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ABSTRACT (248 words)

Dietary protein digestion and absorption kinetics determine the post-prandial increase in
muscle protein synthesis. We recently demonstrated that body position during feeding can
modulate the post-prandial rise in plasma amino acid availability. Here we investigated
whether protein ingestion in an upright sitting body position accelerates gastric emptying and
improves dietary protein digestion and subsequent amino acid absorption compared with
feeding in a supine lying body position. In a crossover design, eight young males (26*1 vy,
24.0+0.9 kg'm™) ingested 20 g intrinsically L-[1-'>C]-phenylalanine labeled milk protein plus
1.5 g paracetamol while sitting in an upright position or lying down in a supine position. Blood
samples were collected frequently during a 5 h post-prandial period. Gastric emptying rates
and dietary protein digestion and absorption were assessed using plasma paracetamol and
amino acid concentrations as well as plasma L-[1-">C]-phenylalanine enrichments. Peak
plasma leucine concentrations were higher when protein was ingested in an upright sitting vs
lying position (213+15 vs 19312 umolL™", P<0.05), which was accompanied by a trend for a
greater overall leucine response (13989+720 vs 11875+1073 AU, respectively; P=0.05). Peak
plasma paracetamol concentrations were higher in the sitting vs lying treatment (11.6%0.5 vs
9.3£0.6 mg-L", P<0.05). Protein ingestion in an upright sitting position accelerates gastric
emptying and increases the post-prandial rise in plasma amino acid availability by increasing
protein digestion and amino acid absorption rates. Therefore, feeding in an upright body
position as opposed to a lying position is an important prerequisite to allow proper post-
prandial muscle protein accretion.

Trial Registration: NTRS5027 (http://www.trialregister.nl /)

Key words: Protein, digestion, gastric emptying, body position, amino acids, leucine, post-

prandial
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INTRODUCTION

Protein ingestion increases muscle protein synthesis rates (Yang et al. 2012b, 2012a, Burd et
al. 2015). The post-prandial increase in muscle protein synthesis rate has been attributed to
the rise in circulating (essential) amino acid concentrations, with the post-prandial rise in
circulating plasma leucine concentrations being of particular relevance (Dreyer et al. 2008,
Wall et al. 2013). Regulation of the post-prandial muscle protein synthetic response occurs on
multiple levels, ranging from protein digestion and amino acid absorption (Koopman et al.
2009), post-prandial insulin release and subsequent muscle perfusion (Rasmussen et al.
2006), amino acid uptake in muscle (Dickinson et al. 2013), activation of anabolic signaling
pathways (Fry et al. 2011), and subsequent myofibrillar protein synthesis (Yang et al. 2012b,
2012a, Burd et al. 2015). Differences in the anabolic properties of various proteins have been
attributed to their amino acid composition (Churchward-Venne et al. 2012) as well as their
specific protein digestion and amino acid absorption kinetics (Calbet and Holst 2004).

The post-prandial muscle protein synthetic response to feeding is influenced by various factors
that may modulate post-prandial protein digestion and amino acid absorption (Dangin et al.
2001, Koopman et al. 2009, Pennings et al. 2011). For example, the post-prandial stimulation
of muscle protein synthesis can be influenced by the type of protein (Dangin et al. 2001,
Pennings et al. 2011), the matrix in which the protein is consumed (Soop et al. 2012,
Churchward-Venne et al. 2015), the macronutrient composition of a protein rich meal
(Gorissen et al. 2014) as well as actual food preparation procedures (Bax et al. 2012, Pennings
et al. 2013) and mastication (Dreyer and Volpi 2005). We recently identified body position
during and/or after feeding as an important factor influencing the post-prandial muscle protein
synthetic response. We demonstrated that ingesting 22 g protein in a head-down tilted body

position slows down gastric emptying rate and substantially lowers post-prandial plasma

https://mc06.manuscriptcentral.com/apnm-pubs
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amino acid availability when compared to the ingestion of the same amount of protein in a
proper upright sitting body position (Holwerda et al. 2016).

Based upon these proof-of-principle findings, we hypothesized that food intake in an upright
sitting position results in more rapid gastric emptying, thereby accelerating protein digestion
and subsequent amino acid absorption when compared to feeding in a lying position.
Understanding the impact of body position on protein digestion and absorption is of important
clinical relevance as many patients in the hospital remain in a lying position during and/or
after feeding. Based upon our hypothesis, feeding in a lying body position could impair post-
prandial protein handling and, as such, contribute to the development of anabolic resistance
during bed rest following injury or disease.

To test our hypothesis that post-prandial protein handling differs when protein is ingested in
an upright sitting versus lying down position, we selected a group of males who were
subjected to two experiments where gastric emptying rate and protein digestion were
assessed after consuming 20 g protein in an upright sitting versus lying down position. To
simultaneously assess gastric emptying rates and protein digestion and amino acid
absorption, subjects were administered 20 g intrinsically L-[1-" C]-phenylalanine-labeled
milk protein (van Loon et al. 2009) mixed with 1.5 g paracetamol (acetaminophen) (van Can
et al. 2014, Panahi et al. 2014, Holwerda et al. 2016). This study extends upon our previous
work (Holwerda et al. 2016) and shows that protein ingestion in an upright, sitting body
position accelerates gastric emptying rate when compared to protein ingestion in a lying

down body position, resulting in more rapid protein digestion and amino acid absorption.

https://mc06.manuscriptcentral.com/apnm-pubs
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MATERIALS & METHODS

Subjects

Eight healthy young subjects (261 y, 24.0£0.9 kg-m™) participated in this randomized,
cross-over trial. Subjects were included if they were between the ages of 18 and 35 y with a
BMI between 18 and 30 kg'm'z. Potential subjects were excluded if they reported
gastrointestinal dysfunction/disease (lactose intolerance, celiac disease) or if they were taking
any form of medication that could impair gastrointestinal function. All participants were
informed about the purpose of the study, experimental procedures, and possible risks prior to
providing written consent to participate. This study was approved by the Medical Ethical
Committee of the Maastricht University Medical Centre, The Netherlands and conformed to
standards for the use of human subjects in research as outlined in the seventh revision of the
Declaration of Helsinki (Brazil, 2013). This study was registered at the Netherlands Trial

Register (http://www.trialregister.nl) as NTR5027.

Diet and physical activity before testing

All subjects were instructed to keep their diet consistent, to refrain from alcohol consumption
and to refrain from performing any exhaustive physical activity for two days before each test
day. Subjects reported to the lab for each test day under resting and fasted conditions, having

not eaten anything from 2200 h the night before testing.

Experimental procedure
According to the randomized, cross-over study design, each subject ingested 20 g L-[1-"*C]-
phenylalanine-labeled milk protein (MPC80) mixed with 1.5 g paracetamol powder

(acetaminophen, Kruidvat, Leiden, The Netherlands) once while sitting in an upright body

https://mc06.manuscriptcentral.com/apnm-pubs
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position and once while lying in a supine horizontal body position. Subjects remained in the
respective body position for the duration of each trial (330 min total). Each trial was
separated by a minimum of 6 days. Subjects ingested the test drink through a spout of a
sports drink bottle to prevent any spillage. Drink ingestion time in both treatment positions
was standardized to 5 min. The provision of paracetamol in combination with repeated blood
sampling over a 5 h post-prandial period allowed for assessment of gastric emptying rate (see
below for methodological description). The provision of intrinsically L-[1-"*C]-
phenylalanine-labeled protein combined with repeated blood sampling over a 5 h post-
prandial period allows assessment of dietary protein digestion and amino acid absorption.
Upon ingestion and subsequent digestion of the intrinsically L-[1-"°C]-phenylalanine-labeled
protein, increases in L-[1-"°C]-phenylalanine enrichment in the circulation provide a
reference measurement for protein digestion and subsequent absorption of dietary protein-

derived amino acids.

Testing Protocol

After an overnight fast, a polyurethane catheter was placed in the antecubetal vein of the
elbow for frequent blood sampling. At t = -30 min, a basal blood sample was collected from
the catheter and blood pressure and heart rate was measured once at the upper arm and once
at the ankle. After baseline measurements, subjects positioned themselves in either the sitting
or supine position based on randomization. While in the seated position, subjects sat in a
standardized, stationary chair with arm rests and were instructed to hold their lower back
against the back support of the chair. Subjects were supervised throughout the test day and
were constantly reminded to maintain the upright posture. For the lying treatment, subjects
were laid in a standard hospital bed and were instructed to lay supine for the duration of the

trial. Subjects were given a pillow to rest their heads, which was positioned so that the upper

https://mc06.manuscriptcentral.com/apnm-pubs
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back would remain in contact with the bed. After subjects were positioned in the respective
body positions of each treatment, they acclimatized for 30 min, after which another blood
sample was collected and blood pressure and heart rate were measured (t= 0 min). Following
these measurements, the test drink was ingested, signifying the start of the 300 min post-
prandial period. Venous blood samples were collected at t= 15, 30, 45, 60, 90, 120, 180, 240
and 300 min. Blood samples were collected in EDTA containing tubes and centrifuged at
1000 g for 10 min at 4°C. Aliquots of plasma were frozen in liquid nitrogen and stored at —
80°C. Blood pressure and heart rate was measured at the upper arm and ankle at t = 60, 120,

180, 240, 300 min.

Preparation of study beverage

Subjects ingested 20 g intrinsically L-[1-">C]-phenylalanine—labeled milk protein (MPC80)
with an added 1.5 g paracetamol powder dissolved in water up to 500 mL. We chose to use
intrinsically labeled milk as opposed to either rapid or more slowly digestible whey or
micellar casein fractions (Dangin et al. 2001, Koopman et al. 2009), as milk and milk protein
based products are generally part of our diets. The intrinsically L-[1-" C]-phenylalanine—
labeled milk protein was obtained by infusing a Holstein cow with large quantities of L-[1-
BC]-phenylalanine, collecting the milk and purifying the milk protein fraction as described
previously (van Loon et al. 2009). The L-[1-">C]-phenylalanine enrichment of the intact
MPC80 was 7.7 mole percent excess (MPE). The MPC80 met all chemical and bacteriologic

specifications for human consumption.
Gastric Emptying

Gastric emptying was assessed by measuring the post-prandial rise in plasma paracetamol

(acetaminophen) concentrations after ingestion of protein with 1.5 g paracetamol added

https://mc06.manuscriptcentral.com/apnm-pubs
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(Glerup et al. 2007). With paracetamol being rapidly absorbed in the small intestine, gastric
emptying forms the rate-limiting step determining the appearance rate of paracetamol in the
circulation. Peak plasma paracetamol concentrations are typically reached after 30-60 min
following ingestion with a t1/2 of ~2 h (van Can et al. 2014). We used plasma paracetamol
appearance in the circulation as a marker of gastric emptying as applied previously in our
laboratory (van Can et al. 2014, Holwerda et al. 2016) as well as others (Horowitz et al. 2012,

Panahi et al. 2014).

Plasma analysis

Plasma glucose and insulin concentrations were analyzed using commercially available kits
(Glucose HK CP, Horiba ABX Diagnostics, France, Ref: AA11A01667, and Human Insulin-
specific (RIA), Merck Millipore, Germany, Cat #: HI-14K, respectively). Plasma (100 pL)
for amino acid analyses was deproteinized on ice with 5-sulphosalicylic acid, mixed and the
clear supernatant was collected after centrifugation. Amino acid profiles were determined
using ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS)
as described previously (Waterval et al. 2009). Plasma paracetamol concentrations were
analyzed with an acetaminophen assay kit (K991598, Roche, Basel, Switzerland) with the
COBAS-Integra 800 immuno-assay analyzer. Briefly, acetaminophen is hydrolyzed to p-
aminophenol and acetate. The p-aminophenol is then converted to an indophenol by
enzymatic reaction. The production of indophenol is colorimetrically analyzed and is directly

proportional to acetaminophen concentration in plasma.

Statistical analysis

The study was powered according to an anticipated difference in plasma leucine peak

concentrations. Based on previously published data (Pennings et al. 2011, Holwerda et al.

https://mc06.manuscriptcentral.com/apnm-pubs
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2016), we expected the mean effect difference in peak plasma leucine concentrations to be
approximately 30 pmolL" and the standard deviation to be approximately 25 pmolL™. A
sample size of 8 subjects was calculated using a power of 80 % (1-p = 0.8) and a two-sided
significance level of 5 % (a = 0.05). All data are expressed as mean+SEM. Time-dependent
variables (i.e. plasma glucose and insulin concentrations, plasma amino acid concentrations,
plasma L-[1-"*C]-phenylalanine enrichments and plasma paracetamol concentrations) were
analyzed by two-factor repeated measures ANOVA. The analysis was carried out for the
period starting at the time of protein ingestion, between t= 0 and 300 min. Upon
identification of a significant interaction, Bonferroni post hoc testing was used to identify
time points in which the treatments were different. Differences in treatment-dependent
variables, such as area under the curve (AUC), were analyzed using student’s paired t-test.
Pearson’s » product moment correlation was used to examine the linear relationship between
plasma leucine amino acid and paracetamol AUC for each test. Statistical significance was
set at P<0.05. All calculations were performed using SPSS 21.0 (IBM, Chicago, Illinois,

USA).

https://mc06.manuscriptcentral.com/apnm-pubs
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RESULTS

Plasma glucose and insulin

Plasma glucose concentrations (Figure 1A) decreased slightly following protein intake in
both treatments (time effect, P<0.01). Plasma insulin concentrations (Figure 1B) increased
following protein ingestion in both treatments (time effect, P<0.01). The changes in plasma
glucose and insulin concentrations were different between the sitting and lying treatments
(time x treatment interaction, P<0.05). Peak post-prandial insulin concentrations were
reached at t= 15 min and tended to be lower in the lying vs sitting treatment (20£5 vs 2543

mUL", P=0.09)

Plasma amino acid responses

Plasma leucine (Figure 2A), total essential (Figure 2B) and total non-essential (Figure 2C)
amino acid concentrations increased following protein ingestion in both treatments compared
with baseline (P<0.01). Plasma leucine and total essential amino acid concentrations showed
an attenuated rise in the lying compared with the sitting treatment (time x treatment, P<0.05),
with concentrations being significantly lower between t=30-45 min in the lying compared
with sitting position (P<0.05). Overall plasma leucine availability, assessed using AUC
analysis over 300 min, tended to be lower in the lying compared with sitting treatment
(P=0.05). No significant differences in overall plasma essential and non-essential availability
over 300 min were observed after protein ingestion between treatments (P>0.05). After
protein ingestion, plasma [1—13C]—phenylalanine enrichments (Figure 3), originating from the
ingested protein, increased rapidly in both treatments reaching maximal values of 2.0+0.2
MPE at t=30 min in the sitting treatment and 1.9+0.1 MPE at t=60 min in the supine lying

treatment (main effect for time, P<0.01, time x treatment interaction, P<0.01).
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Gastric emptying

Plasma paracetamol concentrations (Figure 4) increased following protein ingestion in both
treatments (P<0.05). Peak paracetamol concentrations reached 11.2+0.8 mgL'1 at t=45 min in
the sitting treatment and 9.3+0.6 mg'L'1 at t=90 min (P<0.05) in the supine lying treatment.
Gastric emptying during the early post-prandial phase, assessed by paracetamol AUC
between t=0-60 min was 23+7 % lower in the lying compared with sitting treatment (521445
vs 395442 AU (arbitrary units); P<0.01). When assessed over the entire 300 min post-

prandial period, paracetamol AUC no longer differed between treatments (P>0.05).

https://mc06.manuscriptcentral.com/apnm-pubs 1
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DISCUSSION

In the present study, we observed that gastric emptying rate was accelerated when protein
was ingested in an upright sitting versus supine lying body position. The post-prandial rise in
circulating leucine concentrations was greater when protein was ingested in the upright
sitting position, which was accompanied by a trend for greater overall plasma leucine
availability when compared to the lying position.

The postprandial rise in plasma essential amino acids, and leucine in particular, is a key
factor for driving the stimulation of postprandial muscle protein synthesis (Dreyer et al. 2008,
Wall et al. 2013). In the present study, ingestion of a meal-like amount of protein rapidly
increased plasma insulin (Figure 1B), essential amino acids (Figure 2B), and leucine
(Figure 2A) concentrations. The post-prandial rise in plasma amino acid availability was
attributed to the appearance of dietary protein-derived amino acids in the circulation, as
evidenced by the post-prandial rise in both plasma phenylalanine concentration and L-[1-
13 C]-phenylalanine enrichments (Figure 3). When protein was ingested in the sitting position,
plasma essential amino acid concentrations reached peak levels of 1277+69 pumolL™”, with
plasma leucine concentrations reaching 223+14 umol'L". Such post-prandial increases in
plasma essential amino acid concentrations, and plasma leucine in particular, have previously
been shown to increase muscle protein synthesis rates by 30-100 % when compared to basal,
post-absorptive muscle protein synthesis rates (Yang et al. 2012b, 2012a, Gorissen et al.
2014, Churchward-Venne et al. 2015, Burd et al. 2015).

The same, meal-like amount of protein ingested in the lying down position resulted in a
blunted post-prandial rise in plasma insulin (Figure 1B), total essential amino acids (Figure
2B) and leucine (Figure 2A) concentrations when compared to protein intake in an upright
sitting position. After protein ingestion in the lying down position, peak plasma leucine

concentration reached 193+12 pmol'L™, which was significantly lower when compared with
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post-prandial peak plasma leucine concentrations observed following protein ingestion in a
seated position. In accordance, plasma leucine availability over the entire 5 h post-prandial
period was 15+6% less following protein ingestion in the lying versus upright, seated
position (P=0.05). The attenuated rise in post-prandial plasma leucine availability observed
between in the upright sitting and lying down positions is in line with previous proof-of-
principle data from our lab comparing plasma amino acid availability after protein ingestion
in an upright sitting versus head-tilted down body position (Holwerda et al. 2016). The
blunted post-prandial rise in plasma leucine and total essential amino acid concentrations
after protein ingestion in a lying down position would unlikely suffice to induce a measurable
post-prandial increase in muscle protein synthesis rates as demonstrated in previous work
(Yang et al. 2012b, 2012a).

The modulation of post-prandial plasma leucine availability has also been demonstrated in
various studies assessing protein digestion and absorption kinetics and muscle protein
synthesis rates after ingestion of different protein amounts (Yang et al. 2012b, Pennings et al.
2012, Yang et al. 2012a), types (Koopman et al. 2009, Pennings et al. 2011) and meals with
different macronutrient compositions (Gorissen et al. 2014). By combining the ingestion of
intrinsically L-[1-"*C]-phenylalanine-labeled protein with the continuous intravenous L-[ring-
*Hs]-phenylalanine infusion, some of these studies were able to demonstrate that a greater
first pass splanchnic extraction of dietary protein-derived amino acids was likely responsible
for the attenuated postprandial rise in plasma amino acid availability (Koopman et al. 2009,
Pennings et al. 2011, Gorissen et al. 2014). In the present study, we provided our subjects
with intrinsically L-[1-"*C]-phenylalanine-labeled protein. By collecting blood samples over
a 5 h post-prandial period and measuring both plasma phenylalanine concentrations as well as
L-[1-"*C]-phenylalanine enrichments, we were able to compare the post-prandial rise in

dietary protein-derived amino acid availability in the circulation, providing insight into
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dietary protein digestion and amino acid absorption kinetics(van Loon et al. 2009). We
observed a modulation in the temporal pattern of dietary protein-derived amino acid
availability with protein ingestion in the sitting as opposed to lying position, resulting in a
more rapid release of dietary protein-derived amino acids without changing overall plasma
availability assessed over the entire 5 h post-prandial period (Figure 3). These findings
indicate that dietary protein-derived amino acid absorption is accelerated when protein is
ingested in a seated compared with lying position, resulting in a greater post-prandial rise in
plasma essential amino acid and leucine concentrations.

The more rapid release of dietary protein-derived amino acids into the circulation following
protein ingested in a seated vs lying down position may be attributed to a delay in gastric
emptying rate in the lying position. Therefore, we also assessed gastric emptying rates by
measuring the increase in plasma paracetamol concentrations following the combined
ingestion of protein with 1.5 g paracetamol (Glerup et al. 2007, van Can et al. 2014,
Holwerda et al. 2016). Peak plasma paracetamol concentrations were substantially higher in
the seated vs lying down position (11.6+£0.5 vs 9.3+0.6 mgL™”, respectively) and were
reached 45 min earlier when protein was ingested in the sitting position compared to the lying
position (Figure 4). In accordance, AUC analysis of plasma paracetamol concentrations over
the first 60 min after protein ingestion revealed a substantially higher gastric emptying rate in
the sitting compared with lying position (Figure 4). Furthermore, we observed a significant
positive correlation between plasma paracetamol and leucine AUC during the early post-
prandial period (t=0-60 min; = 0.53; P<0.05). Altogether, these data show that gastric
emptying rates are 23% slower when protein is ingested in a lying body position, resulting in
an attenuated post-prandial rise in circulating plasma amino acid concentrations. Of course,
we cannot exclude that other factors, such as changes in splanchnic blood flow, may

contribute to the observed differences in post-prandial protein handling following food intake
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in an upright sitting or supine position. These differences in post-prandial amino acid
availability are similar to differences observed between slowly vs more rapidly digestible
proteins (Koopman et al. 2009, Pennings et al. 2011), implying that body position can
strongly modulate post-prandial protein handling in vivo in humans.

The present findings may be of relevance to various settings of disuse atrophy. Disuse
atrophy has been partly attributed to a reduced sensitivity of the muscle protein synthetic
response to the post-prandial rise in plasma amino acid concentrations, and leucine in
particular (Glover et al. 2008, Wall et al. 2016). In the present study, we observed that protein
ingestion in a lying body position results in an attenuated rise and overall availability of
plasma leucine. Therefore, feeding bedridden patients in a lying down as opposed to a normal
upright sitting position may attenuate the post-prandial rise in plasma amino acid
concentrations, contributing to a diminished anabolic response to feeding in these patients.
Proper upright body position during and after feeding may be a prerequisite to maximize
post-prandial muscle protein accretion and, as such, compensate for anabolic resistance.

In conclusion, protein ingestion in an upright sitting as opposed to a lying down position
accelerates gastric emptying rate, accelerates dietary protein-derived amino acid absorption,
and increases the post-prandial rise in plasma amino acid concentrations. Therefore, an
upright body position during and after feeding is recommended when aiming to optimize

post-prandial muscle protein accretion.
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FIGURE LEGENDS

Figure 1 Mean (+SEM) plasma glucose (mmol-L'; A) and insulin (mU-L'; B)
concentrations after protein ingestion while seated (Upright; #=8) and while lying in a supine
body position (Lying down; n=8). The data were analyzed with a two-way repeated-measures
(treatment x time) ANOVA. Glucose: time effect: P<0.05; time X treatment interaction:

P<0.01. Insulin: time effect: P<0.01; time X treatment interaction: P<0.05.

Figure 2 Mean (+SEM) plasma leucine (A), essential (EAAs; B) and non-essential (NEAAs;
C) amino acid concentrations (umol-L™) after protein ingestion in a seated (Upright; n=8)
and while lying in a supine boy position (Lying down; n=8). The data were analyzed with a
two-way repeated-measures (treatment x time) ANOVA. Leucine: time effect: P<0.01; time
x treatment interaction: P<0.05. EAAs: time effect: P<0.01; time x treatment interaction:
P<0.05. NEAAs: time effect: P<0.01; time x treatment interaction: P>0.05. Area under the
curve over 300 min (arbitrary units, AU) inset and analyzed with a Student’s paired t-test.
*Significant differences (P<0.05) between treatments within each time point. #Trend for a

difference between treatments (P<0.10).

Figure 3 Mean (+SEM) plasma L-[1-"°C]-phenylalanine enrichment (MPE) after protein
ingestion in a seated (Upright; »=8) and while lying in a supine body position (Lying down;
n=8). The data were analyzed with a two-way repeated-measures (treatment X time)
ANOVA: Time effect: P<0.01; time x treatment interaction: P<0.01. Area under the curve

over 300 min (arbitrary units, AU) inset and analyzed with a Student’s paired t-test.

Figure 4 Mean (+SEM) plasma paracetamol concentrations (mg-L™) after protein ingestion
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in a seated (Upright; »=8) and while lying in a supine body position (Lying down; n=8). The
data were analyzed with a two-way repeated-measures (treatment X time) ANOVA: Time
effect: P<0.01; time X treatment interaction: P<0.01. Area under the curve over 300 min
(arbitrary units, AU) inset and analyzed with a Student’s paired t-test. *Significant

differences (P<0.05) between treatments within each time point.
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