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ABSTRACT

The purpose of this study was to investigate if con-
sumption of a high-protein, low-carbohydrate breakfast
(PRO) leads to a lower subsequent ad libitum energy
intake at lunch and the rest of the day compared with
ingestion of an isocaloric low-protein, high-carbohy-
drate breakfast (CHO) or no breakfast (CON). The
study was designed as a randomized controlled 3-period
crossover study. Thirty young (18-30 yr) females with
overweight to obesity (body mass index >25 kg/m?) in
random order completed 3 separate experimental days
where they consumed either a PRO, CHO, or CON
breakfast test meal followed by an ad libitum lunch
meal 3 h after breakfast. Participants were allocated to
a sequence group by their inclusion number. The PRO
and CHO breakfasts were matched in dietary fiber and
fat content. Energy intake at lunch was calculated and
dietary records were obtained for the rest of the day to
calculate the total daily energy intake and macronu-
trient intake. Ratings of appetite sensations between
meals and palatability of the test meals were assessed
using visual analog scale sheets in intervals ranging
from 10 to 30 min. In addition, blood samples were
obtained at multiple time points separated by 10 to 60
min intervals between breakfast and lunch and were
analyzed for appetite-regulating gut hormones, insulin,
and glucose. Finally, performance in a cognitive concen-
tration test was tested 150 min after breakfast. Com-
pared with CHO and CON, the area under the curves
for satiety, fullness, and satisfaction in the 3 h after
breakfast were significantly higher after PRO, whereas
the areas under the curve for hunger, desire to eat, and
prospective eating were significantly lower after PRO.
The appetite-regulating gut hormones cholecystokinin,
glucagon-like peptide-1, and ghrelin in the hours after
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breakfast, energy intake during the ad libitum lunch
meal, and the total daily energy intake did not differ
significantly between PRO, CHO, and CON. However,
the cognitive concentration test score was 3.5 percent-
age points higher for PRO, but not CHO, versus CON.
A dairy-based high-protein, low-carbohydrate breakfast
increased satiety sensation in the hours after breakfast
but did not reduce total daily energy intake compared
with an isocaloric low-protein, high-carbohydrate break-
fast or omitting breakfast. However, performance in a
cognitive concentration test before lunch was enhanced
after the high-protein, low-carbohydrate breakfast, but
not the low-protein, high-carbohydrate breakfast, com-
pared with omitting breakfast.

Key words: dietary protein, appetite,
cholecystokinin, glucagon-like peptide-1

ghrelin,

INTRODUCTION

The prevalence of obesity worldwide has nearly
tripled since the mid-1970s and now more than 11%
of adult males and 15% of females are categorized as
obese, with a body mass index (BMI) >30 (NCD-
RisC, 2016), which is a tremendous threat to public
health. Overweight and obesity enhance the risk of de-
veloping diseases such as type 2 diabetes mellitus and
cardiovascular disease, which alone leads to more than
17.5 million deaths each year worldwide (Mendis et al.,
2015). Therefore, additional strategies are needed to
halt the increasing prevalence of overweight and obesity
worldwide. One approach is changing eating behavioral
habits to help regulate energy intake (EI) and prevent
weight gain.

Breakfast omission is the most frequent meal-skipping
behavior in the western part of the world (Pendergast
et al., 2016). In light of this, a recent meta-analysis
based on 36 cross-sectional studies and 9 cohort studies
consistently showed that skipping breakfast is associ-
ated with overweight or obesity, and skipping breakfast
increases the risk of weight gain (Ma et al., 2020). How-
ever, a systematic review and meta-analysis of results
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from 7 randomized controlled intervention studies (n
= 425 participants) with an average duration of 8.6
wk reported a modest reduction in body mass (—0.54
kg; 95% CI: —1.05 to —0.03), but no change in percent
body fat (5 studies) in breakfast skippers compared
with participants allocated to consume breakfast dur-
ing the intervention period (Bonnet et al., 2020). Thus,
there are discrepancies among findings that must be
further elucidated.

Ingestion of specific macro- and micronutrients such
as dietary protein (Leidy et al., 2015), dietary fiber
(Pol et al., 2013), and dietary calcium (Kjglbaek et al.,
2017) have been proposed to prevent weight gain or in-
duce weight loss. Findings suggest that breakfast with
high-protein content has the potential to increase post-
prandial satiety and decrease EI of subsequent meals
(Leidy et al., 2015; Moon and Koh, 2020). In line with
this, greater increases in anorexigenic gut hormones
(glucagon-like peptide-1 [GLP-1], peptide YY [PYY],
cholecystokinin [CCK], and leptin) have been reported
after high-protein meals compared with isocaloric con-
trol meals, as well as a decreased level of the orexigenic
hormone ghrelin (Hwalla and Jaafar, 2020; Moon and
Koh, 2020). In accordance, dose-dependent increases in
GLP-1 and PYY 3-36 in a mixed population of normal-
weight and overweight participants have been observed
after breakfast meals with differing protein contents
(Belza et al., 2013). Nevertheless, others have reported
no positive effect of enhanced protein content in meals
on postprandial satiety, EI (Veldhorst et al., 2009;
Boelsma et al., 2010; Belza et al., 2013), or the response
in PYY (Leidy and Racki, 2010), GLP-1 (Veldhorst et
al., 2009), or ghrelin (Veldhorst et al., 2009; Leidy and
Racki, 2010; Belza et al., 2013). Thus, the evidence on
the effects of high-protein breakfasts on acute changes
in satiety and appetite-regulating hormones, as well
as the effects on subsequent ad libitum EI is inconsis-
tent. The inconsistent results in the literature may be
related to the protein content of the breakfast meal
because previous findings suggest a within-meal protein
threshold of 30 g of protein to reach a superior effect
of protein on satiety (Paddon-Jones and Leidy, 2014;
Leidy et al., 2015).

Although skipping breakfast can potentially have a
detrimental effect on weight regulation, it may also lead
to a decline in cognitive function (Komiyama et al.,
2016). A meta-analysis of 38 studies revealed a strong
correlation between consuming breakfast and improved
memory. However, due to the significant heterogeneity
in study designs and methods, a definitive conclusion
regarding the specific composition of breakfast could
not be drawn (Galioto and Spitznagel, 2016).

Based on previous findings described above, we
aimed to test the hypothesis that a high-protein, low-
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carbohydrate breakfast (PRO; ~30 g of protein) com-
pared with an isocaloric low-protein, high-carbohydrate
breakfast (CHO; ~5 g of protein) or no breakfast would
lead to greater satiety and thereby a lower subsequent
ad libitum EI at lunch and total daily energy intake
(TEI) in young females with overweight to obesity.
Furthermore, we aimed to compare cognitive perfor-
mance through a concentration test conducted 2.5 h
after the consumption of different breakfast test meals.
We hypothesized that breakfast skipping would have an
adverse effect on the ability to concentrate. Secondary
outcome parameters were changes in plasma glucose,
insulin, and satiety-regulating gut hormones, as well as
satiety and appetite sensations in the subsequent hours
after the breakfast test meals.

MATERIALS AND METHODS

Participants

Young (18-30 yr), females with overweight to obesity
(BMI >25 kg/m?®) were recruited through social me-
dia and posters in the local city of Aarhus, Denmark.
Eligibility was assessed by an online questionnaire
(Supplemental Table S1; https://figshare.com/articles/
online_resource/Supplementary_Files/24042975/5;
Kruse, 2023) and exclusion criteria were pregnancy,
food allergies, needle phobia, mental diseases, chronic
and metabolic diseases, use of medication that affects
appetite, physical training >5 h/wk, >5 kg weight
change in the previous 6 mo, irregular menstrual cycle,
not liking lasagna, or participation in other research
studies including diet intervention or blood sampling.
Eligible females went through a telephone screening,
and if accepted, a meeting was scheduled for further
information and measurements of height, weight, body
composition, and habituation to the cognitive test.
All participants provided written consent before any
data was collected. In total 58 females were included in
the randomization and 30 completed the experimental
period. A consolidated standards of reporting trials
(CONSORT) flow diagram of the number of partici-
pants from the start of inclusion to the final analyses is
shown in Figure 1. Subject characteristics are shown in
Table 1. The study was conducted in accordance with
the Declaration of Helsinki, approved by the Central
Denmark Region Committees on Health Research Eth-
ics (journal no. 1-10-72-220-19), and was registered at
Clininal.trials.gov (ID: NCT04652713).

Study Design

The study was conducted as a randomized, con-
trolled, crossover trial composed of 3 experimental
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CONSORT Flow Diagram

Assessed for eligibility by completion of
online questionnaire (n= 263)

Enrollment

Excluded before randomization (n= 205)
Not meeting inclusion criteria (n= 107)
Not willing to participate (n= 26)

Not replying when contacted (n= 42)

Questionnaire not completed correctly (n= 8)
Mental health issues (n= 8)

Medical conditions (n= 2)

Other (n=12)

h 4

Included in study and
randomization of experimental days
(CHO, PRO, and CON) (n=58)

[ Randomization ]

Dropouts during intervention (n= 28)
Personal reasons (n= 10)
Regretting participation (n= 6)

Unsuccessful blood sampling (n= 3)
Moving to another city (n=2)
Other (n=T7)

h 4

Completed the study (n=30)

Excluded before analysis of TEI (n= 5)
EI reported below Goldberg’s cut-off limit

(EI/BMR < 0.87) for < 2 food registrations (n=4)
Missing data for < 2 food registrations (n= 1)

h 4

Included in analyses of ad libitum EI
(n=30) and TEI on experimental days (n= 25)

[ Analyses ]

Figure 1. Consolidated standards of reporting trials (CONSORT) flow diagram. CHO = low-protein, high-carbohydrate breakfast test meal;
PRO = high-protein, low-carbohydrate breakfast test meal; CON = control omitting breakfast; EI = energy intake; TEI = total energy intake;

BMR = basal metabolic rate.

days with at least 1 d washout between trials (mean:
12.1 £ 9.7 d; range: 2-36 d). In notion, variations
in fluctuations of sex hormones were calculated for
because the participants were tested in the follicular
phase of their menstrual cycle, where they are least af-
fected, or when on birth control because estrogen may
inhibit food intake, and progesterone and testosterone
may stimulate appetite (Hirschberg, 2012). One of 3
different breakfast test meals was served in random
order. There were 6 sequence groups (3 x 2 x 1) and
participants were allocated to a sequence group by
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their inclusion number, which was matched to a pre-
defined sequence group. The number of participants
allocated to each sequence group (n = 3, 4, 4, 4, 7,
and 8) differed due to dropouts, which disturbed the
predefined matching of inclusion number and sequence
group. The breakfast meals consisted of either PRO,
CHO, or a control day omitting breakfast (CON).
Sampling and tests were conducted at the Section of
Sport Science, Department of Public Health at Aarhus
University, Denmark, in the period between November
2020 and August 2022.
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Table 1. Anthropometric and eating behavior characteristics of study
participants

Characteristic Mean £+ SD (n = 30)
Anthropometrics
Age (yr) 242 £2.2
Height (cm) 168.4 + 7.5
Weight (kg) 85.2 + 11.8
BMI' (kg/m?) 30.0 + 3.5
Body fat (%) 442 £ 6.2
FFM? (kg) 45.6 + 5.5
Eating behavior®
Restrained eating 2.57 £ 0.71
Emotional eating 3.00 £ 0.93
External eating 3.42 £ 0.56

"BMI = body mass index.
’FFM = fat-free mass.

*Mean score in the subcategory of the modified Dutch Eating Behavior
Questionnaire; a score of 1 = never, 2 = seldom, 3 = occasionally, 4 =
often, and 5 = always.

Experimental Days

On experimental days (Figure 2), the participants
arrived at the laboratory at approximately 8:30 a.m.
after overnight fasting since 8 p.m. the previous day.
Also, the participants were instructed to avoid alco-
hol and strenuous physical exercise the day before the
experimental day. The participants were instructed to
consume a glass of water before arriving at the labora-
tory. Upon arrival, baseline blood samples were taken
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(prebreakfast), and a visual analog scale (VAS) sheet
assessing appetite and satiety sensations was com-
pleted. Afterward, the breakfast meal (randomized
by inclusion order) was served along with a glass of
water (150 mL) and a VAS sheet assessing the palat-
ability of the breakfast meal (not provided at CON).
The participants were instructed to consume all foods
and beverages within 15 min. Seven VAS sheets as-
sessing appetite and satiety were completed 10, 30, 60,
90, 120, 150, and 170 min after breakfast (410, +30,
+60, +90, +120, +150, and +170 min) and cognitive
function was assessed by a paced auditory serial ad-
dition task (PASAT; Tombaugh, 2006) performed at
4150 min. An ad libitum lunch meal was served 180
min after breakfast (+180), and the palatability was as-
sessed by a VAS sheet. Immediately after lunch, satiety
and appetite sensations were assessed by a VAS sheet.
Sampling of venous blood and measurements of blood
glucose was done before breakfast, at +10, +30, +60,
and +170 min as well as at +120 min for blood glucose.
During the experimental day, participants were allowed
to do sedentary activities, such as reading, writing, or
using a computer, between time points.

The participants registered their food intake using
a commercially available diet registration software
(MadLog, MadLog ApS, Denmark) the day before the
experimental day, and for the remainder of the experi-
mental day, after the participant had left the labora-

+— 0-2weeks —F & 48hours + & >1day + 4— 48hours ¥ 4 >1day ¥ 4 48hours *

Recruitment Meeting:
and DXA Washout Washout
randomization | Height Testdayl [ periog [*¥ Testday2 | period [ W Testday3
of participants Weight
Minutes
Time: Pre 0 +10 +30 +60 +90  +120 +150 +170 +180 Post lunch
__Fasting from 8 pm [ I [ [ ] [ [ [ ] [ ]
. | | | | | | | | | | |
Breakfast Ad libitum
lunch
VAS VAS* VAS VAS VAS  VAS VAS VAS VAS VAS*  VAS
Blood Blood Blood Blood Blood PASAT Blood DEBQ
24 hours diet registration 24 hours diet registration
e -

Figure 2. Overview of the study period and timeline of the measurements on the experimental days. Visual analog scale (VAS) sheets were
used to assess appetite and satiety sensations, as well as palatability during meal consumption. Blood sampling was undertaken to assess plasma
levels of glucose and gut hormones and serum levels of insulin. PASAT = paced auditory serial addition task. DEBQ = modified Dutch Eating
Behavior Questionnaire, which was provided on the last experimental day. DXA = dual energy X-ray absorptiometry. VAS* = special VAS filled

out during the meal.
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tory. From these data, TEI as well as the daily dietary
intake of protein, carbohydrates, fat, fiber, and calcium
was estimated. The potential underestimation of single-
day registrations was assessed using Goldberg’s cut-off
value (TEI divided by basal metabolic rate <0.87) for
adults with low physical activity levels (Black, 2000).
Furthermore, the participants were instructed to repli-
cate their food intake and physical activity levels the
day before the first experimental day on the days before
experimental d 2 and 3. On the final day of testing, par-
ticipants filled out a modified Dutch Eating Behavior
Questionnaire (DEBQ; van Strien et al., 1986) after
lunch.

Test Meals

The CON meal consisted of a glass of water (150 mL,
0 kJ). The breakfast meals differed in protein content
(PRO: 324 g; CHO: 5.2 g) and carbohydrate content
(PRO: 29.4 g; CHO: 64.3 g), but not in energy content
(1,260 + 69 kJ), fiber content (3.5 + 0.57 g), fat content
(2.4 £ 0.28g), and weight (485 £+ 5 g; Table 2). Test
meals were prepared and served by research personnel.
The participants, but not the researchers, were blinded
to the randomization order of the breakfast meals. The
PRO meal consisted of 300 g of high-protein, drained
yogurt “skyr” (Arla Foods Amba, Denmark), with a
protein content of 9.4 g/100 g, and 30 g of oats (REMA
1000 Denmark A/S). The CHO meal consisted of 60
g of whole-grain bread (REMA 1000 Denmark A/S)
with 30 g of raspberry jam (REMA 1000 DANMARK
A/S) and 250 g of apple juice (REMA 1000 Denmark
A/S). A glass of water (150 mL) was served with all
meals. See Supplemental Figure S1 (https://figshare
.com/articles/online_resource/Supplementary_Files/
24042975/5; Kruse, 2023) for an illustration of meals.

The ad libitum lunch meal consisted of 1,200 g of
heated lasagna (Lasagna Bolognese, REMA 1000 Dan-
mark A/S; 542 kJ/100 g of lasagna; macronutrient
content in grams per 100 g of lasagna: protein 6.7, fat

Table 2. Nutritional contents of the breakfast test meals
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4.4, and carbohydrate 15) served with 150 mL of water.
Participants were taken to a quiet, undisturbed place
and were instructed to eat until comfortably sated.
After the lunch meal, research personnel weighed the
leftovers to estimate the ad libitum EI at lunch.

Blood Sampling

Fingertip blood samples were analyzed for blood
glucose concentration immediately after collection
using a HemoCue Meter (HemoCue glucose 201 RT,
Denmark). Venous blood samples (n = 450) were col-
lected from the median cubital vein in the crevice of
the elbow into 2 tubes; a serum tube with a coagula-
tion activator for insulin analysis and a plasma tube
containing EDTA and proteinase inhibitors for analy-
ses of appetite-regulating hormones. The plasma tube
was centrifuged immediately after collection, whereas
the serum tube was centrifuged after coagulation for
~60 min at room temperature. All blood samples were
centrifuged at 4°C, at 1,300 x ¢ for 10 min, and im-
mediately stored at —80°C until further analyses. The
blood samples from all time points were later analyzed
by double determination for serum insulin (Department
of Biochemistry, Arhus University Hospital, Aarhus,
Denmark), total plasma ghrelin (MyBioSource Inc.,
Human Ghrelin ELISA Kit, catalog no. MBS2700428),
plasma cholecystokinin (CCK, MyBioSource Inc.;
Human Cholecystokinin ELISA Kit, catalog number:
MBS2700293), and plasma glucagon-like-peptide-1
(GLP-1, (RayBiotech Life, Inc., Human GLP-1 (1-37a)
ELISA, catalog no. ELH-GLP137).

Questionnaires

Sensations of satiety, fullness, hunger, prospective
eating, satisfaction, and desire to eat before, between,
and after the breakfast meals and ad libitum lunch were
assessed by the area under the curve (AUC) derived
from VAS sheets. Furthermore, an additional set of VAS

Meal Energy (kJ) Weight (g) Carbohydrate (g) Protein (g) Fat (g) Fiber (g)
High-protein breakfast (PRO) 1,211 480 294 324 2.6 3.9
Vanilla Skyr' 4T 300 12.3 28.2 0.6 0.9
Oats 464 30 17.1 4.2 2.0 3.0
Water 0.0 150 0.0 0.0 0.0 0.0
High-carbohydrate breakfast (CHO) 1,309 490 64.3 5.2 2.2 4.1
Whole-grain toast 623 60 25.8 4.7 2.0 3.4
Raspberry jam 248 30 13.5 0.2 0.2 0.7
Apple juice 438 250 25.0 0.3 0.0 0.0
Water 0.0 150 0.0 0.0 0.0 0.0
Control (CON) 0.0 150 0.0 0.0 0.0 0.0
Water 0.0 150 0.0 0.0 0.0 0.0

'0.2% fat Cheasy vanilla skyr (Arla Foods Amba, Denmark).
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sheets was employed during the consumption of both
the breakfast and lunch test meals to assess the palat-
ability. The VAS sheets were based on a 100-mm scale
with the left anchor point being “not at all” and the
right anchor point being “extremely much.” The order
of the VAS questions assessing sensations of satiety and
hunger was randomized between time points (Supple-
mental Table S1). On the final experimental day, the
participants completed a 16-question DEBQ adapted
from van Strien et al. (1986) after lunch (Supplemental
Table S1). The questionnaire, split into 3 sections (re-
strained, emotional, and external), assessed dominant
eating behaviors, and participants were evaluated using
the average score (1-5) from each section.

Paced Auditory Serial Addition Task

The PASAT test (Tombaugh, 2006) assessed informa-
tion-processing speed and attention differences between
experimental days and was conducted in a separate and
quiet room. The participants were by randomization as-
signed to either an A or B test sheet. The test consists
of 61 single-digit numbers presented at 3-s intervals by
an audio file. During the test, the participants had to
add each number to the previous one and say the result
out loud. The test personnel recorded the result, and
the percentage of correct answers was calculated.

Body Composition

All participants had their body composition de-
termined by a GE Lunar iDXA series scanner (GE-
Healthcare, Madison, WI) equipped with the enCORE
software v16.0 (GEHealthcare, Madison, WI). Scans
were performed in the morning after the participants
had fasted overnight.

Sample-Size Calculation

With reference to a previous comparable study
(Nielsen et al., 2018), it was calculated that 30 partici-
pants were needed to detect a mean difference of 400
kJ in the ad libitum lunch between experimental days
when assuming a standard deviation of 750 kJ, 80%
power, and a significance level of 0.05. The trial was
stopped when the wanted sample size was acquired.

Statistical Analyses

Statistical analyses were done with GraphPad Prism
9 (GraphPad Software, La Jolla, CA) at a 0.05 sig-
nificance level. The PASAT scores were analyzed us-
ing Stata/IC16 (StataCorp, College Station, TX),
because the data had to be adjusted for order effect
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(P < 0.001). We found no order effect on ad libitum
lunch EI (P = 0.58) or TEI on experimental days (P
= 0.71). Values of biological origin such as appetite-
and satiety-regulating gut hormones and plasma levels
of glucose and insulin were not tested for order effect
because of the acute nature of the study interventions.
All participants who completed all 3 experimental days
and had valid EI, TEI, and blood sampling data from
at least 2 of those were included in the respective analy-
ses. Five participants were excluded from the analyses
of TEI and intake of macro- and micronutrients due to
Goldberg’s cut-off limit (n = 4) and missing data (n =
1). Furthermore, 5 participants did not provide blood
samples (n = 25 missing samples). In the analyses of
blood hormone levels, outliers (mean + 1.96 x SD; n =
3 samples for ghrelin) and samples with coefficients of
variation >15% were excluded from the final statistical
analyses (n = 53, 92, and 8 samples for ghrelin, CCK,
and GLP-1, respectively). The normal distribution
was assessed by QQ plots, and insulin data was log-
transformed because it was non-normally distributed.
Adjusted PASAT scores were analyzed with a mixed-
effects model using intervention as the fixed effect and
subject as the random effect, and a post hoc Bonferroni
correction was performed. To analyze for differences in
ad libitum lunch EI between the intervention days, we
used a one-way repeated measurements ANOVA. A
mixed-effects model was used with intervention (PRO,
CHO, CON) in the fixed part of the model and par-
ticipants in the random part to analyze for differences
in TEI and daily dietary carbohydrate, protein, fat,
fiber, and calcium intake between intervention days.
If significant differences were found, post hoc Tukey’s
multiple comparisons tests were conducted. Changes
in VAS scores and hormone and glucose levels were
analyzed by mixed-effects models with time point (pre-
to post-time points) and intervention (PRO, CHO and
CON) as independent variables in the fixed part of the
model and participants were included in the random
part of the model. Data was analyzed for main effects
and any interaction between the 2 independent vari-
ables. If a significant time x intervention interaction or
main effect was found, Tukey’s multiple comparisons
test was conducted. The AUC for appetite and sati-
ety sensations were based on the interval from before
breakfast to after lunch on each experimental day and
were first calculated individually for each participant in
a spreadsheet, using the trapezoidal rule, due to a limi-
tation in the statistical software, before being analyzed
on a group level with one-way repeated measurements
ANOVA for each sensation. If significant differences
were found, post hoc Tukey’s multiple comparisons
tests were conducted. Data from ad libitum lunch EI,
TEI, VAS scores, PASAT scores, and plasma glucose
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and hormonal levels are presented as the mean + stan-
dard error of the mean unless stated otherwise.

RESULTS

Ad Libitum Energy Intake and Total Daily
Energy Intake

There were no differences in ad libitum EI at +180
min after consumption of the 3 breakfast test meals
(P > 0.13; Figure 3A). Furthermore, the ad libitum
EI was not affected by order (P > 0.61). TEI intake
did not differ between experimental days (P > 0.74;
Figure 3B), nor did TEI differ among the days before
the experimental days (P > 0.49).

VAS Scores and AUC for Satiety
and Appetite Sensations

Baseline ratings of satiety and appetite sensations
did not differ between the 3 experimental days (all
P > 0.39). Satiety, fullness, and satisfaction were higher
after PRO and CHO, compared with CON at all time
points between +10 and +170 min (all P < 0.02; Figure
4A, 4C, and 4E). VAS scores for satiety and fullness

A) Ad libitum lunch energy intake
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were higher after PRO compared with CHO at all time
points between +10 and +170 min (all P < 0.02 and
all P < 0.01, respectively). Furthermore, satisfaction
after PRO was significantly higher than after CHO at
+30 (P = 0.03) and +90 to +170 min (all P < 0.01;
Figure 4E). At +180 min none of the parameters dif-
fered significantly between the experimental days (all
P > 0.24; Figure 4A, 4C, and 4E). Areas under the
curve for satiety, fullness, and satisfaction were higher
for PRO and CHO than for CON (all P < 0.001; Fig-
ure 4B, 4D, and 4F). Regarding satiety, fullness, and
satisfaction, the AUC were 29% (P < 0.001), 41% (P <
0.001), and 26% (P < 0.001) larger for PRO than CHO,
respectively (Figure 4B, 4D, and 4F).

Hunger, desire to eat, and prospective eating were
lower for PRO and CHO than for CON for all time
points between +10 and +170 min (all P < 0.001 and
all P < 0.02, respectively; Figure 4G, 41, and 4K). In
addition, hunger and prospective eating were lower for
PRO compared with CHO at all time points between
+10 and +170 min (all P < 0.02). Desire to eat was
lower for PRO compared with CHO at +10 (P = 0.002),
+30 min (P = 0.013), and +90 min (P < 0.001), as well
as between +150 and +170 min (all P < 0.02; Figure
41). Areas under the curve for hunger, desire to eat,

B) Total daily energy intake
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Figure 3. (A) Lasagna intake in kilojoules (kJ) during the ad libitum lunch (n = 30) and (B) total daily energy intake in kJ/d (n = 25) for
3 separate experimental days after intake of a high-protein, low-carbohydrate breakfast test meal (PRO, X), a low-protein, high-carbohydrate
breakfast test meal (CHO, M), and a control omitting breakfast (CON, V). Lasagna intake was analyzed by a repeated measures one-way
ANOVA and total daily energy intake was analyzed by a mixed-effects model. Data are presented as means + SEM.
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Figure 4. Ratings of sensations in visual analog scales (VAS), and corresponding areas under the curve (AUC), for satiety (A and B), fullness
(C and D), satisfaction (E and F), hunger (G and H), desire to eat (I and J), and prospective eating (K and L) at specific time points throughout
3 separate experimental days after intake of a high-protein, low-carbohydrate breakfast test meal (PRO, X), a low-protein, high-carbohydrate
breakfast test meal (CHO, W), and a control omitting breakfast (CON, V). Different lowercase letters (a—) at individual time points indicate
statistical differences between interventions (P < 0.05). Data were analyzed using a mixed-effects model with time point and intervention (PRO,
CHO, and CON) as fixed factors and participant as the random factor. If significant time point x intervention effects were observed Tukey’s mul-
tiple comparisons tests were performed to elucidate effects between interventions at specific time points. Areas under the curve were compared by
one-way repeated measurements ANOVA with Tukey’s correction applied. A.U. = arbitrary unit. Data are presented as means + SEM; n = 30.

and prospective eating were lower for PRO and CHO
compared with CON (all P < 0.001; Figure 4H, 4J,
and 4L). Areas under the curve for hunger, desire to
eat, and prospective eating were 36% (P < 0.001), 30%
(P < 0.001), and 31% (P < 0.001) lower for PRO than
CHO, respectively (Figure 4H, 4J, and 4L).

VAS Scores for Palatability Sensations

Table 3 presents the results of VAS scores assessing
the palatability of breakfast and lunch meals during
consumption. During breakfast meals no differences
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were detected for general liking of the meal (P = 0.53),
liking of appearance (P = 0.16), smell (P = 0.28), flavor
(P = 0.87), or texture (P = 0.36); however, overall pal-
atability was 29.5% lower (P = 0.02) for PRO compared
with CHO. No differences in palatability scores were de-
tected during the ad libitum lunch meal (all P > 0.12).

PASAT Scores

The PASAT scores are presented in Figure 5. The
PRO meal was 3.5 £+ 1.4 percentage points (P = 0.03)
higher than CON. However, the PASAT scores did not
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Table 3. Ratings in visual analog scales regarding palatability of breakfast and lunch meals'

Meal PRO CHO CON P-value

Breakfast test meal
General liking of meal 48.4 + 4.2 57.1 £ 3.1 — 0.525
Liking of appearance 404 £ 4.3 52.6 £ 3.1 — 0.155
Liking of smell 51.8 + 44 62.6 £ 3.4 0.273
Liking of flavor 52.8 £ 4.5 58.6 £ 2.6 — 0.873
Liking of texture 48.2 + 4.7 57.9 £ 3.5 0.360
Overall palatability 38.9 + 4.6 55.2 + 4.0 — 0.020

Ad libitum lunch meal
General liking of meal 68.6 £ 3.8 69.9 £ 2.9 71.1 = 3.3 0.608
Liking of appearance 52.8 £ 4.6 54.5 + 4.0 54.5 £ 4.0 0.871
Liking of smell 771 £ 28 79.1 £ 2.6 81.2 £ 2.3 0.121
Liking of flavor 68.5 £ 3.7 70.7 £ 3.0 67.9 £ 3.5 0.500
Liking of texture 66.7 £ 4.0 72.1 £ 35 70.1 £ 4.1 0.143
Overall palatability 61.2 £ 5.0 63.1 £ 4.4 59.5 £+ 4.6 0.430
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'"PRO = high-protein, low-carbohydrate breakfast test meal; CHO = low-protein, high-carbohydrate breakfast
test meal; CON = control, which omitted breakfast. Data are presented as means + SEM; n = 30. Visual
analog scale sheets were not completed during the CON breakfast.

*Mixed-effects models showed significant difference from CHO (P < 0.05).

differ significantly between PRO and CHO or between
CHO and CON.

Plasma Glucose and Serum Insulin

Plasma glucose and serum insulin levels are presented
in Figure 6. Baseline glucose and insulin levels did not
differ between experimental days (all P > 0.88 and all
P > 0.65, respectively). From +10 to +120 min CHO
and PRO plasma glucose levels were higher than CON
(range: 6%—44%, all P < 0.001 and range: 5%-23%,
all P < 0.01, respectively). In addition, plasma glucose
levels for PRO were 13% (P < 0.001), 17% (P < 0.001),
and 15% (P < 0.001) lower than CHO at 410, +30,
and +60 min, respectively. For insulin, PRO and CHO
were higher than CON at all time points from +10 to
+60 min (range: 41%-45%, all P < 0.001 and range:
31%-40%, all P < 0.001, respectively). No differences
between PRO and CHO were detected; however, at
+10 min there was a tendency (P = 0.07) for PRO
to be higher than CHO. At +170 min there were no
differences in plasma glucose and serum insulin levels
after the 3 breakfast test meals (all P > 0.06 and all
P > 0.20, respectively).

Appetite-Regulating Gut Hormones

Plasma CCK, GLP-1, and ghrelin levels are pre-
sented in Figure 7. Baseline plasma CCK, GLP-1, and
ghrelin levels did not differ between experimental days
(all P > 0.62, all P > 0.14, and all P > 0.99 respec-
tively). Mixed-effects analyses of CCK and GLP-1 lev-
els revealed no significant effect of breakfast test meals
(Figure 7A and 7B). Ghrelin (Figure 7C) was higher
for PRO at 170 min compared with its value before
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breakfast (P = 0.03) as well as CON at 10 (P = 0.02)
and 60 min (P = 0.02). Also, CON at 170 min was
higher than CON at 10 min (P = 0.04).

Micro- and Macronutrients

The total daily dietary intake of protein, carbohy-
drates, fat, calcium, and fiber for all test days is pre-
sented in Table 4. Total daily dietary intake of protein
was higher for PRO (105 + 5 g/d) compared with CHO
(+27 £ 5g/d, P < 0.001) and CON (+26 £ 5 g/d, P <
0.001). The total daily dietary intake of carbohydrates
did not differ between experimental days (P = 0.09).
In terms of dietary fat (P = 0.16) and fiber (P = 0.20)
intake, no differences were detected. Dietary calcium
intake tended to differ significantly between the ex-
perimental days (P = 0.08), which was related to PRO
showing a tendency to be higher than CHO (P = 0.07).

DISCUSSION

From a real-world standpoint, our study design intro-
duced a novel approach by examining the satiety effect
of 2 breakfast options based on commercially available
foods commonly consumed for breakfast in the Nordic
countries. This approach allowed us to compare the ef-
fects of these breakfast choices with skipping breakfast.
Our main findings were that young females with over-
weight to obesity felt more satiated and less hungry after
a dairy-based high-protein, low-carbohydrate breakfast
(PRO) compared with an isocaloric low-protein, high-
carbohydrate breakfast (CHO) or no breakfast (CON).
However, this was not reflected in the plasma levels of
appetite- and satiety-regulating gut hormones, the ad
libitum EI at lunch, and the TEI on the experimental
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Figure 5. Paced auditory serial addition task (PASAT) scores on
3 separate experimental days after intake of a low-protein, high-car-
bohydrate breakfast test meal (CHO, gray bar) a high-protein, low-
carbohydrate breakfast test meal (PRO, white bar), and a control
omitting breakfast (CON, black bar). PASAT results were adjusted
for an order effect and analyzed by a mixed-effects model. Data are
presented as means + SEM; n = 30.
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days. Interestingly, only PRO induced an improvement
in cognitive concentration 2 1/2 h after breakfast when
compared with CON.

The increased sensation of satiety and the reduced
sensation of hunger in response to PRO as compared
with CHO or CON are aligned with our hypothesis.
Similarly, others have observed enhanced satiety after
eating protein-rich breakfast meals compared with
isocaloric control meals, especially if the protein con-
tent was above 30 g (Leidy et al., 2015). Nevertheless,
in contrast to our study, most previous studies have
tested the effect of test meals specifically designed for
the experiment (Veldhorst et al., 2009; Boelsma et al.,
2010; Leidy and Racki, 2010; Kung et al., 2018) or
with a higher energy content (3-4 MJ; Belza et al.,
2013; Nielsen et al., 2018) than normally consumed for
breakfast in the Nordic countries (Gibney et al., 2018).
Boelsma et al. (2010) reported no difference in appetite
and satiety sensations in the 4 h after either a high-
protein, low-carbohydrate breakfast or an isocaloric
high-carbohydrate, low-protein breakfast in a group of
young males with normal to overweight BMI (Boelsma
et al., 2010). The discrepancy between the findings of
Boelsma et al. (2010) and our findings may be related
to BMI status (normal to overweight vs. overweight to
obese). Substitution of classic carbohydrate-rich break-
fast meals (e.g., bread and cereals) with protein-rich
foods (e.g., high-protein dairy) may more effectively
enhance satiety sensations in obese compared with
normal-weight individuals. This is supported by the
observation that people with obesity seem to have de-
pressed sensitivity to the anorexigenic hormone insulin
(Flint et al., 2007; Hwang et al., 2017) and the finding
that adults with obesity and type 2 diabetes mellitus
show a blunted rise in brain glucose during hypergly-
cemia (Hwang et al., 2017). The latter observation was
linked to a reduced feeling of fullness (Hwang et al.,
2017). Another likely explanation for Boelsma et al.

Table 4. Daily dietary macro- and micronutrient intake on experimental days®

Experimental day

Item PRO CHO CON P-value
Protein intake (g/d) 105 + 5 7T+ 4 9+6 <0.001
Carbohydrate intake (g/d) 220 £ 14 257 £ 15 228 £ 16 0.098
Fat intake (g/d) 1+£5 81+6 86 + 6 0.163
Fiber intake (g/d) 18+ 1 19 +£1 16 + 2 0.201
Calcium intake (mg/d) 930 + 60 721 +£ 91 791 + 96 0.082

'PRO = high-protein, low-carbohydrate breakfast test meal; CHO = low-protein, high-carbohydrate breakfast
test meal; CON = control, which omitted breakfast. Data are presented as means + SEM; n = 25.

*Mixed-effects models showed significant difference from CHO and CON (P < 0.05).
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Figure 6. Plasma glucose and serum insulin levels at specific time points throughout 3 separate experimental days. (A) Plasma glucose
levels (mmol/L) and (B) serum insulin levels (pmol/L) before breakfast consumption (Pre) and 10, 30, 60, 120 (only plasma glucose), and 170
min after breakfast consumption on 3 separate experimental days. Breakfast test meals included a high-protein, low-carbohydrate breakfast test
meal (PRO, X), a low-protein, high-carbohydrate breakfast test meal (CHO, B), and a control omitting breakfast (CON, V). Different lowercase
letters (a—c) at individual time points indicate statistical differences between interventions (P < 0.05). Data were analyzed using a mixed-effects
model with time point and intervention (PRO, CHO, and CON) as fixed factors and participant as a random factor. If significant time point x
intervention effects were observed Tukey’s multiple comparisons tests were performed to elucidate effects between interventions at specific time
points. Data are presented as means + SEM. Glucose, n = 30; insulin, n = 25.

(2010) not showing a positive effect of enhanced protein
content on satiety is because they served liquid meals
compared with primarily solid foods in our study. A lig-
uid meal does not suppress appetite to the same extent
in the hours after a meal as a semisolid meal, which is
related to lower gastric retention (Mackie et al., 2013).
Therefore, as a strategy to prevent further weight gain
in populations who are overweight, it is more relevant
to improve the satiating effect of semisolid meals, as
was done in our study, rather than focusing on liquid-
meal interventions.

Even though we observed clear differences in satiety
and appetite sensations after the 3 breakfast test meals,
the ad libitum lunch EI and TEI on experimental days
did not differ significantly between breakfast test
meals. This is consistent with the generally reported
discrepancy between changes in satiety and appetite
sensations in response to different test meals and EI
during a subsequent ad libitum meal (Veldhorst et
al., 2009; Boelsma et al., 2010; Belza et al., 2013). In
a review by Leidy et al. (2015), it was reported that
~T71% (17/24) of the included studies found positive
changes in appetite ratings in response to high- versus
low-protein test meals. However, only ~18% (3/17) of
these studies reported an aligned reduction in the EI of
a subsequent ad libitum meal served 2 to 4 h after the
test meal. In general, discrepancies between changes in
satiety and appetite sensations and changes in subse-
quent meal EI may be explained by an inherent flaw in
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the fixed-meal-times study design. The timing of test
meals in our study was used to reflect free-living condi-
tions; however, it may be hypothesized that a relation-
ship between changes in satiety and appetite sensations
and reduced subsequent meal EI could be detected if
participants were allowed to consume the subsequent
meal when they wanted to, instead of at a fixed time
point. It may also be proposed that participants sim-
ply are accustomed to eating a meal of a certain size,
whereby habits overruled differences in the satiating
effects between the breakfast test meals. Finally, our
study participants scored moderate to high on the
modified DEBQ, indicating an externally conditioned
disturbed eating behavior (Table 1); possibly influenc-
ing the results related to the ad libitum lunch EI and
TEI, because the participants may have constrained
themselves because their food behavior also seemed to
be affected by factors other than their sensations of
satiety and hunger.

The plasma levels of the appetite- and satiety-regu-
lating gut hormones CCK, GLP-1, and ghrelin showed
no time x intervention effects. A review concluded
that studies investigating high- versus low-protein
meals showed divergent findings in terms of hormonal
responses. However, no studies have shown effects on
satiety hormones in favor of low- compared with high-
protein meals (Leidy et al., 2015), whereas favorable
effects have been reported in some studies after eat-
ing high- compared with low-protein meals (Belza et
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Figure 7. Plasma cholecystokinin (CCK), glucagon-like peptide-1
(GLP-1), and ghrelin levels at specific time points throughout 3 sepa-
rate experimental days. (A) Plasma concentrations (pg/mL) of CCK,
(B) GLP-1, and (C) ghrelin before breakfast consumption (Pre) and
10, 30, 60, and 170 min after breakfast consumption on 3 separate
experimental days. Breakfast test meals included a high-protein,
low-carbohydrate breakfast test meal (PRO, X), a low-protein, high-
carbohydrate breakfast test meal (CHO, W), and a control omitting
breakfast (CON, V). Inset boxes show P-values related to the effects of
time, intervention, and time X intervention from mixed-effects models.
Data are presented as means + SEM; n = 25.
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al., 2013; Leidy et al., 2013). Divergent findings may
be explained by differences in the content and type of
protein, but also differences in meal timing, the macro-
nutrient composition of meals, the use of liquid versus
solid meals, and the energy content (Leidy et al., 2015).
Belza et al. (2013) demonstrated the potential effect of
the postprandial time frame on the appetite-regulating
gut hormones. They found that postprandial ghrelin
levels were diminished during the initial 30 to150 min
following a high-protein breakfast, in contrast to after a
normal- or medium-to-high protein breakfast. However,
this effect was not observed at the 180- and 240-min
marks following the test meals. The latter observa-
tions could indicate the timing of the ad libitum lunch
might influence the actual EI. Nevertheless, Belza et al.
(2013) reported a positive effect of a high-protein meal
on the satiety hormone CCK was more pronounced 2
to 4 h after the meal compared with 0 to 2 h. Still,
no dose-dependent effect of the breakfast protein con-
tent was observed on EI at a lunch meal after 4 h.
The varying effects of protein intake on the different
appetite-regulating hormones underline that regulation
of EI is complex and measurements of single hunger- or
satiety-regulating hormones may not predict sensations
of hunger or satiety and the following EI.

Interestingly, we found that postprandial plasma in-
sulin levels were elevated to a similar extent after intake
of a PRO breakfast compared with a CHO breakfast,
even though the plasma glucose levels were more el-
evated 10 to 60 min after the CHO breakfast test meal
compared with the PRO breakfast test meal. The latter
finding is not surprising based on the meal composition
of low compared with high carbohydrates. Supporting
our findings of a comparable insulin response, Boelsma
et al. (2010) reported no differences in the total AUC
for insulin when comparing low- and high-protein
breakfasts. However, Belza et al. (2013) observed sig-
nificantly lower plasma insulin concentrations 30 and
150 min after consumption of a high-protein breakfast
(88.4 g protein) compared with after isocaloric normal-
(24.3 g protein) or medium-to-high protein (44.5 g pro-
tein) breakfast meals in a group of young males with
overweight to obesity. The discrepancies between our
findings and those of Belza et al. (2013) are likely ex-
plained by differences in the insulinotropic effect of the
protein sources, differences in subject characteristics,
or a greater difference in carbohydrate content between
the test meals in Belza et al. (2013), 33 g versus 75 g
and 95 g carbohydrate in the isocaloric high-, medium-,
and normal-protein breakfast meals, respectively. The
primary protein sources in the breakfast meals of Belza
et al. (2013) were ham and eggs, whereas those in our
study were based on dairy protein. Certain types of
proteins, especially dairy proteins, have been shown to
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have insulinotropic properties (Veldhorst et al., 2009;
Manders et al., 2014; Comerford and Pasin, 2016). The
insulinotropic effect of protein ingestion seems to be
more pronounced in type 2 diabetics than in healthy
individuals (Nuttall et al., 1984; Comerford and Pasin,
2016). Because BMI and insulin sensitivity are closely
related, it might suggest that the higher average BMI
(BMI = 30.0) in our study compared with a BMI of
25.8 in Belza et al. (2013) stimulated a greater insulino-
tropic effect of protein ingestion in our study; however,
this is speculative.

Performance in the cognitive concentration test was
improved 2 1/2 h after ingestion of the PRO breakfast,
but not the CHO breakfast, compared with omitting
breakfast. To the best of our knowledge, the cogni-
tive effects of acute protein intake in young females
with overweight to obesity have not been previously
investigated. However, our findings align with previous
findings in healthy nonobese adults (Muth and Park,
2021). Muth and Park (2021) reported in a review that
a short-term (3 weeks) high-protein intake (3.0 g/kg of
BW) was associated with a short-term enhancement of
reaction time in a demanding cognitive function test
when compared with a normal protein intake (1.5 g/
kg of BW). Young, healthy men have been reported
to improve their performance across a comprehensive
battery of cognitive tests in response to a very high-
protein breakfast meal (~76 g) with low-carbohydrate
content (Fischer et al., 2002). This improvement was
in contrast to a more balanced breakfast meal with
high-protein content (~47 g) and normal carbohydrate
level, as well as in comparison to a standard-protein
breakfast (~19 g) with a high-carbohydrate compo-
nent. The suggested mechanism behind the association
between a high protein-to-carbohydrate ratio in meals
and enhanced cognitive performance has been related
to increased plasma concentrations of amino acids, es-
pecially tyrosine and tryptophan, which are involved
in the metabolism of the neurotransmitters dopamine
and serotonin (Muth and Park, 2021). Furthermore,
the branched-chain amino acid leucine, which is highly
abundant in dairy products, has been shown to enhance
glucose sensing in the brains of healthy and obese hu-
mans (Comerford and Pasin, 2016), thereby potentially
influencing brain function. Nevertheless, in healthy hu-
mans, acute carbohydrate intake has also been proposed
to improve cognitive function by increasing plasma
insulin levels, thereby increasing brain glucose uptake
(Garcia et al., 2021). Interestingly, Hwang et al. (2017)
showed a lower glucose uptake in the brains of obese
nondiabetic and diabetic humans in response to stan-
dardized glucose exposure (hyperglycemic clamp) when
compared with healthy humans. The latter observation
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may suggest that the positive effect of glucose ingestion
on cognitive performance might be impaired in popu-
lations with overweight to obesity, and could explain
why we did not observe improved performance in the
cognitive concentration test after the carbohydrate-rich
meal compared with breakfast skipping.

A general limitation of our study was that the find-
ings cannot necessarily be extrapolated to populations
with other characteristics. In terms of the specific
limitations of our study, the results from the modified
DEBQ indicated that our participants may have con-
strained themselves when eating on the experimental
days instead of following their sensations of satiety and
hunger. In a group of less-restricted eaters, we might
have observed a better alignment between the hunger
and satiety sensations and the subsequent meal EI
and the TEI during the experimental days. However,
we aimed to recruit a representative group of young
females with overweight to obesity because the risk of
further weight gain is highly relevant in this specific
population with respect to reducing the risk of further
weight gain. We acknowledge that the dropout percent-
age is high; however, when comparing characteristics
(age and BMI) of the completers (24.2 + 2.2 yr; 30.0
3.5 kg/m®, respectively) and dropouts (24.2 + 3.3 yr;
30.1 + 5.8 kg/m?, respectively) there are no differences,
thus we do not think it has affected our results. In
addition, the timing of the subsequent ad libitum meal
was determined beforehand. The EI at lunch and TEI
during the experimental days might have been different
if there had been no food restrictions during the first
hours following the breakfast test meals. We find it
relevant to look into the timing of the effects of the
meals on top of the overall analyses because people
may eat when feeling hunger or when food is available
at an earlier time point after breakfast in a real-life
scenario. However, we acknowledge that a limitation
of this approach is that it results in a large number
of statistical analyses, and we must interpret statis-
tical significance with caution. Nevertheless, despite
the aforementioned limitations, we consider our study
design to be strong because we used a robust blinded-
crossover study design; based our breakfast test meals
on typical commercially available foods in the Nordic
countries; matched the energy content, energy density,
fat content, and dietary fiber content of the breakfast
test meals; and we included a reasonable sample size.

CONCLUSIONS

In conclusion, eating a dairy-based high-protein, low-
carbohydrate breakfast reduces hunger and enhances
satiety in the subsequent hours in young females with
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overweight to obesity when compared with a low-pro-
tein, high-carbohydrate breakfast or omitting break-
fast. In addition, cognitive performance before lunch
improved after the high-protein, low-carbohydrate
breakfast compared with no breakfast. However, EI at
lunch and TEI for the remainder of the day did not
differ significantly between the breakfast test meals,
which might indicate that the effect of the meal on
the regulation of EI is only effective in the first couple
of hours. In contrast, small nonsignificant differences
in TEI may add up and have a significant effect on
body composition after a prolonged period. Therefore,
long-term studies are needed to investigate further how
the composition of breakfast meals influences body
composition and health parameters.
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