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Scope: One strategy to manage malnutrition in older patients is to increase protein and energy
intake. Here, we evaluate the influence of protein quality during refeeding on improvement in
muscle protein and energy metabolism.
Methods and results: Twenty-month-old male rats (n = 40) were fed 50% of their spontaneous
intake for 12 weeks to induce malnutrition, then refed ad libitum with a standard diet enriched
with casein or soluble milk proteins (22%) for 4 weeks. A 13C-valine was infused to measure
muscle protein synthesis and expression of MuRF1, and MAFbx was measured to evaluate
muscle proteolysis. mTOR pathway activation and mitochondrial function were assessed in
muscle. Malnutrition was associated with a decrease in body weight, fat mass, and lean mass,
particularly muscle mass. Malnutrition decreased muscle mTOR pathway activation and protein
FSR associated with increased MuRF1 mRNA levels, and decreased mitochondrial function.
The refeeding period partially restored fat mass and lean mass. Unlike the casein diet, the
soluble milk protein diet improved muscle protein metabolism and mitochondrial function in
old malnourished rats.
Conclusions: These results suggest that providing better-quality proteins during refeeding may
improve efficacy of renutrition in malnourished older patients.
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1 Introduction

The chronic diseases and the physiological and psychosocial
changes that occur in aging put older adults at higher nutri-
tional risk, both during health service admissions and while in
the community [1, 2]. The malnutrition arises from a combi-
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nation of factors, including poor diet, social isolation, poverty,
physical, and psychological illness, and in some cases mal-
absorption syndrome [3]. Sullivan et al. [4] showed a strong
relationship between severity of protein-energy malnutrition
and 1-y mortality risk. Malnutrition can worsen intrinsic age-
related changes. Compared to middle-aged patients, weight
loss in the elderly involves a preferential decrease in lean body
mass and body cell mass [5] that is implicated in clinical out-
comes of malnutrition. Furthermore, an experimental study
found that old rats exhibited deficient defective adaptation to
long-term 50% dietary restriction initiated at an advanced age,
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resulting in dramatic body weight loss and deregulation of
protein metabolism in terms of nitrogen balance and protein
content, especially at skeletal muscle level [6]. Muscle is there-
fore one the prime targets of malnutrition [7]. The mecha-
nisms underpinning muscle depletion in malnourished older
subjects are not fully understood but almost certainly involve
anomalies in tissue protein and energy metabolism. It was re-
cently proposed [8] that the basis for the inhibition of protein
synthesis under such conditions is likely to be multifactorial
and includes lack of amino acids (AA), insulin/insulin-like
growth factor 1 resistance, proinflammatory cytokine expres-
sion, corticosteroids, and/or physical inactivity. In summary,
malnutrition increases the risk of morbidity and mortality in
older people, particularly due to accelerated muscle loss, but
refeeding appears to have less effectiveness at this age of life.

It was previously reported that older malnourished out-
patients show lower response, i.e. increase in body weight
and blood nutritional markers, to enteral nutrition compared
to younger patients [9]. Resistance to renutrition is multi-
factorial but seems mainly due to the significant increase
in AA catabolism within the splanchnic area that occurs in
the elderly [10, 11] and in aged rats [12]. The high splanch-
nic extraction of AA during aging might explain the higher
intestinal response to refeeding, particularly the increase in
enterocyte proliferation, and the subsequent lower plasma
AA concentrations observed in old refed rats compared to
younger rats [13–16]. Consequently, although intestine struc-
ture is restored, the lower availability of nutrients for periph-
eral tissues may contribute to the poor anabolic responses
during refeeding, i.e. lack of increase in muscle mass and
protein content, in old malnourished rats [16]. However, sup-
plying a very high, i.e. 27%, protein diet to malnourished old
rats saturated AA utilization in visceral tissues and thus en-
abled a replenishment of the plasma pool of AA. A very-high-
protein diet could thereby allow higher AA impregnation of
peripheral tissues and thus improve muscle mass in old ani-
mals [16]. Malnourished elderly people may therefore require
higher amounts of protein during refeeding, possibly due to
increased protein utilization by splanchnic tissues.

Not only quantity but also quality of protein intake is an
important factor to be considered. Milk protein fractions have
been used as a therapeutic modality to conserve muscle mass
in chronic wasting diseases and malnutrition. The two ma-
jor bovine milk protein fractions, i.e. soluble milk proteins
and caseins, have quite different patterns of digestion. Sol-
uble milk proteins remain in a liquid form in the stomach,
and thus strongly increase AA availability as they are rapidly
absorbed through the gut, whereas with slow proteins like
caseins that clot at low pH in the stomach, the increase in
AA availability is lower. The resulting magnitude and du-
ration of changes in AA availability determine the anabolic
effects of the protein. Only faster digesting proteins (and
not the slow proteins) were able to promote whole-body an-
abolism in elderly subjects. As we recently showed in a dose–
response study [17,18], fast proteins can overcome splanchnic
tissue extraction whereas slow proteins are unable to escape it.

Soluble milk proteins are rich in branched-chain amino acids
(BCAA), including leucine (LEU), isoleucine (ILE), and valine
(VAL). The use of soluble milk proteins was found to increase
plasma BCAA concentrations, suggesting a better availability
of LEU for peripheral tissues leading to a greater net LEU
balance in the postprandial state than when casein was used.
As excess LEU has been demonstrated to overcome the age-
related resistance to muscle protein synthesis [19], nutritional
manipulation to increase LEU availability could be beneficial
in maintaining the postprandial stimulation of protein syn-
thesis during malnutrition in older patients.

Consequently, improving protein quality by combining
digestion rate and LEU content may be a more attractive op-
tion than simply increasing the quantity of protein intake
or the quantity of free LEU to improve protein retention in
older patients suffering from protein-energy malnutrition.
We thus investigated whether malnutrition-induced alter-
ations, in terms of muscle protein and energy metabolism,
were reversible in old rats receiving renutrition via a casein- or
soluble milk protein-enriched diet. More precisely, we mea-
sured the rate of protein synthesis and the expression of two
E3 ligases in skeletal muscle, as these two enzymes are of-
ten associated with an activation of the atrophy process in
skeletal muscle [20]. As mitochondria play a pivotal role in
aerobic ATP production, particularly in muscle cells, we also
measured mitochondrial enzyme activities. We hypothesized
that the efficacy of protein intake during refeeding is influ-
enced by protein quality, and that soluble milk protein would
induce a better response to renutrition than casein in old
malnourished rats.

2 Methods

2.1 Animals and experimental design

All rats and experimental procedures were used in accor-
dance with Clermont-Ferrand University (France) IRB guide-
lines, and this animal study was approved by the local ethics
committee (permission number C2EA-02). Forty old male
Wistar rats were purchased from Janvier (Le Genest-St-Isle,
France). All rats were the same age at the end of the study,
i.e. 23 months old at the end of the dietary restriction pe-
riod and 24 months old at the end of the refeeding period.
All rats were from the same batch and bred under the same
conditions throughout their lives. The rats were housed in in-
dividual cages under a 12h/12h light/dark cycle (lights on at
8:00 a.m.) at 22�C. Spontaneous intakes of a control diet were
calculated in week two of the acclimatization period (Table 1).
Old rats consumed 22.6 g food/day.

2.1.1 Dietary restriction

Thirty old rats were fed 50% (11.3 g/day) of their spontaneous
intake for 12 weeks.
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Table 1. Diet composition and amino acid content

Control CAS PRO

Diet composition (g/100g)
Protein

Casein 14 22 0
Soluble milk proteins 0 0 22

Fat 4 6 6
Starch 46 46 46
Sucrose 28 18 18
Cellulose 4 4 4
Vitamin and mineral mix 4 4 4
Total energy (kcal/100g) 404 414 414
Amino acid content (g/100g protein)
Isoleucine 4.92 4.92 5.63
Leucine 8.33 8.33 10.4
Methionine 3.21 3.21 2.12
Phenylalanine 4.86 4.86 3.33
Tyrosine 5.03 5.03 2.78
Valine 6.82 6.82 6.07
Lysine 7.39 7.39 8.32
Cysteine 0.41 0.41 2.60
Threonine 3.67 3.67 6.70
Tryptophan 1.07 1.07 1.55
Arginine 3.50 3.50 2.67
Histidine 2.77 2.77 1.82
Alanine 2.84 2.84 4.95
Aspartic acid 6.44 6.44 10.4
Glutamic acid 21.7 21.7 17.1
Glycine 1.74 1.74 2.05
Proline 10.2 10.2 6.20
Serine 5.02 5.02 5.25
Essential amino acids 48.4 48.4 51.3

2.1.2 Refeeding

At the end of the dietary restriction period, the old rats were
randomized into three groups. One group was sacrificed (diet-
restricted rats) and the other two rat groups were refed for
4 weeks with a diet containing either 22% casein (CAS diet)
or 22% soluble milk proteins, i.e. PROLACTA R© (PRO diet)
(Table 1). The protein we used, i.e. PRO, is a soluble milk pro-
tein directly extracted from milk. Unlike whey protein, this
constant composition protein is manufactured via a mem-
brane process carried out at low temperature (no protein de-
naturation, preserved biological activities).

2.1.3 Control rats

Ten old rats were fed the control diet ad libitum during the
3-month dietary restriction period, and were then sacrificed.

On the day of sacrifice, rats were weighed and killed by de-
capitation under anesthesia. Liver, heart, and hindlimb skele-
tal muscles were weighed, immediately frozen in liquid nitro-
gen, and stored at –80�C for later measurements. The plantaris
muscle was chosen for most muscle analysis as it is a pref-
erentially type-2 muscle, whose metabolism and contractile
functions are changed during aging and undernutrition.

2.2 Whole body composition analysis

At the beginning and end of each dietary period, rats were
placed in an EchoMRI-100 analyzer (Echo Medical Systems
LLC, Houston, TX) to determine fat and lean body mass (g).

2.3 Dosage of blood insulin

Fasting plasma insulin concentration was measured by
ELISA (MyBioSource, San Diego, CA).

2.4 Protein synthesis measurement

To study muscle protein synthesis, we measured rate of in-
corporation of a stable isotope, i.e. a labeled AA (L-[1-13C]
valine, Eurisotop Saint-Aubin, France) into muscle proteins
using the flooding dose method. After an overnight fast, rats
were injected subcutaneously with a large dose of L-[1-13C]
valine (50% mol excess, 300 �M/100 g) to flood the precur-
sor pool of protein synthesis. Tracer incorporation time was
50 min in all groups. A 200-mg piece of plantaris was used
to isolate mixed, mitochondrial, myofibrillar, and sarcoplas-
mic proteins as previously described [21,22]. In these studies,
the purity of the mitochondrial fraction was determined by
measuring percent oligomycin-insensitive ATPase activity as
a ratio of total activity, i.e. a measure of contamination with
nonmitochondrial membrane structures. Oligomycin inhib-
ited total muscle ATPase activity by more than 90% in the mi-
tochondria isolated from muscle, indicating only minor con-
tamination of the mitochondrial pellet by nonmitochondrial
fractions. After protein hydrolysis, AA were derivatized, and
L[13-C]valine enrichment in hydrolyzed proteins was mea-
sured by gas chromatography-combustion-isotope ratio mass
spectrometry (Gas System; Fisons Instruments, VG Isotech,
Middlewich, UK). L[1-13C]valine enrichments in tissue fluid
were assessed using gas chromatography-mass spectrome-
try (Hewlett-Packard 5971A; Hewlett-Packard Co., Palo Alto,
CA) and used as precursor pool enrichment to calculate the
fractional synthesis rates (FSR).

FSR of proteins were calculated using the following
equation:

FSR = (Ei × 100) / (Ep × t)

where Ei is enrichment as atom percent excess of L-[1-
13C]valine derived from valine from proteins at time t (minus
basal enrichment), Ep is mean enrichment in the precursor
pool (tissue fluid L-[1-13C]valine), and t is incorporation time
in hours. Data are expressed as % of control group value or
% of diet-restricted group value.

C© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



Mol. Nutr. Food Res. 61, 11, 2017, 1700287 (4 of 13) 1700287

2.5 Western blot analysis

Fifty milligrams of frozen plantaris was minced and
homogenized in an ice-cold buffer (50 mM HEPES pH
7.4, 150 mM NaCl, 10 mM EDTA, 10 mM NaPPi, 25 mM
b-glycerophosphate, 100 mM sodium fluoride, 2 mM Na or-
thovanadate, 10% glycerol, 1% Triton X-100) containing 1%
protease inhibitor cocktail (Sigma-Aldrich, Saint-Quentin-
Fallavier, France). Homogenates were centrifuged at 12 000
g for 10 min at 4�C. Fifty micrograms of denaturated
proteins was separated by SDS-PAGE on a polyacrylamide
gel and transferred to a polyvinylidene membrane (Millipore,
France). Immunoblots were blocked with TBS-Tween-20
0.1% containing 5% dry milk, and then probed with primary
antibodies: anti-phospho eIF2� (Ser51), anti-total eIF2�, anti-
phospho p70 S6 Kinase (Thr389), anti-total p70 S6 Kinase,
anti-phospho 4EBP1 (Ser65), and anti-total 4EBP1 (Cell Sig-
naling Technology, from Ozyme, Saint-Quentin-en-Yvelines,
France). After several washes with TBS plus 0.1% Tween-20,
immunoblots were incubated with a horseradish peroxidase-
conjugated secondary antibody (DAKO, Trappes, France).
Luminescent visualization of secondary antibodies was done
using ECL Western Blotting Substrate (Pierce, Thermo Fisher
Scientific, Courtaboeuf, France) and an MF-ChemiBIS 2.0
imaging system (F.S.V.T., Courbevoie, France). Band densi-
ties were quantified using MultiGauge 3.2 software (Fujifilm
Corporation). Phosphorylation states were evaluated based
on ratio of phosphorylated protein-to-total protein expression.

2.6 RNA and DNA analysis

Total RNA was extracted from 50 mg of frozen plantaris us-
ing Tri-Reagent according to the manufacturer’s instructions
(Euromedex, Mundolsheim, France). RNA was quantified by
measuring optical density at 260 nm. Concentrations of mR-
NAs corresponding to genes of interest were measured by
reverse transcription followed by PCR using a Rotor-Gene
Q system (Qiagen, Courtaboeuf, France). Five micrograms
of total RNA was reverse-transcribed using SuperScript III
reverse transcriptase and a combination of random hexamer
and oligo dT primers (Invitrogen, Life Technologies, Saint-
Aubin, France). cDNAs were diluted 1:60 before PCR analy-
sis. PCR amplification was performed in a 10 �L total reaction
volume. The PCR mixture contained 2.5 �L diluted cDNA
template, 5 �L 2 × Rotor-Gene SYBR Green PCR master
mix (Qiagen, Courtaboeuf, France), and 0.5 �M forward and
reverse primers. The amplification profile was initiated by a
5-min incubation at 95�C to activate HotStarTaq Plus DNA
Polymerase, followed by 40 cycles of two steps: 95�C for 5 s
(denaturation step) and 60�C for 10 s (annealing/extension
step). Relative mRNA concentrations were analyzed using
Rotor-Gene software. Sevenfold serial dilutions from a mix
of all undiluted cDNA were used for each target gene to con-
struct linear standard curves from which the concentrations
of the test sample were calculated. Table 2 lists the primers

used for quantitative real-time PCR amplification. Involve-
ment of the ubiquitin-proteasome pathway in the loss of skele-
tal muscle mass in undernourished old rats was assessed by
measuring MAFbx and MuRF1 gene expression in plantaris
muscle. mRNA levels were normalized to a geometric mean
of beta-actin, Polr2a, and CypA mRNA expression values [23].

Nuclear/mitochondrial DNA was isolated using Tri-
Reagent followed by back-extraction with 4 M guanidine thio-
cyanate, 50 mM sodium citrate, and 1 M Tris, and an alcohol
precipitation step. Mitochondrial DNA (mtDNA) content was
determined by quantitative real-time PCR analysis using a
Rotor-Gene Q system (Qiagen, Courtaboeuf, France). To this
end, the levels of NADH dehydrogenase subunit 1 (ND1)
(mitochondrial DNA) were normalized to the levels of beta-
actin (genomic DNA). The primer sequences are reported in
Table 2.

2.7 Mitochondrial enzymatic assays

Fifty micrograms of frozen plantaris was homogenized with a
glass–glass Potter in nine volumes of homogenization buffer
(225 mM mannitol, 75 mM sucrose, 10 mM Tris-HCl, 10 m
EDTA, pH 7.2) and spun down at 650 g for 20 min at 4�C.
The supernatant was kept and the pellet was suspended in
nine volumes of homogenization buffer then submitted to the
same procedure. Both supernatants were pooled and used for
the assays [24–26].

2.7.1 Complex II activity

The assay was performed by following the decrease in ab-
sorbance at 600 nm resulting from the reduction of 2,6-
dichlorophenolindo-phenol (DCPIP) in 1 mL of medium con-
taining 50 mM KH2PO4 (pH 7.5), 1 mM KCN, 2 �g/mL
rotenone, 20 mM succinate, 100 �M ATP, 100 �M DCPIP,
and 40 �g muscle supernatant proteins at 37�C. The reac-
tion was initiated by adding 100 �M decylubiquinone. The
absorbance change was monitored for 5 min. Complex II
activities were expressed in nmol/min/mg proteins.

2.7.2 Citrate synthase activity

Citrate synthase activity was measured by following, at 412
nm, the chemical reduction of 5,5-dithiobis(2-nitrobenzoic
acid) (DTNB) by CoASH, which is generated in the citrate
synthesis reaction. The reaction mixture contained 200 mM
Tris-HCl (pH 8.0), 300 �M acetyl-CoA, 150 �M DTNB, and
20 �g of muscle supernatant proteins at 37�C. The reaction
was initiated by adding 500 �M oxaloacetate. The absorbance
change was monitored for 3 min. Citrate synthase activities
were expressed in nmol/min/mg proteins.
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Table 2. Primer sequences for the quantitative analysis of gene expression and mtDNA content

Gene name Forward and reverse primers

MAFbx For 5’- AGTGAAGACCGGCTACTGTGGAA-3’
(Muscle atrophy F-Box) Rev 5’- TTGCAAAGCTGCAGGGTGAC-3’
MuRF1 For 5’-GTGAAGTTGCCCCCTTACAA-3’
(Muscle RING Finger-1) Rev 5’-TGGAGATGCAATTGCTCAGT-3’
SDHB For 5’-ATCGAGGACCGGGAGAAG-3’
(Succinate dehydrogenase complex, subunit B) Rev 5’- TTGTCTCCGTTCCACCAGTA-3’
Beta-actin For 5’- TCTGTGTGGATTGGTGGCTCTA-3’

Rev 5’-CTGCTTGCTGATCCACATCTG-3’
Beta-actin (nuclear DNA) For 5’-GGGATGTTTGCTCCAACCAA-3’

Rev 5’-GCGCTTTTGACTCAAGGATTTAA-3’

Table 3. Characteristics of 23-month-old control and diet-restric-
ted rats

Control Restricted

Body composition (g)
Initial body weight 576 ± 16 577 ± 29
Final body weight 624 ± 24 375 ± 13a)

Final fat mass 145 ± 16 7 ± 5a)

Final lean mass 451 ± 12 341 ± 12a)

Tissue mass (g)
Hindlimb skeletal muscle 12.28 ± 0.79 10.10 ± 0.52a)

Liver 13.94 ± 0.55 7.52 ± 0.18a)

Heart 1.60 ± 0.09 1.28 ± 0.06a)

Data are expressed as means ± SEM (n = 10).
a) Statistically different from control old rats at p < 0.05.

2.8 Statistical analysis

All data are presented as means ± SEM. An unpaired Stu-
dent’s t-test was performed to test the effect of malnutrition,
and one-way ANOVA was used to discriminate the effects
of refeeding diets. When the ANOVA indicated significant
differences, a post-hoc Dunnett’s test was used to identify
differences between individual means. Statistical analysis
was performed using StatView (version 4.02; Abacus Con-
cepts, Berkeley, CA). Values of p < 0.05 were considered
significant.

3 Results

3.1 Mortality and characterization of body

composition and muscle metabolism in old

undernourished rats

There was no difference in mortality observed between con-
trol rats and diet-restricted rats during the 3-month dietary
restriction period (9% for both groups). At the beginning of
the study, there was no significant between-group difference
in initial body weight (Table 3). After 3 months of experimen-
tation, undernourished rats had lost 35% of their initial body
weight (Table 3, p < 0.05) whereas control rats showed no

significant change in body weight. Thus, the diet-restricted
group had lower fat mass but also a lower lean mass than
age-matched control rats (–96% and –27% versus control rats,
p < 0.05, respectively) (Table 3). Compared to controls, diet-
restricted rats have significantly lower liver mass (–46%,
p < 0.05) and significantly lower muscle mass (cardiac muscle
–20%, p < 0.05 and skeletal muscle –18%, p < 0.05) (Table 3).

FSR of mixed proteins was reduced in plantaris muscle
of diet-restricted rats compared to controls (–18%, p < 0.05)
(Fig. 1). FSR of myofibrillar, sarcoplasmic, and mitochondrial
proteins decreased to the same extent (–15 to –18%) as the
FSR of total proteins during the dietary restriction period, but
only the decrease in mitochondrial protein FSR reached sig-
nificance (Fig. 1). In addition, p70 S6 kinase and 4EBP1 phos-
phorylation states were reduced (–81% and –53%, p < 0.05,
respectively) whereas eIF2� phosphorylation was increased
(+45%, p < 0.05) in plantaris muscle of undernourished rats
compared to controls (Fig. 1). The results on MAFbx and
MuRF1 gene expression in plantaris muscle (Fig. 1) indi-
cate a significant increase in MuRF1 mRNA levels in the
muscle of diet-restricted rats compared to controls (+33%,
p < 0.05) whereas MAFbx mRNA content was not signifi-
cantly different between groups.

Mitochondrial DNA content and citrate synthase activ-
ity were significantly reduced in plantaris muscle of diet-
restricted rats compared to controls (–35% and –30%, re-
spectively) (Fig. 2). Consistent with these results, a 3-month
dietary restriction period decreased muscle complex II activ-
ity by the same extent (–37%, p < 0.05), possibly due to a
significant reduction in complex II subunit gene expression,
as observed for SDHB (–28%, Fig. 2).

3.2 Similar effect of different high-protein refeeding

diets on body composition and tissue mass

After the dietary restriction period, 23-month old rats were
refed ad libitum for 4 weeks with high-protein diets contain-
ing 22% casein (CAS) or 22% soluble milk proteins (PRO).
Spontaneous daily intake was similar for both diets (data
not shown). After the 4-week refeeding program, CAS and
PRO diet-refed rats showed a similar significant weight gain
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Figure 1. Protein synthesis rate of
different protein fractions and prote-
olysis markers (A) and translational
regulatory pathways (B) in the plan-
taris muscle of malnourished old rats.
Twenty-month-old male Wistar rats
(n = 10 per group) were fed 50% of
their spontaneous intake for 12 weeks
to induce malnutrition. Data are pre-
sented as means ± SEM. Unpaired
t-tests were performed. *p < 0.05 ver-
sus control rats. FSR, fractional syn-
thesis rate.

Figure 2. Mitochondrial density (A), enzyme activities (B and C),
and complex II subunit transcript levels (D) in the plantaris mus-
cle of malnourished old rats. Twenty-month-old male Wistar rats
(n = 10 per group) were fed 50% of their spontaneous intake for
12 weeks to induce malnutrition. Data are presented as means ±
SEM. Unpaired t-tests were performed. *p < 0.05 versus control
rats. mtDNA, mitochondrial DNA; SDHB, succinate dehydroge-
nase complex, subunit B.

(+158 g and +169 g versus diet-restricted rats, respectively)
(Fig. 3). Body fat mass was increased in both rat groups
compared to undernourished rats, with no between-group
differences (+1040% and +1100%, p < 0.05, respectively).
Likewise, both CAS and PRO diet-refed rats showed a similar
significant gain in body lean mass compared to diet-restricted

Figure 3. Body weight (A), fat mass (B), lean mass (C), and
hindlimb skeletal muscle mass (D) after refeeding with a stan-
dard diet enriched with 22% casein or 22% soluble milk proteins
for 4 weeks in malnourished old rats. Twenty-month-old male
Wistar rats (n = 10 per group) were fed 50% of their spontaneous
intake for 12 weeks to induce malnutrition. Then, malnourished
rats were refed ad libitum with a standard diet enriched with
22% casein or 22% soluble milk proteins for 4 weeks. Data are
presented as means ± SEM. ANOVA and post hoc tests were per-
formed. * < 0.05 versus malnourished old rats. CAS, casein; PRO,
soluble milk proteins.

rats (+26% and +28%, p < 0.05, respectively) (Fig. 3). In con-
trast, hindlimb skeletal muscle mass did not change after
4 weeks of refeeding, regardless of protein quality (Fig. 3).
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Table 4. Protein synthesis rate of total mixed proteins and of different protein fractions in the plantaris muscle of old diet-restricted rats
and old diet-restricted rats refed with CAS and PRO diets

Restricted CAS PRO

FSR (% of restricted rats)
Mixed proteins 100.00 ± 7.52 109.18 ± 5.93 153.14 ± 11.15a),b)

Mitochondrial proteins 100.00 ± 8.43 96.81 ± 6.99 141.50 ± 10.96a),b)

Myofibrillar proteins 100.00 ± 9.43 115.13 ± 5.27 151.77 ± 5.64a),b)

Sarcoplasmic proteins 100.00 ± 10.10 118.60 ± 10.35 150.35 ± 5.71a),b)

Data are expressed as percentage of diet-restricted rat values ± SEM (n = 8–10).
a) Statistically different from diet-restricted old rats at p < 0.05.
b) Statistically different from diet-restricted CAS diet-refed old rats at p < 0.05.

3.3 Refeeding diet supplemented with 22% soluble

milk proteins improved muscle protein synthesis

in undernourished old rats

Mixed, mitochondrial, myofibrillar, and sarcoplasmic protein
FSR were increased in the plantaris muscle of PRO diet-refed
rats compared to diet-restricted rats (+41.5–53%) (Table 4).
This increase in muscle protein synthesis in all protein frac-
tions was not observed with the CAS refeeding diet (Table 4).
p70 S6 kinase and 4EBP1 phosphorylation states were sig-
nificantly increased and eIF2� phosphorylation state was sig-
nificantly reduced by the refeeding diets, with no significant
protein quality effect (Fig. 4A). Of note, fasting blood insulin
was increased in refed rats receiving the PRO diet (0.874
± 0.105 ng/mL) compared to both CAS diet-refed (0.585 ±
0.054 ng/mL, p < 0.05) and control (0.335 ± 0.038 ng/mL,

p < 0.05) rats. In addition, CAS and PRO diets significantly
reduced MuRF1 gene expression in the plantaris muscle of
refed old rats compared to diet-restricted rats (Fig. 4B) (CAS
–32%, p < 0.05 and PRO –43%, p < 0.05). According to our
data, refeeding after the 3-month dietary restriction period
did not change muscle MAFbx mRNA content (Fig. 4B).

3.4 Refeeding diet supplemented with 22%

of soluble milk proteins improved muscle

mitochondrial function in undernourished old

rats

The CAS diet improved only one of the mitochondrial pa-
rameters explored here. As shown in Fig. 5A, CAS diet-fed
rats showed a higher muscle citrate synthase activity than

Figure 4. Protein synthesis rate and proteolysis markers (A) and translational regulatory pathways (B) of the plantaris muscle after refeeding
with a standard diet enriched with 22% casein or 22% soluble milk proteins for 4 weeks in malnourished old rats. Twenty-month-old male
Wistar rats (n = 10 per group) were fed 50% of their spontaneous intake for 12 weeks to induce malnutrition. Then, malnourished rats were
refed ad libitum with a standard diet enriched with 22% casein or 22% soluble milk proteins for 4 weeks. Data are presented as means ±
SEM. ANOVA and post hoc tests were performed. *p < 0.05 versus malnourished old rats. #p < 0.05 versus diet-restricted CAS diet-refed
old rats. CAS, casein; PRO, soluble milk proteins; FSR, fractional synthesis rate.
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Figure 5. Mitochondrial density (A), enzyme activities (B and C),
and complex 2 subunit transcript levels (D) in the plantaris mus-
cle after refeeding with a standard diet enriched with 22% casein
or 22% soluble milk proteins for 4 weeks in malnourished old
rats. Twenty-month-old male Wistar rats (n = 10 per group) were
fed 50% of their spontaneous intake for 12 weeks to induce mal-
nutrition. Then, malnourished rats were refed ad libitum with a
standard diet enriched with 22% casein or 22% soluble milk pro-
teins for 4 weeks. Data are presented as means ± SEM. ANOVA
and post hoc tests were performed. *p < 0.05 versus malnour-
ished old rats. #p < 0.05 versus diet-restricted CAS diet-refed old
rats. CAS, casein; PRO, soluble and native milk proteins; mtDNA,
mitochondrial DNA; SDHB, succinate dehydrogenase complex,
subunit B.

undernourished rats (+33%, p < 0.05). In contrast, PRO diet
improved all the mitochondrial parameters that had been
decreased by the dietary restriction period. Mitochondrial
DNA content, citrate synthase activity, complex II activity,
and SDHB gene expression were all significantly increased
in the plantaris muscle of PRO diet-refed rats compared to
diet-restricted rats (+96, +61, +108, and +35%, respectively)
(Fig. 5).

4 Discussion

Undernutrition is the result of a disruption in the equilib-
rium between dietary intake and nutrient needs. Prolonged
undernutrition leads to altered cellular metabolism, loss of
body tissues, and, ultimately, impaired body function. Note
that here, body weight decreased linearly throughout the ex-
periment in 50%-food restricted old rats, consistently with
our previous observation [16]. These results are also in agree-
ment with Barrows and Roeder [27] who showed in 19-month-
old Wistar rats restricted to 50% of spontaneous food intake
that body weight decreased by 34% after 6 weeks of dietary
restriction and failed to stabilize before the death of the an-
imals. As revealed by body composition and tissue mass,
protein–energy malnutrition was associated with a signifi-
cant decrease in both fat mass and lean mass. Hence, the

mass of several tissues, including skeletal muscle, was af-
fected in diet-restricted old rats. Clinically, undernutrition is
often associated with muscular dysfunction and weakness. In
a previous study [28], we showed that young rats adapted to a
chronic 50% dietary restriction by rapid stabilization of body
weight, preservation of muscle mass and protein content, and
moderate deterioration of nitrogen balance. Unlike adult rats,
old rats showed a deficient adaptation to dietary restriction
that resulted in severe body and tissue mass loss, depletion of
tissue protein content, and deterioration of nitrogen balance
[6,16]. Here, undernutrition had a significant effect on muscle
mass in old rats. Starvation [29] and chronic dietary restriction
in weaned and aged rats [16, 30, 31] were shown to induce a
reduction in the amount of protein in skeletal muscle, partic-
ularly in fast-twitch muscles [28]. Here, aged undernourished
rats showed blunted muscle protein synthesis rates together
with increased indexes of muscle proteolysis, i.e. E3 ligase
expression, that likely participate in the loss of muscle mass
and protein content. To explain this phenomenon, we evalu-
ated the activation of intracellular pathways that upregulate
or downregulate muscle protein translation. It appears that
some controllers of cellular stress-related pathways that in-
hibit muscle protein synthesis, i.e. eIF2a [32], were activated
in undernourished old rats. In addition, key pathways leading
to the activation of muscle protein translation, such as mam-
malian target of rapamycin (mTOR), were also inhibited in
these animals. Note too that the effect of undernutrition on
muscle protein synthesis was related to a decreased rate of
a specific protein fraction, i.e. mitochondrial proteins. Pre-
vious studies suggest that muscle cell energetics are altered
by protein–energy restriction, showing altered mitochondrial
function and slower rephosphorylation of ADP in the skele-
tal muscle of malnourished rats [33–35]. Here, and in line
with this observation, undernutrition reduced mitochondrial
biogenesis and impaired the activity of the Krebs cycle and
the activity and gene expression of the mitochondrial electron
transport chain in muscle (complex II). Furthermore, another
study found that the reduction of complex I-to-III activities
was proportional to a reduction in oxidative phosphorylation
rate in the muscle of malnourished rats [36].

During the refeeding period, we used two diets contain-
ing different sources of proteins, i.e. soluble milk proteins
and casein. Other studies have shown that a period of un-
dernutrition induces a decrease in brush border peptidase
activity, which in turn may lead to abnormal protein diges-
tion [37]. Holt et al. [13] showed that undernutrition involved
a rapid drop in crypt cell proliferation rate that was followed
by an abnormal increase in epithelial cell proliferation after
refeeding. The high splanchnic extraction of AA during aging
might explain the higher intestinal response to refeeding, in
particular the increase in cell renewal, and the lower plasma
AA concentrations observed in old refed rats compared to
younger counterparts. This high splanchnic extraction with
increased anabolic threshold is also observed in older people,
and seems to decrease with the use of fast-digested proteins,
i.e. soluble milk protein [22]. Like casein, soluble milk protein
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is characterized by a high digestive indispensable amino acid
score (DIAAS greater than 1). Nevertheless, the nutritional
quality of a dietary protein cannot be defined solely on the ba-
sis of its digestibility and amino acid composition, especially
in pathophysiological situations like aging or undernutrition
that induce a loss of body proteins. Other factors should also
be considered, such as content of bioactive amino acids or
rate of digestion, and soluble milk protein is a better quality
protein than casein on both these criteria: soluble milk pro-
tein is richer in leucine (10% versus 8%) and is more rapidly
assimilated. Note too that that both refeeding diets tested
here included fat, starch and cellulose that are potentially
able to change the digestion kinetics of proteins. However,
we previously reported that the other diet components do not
influence the digestion kinetics of soluble milk protein and
casein [38,39]. Concerning the choice of the amount of protein
supplementation, based on previous works using equivalent
models of old malnourished rats to evaluate the efficacy of
refeeding [15, 16, 40], here we supplied 22% proteins in the
diet to old malnourished rats, which is a significantly higher
amount than with standard diet (14%). Studies in clinical pa-
tients [5,9] and old rats [16] have indicated that malnourished
older individuals show no response to a diet containing a stan-
dard amount of proteins. Also, as early efficacy of renutrition
is crucial in elderly people to avoid complications (especially
infections), it would be most useful to supply supplements
that could act as a kickstarter of renutrition.

Both the whole-body weight and composition of old diet-
restricted rats were deeply modified with refeeding. Together
with body weight, both fat mass and lean body mass were
greater in refed animals compared to their diet-restricted
counterparts, regardless of protein source in the refeeding
diet. The lack of difference in body weight and composition
between refed groups may be because the refeeding period
was long enough to enable a restoration of these parame-
ters without a significant difference between dietary protein
sources. We previously reported [16] that refeeding old food-
restricted rats with a high-protein diet induced body weight
recovery within one week. Here, we show that the increased
weight due to refeeding can be explained by an increase in
both fat mass and lean mass. Interestingly, changes in body
composition were related to changes in the mass of adipose
tissues and liver (data not shown). However, note too that
despite a sharp increase in muscle protein synthesis rate,
hindlimb muscle mass, which had been reduced by dietary re-
striction, was not significantly improved by refeeding, regard-
less of protein source. A concomitant increase in proteolysis
corresponding to a global increase in muscle protein turnover
rate could explain this observation. It has been shown that
muscle protein turnover is increased in several cachectic sit-
uations and makes it possible to fuel energy needs. This hy-
pothesis was not confirmed by the measure of some simple
proteolysis markers, i.e. gene expression of two E3 ligases.
Nevertheless, the transcript levels alone of these two enzymes
can hardly prefigure the overall activity of the main proteolytic
system, i.e. the proteasome-dependent system, and give no

indication on other systems. Furthermore, the results of the
present study are consistent with our earlier published re-
sults on the effect of protein intake level during refeeding in
aged rats [16]. In this work, the mass of the tibialis anterior
muscle, i.e. one of the hindlimb muscles, was not improved
after refeeding with a 23% protein diet in old diet-restricted
rats. Note that in the same study, tibialis anterior mass and
protein content in the old group refed with a 27% protein
diet were completely restored and were actually higher than
in the group fed the 23% protein diet during the refeeding
period [16]. In addition, as previously shown, muscle function
shows an earlier response to refeeding than traditional indica-
tors of muscle mass or muscle composition [41, 42], and this
same pattern was again found here. We observed a significant
improvement in protein turnover capacity and muscle mito-
chondrial function during the refeeding period, especially
when refeeding with the PRO diet, while the mass of muscle
tissues remained unchanged. In this context, an important
finding was that refeeding with the soluble milk protein diet,
but not with the casein diet, restored the protein synthesis rate
of mixed muscle proteins as well as each protein fraction,
i.e. mitochondrial, myofibrillar, and sarcoplasmic proteins.
Therefore, as shown in healthy older men [17, 18], soluble
milk proteins have intrinsic properties that outperformed ca-
sein in improving some of the key metabolic parameters in
skeletal muscle in undernourished old rats. Soluble milk pro-
teins not only increased the rate of protein synthesis but also
improved the function and activity of some protein fractions.
For example, after the period of refeeding with soluble milk
proteins, there was a significant increase in mitochondrial
protein synthesis rate in connection with improved activity
of complex II and citrate synthase. An important factor here
is that muscle contraction is dependent on contractile pro-
teins, i.e. myofibrillar proteins, and ATP supply, particularly
through mitochondrial oxidative function. Hence, the sig-
nificant effect of soluble milk proteins on these particular
metabolic pathways could more effectively improve muscle
contractile function during refeeding and reduce the loss of
autonomy often observed in older malnourished patients [43].
We previously demonstrated that using soluble milk proteins
to improve mitochondrial and myofibrillar protein synthe-
sis can enhance mitochondrial activity and ATP production
and muscle strength in well-nourished old rats [22, 44]. We
concluded that maintaining protein intake with soluble milk
proteins in aging rats helps to curb the progression of sar-
copenia by optimizing the turnover rates and functions of
major proteins in skeletal muscle. Furthermore, a previous
study [45] found that rate of myofibrillar protein synthesis
was correlated to muscle strength per unit muscle mass in
healthy older people. The decline in leg muscle strength per
unit leg muscle mass with aging indicates a decline in the
efficiency or quality of this muscle group. It is obvious that
myofibrillar proteins are key proteins for muscle contraction,
and a decline in the rate of myofibrillar protein synthesis is
likely to cause a decline in muscle mass and function. Based
on this study [45], it was concluded that a decline in rates
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of myofibrillar protein and mitochondrial protein synthesis
provide a theoretical basis for the sarcopenia of aging.

The specific mechanisms responsible for dietary protein
activation of the translational regulators, i.e. p70S6k and
4EBP1, are unknown. Soluble milk proteins are known to
have a high LEU content, and the use of soluble milk pro-
teins was found to increase plasma LEU concentration. LEU
has been shown to exert its effect on muscle protein transla-
tion rate through phosphorylation of p70S6k and 4EBP1 via
the serine and threonine protein kinase, mTOR [46]. Through
the mTOR-dependent pathway, LEU can also stimulate trans-
lation elongation by inhibiting the phosphorylation of eIF2�

[47]. Therefore, a better availability of LEU in skeletal mus-
cle may partly explain the effect of this protein on P70S6k,
4EBP1, and eIF2� phosphorylation in old refed rats. It has
been shown [48] that fasting blood concentrations of LEU
were significantly elevated (20%) in human subjects consum-
ing soluble dairy protein. In this study, fasting LEU concentra-
tion was positively correlated with lean body mass. A modest
increase in basal LEU availability is surely a much weaker an-
abolic signal than transient postprandial surges, but the total
exposure of skeletal muscle to slightly elevated leucine over
a 24-hour period could have a role in the adaptive response
to refeeding in old rats. Furthermore, rats refed with solu-
ble milk proteins were characterized by higher fasting blood
insulin concentrations than rats refed with casein, likely be-
cause soluble milk proteins contains amino acids with insulin
secretagogue action. Therefore, the conjunction of a possible
increase in LEU cell pools with increased insulin might ex-
plain the stronger postabsorptive muscle protein synthesis in
rats refed with soluble milk proteins. In addition, LEU sup-
plementation restored the postprandial inhibition of in vitro
proteasome-dependent proteolysis in 22-month-old animals
by downregulating both ubiquitin-conjugating enzyme activ-
ities and proteasome activities [49]. Thus, decreased MuRF1
expression in skeletal muscle, as found here, may also be
due to increased LEU status in old refed rats. Note however
that we observed the same results for effect of refeeding on
muscle regulatory pathways whatever the dietary protein con-
sidered. Casein contains much less LEU than soluble milk
proteins and does not have the same assimilation kinetics
as it is absorbed at a slower rate. Also, the upregulatory ef-
fect of casein on the mTOR pathway could be offset from its
stimulating effect on protein synthesis per se. There would
therefore be a disconnect between the effect of casein on the
mTOR pathway and its effect on protein synthesis, meaning
that other mechanisms may explain the effect of the milk
proteins on these regulating pathways in refed old rats. For
example, the significant increase in blood insulin level in
the CAS group may contribute to the increased phosphory-
lation of the mTOR pathway. In addition, in the fact that
the mTOR signal did not translate into a significant increase
in protein synthesis in CAS-refed rats could also be due to
cell energy depletion. It has been shown that muscle pro-
tein synthesis rate was inversely associated with the phos-
phorylation states of the “cellular energy sensor” adenosine

monophosphate-activated protein kinase-� (AMPK�) and in-
creases in the AMP-to-ATP ratio [50]. The authors concluded
that the incongruity between muscle protein synthesis and
mTOR activation reflected a block in translation elongation
due to reduced cellular energy. Other discordances between
muscle protein synthesis and mTOR signaling led the authors
to conclude that increasing amino acid and insulin availability
causes changes in anabolic signaling, e.g. mTOR signaling,
which cannot be easily reconciled with observed effects on
muscle protein synthesis rate [51, 52].

Besides an effect on muscle protein synthesis rate, refeed-
ing with soluble milk proteins led to a specific increase in
muscle mitochondrial function in old malnourished rats. Of
note, as observed for protein synthesis, this effect was only
seen with the soluble milk proteins. We focused on mitochon-
dria due to its increasingly important role in explaining aging-
related loss of muscle mass and strength, particularly during
malnutrition [22, 53]. We observed that the PRO refeeding
diet triggered an increase in complex 2 and CS activities in
the plantaris muscle of food-restricted old rats. CS is a key
enzyme of the Krebs cycle, and CS activity, besides its func-
tional importance for mitochondria, is also an index of mito-
chondrial density, together with mitochondrial DNA content
[22,53]. Thus, refeeding with soluble milk protein-containing
diets appears to increase mitochondrial biogenesis in old mal-
nourished rats. Accordingly, complex II activity of the electron
transport chain was improved and complex II subunit gene
expression was increased, as observed for SDHB. Previous
studies [53–55] have highlighted that muscle mitochondrial
capacity is dependent not only on mitochondrial density but
also on the existence of qualitative differences in mitochon-
drial functioning. Building on our previous work [56], we
propose that the improved mitochondrial functionality with
soluble milk protein-supplemented diet may be the result of
increased oxidant scavenging and decreased cellular oxida-
tive damage, all of which could be expected to help maintain
the functional integrity of the mitochondrial machinery. It is
likely, due to an abundance in sulfur AA such as cysteine,
that the soluble milk proteins used here demonstrated sub-
stantial antioxidant activity. Mice fed on diets containing 20%
soluble milk proteins showed a greater ability to stimulate the
synthesis of liver glutathione, which is a cysteine-containing
tripeptide, compared to mice fed a 20% casein diet [57]. Fur-
thermore, it was recently suggested that soluble milk pro-
teins could be used as natural biofunctional ingredients to
enhance the antioxidant properties of food products [58]. In-
creased blood glutathione status has also been observed in
healthy humans as well as infection or cancer patients given
soluble milk proteins [59–61]. Increased antioxidant defense
is consistent with the idea that this particular dietary pro-
tein decreases oxidative damage to tissues, thereby preserv-
ing the function of cells and cellular components, including
mitochondria. Note that several reports have underlined the
pivotal role of mitochondrial complex 2 activity in the aging
process and in the effect of antioxidant strategies [62, 63].
In the present study, we were unable to measure the effect
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of soluble milk protein supplementation on glutathione sta-
tus in old malnourished rats. This is undoubtedly a limit to
our work, and further studies are needed to measure the an-
tioxidant effect of soluble milk proteins during renutrition
in older subjects. Note, however, that the systemic inflam-
matory markers measured here (data not shown) were not
altered in old rats refed soluble milk proteins compared to
their casein-fed counterparts.

In summary, dietary soluble milk proteins have previ-
ously been shown to stimulate muscle protein metabolism
and contractile function in healthy older people due to their
high assimilation rate and their ability to increase amino
acid bioavailability. Here we report that supplementing old
malnourished rats with soluble milk protein improved the
metabolic ability of the skeletal muscle, particularly in terms
of protein turnover and mitochondrial oxidative capacities.
The abundance of LEU in soluble milk proteins is likely one
of the potential mechanisms leading to increased protein syn-
thesis and decreased proteolysis in the skeletal muscle of old
malnourished rats. Soluble milk proteins may also represent
a safe and effective cysteine donor for glutathione replenish-
ment during glutathione depletion, as observed in malnour-
ished patients, thus contributing to better mitochondrial ac-
tivity, particularly in skeletal muscle. Taken together, these
data argue that soluble milk proteins could play a useful role
in the prevention of or recovery from malnutrition in older
subjects. Further clinical studies are warranted in order to
elucidate the exact mechanisms underpinning these bene-
ficial biological properties and to determine the functional
significance of these findings.
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Jérôme Salles, Audrey Chanet, Alexandre Berry, Christophe
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