correction for FFM
whole‐body protein synthesis and FSR were increased in women vs. men.
When comparing treatment in the fasted state with those including the
postprandial state, a discrepancy of the results seems to appear. In the fasted
state, reflected by whole‐body phenylalanine kinetics, net protein balance is less
negative on the LP diet vs. the HP diet. Including the postprandial state, as
represented by the nitrogen retention data, net protein balance was more positive
on the HP diet than on the LP diet. Obviously, a positive protein balance on a HP
diet is completely due to the postprandial protein balances.
Finally, the present study is restricted by the evaluation of the impact of a high
vs. low protein diet on whole‐body protein balance and MPS rates in the basal
fasted state only. It would be of interest to assess whether the prolonged changes
in habitual protein intake would also modulate the muscle protein synthetic
response to anabolic stimuli, such as physical activity (32, 33) and food intake.
In conclusion, prolonged adaptation to a high dietary protein intake increases
fasting, whole‐body protein turnover rates when compared with a low dietary
protein intake. Whole‐body protein synthesis, breakdown, and oxidation rates are
increased on a high protein intake but do not result in a more positive net protein
balance in the postabsorptive state. On a muscle tissue level, fasting muscle protein
synthesis rates are not reduced following 3 months of adaptation to a low protein
intake diet.
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This thesis presents a series of studies on the interaction of dietary protein with
energy balance. At first, in the context of negative energy balance, evidence is
provided that high‐protein diets can be used as a clinical approach for body weight
loss and weight maintenance (1). Yet, the emphasis of this thesis is to assess
whether in neutral energy balance, dietary protein plays a role in prevention of
overweight and obesity, and to reveal the relevant metabolic targets. With respect
to energy intake, the question whether regulatory mechanisms prioritize the intake
of protein over that of carbohydrate, fat, and total energy was studied (2,3).
Furthermore, attention is paid to protein intake from low‐protein diets in relation
to protein and indispensable amino acid (IAA) requirements (3,4). The role of
postprandial amino acid, glucagon‐like peptide 1 (GLP‐1), ghrelin, glucose and
insulin concentrations as biomarkers for protein‐induced satiety was addressed (5).
The investigation of the other side of the energy balance equation, namely energy
expenditure, assessed the transient and sustained effects of high‐ and low‐protein
diets over 12 weeks (6). Finally, elaboration on body composition, body fat
distribution including ectopic fat deposition, and protein turnover aimed to assess
the translation of high‐protein diets as a treatment strategy into a preventive
measure (7,8). This chapter places the findings of these studies in a broader
perspective. The clinical relevance of dietary protein for the prevention and
treatment of obesity is discussed. Finally, perspectives for future research are
provided.

DIETARY PROTEIN AND ENERGY INTAKE
Achieving and maintaining a negative energy balance are necessary conditions for
dietary interventions to induce body weight loss. Energy‐restricted high‐protein
diets have the potential to sustain satiety at the level of the original diet, and to
sustain energy expenditure due to sparing of fat‐free mass (FFM), and may
therefore be applied to meet these conditions. Effects on satiety and energy
expenditure were measured with a protein intake at the level of the safe
requirement, defined as 0.83 g/kg body weight/d (9). This implies that maintaining
the actual protein intake at the level of a habitual diet, usually being 81‐115 g/d
(10), while restricting the intake of carbohydrate and fat, is sufficient to induce
body weight loss. A specific application of high‐protein diets is after bariatric
surgery, as protein malnutrition is a commonly observed phenomenon, post‐
operatively (11). In these patients, adherence to an energy‐restricted relatively
high‐protein diet is associated with a reduction of appetite, with body weight loss,
and with improvements in body composition and nutritional status.
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Protein leverage
To study whether protein intake is, in neutral energy balance, regulated more
strongly than energy intake, we measured energy intake during the ad libitum
consumption of diets differing in relative protein content over 12 days. We found
that energy intake was not adjusted towards an individual‐specific protein target
intake. This would mean that regulatory mechanisms do not prioritize the intake of
protein over that of total energy. Although complete protein leveraging was
absent, the relatively high‐protein diets elicited a strong reduction in energy intake
compared with diets containing a low or normal relative protein content. Despite
the lower total energy intake, subjects were similarly satiated and satisfied by the
high‐protein diets. Of course, it is already known from acute feeding trials that
high‐protein meals are highly satiating (12‐16). Even a medium‐term intervention
study showed that an increase in dietary protein content produced a sustained
decrease in ad libitum energy intake and resulted in significant body weight loss
(17). The mechanism behind the reduction of energy intake by protein may be
protein‐induced satiety or satiation, and possibly specific effects of protein on
appetite.

Protein‐induced satiety and satiation
Protein‐induced satiety is recognized as the inhibition of eating during the
intermeal interval (18). Protein‐induced satiety may be caused by a combination of
elevated diet‐induced thermogenesis (DIT) (19), a ketogenic state (20),
anorexigenic effects of incomplete proteins (21,22), appetite regulating hormones
(13,23‐25), and elevated dietary amino acid concentrations (13‐18). We have
gained evidence for the latter two.
Dietary amino acids may affect satiety signaling in the brain directly via elevated
blood concentrations (26‐31). According to the ‘aminostatic theory’, serum amino
acids that cannot be channeled into protein synthesis serve as satiety signals (32).
Indirectly, dietary amino acids may act on satiety signaling via receptors in the
duodeno‐intestinal and hepatoportal regions (33). Depending on the type of amino
acid they increase or decrease the activity of hepatic vagal afferent fibers,
subsequently innervating satiety signaling in the brain (33). Furthermore, plasma
concentrations of (an)orexigenic gut hormones, glucose and insulin change in
response to the peripheral and central detection of amino acids (34).
Belza et al. (35) showed a dose‐dependent response of subjective appetite
sensations and GLP‐1, peptide YY and glucagon concentrations to preloads
containing 14%, 25%, and 50% of energy (En%) from protein. However, most
studies did not control for differences in postprandial dynamics between appetite
sensations and appetite hormones.
We have assessed the within‐subject relations between postprandial changes in
hunger and fullness ratings, and the postprandial changes in amino acid, GLP‐1,
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ghrelin, glucose and insulin concentrations following the consumption of high‐ and
normal‐protein meals (5,36). First of all, we found that increases in postprandial
amino acid concentrations were related to protein‐induced fullness. The overall
effect of amino acids on protein‐induced satiety may reflect the combination of
different amino acid‐induced responses. It is likely that individual or groups of
amino acids elicit different responses via different mechanisms (28‐31). Results
from our study showed that fullness ratings were especially related to
concentrations of the amino acids arginine, asparagine, isoleucine, leucine, lysine,
and phenylalanine (5). Mechanistic studies on these responses are mainly
performed in animals, but translation into humans may be possible. When meals
consist of a variety of amino acids, such as from a combination of protein sources,
it is hard to distinguish the effects of single amino acids. The postprandial hunger
and fullness responses to the consumption of high‐ and normal‐protein meals were
related to the postprandial kinetics of GLP‐1, ghrelin, and insulin. Postprandial GLP‐
1, ghrelin, and insulin concentrations changed dose‐dependently in response to the
amount of protein in the diet. Taken together, protein‐induced satiety is a
combined expression with direct and indirect effects of amino acids on different
systems.
Protein induced satiation relates to the inhibitory feedback from postingestive
food stimuli that act to terminate eating at the end of a meal (18). Hardly any
studies have assessed protein‐induced satiation. The 3‐arm crossover studies that
we performed, with the use of ad libitum diets containing 5, 15, and 30En% from
protein, enabled assessment of protein‐induced satiation. We observed that the
lower total energy intake from the high‐protein diets compared with the normal‐
protein diets was predominantly the result of a lower energy intake from meals.
Energy intake from snacks between meals was comparable between the
conditions. Hereby we showed a satiation effect rather than a satiety effect with
high‐protein diets. Acute responses of amino acids and anorexigenic hormones that
elicit during the ad libitum consumption of high‐protein meals may contribute to
the satiation effect (2). Ultimately, humans may aim to maintain appetite over the
day at a desirable level, such as that during their habitual diet (17).

Protein‐specific appetite
Studies in various species observed that protein intake is regulated more strongly
than the intake of carbohydrate and fat. It was hypothesized that the energy intake
from unbalanced diets is adjusted as a result of specific appetites for protein (37).
Born et al. (38) has shown acute food‐choice compensation after high‐ vs. low‐
protein meals in humans. A compensatory increase in carbohydrate intake was
related to a decrease in liking and task‐related signaling in the hypothalamus after
a high‐protein meal. After a low‐protein meal, an increase in wanting and task‐
related signaling in the hypothalamus was related to a relative increase in protein
intake in a subsequent meal (38). Griffioen‐Roose et al. (39) showed in a 4‐day
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study that subjects increased their protein intake in a compensatory way during ad
libitum feeding after a low‐protein diet (5En% from protein). Furthermore, the
quality of protein appears to be involved in hunger suppression. Low‐quality
gelatin‐containing meals suppressed hunger more than meals containing a higher‐
quality protein (casein, soy, whey, or whey without glycomacropeptide (21, 40).
The intake of incomplete proteins seems to be a signal of hunger suppression
rather than a satiation or satiety signal. In our 12‐day intervention studies, humans
did not show a specific appetite for protein. Energy intake was not differently
affected with the ad libitum consumption of a low‐protein diet compared with a
normal‐protein diet over 12 days. In general, protein‐induced suppression of
appetite was not affected by taste perception (14,15,41,42).
In neutral energy balance, we observed that appetite profile was only
differently influenced by the dietary interventions in the short‐term. Ratings of
fullness were higher in the high protein‐low carbohydrate diet compared with the
high carbohydrate‐low protein diet. Translation into large changes in energy intake
was not possible, because subjects had to maintain their body weight. The findings
that subjects were able to keep protein intake high or low show that these intakes
fall within the range in which healthy humans are capable to respond and adapt for
a period of at least 12 weeks. The effects on fullness were not sustained in the
longer‐term. Habituation enabled maintaining food intake over the day at the
prescribed level, despite differences in protein intake (2,17).

Nitrogen balance
Since protein leverage is likely not the mechanism behind the regulation of energy
intake on low‐protein diets, we have speculated that protein is adjusted to
maintain nitrogen balance and sufficient IAA intake. Compensatory intake of
protein for obligatory loss of nitrogen is essential for normal growth and
development in organisms (43,44). The participants in our studies had a protein
intake with a 5En%‐protein diet that was well below the minimal protein
requirement of 0.66 g/kg body weight/d (44). From the observation that nitrogen
balance was maintained with this diet over 12 days, we suggest that humans have a
wide capacity to respond and adapt to differences in protein intake in the short‐
time. The Adaptive Demands model developed by Millward may provide an
explanation for this observation by proposing that the metabolic demand for amino
acids comprises a fixed component and a variable adaptive component (45). Short‐
term changes in protein intake are likely within the adaptive range (43).
Adaptations in protein and amino acid metabolism to changes in protein intake
largely occur via changes in whole‐body protein turnover and amino acid oxidation
(46,47). Changes in amino acid oxidation were reflected as decreased and
increased nitrogen excretion in response to the low‐ and high‐protein diets
respectively. Nevertheless, a positive nitrogen balance was observed following high
protein intake. This is in line with earlier observations (46,48‐50), but does not
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automatically reflect an increase in protein anabolism (43). The capacity of the
body to increase amino acid anabolism through an increase in lean body mass is
limited (43). Only interventions using diets high in specific IAA, such as leucine,
might be able to stimulate protein synthesis in specific target groups (51,52).
Therefore, a transient retention or loss of body nitrogen because of a labile pool of
body nitrogen may likely contribute to adaptations in amino acid metabolism in
response to changes in protein intake (53).

Indispensable amino acids
The proposed mechanism to prevent a negative nitrogen balance may be related to
an observed signaling pathway for the detection of amino acid depletion
(22,54‐61). In animals, the detection of reduced concentrations of IAA in the brain
has been observed to affect protein synthesis. This subsequently led to behavioral
responses including undereating diets that lack a minimal amount of IAA
(22,57,58,60). Although the measured protein intake with the 5En%‐protein diet
did not reach the amount necessary to meet the calculated minimal IAA
requirements, we did not observe a comparable response in humans (2,3). No shift
towards a higher energy intake from the 5En% protein diet compared with the
15En% protein diet was observed (9, 10), showing that the insufficient amount of
IAA clearly did not trigger a compensatory protein intake over 12 days. This has set
the discussion about the limits of adaptation to a protein challenge acutely and
over the longer‐term. The protein intake of 0.4 g/kg body weight/d with the 5En%‐
protein diet would be too low to sustain long‐term health. Observations from
studies in developing countries show health deterioration related to low protein
intake, especially of indispensible amino acids, at intakes <0.66 g/kg body weight/d
(9). Thus, although we conclude that protein intake did not compensate for an
insufficient IAA intake with a low‐protein diet for 12 days, we do not propose that
low‐protein diets are sustainable.
The digestible IAA score (DIAAS) can be applied in practice to examine protein
quality of food products or mixed diets (44). Subsequently, the calculation of DIAAS
enables the examination of the additional benefits of protein sources with higher
quality in complementing lower‐quality proteins. For regulatory purposes, protein
adequacy of foods and food products sold to consumers could be classified and
monitored (44).

DIETARY PROTEIN AND ENERGY EXPENDITURE
Longer‐term high‐protein studies have focused on body weight loss, thereby
applying an energy‐restriction regimen to induce a negative energy balance. It has
been observed that the decline in energy expenditure and sleeping metabolic rate
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(SMR) as a result of body weight loss was less on a high‐protein than on a low‐
protein diet (62). Short‐term intervention studies measured energy expenditure in
relation to the dietary protein content in energy balance. Acutely, higher rates of
energy expenditure (63,64), and an initial negative energy balance (63) were shown
in response to energy‐balanced high‐protein diets. Longer‐term studies in energy
balance are necessary to highlight the role of protein‐induced energy expenditure,
to predict whether a higher protein intake plays a role in the prevention of obesity
via energy expenditure. Therefore, to investigate whether the acute effects of high‐
protein diets in energy balance are transient or sustained, we compared the effects
of a high protein‐low carbohydrate with a high carbohydrate‐low protein diet, at a
constant body weight, over 12 weeks. We observed that energy expenditure was
maintained on the high protein‐low carbohydrate diet over 12 weeks. Energy
expenditure decreased with the high carbohydrate‐low protein diet, subsequently
manifesting as a positive energy balance after the 12‐week intervention. Thus, the
earlier observed acute response of high protein intake on energy expenditure may
be transient. At a constant body weight, high protein‐low carbohydrate diet may
protect against the development of a positive energy balance, rather than inducing
a negative energy balance. The consumption of a high carbohydrate‐low protein
diet increases the risk for the development of a positive energy balance.
Comparison of the high protein‐low carbohydrate diet with the high
carbohydrate‐low protein diet revealed diverging effects on SMR and DIT over 12
weeks. An increase in protein oxidation likely explains the small increase in DIT in
response to the high protein‐low carbohydrate diets, which is beneficial to sustain
energy expenditure in the longer‐term (65). However, it may be possible that high
protein intake induces a strong acute response on DIT, followed by a smaller, but
sustained effect in the longer‐term. Luscombe et al. (66) showed that the acute
response to a high‐protein preload on DIT was significantly larger compared with a
normal‐protein preload, but did not differ during weight maintenance after a 16‐
week energy‐restriction diet. On the high carbohydrate‐low protein diet, the
amount of carbohydrates oxidized was not significantly increased, indicating that
excess dietary carbohydrates were not expended as heat (67,68).

Body composition
Since FFM is the main determinant of SMR, changes in body composition have a
substantial impact on energy expenditure. Therefore, the potential of high‐protein
diets to induce body weight loss has partly been ascribed to their potential to
maintain energy expenditure by preservation of FFM (1,69). In line with our
observations on energy expenditure, the high protein intake appeared to be a
strong stimulus for preservation of FFM. Contradictory, FFM increased
independently of body weight in a 12‐week intervention study in which subjects
were counseled to exchange 2 MJ of their habitual energy intake with isocaloric
protein supplements (70). The absence of significant increases in protein anabolism
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in response to the high‐protein diet in our study may be the absence of an external
stimulus such as resistance exercise (71,72). The sustained positive nitrogen
balance on the high protein‐low carbohydrate diets corresponds with earlier
observations (73). Similarly, sustained nitrogen accretion with high‐protein intake
was shown in nitrogen balance studies, whereas no gain of body nitrogen was
measured (43). A possible explanation is the retention or loss of body nitrogen due
to a labile pool of body nitrogen (53).
Another new finding of our study was the development of adaptive
thermogenesis via a decrease in SMR on the high carbohydrate‐low protein diet.
Adaptive thermogenesis has already been shown to develop during body weight
loss (74,75) and was sustained during weight maintenance (76). This process may
have facilitated the development of a positive energy balance on the high
carbohydrate‐low protein diet, which was present at week 12.
Although the changes in protein intake with the high protein‐low carbohydrate
and high carbohydrate‐low protein diets did not result in considerable changes in
FFM, this does not mean that metabolic function was unaffected. Metabolic
disturbances associated with obesity may depend on ectopic fat content, rather
than visceral adipose tissue being the main determinant (77,78). We have assessed
the potential of a 12‐week high protein‐low carbohydrate diet vs. a high
carbohydrate‐low protein diet to modify or preserve intrahepatic triglyceride
(IHTG) content, thereby excluding the possible effects metabolic disturbances and
changes in body weight. IHTG content tended to be lower after the consumption
of the high protein‐low carbohydrate vs. the high carbohydrate‐low protein diet for
12 weeks, at a constant body weight (7). The healthy, non‐obese subjects had a low
IHTG content at baseline, which would have exhibited a strong resistance for
metabolic changes in response to dietary interventions. Nevertheless, the
observations of this study are relevant by suggesting that IHTG content may be a
factor contributing to the metabolically preventive effects of high‐protein diets in
healthy humans. In a short‐term dietary intervention study, protein
supplementation has been observed to blunt the increase in IHTG content due to
hypercaloric high‐fructose intake in healthy subjects (79). A proposed mechanism
for the modulation of IHTG content by a high protein intake is the stimulation of
hepatic lipid oxidation because of the high energetic demand for amino acid
catabolism and ketogenesis (80,81), an increased bile acid production (82), and
protein‐induced glucagon secretion (83,84). Correspondingly, our results point
towards this increased susceptibility for high‐carbohydrate, low‐protein intake to
metabolic disturbances. Previous studies have shown a relationship between high
carbohydrate intake and increased very‐low‐density lipoprotein TG concentrations
(85‐88). This may result in increases in hepatic TG, and subsequently in IHTG
content (87).
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Protein turnover
Previous studies have reported that high protein intake stimulates protein
synthesis and turnover, and induces a small suppression of protein breakdown (51,
89, 90). On the other hand, it could be speculated that prolonged low protein
intake leads to muscle protein loss due to the lack of precursor availability for de
novo muscle protein synthesis (i.e. amino acids) (91,92). The results from our study
show that whole‐body protein metabolism was different after a high‐protein diet
compared with a low‐protein diet for 12 weeks (8). Protein turnover was
significantly higher with significant increases in protein synthesis, protein
breakdown, and protein oxidation. Surprisingly, the net protein balance was less
negative after the low‐protein diet compared with the high‐protein diet. The
observations of increased protein synthesis and breakdown in the basal fasted
state differ from acute postprandial studies, which report increased protein
synthesis and reduced protein breakdown (91,93‐95). This may stress the role of
protein breakdown in FFM accretion, which also was discussed by Wolfe et al.
(47,91). They observed a maximum response of protein synthesis after a single
serving of 20‐30 g of dietary protein, and suggested that additional effects of
protein intake on FFM accretion are accounted for by the inhibition of protein
breakdown. However, a beneficial reduction of protein breakdown only seems to
be susceptible to acute ingestion of protein, as such changes were not apparent in
the basal fasted state after prolonged high‐protein intake.
Basal fractional synthetic rates were maintained throughout the 12‐week
protein intake restriction (8). These data seem to be in line with the whole‐body
data, showing that habituation to a protein intake of less than 0.4 g/kg body
weight/d does not reduce basal muscle protein synthesis rates. This is also in
accordance with the body composition data, in which there were no significant
changes observed over 12 weeks or between both groups with respect to body
weight, FFM and fat mass. Apparently, a low‐protein diet for 12 weeks is not
detrimental to young healthy subjects, who might have the ability to adapt to the
circumstances, most likely by limiting protein breakdown.

CONCLUSIONS
High‐protein diets combined with energy restriction sustain satiety, energy
expenditure and fat‐free mass. However, the ad libitum consumption of high‐
protein diets decreases energy intake, while low‐protein diets do not automatically
result in an increase in energy intake over 12 days. Therefore, energy intake is not
adjusted towards an individual‐specific protein target intake. High‐protein diets in
neutral energy balance prevent the development of a positive energy balance by
maintenance of energy expenditure, whereas energy‐balanced low‐protein diets
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increase the risk for the development of a positive energy balance through a
sustained decrease in energy expenditure.

PERSPECTIVES FOR FUTURE RESEARCH
Unraveling the interaction of dietary protein with energy balance is warranted for
the application of protein diets as successful preventive or treatment strategy for
obesity. Some remaining issues, and several new issues based on the findings
discussed in this thesis need to be addressed in future research.
In general, protein intake must still fall within a range to ensure it addresses
possible shortages or excesses. Data from our studies suggest that humans have a
wide capacity to respond and adapt to differences in protein intake. However, the
limits for such adaptation to a protein challenge acutely and over the long‐term
remain to be clarified. Observations from studies in developing countries show
health deterioration related to low protein intake (9). This makes it difficult to
assess the effects of low‐protein diets in intervention studies over a period longer
than 12 weeks. However, it would be highly relevant to determine amino acid
requirements for subjects fully adapted to lower than usual protein intakes (44).
Furthermore, amino acid requirements in different conditions and circumstances,
such as in children, pregnancy, ageing, diseases and exercise should be determined,
which is necessary to develop protein intake recommendations for specific target
groups.
Despite a reduction in energy requirements, protein requirements increase in
the elderly as a result of age‐related changes in protein metabolism (9). Protein
synthesis decreases, protein breakdown increases, and there is a lower protein
digestibility, subsequently resulting in a loss of muscle mass and a diminished
function and strength (51,89,90). High‐protein diets, enriched with leucine, and
preferably combined with resistance exercise may preserve body weight and
muscle mass and thereby reducing functional decline in the elderly (96,97). In
adults, we observed that habituation in appetite enabled maintaining food intake
on a high‐protein diet over the day at the prescribed level (6). This mechanism may
also be present in the elderly, and may lead to high adherence rates to high‐protein
diets.
Longer‐term intervention studies with measurements of plasma amino acid
concentrations, whole body protein turnover and muscle protein synthesis would
provide more insight in the changes in protein and amino acid metabolism in
response to dietary protein intake. With respect to high‐protein diets, it remains to
be determined whether diets containing protein in the order of 30En% are suitable
to be consumed in energy balance in the longer‐term.
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Lastly, it is also relevant to implement the measurement of IHTG content as a
new measure for metabolic disturbances in studies assessing the effects of high‐
protein diets during body weight loss and weight maintenance.
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Chronic positive energy balance is the mechanism underlying the development of
obesity and its associated health problems, such as type 2 diabetes and
cardiovascular diseases. Since the prevalence of obesity has reached epidemic
proportions, high‐protein diets have come into focus as being beneficial strategies
for body weight loss and weight maintenance thereafter. Yet, the emphasis of this
thesis is to assess whether dietary protein plays a role in prevention of overweight
and obesity, and to reveal the relevant metabolic targets. Therefore, this thesis
presents a series of studies on the interaction of dietary protein with energy
balance.
At first, evidence is provided that high‐protein diets can be used as a clinical
approach for body weight loss and weight maintenance in a negative energy
balance. Energy‐restricted high‐protein diets have the potential to sustain satiety at
the level of the original diet, and to sustain energy expenditure due to sparing of
fat‐free mass. Maintaining the actual protein intake (in g/kg body weight/d) at the
level of a habitual diet, while restricting the intake of carbohydrate and fat, was
sufficient to induce body weight loss.
In the context of the protein leverage hypothesis, it was studied whether
protein intake was, in neutral energy balance, regulated more strongly than energy
intake. Energy intake during the ad libitum consumption of diets differing in
relative protein content was measured over 12 days. Although complete protein
leveraging was absent, the relatively high‐protein diets elicited a strong reduction
in energy intake compared with diets containing a low or normal relative protein
content. No shift towards a higher energy intake from the low‐protein diet
compared with the normal‐protein diet was observed. Subsequently, it was
determined whether protein intake on low‐protein diets was adjusted to maintain
nitrogen balance and sufficient indispensable amino acid (IAA) intake.
Compensatory intake of protein for obligatory loss of nitrogen is essential for
normal growth and development in organisms. The observation that nitrogen
balance was maintained with a low‐protein diet over 12 days suggests that humans
have the capacity to respond and adapt to differences in protein intake in the
short‐term. Adaptations in protein and amino acid metabolism to changes in
protein intake largely occur via changes in whole‐body protein turnover and amino
acid oxidation. Changes in amino acid oxidation were reflected as decreased and
increased nitrogen excretion in response to the low‐ and high‐protein diets
respectively. A transient retention or loss of body nitrogen because of a labile pool
of body nitrogen likely contributes to adaptations in amino acid metabolism in
response to changes in protein intake. The measured protein intake with the low‐
protein diet did not reach the amount necessary to meet the calculated minimal
IAA requirements, showing that the insufficient amount of IAA did not trigger a
compensatory intake over 12 days. This has set the discussion about the limits of
adaptation to a protein challenge acutely and over the longer‐term.
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The mechanism behind the effects of protein on energy intake may be protein‐
induced satiety or satiation, and possibly specific effects of protein on appetite. A
specific appetite for protein was not observed with the 12‐day low‐protein diet.
The reduction in energy intake with the high‐protein diets compared with the
normal‐protein diets was predominantly the result of a lower energy intake from
meals. Hereby, a satiation effect rather than a satiety effect was shown. The within‐
subject relations between postprandial changes in hunger and fullness ratings, and
the postprandial changes in amino acid, glucagon‐like peptide (GLP)‐1, ghrelin,
glucose and insulin concentrations were assessed following the consumption of
single high‐ and normal‐protein meal challenges. First of all, increases in
postprandial amino acid concentrations were related to protein‐induced fullness.
Fullness ratings were especially related to concentrations of the amino acids
arginine, asparagine, isoleucine, leucine, lysine, and phenylalanine. Furthermore,
the postprandial hunger and fullness responses to the consumption of high‐ and
normal‐protein meals were related to the postprandial kinetics of GLP‐1, ghrelin,
and insulin. Postprandial GLP‐1, ghrelin, and insulin concentrations changed dose‐
dependently in response to the amount of protein in the diet. Taken together,
protein‐induced satiety is a combined expression with direct and indirect effects of
amino acids on different systems.
The investigation of the other side of the energy balance equation, namely
energy expenditure, assessed the transient and sustained effects of high‐ and low‐
protein diets over 12 weeks. Furthermore, elaboration on body composition,
including ectopic fat deposition, and protein turnover aimed to assess the
translation of high‐protein diets as a treatment strategy into a preventive measure.
In neutral energy balance, protein‐induced fullness was only manifested in the
short‐term, whereas a diverging effect on energy expenditure was observed over
12 weeks. Habituation to the satiating properties of protein enabled the
consumption of a high‐protein diet in energy balance, if required to maintain body
weight. An increase in protein oxidation in response to the high protein‐low
carbohydrate diets likely explains the small increase in diet‐induced thermogenesis,
which is beneficial to sustain energy expenditure in the longer‐term. The
development of adaptive thermogenesis via a decrease in sleeping metabolic rate
on the high carbohydrate‐low protein diet may have facilitated the development of
a positive energy balance, which was present at week 12.
Although the changes in protein intake with the high protein‐low carbohydrate
and high carbohydrate‐low protein diets did not result in considerable changes in
fat‐free mass, this does not mean that metabolic function was unaffected.
Intrahepatic triglyceride content tended to be lower after the consumption of the
high protein‐low carbohydrate vs. the high carbohydrate‐low protein diet for
12 weeks, at a constant body weight. These results point towards an increased
susceptibility for high‐carbohydrate, low‐protein intake to metabolic disturbances.
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Moreover, protein turnover in the basal fasted state was higher with increases
in protein synthesis, ‐ breakdown, and ‐ oxidation after prolonged high protein
intake compared with low protein intake. Surprisingly, the net protein balance was
less negative after the high carbohydrate‐low protein diet compared with the high
protein‐low carbohydrate diet. Thus, a beneficial reduction of protein breakdown
only seems to be susceptible to acute ingestion of protein.
In conclusion, the interaction of dietary protein with energy balance contributes
to understand the potential of high‐protein diets to prevent obesity by acting on
energy intake and energy expenditure. On the other hand, it highlights the
susceptibility of low‐protein diet consumers for the development of metabolic
disturbances related to effects on energy expenditure and ectopic fat deposition.
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Obesitas ontstaat door een langdurige positieve energiebalans, en gaat vaak
gepaard met gezondheidsproblemen zoals type 2 diabetes en hart‐ en vaatziekten.
Door de sterke toename in de prevalentie van obesitas zijn hoog‐eiwitdieten
populair geworden als manier om gewichtsverlies en –behoud te bevorderen. In
deze thesis ligt de nadruk op het onderzoek of eiwitten in de voeding een rol
spelen bij het voorkómen van overgewicht en obesitas, en welke metabole
processen daarbij mogelijk een rol spelen. De thesis beschrijft een reeks van
onderzoeken naar de interactie tussen eiwitten in de voeding en de energiebalans.
Allereerst werd bevestigd dat hoog‐eiwitdieten toegepast kunnen worden als
manier om gewichtsverlies en –behoud te bevorderen gedurende een negatieve
energiebalans. Energiebeperkte hoog‐eiwit diëten handhaven het verzadigings‐
gevoel, de vetvrije massa, en daarmee het energiegebruik op het oorspronkelijke
niveau. Met het handhaven van de eiwitinname (in g/kg lichaamsgewicht/d) op het
oorspronkelijke niveau, en een vermindering van de inname van koolhydraten en
vetten kan gewichtsverlies bewerkstelligd worden.
In de situatie van een neutrale energiebalans werd onderzocht of de
eiwitinname sterker gereguleerd wordt dan de energie‐inname. Dit mechanisme is
beschreven als de ‘protein leverage’ hypothese. Gedurende perioden van 12 dagen
werd de energie‐inname gemeten tijdens de ad libitum consumptie van diëten die
verschilden in de relatieve hoeveelheid eiwit. Hoewel geen volledige
hefboomwerking van eiwitinname ten aanzien van energie‐inname optrad,
verminderde de energie‐inname sterk tijdens de hoog‐eiwitdiëten versus de
normaal‐ en laag‐eiwitdiëten. Een hefboomwerking van een lagere eiwitinname
naar een hogere energie‐inname werd niet waargenomen. Dit verschijnsel was
onafhankelijk van het soort eiwit: wei, soja of rundvleeseiwit. Vervolgens werd
bepaald of de eiwitinname tijdens laag‐eiwitdiëten aangepast werd om de
stikstofbalans te handhaven en voldoende essentiële aminozuren te consumeren.
De waarneming dat de stikstofbalans gedurende de 12‐daagse interventie
behouden bleef suggereert dat het menselijk lichaam zich gedurende een kortere
periode kan aanpassen aan een veranderde eiwitinname. Bovendien was de
eiwitinname met het laag‐eiwitdieet niet voldoende om aan de aanbevolen
hoeveelheid essentiële aminozuren te voldoen. Hiermee werd aangetoond dat een
te lage inname van essentiële aminozuren niet leidt tot een verhoogde
voedselinname gedurende 12 dagen om toch aan de aanbevolen hoeveelheid
aminozuren te kunnen voldoen. Deze waarnemingen zijn interessant voor
vervolgonderzoek naar de grenzen aan aanpassing aan acute en langdurige
veranderingen in eiwitinname.
Mogelijke mechanismen waarop eiwitten de energie‐inname beinvloeden zijn
eiwit‐geïnduceerde verzadiging of een verminderde eetlust. Een specifieke eetlust
voor eiwit is niet waargenomen met het 12‐daagse laag‐eiwitdieet. De verminderde
energie‐inname met de maaltijden van de hoog‐eiwitdiëten vergeleken met de
normaal‐eiwitdiëten is voornamelijk te wijten aan een acuut verzadigingseffect
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tijdens het consumeren van de maaltijden. Van een langdurig verhoogd
verzadigingsgevoel tussen de maaltijden door was geen sprake.
Een ander onderzoek betrof de relaties tussen postprandiale veranderingen in
gevoelens van honger en verzadiging, en de postprandiale veranderingen in
aminozuur‐, glucagon‐like peptide (GLP)‐1‐, ghreline‐ en insulineconcentraties.
Deze werden direct na het consumeren van maaltijden die een hoog of een
normaal eiwitgehalte bevatten bepaald voor alle proefpersonen afzonderlijk.
Allereerst, de toename in postprandiale aminozuurconcentraties was gerelateerd
aan een toename in de eiwit‐geïnduceerde verzadiging. Deze toename in
verzadiging was voornamelijk gerelateerd aan verhogingen van de concentraties
van de aminozuren arginine, asparagine, isoleucine, leucine, lysine en fenylalanine.
Bovendien waren de afname van de honger en de toename van de verzadiging
gerelateerd aan veranderingen in de concentraties van GLP‐1, ghreline en insuline
in het plasma. Postprandiale GLP‐1‐, ghreline‐ en insulineconcentraties vertoonden
een dosis‐respons relatie met de hoeveelheid eiwitten in de voeding. Samengevat,
eiwit‐geïnduceerde verzadiging is het resultaat van directe en indirecte effecten
van aminozuren op verschillende mechanismen.
Met het onderzoeken van de andere kant van de energiebalans, namelijk het
energiegebruik, werden de tijdelijke en langdurige effecten van hoog‐ en laag‐
eiwitdiëten bepaald over een periode van 12 weken. Aan de hand van metingen
van de lichaamssamenstelling, waaronder ectopische vetopslag, en eiwitturnover
werd onderzocht of hoog‐eiwitdiëten naast het bevorderen van gewichtsverlies
ook een toegepast kunnen worden om een positieve energiebalans tegen te gaan.
Eiwit‐geïnduceerde verzadiging werd echter alleen waargenomen op de korte
termijn, terwijl een divergerend, langetermijneffect van eiwit op het
energiegebruik waargenomen werd. Gewenning aan de verzadigende werking van
eiwit maakte het mogelijk om een hoog‐eiwitdieet in energiebalans te consumeren,
wanneer het lichaamsgewicht behouden diende te blijven. Wel werd, in
tegenstelling tot bij het hoog koolhydraatlaag‐eiwitdieet, behoud van het
oorspronkelijke energiegebruik waargenomen. Dit werd verklaard door een
toename in de dieet‐geïnduceerde thermogenese, gebaseerd op een toename in
de eiwitoxidatie. Het consumeren van een hoog koolhydraat‐laag eiwitdieet
resulteerde in het ontstaan van adaptieve thermogenese via een afname in het
metabolisme zoals gemeten wordt tijdens het slapen. Dit mechanisme kan
bijgedragen hebben aan het ontstaan van de positieve energiebalans na het
consumeren van een hoog koolhydraat‐laag eiwitdieet gedurende 12 weken.
Het uitblijven van grote veranderingen in de vetvrije massa met het
consumeren van de hoog eiwitlaag koolhydraat en hoog koolhydraatlaag
eiwitdiëten betekent niet dat de metabole processen onveranderd zijn gebleven.
Een trend voor een lager levervetgehalte na het consumeren van een hoog eiwit‐
laag koolhydraatdieet vergeleken met een hoog koolhydraat‐laag eiwitdieet werd
waargenomen na 12 weken, bij een constant lichaamsgewicht. Deze bevinding
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suggereert dat het consumeren van een hoog koolhydraatlaag eiwitdieet de
gevoeligheid voor het ontwikkelen van metabole verstoringen vergroot.
Na de langdurige hoge eiwitinname was de eiwitturnover in de basale, gevaste
toestand verhoogd door een vergroting van de eiwitsynthese, ‐afbraak, en –
oxidatie. Echter, de netto eiwitbalans was minder negatief na het consumeren van
een hoog koolhydraat‐laag eiwitdieet vergeleken met een hoog koolhydraat‐laag
eiwitdieet. Dit suggereert dat de verminderde eiwitafbraak alleen waarneembaar is
als acute reactie op eiwitinname. De netto positieve 24‐uurs eiwitbalans wordt dus
volledig verklaard worden door eiwitsynthese in de gevoede situatie.
Concluderend, onderzoek naar de interactie tussen eiwitten in de voeding en de
energiebalans biedt inzicht in de manier waarop hoog‐eiwitdiëten, via het
beïnvloeden van de energie‐inname en het energiegebruik, preventief zijn voor het
ontstaan van obesitas. Zij die laag‐eiwitdiëten consumeren blijken gevoelig te zijn
voor de ontwikkeling van metabole verstoringen die gerelateerd zijn aan
ongunstige effecten op het energiegebruik en de ectopische vetopslag.
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THE TRANSLATION OF SCIENTIFIC KNOWLEDGE INTO
PRACTICE
Overweight and obesity are defined as abnormal or excessive fat accumulation that
may impair health (1). In 2008, more than 1.4 billion adults aged 20 and older were
overweight worldwide. Of these, over 200 million men and nearly 300 million
women were obese. Overweight and obesity are associated with health problems
such as type 2 diabetes, cardiovascular diseases and certain cancers. Consequently,
these conditions are leading risks for global deaths. Around 3.4 million adults die
each year as a result of being overweight or obese. Apart from premature death,
the health consequences include serious chronic conditions that reduce the quality
of life at the individual level (2). Furthermore, the epidemic proportions of
overweight and overweight‐related conditions have a large economic impact. In
the Netherlands, overweight was responsible for 2 milliard euro on medical and
social costs in 2010 (3).
Body weight loss followed by weight maintenance is essential in the treatment
of overweight and obesity. Nationally, efforts to implement interventions on body
weight management have been made for many years. Furthermore, the World
Health Organization began organizing expert and technical consultations on obesity
in the 1990s. Public awareness campaigns were initiated to sensitize policy makers,
private sector partners, medical professionals and the public at large. On the other
hand, obesity is the focus of many scientific studies for several decades.
This thesis is part of the large body of scientific knowledge on obesity and
obesity‐related health problems. It presents the results and conclusions of scientific
research on the interaction of dietary protein with energy balance. These add to
the understanding of how protein intake affects energy intake and energy
expenditure. From our studies we conclude that high‐protein diets would be a
concept for the prevention and treatment of obesity because they have the
potential to prevent overconsumption and to maintain energy expenditure. On the
other hand, the consumption of high carbohydrate‐low protein diets increases the
susceptibility for the development of metabolic disturbances in the longer‐term.
We have elaborated on some remaining issues, and propose that several new
issues based on the findings discussed in the thesis need to be addressed in future
research.
We should not consider this thesis as an isolated project, but as part of the
Full4Health project (www.full4health.eu). The Full4Health project aims to further
understanding of the mechanisms of hunger and satiety and how particular
foodstuffs and nutrients affect them. It is based on the idea that if we are to make
any progress in the battle against obesity and improve the quality of life, a new
approach for body weight management is required. This includes re‐establishing
the normal homeostatic regulatory mechanisms by which lean individuals maintain
the balance between long‐term energy intake and energy expenditure. Within the
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Full4Health project, studies on the mechanisms of hunger and satiety are combined
with intervention studies to validate the effects of the relevant food characteristics
on the regulation of hunger and satiety. The added value of the project lies in the
mass of expertise from a multidisciplinary team of experts from eight European
countries. Academic labs and industry are both represented.
Nevertheless, we should ask the question; ‘Does more scientific knowledge
really help preventing and treating obesity?’ Although the literature available on
body weight management is growing, the number of people being overweight or
obese is still increasing worldwide as well. How much more valuable would it be
when we translate the academic wisdom into the larger societal context? I am
convinced that I could and should contribute to this process by initiating actions
and by intervening with existing initiatives. Therefore, the next sections describe
how the key finding of this dissertation can have a societal impact that goes beyond
scientific publications.
The first step is to spread awareness of the problem, both in terms of individual
risk and social economic burden. In developed countries, people of all ages, sexes,
and ethnicities are at risk, but they do not all realize this. Awareness need to be
increased by publishing concrete data on the health consequences and medical
costs of overweight and obesity, thereby facing people with their own behavior. In
this way they could ask themselves the question whether they are at risk. The more
they are convinced that they are at risk, the better they realize that they have to
change their behavior in order to loose body weight, or to prevent gaining weight.
Information on the health consequences and medical costs of overweight and
obesity, and the substantial effects of prevention is available from national
governmental institutions. Contacting these institutions and proposing that
spreading of this information via national campaigns is necessary to reach a large
number of people at risk helps emphasizing the problem of overweight and
obesity. Information should be made accessible for a large number of people via
newspapers, journals, flyers, and social media, thereby discussing different aspects
of the problem.
Second, people should know that solutions for behavioral changes are available,
and that they are capable to apply these changes. However, they have to set the
goal of developing healthy habits, and they need to know how they could reach this
goal. In general, health promotion requires the investment in a healthy life style,
including more consumption of healthy foods and less consumption of ‘non‐
healthy’ foods. Hereby we can rely on scientific knowledge from human nutrition
research. Scientific publications describing results of such studies are usually
published in scientific journals or reports. Full4Health will also establish and
maintain a project website with an area containing content suitable for the non‐
specialist reader.
Based on the findings of our studies and those of others, we propose to
increase the relative proportion of protein in the diet for better body weight
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control. Remarkable effects on body weight loss were shown when relatively high‐
protein diets were consumed during energy restriction, which was partly ascribed
to the satiating properties of proteins. Maintenance of energy expenditure may
contribute to the beneficial effects of high‐protein diets in energy balance, thus
when consumed at a constant body weight. However, like spreading knowledge
about the health consequences of overweight and obesity, information about
healthy nutrition need to be spread among the public. This information should
address questions such as: ‘What is healthy eating behavior?’, ‘Which food
products have a high protein content, and which are high in ‘unhealthy’ fats or
sugars?’, and ‘Which amounts of these foods should be eaten?’. The familiarity of
the public with healthy nutrition must not be overestimated. Therefore, it is useful
to spread clear information about healthy nutrition, which is accessible for a broad
public. To easily reach this broad public, we could use existing information
channels. In the Netherlands, institutions that are important for the public opinion
regarding healthy nutrition are the Voedingscentrum (Dietary Advice Centre) and
Gemeentelijke Geneeskundige Diensten (Local Health Authorities). These
institutions are accessible for researchers as well, so we could use this opportunity
by planning phone calls. To increase the success rate, we need to plan the phone
calls with ex‐colleagues who are working in these institutions. We need to offer our
help by translating the results and conclusions from our studies to keep these
institutions up‐to‐date with the current knowledge on the topic. Subsequently, we
need to offer our help to develop practical recommendations. We should keep in
mind that these institutions probably have enough experts working on these topics.
Then, it would at least be useful to stimulate the communication of existing
recommendations regarding the consumption of higher‐protein foods in daily life
to people who are at risk for the development of overweight and obesity. We could
provide physicians and dieticians with this information, and guide them in
communicating this to their patients. Physicians and dieticians already use
guidelines, but we need to stimulate the information supply from institutions such
as the Voedingscentrum and Gemeentelijke Geneeskundige Diensten to keep the
information up‐to‐date. These topics could be discussed during the phone calls
with these institutions. Another possibility is to assist people to change behavior,
because this is a difficult process. We can use several models for behavior
modification that were developed based on scientific research. People using these
models, for example psychologists, need to be contacted for instructions on how
these models could be applied for developing healthy eating habits.
The next step is to consider the availability of healthy foods. In our opinion, the
availability of high‐protein foods, especially of high‐protein snacks, which are easily
accessible during the day, need to be improved. The food industry started working
on the development of high‐protein foods several decades ago. One of the
challenges is to increase the protein content of food products without negatively
affecting the taste. Some companies have several suitable products available,
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which are usually developed for specific target groups. For example, high‐protein
supplements are frequently used by sporters to stimulate the build‐up of muscle
mass. Recently, the consumption of high‐protein foods has also been
recommended in the elderly, because of decreases in protein synthesis, small
increases in protein breakdown and a reduction in protein availability by age. As a
result, several food companies have started working on the development and
improvement of food products that could contribute to the reduction of functional
decline in older adults. Furthermore, meal replacements that are used as a strategy
to reduce body weight are usually high in protein. People who are willing to loose
weight should be stimulated to use products of which the effectiveness has
scientifically been proven. Although the brand names of products are usually
mentioned in scientific articles, it is useful to communicate these to the broad
public. To safe time and effort, it should be considered whether there is a need for
the food industry develop new products, or whether existing products could be
used by other target groups. Protein‐rich supplements or liquids, which are
specifically developed for sporters, older people or people who are dieting, could
also to be consumed by a broad public. As an example, a high‐protein shake could
be consumed instead of milk during lunch. Furthermore, protein‐rich puddings or
soups, which are now used as high‐protein diets, could be made commonly
available. Another way is to promote the consumption of nuts as a ‘healthy’ snack,
and to produce packages containing small portion sizes. Thus, like creating
awareness of the problem of overweight and obesity, we should spread knowledge
of the possible solutions mentioned above. The collaboration with partners from
the food industry, within the Full4Health project, would accelerate the availability
of protein‐rich foods on the market. I cannot directly affect this process, but it may
automatically result from stimulating the demand for these products through the
processes mentioned above.
In short, understanding the mechanisms of hunger and satiety and how
particular nutrients affect them is important for evidence‐based interventions.
More specific, unravelling the interaction of dietary protein with energy balance is
warranted for the application of protein diets as successful preventive or treatment
strategy for obesity. At this moment, it is my task to communicate the results of
our studies to the scientific community by publications in peer‐reviewed journals,
and by presentations at conferences. Furthermore, I have to engage with the
society by participating in public debate to spread knowledge about healthy
nutrition, to improve the availability of high‐protein foods, and to stimulate
motivating people to incorporate these nutritional solutions in their daily life.
What is the impact if these actions are taken? It is possible to reach a large
amount of people at risk by spreading knowledge about healthy nutrition, which
includes high‐protein foods. If no further actions are taken, the real impact may be
limited. The largest effect may be expected from improving the availability of high‐
protein foods. This may even result in small improvements of healthy eating habits
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in people who are not able or willing to change eating behavior. Motivating and
helping people in changing behavior would have an additional effect on improved
healthy eating habits. Also, more people can take over the behavior. Of course, a
100% success rate should not be expected. But every step towards more healthy
eating habits will result in a lower incidence and/or prevalence of obesity. Because
the problem is large, at least some improvements can be expected if we take the
steps that we are able to take.
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Promoveren is iets wat je niet alleen kunt. Inmiddels is mijn promotietraject
afgerond en ligt hier een gedrukte versie van mijn proefschrift. Dit is een mooi
moment om de mensen te bedanken die hieraan bijgedragen hebben.
Allereerst wil ik mijn promotoren bedanken. Margriet, bedankt voor uw
begeleiding, de mogelijkheden en het vertrouwen dat u mij gegeven heeft tijdens
het doorlopen van mijn promotietraject. Het was fijn dat u altijd meteen klaar
stond voor vragen of feedback. De vele congressen en uitjes waren bijzonder om
mee te maken. Verder zal ik nooit vergeten dat je niet altijd de kool en de geit
moet sparen, en blij mag zijn als er weer een ei gelegd is. Rick Mattes, I have
learned a lot from you! I have really appreciated your swift e‐mail responses with
feedback on two manuscripts, which has resulted in two publications.
I would like to thank the members of the reviewing committee; Prof. dr.
Mensink, Prof. dr. Mercer, Prof. dr. Plat, Prof. dr. Raben and Prof. dr. Westerterp,
for their time to review this thesis and for their presence during its defense.
Pilou, vriendinnetje. Zowel met werk als privé hebben we veel samen
meegemaakt. New York en Seattle zal ik nooit vergeten. En onze 'Wie is de mol?'
traditie houden we er zeker in! Bedankt voor al je steun en dat je mijn paranimf
wilt zijn. Karianna, het was fijn dat we samen ons promotietraject konden
doorlopen. Ik hoop dat ik niet te veel werkfrustraties eruit gegooid heb?! Jij mag
vanuit je nieuwe baan de gezellige lunches met Dorit en Brenda voortzetten. En ik
zal ook tijdens jouw promotie als paranimf aan je zijde staan.
Sofie, als onderzoeksassistent heb ik met veel plezier met je samengewerkt.
Hierna zijn we samen aan het Full4Health project begonnen. Wat eerst een bijna
onmogelijke studie leek te zijn hebben we toch maar tot een goed einde gebracht.
Zo'n 90 maaltijden per dag bereiden konden wij natuurlijk niet alleen. Mandy, je
bent een fantastische hulp en lieve collega geweest. Tijdens het werken in de
keuken en met de proefpersonen hebben we dagelijks plezier gehad. Ik kijk ernaar
uit om je op te komen zoeken in Exeter. Ook de rest van het team van
hardwerkende assistenten was onmisbaar in de keuken! Yen, I thank you and your
team for your contribution to the 'Beef Study' and the resulting publications.
Hanne, bij meerdere studies hebben we samen mogen werken. Hierdoor kon ik
onverwachts zelfs wijzer worden over 'slaaponderzoek'. Mathijs, zonder jouw hulp
als masterstagiaire was het respiratiekameronderzoek nooit zo vlot verlopen!
Nuria, guapa! Gracias por toda su ayuda y amistad! Blandine, merci pour votre
coopération. J'ai continué avec plaisir avec les mesures de MRI. You are always
welcome to visit the Netherlands (Maastricht, Bemelen, Veluwe). Siti, when
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nobody else was available, you were always willing to help with the MRI
measurements early in the morning. Thank you!
De andere (ex‐)collega's van het cluster; Gill, Giulio, Guy, Mieke, Sanne, Stefan,
Rick en Tanja. Het was een fijne tijd met jullie op het werk, maar ook daarbuiten bij
activiteiten en congressen. En Dorien, bedankt voor het 'lieve collega' zijn! Tegen
alle collega's van HB wil ik zeggen dat ik mede door jullie altijd met plezier ben
komen werken.
Verder kan HB natuurlijk niet zonder een paar mensen. Jos, je bent gewoon
onmisbaar! Loek, bedankt voor je behulpzaamheid en voor de krantenartikels die je
voor mij bewaarde als ik weer eens een hardloopwedstrijd in Limburg had gelopen.
Paul, ook jouw kennis kan niet ontbreken. Voor het analyseren van samples;
Wendy en Hasibe, bedankt. En uiteraard de 'engeltjes' van het secretariaat. Ik sta
nog steeds versteld van jullie kennis en optimisme. Geen van de vragen die ik in al
die jaren bij jullie neergelegd heb is onbeantwoord gebleven.
De bijdrage van sommige mensen is niet direct terug te vinden in dit
proefschrift. Toch is de steun van deze mensen voor mij onmisbaar geweest. Papa,
mama, Marjolein en Florian; het is fijn dat jullie echt altijd voor mij klaar staan.
Zelfs Maastricht is voor jullie nooit te ver! Vrienden, vriendinnen en familie, jullie
helpen mij altijd weer verder. Niet alleen met goede gesprekken, maar ook met
ontspanning, sport en gezelligheid. Bedankt voor alles wat jullie voor mij
betekenen!
Uiteraard kan ik niet iedereen op deze manier persoonlijk bedanken. Maar ook
de hulp van de mensen die hier niet met naam genoemd staan heb ik erg
gewaardeerd.
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