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Abstract

Background: Protein ingestion promotes whole-body net protein balance (NB) in children, which is a prerequisite for

growth. Determining how much protein is required at breakfast to promote a positive NB, which may be negative after

the traditional overnight fast in children, has yet to be determined.

Objective: We determined the impact of incremental doses of milk protein at breakfast as well as the impact of daily

dietary protein distribution on NB in children.

Methods: A total of 28 children [14 boys, 14 girls; age range: 7–11 y; body mass index (mean ± SD, in kg/m2): 16.0 ± 1.9]

completed 2 intervention trials. During the breakfastmeal, participants consumed an isoenergetic beveragewith different

amounts of protein (0, 7, 14, or 21 g for Groups A–D, respectively) and [15N]-glycine to measure whole body protein

metabolism. Whole-body nitrogen turnover, protein synthesis (PS), protein breakdown, and NB were measured over 9

and 24 h.

Results: Following an overnight fast, children were in negative NB (–64.5 mg · kg−1 · h−1). Protein ingestion at breakfast

induced a stepwise increase in NB over 9 h [Groups A (6.2 mg · kg−1 · h−1) < B (27.9 mg · kg−1 · h−1) < C (46.9 mg ·
kg−1 · h−1) < D (66.0 mg · kg−1 · h−1)] with all conditions different from each other (all P < 0.01). PS was 42% greater

in Group D than in Group A over 9 h (P < 0.05).

Conclusions: Consuming ≥7 g of the total daily protein intake at breakfast attenuates the observed overnight protein

losses in children during the subsequent 9 h following breakfast consumption. The dose-dependent increase in NB over

a daytime fed period, inclusive of breakfast and lunch, highlights the importance of breakfast protein intake on acute

anabolism in healthy active children. This trial was registered at clinicaltrials.gov as NCT02465151. J Nutr 2018;148:729–

737.

Keywords: children, breakfast, protein distribution, protein timing, growth

Introduction
Dietary protein provides the requisite amino acid building
blocks to support lean tissue growth throughout life. Lean tissue
is continually being remodeled through the reciprocal actions of
protein synthesis and protein breakdown. The algebraic differ-
ence between these opposing but complementary processes rep-
resents the net balance and determines whether protein mass
is increasing, decreasing, or being maintained. It is well estab-
lished that in healthy adults, net balance is negative in the fasting
state with protein ingestion stimulating protein synthesis and
inducing a positive net protein balance in lean tissues (includ-
ing muscle) (1–3).Moreover, the overnight fasting protein losses

are offset by fed-state gains (4, 5), demonstrated by the diur-
nal variations observed in nitrogen and protein metabolism in
weight-stable adults. However, in contrast to adults, children
are in a relative state of constant growth, typically ∼5 cm/y and
∼3 kg/y until∼10 y of age (6). This growth rate is ultimately un-
derpinned by a chronically greater protein synthesis compared
with protein breakdown that serves to support the increased
protein mass. Due to these specific physiologic and metabolic
demands of growing children, transferring the findings from
studies carried out in adults to a given child population may
not be appropriate. Previous research suggests that children dis-
play similar anabolic responses in acute lean tissue accrual fol-
lowing physical activity to those previously observed in adults
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(7–9). Moreover, protein ingestion has been shown to increase
net leucine balance during constant oral feeding in healthy chil-
dren and adolescents (10). Although these previous studies in
children support the use of dietary protein to enhance net pro-
tein balance under some physiologic settings, less is known
about the effects of discrete (i.e., meal) protein intake on protein
metabolism at rest in healthy children.

It has long been acknowledged that the pattern and not just
the absolute amount of dietary protein can influence nitrogen
retention in both adults and children (11, 12), as well as leucine
balance in adults (13). Recently emphasis has been placed on
breakfast eating, with particular interest in the role of dietary
protein intake at breakfast to enhance protein balance, which
may be negative following an overnight fast (14, 15). The prac-
tical relevance of breakfast protein intake is that the diets of
many Western societies feature an unequal distribution of both
total protein and energy, with the majority of children consum-
ing more at dinner than at other times of the day (16). Recent
research has demonstrated that distributing 90 g protein evenly
throughout the day (3 × 30 g) results in greater muscle frac-
tion synthetic rates than consuming the same amount of protein
(90 g) in a skewed fashion (10, 15, and 65 g at breakfast, lunch,
and dinner, respectively) (17). Collectively, this research suggests
that meal protein intakes and distribution may help to optimize
protein metabolism and net protein balance in adults (18, 19).
Thus, although constant oral feeding (10) and post-exercise bo-
lus feeding (7) results in increased protein metabolism in chil-
dren, to date there is little research on the impact of discretemeal
protein intake and daily distribution on protein metabolism and
whole-body net protein balance in healthy active children.

Therefore, the purpose of this study was to identify how dif-
ferent doses of milk protein ingestion during breakfast were able
to offset the overnight fasting net protein balance in healthy,
physically active children. We hypothesized that, similar to our
previous work on post-exercise protein intake in children (7), in-
cremental protein ingestion at breakfast following an overnight
sleep would induce a graded dose–response in protein balance.
In addition, in line with our previous work on post-exercise
dietary protein distribution (20), we hypothesized that daily
dietary protein intake distribution would impact the 24-h net
protein balance.

Methods
Participants. A total of 32 children (17 boys, 15 girls) volunteered
to participate in the study (see Figure 1 for flow diagram); 1 participant
(male) withdrew from the study on the first intervention day due to a re-
fusal to drink the study product, and 3 participants (2 boys, 1 girl) were
excluded from the final dataset as the time between intervention visits
fell outside the allowable visit window range (>21 d apart) for 2 of
the participants, and 1 participant received more protein than planned.
Therefore, a total of 28 children (14 boys, 14 girls; see Table 1 for
subject characteristics) provided a complete dataset and were included
in the per-protocol analysis. Nevertheless, very similar results were
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observed for the full analysis dataset. Prior to collecting any data, all the
details of the study were verbally explained to each participant and they
subsequently provided written informed assent; written informed con-
sent was obtained from each parent and/or guardian prior to the child’s
enrollment in the study. Participants had to meet the following criteria
for inclusion: 1) to be free of any existing medical conditions, as deter-
mined by medical questionnaire; 2) to be between the ages of 7 and 12 y;
3) to be healthy and recreationally physically active, defined by ob-
taining a 3-d average moderate-to-vigorous physical activity (MVPA)
of ≥30 min/d (see below); 4) to have a body mass ≥10th percentile
for 7-y-olds and ≤85th percentile for 12-y-olds [based upon the 2000
CDC Growth Charts for the USA (21)]; and 5) to have a habitual daily
protein consumption of between 1.6 and 2.4 g · kg−1 · d−1 with these
values being reflective of their current consumption reality. Participants
were excluded based on the following criteria: 1) current use of
medication; 2) food allergy to milk proteins (e.g., whey or casein);
3) within 1.5 y of peak height velocity (YPHV) in order to avoid
the pubertal growth spurt and increase response homogeneity (22);
4) currently partaking in any special diet or weight-loss program; 5)
consuming a breakfast containing >21 g protein/d of the 3-d screening
period; and 6) current participation or having participated in another
nutritional-clinical trial within 2 mo of the current study. This study
was approved by the University of Toronto Health Sciences Research
Ethics Board.

General overview. Participants reported to the Iovate/Muscletech
Metabolism & Sports Science Laboratory at the University of Toronto
on 3 separate occasions: a preliminary visit and 2 intervention visits
(Figure 2). Participants underwent an initial screening visit in order to
establish their eligibility to participate in the study based on the afore-
mentioned inclusion and exclusion criteria. Subsequently, participants
underwent a consecutive 3-d screening period during which they were
provided with a 3-d diet log to record their habitual dietary intake
and an accelerometer to monitor their habitual activity levels. On the
evening of day 3, participants ingested an oral [15N]-glycine tracer (to
measure whole-body protein kinetics) and collected all urine over the
subsequent 10-h overnight period in order to enable the measurement
of overnight protein metabolism. Eligible participants then completed 2
separate intervention visits (separated by a 4- to 21-d washout period).
The intervention visits were conducted in a randomized, double-blind
manner. At ∼0730 and following their arrival to the laboratory all par-
ticipants consumed 100mL of water containing 2 mg/kg [15N]-glycine
to noninvasively measure whole-body protein kinetics. All urine was
collected over the subsequent 9 h (for primary outcome) and 24 h (sec-
ondary outcome) in order to determine whole-body net protein balance.
Following the consumption of the tracer beverage, each participant then
orally ingested an isoenergetic (140 kcal) milk-based protein beverage
containing a variable amount of protein and carbohydrate (described
below and in Table 2). On the day of the intervention, diet and physical
activity were controlled and mirrored the dietary intake and physical
activity levels previously recorded for each participant.

Preliminary visit. Participants completed a preliminary session dur-
ing which standing and sitting height (centimeters), body mass (kilo-
grams), BMI, chronological age, and maturity offset (calculated as
YPHV) (22) were determined (Table 1).

3-d screening period. To characterize habitual physical activity
levels, participants were asked to wear an accelerometer (ActiGraph
GT3X; AtiGraph, Pensacola, FL) for 3 d following the preliminary visit.
Total and moderate-to-vigorous physical activity (MVPA) levels were
quantified with the use of the cut points developed by Evenson et al.
(23). To estimate habitual dietary intakes, participants were also asked
to complete a 3-d dietary record (over the same 3-d period as wearing
the accelerometer) that was analyzed with Food Processor SQL software
(ESHA, Salem, OR) for energy and macronutrient intakes.

Prior to going to bed on the evening of day 3 of the screening pe-
riod, participants collected a spot urine sample and voided their blad-
der completely (∼2100). Following the spot urine sample, participants
consumed 100mL of water that contained 2 mg/kg body weight of
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FIGURE 1 CONSORT flow diagram. Flow of participants and study analysis. CONSORT, CONsolidated Standards Of Reporting Trials; PP, per
protocol.

[15N]-glycine to determine the baseline state of protein balance and
whole-body protein kinetics during a 10-h overnight fasting period in
children (see below for details). Participants were instructed to collect
all urine produced during the remainder of the evening, throughout the
night, and the first urination the following morning (inclusive). Partic-
ipants were also instructed not to consume any food or drink (except

TABLE 1 Participant characteristics at baseline1

Mean ± SD Range

Age, y 8.7 ± 1.2 7–11
Body mass, kg 30.3 ± 6.9 19.9–46.4
Height, cm 136.9 ± 10.0 118.8–157.9
BMI, kg/m2 16.0 ± 1.9 12.6–21.3
Weight percentile,2 % 50.2 ± 25.4 0.5–88.7
Height percentile,2 % 61.7 ± 27.3 4.8–99.3
Years from PHV, y 2.5 ± 0.6 −3.5 to −1.5
Body fat, % 14.0 ± 6.1 1.2–32.1
Fat-free mass, kg 25.7 ± 5.1 17.6–35.5

1Sample size and gender distribution, n = 28 (14 girls, 14 boys). PHV, peak height
velocity.
2Percentile rankings relative to 2000 CDC growth charts for the United States (21).

water) until after the first urine collection the following morning (at
∼0700).

Intervention visit. Following ≥4 d of washout after the 3-d screen-
ing period, participants reported to the laboratory (∼0730) after an
overnight fast and provided a spot urine sample prior to voiding their
bladders. Following the spot urine sample, participants then underwent
a BOD POD test to assess body mass, lean body mass, and percentage of
body fat (BOD POD; Cosmed USA Inc., Chicago, IL). Participants were
once again asked to void their bladders prior to being provided with
their experimental beverage (see below for details and Figure 2) and
were instructed to consume the beverage in its entirety within 5 min of
commencing ingestion. In addition, 100mL of water were consumed
that contained 2 mg/kg body weight of [15N]-glycine to determine
whole-body protein kinetics (see below for details). Participants were
also provided with a small low-protein breakfast (e.g., half an apple or
half an orange), which provided 1.0% of total daily protein intake.

Each participant remained at the laboratory until 1630. All urine
up until this point was collected and used to quantify the protein bal-
ance up to the 9-h time point (see below for details). During this 9-h
period, each participant was provided with a controlled lunch provid-
ing 30% and 35% of daily protein and energy, respectively (deduced
from the dietary records for protein), and a protein-free afternoon snack
(providing 0% and 15% of daily protein and energy, respectively) to be
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FIGURE 2 Schematic representation of the study outline.

consumed at regular intervals (see Figure 2). While in the laboratory,
participants were also provided with 2 × 30-min periods in which they
performed supervised physical activity during the morning (∼1030–
1100) and afternoon (∼1400–1430) to simulate a normal schoolday
routine.

After the last urine collection at 1630, each participant was allowed
to return home and was provided with a preset dinner to be consumed
at home. The dinner provided 40% of daily energy; however, the dis-
tribution of protein at the dinner meal was determined by the amount
of protein consumed at breakfast so that the total daily protein intake
throughout the study day remained constant (Table 2). All urine ex-
creted at home up until ∼0730 the following morning (or before the
first meal of the day) was collected and kept refrigerated until collection
by an allocated member of the investigational team. The exact time of
the final urination before the first meal of the day was recorded, which
allowed for the correction of whole-body protein metabolism and pro-
tein balance to 24 h.

Beverage preparation and composition. All beverages were
prepared by dissolving the preprepared powders (Nestec Ltd, Vevey,
Switzerland) containing different ratios of carbohydrate and protein in

deionized water to a fixed volume of 200mL. The beverage was then
heated at 50°C for 60 min to ensure complete reconstitution of the ex-
perimental beverage. Beverages were prepared the evening prior to the
trials and kept chilled at 4°C until ingestion. The experimental bever-
ages contained either 0 g (Group A), 7 g (Group B), 14 g (Group C), or
21 g (Group D) bovine skim milk protein (containing both whey and
casein protein fractions in a ratio of ∼1:4, respectively). Beverages were
isoenergetic (∼140 kcal) and provided a variable amount of carbohy-
drate (sucrose): 35, 28, 21, and 14 g in Groups A–D, respectively.

Controlled diet. Protein intake throughout the experimental day
was maintained constant for every participant as predetermined from
his or her habitual 3-d dietary intake record. Daily energy intake was
calculated with the use of the FAO/WHO/UNU equations to estimate
metabolic rate in adolescent populations (24) corrected with an activity
factor of 1.7. To ensure dietary compliance, all food was provided to
the participants in prepackaged containers. While in the laboratory, a
member of the investigational team visually confirmed compliance and
any food item that was not eaten was recorded and its macronutrient
content was subtracted from the daily macronutrient intake. For food

TABLE 2 Macronutrient and energy intake at individual daily eating occasions and across the entire
24 h of the intervention day1

Group A (n= 16) Group B (n= 10) Group C (n= 14) Group D (n= 15)

Protein, g
Breakfast 0.6 ± 0.1 7.6 ± 0.1 14.6 ± 0.1 21.6 ± 0.1
Lunch 18.4 ± 3.9 16.8 ± 4.5 19.5 ± 3.2 17.2 ± 3.5
Snack 0.0 ± 0.1 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.1
Dinner 37.1 ± 11.8 29.9 ± 10.0 28.5 ± 11.1 18.8 ± 8.5
During 24 h 56.2 ± 14.3 54.3 ± 14.2 62.5 ± 14.0 58.2 ± 12.0

Carbohydrate, g
Breakfast 43.6 ± 0.7 36.8 ± 0.1 29.8 ± 0.0 22.8 ± 1.0
Lunch 120 ± 19.0 116 ± 22.5 112 ± 20.1 116 ± 19.0
Snack 57.2 ± 8.1 50.6 ± 10.0 58.3 ± 6.2 56.5 ± 8.4
Dinner 86.4 ± 32.6 97.7 ± 25.9 107 ± 33.5 126 ± 28.9
During 24 h 272 ± 46.9 273 ± 40.4 287 ± 52.8 307 ± 40.4

Fat, g
Breakfast 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
Lunch 19.9 ± 6.0 14.0 ± 7.8 21.1 ± 5.4 21.4 ± 4.2
Snack 9.4 ± 2.2 8.9 ± 2.7 8.6 ± 0.9 9.0 ± 1.9
Dinner 27.5 ± 11.1 23.2 ± 4.9 25.6 ± 10.3 20.0 ± 10.5
During 24 h 55.9 ± 15.1 46.1 ± 11.3 55.4 ± 13.6 50.5 ± 13.7

Energy, kcal
Breakfast 173 ± 3.0 174 ± 0.0 174 ± 1.0 174 ± 3.0
Lunch 705 ± 77.0 635 ± 87.0 693 ± 94.0 693 ± 95.0
Snack 301 ± 33.0 270 ± 45.0 298 ± 32.0 294 ± 36.0
Dinner 744 ± 206.0 711 ± 147.0 769 ± 243.0 746 ± 176.0
During 24 h 1923 ± 277.0 1791 ± 228.0 1936 ± 347.0 1907 ± 271.0

1Data are presented as means ± SDs, n = 28 (14 girls, 14 boys).
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items to be eaten at home, the participants or guardians confirmed the
ingestion of each item by selecting it from a provided checklist upon
eating. Participants or guardians were instructed that no food or drink
(except water) other than what was provided was to be ingested dur-
ing the evening of the study day. All food containers were kept and
returned to the laboratory to ensure consumption, and any food item
that was uneaten (and subsequently returned) was recorded and its
macronutrient content was subtracted from the daily macronutrient
intake.

Urine sample collection and analysis. On the evening of day 3
of the screening period, a spot urine sample was collected and 3 × 3-mL
aliquots were collected and frozen at –80°C prior to analysis for back-
ground [15N]-ammonia enrichment. Participants were provided with
a 2-L container in order to collect all urine produced overnight until
the first urination the following morning (inclusive). They were then
instructed to store this urine at 4°C; this urine represented the 10-h
overnight urine collection. The volume of the 10-h urine sample was
measured with a graduated measuring cylinder and the volume was
recorded to the nearest milliliter. Three × 3-mL (for isotopic enrich-
ment analysis) and 3 × 1.5-mL (for urea and creatinine concentrations)
aliquots of the 10-h pooled urine were collected and frozen at –80°C
prior to analysis.

On the morning of the intervention day, a fasting spot urine sam-
ple was collected and 3 × 3-mL aliquots were collected and frozen at
–80°C prior to analysis for background [15N]-urea and [15N]-ammonia
enrichment. All urine produced by the participants while in the labo-
ratory was collected into a labeled container, and then transferred (and
pooled) into a 3-L jug; the total laboratory urine sample represented the
9-h urine collection. The volume of the 9-h urine sample was measured
with a graduated measuring cylinder and the volume was recorded to
the nearest milliliter. Three × 3-mL (for isotopic enrichment analysis)
and 3 × 1.5-mL (for urea and creatinine concentrations) aliquots of the
9-h urine were collected and frozen at –80°C prior to analysis. The re-
maining 9-h urine was then stored at 4°C until the following day. Upon
leaving the laboratory, each participant was provided with a 3-L con-
tainer to collect all urine produced during the remainder of the day until
the first urination the following morning (inclusive), and instructed to
store it at 4°C; this urine was then combined with the urine collected
during the 9-h in-laboratory period to produce the full 24-h sample. The
volume of the 24-h urine sample was measured to the nearest milliliter
with a graduated cylinder and recorded. Three × 3-mL (for isotopic
enrichment analysis) and 3 × 1.5-mL (for urea and creatinine concen-
trations) aliquots of the 24-h pooled urine were collected and frozen at
–80°C prior to analysis.

The concentrations of the major nitrogen-containing metabolites
(urea and creatinine) were determined colorimetrically with the use
of commercially available kits (Quantichrom, Bioassay Systems, USA),
as an estimate of urinary nitrogen excretion. In addition, the [15N]-
enrichments (i.e., ratio of tracer:tracee, t:Tr) of urinary ammonia (at
baseline and 10-h overnight on the screening day, as well as baseline,
9 h and 24 h on the intervention days) and urea (at baseline and 24
h on the intervention days) were determined in duplicate by isotope
ratio MS by Metabolic Solutions Incorporated (Nashua, NH, USA)
in order to determine whole-body measures of nitrogen turnover (Q),
protein synthesis (PS), protein breakdown (PB), and net balance (NB)
by the end-product method (25), similar to our previous work (8).
Briefly, Q based on the [15N]-ammonia end-product for the 9-h anal-
ysis was calculated as described previously (8). Q based on the [15N]-
harmonic mean approach for the 24-h analysis was similar to our pre-
vious work (8), though here corrected for time in order to express
units as mg · kg−1 · h−1. Protein synthesis was calculated as PS (mg
protein · kg−1 · h−1) = (Q – E)/(t × body mass) × 6.25, where E is
measured and estimated nitrogen excretion. Measured nitrogen excre-
tion was the sum of urinary urea nitrogen and creatinine nitrogen excre-
tion over the 9- and 24-h periods, as required. Miscellaneous nitrogen
excretion (e.g., fecal) was estimated according to previously published
values in children consuming a 1.2 g protein · kg−1 · d−1 diet (26). PB
and NB were calculated as previously described (8).

Sample size. To determine the required sample size, a simulation was
performed based on previously published data (8).

The simulation revealed that with n= 30 participants systematically
consuming 2 out of the 4 doses (accounting for a 20% drop-out rate),
and with protein balance increasing with protein intake, then the mini-
mal statistically significant dose could be estimated to be 7.10 g protein
(95% CI: 2.9 g, 10.4 g) and the optimal dose 11.5 g protein (95% CI:
8.2 g, 16.6 g).

Randomization and blinding. Participant recruitment and testing
occurred between July 2015 and May 2016. Upon enrollment to the
study, the investigator in charge of beverage preparation (whose only
other responsibility within the trial was to prepare the controlled diets)
systematically randomly assigned each participant to 1 of the 12 dif-
ferent sequences (in order to consume 2 of the possible 4 doses) via
Medidata Balance. Participants were randomly allocated to 2 of the
4 different intervention groups, named Groups A, B, C, or D. Medi-
data Balance provided a different nonspeaking code to represent each
of the 4 groups (A, B, C, or D). Hence, the person in charge of beverage
preparation had knowledge of the subject randomization but remained
blinded to the protein content of the specific beverages, the trial statis-
tician configuring Medidata Balance was semiblind, and the remainder
of the study staff and participants were double-blind. The randomiza-
tion codes were only broken after all data were collected and cleaned
and the statistical analysis plan was confirmed. The trial was completed
when all participants were recruited and tested.

Statistics. The 9-h protein balance (primary outcome) was analyzed
by ANOVA in a mixed-effects linear model setting with the product as
fixed effect and the subject as random effect with the aim of examining
the relation between the incremental dosing regime and the 9-h protein
balance. The analyses for the 9-h protein balance were conducted on
both the full analysis set and the per protocol populations. Supportive
analysis for the primary outcome was also performed with ANCOVA
in a mixed model effect by adjusting the model for MVPA and total
physical activity. Statistical analysis of 24-h protein balance distribution
(secondary outcome) was done similarly to the primary outcome. To
determine differences between groupmeans, all protein kinetic measures
(i.e., Q, PS, PB, and NB) for 9 and 24 h were subjected to pairwise t tests
based on a mixed model taking into account the intersubject variability.

All statistical analyses were performed with SAS version 9.4 by SO-
CAR (a contract research organization) under the supervision of the
Nestlé Research Centre. Data are presented as means ± SDs, unless oth-
erwise indicated. Statistical significance level was set at P ≤ 0.05 and
all P values presented throughout the manuscript are unadjusted for
multiplicity.

Results

Energy and protein intake. The average 3-d protein intake for
the participants was 2.0 ± 0.3 g · kg−1 · d−1, whereas habitual
breakfast dietary protein intake was 0.4 ± 0.2 g · kg−1 · d−1.
Specifically, participants consumed 1.8 ± 0.3 g · kg−1 · d−1 of
protein on day 3 of the 3-d screening, prior to the overnight
protein metabolism measures and 12.2 ± 0.7 g at breakfast.
Total energy and macronutrient intakes on the intervention day
are presented in Table 2. One participant refused to consume
the investigational beverage in its entirety due to the taste and
complained of a stomachache on the trial day, resulting in termi-
nation of participation in the study. All remaining participants
tolerated the investigational beverage with no reported adverse
events.

Physical activity. Total habitual physical activity and habit-
ual MVPA from the 3-d accelerometer were 243.5 ± 43.5 and
72.0 ± 21.9 min/d, respectively. Total habitual physical activ-
ity on the intervention day was 204.6 ± 43.6, 193.9 ± 34.1,
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FIGURE 3 Relative whole-body protein turnover during the 9-h period after test beverage (breakfast) ingestion calculated using the [15N]-
ammonia end-product method expressed relative to body mass in children who consumed 0 g protein at breakfast (Group A, n = 16), 7 g protein
at breakfast (Group B, n = 10), 14 g protein at breakfast (Group C, n = 14), or 21 g protein at breakfast (Group D, n = 15). Values are presented
as means ± SEMs. Labeled means without a common letter differ, P < 0.05. *Different from Group A, P < 0.001; †different from corresponding
overnight data, P < 0.01. NB, net balance; PB, protein breakdown; PS, protein synthesis.

191.2 ± 45.3, and 196.2 ± 55.7 min/d for Groups A–D,
respectively. Total physical activity did not differ between
groups (P > 0.05). Total MVPA on the intervention day was
62.1 ± 23.6, 59.4 ± 20.8, 64.2 ± 28.7, and 61.5 ± 23.1 min/d
for Groups A–D, respectively. Total MVPA did not differ be-
tween groups (P > 0.05).

Overnight whole-body protein metabolism by [15N]-
ammonia end-product enrichment. During the 9-h over-
night period of the baseline visit PS and PB were 216 ± 94.8
and 280.5 ± 96.4 mg · kg−1 · h−1, respectively, with overnight
net protein balance being negative at –64.5 ± 19.8 mg ·
kg−1 · h−1.

Whole-body 9-h protein metabolism by [15N]-ammonia
end-product enrichment during the day. Protein synthesis
was greater in Group D than in Group A over 9 h (P < 0.05).
There were no significant differences observed between any
of the study protein dose groups for PB. Protein ingestion at
breakfast induced a stepwise increase in NB over 9 h, with all
conditions different from Group A and from each other (all
P < 0.001) (Figure 3).

The adjusted linear regression showed that none of the
covariate estimates were statistically different for MVPA
(P > 0.05) or for total physical activity (P > 0.05), suggesting
the unadjusted model is preferred.

Whole-body 24-h protein metabolism by harmonic mean
of [15N]-ammonia and [15N]-urea end-product enrichment.
Over 24 h, there were no differences between groups for either
PS or PB. The 24-h NB was positive for all study groups; how-
ever, the mean NB was lower (P < 0.05) for children who in-
gested 21 g protein at breakfast (Group D) than for the children
who received 7 g protein at breakfast (Group B) (Figure 4).

Discussion
We demonstrate that, similar to adults (4, 5), healthy active chil-
dren are in a state of negative NB during overnight sleep (i.e.,

a ∼10-h overnight fast). However, breakfast dietary protein in-
take, as part of the daily protein intake, induces a dose-response
increase in whole-body net protein balance over the following
∼9-h period, which helps to offset overnight protein loss. Con-
suming as little as 7 g milk-based protein at breakfast (∼12% of
daily protein intake) in combination with 18 g protein at lunch
are sufficient to support a positive NB during the subsequent 9-
h period when habitual diet and activity are controlled. Finally,
we showed that under habitual free-living conditions, daily di-
etary protein distribution may impact 24-h whole-body protein
balance in healthy children.

Protein metabolism displays a diurnal variation, as a result
of which fasting state losses are counterbalanced by fed state
gains (4, 5, 27). This is evident during the overnight fasting pe-
riod, in the course of which the whole-body and muscle pro-
tein NB becomes negative (4, 28), a process that takes place in
part to provide amino acid substrates to support vital physio-
logical functions (gluconeogenesis, organ tissue synthesis, etc.).
It has been suggested that nitrogen flux based on urinary am-
monia enrichment more closely models protein metabolism in
peripheral tissues such as muscle, which represents the ma-
jor site of the ammonia precursor glutamine (29). This possi-
bility could result in slightly greater rates of nitrogen flux by
ammonia enrichment during the overnight period after tracer
ingestion given that muscle glutamine production is generally
greatest during fasting. However, compared with urea and crea-
tinine, urinary ammonia excretion represents a relatively minor
route of total body nitrogen loss under normal conditions (30),
which would have thus had minimal impact on our overnight
calculated rates of whole-body net protein balance. Neverthe-
less, the present results in children mirror those of previous re-
search in adults: the overnight fast induced a shift towards a
negative NB that was primarily driven by an increased rate of
PB (Figure 3), presumably in both muscle and nonmuscle tis-
sues. This increase in overnight whole-body PB was attenuated
by ∼50% during the 9-h fed period in all conditions, suggest-
ing the effects were not mediated by the dietary protein intake
but likely due to an insulin-mediated suppression of whole-body
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FIGURE 4 Relative whole-body protein turnover during the 24-h period following 4 different daily protein intake distributions. Values are
calculated using the harmonic mean of [15N]-ammonia and [15N]-urea expressed relative to body mass in children who consumed 0 g protein at
breakfast (Group A, n = 16), 7 g protein at breakfast (Group B, n = 10), 14 g protein at breakfast (Group C, n = 14), or 21 g protein at breakfast
(Group D, n = 15). Values are presented as means ± SEMs. *Significantly different from Group B (P < 0.05). NB, net balance; PB, protein
breakdown; PS, protein synthesis.

catabolism (31, 32). These results would be consistent with
whole-body PB being the primary variable modified during
transition from a fasting to fed state at relatively higher pro-
tein intakes (i.e., ∼1.6–2.1 g · kg–1 · d–1) approximating those
in the present study (33). However, the observed attenuation
in the rates of whole-body PB was not sufficient to induce an
overall shift from negative to positive NB. This suboptimal an-
abolic environment may have been mediated by a lack of dietary
amino acid availability that could have been exacerbated by an
insulin-mediated suppression in PB (34, 35). Indeed, the provi-
sion of ≥7 g dietary protein at breakfast (Group B) resulted in
a greater overall positive NB. Moreover, 21 g protein at break-
fast (Group D) was required to elicit a detectable stimulation of
whole-body protein synthesis over 9 h. The requirement for a
greater protein intake to stimulate whole-body protein synthe-
sis is consistent with observations from fasting to fed transitions
in adults consuming higher protein daily protein intakes (i.e.,
>1.6 g · kg–1 · d–1) (33). Thus, replenishment of overnight fast-
ing protein loss is initiated by food consumption during the sub-
sequent day and is enhanced in a dose-dependent manner with
dietary protein ingestion.

Although our tracer methodology precludes our ability to
establish a true anabolic value of breakfast per se, all partici-
pants consumed an identical energy intake over the 9-h period
with a similar protein intake at lunch (consumed ∼4 h after
breakfast). Thus, any differences observed in whole-body pro-
tein metabolism and NB between groups would ultimately be
driven by the difference in protein consumed at breakfast. In
contrast to the statistically significant dose-response increase in
NB over the 9-h daytime period, there was little effect of vary-
ing the morning beverage protein intake on the rates of PS and
PB between groups, with the exception of greater observed rates
of PS between Group D and Group A. However, although the
change in PS between the other groups was statistically non-
significant, it may be physiologically important. This lack of

robust statistically significant differences in PS and PB is con-
sistent with our previous studies in healthy children after ex-
ercise that were based on the use of both oral (8, 9, 20) and
intravenous (7) tracer methodologies. Thus, the relatively high
rates of protein synthesis and breakdown that are characteris-
tic of growing children (25) may only need to be minimally al-
tered before translating into potentially meaningful differences
in net protein balance. Alternatively, given the large body ni-
trogen pool, which turns over more slowly than carbon-labeled
substrates such as [13C]-leucine, it is possible that a longer post-
prandial period after the lunchtime meal could have allowed for
a more complete metabolic response to the previous 9 h of nu-
trient ingestion and resulted in more robust increases in protein
synthesis (36). Nevertheless, the dose-dependent increase in NB
in the present study is consistent with our previous studies after
exercise (7) and the anabolic effects of dietary protein in adults
(3, 5, 37–39).

Based on NHANES data, some of the present authors re-
cently reported that, similar to adults (40), children in the United
States aged 4–18 y consume the majority of their daily protein
intake in the evening on any given day (16). The impact of the
distribution, and not just the total daily amount, of a nutrient
(e.g., protein) for health promotion has received attention in re-
cent years, as recently reviewed by AlMoosawi et al. (41).How-
ever, the ability of protein intake pattern to influence nitrogen
and amino acid NB in adults is not a new concept (12, 13) but
has received renewed attention. With respect to protein intake,
a balanced daily distribution may improve nitrogen retention in
children (42), although data from adults are less conclusive and
may depend on gender and age (17, 43–45).

Although we cannot discount the possibility of a type I er-
ror, the physiologic basis for this apparent difference may be
related in part to the ∼34–50% lower evening protein intake
of Group D compared with the other groups, which would re-
sult in a relatively prolonged period under conditions of lower
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protein exposure. The 24-h controlled diet in the present study,
although greater than the current safe intake (46), was designed
to approximate the participants’ habitual protein intake in or-
der to minimize any day-to-day variability in protein intake
and protein metabolism (47). Thus, it is possible that the re-
peated increased consumption of protein above the current rec-
ommended intake across the day but at the habitual intakes of
most North American youth (16) may mask any impact that
a balanced protein distribution may have on acute surrogate
markers of “growth” (i.e., NB). This would be consistent with
a reduced efficiency of postprandial nitrogen retention with a
high (2 g · kg−1 · d−1) compared with a normal (1 g · kg−1 · d−1)
protein intake (48). However, our results are at odds with previ-
ous research in children consuming >2 g · kg−1 ·d−1 of protein,
which might be related in part to the duration of the controlled
diet period (i.e., 2 wk compared with 24 h) (42).

In conclusion, healthy active children are in a net catabolic
state in the morning following an overnight fast. The con-
sumption of ≥7 g of protein as part of a breakfast containing
carbohydrate is an important nutritional approach enhancing
net protein balance over the subsequent 9-h postprandial pe-
riod. Finally, total protein intake may be more important than
the distribution across an entire day for enhancing 24-h net
protein balance. Future research including long-term studies is
ultimately required to elucidate the most appropriate way for
children to consume their daily protein intake as a means to
optimize net protein balance.
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