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Abstract
Purpose During the last decade more researchers have argued in favor of an increased protein intake for older adults. How-
ever, there is a lack of knowledge on the long-term effects of conforming to such a high protein intake with regards to the 
basal and postprandial muscle protein turnover. The purpose of this study was to compare the postprandial synthesis response 
in muscle proteins, and the abundance of directly incorporated food-derived amino acids following habituation to high vs. 
recommended level of protein intake.
Methods In a double blinded crossover intervention 11 older male participants (66.6 ± 1.7 years of age) were habituated for 
20 days to a recommended protein (RP) intake (1.1 g protein/kg lean body mass (LBM)/day) and a high protein (HP) intake 
(> 2.1 g protein/kg LBM/day). Following each habituation period, intrinsically labelled proteins were ingested as part of 
a mixed meal to determine the incorporation of meal protein-derived amino acids into myofibrillar proteins. Furthermore, 
the myofibrillar fractional synthesis rate (FSR) and amino acid kinetics across the leg were determined using gold standard 
stable isotope tracer methodologies. RT qPCR was used to assess the expression of markers related to muscle proteinsyn-
thesis and breakdown.
Results No impact of habituation was observed on skeletal muscle amino acid or protein kinetics. However, the shunting of 
amino acids directly from artery to vein was on average 2.9 μmol/min higher following habituation to HP compared to RP.
Conclusions In older males, habituation to a higher than the currently recommended protein intake did not demonstrate any 
adaptions in the muscle protein turnover or markers hereof when subjected to an intake of an identical mixed meal.
Clinical Trial Registry Journal number NCT02587156, Clinicaltrials.org. Date of registration: October 27th, 2015.

Keywords Habituated protein intake · Fractional synthesis rate · Protein synthesis · Protein breakdown · Intrinsically 
labelled proteins · High protein intake · Recommended protein intake

Abbreviations
APE  Atom percent excess
BW  Body weight
DXA  Dual X-ray absorptiometry

FSR  Fractional synthesis rate
HP  High protein
ICG  Indocyanine green
LBm  Lean body mass
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MPE  Mole percent excess
Phe  Phenylalanine
RP  Recommended protein

Introduction

Provision of protein or amino acids and resultant postpran-
dial hyperaminoacidemia stimulates overall protein synthe-
sis [1, 2]. The impact on skeletal muscle has been thoroughly 
studied [3–8] with results showing that a single serving of 
proteins stimulates protein synthesis in a dose dependent 
[9, 10], non-cumulative [11] and saturable manner [9, 10, 
12] in both older and younger individuals. However, older 
individuals (> 65 years of age) need higher protein intakes 
per serving than younger counterparts (~ 22–30 years of age) 
to elicit a comparable response [7, 13–15].

These findings have led to a widespread notion that the 
official recommendations for optimal protein intake, which 
as of now is 0.8 g protein/kg body weight (BW)/day for all 
ages [16], should be increased for older individuals [17–20]. 
While these data may appear supportive of enhancing pro-
tein recommendations, an important piece is often miss-
ing; namely the study designs do not appear to consider 
the impact of the habituated protein intake on the dose-
dependent response. In 1993 Price and colleagues habitu-
ated young and middle-aged (ages ranging from 22 to 54) 
participants for 2 weeks to four divergent levels of protein 
intake ranging from 0.36 to 2.31 g protein/kg BW/day [21]. 
Following the habituation period diurnal urea production, 
leucine oxidation and net protein balance were determined. 
All three parameters were significantly increased when 
habituated to high level of protein intakes in both the fasted 
and postprandial state [21]. More recently Gorissen and col-
leagues [22] habituated older adults to either a lower than 
RDA or a higher protein intake and measured basal whole 
body protein turnover as well as skeletal muscle protein syn-
thesis rate before and after an intake of 25 g whey protein. 
With this design, the researchers could not demonstrate any 
impact of habituated protein intake level on protein turnover 
and muscle protein synthesis rates. In contrary in a similar 
experimental setting, we habituated older adults to WHO 
recommended protein intake levels and higher protein intake 
for 3 weeks using a cross-over design showing that whole 
body net protein balance in the fasted state is lower follow-
ing 20 days of habituation to high protein compared to low 
protein [23]. Hence, when comparing higher protein intake 
to RDA (as suggested by other findings reviewed above) the 
habituated protein intake level does impact protein metabo-
lism. As any acute effect of changing protein intake may be 
affected with time by adaptive mechanisms in metabolism, 
it is crucial to investigate a response in the habituated state, 
prior to suggesting permanent changes.

While former studies have investigated the impact of 
habituated protein intake on whole body protein metabolism, 
it remains unclear to our knowledge, how muscle tissue spe-
cific protein synthesis and turnover rates are affected when 
the target group of older individuals conform to a markedly 
increased daily protein intake.

The aim of the present study was to investigate muscle 
protein turnover in older individuals who conformed to a 
markedly higher protein intake in their daily diet compared 
to ingesting the WHO recommended protein intake. Specifi-
cally, the aims were, to investigate if the divergent protein 
intakes impact the protein kinetic response and how much 
the muscles would incorporate amino acids from identi-
cal meals. To investigate the response to an ‘every day’ 
postprandial condition, the meal given was a mixed meal 
as opposed to a protein or amino acid supplement, which 
expectedly will have an impact on the uptake of the amino 
acids from the GI tract [24] and possibly slow down break-
down due to a higher insulin secretion [25].

Subjects and method

Participants

Twelve male participants aged 66.6 ± 1.7  years were 
recruited to this double blinded, randomized crossover-con-
trolled trial. All included participants had their body com-
position determined by dual X-ray absorptiometry (DXA) 
scanning (Lunar iDXA; GE Medical Systems, Pewaukee, 
WI, USA, with enCORE v.16 software), wherefrom the 
LBM was used to calculate the desired dietary protein intake 
and the tracer amount needed. The exclusions criteria were 
diseases affecting; organs, muscle or connective tissue, 
diabetes, back pain, known atherosclerosis, alcohol intake 
above 21 units (1 unit is defined as 12 g of alcohol) per 
week as well as intake of medications (mild hypertension 
and cholesterol lowering drugs were allowed). Due to a mix-
ing error of labeled proteins, one participant was excluded 
from all calculations, and thus, we only used 11 participants 
for the final analyses. Data on whole body and plasma pro-
tein turnover from this study have previously been reported 
[23].The participants were screened for the abovementioned 
criteria by oral interview and blood samples tested for the 
parameters shown in Table 1. Written and oral information 
about study design, possible side effects, risk, and discom-
forts were given to each participant prior to enrollment in 
accordance with the Helsinki declaration. All participants 
enrolled gave written informed consent. The study took 
place at Bispebjerg and Frederiksberg Hospital, Copenha-
gen and the study was approved by the local ethical com-
mittee of the Capital Region of Denmark, protocol number 
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H-15005598 and the study was registered at Clinicaltrials.
org as NCT02587156.

Experimental design

In a crossover design pictured in Fig. 1, participants went 
through a 20-day period of habituation to the recommended 
protein (RP) intake of 1.1 g protein/kg lean body mass 
(LBM) (corresponding to the current official recommenda-
tions of 0.8 g protein/kg BW assuming a body fat content 
of ~ 27%), and a 20-day period of habituation to a high level 
of protein (HP) intake defined as an intake > 2.1 g protein/kg 
LBM/day. The two periods were differentiated by four daily 
intakes of supplements containing 30 g of carbohydrates 
(20 g maltodextrin and 10 g sucrose) in the RP period and 
an isocaloric 20 g of protein and 10 g of carbohydrates (20 g 
whey hydrolysate and 10 g sucrose) in the HP period. The 
supplements were developed, prepared and individually but 
identically packed by Arla Foods Ingredients Group P/S, 
Viby J, Denmark. The order of the habituation periods was 
randomly assigned as HP/RP or RP/HP in a double blinded 
fashion by the investigator.

The initial 7 days of the habituation periods are catego-
rized as a start-up period, with the only dietary alterations 
being the four daily intakes of the protein or carbohydrate 

Table 1  Participant characteristics

Values are means ± SD
BMI body mass index, LBM lean body mass, E% percent of total 
energy intake

Participant characteristics N = 11

Age (years) 66.6 ± 1.7
Height (m) 1.79 ± 0.01
Body weight (kg) 84.3 ± 11.2
BMI (kg/m2) 26.3 ± 3.5
LBM (kg) 56.4 ± 4.5
Fat (%) 29.9 ± 5.6
Protein intake (g/kg LBM/day) 1.5 ± 0.3
Energy intake (kcal/LBM) 36.5 ± 7.7
E% protein (%) 18.4 ± 2.6
Systolic blood pressure (mmHg) 137 ± 25
Diastolic blood pressure (mmHg) 83 ± 11
Hemoglobin A1c (IFCC) (mmol/mol) 35 ± 3
Thyrotropin (TSH) (×  10–3 IU/l) 1.51 ± 0.78
Total cholesterol (mmol/l) 5.5 ± 0.6
HDL cholesterol (mmol/l) 1.65 ± 0.41
LDL cholesterol (mmol/l) 3.2 ± 0.5
Triglyceride (mmol/l) 1.28 ± 0.86

Fig. 1  Overview of the intervention period and day 21 trial. On the 
trial day 100 refers to the background blood sample, taken before the 
tracer infusion, -10 refers to the fasting samples, where two consecu-

tive blood samples were taken, and the average of these two from all 
analysis was used
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supplements. Based on a 3-day dietary registration during 
the seven start-up days, participants were guided towards 
a diet containing 1.1 g protein/kg LBM/day, controlled by 
regular online dietary registrations for the remaining 13 days 
of the 20-day period. The supplements were spaced out 
dependent on the participant’s regular protein intake; thus, 
two supplements were given with the meal that contained 
the least protein, and one supplement with each of the other 
two main meals attempting an equal protein intake at all 
three main meals in the HP period. For most participants 
this meant 2 supplements with breakfast, 1 supplement with 
lunch and 1 supplement with dinner.

2 days prior to the experimental trial day the participants 
refrained from any sort of strenuous physical activity, and 
on the evening prior to the trial day all participants had a 
standardized meal ensuring the only difference in intake was 
the supplements.

After the first habituation period and experimental trial 
day, there was a washout period of at least 45 days before 
crossing over to the alternate habituation period.

Day 21: experimental trial day

The experimental trial day (i.e., day 21) was identical irre-
spective of the preceding habituation period, RP or HP. 
At 8 a.m. the participants arrived at the hospital by taxi 
in an overnight fasted state. Upon arrival the participants 
were assigned to a bed positioned in a supine position and 
instructed to lie still for the remainder of the trial day. A cath-
eter was inserted in an antecubital vein, wherefrom isotopic 
background blood samples were taken (− 100 min). Here-
after, a primed continuous infusion of  D8-phenylalalnine 
was started (prime: 4 molμ/kg LBM, continuous infusion: 
4 μ/kg LBM/h in a fasted state, 4.8 molμ/kg LBM/h in post-
prandial state to account for dilution in the steady state of 
the  D8-phenylalanine isotopic enrichment by appearance of 
phenylalanine from the food protein). 30 min later, a primed 
continuous infusion of indocyanine green (ICG) was started 
(prime: 1 mg, continuous infusion: 7–14 mg/h into an ante-
cubital vein). Once the primed, continuous infusions were 
started, a catheter was inserted in a femoral artery, femoral 
vein, and radial artery under local anesthesia. After place-
ment of the catheters, the ICG infusion was moved from the 
antecubital vein to the femoral artery. The catheters in the 
radial artery and femoral vein were used for blood sampling.

Following, at least, 90 min of tracer infusion the fasting 
blood samples and muscle biopsy were taken, and a break-
fast meal was served. The breakfast consisted of a mixed 
meal, with a protein content of 0.61 g/kg LBM, on average 
corresponding to 34.4 g protein. From the total of 0.61 g 
protein/kg LMB 0.54 g/kg LBM came from the intrinsically 
labelled milk proteins with 0.23 g/kg LBM deriving from 
Ca-caseinate, intrinsically labelled with 15N-phenylalanine, 

and 0.31 g/kg LBM deriving from whey protein, intrinsi-
cally labelled with  D5-phenylalanine. The whey protein was 
mixed with water and served as a drink concurrent with the 
caseinate protein which was mixed with raspberry jam and 
spread with butter on bun. The total calorie intake in the 
meal was ~ 486 kcal, which besides the 0.61 g protein/kg 
LBM consisted of 1.07 g carbohydrate/kg LBM and 0.21 g 
fat/kg LBM.

The participants were instructed to ingest the meal within 
10 min, whereafter the time was set at 0 min, and the infu-
sion rate of  D8-phenylalanine was increased as stated above.

Sampling

Blood samples from the left antecubital vein was obtained 
prior to infusion start, and simultaneously from the femoral 
vein and radial artery immediately prior to eating (reported 
as -10, based on the average analysis of two consecutive 
blood samples, interspaced by 2–5 min) as well as 30, 60, 
90, 120, 150, 180, and 240 min postprandial.

Muscle biopsies were taken immediately prior to eating 
as well as 60 and 240 min postprandial, from m. vastus lat-
eralis using a 5-mm biopsy needle (Bergström) under local 
anesthesia (2–4 ml 1% lidocaine). A new incision was made 
for each biopsy, spaced by a minimum distance of 4 cm in a 
randomized order. The muscle biopsies were quickly cleaned 
for any visible blood and connective tissue and snap frozen 
in liquid nitrogen.

One or more biopsies from two of the participants were 
too small to conduct all planned analyses.

Production of intrinsically labeled proteins

The intrinsically labeled milk proteins were produced by 
infusing five Danish Holstein Friesian cows with stable iso-
topes, concomitantly milking the cows, and subsequently 
purifying the whey and caseinate protein. This has previ-
ously been described in detail by Reitelseder et al. [24]. 
Briefly, four cows were infused with l-[ring-D5]-phenyla-
lanine and one cow with L-[15N]-phenylalanine. Milk was 
pooled from 11 milkings, pasteurized and purified, yielding 
L-[ring-D5]-phenylalanine labeled whey with an enrichment 
of 15.4 ± 0.24 mol percent excess (MPE) (mean ± SEM) and 
l-[15N]-phenylalanine labeled caseinate with an enrichment 
of 20.8 ± 0.02 MPE (mean ± SEM).

mRNA measurements

Real-time reverse transcriptase polymerase chain reaction 
(RT-PCR), was applied to analyze the expression of genes 
involved in protein breakdown (Atrogin1 and MURF), 
growth factors (IGF1 (IGF1Ea), MGF and Myostatin) as 
well as amino acid transporters (SNAT2, LAT1 and PAT1). 
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RPLP0 was used as housekeeping gene, verified by GAPDH 
(Fig. 2a). Primers are shown in Table 2. As previously 
described [26], approximately 10 mg of muscle tissue was 
homogenized and RNA was extracted with TriReagent. 
Gel electrophoresis was performed to ensure good RNA 
integrity. Complementary DNA (cDNA) was synthesized 
from 500 ng RNA using OmniScript reverse transcriptase 
(Qiagen, Hilden, Germany), in the presence of a mixture of 
dNTP’s (nucleotides, OmniScript kit) and a poly dT primer 
(Invitrogen, Naerum, Denmark). cDNA was amplified in 
Quantitect SYBR Green master mix (Qiagen) with specific 
primers on a real-time PCR machine (MX3005P, Stratagene, 
La Jolla, Ca, USA) with the thermal profile: 10 min, 95 °C 

followed by 50 × [15 s, 95 °C → 30 s, 58 °C → 90 s, 63 °C 
(signal collection)]. Threshold cycle (Ct) values were related 
to a standard curve made from the cloned PCR product. The 
specificity of the PCR product was confirmed by a melting 
curve.

Stabile isotope tracers

The stabile isotope tracers used in this study were 
 D8-phenylalanine provided via intravenous infusion, 
 D5-phenylalanine ingested intrinsically labelled whey pro-
tein and 15N-phenylalanine ingested via intrinsically labelled 
Ca-caseinate protein. These different isotopomers were 

Myostatin

0.25

0.5

1

2

4

R
el

at
iv

e 
to

 R
P_

0h
 g

ro
up

Interaction: P=0.07

PAT1

0.25

0.5

1

2

4

R
el

at
iv

e 
to

 R
P_

0h
 g

ro
up

MuRF1

0.25

0.5

1

2

4

R
el

at
iv

e 
to

 R
P_

0h
 g

ro
up

Time: P<0.05

IGF1Ea

0.25

0.5

1

2

4

R
el

at
iv

e 
to

 R
P_

0h
 g

ro
up

SNAT2

0.25

0.5

1

2

4

R
el

at
iv

e 
to

 R
P_

0h
 g

ro
up

Atrogin1

0.25

0.5

1

2

4

R
el

at
iv

e 
to

 R
P_

0h
 g

ro
up

Time: P<0.05

MGF

0.25

0.5

1

2

4

R
el

at
iv

e 
to

 R
P_

0h
 g

ro
up

Time: P<0.05

LAT1

0.25

0.5

1

2

4

R
el

at
iv

e 
to

 R
P_

0h
 g

ro
up

RP_0
RP_4

HP_0
HP_4

GAPDH

0.25

0.5

1

2

4

R
el

at
iv

e 
to

 R
P_

0h
 g

ro
up

a b c d

e f g h i

Fig. 2  Expression of GAPDH (a), MuRF1 (b), Atrogin1 (c), Myosta-
tin (d), IGF1Ea (e), MGF (f), PAT1 (g), SNAT2 (h) and LAT1 (i) 
in the fasted (0 h) and four hours postprandial (4 h) state following 
habituation to RP or HP intake. All values were normalized to the 

housekeeping gene RPLP0 and are related the fasting 0  h sample 
from the RP period. Values are shown on binary logarithmic scales as 
the geometric mean ± backtransformed SEM, N = 9. HP high protein 
period, RP Recommended protein period

Table 2  Primers for real-time PCR analyses

mRNA Sense Antisense Ref sequence

RPLP0 GGA AAC TCT GCA TTC TCG CTT CCT CCA GGA CTC GTT TGT ACC CGTTG NM_053275.3
GAPDH CCT CCT GCA CCA CCA ACT GCTT GAG GGG CCA TCC ACA GTC TTCT NM_002046.4
IGF1 GAC ATG CCC AAG ACC CAG AAGGA CGG TGG CAT GTC ACT CTT CACTC NM_000618.3
MGF GCC CCC ATC TAC CAA CAA GAA CAC CGG TGG CAT GTC ACT CTT CACTC NM_001111283.2
Myostatin TGC TGT AAC CTT CCC AGG ACCA GCT CAT CAC AGT CAA GAC CAA AAT CC NM_005259.2
Atrogin1 TGT TAC CCA AGG AAA GAG CAG TAT GGA ACG GAG CAG CTC TCT GGG TTA TTG NM_058229.3
MURF1 TGG GGG AGC CAC CTT CCT CT ATG TTC TCA AAG CCC TGC TCT GTC T NM_032588.3
PAT1 ACC CCA GCC ACC TCC CCT TG GAA CTT CCG AGG ATC CTT CAT TTT G NM_078483.4
SNAT2 AAA CAC CAC CTT AAC ACA GCC AAC A TGA AAA GAT CAG AAT TGG CAC AGC A NM_018976.5
LAT1 GTG GCT CCT CCA GGG CAT CT CTC GGC CTC CTG GCT ATG TCTC NM_003486.7
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differentiated during analysis based on their difference in 
molecular weight (mass of phenylalanine + 8, + 5 and + 1, 
respectively) and/or the difference in the labeled atom.

Analysis of free amino acid concentrations 
and tracer enrichments

Free amino acids were extracted from the muscle specimens 
to allow measurement of the amino acid concentrations 
and tracer abundances. Muscle specimens of ~ 10 mg wet 
weight were freeze dried and subsequently fibers were dis-
sected free of visible blood, connective tissue and fat under 
a microscope in a tempered room at 18 °C and < 30% humid-
ity. The isolated muscle fibers were weighed and homog-
enized in 1 ml of 6% perchloric acid with added internal 
standard for determination of amino acid concentrations. 
The samples were spun down and the supernatant contain-
ing the tissue free amino acids were extracted. The samples 
were then poured over cation exchange columns with resin 
(AG 50 W-X8 resin, Bio-Rad laboratories, Hercules, Ca, 
USA), which had been acidified by adding 3 × 2 ml 1 M HCl. 
The columns were washed five times with 3 ml of deion-
ized water before the amino acids were eluted by adding 
2 × 2 ml 4 M  NH4OH collected in vials. Solvent was evapo-
rated under a stream of  N2 flow at 70 °C and derivatized 
using PITC derivatization agent which converted the sam-
ples into their phenylthiocabamyl (PTC) derivative. 10 µl of 
the 100 µl derivatized samples were loaded and analyzed on 
an ultra-performance liquid chromatography system coupled 
to a triple stage quadrupole mass spectrometer (LC–MS/
MS) (Thermo Fischer Scientific, San Jose, CA, USA) as 
described by Bornø et al. [27].

Analysis of muscle protein bound tracer 
enrichments

Before measuring enrichments in the muscle proteins, ~ 30 mg 
muscle specimens were homogenized in a 0.02 M Tris [pH 
7.4], 0.15 M NaCl, 2 mM EDTA, 2 mM EGTA, 0.5% Tri-
tonX-100 and 0.25 M sucrose buffer. The samples were spun 
down and the supernatant discarded. 1.5 ml of 0.1 M Sodium 
Pyrophosphate/0.7 M Potassium Chloride buffer was added 
to the pellet followed by vigorous vortex mixing, left over 
night at 5 °C and spun down. This separated the collagen 
protein (pellet) and the myofibrillar protein (supernatant), 
wherefrom the myofibrillar protein was collected. The protein 
fractions were hydrolyzed by addition of 1 ml 1 M HCl and 
1 ml resin slurry, and left overnight at 110 °C. Following 
hydrolysis, the samples were purified over cation exchange 
resin, as described for the non-protein bound samples. For 

measures of deuterium enrichments  (D5-phenylalanine and 
 D8-phenylalanine), samples were PITC derivatized and run 
on LC–MS/MS system as described above. For determining 
the 15-nitrogen abundances amino acids were converted to 
the N-acetyl-propyl (NAP) derivatives and analyzed on a gas 
chromatography–combustion–isotope ratio mass spectrom-
eter (GC–C–IRMS) system as previously described by Bornø 
et al. [28].

Calculations

Flow was measured via Fick’s principle, by the use of the 
dye indocyanine green (ICG) as the indicator. The concen-
tration of ICG was measured in plasma by assessing the 
absorbance by spectrophotometry at 805 nm and subtracting 
the sample turbidity measured at 905 nm. The concentration 
in each sample was then calculated by comparing the sample 
absorbance with the absorbance of a standard curve with 
known concentrations. Using Fick’s principle [29], the flow 
was calculated by

where CICG_V/A is the ICG concentrations in the femoral vein 
and artery. The average flow values from each individual 
trial day, was used for further calculations.

The concentration of phenylalanine was calculated as the 
sum of the unlabeled and the labelled phenylalanine (calcu-
lated as the tracer-to-tracee ratio (TTR) multiplied by the 
concentration of unlabeled). For the labelled phenylalanine 
both  D8-phenylalanine as well as the transamination product 
 D7-phenylalanine was measured. For all further calculations, 
the enrichments are MPE given by

The net balance across the leg was given by

where Ca and Cv are the total phenylalanine concentra-
tion (labeled and unlabeled) in the artery and femoral vein, 
respectively, and PF is the leg plasma flow (l/min).

The rate of disappearance of phenylalanine across the leg 
was given by

where Ea and Ev is the  D8-phenylalanine enrichment in the 
artery and femoral vein, given in MPE.

PF =
ICG influx

CICG_V − CICG_A

,

MPE = (TTR∕(1 + TTR)) ⋅ 100%.

Femoral NB =
(

Ca − Cv

)

⋅ PF,

Femoral Rd =
(

Ca ⋅ Ea − Cv ⋅ Ev

)

⋅ PF∕Ea,
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The rate of appearance of phenylalanine across the leg 
was calculated as the difference between the rate of disap-
pearance and the net balance:

Calculations of the flux from the intracellular and extra-
cellular compartments was given by: FIn is the flux of phe-
nylalanine in the artery feeding the muscle tissue:

where CA is the phenylalanine concentration in the artery, 
PF is the Plasma flow in leg.

FA→IM is the flux of phenylalanine from the artery to the 
intramuscular compartment:

where EIM/V/A is the  D8-phenylalanine enrichment in the 
intramuscular compartment, vein or artery, respectively 
(IM/V/A).

The  synthesisIM→MB: the phenylalanine uptake by the 
muscle-bound protein pool is the flux of phenylalanine from 
the intramuscular interstitial space to the muscle-bound pro-
tein pool, a measure of synthesis

The  breakdownMB→IM: the phenylalanine release from the 
muscle-bound protein pool to the interstitial space, thus a 
measure of breakdown:

ShuntA→V is the flow of phenylalanine being shunted 
directly from the artery to the vein.

The fractional synthesis rate of amino acids into the 
myofibrillar protein was given by

where ΔE protein is the change in enrichment in myofibril-
lar protein between the fasted state and the biopsy taken 4 h 
postprandial. The precursor pool was given by

Femoral Ra = Femoral Rd − NB.

FIn = CA ⋅ PF,

F
A→IM =

((

EIM − E
V

E
A
− EIM

)

⋅ C
V
+ C

A

)

⋅ PFFemoral,

SynthesisIM→MB = BreakdownMB→IM + NB,

BreakdownMB→IM = F
A→IM ⋅

((

E
A

EIM

)

− 1

)

,

Shunt
A→V

= FIn − F
A→IM,

FSR =

(

ΔE protein [MPE]

E Precursor pool [MPE] × Δtime [h]

)

× 100%,

Precursor pool =mean

(

Intramuscular free aa E[MPE]

Artery E[MPE]

)

×mean artery E[MPE],

where mean is the weighed mean over the 0–240  min 
postprandial.

Statistical analysis

The response to feeding over time after the two habituation 
periods was compared using two-way ANOVA with repeated 
measures. When there was a main interaction effect a SIDAK 
post hoc test was performed. When there was a main effect 
of time a Dunnet’s post hoc test was performed. The post-
prandial myofibrillar FSR measurements between habitua-
tion periods were compared using a paired t test. For subject 
characteristics, data is means ± SD. mRNA data is presented 
as geometric mean ± backtransformed SEM. All other data is 
presented as means ± SEM. For statistical analysis of mRNA 
data, Sigma Plot version 12.0 (Systat Software Inc., San Jose, 
CA) was applied, for all other statistical analysis GraphPad 
Prism 8.0 was used. With inclusion of 11 participants, we 
would have been able to detect a difference in the 0–4 h 
FSR of 0.013%/h with the expected SD of 0.01, a signifi-
cance level of 5% and a power of 80%. Significant level was 
set to p < 0.05 and whenever 0.1 > p > 0.05 tendencies was 
discussed.

Table 3  Total daily calorie and protein intake for the recommended 
and high protein intake periods

Diet data is shown excluding the four daily supplements in the left 
column and including the four daily supplements in the right col-
umn. The supplement in the RP period contained 20 g maltodextrin 
and 10 g sucrose and the supplement in the HP period contained 20 g 
whey hydrolysate and 10 g sucrose
Values are mean ± SEM
LBM lean body mass, BW body weight
*p < 0.001 between interventions

Recommended protein period Basic diet Basic 
diet + car-
bohydrate 
supplements

20-day habituation period N = 11
Calorie intake weeks 2–3 (kcal/day) 1666 ± 84 2159 ± 79
Protein intake days 1–7 (g/kg LBM/day) 1.4 ± 0.1 1.4 ± 0.1
Protein intake days 8–20 (g/kg LBM/day) 1.1 ± 0.0 1.1 ± 0.0

High protein period Basic diet Basic 
diet + whey 
protein sup-
plements

20-day habituation period N = 11
Calorie intake weeks 2–3 (kcal/day) 1654 ± 63 2195 ± 63
Protein intake days 1–7 (g/kg LBM/day) 1.3 ± 0.1 2.8* ± 0.1
Protein intake days 8–20 (g/kg LBM/day) 1.1 ± 0.0 2.5* ± 0.1
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Results

The participant characteristics for the 11 participants, as 
they presented prior to the habituation periods, are shown in 
Table 1. The 20-day dietary composition for the two differ-
ent periods is shown in Table 3. The average protein intake 
in the entire 20-day habituation period was 1.22 ± 0.03 g pro-
tein/LBM/day (0.82 ± 0.03 g protein/kg BW/day) in the RP 
period and 2.61 ± 0.06 g protein/LBM/day (1.76 ± 0.06 g/kg 
BW/day) in the HP period.

mRNA

mRNA expression is depicted on a binary logarithmic 
scale as the relative change from baseline, defined as the 
fasted state following habituation to RP intake (Fig. 2). 
GAPDH (Fig. 2a) was used to validate the housekeeping 

RPLP0, showing no changes in response to either time or 
intervention.

The relative expression of breakdown markers showed 
a postprandial time effect (decrease) of both MuRF1 
(Fig. 2b) and Atrogin1 (Fig. 2c, p < 0.05 for both). Whereas 
for the relative expression of the marker for growth inhibi-
tion Myostatin (Fig. 2d) there was no effect of food intake 
(time) or habituated protein intake. However, a tendency 
for an interaction was seen (p = 0.07) likely obtained by 
a higher expression in the fasted state after HP compared 
to RP. The IGF1Ea (Fig. 2e) showed neither time effect 
nor interaction. However, a tendency for an effect of the 
habituated level of protein intake was seen (p = 0.09) with 
the expression tending to be higher following habituation 
to RP level of protein intake. For MGF (Fig. 2f) there was 
a significant time effect (p = 0.01) the overall time effect is 
likely caused by the decreased 4-h postprandial expression 
after the HP period. The relative expressions of amino acid 
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Fig. 3  Leg plasma flow and Phenylalanine flux across the leg meas-
ured using the 2-pool model. There is no effect of either habituation 
or time on the net balance (a) or the unidirectional phenylalanine 
uptake (b). The unidirectional phe release (c), as measure of break-
down tends to increase over time (p = 0.06). The leg plasma flow is 

shown for all the participants, and Dunnets post hoc test reveal no 
changes from baseline. For the calculations of net balance and uni-
directional phenylalanine release and uptake, the average flow across 
each trial day has been used. Values are mean ± SEM, N = 9. Phe phe-
nylalanine
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transporters are shown in Fig. 2g, h, i, with no difference 
between fasting and postprandial (time) or between habitu-
ation states.

Flux across and within the leg

We measured the net balance as well as the f lux of 
phenylalanine across the leg (Fig. 3). There were no 
changes over time or between groups, in neither the net 
balance (Fig. 3a), unidirectional phenylalanine uptake 
(Fig. 3b) nor the unidirectional phenylalanine release 
(Fig. 3c).

Using the intramuscular free amino acid enrichment, 
the flux of phenylalanine between intramuscular free 
amino acid pool and the intramuscular protein bound 
pool was assessed (Fig. 4). There were no differences 
between habituation periods and no difference over time 
for either the phenylalanine uptake by the muscle protein 
pool, or for the release of phenylalanine into the intra-
muscular free amino acid pool (Fig. 4a, b, respectively). 
The shunting of phenylalanine directly from the artery to 
the vein was on average 2.9 molμ/min higher following 
the HP period (Fig. 4c, p < 0.05) and was significantly 
higher 60 min postprandial compared to fasting (Fig. 4c, 
p < 0.01).

Fractional synthesis rates

The fractional synthesis rates (FSR) for the myofibrillar 
proteins in the 4 h postprandial period are shown in Fig. 5. 
There was no difference between interventions for the myofi-
brillar protein FSR.

Nutrient protein‑derived tracer abundances

The enrichment from the intrinsically labeled whey 
 (D5-phenylalanine labeled) and Ca-caseinate (15N-pheny-
lalanine labeled) proteins ingested in the mixed meal were 
detected in the myofibrillar proteins 1 and 4 h postpran-
dial. Values are presented as mole percent excess (MPE) 
for  D5-phenylalanine and atom percent excess (APE) for 
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nine directly from the artery to the vein is significantly increased fol-
lowing habituation to higher protein and increase significantly 60 min 
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lar” denotes significant change from fasting (p < 0.05). Values are 
mean ± SEM, N = 9. Phe phenylalanine
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15N-phenylalanine enrichments. The incorporation of phe-
nylalanine deriving from both whey and caseinate was 
greater at 4 h compared to 1 h postprandial (p < 0.0001), 
Fig. 6.

Discussion

We measured basal and postprandial muscle protein turn-
over kinetics and related gene expression as well as how 
meal-protein-derived amino acids were incorporated into 
muscle proteins. This was measured in older men who were 
habituated for 20 days to daily protein intakes in accordance 
with WHO recommendations or markedly higher using a 
double-blinded, randomized cross-over design. We found 
that 3 weeks of habituation to a substantially higher than the 
standard WHO recommended daily protein intake did not 
change any of the measured skeletal muscle protein meta-
bolic parameters in older males.

Previous published data [23] showed that in high turno-
ver plasma proteins, the whey-derived amino acid tracer 
 (D5-phenyalanine) is more abundant 4 h after meal intake 
when the participants are habituated to the recommended 
level of protein, whereas this was not the case for the 
caseinate-derived tracer (15N-phenylalanine). Myofibril-
lar protein turnover is much slower than plasma protein 
(approx. 1–2%/day for muscle [30] vs. for example 8–9%/
day for serum albumin [31]). Thus, the amino acids from 
the meal are appearing much slower in the muscle pro-
teins and are present in the muscle proteins to a far lesser 
degree (~ 130 fold). Moreover, in this study we found no 
impact of the habituated level of dietary protein intake 
on postprandial myofibrillar protein FSR supporting the 

lack of difference in dietary amino acid incorporation. 
This finding is in agreement with the findings by Gorissen 
et al. [22], who habituated older men (~ 62 years of age) to 
0.7 vs. 1.5 g protein/kg/day for 14 days and measured the 
myofibrillar FSR in a 5 h postprandial period following 
ingestion of whey protein. Hence, our data supported by 
others, reveal no impact of habituation to a certain level 
of dietary protein intake on muscle protein synthesis rate 
when exposed to an identical protein intake be it isolated 
protein [22], or a mixed meal as shown in this study. The 
discrepancy between blood proteins’ FSRs being affected 
by 3 weeks of high protein habituation [23] and not the 
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skeletal muscle may be explained by the fact that the blood 
proteins are mainly produced in the liver. In addition to 
having a higher increase in meal-derived amino acids via 
the portal inflow, the liver also has an enzymatic system to 
degrade amino acids. This multifactorial role might lead 
to faster adjustment of its amino acid metabolism as com-
pared to skeletal muscle.

Estimating the protein synthesis and breakdown of the 
entire leg, representative for skeletal muscle, using the tracer 
dilution approach, has previously shown that feeding affects 
protein turnover via an increased synthesis and decreased 
breakdown [32, 33]. We show neither changes over time 
nor differences between habituation states for the leg phe-
nylalanine kinetics.

However, we did observe an overall higher shunting 
of amino acids directly from the artery to the femoral 
vein (p < 0.05, Fig. 4c) in the HP compared to RP. This is 
despite the fact that exactly comparable protein amounts 
were provided on the trial days and that the circulating 
phenylalanine concentrations did not differ between the 
HP and RP period [23]. The higher shunting of amino 
acids indicates that uptake of available amino acids by 
the muscle is less effective following habituation to HP. 
This, however, did not translate into any changes in protein 
dynamics such as FSR or phenylalanine kinetics.

To evaluate the impact of habituation of protein on 
intramuscular protein turnover regulators real-time-qPCR 
analysis was applied. Neither of the selected gene expres-
sion markers for protein degradation were affected in the 
overnight fasted state by habituation to divergent levels of 
protein intake; however, both MuRF1 and Atrogin1 were 
decreased following feeding independent of the habitua-
tion status (Fig. 2b, c). To our knowledge, no other com-
parable data exists comparing a fasted and a fed state fol-
lowing habituation to divergent protein intakes. For the 
gene expression of markers commonly analyzed for protein 
synthesis; Myostatin, IGF1Ea and MGF (Fig. 2d, e, f), 
we did not find any impact of meal intake similarly to the 
lack of impact on muscle protein synthesis. Previously, it 
has been shown that exercise is required for an increased 
expression of these markers [34–37], and that such exer-
cise-induced increase can be augmented when combined 
with feeding [3, 38, 39].

This study design does have some limitations: postpran-
dial tracer data can be difficult to interpret due to some ubiq-
uitous challenges. A steady state in the enrichment in the 
various mixing pools (e.g., veins, arteries, intramuscular 
pool) is an underlying assumption for the kinetic calcula-
tions. In the present study postprandial tracer fluctuations 
were attempted to be diminished by changing infusion rate. 
Despite this maneuver, the  D8-phenylalanine tracer was 
diluted by unlabeled phenylalanine from the meal, causing 
a significantly decreased enrichment at 30, 60 and 90 min 

postprandial compared to fasting. A decreased enrichment 
will result in a overestimation of both synthesis and break-
down. A further limitation is the timing of the habituation 
period. Protein habituation studies are scarce, making it dif-
ficult to define a period needed for a proper habituation. A 
previous study using the nitrogen balance technique, indi-
cates that it takes more than 2 weeks for the body to adjust 
to a changed protein content in the diet [40]. However, com-
pliance to the protruded dietary guidelines is crucial, thus 
limiting the duration. The fact that we previously showed 
an impact on plasma proteins [23], which could adapt faster 
than muscle proteins as described above, indicating that a 
longer habituation period might have been warranted to find 
changes in muscle proteins.

In conclusion, we found that shunting of amino acids 
across the leg tissue bed was higher in the postprandial con-
dition after HP compared to RP. However, habituation to a 
higher protein intake than RDA neither affected surrogate 
measures of protein synthesis and breakdown across the 
leg nor did it impact basal muscle protein turnover rates or 
markers of improved muscle maintenance capacity. Finally, 
habituated protein intake above RDA did not affect mecha-
nisms involved in the anabolic response such as myofibrillar 
FSR when challenged by a fixed protein intake in a standard 
mixed meal.
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