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ABSTRACT
Background: Excess lipid availability has been associated with the development of anabolic resistance. As such,
obesity may be accompanied by impairments in muscle protein metabolism.
Objective: We hypothesized that basal and postprandial muscle protein synthesis rates are lower in obese than in lean
men.
Methods: Twelve obese men [mean ± SEM age: 48 ± 2 y; BMI (in kg/m2 ): 37.0 ± 1.5; body fat: 32 ± 2%] and 12
age-matched lean controls (age: 43 ± 3 y; BMI: 23.4 ± 0.4; body fat: 21 ± 1%) received primed continuous L-[ring2 H ]-phenylalanine
5

and L-[ring-3,5-2 H2 ]-tyrosine infusions and ingested 25 g intrinsically L-[1-13 C]-phenylalanine labeled

whey protein. Repeated blood and muscle samples were obtained to assess protein digestion and amino acid absorption
kinetics, and basal and postprandial myofibrillar protein synthesis rates.
Results: Exogenous phenylalanine appearance rates increased after protein ingestion in both groups (P < 0.001), with
a total of 53 ± 1% and 53 ± 2% of dietary protein–derived phenylalanine appearing in the circulation over the 5-h
postprandial period in lean and obese men, respectively (P = 0.82). After protein ingestion, whole-body protein synthesis
and oxidation rates increased to a greater extent in lean men than in the obese (P-interaction < 0.05), resulting in a
higher whole-body protein net balance in the lean than in the obese (7.1 ± 0.2 and 4.6 ± 0.4 μmol phenylalanine ·
h−1 · kg−1 , respectively; P-interaction < 0.001). Myofibrillar protein synthesis rates increased from 0.030 ± 0.002 and
0.028 ± 0.003%/h in the postabsorptive period to 0.034 ± 0.002 and 0.035 ± 0.003%. h−1 in the 5-h postprandial period
(P = 0.03) in lean and obese men, respectively, with no differences between groups (P-interaction = 0.58).
Conclusions: Basal, postabsorptive myofibrillar protein synthesis rates do not differ between lean and obese middleaged men. Postprandial protein handling, including protein digestion and amino acid absorption, and the postprandial
muscle protein synthetic response after the ingestion of 25 g whey protein are not impaired in obese men. This trial was
registered at www.trialregister.nl as NTR4060. J Nutr 2019;149:1533–1542.
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protein synthesis

Introduction
Skeletal muscle mass maintenance is largely regulated by diurnal
rates of muscle protein synthesis and breakdown. It has been
well established that the postprandial rise in amino acid
concentrations after the ingestion of dietary protein stimulates
muscle protein synthesis (1–3). More recent work shows that
aging, inactivity, and/or insulin resistance are associated with a
reduced responsiveness to the anabolic properties of amino acid
and protein ingestion (4–6). This anabolic resistance to protein
intake is now believed to represent a key factor responsible
for accelerated (age-related) muscle loss (5, 7, 8). Skeletal
muscle insulin resistance may play an important role in the

development of this age-related anabolic resistance (9–11).
Recently, we showed that the muscle protein synthetic response
to amino acid administration is blunted under conditions of
lipid oversupply (12). Lipid accumulation in skeletal muscle
occurs in response to prolonged obesity and is associated
with metabolic dysfunction including reduced insulin sensitivity
(13, 14). Consequently, it is hypothesized that obesity is
accompanied by impairments in muscle protein metabolism
(15–17).
Only a few studies have examined basal and/or postprandial
muscle protein synthesis rates in obese individuals (17–22) and
even fewer have made direct comparisons between overweight
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Methods
Study design
Healthy, recreationally active, middle-aged (age: 30–55 y) lean [BMI
(in kg/m2 ): 19–25] and obese (BMI > 30) men were recruited by
advertisements in local newspapers and through the Obesity Center
(Máxima Medical Center, Eindhoven, Netherlands) to participate in a
single experimental stable isotope tracer infusion trial. Participants were
informed of the nature and possible risks of the experimental procedures
before providing written informed consent. The participants were
deemed healthy based on their responses to a medical questionnaire and
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screening results. The trial (NTR4060) was conducted between October,
2013 and June, 2015 at Maastricht University Medical Centre+,
Netherlands. The study was part of a larger project on muscle protein
metabolism in middle-aged individuals (27). This study was approved
by the Medical Ethical Committee of the Maastricht University Medical
Centre+ and conformed to the standards for the use of human subjects
in research as outlined in the latest version of the Declaration of
Helsinki.

Pretesting
All men participated in a screening session to assess their glycated
hemoglobin, glucose tolerance [2-h oral-glucose-tolerance test (28)],
blood pressure, weight, height, and body composition. Fat mass, fatfree mass (FFM), and bone mineral content were determined by DXA
scan (Discovery A, QDR series, Hologic Inc.). Whole-body and regional
lean mass, percentage body fat, and visceral adipose tissue (VAT) were
determined using the software package Apex (en-CORE 2005, version
4.0.2; Hologic) and reference values from the NHANES populationbased data set (29). A single-slice computed tomography scan (Philips
Brilliance 64, Philips Medical Systems) was performed to assess upper
leg muscle cross-sectional area (CSA). The scanning characteristics were
as follows: 120 kV, 300 mA, rotation time of 0.75 s, and field of view
of 500 mm. With participants lying supine with their legs extended and
feet secured, a 3-mm-thick axial image was taken 15 cm proximal to
the top of the patella. Intermuscular adipose tissue was defined using
radiation attenuation ranges from −190 to −30 Hounsfield units (HU);
muscle area of the legs was selected between −29 and +150 HU (30);
after which the thigh muscles, quadriceps muscle, and femoral bone
were selected by manual tracing using ImageJ software (version 1.45d,
NIH) (31, 32). All participants were instructed to refrain from strenuous
physical activity and to maintain their diet as constant as possible
for 2 d before the experimental infusion. On the evening before the
trial, a standardized meal was consumed [2.3 MJ; composed of 19%
energy (En%) protein, 40 En% carbohydrate, and 41 En% fat]. Before
the experimental test, habitual physical activity was assessed using
a validated triaxial accelerometer (Actigraph GTX3, Actigraph Inc.)
worn in a belt around the waist over a 5-d period. Habitual physical
activity was determined by the sum of accelerometer counts over a
24-h period. Analysis was carried out using Actilife software version
6 (Actigraph Inc.). The collected data were analyzed for total time
spent in different activity levels (sedentary, light, moderate, vigorous,
and very vigorous activities) and step counts. Participants’ habitual
dietary intakes were calculated from 3-day dietary records prior to the
experimental trial. The days of recording included two weekdays and
one weekend day. Energy and macronutrient intakes were calculated
with the use of the Dutch Nutrients Database (NEVO-online version
2016/ 5.0; http://nevo-online.rivm.nl/).

Experimental protocol
At 08:00, after an overnight fast, participants arrived at the laboratory
by car or public transport. A Teflon catheter was inserted into an
antecubital vein for infusion and a second cannula into the dorsal
hand vein of the contralateral arm for arterialized blood sampling
(33). After baseline blood collection (t = −210 min), the plasma
phenylalanine and tyrosine pools were primed with a single intravenous
dose (priming dose) of L-[ring-2 H5 ]-phenylalanine (3.6 μmol/kg FFM)
and L-[ring-3,5-2 H2 ]-tyrosine (1.1 μmol/kg FFM). Subsequently, the
continuous infusion was initiated (infusion rate: 0.060 μmol L-[ring2 H ]-phenylalanine · kg FFM−1 · min−1 and 0.018 μmol L-[ring-2 H ]5
2
tyrosine · kg FFM−1 · min−1 ) and maintained for 8.5 h. Multiple blood
samples were collected during the infusion at t = −120, −90, −60, −30,
0, 20, 40, 60, 90, 120, 150, 180, 240, and 300 min for the analysis of
plasma amino acid concentrations and enrichments, glucose and insulin
concentrations, and nonesterified fatty acids (NEFAs). Postabsorptive
triacylglycerol (TG) concentrations and plasma IL-6 concentrations
were analyzed at t = −210 min. Blood samples were collected in EDTAcontaining tubes and centrifuged at 1000 × g at 4◦ C for 10 min.
Aliquots of plasma were then immediately frozen in liquid nitrogen
and stored at −80◦ C. Muscle biopsies were collected at t = −120
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or obese participants and lean controls (22–26). Data obtained
from these studies demonstrate that obese individuals experience either impairments (16, 23) or no differences (18, 20,
22, 24, 25) in basal, postabsorptive muscle protein synthesis
rates when compared with lean controls. Studies examining the
postprandial period after protein administration have shown
similar (16) or impaired (16, 24) muscle protein synthesis
rates in obese individuals when compared with lean controls.
However, previous studies have typically been performed
under hyperinsulinemic-hyperaminoacidemic clamp conditions,
which do not represent a normal physiological response to
the ingestion of a single meal-like amount of dietary protein.
Recently, Beals et al. (25) compared the postprandial muscle
protein synthetic response after the ingestion of 170 g pork
meat (∼36 g protein) between young lean, overweight, and
obese men. In this study, the muscle protein synthetic response
to protein ingestion was lower in both overweight and obese
young men than in healthy-weight controls (25). Smeuninx et
al. (22) showed that the presence of obesity in older men and
women does not further impair the anabolic response to the
ingestion of a moderate 15-g protein dose when compared
with lean controls. It remains unclear whether the muscle
protein synthetic response is impaired in middle-aged obese
individuals after the ingestion of a meal-like amount of dietary
protein and whether this could be attributed to impairments in
protein digestion and amino acid absorption kinetics and/or an
attenuated rise in postprandial muscle protein synthesis rates
when compared with lean controls.
In the present study, we combined contemporary stable
isotope amino acid infusions with the ingestion of intrinsically
labeled protein to compare basal, postabsorptive muscle protein
synthesis rates, dietary protein digestion and amino acid
absorption kinetics, and subsequent muscle protein synthesis
rates after the ingestion of 25 g whey protein between middleaged lean and obese men. We hypothesized that basal and
postprandial muscle protein synthesis rates would be lower in
obese men than in age-matched lean controls.

and 0 min for the determination of postabsorptive muscle protein
synthesis rates. Immediately after the second biopsy (t = 0 min, from
the contralateral leg), participants ingested a single bolus of 25 g
intrinsically L-[1-13 C]-phenylalanine labeled whey protein dissolved in
350 mL water, which was flavored with 1.5 mL vanilla (IMCD
Benelux N.V.). Additional biopsies were then collected at t = 120
and 300 min (alternating between legs) relative to the ingestion of the
drink for the measurement of postprandial muscle protein synthesis
rates. Muscle biopsies were randomized between legs and collected
from the middle region of the vastus lateralis (15 cm above the
patella) using the Bergström needle technique (34). All biopsy samples
were freed from any visible adipose tissue and blood, immediately
frozen in liquid nitrogen, and stored at −80◦ C until subsequent
analysis.

Intrinsically L-[1-13 C]-phenylalanine labeled whey protein was
obtained by infusing a lactating Holstein cow with L-[1-13 C]phenylalanine (455 μmol/min), collecting milk, and purifying the
whey fraction, as described previously (35–37). The enrichment of
L-[1-13 C]-phenylalanine in the whey protein was 7.6 mole percent
excess (MPE). The whey protein met all chemical and bacteriological
specifications for human consumption.

Plasma analyses
Plasma glucose, NEFA, and TG concentrations were analyzed using enzymatic assays on an automated spectrophotometer (ABX
Pentra 400 autoanalyzer, Horiba ANX). Plasma insulin concentrations were determined with RIA kits (Human Insulin specific
RIA, Millipore Corporation). Plasma IL-6 concentrations were measured using an ELISA kit (Human ProInflammatory IL-6, Thermofischer, Bender MedSystems GmbG). Plasma amino acid concentrations and enrichments were determined by GC-MS analysis
(Agilent 7890A GC/5975C; MSD) as described in detail previously
(27).

Muscle analyses
Myofibrillar protein-enriched fractions were extracted from an ∼60mg piece of wet muscle tissue by hand-homogenizing on ice using
a pestle (Teflon) in a standard extraction buffer (7 μL/mg) (38).
Myofibrillar protein–bound L-[ring-2 H5 ]-phenylalanine enrichments
were determined by GC-MS as described in detail previously (27).

Calculations
Whole-body amino acid kinetics in non–steady state conditions were
calculated from the ingestion of L-[1-13 C]-phenylalanine labeled whey

Statistics
All data are expressed as mean ± SEM. Differences in baseline
values, body composition, nutritional intake, and physical activity
levels were determined using unpaired 2-tailed Student’s t tests. Peak
values and time to peak were calculated for plasma time curves
and differences were determined using an unpaired 2-tailed Student’s
t test. Two-factor ANOVA with time as the within-group factor
and condition as the between-group factor was used to compare
differences over time in plasma glucose, insulin, NEFA, and amino acid
concentrations and enrichments, whole-body phenylalanine appearance
rates, and FSR (postabsorptive to the 0–2 h and 2–5 h postprandial
periods, and postabsorptive to the cumulative 0–5 h postprandial
period). In case of significant time × group interactions, separate
analyses were performed to determine time effects for each group
(1-factor repeated-measures ANOVA with Bonferroni post hoc tests
to identify time differences) and between-group effects for each
time point (2-tailed Student’s t test). Based upon previous studies
(2, 42), a sample size of 12 subjects per group including a 10%
dropout rate was calculated, using a 2-sided statistical test (P < 0.05,
80% power), to detect differences in FSRs between groups. For all
analyses, statistical significance was set at P < 0.05. All calculations
were performed using SPSS version 24.0 (IBM Statistics, IBM
Corp.).

TABLE 1 Subjects’ characteristics1
Lean
Age, y
Weight, kg
BMI, kg/m2
Plasma glucose OGTT t = 0 min, mmol/L
Plasma glucose OGTT t = 120 min, mmol/L
Plasma insulin OGTT t = 0 min, pmol/L
Plasma insulin OGTT t = 120 min, pmol/L
Glycated hemoglobin, mmol/mol
Oral glucose insulin sensitivity,2 mL · min−1 · m−2
HOMA-IR2
Postabsorptive plasma IL-6,3 pg/mL
Postabsorptive plasma NEFA,3 μmol/L
Postabsorptive plasma TG,3 mmol/L

43
76.5
23.4
5.2
4.4
61
121
33.7
451
1.14
0.68
390
0.98

±
±
±
±
±
±
±
±
±
±
±
±
±

3
1.6
0.4
0.1
0.3
6
17
1.0
12
0.12
0.12
39
0.16

Obese
48
117.9
37.0
6.1
6.8
215
756
36.8
277
4.03
1.19
451
1.81

±
±
±
±
±
±
±
±
±
±
±
±
±

2
6.5∗
1.5∗
0.2∗
0.7∗
19∗
171∗
1.0∗∗
19∗
0.34∗
0.20∗∗
45
0.29∗

Values are mean ± SEM, n = 12/group. Data were analyzed by unpaired Student’s t test. ∗ , ∗∗ Different from lean: ∗ P < 0.05, ∗∗ P < 0.1.
NEFA, nonesterified fatty acid; OGTT, oral-glucose-tolerance test; TG, triacylglycerol.
2
Assessed by 2-h OGTT after consumption of 75 g glucose (28).
3
Postabsorptive plasma IL-6, NEFA, and TG were analyzed during the experimental trial at t = −210 min.
1
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Production of intrinsically labeled protein

protein, intravenous infusion of L-[ring-2 H5 ]-phenylalanine and L[ring-3,5-2 H2 ]-tyrosine, and arterialized venous blood sampling. Total,
exogenous, and endogenous phenylalanine appearance rates (Ra in
micromoles Phe per kilogram per minute), and plasma phenylalanine
availability (i.e., the fraction of dietary protein–derived phenylalanine
that appeared in the systemic circulation, Pheplasma ) were calculated
using modified Steele’s equations (39–41). Furthermore, total rate
of phenylalanine disappearance, utilization of phenylalanine for
protein synthesis, and phenylalanine hydroxylation (the first step of
conversion of phenylalanine to tyrosine) were calculated. Wholebody protein net balance was calculated by whole-body protein
synthesis minus endogenous Ra. Whole-body protein turnover rates
(synthesis, breakdown, oxidation, and net balance) were calculated
as AUC over the 2 h (t = −120 to 0 min) postabsorptive
and 5 h (t = 0–300 min) postprandial phases. The fractional
synthetic rate (FSR) of myofibrillar protein was calculated using
the standard precursor–product equation for the postabsorptive and
postprandial (early: 0–2 h, late: 2–5 h, and cumulative: 0–5 h)
periods. For complete details see the previously described methodology
(27).

Results

Plasma glucose, insulin, and free fatty acids
Plasma glucose, insulin, and NEFA concentrations are presented
in Figure 1. Postabsorptive plasma glucose concentrations
at the start of the experimental trial were higher in obese
subjects than in lean controls (6.1 ± 0.2 and 5.1 ± 0.1
mmol/L in obese and lean subjects, respectively, P < 0.001;
Figure 1A). Plasma glucose concentrations in the postprandial
period decreased over time in both groups (both P < 0.001),
with higher concentrations in obese than in lean subjects
(during t = 0–180 min, P < 0.05). Postabsorptive plasma
insulin concentrations at t = −210 min were higher in obese
subjects than in lean subjects (187 ± 75 and 57 ± 29
pmol/L, respectively, P < 0.001; Figure 1B). After protein
ingestion, plasma insulin concentrations increased in both
groups (both P < 0.001), although the postprandial increment
was substantially greater in the obese, reaching higher peak
values (636 ± 78 pmol/L) in obese than in lean subjects
(155 ± 18 pmol/L; P < 0.001), and remained higher throughout
the postprandial period in obese subjects (during t = 0–300 min,
P < 0.001). Postabsorptive plasma TG concentrations (Table 1)
were higher in obese subjects than in lean subjects (P = 0.02).
NEFA concentrations at t = −210 min did not differ
between groups (P = 0.35; Table 1) and decreased during
the postabsorptive period (P < 0.05) to a similar extent in
both groups (P-interaction = 0.41; Figure 1C). NEFAs in
the postabsorptive period tended to be higher in the obese
subjects than in the lean subjects (main group effect, P = 0.06).
After protein ingestion, NEFA concentrations decreased (Pinteraction < 0.001) and were higher during t = 20–90 min
in the obese subjects than in the lean controls (all P < 0.05).
Plasma amino acid concentrations
Plasma amino acid concentrations are presented in Figure 2.
Postabsorptive phenylalanine (Figure 2A), leucine (Figure 2B),
and tyrosine (Figure 2C) concentrations were higher in obese
subjects than in lean controls (group effect, all P < 0.05).
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(mmol/L)

postprandial period:

P-interaction < 0.001
P = 0.74
P < 0.001
P-interaction < 0.001
P < 0.001

postabsorptive period:

(pmol/L)

postprandial period:

P-interaction = 0.49
P = 0.04
P < 0.001
P-interaction < 0.001
P < 0.001

postabsorptive period:

postprandial period:

P-interaction = 0.41
P < 0.05
P = 0.06
P-interaction < 0.001
P < 0.001

FIGURE 1 Plasma glucose (A), insulin (B), and NEFA (C) concentrations in lean and obese middle-aged men under postabsorptive
conditions and after the ingestion of 25 g whey protein. Values are
means ± SEMs, n = 12/group. The dotted line indicates the ingestion
of the protein beverage. Data were analyzed by repeated-measures
(time × group) ANOVA. Bonferroni post hoc test was used to locate
differences over time and unpaired Student’s t tests were used to
locate differences between groups for each time point. ∗ Different from
lean, P < 0.05. NEFA, nonesterified fatty acid.
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Dietary intake and physical activity
Dietary intake and physical activity data are presented in
Table 3. Dietary intake did not differ between groups (P = 0.15).
Absolute habitual dietary protein intake did not differ between
lean and obese men (92 ± 8 and 102 ± 6 g, respectively,
P = 0.33), whereas habitual protein intake expressed per
kilogram of bodyweight was lower in obese men (0.9 ± 0.1 g
· kg−1 · d−1 ) than in lean controls (1.2 ± 0.1 g · kg−1 · d−1 ,
P = 0.02). Daily step counts were ∼41% lower in obese than
in lean men (P = 0.03). The time spent in sedentary and lightintensity activities per day did not differ between lean and obese
individuals (both P > 0.05), whereas the amount of time spent
in moderate-to-vigorous physical activities per day was ∼58%
lower in obese men than in lean controls (P = 0.005).

postabsorptive period:

(µmol/L)

Participants’ characteristics and body composition
Participants’ characteristics are presented in Table 1 and body
composition data are presented in Table 2. Whole-body and
appendicular lean body mass were greater in obese men
than in lean controls (P < 0.05). Body fat percentage was
higher in obese men than in lean controls (P < 0.05). Fat
mass distribution was predominantly around the upper body
and VAT mass was higher in obese than in lean men (both
P < 0.001). Upper leg muscle and quadriceps CSA were greater
in obese men than in lean controls (both P < 0.05).

TABLE 2 Body composition before the experimental infusion trial in lean and obese middle-aged
men1
Lean
57.7
26.1
16.4
1.1
1.4
2.7
1.1
363
144
146
77
79
38
38
51
52
55
55

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

1.6 (75 ± 1)
0.9 (34 ± 1)
0.7 (21 ± 1)
0.1
0.1 (25 ± 2)
0.1 (23 ± 1)
0.1
28
4
5
2
3
4
4
1
1
1
1

76.8
34.5
38.8
1.5
4.6
5.5
1.4
917
178
181
88
91
95
95
45
46
51
51

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

2.7 (66 ± 2)∗
1.4 (30 ± 1)∗
3.8 (32 ± 2)∗
0.1∗
0.5 (40 ± 2)∗
0.7 (30 ± 2)∗
0.04∗
59∗
5∗
5∗
3∗
4∗∗
13∗
14∗
1∗
1∗
1∗
1∗

Values are mean ± SEM, n = 12/group. Data were analyzed by unpaired Student’s t test. ∗ , ∗∗ Different from lean: ∗ P < 0.05, ∗∗ P < 0.1.
CSA, cross-sectional area; HU, Hounsfield Units.

1

The increments in plasma amino acid concentrations after
protein ingestion were comparable between lean and obese
men (for all amino acids, P-interaction > 0.05). Postprandial
phenylalanine concentrations were higher in obese subjects than
in lean controls (main group effect, P = 0.03).
Plasma amino acid enrichments
Plasma L-[ring-2 H5 ]-phenylalanine (from the infused tracer)
and L-[1-13 C]-phenylalanine enrichments (from the ingested
tracer) are presented in Figure 3. Postabsorptive plasma L-[ring2
H5 ]-phenylalanine enrichments were higher in lean subjects
than in obese subjects (main group effect, P = 0.04). Plasma
L-[ring-2 H5 ]-phenylalanine enrichments decreased after protein
ingestion in both groups (both P < 0.001). Despite a time
× group interaction (P = 0.02), no differences were observed
between individual time points in the postprandial period (all
P > 0.05; Figure 3A). After protein ingestion, plasma L-[1-13 C]phenylalanine enrichments increased to a greater extent in lean
than in obese men (P-interaction = 0.03), reaching higher peak

values in lean (3.1 ± 0.1 MPE at t = 40) than in obese subjects
(2.6 ± 0.1 MPE at t = 40 min; P < 0.001, Figure 3B). Higher
postprandial plasma L-[1-13 C]-phenylalanine enrichments in
lean than in obese subjects were also observed for t = 40–120
min and for t = 240–300 min (post-hoc analyses for each timepoint, P < 0.05).
Whole-body protein kinetics
Whole-body phenylalanine kinetics are presented in Figure 4.
Exogenous phenylalanine rates of appearance (Figure 4A) (i.e.,
the rate at which dietary protein–derived phenylalanine enters
the circulation) increased to a higher extent in lean than in obese
subjects (P-interaction < 0.001), with higher values observed at
t = 40–300 min in lean than in obese subjects (post-hoc analyses
for each time point, P < 0.05). The fraction of dietary protein–
derived phenylalanine that appeared in the plasma over the 5h postprandial period did not differ between groups: 53 ± 1%
and 53 ± 2% in lean and obese subjects (P = 0.82), respectively.
Endogenous phenylalanine rates of appearance (Figure 4B)

TABLE 3 Dietary intake and physical activity before experimental infusion trial in lean and obese
middle-aged men1
Lean
Habitual energy intake, MJ/d
Macronutrient intake (carbohydrate/protein/fat), En%
Habitual protein intake, g · kg−1 · d−1
Time accelerometer worn, min/d
Total steps per day
Sedentary time, min/d
Sedentary time, %/d
Light-intensity activity time, min/d
Light-intensity activity time, %/d
MVPA time, min/d
MVPA time, %/d

10.8 ±
47/15/33
1.2 ±
890 ±
12,574 ±
544 ±
61 ±
288 ±
32 ±
58 ±
7±

Obese
0.8
0.1
21
1783
28
3
23
2
9
1

9.3 ±
45/19/32
0.9 ±
845 ±
7436 ±
554 ±
65 ±
267 ±
32 ±
24 ±
3±

0.6
0.1∗
30
1178∗
37
3
19
2
6∗
1∗

Values are mean ± SEM, n = 12/group. Habitual dietary intake was assessed by 3-d food records and physical activity by 5-d
accelerometers before the experimental trial. Data were analyzed by unpaired Student’s t test. ∗ Different from lean, P < 0.05. En%,
energy percentage; MVPA, moderate-to-vigorous physical activity.

1
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Lean body mass, kg (%)
Appendicular lean mass, kg (%)
Fat mass, kg (%)
Trunk:limb fat mass ratio
Android fat mass, kg (%)
Gynoid fat mass, kg (%)
Android:gynoid fat ratio
Visceral adipose tissue, g
Left leg thigh CSA, cm2
Right leg thigh CSA, cm2
Left quadriceps CSA, cm2
Right quadriceps CSA, cm2
Left fat CSA, cm2
Right fat CSA, cm2
Left leg thigh, HU
Right leg thigh, HU
Left leg quadriceps, HU
Right leg quadriceps, HU

Obese

postabsorptive period:

(µmol/L)

postprandial period:

(µmol/L)

postprandial period:

postabsorptive period:

(µmol/L)

postprandial period:

FIGURE 2 Plasma phenylalanine (A), leucine (B), and tyrosine
(C) concentrations in lean and obese middle-aged men under
postabsorptive conditions and after the ingestion of 25 g whey protein.
Values are means ± SEMs, n = 12/group. The dotted line represents
the ingestion of the protein beverage. Data were analyzed with
repeated-measures (time × group) ANOVA.
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FIGURE 3 Plasma L-[ring-2 H5 ]-phenylalanine (A) and L-[1-13 C]phenylalanine enrichments (B) in lean and obese middle-aged men
under postabsorptive conditions and after the ingestion of 25 g whey
protein. Values are means ± SEMs, n = 12/group. The dotted line
represents the ingestion of the protein beverage. Data were analyzed
with repeated-measures (time × group) ANOVA. Bonferroni post hoc
test was used to locate differences over time and unpaired Student’s
t tests were used to locate differences between groups for each time
point. ∗ Different from obese, P < 0.05. MPE, mole percent excess.

(i.e., the rate at which phenylalanine derived from wholebody protein breakdown enters the circulation) decreased after
protein ingestion in both groups (P < 0.001), with absolute rates
being higher in lean than in obese subjects (main group effect,
P = 0.02). In addition, total phenylalanine rates of appearance
and disappearance (Figure 4C, D, respectively) increased in both
groups after protein ingestion, with rates being higher in lean
than in obese subjects (P-interaction < 0.001, post hoc analyses
for each time point t = 40–300 min, P < 0.001).
Whole-body protein turnover rates are presented in
Figure 5. Postabsorptive whole-body protein breakdown,
synthesis, and oxidation rates were lower in obese subjects than
in lean controls (all, P < 0.05). Postabsorptive whole-body
protein net balance did not differ between groups (0.1 ± 0.2 and
0.3 ± 0.1 μmol phenylalanine · h−1 · kg−1 in obese and lean men,
respectively; P = 0.36). During the 5-h postprandial period,
whole-body protein breakdown rates decreased to a similar
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postabsorptive period:

(µmol Phe · kg−1 · min−1)

P-interaction < 0.001
P < 0.001

postabsorptive period:

postabsorptive period:

(µmol Phe · kg−1 · min−1)

postprandial period:

P-interaction < 0.001
P < 0.001
P-interaction < 0.001
P < 0.001

Muscle protein synthesis
Myofibrillar protein synthesis rates, expressed as FSR, are
presented in Figure 6. Postabsorptive myofibrillar protein
synthesis rates did not differ between lean and obese subjects
(0.030 ± 0.002 compared with 0.028 ± 0.003%/h, respectively;
P = 0.60). After the ingestion of 25 g whey protein,
myofibrillar FSR increased to 0.031 ± 0.002%/h compared
with 0.033 ± 0.005%/h during the “early” 0- to 2-h period,
and 0.036 ± 0.002%/h compared with 0.036 ± 0.003%/h
during the “late” 2- to 5-h period in lean and obese subjects
(P = 0.05), respectively, with no differences between groups (Pinteraction = 0.84). Myofibrillar protein synthesis rates assessed
over the entire 5-h postprandial period (0.034 ± 0.002 and
0.035 ± 0.003%/h in lean and obese subjects, respectively)
were significantly higher than postabsorptive myofibrillar FSR
(P = 0.03) but no differences were observed between groups
(P-interaction = 0.58).

Discussion

postabsorptive period:

P-interaction < 0.001
P < 0.001
P-interaction < 0.001
P < 0.001

(µmol Phe · kg−1 · min−1)

postprandial period:

FIGURE 4 Exogenous Ra (A), endogenous Ra (B), total Ra (C), and
total Rd (D) in lean and obese middle-aged men under postabsorptive
conditions and after the ingestion of 25 g whey protein. Values
are means ± SEMs, n = 12/group. The dotted line represents the
ingestion of the protein beverage. Data were analyzed with repeatedmeasures (time × group) ANOVA. Bonferroni post hoc test was
used to locate differences over time and unpaired Student’s t tests
were used to locate differences between groups for each time point.
∗ Different from obese, P < 0.05. R , rate of appearance; R , rate of
a
d
disappearance.

The present study assessed basal, postabsorptive and postprandial muscle protein synthesis rates after the ingestion of 25 g
whey protein in obese men and age-matched lean controls. Both
postabsorptive myofibrillar protein synthesis rates as well as
postprandial protein handling, including protein digestion and
amino acid absorption, and the postprandial muscle protein
synthetic response to protein ingestion were not impaired in
obese men when compared with age-matched lean controls.
Obesity has been suggested to be accompanied by impairments in protein metabolism in skeletal muscle tissue.
Basal, postabsorptive muscle protein synthesis rates have been
reported to be either lower (16, 23) or similar (18, 20, 22,
24, 25) in obese when compared with lean individuals. In
the present study, we selected 12 obese middle-aged men and
12 age-matched lean controls. The obese men were morbidly
obese [class II obesity based upon the WHO classification (43)]
with a BMI > 35 and a body fat percentage of ∼32, with
most fat deposited in the visceral area (Tables 1 and 2). In
contrast, the lean men had a healthy BMI (<25) with a body
fat percentage of ∼21 (P < 0.001). In line with this, the obese
men presented a reduced insulin sensitivity [impaired fasting
glucose (≥5.6 mmol/L)], higher postabsorptive plasma IL-6
and TG concentrations (Table 1), and a tendency for increased
postabsorptive NEFA concentrations (Figure 1) when compared
with lean controls. Despite clear phenotypic and metabolic
distinctions between the groups, postabsorptive muscle protein
synthesis rates (P = 0.60) did not differ between lean and obese
men (Figure 6). Our data confirm previous observations (18, 20,
22, 24, 25), but certainly not all (16, 23), showing that there
are no impairments in basal, postabsorptive muscle protein
synthesis rates in obese men.
Muscle protein synthesis in obese middle-aged men
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(µmol Phe · kg−1 · min−1)

postprandial period:

P-interaction < 0.001
P < 0.001
P-interaction = 055
P < 0.001
P < 0.05

extent (∼12%) in both groups (P-interaction = 0.15), whereas
protein synthesis (∼9% compared with 4%) and oxidation rates
(∼27% compared with 13%) increased to a greater extent in
the lean than in the obese, respectively (P-interaction < 0.05).
Postprandial whole-body protein breakdown, synthesis, and
oxidation rates were lower in obese subjects than in lean
subjects (all, P < 0.05). Whole-body protein net balance
increased from the postabsorptive to the postprandial state
in both the lean (∼24-fold; 7.1 ± 0.2 μmol phenylalanine ·
h−1 · kg−1 ) and in the obese men (∼41-fold; 4.6 ± 0.4 μmol
phenylalanine · h−1 · kg−1 , P-interaction < 0.001).

P-interaction = 0.15;
P-interaction < 0.05;
P-interaction < 0.05;
P-interaction < 0.001;

P < 0.001;
P < 0.001;
P < 0.001;
P < 0.001;

P < 0.05
P < 0.05
P < 0.001
P < 0.001
postabsorptive

(µmol Phe · kg−1 · h−1)

postabsorptive

Over the last decade, it has become evident that skeletal
muscle maintenance is largely dependent on the muscle protein
synthetic response to food intake and physical activity (8).
The muscle protein synthetic response to protein ingestion
is regulated by protein digestion and subsequent amino acid
absorption, resulting in a rapid postprandial rise in plasma
amino acid concentrations (1–3, 8). In the present study,
we combined contemporary stable isotope methodology with
the use of intrinsically L-[1-13 C]-phenylalanine labeled whey
protein (36, 37) to allow us to compare postprandial protein
digestion and amino acid absorption kinetics in vivo between
lean and obese middle-aged men. After the ingestion of

postabsorptive

(%/h)

postabsorptive

P-interaction = 0.84
P = 0.05
P = 0.95
P-interaction = 0.58
P = 0.03
P = 0.83

Postabsorptive

FIGURE 6 Myofibrillar protein FSRs during the postabsorptive, early
(0–2 h), late (2–5 h), and cumulative (0–5 h) postprandial period,
using intravenous L-[ring-2 H5 ]- phenylalanine infusions in lean and
obese middle-aged men. Values are means ± SEMs, n = 12/group.
Data were analyzed with unpaired Student’s t test (between groups)
in the postabsorptive period. Repeated-measures (time × group)
ANOVAs were used to analyze changes from the postabsorptive to
the postprandial period. FSR, fractional synthetic rate.
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25 g intrinsically labeled whey protein, plasma amino acid
concentrations increased to the same extent in lean and obese
men (Figure 2). Plasma L-[1-13 C]-phenylalanine enrichments
increased rapidly in both groups, although values increased to
a greater extent in the lean than in the obese men (Figure 3B).
The provided 25-g protein dose was similar for the lean and
obese men in absolute terms, but smaller for the obese when
expressed per kilogram of bodyweight. The lower plasma L-[113
C]-phenylalanine enrichments observed in the obese men can,
therefore, be attributed to the greater distribution volume in the
obese than in the lean men. In total, 53 ± 1% and 53 ± 2%
of the dietary protein–derived phenylalanine appeared in the
circulation over the 5-h postprandial period in the lean and
obese men, respectively. In previous work, we observed similar
postprandial amino acid availability after the ingestion of a
comparable dose of whey protein in (lean) young and older
adults (2, 42, 44). Despite the greater visceral organ mass in
the obese individuals (Table 2) which could have increased the
first-pass splanchnic extraction of the dietary protein–derived
amino acids, we did not detect any impairments in protein
digestion and amino acid absorption kinetics in the obese men
when compared with the lean men. Consequently, the present
study is the first, to our knowledge, to show that postprandial
protein handling, including protein digestion and subsequent
protein-derived amino acid appearance in the circulation, is not
impaired in obese but otherwise healthy men.
The postprandial rise in circulating (essential) amino acids,
and leucine in particular, stimulates muscle protein synthesis
with a rapid rise in myofibrillar protein synthesis rates for ≤5
h after protein ingestion. The muscle protein synthetic response
to protein ingestion has been shown to be blunted in the older
population, now commonly referred to as anabolic resistance
(5, 7). Previous work has suggested that anabolic resistance
to protein ingestion may also develop as a consequence of
obesity, due to overfeeding and/or lipid oversupply (12, 24,
25). In support, lipid infusion has previously been shown to
induce a state of anabolic resistance blunting the amino acid–
induced increase in muscle protein synthesis rates (12, 17).
Consequently, we hypothesized that obese individuals would
show a blunted muscle protein synthetic response to protein
ingestion when compared with age-matched lean controls.
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FIGURE 5 Rates of whole-body protein breakdown, synthesis, oxidation, and net protein balance in lean and obese middle-aged men under
postabsorptive conditions and after the ingestion of 25 g whey protein. Values are means ± SEMs, n = 12/group. Data were analyzed with
unpaired Student’s t test (between groups) in the postabsorptive period. Repeated-measures (time × group) ANOVAs were used to analyze
changes from the postabsorptive to the postprandial period. In case of significant time × group interaction, time effects within groups were
analyzed using repeated-measures ANOVA and between-group effects using unpaired Student’s t tests. ∗ Different from lean, P < 0.05.

by the combined impact of excess energy intake and a severe
sedentary lifestyle. Whereas anabolic resistance can be induced
by skeletal muscle disuse and exogenous lipid administration,
we conclude that obesity per se does not impair postprandial
muscle protein synthesis rates after the ingestion of a meal-like
amount of dietary protein.
In conclusion, postabsorptive muscle protein synthesis rates
and postprandial protein handling, including protein digestion
and amino acid absorption kinetics and the postprandial muscle
protein synthetic response to protein ingestion, are not impaired
in the obese state.
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