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Abstract

Phenylketonuria (PKU) requires a lifelong low-phenylalanine (phe) diet where protein needs are
met by consumption of a phe-free amino acid (AA) formula; complaints of persistent hunger are
common. Foods made with glycomacropeptide (GMP), an intact protein that contains minimal phe
and may promote satiety, provide an alternative to AA formula. The objective was to assess the
ability of a GMP breakfast to promote satiety and affect plasma concentrations of AAs, insulin,
and the appetite stimulating hormone ghrelin in those with PKU, when compared to an AA-based
breakfast. Eleven PKU subjects (8 adults and 3 boys ages 11-14) served as their own controls in
an inpatient metabolic study with two 4-day treatments: an AA-based diet followed by a diet
replacing all AA formula with GMP foods. Plasma concentrations of AAs, insulin and ghrelin
were obtained before and/or 180 minutes after breakfast. Satiety was assessed using a visual
analog scale before, immediately after and 180 minutes after breakfast. Postprandial ghrelin
concentration was significantly lower (p=0.03) with GMP compared to an AA-based breakfast,
with no difference in fasting ghrelin. Lower postprandial ghrelin concentrations were associated
with greater feelings of fullness 180 minutes after breakfast suggesting greater satiety with GMP
compared to AAs. Postprandial concentrations of insulin and total plasma AAs were higher after a
GMP breakfast compared to an AA-based breakfast consistent with slower absorption of AAs
from GMP. These results show sustained ghrelin suppression, and suggest greater satiety with
ingestion of a meal containing GMP compared with AAs.
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1.1 INTRODUCTION

Phenylketonuria (PKU) is an inborn error of amino acid (AA) metabolism caused by
mutations in phenylalanine (phe) hydroxylase (EC 1.14.16.1) resulting in a decreased ability
or inability to convert the essential AA phe to tyrosine. A diet low in phe and supplemented
with an AA-based formula to meet protein requirements must be initiated soon after birth to
prevent irreversible cognitive impairment [1] and is recommended throughout life [2,3].
Dietary compliance however, is often poor, particularly in adolescence and adulthood [2,4].
The difficulty of the PKU diet is due not only to its highly restrictive nature, restricting high
protein foods as well as bread, rice and some vegetables; but also to the required intake of a
phe free AA-based formula (24-32 oz per day). The taste and smell of these AA-based
formulas can be offensive and individuals with PKU frequently drink the formula in one
sitting, despite evidence that taking formula 3 or more times a day improves protein
utilization and metabolic control [5,6]. Moreover, consumption of the AA-based formula in
one sitting, often at breakfast, results in hunger throughout the day when food intake
consists of predominantly low-protein foods high in refined carbohydrates.

Protein is the most satiating macronutrient [7-9] and whey protein in particular has been
shown to induce satiety to a greater extent when compared to casein, soy and egg albumin
[10-12]. Whey’s satiating effect is attributed to its rapid digestion and absorption, resulting
in rapid increases in plasma AA, insulin, glucagon-like peptide-1 and cholecystokinin
[10,11]. Glycomacropeptide (GMP), the third most abundant protein in whey, has a unique
advantage for PKU because pure GMP contains no phe or other aromatic AAs and is
naturally enriched in the large neutral AAs threonine, isoleucine and valine [13], shown to
reduce phe concentration in plasma and brain [14]. Moreover, GMP may promote satiety
[15,16], although studies in humans have shown mixed results [17-21]. A recent well
controlled study by Veldhorst et al [21] found GMP to have no effect on hormone levels or
subjective satiety, however subjects ate approximately 10% less at lunch following a
breakfast with whey that included GMP compared to a breakfast with whey from which
GMP was removed. These data support GMPs potential effect to decrease food intake.

Satiety is regulated by a complex system of both anorexigenic (appetite suppressing) and
orexigenic (appetite stimulating) hormones [22]. Ghrelin, which can promote protein
synthesis through its stimulation of growth hormone [23], is the only known orexigenic
hormone. Ghrelin levels increase during fasting to stimulate appetite and decrease following
a meal in proportion to energy intake [24,25]. Plasma ghrelin concentrations are decreased
in obesity and increased following weight loss [26]. In addition, young children with PKU
show decreased fasting plasma ghrelin concentrations when metabolic control is poor [27].

Foods made with the intact protein GMP supplemented with limiting AAs, improve protein
utilization [28] and are more acceptable than commercially available AA-based formulas
and low protein products [29,30]. Thus, GMP foods provide an alternative source of protein
for individuals with PKU [29]. Given GMPs potential to promote satiety, our objective was
to assess satiety using a visual analog scale (VAS) and compare plasma concentrations of
total AAs, insulin and ghrelin in individuals with PKU fed a GMP breakfast compared to an
AA-based breakfast.
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2. MATERIALS AND METHODS

2.1 Subjects

Eleven individuals with PKU (four females, seven males) followed at the Waisman Center,
Biochemical Genetics Program, University of Wisconsin-Madison were recruited for an
inpatient metabolic study at the Clinical and Translational Research Core, University of
Wisconsin Hospital and Clinics (UW-CTRC) [28]. All subjects were diagnosed with
classical PKU in infancy, based on phe concentrations of >1200 umol/L before dietary
treatment. At study initiation all subjects were following a low-phe diet and consuming phe-
free AA formula(s) with varying degrees of metabolic control. Three subjects were children
(age range: 11-14 y; all males) and eight subjects were adults (mean age 27 y; range 20-31
y; 4 males and 4 females). The three children were in the normal range of body mass index
(BMI) for age; however, five of the eight adult subjects were overweight based on a BMI of
25-28. Prior to initiation of this study, the University of Wisconsin-Madison Health
Sciences Institutional Review Board approved all project protocols and informed consent
was obtained.

2.2 Study Protocol

Each subject served as his or her own control by consuming both diet treatments in the 8 day
protocol: the AA diet (days 1-4) and the GMP diet (days 5-8). One 24-hr menu was
designed for the AA diet and another for the GMP diet; the same menu was repeated on all
days of each diet treatment. The AA diet included the subject’s usual AA formula, which
was different for each subject. For the GMP diet, low-phe GMP foods were substituted for
the subject’s entire daily intake of AA formula; supplementation of GMP with limiting AAs
and sample menus have been published previously [28,31]. Menus were individualized for
energy needs using appropriate equations to estimate energy requirements. The menus for
each diet treatment were controlled for energy, protein, phe, and fat; AA or GMP products
were divided into 3 equal quantities throughout the day.

Each subject was provided with all food and formula to consume at home for 2 days before
initiation of the study and for days 1 and 2 of the AA diet. Before dinner on day 2, each
subject was admitted to the UW-CTRC for continuation of the AA diet (days 3 and 4) and
for 4 days of the GMP diet (days 5-8). Timing of meals and snacks as well as exercise was
similar to each subject’s reported usual routine.

2.3 Plasma Amino Acids and Hormone Measurements

During the UW-CTRC admission, blood was drawn daily. All postprandial blood samples
were drawn 180 minutes after the start (150 minutes after completion) of breakfast. For the
last six subjects (Subject 6-11) fasting blood samples were also obtained before breakfast on
the last two days of the AA diet (days 3 and 4) and on the last 2 days of the GMP diet (days
7 and 8).

An AA profile was completed on all fasting and postprandial plasma samples collected on
days 3-8 by using a Beckman 6300 amino acid analyzer (Beckman-Coulter Inc, Fullerton,
CA) equipped with an ion chromatography system that uses postcolumn ninhydrin
derivatization [32]. Total plasma ghrelin was measured in fasting (n=6) and postprandial
(n=11) samples by radioimmunoassay (Linco Research, St Charles, MO); for each subject
equal volumes of plasma were combined for days 3 + 4 (AA diet) and days 7 + 8 (GMP
diet) as supported by observed stability of the plasma AA profile on these days [28]. Total
ghrelin for subject 2 was removed from analysis because the interpolated value was a clear
statistical outlier that greatly exceeded the highest concentration on the standard curve. The
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pooled samples were also used to measure plasma insulin in postprandial samples using a
radioimmunoassay specific for human insulin (Linco Research, St Charles, MO).

2.4 Motivation-to-eat VAS questionnaires

Each subject completed a four-question motivation-to-eat VAS questionnaire three times:
before breakfast, immediately following breakfast, and 2 hours after finishing breakfast to
assess subjective measures of appetite and satiety [33]. Each question consisted of a 100 mm
line with opposing statements on either end. Subjects were asked to indicate with a vertical
mark where on the line best described their feelings at the time with regards to the following
questions: 1) How strong is your desire to eat?, 2) How hungry do you feel?, 3) How full do
you feel? and 4) How much food do you think you can eat? (prospective food consumption,
PFC). An appetite score to reflect the four questions on the motivation-to-eat VAS
questionnaire was calculated for each questionnaire using the formula [34]:

Appetite score (mm)=[ desire to eat+hunger+(100 — fullness)+PFC]/4

2.5 Statistical analysis

All statistical analysis was conducted with the statistical program R for Mac OS X version
2.9 (R Project for Statistical Computing, Wirtschaftsuniversitat, Vienna, Austria;
http://www.r-project.org). Primary analyses were performed using two-tailed paired t-tests,
pairing on subject. Tests were considered significant at p<0.05; values are means + SEM.
Fasting and postprandial plasma ghrelin values were compared within each diet treatment
(e.g., fasting AA vs. postprandial AA) and between the diet treatments (e.g., fasting AA vs.
fasting GMP) using a paired t-test, pairing on subject. Plasma insulin and the plasma
concentration of AAs were also compared between the AA and GMP diets using this same
method. Motivation-to-eat VAS questionnaires on the last day of the AA diet and the last
day of the GMP diet were compared within diets (e.g., fasting AA vs. postprandial AA) and
between diets (e.g., fasting AA vs. fasting GMP). Secondary analysis used a linear mixed
effects model to examine the effect of: BMI, diet treatment, age, macronutrient intake at
breakfast, plasma phe and plasma values (ghrelin, insulin and/or total AAs) on answers to
daily VAS questionnaires and each plasma value (ghrelin, insulin or total AAs), controlling
for a random subject effect. If there was no subject effect, a fixed effects linear model was
used. The best model was found using backward elimination, eliminating insignificant
variables.

3. RESULTS

3.1 Macronutrient intake and motivation-to-eat VAS profiles

Both the AA and GMP diets provided 10% calories from protein, 24% from fat, 66% from
carbohydrates, with 13 mg phe per kg bodyweight [28]. Composition of breakfast is outlined
in Table 1. The grams of protein intake was significantly higher in the AA compared to the
GMP breakfast (based on conversion of AA to protein equivalents using 16% nitrogen),
although the percent of calories from protein was not significantly different. The amount of
fat, phe and total energy consumed at breakfast were not significantly different between the
two diets; the percent of calories from carbohydrate (calculated by difference) was
significantly higher by 7.8% in the GMP breakfast in association with its lower protein
content.

The motivation-to-eat VAS profiles were not significantly different at any time point
between the AA diet (Day 4) and the GMP diet (Day 8). However as expected, the appetite
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profile significantly changed before, immediately after and 2 hours after consuming either
the AA or GMP breakfast (data not shown).

Protein intake was identified as the most common significant variable for the VAS
questionnaires using the mixed effects statistical model. The protein content of breakfast
showed a significant negative association with the appetite score immediately after breakfast
(p=0.01) such that the appetite score decreased with greater protein intake at breakfast. In
the final model for the appetite score immediately after breakfast, other significant factors in
addition to protein content included BMI, age and the interaction between diet treatment and
the day of the study. BMI significantly affected VAS answers at all time points in the mixed
effects model analysis. A higher BMI was associated with a greater desire to eat, hunger,
and appetite score and lower feelings of fullness.

3.2 Plasma AAs, insulin and ghrelin

The concentration of ghrelin in plasma obtained after an overnight fast was not significantly
different between the AA and GMP diets (Figure 1) and there were no significant
associations between fasting plasma ghrelin concentrations and a variety of variables. In
particular, there was no direct association found between fasting ghrelin and BMI in this
diverse sample population. The total concentration of AAs in fasting plasma was also not
significantly different between the two diets (data not shown).

Postprandial plasma ghrelin concentration, taken 180 minutes following the start of the AA
breakfast, was not different from fasting ghrelin prior to eating the AA breakfast (Figure 1).
In contrast, the GMP breakfast induced significantly lower postprandial plasma ghrelin
concentration, an expected response following a meal. In addition, postprandial ghrelin
following the GMP breakfast was significantly lower than postprandial ghrelin following the
AA breakfast. There were no significant associations between postprandial ghrelin
concentrations and BMI. Using backward elimination with a linear mixed effects model, the
only factor predicting postprandial ghrelin was diet treatment, in that postprandial plasma
ghrelin was lower with the GMP breakfast. Postprandial plasma ghrelin concentration was a
significant factor in the prediction of fullness 2 hr after breakfast (Figure 2). Higher fullness
scores were significantly associated with lower postprandial ghrelin concentrations, diet
treatment, and the interaction between ghrelin and diet.

The postprandial plasma concentration of total AAs was significantly higher (p=0.049) and
postprandial insulin concentration was higher and moderately significant with the GMP diet
compared to the AA diet (p=0.053) (Figure 1). Complete plasma AA profiles have been
reported previously [28] and Table 2 shows postprandial plasma concentrations of the
essential AAs. Consistent with the composition of the GMP protein, postprandial
concentrations of isoleucine and threonine were significantly higher following a GMP
compared with an AA breakfast, and above the normal range. Fasting plasma concentration
of isoleucine was within the normal range although the nontoxic AA threonine remained
elevated approximately 20% above the normal range [28,35].

4. DISCUSSION

Individuals with PKU are advised to follow the low-phe PKU diet throughout the lifespan to
achieve recommended plasma phe concentrations, metabolic control and improve long-term
cognitive outcomes [3]. However, the PKU diet, with synthetic AAs as the primary source
of protein, may have physiological impacts including persistent hunger, decreased bone
mass [36], and increased risk of micronutrient deficiencies [1]. Furthermore, compliance
with the PKU diet is a continual challenge [2,4]; particularly the consumption of an AA-
based formula and distribution of formula throughout the day. The absence of a protein

Mol Genet Metab. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

MacLeod et al.

Page 6

source in a meal may result in increased feelings of hunger throughout the day. The
improved taste and preference combined with the ability to make a variety of good tasting
foods with GMP [29] supports the notion that GMP may improve the dietary management of
PKU by providing a protein source that can be more easily spaced throughout the day.
Moreover, we report for the first time that ingestion of intact protein from GMP compared
with synthetic AAs results in sustained suppression of ghrelin following a meal in those with
PKU.

Ghrelin is the only known orexigenic hormone, with highest concentrations in the fasted
state and in anticipation of a meal, whereas concentrations are suppressed following a meal
[24]. Schulpis et al [27] found that children (mean age 6—7 years) with PKU in poor
metabolic control had lower fasting ghrelin and decreased plasma catecholamine
concentration when compared to children with PKU with strict dietary control and low
plasma phe; the physiologic response of ghrelin to ingestion of a meal was not assessed. We
found no difference in fasting ghrelin concentration when comparing the AA and GMP
breakfasts in 3 children (ages 11-14) and 8 adults with PKU who served as their own
control. Although the findings of Schulpis et al in young children with PKU are interesting
[27], our data provide novel information about the response of ghrelin to a meal.

We demonstrate that isocaloric breakfast treatments containing the intact protein GMP
compared with synthetic AAs induce a different ghrelin response. Ghrelin levels decrease
after a meal in proportion to caloric content [25] and protein and carbohydrate suppress
ghrelin to a similar extent in studies with isocaloric substitution of 20% energy or greater
from protein or carbohydrate [37-40]. Thus, the higher proportion of energy provided by
carbohydrate in the GMP breakfast (7.8%) is unlikely to account for the differential ghrelin
response observed in this study. Ghrelin concentration was only measured at two time
points, fasting and 180 minutes after the start of breakfast, therefore the nadir was likely
missed [24]. However, the observed significant decline in ghrelin concentrations between
these two time points with the GMP breakfast, but not the AA, shows that the intake of an
AA breakfast does not allow sustained suppression of ghrelin 180 minutes after breakfast. In
fact, the ghrelin hunger signal 3 hours after the AA meal was no different than after a 12 hr
fast.

Greater ghrelin suppression following a meal with intact protein compared to AAs may be
due to variations in the rate of absorption of synthetic AAs compared with GMP. The
appearance of AAs in plasma occurs within one hour following consumption of AAs and
approximately 2 hours with consumption of a comparable intact protein [41,42]. Fast
absorption of AAs has been shown to negatively affect protein retention and utilization in
rats and humans [42,43]. Although the most significant consequence of long-term AA
consumption may be reduced protein retention, the sharp rise of plasma AAs concentration
also affects physiological signals of satiety. The aminostatic hypothesis proposes that an
increase in plasma AA concentrations is accompanied by a greater stimulation of Gl
hormones [44] and decreased appetite followed by a return of appetite when plasma AA
concentrations fall [45]. Thus, whey proteins, such as GMP, may decrease appetite due to
rapid absorption and sustained levels of plasma AAs [11], whereas synthetic AAs cause an
acute rise in plasma AAs which disappear from plasma faster and to a greater extent
compared to intact protein, resulting in increased appetite shortly after a meal [41,42].
Supportive of this hypothesis, a breakfast containing GMP induced higher total postprandial
plasma AA and lower ghrelin concentrations compared with synthetic AAs. Moreover, our
data show an association between lower postprandial ghrelin concentration and greater
feelings of fullness suggesting that a GMP meal sustains satiety when compared with AAs.
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Ghrelin suppression is regulated by postgastric feedback [46], requiring luminal nutrients in
the distal intestine, not in the stomach or duodenum [37,40]. The rapid rise of plasma AAs
following consumption of an AA based formula suggests that luminal nutrients are present
for a shorter time, therefore limiting their ability to suppress ghrelin. In addition, ghrelin
works in a reciprocal manner with insulin [24]. Similarly, our results show that postprandial
plasma insulin concentration is higher and ghrelin lower after a breakfast containing GMP
compared with an AA-based breakfast. Weigel et al [47] found oral AAs given with
macronutrients increased insulin concentration to a greater degree and gave a more stable
ghrelin concentration than pure AAs in individuals with PKU. Moreover, whey proteins
have been shown to be insulinotrophic [48]. Thus, GMP, an abundant whey protein, may
improve insulin and ghrelin regulation, satiety signaling, and protein retention in individuals
with PKU.

5. CONCLUSION

The nutritional management of PKU is in need of new dietary options besides synthetic AAs
to facilitate ingestion of a low-phe source of protein throughout the day in order to improve
metabolic control and control hunger. Our results confirm the importance of protein
consumption in a meal to improve satiety, and provide novel evidence that a GMP breakfast
suppresses plasma levels of the satiety hormone ghrelin for a longer period of time
compared with an AA breakfast. Food products made with the intact, low-phe protein GMP
are a first step to providing a more physiologically complete diet that improves dietary
options, and facilitates protein distribution and metabolic control of PKU.
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Figure 1.

Significant changes in plasma concentrations of ghrelin, insulin and amino acids were
apparent with the GMP diet. Ghrelin and insulin values represent equal volumes of plasma
combined for each subject from days 3+4 for the AA breakfast, days 7+8 for the GMP
breakfast. Sum of postprandial (PP) plasma AA values on the last day of the AA diet (day 4)
and last day of the GMP diet (day 8). All values are means + SEM; n=6 for ghrelin fasting
values.

* Indicates significantly different from postprandial ghrelin with AA breakfast (p=0.03,
paired t-test, pairing on subject; n=10)

** Indicates moderately significant difference from insulin with the AA breakfast (p=0.053,
paired t-test, pairing on subject; n=10)

*** |ndicates significantly different from sum of plasma AAs with the AA breakfast
(p=0.049, paired t-test, pairing on subject; n=11)
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Figure 2.

Relationship between plasma ghrelin concentrations 180 minutes after the start of breakfast
and feeling of fullness 2 hr after breakfast. Lower postprandial ghrelin was associated with
greater feeling of fullness. Lines represent least squares regression lines fitted to individual
diet treatment data; AA breakfast is dashed line and GMP breakfast is solid line. Lines are
significantly different. Using backward elimination with a mixed effects model, the best
model predicting postprandial fullness scores included diet treatment, postprandial ghrelin
and the interaction between ghrelin and diet treatment.
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Table 1

Nutrient composition of GMP or AA-based breakfast?

AA Breakfast GMP Breakfast

Kcal 544 + 46 560 + 51

Phe (mg) 218 + 50 219 + 50

Protein (g) 20714 18.4 + 1.6
Fat (q) 12.9+20 129+17
% kcal Protein 155+038 136+1.0
% kcal Fat 208+21 20.1+14
% kcal CarbohydrateP 585+ 2.9 66.3+1.0%

a T, . .
Data are means + SEM, n=11. Each breakfast was individualized for the subject based on preferences, phe tolerance and energy requirements.
Means with a * indicate GMP values are significantly different from AA values using paired t-test, pairing on subject.

b . . .
Percent of calories from carbohydrate determined by subtraction.
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Table 2

Postprandial plasma concentrations of essential AAs?

AA Diet GMP Diet
AA pMol/L + SEM p-valueP
Histidine 82+5 80+6 0.64
Isoleucine 64+8 144 + 16 4.3E-05
Leucine 127 + 17 97 +13 0.04
Lysine 189+ 14 180 + 15 0.31
Methionine 21£2 29+£3 0.02
Phenylalanine 619+82 676+ 92 0.17
Threonine 135+14  333%27 8.6E-06
Tryptophan 47+4 37+2 0.03
Tyrosine 82+7 66 + 10 0.27
Valine 262+18 295+27 0.13

aValues are means + SEM; n=11. All values, with the exception of threonine and isoleucine on the GMP diet, are within the normal range

bDifference between the last day of the AA diet (day 4) and the GMP diet (day 8) by paired t test, pairing on subject)

Mol Genet Metab. Author manuscript; available in PMC 2011 August 1.

Page 14



