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Sarcopenia is a well-known phenomenon in elderly individuals
and resistance exercise together with sufficient amino acid
(AA) availability has proved to be a counteractive implement.
However, the source of AA and supplement timing require
further investigation. The objective was to compare muscle
protein synthesis (MPS) to intakes of whey and caseinate
after heavy resistance exercise in healthy elderly individuals,
and, furthermore, to compare the timing effect of caseinate
intake. Twenty-four elderly men and women (mean + SEM;
68 £ 1 years) were randomized to one of four groups: case-
inate intake before exercise (CasPre), caseinate intake im-
mediately after exercise (CasPost), whey intake immediately

after exercise (Whey), or intake of a non-caloric control drink
(Control) Muscle myofibrillar and collagen fractional synth-
esis rates (FSR) were measured by a primed continuous
infusion of L-[1-"*CJleucine using labeled proteins during a
6-h recovery period. No differences were observed in muscle
myofibrillar and collagen FSR with Whey (0.09 & 0.01% /h)
compared with CasPost (0.09 & 0.003%/h), and it did
not differ between CasPre (0.10 &= 0.01%/h) and CasPost.
MPS does not differ with whey and caseinate feeding
immediately after heavy resistance exercise in elderly indivi-
duals, and MPS is similar with caseinate ingestion before and
after exercise.

In elderly persons, reductions of muscle mass and
strength contribute significantly to a decline in
physical performance and may ultimately result in
a dependent lifestyle. This phenomenon, termed
sarcopenia, has been reported to be responsible
for approximately 1.5% of the total healthcare
expenditures in Western countries (Janssen et al.,
2004), and the burdens related to sarcopenia may
increase concomitantly with increasing number of
elderly in future decades. Therefore, it is important
to optimize regimens that can counteract the devel-
opment of sarcopenia.

Ingestion of protein is crucial for the maintenance
of skeletal muscle mass (Campbell et al., 2008)
primarily by increasing the protein synthesis rate
(Biolo et al., 1997). The intrinsic characteristics of
proteins determine their digestion and absorption
rates following ingestion and have been shown to
affect the protein turnover processes differently
(Boirie et al., 1997; Dangin et al., 2001). The milk-
derived proteins, whey and casein, are good models
to study the significance of absorption rate, because
while whey protein is digested and absorbed rapidly,
casein protein clots in the stomach and is released
more slowly (Boirie et al., 1997; Dangin et al., 2001;
Calbet & Holst, 2004). When ingested, the “fast”
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whey protein induces superior stimulation of whole-
body protein synthesis compared with the “‘slow”
casein protein in both young (Boirie et al., 1997;
Dangin et al., 2001) and elderly individuals (Dangin
et al., 2003) in the rested state. Moreover, Tang et al.
(2009) found a diminished effect on mixed muscle
protein synthesis (MPS) of micellar casein compared
with whey hydrolysate feeding following resistance
exercise in young persons (Tang et al., 2009). How-
ever, others demonstrated similar improved muscle
anabolism with whey and casein protein feeding
following resistance exercise in young persons (Tip-
ton et al., 2004; Reitelseder et al., 2011). In combina-
tion with the resistance exercise, the potential
significance of protein digestibility has never been
studied in detail in elderly.

Longitudinal training studies have shown that the
combination of resistance exercise and immediate
protein ingestion are more effective stimulators of
skeletal muscle anabolism than resistance exercise
without an acute supply of proteins or combined
with carbohydrate ingestion alone (Esmarck et al.,
2001; Andersen et al., 2005; Holm et al., 2006;
Hartman et al., 2007). Hence, increased amino acid
(AA) availability in the time period around the
resistance exercise bout seems to be beneficial for


mailto:kasperjuel@hotmail.com

muscle growth adaptation. It is not entirely clear,
though, whether it makes a difference if proteins are
ingested before or after resistance exercise. Contrasting
results have been shown with AA feeding before
compared with after resistance exercise in young in-
dividuals (Tipton et al., 2001; Dreyer et al., 2008; Fujita
et al., 2009). Tipton et al. (2001) reported that AA
ingestion immediately before resistance exercise re-
sulted in a higher muscle net balance during and after
exercise than AA ingestion immediately after exercise.
In contrast, Rasmussen and colleagues showed that an
AA intake 1h after resistance exercise (Dreyer et al.,
2008) resulted in greater mixed muscle fractional
synthesis rates (FSR) after the resistance exercise
bout than an AA intake 1h before exercise (Fujita
et al., 2009). This discrepancy may be due to the
different exercise timing of the AA intakes or due to
methodological aspects, i.e. the MPS was measured
indirectly in Tipton et al. (2001) and directly in Dreyer
et al. (2008) and Fujita et al. (2009). Moreover, it was
reported recently that ingestion of whey protein im-
mediately before resistance exercise compared with 1 h
after exercise stimulated muscle net balance to a similar
degree during a 5-h post-exercise period in young
subjects (Tipton et al., 2007).

The aims of the present work were to determine the
synthesis rate of specific functional proteins
in skeletal muscle during 6h after one resistance
exercise session combined with ingestion of caseinate,
whey, or a non-caloric control drink immediately after
the completion of exercise in elderly untrained indivi-
duals. We further sought to investigate how ingestion
of caseinate 30 min before or immediately after exercise
affected the outcome parameters. The milk proteins
were intrinsically labeled, which allowed an applied
design using one large bolus of protein without dis-
turbing the tracer enrichment noticeably. We hypothe-

Table 1. Subject characteristics

Milk proteins and resistance exercise

sized that ingestion of whey would result in a superior
MPS rate compared with caseinate in elderly subjects
and that the muscle protein synthetic response would
be equal with ingestion of caseinate before and after
resistance exercise.

Subjects and methods
Subjects

Through newspaper and web advertisements, 15
elderly men and nine elderly women (age 68 + 1
years, range 61-80 years) were recruited (Table 1).
All subjects underwent a verbal and physical exam-
ination before inclusion, which included an evalua-
tion of the history of medical intake, metabolic/
cardiovascular diseases, locomotive limitations of
the hips and knees, physical activity level, and diet-
ary/smoking habits. Subjects were excluded if they
were obese (BMI>30); smokers; or suffering from
myocardial infarction, severe hypertension, or meta-
bolic diseases. Subjects enrolled in the project were
moderately active and had not taken part in any
form of strenuous endurance training or resistance
exercise at least 1 year before the trial. Keeping an
even distribution of sex and age in each group, all
subjects were randomly allocated to one of four
groups: Caseinate ingestion 30 min before exercise
(CasPre; n = 6), caseinate ingestion immediately after
exercise (CasPost; n=6), whey ingestion immedi-
ately after exercise (Whey; n=6), or non-caloric
control drink ingestion immediately after exercise
(Control; n = 6). All subjects were carefully informed
in accordance with the Declaration of Helsinki II
before they gave their written consent to participate
in the study. The study was approved by the local
ethics committee of Copenhagen and Frederiksberg
under journal H-D-2008-054.

Experimental group CasPre CasPost Whey Placebo P Value

Variable
Sex distribution (M/F) 412 3/3 412 4/2 -
Age (years) 1+3 70+ 2 64 + 1 68 + 2 NS
Height (m) 1.73 + 0.04 1.74 &+ 0.04 1.75 + 0.02 1.73 &+ 0.04 NS
Weight (kgg 80.5+6.5 75.8 + 6.1 761+ 44 719 +52 NS
BMI (kg/m?) 266 +14 249+16 247 +1.0 23.8+09 NS
Tissue mass (kg) 770+ 6.3 723 +59 738+ 42 68.0 £ 5.6 NS
Lean body mass (kg) 534 +53 52.3 +£ 5.1 545+ 3.3 53.0+6.0 NS
Fat mass (kg) 23.7+24 20.0 + 3.1 19.3+1.0 15.0 + 1.4 NS
Body fat (%) 311 +£3.0 27.6 £ 4.0 262+ 0.6 23.0+32 NS
1 RM, leg press (kg) 193 £ 29 206 + 21 201 + 21 204 + 31 NS
1 RM, knee extension (kg) 46 £ 6 39+7 49 +5 47+ 9 NS
Energy intake 3-day mean (MJ) 8.2 +0.1 8.0+00 89+00 8.8 +0.1 NS
Protein intake 3-day mean (g/kg) 1.03 +0.08 1.03 &+ 0.05 1.13 + 0.05 1.14 + 0.11 NS
Physical activity index 1.2 +£0.1 1.2+ 0.1 1.3+ 0.1 1.3+ 0.1 NS

Mean (& SEM) subject characteristics (n=24). Mass measures are by DEXA scan. A one-way ANOVA was conducted to determine inter-group

differences.

NS, not significant; CasPre, caseinate intake 30 min before exercise; CasPost, caseinate intake immediately after exercise.
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Pre-tests and food registration

At least 2 weeks before carrying out the acute study,
the one repetition maximum (1RM) was defined for
each subject as the heaviest load that could be lifted
just once throughout the complete range of motion in
the knee-extension and leg-press machines (Techno-
gym, Gambettola, Italy). After a 5-10 min warm-up
on a cycle ergometer (Monark, Sweden) at a light
intensity, the subjects were familiarized with the
exercise machines. Only one leg was investigated
and this “exercising leg” was randomly chosen. In
the knee-extension exercise, the 1RM strength was
determined in the “‘exercising leg” only, whereas the
leg-press exercise was completed bilaterally to main-
tain a correct lifting technique. Subsequently, the
subjects completed a dual-energy x-ray absorptiome-
try (DEXA) scan. Approximately 20-30 min before
performing the DEXA scan, the subjects were offered
a cup of water as the hydration state affects the
measurements of fat-free mineral-free tissue mass
with the DEXA scan (Prior et al., 1997; Williams et
al., 2006). All scans were performed while the sub-
jects were wearing light clothing and no removable
metal objects. The subjects were placed in a supine
position and scanned (Lunar DPX-IQ, GE Health-
care, Chalfont St. Giles, UK) at a medium speed
( ~ 25min). During the 3 days before the study, the
subjects were instructed to follow their normal eating
pattern and refrain from strenuous physical activity.
Further, no intake of alcohol (1 week) and caffeine (1
day) was allowed before the experiment. Weighed
food and physical activity registrations were per-
formed during the 3 days before the study to deter-
mine each subject’s compliance to the prescribed
instructions and to detect possible differences be-
tween groups in protein and energy intakes. The
registrations indicated acceptable compliance and
showed that the subjects had refrained from stren-
uous physical activity in the 3 days before the
experiment. The food recordings were analyzed using

CasPre CasPost, Whey

Dirink ar Contral Drink

Dankost 3000 software (Dansk Catering Center A/S,
Herlev, Denmark). The 3-day mean energy and
protein intakes were sufficient and similar among
groups (Table 1). To validate the food registrations,
the recorded energy intake was divided by the basal
metabolic rate (BMR), which was estimated by the
Cunningham equation (Cunningham, 1980):
BMR(cal/day) = 500+22(LBM). In this way, we ob-
tained an indirect estimate of the physical activity
index (Table 1).

Experimental protocol

The overall design of the acute studies was identical,
and only the type and timing of the protein intake
differed, as illustrated in Fig. 1. Each trial included
heavy resistance exercise, ingestion of a L-[1-'*C]leu-
cine-labeled protein or a non-caloric control supple-
ment, and an infusion of a stable isotope tracer. For
every trial, the subjects arrived by car at 07:00 hours
to the Institute of Sports Medicine (Bispebjerg Hos-
pital, Copenhagen, Denmark). The subjects were
placed in a supine position and catheters were retro-
gradly inserted into antecubital veins on both fore-
arms. One catheter was used for an infusion of L-
[1-13CJleucine (99% enriched, Cambridge Isotopes
Laboratories, Andover, Massachusetts) and the
other for repeated blood sampling. After a back-
ground blood sample was drawn for the measure-
ment of tracer enrichment, a primed [1.97 mg/kg
body weight (BW)], continuous (1.97 mg/kg BW/h)
infusion of L-[1-'*CJleucine was initiated and main-
tained for 8 h. The primed, continuous infusion of
the leucine tracer was designed to obtain a tracer-to-
tracee ratio (TTR) of 10% at an isotopic steady state
in plasma-free leucine to mimic the leucine enrich-
ment in the whey and caseinate drinks. The subjects
then performed five sets of eight repetitions at 80%
of 1 RM in both unilateral knee-extension and
bilateral leg-press with 3min of rest between sets.

.
Time {h} -2 =1 a 1 3 4 5 1 7
Blood samples X X X X X X X X X X
Blopsies B B
| FSR period

Fig. 1. Experimental protocol for the acute studies. L-[1-'*C]leucine was infused for 8 h while a heavy resistance exercise was
performed and a drink was ingested either before (30 min) or immediately after exercise. In each study, 11 venous blood
samples and two muscle biopsies were collected throughout the study period. CasPre, caseinate intake 30 min before exercise;

CasPost, caseinate intake immediately after exercise.
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The “exercising leg”, carrying out the knee-extension
exercise, was randomly chosen. Except for the time
spent during the exercise session, the subjects rested
in a bed throughout the entire study period.

At 30 and 390min after the completion of the
resistance exercise bout, muscle biopsies were taken
from the lateral portion of the vastus lateralis muscle.
The biopsies were taken from two incisions made in
the mid-thigh region of the “exercising leg.” All
biopsies were obtained under local anesthesia (lido-
caine, 1%) using the percutaneous needle (Stille,
Stockholm, Sweden) biopsy technique (Bergstrom,
1962) with manual suction (Evans et al., 1982). As
illustrated in Fig. 1, the FSR was measured during a
period from 30 to 390 min after exercise. The FSR
period was started 30 min after the completion of
the resistance exercise to optimize conditions of an
isotopic steady state after the strenuous exercise
bout. Additionally, 11 venous blood samples were
drawn throughout the study period as illustrated in
Fig. 1, of which some were used to evaluate the
changes in insulin and AA concentrations, as well as
13C-ketoisocaproic acid (KIC) TTR-enrichment.

Protein supplementation

Milk proteins labeled with '*C-leucine were pro-
duced at Research Centre Foulum, Department of
Animal Health and Bioscience, Faculty of Agricul-
tural Sciences, Aarhus University, Aarhus, Den-
mark, as described elsewhere (Reitelseder et al.,
2011). The "*C-leucine isotopic enrichment was mea-
sured using gas chromatography mass spectrometry
(GC-MS) and the TTR of the milk proteins were
10.0% (Reitelseder et al., 2011). The subjects were
fasting from 10.00 hours on the day before the study,
and were offered a meal after the completion of the
infusion trial. During this period, no nutritional
intake was allowed, except for water and the protein
supplement. Each subject consumed caseinate pro-
tein 30min before (CasPre), or caseinate protein
(CasPost), whey protein (Whey), or water (Control)
immediately after the completion of the resistance
exercise bout. The amount of labeled protein dis-
solved in ~ 300mL water was 0.45g/kg LBM,
resulting in individualized drinks with a total content
of 15.6-30.4g protein, 7.8-14.6g essential AAs
(EAAs), and 1.5-3.4 g leucine (Table 3).

Blood analyses

Plasma insulin concentrations were determined using
enzyme-linked immunosorbent assay kits (ELISA,
DakoCytoamtion, Insulin K6219, Cambridgeshire,
UK) with intra-assay CV<7.5% and inter-assay
CV<10%.

Milk proteins and resistance exercise

Plasma AA concentrations were determined with
prior phenylisothiocyanate (PITC) derivatization
and HPLC coupled with a UV-detector (Heinrikson
& Meredith, 1984) (HPLC: SpectraSystem P4000,
Thermo Separation Products, FinniganMat, Paris,
France; Column: Nova-Pak C 18 60A 4pum, 3.9-
300 mm, Waters Corp., Milford, Massachusetts; UV-
detector: UV600OLP PDA FINN 50mm Cell UV
photo array detector, Thermo Separation Products).
Norleucine was used as internal standard, and
0.05mol/L ammonium acetate was used as mobile
phase A and 0.1 mol/L ammonium acetate in acet-
onitrile:methanol:water (44:10:46) as mobile phase B,
both adjusted to pH 6.8 with acetic acid and filtrated
before use.

Stable isotope analyses

Determinations of plasma '*C-KIC enrichments
were performed on GC-MS with prior derivatization.
One milliliter of ethanol (99.8%) was added to
140 uLL of venous blood, and the mixture was spun
down to precipitate the proteins. The supernatant
was evaporated with N, at 50 °C. 200 L. Millipore
H,O and 200 pL acidified 2% w/v O-phenylenedia-
mine solution were added. The sample was extracted
twice by adding 1 mL ethylacetate and centrifuging.
The acetate phase was collected and evaporated with
N,. Fifty microliters of pyridine and 50uL
BSTFA+1% TMCS were added and the mixture
was shaken. 50 uL of the sample was left for 30 min
at room temperature to allow derivatization. Subse-
quent analyses were carried out on the GC-MS
analyser (GC: Trace GC 2000 series, MS: Automass
Multi, Thermo Quest Finnigan, Paris, France) as
described elsewhere (Holm et al., 2010).

To determine leucine enrichment in myofibrillar
and total intramuscular collagen protein pools,
weighed pieces of muscle tissue (15-25mg) were
ground in liquid nitrogen and homogenized in a
high-salt buffer (0.15M NaCl, 0.1% Triton X-100,
0.02M Tris, 5SmM EDTA). The resulting homoge-
nate was subjected to repeated centrifugation and
salt extraction procedures in order to separate the
myofibrillar, collagen, and sarcoplasmic fractions.
The sarcoplasmic fraction remained in the super-
natant, and the myofibrillar and collagen fractions
precipitated. The myofibrillar and collagen pellet was
added to 1 mL 0.7 M KClI, vortexed, left for 30 min at
4 °C, and centrifuged at 1600g at 4 °C for 20 min.
The supernatant containing the myofibrillar fraction
was collected, leaving the collagen protein fraction in
the pellet. Ethanol was added to the myofibrillar
supernatant and the mixture was centrifuged to
precipitate the myofibrillar proteins. The washed
myofibrillar pellet and the total salt-precipitated
collagen fraction were hydrolyzed and derivatized
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separately but in a similar way, as described in the
following. The myofibrillar and collagen pellets were
hydrolyzed in 6 M HCI (110 °C for 18h), and the
constituent AA were purified by cation exchange
resin columns (Dowex AG-50W, Bio-Rad, Copenha-
gen, Denmark). The samples were then n-acetyl n-
propyl (NAP) derivatized through the addition of
200 uL. propyl acetate and 100 pL. BF;: Propanol
(14%), and the solvent was removed with flowing
N,. Fifty microliters of acetonitrile, 26 uL 1.4-di-
oxan, 38 uL triethylamine, and 24 pL acetic anhy-
dride were added to the samples. The solvent was
added to 50 uL. chloroform and 3 x 50 uL. 0.001 M
NaHCO; and the water was removed. The samples
were analyzed on the gas chromatography combus-
tion isotope ratio mass spectrometry analyzer (GC-
C-IRMS) (Delta™* XL, Thermo Finnigan, Bremen,
Germany) as described elsewhere (Holm et al., 2010).

FSR calculation

The myofibrillar and muscle collagen FSR were calcu-
lated from the '*C-leucine incorporation into muscle
protein using the standard precursor—product method:
FSR (OA)/ h) = AEproduct(Eprecursor X Atime) ! x 100%,
where AE,; o4 represents the change in protein-bound
tracer enrichment between two biopsies, Atime is the
time period between the two biopsies, and Eprecursor
represents the mean precursor pool enrichment in that
time period (Wolfe & Chinkes, 2005). A weighted mean
of the venous plasma '*C-KIC enrichments shown in
Table 2 was used as an estimate of the precursor pool
enrichment to calculate the myofibrillar and collagen
FSR. Venous plasma *C-KIC enrichment was chosen
as an acceptable alternative of the real intracellular
precursor pool (i.e., leucyl-transfer RNA) enrichment

Table 2. Venous ['3C]«-Ketoisocaproic acid enrichments

Timepoint 30 min 210 min 390 min
Group
CasPre (%) 13.33 £ 0.53 13.96 + 0.69 13.77 £ 0.82
CasPost (%) 12.48 +£0.63 13.55 +0.59* 14.01 + 0.72*
Whey (%) 1211 +£0.33 13.25 +0.30* 13.05 + 0.39%
Placebo (%) 13.29 £0.71 13.72 £ 0.71 13.77 £ 0.81

Mean (& SEM) venous plasma ['3C]a-ketoisocaproic acid ('3C-KIC)
tracer:tracee ratio (%) enrichments at 30, 210, 390min after the
resistance exercise bout. Data were analyzed with two-way ANOVA with
time being repeated measures. A significant effect of interaction
(P<0.05) was observed.

*Significant higher enrichments at 210 min compared with 30 min after
exercise.

#Significant higher enrichments at 390 min compared with 30 min after
exercise, (Student-Newman-Keuls post hoc test, P<0.01).

CasPre, caseinate intake 30 min before exercise; CasPost, caseinate
intake immediately after exercies.
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(Watt et al., 1991; Toffolo et al., 2003; Chow et al.,
2006).

Statistical analysis

All values are presented as means =+ standard error
of the mean (SEM). Statistical analyses for all
comparisons of subject characteristics and dietary
intakes between groups were performed using one-
way analysis of variance (ANOVA). Analyses of
differences in insulin concentrations, AA concentra-
tions, and KIC enrichments with time and between
groups were carried out using two-way ANOVA with
groups as unrepeated and time as repeated measures.
When the main effects were obtained, Student—
Newman—Keuls post hoc tests were performed to
determine the specific differences between groups
and time points. The areas under the insulin and
AA curves were analyzed using one-way ANOVA
and Student-Newman—Keuls post hoc tests. The
FSR values were compared among groups using
one-way ANOVA, with Student-Newman—Keuls
post hoc tests. The level of significance was set at
P <0.05, and analyses were performed using Sigma-
Plot 11.0 (Systat Software Inc., San Jose, California).

Results
Subject characteristics

Subject characteristics are presented in Table 1.
There were no differences in any of the variables
between groups.

Systemic insulin concentrations

Plasma insulin concentrations are shown in Fig. 2. A
significant effect of interaction (P<0.001) was ob-
served. The insulin concentrations were increased in
CasPost (15-30min) and Whey (15-90min) com-
pared with the basal level. The insulin concentrations
reached a peak of 57+11, 72+15 and
104 £ 8 pmol/L after exercise for CasPre, CasPost,
and Whey, respectively. In the control group, the
plasma insulin concentration did not change
throughout the study period, and the average insulin
concentration was 18 + 2 pmol/L.

The total insulin response [i.e. the area under the
curve (AUCQ)] in the time period 15-390 min after the
resistance exercise bout was significantly greater in
CasPost and Whey compared with Control
(P<0.01).

Systemic AA concentrations

Plasma concentrations for leucine; the sum of EAA,
except Phe, Thr, and Trp; and total AA (TAA),



except Asn, Asp, Cys, Phe, Thr, and Trp, are
reported in Fig. 3. For leucine, EAA, and TAA,
significant effects of interaction (P<0.001) were
observed. The plasma TAA concentrations were
increased in CasPre (15-150min), CasPost (30—
60 min), and Whey (30-60 min) compared with the
basal levels. The plasma EAA concentrations were
increased in CasPre (30 min), CasPost (30-270 min),
and Whey (30-60min) compared with the basal
levels. The plasma leucine concentrations were in-
creased during the entire post-exercise periods in
CasPre, CasPost, and Whey compared with the
basal levels. The leucine concentrations reached a
peak of 227 £ 11, 282 + 17, and 490 + 32 umol/L in
CasPre, CasPost, and Whey, respectively. In Con-
trol, the plasma leucine, EAA, and TAA concentra-
tions did not change throughout the study period
and the average leucine concentration was 152 £+
6 pmol/L.

The total leucine response expressed as the AUC in
the time period 15-390min after the resistance ex-
ercise bout was significantly higher in Whey com-
pared with all the other groups (P <0.05), higher in
CasPost compared with CasPre (P<0.05), and lower
in Control than in the other groups (P<0.01). The
EAA AUC (measured 15-390min after exercise)
was significantly lower in Control than in all the
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Fig. 2. Mean (+ SEM) plasma insulin concentrations
(pmol/L) before (time — 120) and after resistance exercise.
Data were analyzed using two-way ANOVA, with time
being the repeated measure. A significant effect of interac-
tion (P<0.001) was observed. #*CasPre and CasPost were
significantly higher compared with Control. CasPost was
significantly higher compared with Control. "Whey was
significantly higher compared with Control. “"Whey was
significantly higher compared with all the other groups. —
Significantly higher compared with basal in CasPost. - - -
Significantly higher compared with basal in Whey (Student—
Newman—Keuls post hoc test, P<0.05). CasPre, caseinate
intake 30min before exercise; CasPost, caseinate intake
immediately after exercise.
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Fig. 3. Mean (+ SEM) plasma leucine (a), essential amino
acids (EAA; b), and total amino acid (TAA; ¢) concentra-
tions (umol/L) before (time — 120) and after resistance
exercise. Data were analyzed using two-way ANOVA, with
time being the repeated measure. For leucine, EAA, and
TAA, a significant effect of interaction (P<0.001) was
observed. *CasPre was significantly higher compared with
all the other groups. *CasPre and CasPost were significantly
higher compared with Control. ?CaSPost was significantly
higher compared with CasPre. “CasPost was significantly
higher compared with Control. "Whey was significantly
higher compared with Control. *Whey was significantly
higher compared with all the other groups (Student-New-
man—Keuls post hoc test, P<0.05). CasPre, caseinate intake
30min before exercise; CasPost, caseinate intake immedi-
ately after exercise.

other groups (P<0.001). The TAA AUC (measured
15-390 min after exercise) was lower in Control than
in all the other groups (P<0.01).
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Venous plasma KIC enrichment

The mean venous plasma '*C-KIC enrichments are
shown in Table 2. A significant effect of interaction
(P<0.05) was observed. In the CasPost group, a
difference in enrichment was observed between 30
and 210min, and between 30 and 390min after
resistance exercise (P<0.01). In Whey, a difference
was found between 30 and 210 min, and between 30
and 390 min after resistance exercise (P <0.01). In the
CasPre and Control groups, the enrichment did not
change with time. Additionally, there were no differ-
ences between groups.

Myofibrillar and collagen protein synthesis

The myofibrillar and total muscle collagen FSR are
presented in Fig. 4. As a precursor, we used a mean of
each individual’s venous '*C-KIC enrichment deter-
mined at three time points throughout the incorpora-
tion period (Table 2). For the myofibrillar proteins, a
significant difference between groups was observed
overall (P <0.05). The myofibrillar FSR was higher in
CasPre (0.10 £ 0.007%/h) compared with
Control (0.07 4 0.006%/h) (P = 0.025). Furthermore,
the myofibrillar FSR tended to be higher in Cas
Post (0.09 £ 0.003%/h) compared with Control
(P=0.052), and in Whey (0.09 & 0.005%/h) com-
pared with Control (P =0.025). The four mean
FSR values were sorted in order, and no significant
difference was found between CasPost and Control.
As the difference of means was smaller in Whey
compared with Control than in CasPost compared
with Control, the difference between Whey and Con-
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trol was not considered significant due to the proce-
dural rule of the post hoc test, although P = 0.025. All
other post hoc test comparisons had P>0.5.

For the muscle collagen proteins, a strong ten-
dency toward a significant difference between groups
was observed (P =0.07). The muscle collagen FSR
were 0.06 £ 0.005%/h, 0.06 +0.006%/h, 0.06 £
0.006% /h, and 0.04 £ 0.002%/h in CasPre, CasPost,
Whey, and Control, respectively.

Discussion

The most novel findings in the present study were
that the consumption of whey and caseinate protein
after resistance exercise resulted in a similar stimula-
tion of both the myofibrillar and the collagen protein
synthesis rate during the initial 6-h recovery period in
elderly subjects. Moreover, there was no difference
between caseinate ingestion 30 min before and im-
mediately after exercise in either the myofibrillar or
the collagen protein synthesis rate. Furthermore, the
collagen synthesis rates tended to be higher after
protein ingestion compared with the control group.

The majority of studies comparing whey and
casein protein have found that whey is superior to
casein in stimulating whole-body protein synthesis in
young (Boirie et al., 1997; Dangin et al., 2001) as well
as elderly (Dangin et al., 2003) resting individuals. In
skeletal muscle, though, studies have shown that
whey may be superior to casein protein to stimulate
MPS over the very first hours in the recovery from a
resistance exercise bout (Tipton et al., 2004; Tang
et al., 2009; Reitelseder et al., 2011). However, it was
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Fig. 4. Distribution of the fractional synthetic rate (FSR; %/h) of myofibrillar (a) and muscle collagen (b) proteins during a
6-h recovery perlod 61 h after resistance exercise). As a precursor, we used a mean of each individual’s venous plasma
13C-KIC enrichment throughout the 1ncorporat10n period. To illustrate female and male values, different symbols are used,
® = females and O = males. Data were analyzed using a one-way ANOVA. For the myofibrillar proteins, a significant difference
between groups was observed overall (P<0.05). *Significantly higher myofibrillar FSR in CasPre compared with Control
(P<0.05). ®Tendency toward higher myofibrillar FSR in CasPost compared with Control (P = 0.052), and in Whey compared
with Control (P =0.025) (Student—Newman—Keuls post hoc test). The four mean FSR values were sorted in order, and no
significant difference was found between CasPost and Control. As the difference of means was smaller in Whey compared with
Control than in CasPost compared with Control, the difference between Whey and Control was not considered significant due to
the procedural rule of the post hoc test, although P =0.025. All other post hoc test comparisons had P>0.5. For the muscle
collagen proteins, a strong tendency toward a significant difference between groups was observed overall with the one-way
ANOVA (P =0.07). CasPre, caseinate intake 30 min before exercise; CasPost, caseinate intake immediately after exercise.
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shown recently that the slower absorption rate of
caseinate in the later acute recovery (3—6h after
exercise) continues to stimulate MPS while the
whey protein is fully absorbed and its effect is
markedly diminished (Reitelseder et al., 2011). More-
over, different types of casein protein may induce
slightly different anabolic responses, with the micel-
lar casein seemingly being less potent (Tang et al.,
2009) than caseinate, which was used in the present
as well as another study (Reitelseder et al., 2011).
The higher leucine and EAA concentrations
observed after ingestion of whey than of caseinate
(Fig. 3) are presumably caused by a faster digest-
ibility and perhaps also a higher leucine content in
whey compared with caseinate (11.8% vs 8.8%;
Table 3). Hence, as elderly individuals possibly
need a high leucine and EAA availability to max-
imize MPS (Paddon-Jones et al., 2004; Katsanos
et al., 2006; Rieu et al., 2006), it was surprising that
the MPS was not higher after ingestion of whey
compared with caseinate in the present study. The
explanation may be that the amount of protein
ingested (0.45g/kg LBM) even in the case of the
slow digestible caseinate supplement was sufficient to
allow a sufficient AA absorption from the gastric
region to maximally stimulate the MPS in the elderly
individuals (Cuthbertson et al., 2005). Thus, the
higher delivery of leucine to the muscles following
the ingestion of whey compared with caseinate prob-
ably resulted in excess amounts of leucine (AA in
general), which was presumably oxidized as the

Table 3. Amino acid distributions of Whey and caseinate protein

100g protein Whey Caseinate
Amino acid
Alanine (g) 4.66 2.84
Arginine (g) 2.65 3.31
Asparagine (g) 11.25 6.71
Cysteine (g) 2.65 0.35
Glutamine (g) 16.58 20.61
Glycine (g) 1.78 1.73
Histidine (g) 2.25 2.87
Isoleucine (g) 5.72 5.03
Leucine (g) 11.77 8.77
Lysine (g) 9.68 7.44
Methionine (g) 2.10 2.71
Phenylalanine (g) 3.54 4.80
Proline (g) 4.62 10.10
Serine (g) 478 573
Threonine (g) 5.05 3.97
Tryptophan (g) 2.04 1.16
Tyrosine (g) 3.59 5.38
Valine (g) 5.29 6.46
EAA (g) 50.09 46.53
Total (g) 100 100

Amino acid composition of the whey and caseinate protein. 0.45¢
protein/kg LBM was dissolved in ~ 300 mL water. Thereby, individua-
lized drinks with total content of 15.6-30.4 g protein, 7.8-14.6 g essential
amino acids (EAA), and 1.5-3.4 g leucine was ingested.
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muscle protein synthetic processes were fully loaded
and maximally activated. It could be speculated,
though, that if elderly individuals ingest smaller
amounts of protein, a beneficial effect of whey
compared with caseinate may be obtained.

The larger peak in circulating AA concentration
from the whey compared with the caseinate protein
intake presumably caused the higher insulin response
(Fig. 2), which has been observed previously in
young subjects (Dangin et al., 2001; Tipton et al.,
2004). However, insulin seems to have minimal effect
on MPS after resistance exercise and primarily blunts
the exercise-mediated acceleration of muscle protein
breakdown (Biolo et al., 1999; Miller et al., 2003;
Borsheim et al., 2004; Koopman et al., 2007). Thus,
with the indications of insulin resistance of basal
muscle protein metabolism in non-diabetic aging
persons in mind (Volpi et al., 2000; Rasmussen et
al., 2006; Wilkes et al., 2009), it seems unlikely that
the insulin response should have had any impact on
the elevations in myofibrillar and collagen protein
synthetic rates.

The present results indicate that it is of less
importance whether caseinate protein is ingested
30 min before or immediately after resistance exercise
(Fig. 4). This is in agreement with the study by
Tipton et al. (2007) providing whey protein immedi-
ately before and 1h after resistance exercise. Our
results indicate that caseinate ingestion 30 min before
exercise did induce a solid anabolic stimulus, which
persisted beyond the time point where the EAA
availability had returned to basal concentrations.
Hence, it is likely that some long-lasting anabolic
conditions can be achieved in the exercised muscles
when AAs are available in excess amounts close to
the exercise session. Additionally, it is possible that
the overall anabolic effect is more in CasPre com-
pared with CasPost, because the acute anabolic effect
of caseinate ingestion in CasPre may not be fully
included in the post-exercise FSR measurement. A
concomitant increase in the blood flow and plasma
AA concentration may have increased the delivery of
nutrients to the working muscles, which may have
prevented a decrease in Fujita et al. (2009) or actually
stimulated (Beelen et al., 2008) MPS during exercise
in the CasPre group. Owing to the relatively slow
skeletal muscle protein turnover, the energy require-
ment for MPS is largely negligible compared with the
massive energy requirements in contracting muscles.
On the other hand, there is reason to believe that the
muscle AA metabolism during heavy resistance ex-
ercise is mainly altered toward energy production
(i.e. AA transamination and oxidation) to support
muscle contraction rather than exercise-mediated
adaptations (Rennie et al., 2004; Kumar et al.,
2009). Hence, as long as the AA availability is
increased close to the exercise session, it most likely
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makes no difference in protein synthetic stimulation
whether protein is ingested before or after resistance
exercise.

We found that the muscle collagen FSR was
unaffected by the type and the timing of the protein
intake, but that protein feeding strongly tended to
increase the collagen FSR during the recovery period
compared with the control group (Fig. 4). The
present study is the first to demonstrate that a
significant increase in circulating AA favors muscle
collagen growth. It has been shown previously that
the increases in muscle collagen and myofibrillar
FSR follow an almost similar time course during
72h of recovery from a non-damaging strenuous
aerobic exercise bout (Miller et al., 2005) and
during the 8.5h following maximal shortening and
lengthening contractions (Moore et al., 2005) in fed,
young individuals. Additionally, recent studies have
reported that feeding does not increase the
muscle collagen synthesis rate either at rest (Mitten-
dorfer et al., 2005; Holm et al., 2010) or in combina-
tion with resistance exercise (Holm et al., 2010) in
young persons. The reason for these contrasting
findings could very likely be the differences in study
designs such as intermittent feeding (Holm et al.,
2010) vs bolus feeding in the present study.
This presumably led to different levels of AAs avail-
ability during the recovery period, resulting in differ-
ent stimulatory effects. It may be that a high
availability of AA is needed to obtain a favorable
effect of feeding on muscle connective tissue protein
synthesis following resistance exercise in elderly in-
dividuals.

In the present study, we wanted to make the study
outcome relevant for an elderly population in general
and, therefore, both men and women were included.
Although the different groups were equal with regard
to age, body composition, and strength, it was not
possible to obtain a completely similar distribution
of sex in each group. Although conflicting data exist
on whether sex has an impact on the basal MPS rate
(Balagopal et al., 1997; Smith et al., 2008), a study
with over 200 inclusions recently reported that the
basal mixed muscle FSR and whole-body protein
turnover rates are higher in women than in men,
irrespective of age (Henderson et al., 2009). In
contrast, elderly obese women have been shown to
respond less to feeding than elderly, obese men
(Smith et al., 2008). Therefore, the lack of difference
between men and women in the post-exercise and fed
state could be due to a smaller stimulation of protein
synthesis rate on top of a higher basal rate in the
women compared with males. This phenomenon
cannot be verified by the present study. However,
the net balance outcome will only be influenced if
also the responsiveness of the protein breakdown
rate is affected by sex, which has not been investi-

e380

gated. Longitudinal training intervention studies
though, have shown that elderly men respond better
to resistance training compared with elderly women
(Welle et al., 1995; Kosek et al., 2006). Therefore, it
could be hypothesized that the improvements in net
balance to exercise plus feeding in men are larger
than those in women, despite the similar levels of
synthesis rate as shown in Fig. 4.

To achieve and maintain an isotopic steady-state
enrichment in the free AA pools in blood and muscle
while AA from the ingested protein entered these
pools, the subjects had received a relatively high
amount (roughly 0.3-0.6 g) of leucine via a primed,
continuous infusion at the initiation of the measuring
period (30 min). However, as leucine is important for
improving MPS in elderly humans (Katsanos et al.,
2006; Rieu et al., 2006), we cannot exclude that the
high amount of leucine tracer may have stimulated
the protein synthetic machinery to some extent.
However, the amount of leucine given during the
primed, continuous infusion is equal among all
groups. Thus, a possible anabolic effect should in-
tuitively not have influenced the difference between
groups. On the other hand, if the maximally stimu-
lating level of leucine/EAA availability was achieved
by the protein intake in the protein-supplemented
groups, the leucine tracer could have biased the
results in favor of the Control group, which did not
seem to be the case.

The primed continuous tracer infusion was de-
signed to ensure an isotopic steady state within
90 min (before finishing the resistance exercise). As
the venous plasma '*C-KIC enrichment increased
significantly in CasPost and Whey during the FSR
measuring period, the alterations in muscle protein
metabolism caused by the protein ingestion may have
elongated the time course for enrichment equilibrium
between the intracellular compartments and blood
plasma. That is, the altered muscle protein metabo-
lism may have resulted in an inconsistency in the
intramuscular leucyl-tRNA:venous KIC enrichment
ratio during the measuring periods, which may have
ultimately affected the FSR calculations. However, it
should be emphasized that the magnitude of the
inconsistency in the intramuscular leucyl-tRNA:ve-
nous KIC enrichment ratio in the different groups is
difficult to assess, as the intracellular trafficking of
AA from different sources is unknown. Moreover, as
we aimed for an isotopic steady-state enrichment of
10% and achieved a mean venous plasma KIC
enrichment of 13%, the priming dose and the con-
tinuous infusion were too high. Thus, the labeled
proteins may have diluted the isotopic enrichment
obtained by the primed continuous infusion, which is
supported by the fairly lower initial venous plasma
KIC enrichments in the CasPost and Whey groups
(Table 2). In fact, the lower initial enrichments at



30 min may, to a large extent, be responsible for the
observed increases in the enrichments in CasPost and
Whey at 210 and 390 min.

In summary, the present study displays a similar
muscle protein synthetic response with caseinate and
whey protein ingestion following heavy resistance
exercise in elderly men and women. Contrary to
our hypothesis, whey was not superior to caseinate
in stimulating myofibrillar and collagen protein
synthesis. Importantly, the amounts of protein pro-
vided may have possibly induced a maximal
muscle protein synthetic response in the elderly
individuals, and, thus, the type of caseinate and
amount of protein ingested may explain the observed
similarity between whey and caseinate protein. In
addition, a similar muscle protein synthetic response
was observed when caseinate was ingested 30 min
before or immediately after resistance exercise.
Furthermore, the collagen synthesis rates tended to
be higher in the groups ingesting protein compared
with the control group.

Perspectives

Because the protein distribution in milk is ~80%
and 20% of casein and whey, respectively, it is

Milk proteins and resistance exercise

reasonable to recommend milk consumption before
and/or after each resistance exercise bout. Further-
more, both acute and longitudinal studies have
shown that milk ingestion is superior to soy protein
ingestion in enhancing muscle anabolism after resis-
tance exercise (Hartman et al., 2007; Wilkinson et al.,
2007). Obviously, it is of high importance to optimize
the anabolic response to resistance exercise in elderly
individuals. As elderly persons are considered to
prefer well-known nutrient products that are acces-
sible, inexpensive, and palatable, the recommenda-
tion of exercise-timed milk consumption appears to
be especially applicable to elderly individuals in-
volved in resistance training.

Key words: myofibrillar protein synthesis, collagen
protein synthesis, insulin, amino acids.

Acknowledgements

The included subjects are thanked for their participation.
Ann-Marie Sedstrom, Camilla Hansen, Ann-Christina Reim-
ann, Seren Solborg, Flemming Jessen, and Nina Pluszek are
thanked for technical assistance.

The study was funded by Danish Rheumatism Association.

References

Andersen LL, Tufekovic G, Zebis MK,
Crameri RM, Verlaan G, Kjaer M,
Suetta C, Magnusson P, Aagaard P.
The effect of resistance training
combined with timed ingestion of
protein on muscle fiber size and muscle
strength. Metabolism 2005: 54: 151—
156.

Balagopal P, Rooyackers OE, Adey DB,
Ades PA, Nair KS. Effects of aging on
in vivo synthesis of skeletal muscle
myosin heavy-chain and sarcoplasmic
protein in humans. Am J Physiol 1997:
273: E790-E800.

Beelen M, Koopman R, Gijsen AP,
Vandereyt H, Kies AK, Kuipers H,
Saris WH, van Loon LJ. Protein
coingestion stimulates muscle protein
synthesis during resistance-type
exercise. Am J Physiol Endocrinol
Metab 2008: 295: E70-E77.

Bergstrom J. Muscle electrolytes in man.
Clin Lab Invest 1962: 14: 1-110.

Biolo G, Tipton KD, Klein S, Wolfe RR.
An abundant supply of amino acids
enhances the metabolic effect of
exercise on muscle protein. Am J
Physiol 1997: 273: E122-E129.

Biolo G, Williams BD, Fleming RY,
Wolfe RR. Insulin action on muscle
protein kinetics and amino acid
transport during recovery after

resistance exercise. Diabetes 1999: 48:
949-957.

Boirie Y, Dangin M, Gachon P, Vasson
MP, Maubois JL, Beaufrere B. Slow
and fast dietary proteins differently
modulate postprandial protein
accretion. Proc Natl Acad Sci USA
1997: 94: 14930-14935.

Borsheim E, Cree MG, Tipton KD,
Elliott TA, Aarsland A, Wolfe RR.
Effect of carbohydrate intake
on net muscle protein synthesis
during recovery from resistance
exercise. J Appl Physiol 2004:

96: 674-678.

Calbet JA, Holst JJ. Gastric emptying,
gastric secretion and enterogastrone
response after administration of milk
proteins or their peptide hydrolysates
in humans. Eur J Nutr 2004: 43: 127—
139.

Campbell WW, Johnson CA, McCabe
GP, Carnell NS. Dietary protein
requirements of younger and older
adults. Am J Clin Nutr 2008: 88: 1322—
1329.

Chow LS, Albright RC, Bigelow ML,
Toffolo G, Cobelli C, Nair KS.
Mechanism of insulin’s anabolic effect
on muscle: measurements of muscle
protein synthesis and breakdown using
aminoacyl-tRNA and other surrogate

measures. Am J Physiol Endocrinol
Metab 2006: 291: E729-E736.

Cunningham JJ. A reanalysis of the
factors influencing basal metabolic rate
in normal adults. Am J Clin Nutr 1980:
33: 2372-2374.

Cuthbertson D, Smith K, Babraj J, Leese
G, Waddell T, Atherton P,
Wackerhage H, Taylor PM, Rennie
MJ. Anabolic signaling deficits underlie
amino acid resistance of wasting, aging
muscle. FASEB J 2005: 19: 422-424.

Dangin M, Boirie Y, Garcia-Rodenas C,
Gachon P, Fauquant J, Callier P,
Ballevre O, Beaufrere B. The digestion
rate of protein is an independent
regulating factor of postprandial
protein retention. Am J Physiol
Endocrinol Metab 2001: 280: E340—
E348.

Dangin M, Guillet C, Garcia-Rodenas C,
Gachon P, Bouteloup-Demange C,
Reiffers-Magnani K, Fauquant J,
Ballevre O, Beaufrere B. The rate of
protein digestion affects protein gain
differently during aging in humans. J
Physiol 2003: 549: 635-644.

Dreyer HC, Drummond MJ, Pennings B,
Fujita S, Glynn EL, Chinkes DL,
Dhanani S, Volpi E, Rasmussen BB.
Leucine-enriched essential amino acid
and carbohydrate ingestion following

e381



Dideriksen et al.

resistance exercise enhances mTOR
signaling and protein synthesis in
human muscle. Am J Physiol
Endocrinol Metab 2008: 294: E392—
E400.

Esmarck B, Andersen JL, Olsen S,
Richter EA, Mizuno M, Kjaer M.
Timing of postexercise protein intake is
important for muscle hypertrophy with
resistance training in elderly humans. J
Physiol 2001: 535: 301-311.

Evans WJ, Phinney SD, Young VR.
Suction applied to a muscle biopsy
maximizes sample size. Med Sci Sports
Exerc 1982: 14: 101-102.

Fujita S, Dreyer HC, Drummond MJ,
Glynn EL, Volpi E, Rasmussen BB.
Essential amino acid and carbohydrate
ingestion before resistance exercise
does not enhance postexercise muscle
protein synthesis. J Appl Physiol 2009:
106: 1730-1739.

Hartman JW, Tang JE, Wilkinson SB,
Tarnopolsky MA, Lawrence RL,
Fullerton AV, Phillips SM.
Consumption of fat-free fluid milk
after resistance exercise promotes
greater lean mass accretion than does
consumption of soy or carbohydrate in
young, novice, male weightlifters. Am J
Clin Nutr 2007: 86: 373-381.

Heinrikson RL, Meredith SC. Amino
acid analysis by reverse-phase high-
performance liquid chromatography:
precolumn derivatization with
phenylisothiocyanate. Anal Biochem
1984: 136: 65-74.

Henderson GC, Dhatariya K, Ford GC,
Klaus KA, Basu R, Rizza RA, Jensen
MD, Khosla S, O’Brien P, Nair KS.
Higher muscle protein synthesis in
women than men across the lifespan,
and failure of androgen administration
to amend age-related decrements.
FASEB J 2009: 23: 631-641.

Holm L, Esmarck B, Mizuno M, Hansen
H, Suetta C, Holmich P, Krogsgaard
M, Kjaer M. The effect of protein and
carbohydrate supplementation on
strength training outcome of
rehabilitation in ACL patients. J
Orthop Res 2006: 24: 2114-2123.

Holm L, van Hall G, Rose AJ, Miller BF,
Doessing S, Richter EA, Kjaer M.
Contraction intensity and feeding affect
collagen and myofibrillar protein
synthesis rates differently in human
skeletal muscle. Am J Physiol
Endocrinol Metab 2010: 298: E257-
E269.

Janssen I, Shepard DS, Katzmarzyk PT,
Roubenoff R. The healthcare costs of
sarcopenia in the United States. J] Am
Geriatr Soc 2004: 52: 80-85.

Katsanos CS, Kobayashi H, Sheffield-
Moore M, Aarsland A, Wolfe RR. A
high proportion of leucine is required
for optimal stimulation of the rate of

8382

muscle protein synthesis by essential
amino acids in the elderly. Am J
Physiol Endocrinol Metab 2006: 291:
E381-E387.

Koopman R, Beelen M, Stellingwerft T,
Pennings B, Saris WH, Kies AK,
Kuipers H, van Loon LJ. Coingestion
of carbohydrate with protein does
not further augment postexercise
muscle protein synthesis. Am
J Physiol Endocrinol Metab 2007: 293:
E833-E842.

Kosek DJ, Kim IS, Petrella JK, Cross
JM, Bamman MM. Efficacy of 3 days/
wk resistance training on myofiber
hypertrophy and myogenic
mechanisms in young vs. older adults. J
Appl Physiol 2006: 101: 531-544.

Kumar V, Atherton P, Smith K, Rennie
MJ. Human muscle protein synthesis
and breakdown during and after
exercise. J Appl Physiol 2009: 106:
2026-2039.

Miller BF, Olesen JL, Hansen M, Dossing
S, Crameri RM, Welling RJ, Langberg
H, Flyvbjerg A, Kjaer M, Babraj JA,
Smith K, Rennie MJ. Coordinated
collagen and muscle protein synthesis
in human patella tendon and
quadriceps muscle after exercise. J
Physiol 2005: 567: 1021-1033.

Miller SL, Tipton KD, Chinkes DL, Wolf
SE, Wolfe RR. Independent and
combined effects of amino acids
and glucose after resistance exercise.
Med Sci Sports Exerc 2003: 35:
449-455.

Mittendorfer B, Andersen JL, Plomgaard
P, Saltin B, Babraj JA, Smith K,
Rennie MJ. Protein synthesis rates in
human muscles: neither anatomical
location nor fibre-type composition are
major determinants. J Physiol 2005:
563: 203-211.

Moore DR, Phillips SM, Babraj JA,
Smith K, Rennie MJ. Myofibrillar
and collagen protein synthesis in
human skeletal muscle in young men
after maximal shortening and
lengthening contractions. Am J Physiol
Endocrinol Metab 2005: 288: E1153—
E1159.

Paddon-Jones D, Sheffield-Moore M,
Zhang XJ, Volpi E, Wolf SE, Aarsland
A, Ferrando AA, Wolfe RR. Amino
acid ingestion improves muscle protein
synthesis in the young and elderly. Am
J Physiol Endocrinol Metab 2004: 286:
E321-E328.

Prior BM, Cureton KJ, Modlesky CM,
Evans EM, Sloniger MA, Saunders M,
Lewis RD. In vivo validation of whole
body composition estimates from dual-
energy X-ray absorptiometry. J Appl
Physiol 1997: 83: 623-630.

Rasmussen BB, Fujita S, Wolfe RR,
Mittendorfer B, Roy M, Rowe VL,
Volpi E. Insulin resistance of muscle

protein metabolism in aging. FASEB J
2006: 20: 768-769.

Reitelseder S, Agergaard J, Doessing S,

Helmark IC, Lund P, Kristensen NB,
Frystyk J, Flyvbjerg A, Schjerling P,
van Hall G, Kjaer M, Holm L. Whey
and casein labeled with L-[1-"*C]leucine
and muscle protein synthesis: effect of
resistance exercise and protein
ingestion. Am J Physiol Endocrinol
Metab 2011: 300: E231-E242.

Rennie MJ, Wackerhage H, Spangenburg

EE, Booth FW. Control of the size of
the human muscle mass. Annu Rev
Physiol 2004: 66: 799-828.

Rieu I, Balage M, Sornet C, Giraudet C,

Pujos E, Grizard J, Mosoni L,
Dardevet D. Leucine supplementation
improves muscle protein synthesis in
elderly men independently of
hyperaminoacidaemia. J Physiol 2006:
575: 305-315.

Smith GI, Atherton P, Villareal DT,

Frimel TN, Rankin D, Rennie MJ,
Mittendorfer B. Differences in muscle
protein synthesis and anabolic
signaling in the postabsorptive state
and in response to food in 65-80 year
old men and women. PLoS One 2008:
3: el875.

Tang JE, Moore DR, Kujbida GW,

Tarnopolsky MA, Phillips SM.
Ingestion of whey hydrolysate, casein,
or soy protein isolate: effects on mixed
muscle protein synthesis at rest and
following resistance exercise in young
men. J Appl Physiol 2009: 107: 987—
992.

Tipton KD, Elliott TA, Cree MG,

Aarsland AA, Sanford AP, Wolfe RR.
Stimulation of net muscle protein
synthesis by whey protein ingestion
before and after exercise. Am J Physiol
Endocrinol Metab 2007: 292: E71-E76.

Tipton KD, Elliott TA, Cree MG, Wolf

SE, Sanford AP, Wolfe RR. Ingestion
of casein and whey proteins result in
muscle anabolism after resistance
exercise. Med Sci Sports Exerc 2004:
36: 2073-2081.

Tipton KD, Rasmussen BB, Miller SL,

Wolf SE, Owens-Stovall SK, Petrini
BE, Wolfe RR. Timing of amino acid-
carbohydrate ingestion alters anabolic
response of muscle to resistance
exercise. Am J Physiol Endocrinol
Metab 2001: 281: E197-E206.

Toffolo G, Albright R, Joyner M, Dietz

N, Cobelli C, Nair KS. Model to assess
muscle protein turnover: domain of
validity using amino acyl-tRNA vs.
surrogate measures of precursor pool.
Am J Physiol Endocrinol Metab 2003:
285: E1142-E1149.

Volpi E, Mittendorfer B, Rasmussen BB,

Wolfe RR. The response of muscle
protein anabolism to combined
hyperaminoacidemia and glucose-



Milk proteins and resistance exercise

induced hyperinsulinemia is impaired Wilkes EA, Selby AL, Atherton PJ, Patel protein beverage. Am J Clin Nutr 2007:
in the elderly. J Clin Endocrinol Metab R, Rankin D, Smith K, Rennie MJ. 85: 1031-1040.
2000: 85: 4481-4490. Blunting of insulin inhibition of Williams JE, Wells JC, Wilson CM,
Watt PW, Lindsay Y, Scrimgeour CM, proteolysis in legs of older subjects Haroun D, Lucas A, Fewtrell MS.
Chien PA, Gibson JN, Taylor DJ, may contribute to age-related Evaluation of Lunar Prodigy dual-
Rennie MJ. Isolation of aminoacyl- sarcopenia. Am J Clin Nutr 2009: 90: energy X-ray absorptiometry for
tRNA and its labeling with stable- 1343-1350. assessing body composition in healthy
isotope tracers: use in studies of human  Wilkinson SB, Tarnopolsky MA, persons and patients by comparison
tissue protein synthesis. Proc Natl Macdonald MJ, Macdonald JR, with the criterion 4-component model.
Acad Sci USA 1991: 88: 5892-5896. Armstrong D, Phillips SM. Am J Clin Nutr 2006: 83: 1047-1054.
Welle S, Thornton C, Statt M. Consumption of fluid skim milk Wolfe RR, Chinkes DL. Isotope tracers
Myofibrillar protein synthesis in young promotes greater muscle protein in metabolic research: principles and
and old human subjects after three accretion after resistance exercise practise of kinetic analysis, 2nd
months of resistance training. Am J than does consumption of an edn. New York: John Wiley & Sons
Physiol 1995: 268: E422-E427. isonitrogenous and isoenergetic soy- Inc, 2005.

8383



