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Abstract

The objective of this study was to identify molecular mechanisms underlying the beneficial effects of cod protein feeding on skeletal muscle recovery through
detailed analyses of the IGF1-Akt/PKB signaling pathway. Acute mucle injury was
induced by injecting bupivacaine in one tibialis anterior of Wistar rats fed isoenergetic diets containing either casein (C), cod protein (CP), or casein supplemented with a
mixture of arginine, glycine, taurine and lysine (C+), matching their respective levels
as in CP; downstream IGF1-Akt/PKB (protein kinase B) effectors were measured
post-injury. Rats fed the CP-diet exhibited a 50% reduction of the muscle ring finger1
(MuRF1) level compared with those fed the C-diet (p=0.01), while the reduction
induced by the C+-diet was intermediary to, but did not differ significantly (p=0.07)
from the C-diet at day 2 post-injury. These findings indicate a decrease in the ubiquitination of muscle proteins and their degradation in the CP-group partly because
of its high levels of arginine, glycine, taurine and lysine. Furthermore, phospho-Akt
Ser473, a phosphorylation required for maximum activation of Akt, was increased in
the CP-group at day 5 (p<0.0001) and day 28 post-injury (p=0.002) compared with
C, and at day 5 compared with C+ (p=0.0005). The phosphorylated form of GSK-3
was also increased with CP feeding at day 28 post-injury compared with C (p=0.05),
suggesting enhanced protein synthesis in the CP group. C+ enhanced phospho-Akt
Ser473 compared with C (p=0.008) only at day 28 post-injury, with no effect on
GSK-3 phosphorylation. Therefore, CP may reduce protein degradation induced by
muscle injury through early modulation of the ubiquitination process, while enhancing muscle protein synthesis through Akt phosphorylation at later time points.
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Introduction
Muscle mass maintenance relies on relative rates of protein synthesis and degradation. Positive mediators of protein
synthesis include mechanical/chemical stimuli that increase IGF-1 signaling and meal-induced elevation in insulin, which both
stimulate mammalian target of rapamycin (mTOR) through phosphoinositol-3 kinase (PI3K)/Akt activation[1-3]. Thereafter, mTOR
activates the 70-kD ribosomal S6 protein kinase (p70s6k) and the eukaryotic translation initiation factor (4E-eIF4E). PI3K/Akt can
also integrate feedback from a variety of growth-related stimuli to regulate myofiber size by phosphorylating and thus repressing
the glycogen synthase kinase-3 (GSK-3), resulting in a rapid release of eIF-2B and a concomitant increase in protein synthesis[4].
Conversely, negative mediators of protein degradation include insulin and IGF-1 both of which, by activating PI3K/Akt, phosphorylate and inactivate forkhead O (FoxO) factor/muscle ring finger1 (MuRF1) and atrogin-1, two important putative players in the
atrophying process following injury[5].
Injury can acutely induce insulin[6] or insulin-like growth factor-1 (IGF-1) resistance[7] and adversely affect skeletal muscle outcome by reducing protein synthesis while accelerating muscle protein catabolism, culminating in reduced fiber size, altered
muscle mass recovery and loss of muscle function. Collectively, these data support the concept that strategies maintaining insulin or
Copy rights: ©2015 Jacques, H. This is an Open access article distributed under the terms of Creative Commons
Attribution 4.0 International License.
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IGF-1 sensitivity are clearly required for efficient skeletal muscle repair following injury.
Cod protein has been shown to enhance insulin sensitivity[8,9] as well as muscle mass recovery after an injury[10,11].
However the molecular mechanisms responsible for the effect of
cod protein on muscle repair are still poorly understood. We first
demonstrated that it was partly through modulation of inflammation and further showed that the anti-inflammatory properties of
cod protein were driven by its high levels of arginine, glycine,
taurine and lysine[11]. However, despite having similar effects
on inflammation, a casein diet supplemented with a mixture of
these amino acids to match their respective levels in cod protein
did not allow optimal recovery in terms of muscle mass as did
cod protein[11]. It remains unknown whether other crucial hypertrophic pathways such as the IGF-1/PI3K/Akt might underlie the
beneficial effect seen with cod protein during the recovery period. The present study was thus conducted to gain further insight
into 1) the mechanism behind the effects of cod protein and 2)
the effect of supplementing casein with an amino acid mixture
composed of arginine, glycine, taurine and lysine to achieve levels found in cod protein, on IGF-1-Akt regulating atrophic and
hypertrophic effectors in injured skeletal muscle of the same rats
previously used[11]. Because of the well-known insulin sensitizing effect of cod protein, we hypothesized that cod protein and
casein enriched in arginine, glycine, taurine and lysine would
result in 1) an increase in IGF-1-Akt signaling and 2) a decrease
in atrogene expression in rat skeletal muscle following an injury. To test these hypotheses, the levels of IGF-1 and the total
muscle protein content were evaluated in regenerating tibialis
anterior muscles. We also performed western blot analysis on the
protein levels of serine-phosphorylation of Akt; its downstream
hypertrophic effectors (p70s6k, phosphorylated forms of GSK3), and its downstream regulated atrophic effectors atrogin-1 and
MuRF1.

frozen cod fillet as described elsewhere[10]. Arginine, glycine and
taurine were added because of their anti-inflammatory properties. However, lysine was incorporated as an essential amino
acid and to avoid any lysine-arginine imbalance. The level of
protein in the purified diets was adjusted to an isonitrogenous
basis at the expense of cornstarch and sucrose.
The formulation of the purified diets is shown in Table
1 and the amino acid composition of each protein used in the
diets has been detailed previously[11]. All ingredients were supplied by MP Biomedicals (Solon, OH, Canada), except for lard
and soybean oil, which were purchased from local supermarket.
Butylated hydroxytoluene (BHT) was added to experimental diets in order to prevent oxidation of either n-6 (PUFA) in lard or
n-6 and n-3 (PUFA) in soybean oil, necessary to meet essential
fatty acids requirement of rats[12]. All of three purified diets were
isoenergetic, isolipidic and isonitrogenous.
Table 1: Composition of the purified diets (g/100 g of diet)
Dietary treatments
Ingredients

C

CP

C+

Sucrose

20

20.5

20.3

Cellulose1

5

5

5

Cornstarch

32.5

33

32.8

Casein1,2

22.5

–

20.5

Cod protein2,3

–

21.6

–

Arginine

–

–

0.45

Glycine1

–

–

0.43

1

Lysine

–

–

0.44

Taurine

–

–

0.17

Cholesterol1

1

1

1

Lard

10

10

10

Soya oil5

4

4

4

Minerals

3.5

3.5

3.5

1

1

1

BHT1

0.2

0.2

0.2

Choline bitartrate1

0.3

0.3

0.3

1

1

1

4

1,6

Materials and Methods

Vitamins1,7

Animals and Experimental Design
Growing Wistar rats (50-60 g) were purchased from
Charles River Laboratories (Saint-Constant, QC, Canada) and
housed in individual plastic cages in a room maintained at 20ºC
(45-55% of humidity) with a 12 h/12 h light–dark cycle. Following a 7-day adaptation period, the rats were randomly divided
into three dietary groups. They were then gradually transferred
to their respective experimental purified diet (ED), on which
they were divided into five sub-groups according to the day of
sacrifice (0,2,5,14 and 28 post-injury). Experimental diets and
water were provided ad libitum. Treatment procedures and animal care were approved by the Laval University Animal Care
Committee in accordance with the Canadian Council on Animal
Care guidelines.
Experimental Purified Diets
The composition of the powdered purified diets was
similar except for the protein source, which consisted of casein
(C), cod protein (CP) or casein supplemented with a mixture
of L-arginine (0.45%), glycine (0.43%), L-taurine (0.17%) and
L-lysine (0.44%) (C+). This amino acid mixture was added in
order to reach similar amounts of these amino acids in both the
CP and C+ diets. The CP was prepared in our laboratory from
www.ommegaonline.org

C, casein; CP, cod protein; C+, casein supplemented with arginine, glycine, taurine and
lysine; BHT, butylated hydroxytoluene.
1
Purchased from MP Biochemicals (Solon, Ontario, Canada).
2
Casein, 89% protein; cod protein, 93% protein.
3
Extracted from cod fillets purchased from local distributor (High Liner Foods Inc.,
Lachine, Canada).
4
Purchased from local supermarket (Maple Leaf, Burlington, Canada).
5
Purchased from local supermarket (Loblaws Inc., Toronto, Ontario, Canada).
6
AIN-93G purified mineral mix for laboratory rodents. AIN-93G mineral mix provides the following (g/100g mix): calcium carbonate, 35.7; monopotassium phosphate, 19.6; potassium citrate monohydrate, 7.078; sodium chloride, 7.4; potassium
sulphate, 4.66; magnesium oxide, 2.4; ferric citrate, 0.606; zinc carbonate, 0.165;
manganese carbonate, 0.063; copper carbonate, 0.03; potassium iodate, 0.001; sodium selenate anhydrous, 0.00103; ammonium molybdate*4H2O, 0.000795; sodium
metasilicate*9H2O, 0.1454; chromium potassium sulphate*12H2O, 0.0275; lithium
chloride, 0.00174; boric acid, 0.008145; sodium fluoride, 0.00635; nickel carbonate,
0.00318; ammonium vanadate, 0.00066; powdered sugar, 22.1.
7
AIN-93 VX Vitamin Mix Fortification provides the following (g/kg mix ): nicotinic
acid, 3.0; D-calcium pantothenate, 1.6; pyridoxine hydrochloride, 0.7; thiamine hydrochloride, 0.6; riboflavin, 0.6; folic acid,
0.2; d-biotin, 0.02; vitamin B12 (0.1% triturated in mannitol), 2.5; α-tocopherol powder (250 U/g; 184 mg/g), 300.0; vitamin A palmitate (250 000 U/g; 137 mg/g), 1.6;
vitamin D3 (400 000 U/g; 10 000 mg/g), 0.25; phylloquinone, 0.075; powdered sucrose, 959.655.

Myotoxin Injury Protocol and Muscle Collection
The procedure of muscle injury and collection used
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in this study is well described elsewhere[10]. After being fed experimental diets for 21 days, tibialis anterior (TA) muscles of
both legs were removed from 8 rats per group under anesthesia
with isoflurane (2.5%/LO2). Muscle lysates were immediately
prepared with lysis buffer and centrifuged at 10,000 g (10 min,
4°C). The lysis buffer contained 20 mM Tris, pH 7.5; 140 mM
NaCl; 10 μM MgCl2; 1 μM CaCl2; 2 μM NaF; 8.3 μM Na3VO4; 2 μM phenylmethylsulfonyl fluoride (PMSF); 1 mL glycerol; 100 μL Igepal and 1% of protease inhibitors. The protein
suspension was aliquoted and stored at -80°C for future analysis.
Animals were then sacrificed by exsanguination.
Thirty-two animals per group were then anesthetized
with isoflurane (2.5%/LO2) and given buprenorphine (0.1 mg/
kg, sc), after which one TA muscle of each animal was injured
using 200 μl of bupivacaine (Marcaine, Abbott, Mississauga,
Ontario, Canada) while the contra-lateral muscle was injected
with a similar volume of saline and served as sham. Rats were
returned to their respective cages and both TA muscles were removed (8 animals per dietary group/time point) at days 2, 5, 14
and 28 post-injury, and processed as described above. As previously indicated, time points were chosen to examine the time
course of inflammation and regeneration in bupivacaine-induced
acute muscle damage in terms of the effect exerted by protein
feeding on biochemical aspects corresponding to the acute catabolic phase (day 2), to the initiation of regeneration (day 5),
to progressive (day 14) and complete (day 28) muscle regeneration[10,11]. Given that atrogin-1 and MuRF1 are significantly
up-regulated as early as 2-5 days post-trauma[13], these proteins
were quantified only at these time points. The bupivacaine did
not cause any side effect on general health status of rats and additional doses of buprenorphine were given twice daily until the
third day post-injury.

ing control. After rinsing, the membranes were incubated for 1 h
with anti-rabbit IgG polyclonal secondary antibody (1/3000) and
bands were revealed using ECL-plus Western blotting reagent
(PerkinElmer Life and Analytical Sciences, Wellesley, MA)
according to manufacturer’s instructions. The signal intensities
were captured (Fusion FX7, Montreal Biotech Inc., Montreal,
Canada), corrected for the local background and quantified using
the BIO-1D advanced software (Montreal Biotech Inc., Montreal, Canada). Results were normalized relative to respective
GAPDH intensities.
Statistical Analysis
Data were analysed with the MIXED procedure of the
Statistical Analysis System (SAS Institute, version 9.2, Cary,
NC, USA). Normality was verified according to the Shapiro-Wilk test. Data for MuRF1 were then log-transformed before
statistical analysis. Dietary protein effects were determined by
means of an analysis of variance (ANOVA) and Fisher’s protected LSD test when a significant F ratio was observed. All values
are expressed as the mean ± SEM. P values ≤ 0.05 were considered statistically significant.

Results
Food intake throughout the study period and initial
body weight did not differ between experimental groups (Table 2). However, daily CP ingestion increased body weight gain
compared to either C (p=0.05) or C+ (p=0.04) at day 28 post-injury and this was associated with larger muscle fiber CSA.
Table 2: Food intake and body weight gain of each sub-group of rats sacrificed
at different time points.
Parameters

ELISA and BCA Assays
ELISA was performed to determine the level of IGF-1
in the lysate of injured muscle using the kit purchased from R&D
Systems (MG100; R&D Systems, Minneapolis, MN, USA) and
the protocol provided by the manufacturer. The muscle protein
content was quantified using the BCA Assay Kit (Thermo scientific, Mississauga, ON, Canada), according to the manufacturer
protocol.
Western Blot Assay
Fifty µg of protein were diluted in sample buffer and
boiled for 2 min. The protein samples were electrophoretically separated on a 9%-10% SDS-polyacrylamide gel and electrotransferred to Immobilon-P Transfer Membranes, except for
atrogin-1 which was transferred to polyvinylidene difluoride
(PVDF) membranes. Membranes were stained with Ponseau S
to confirm the transfer of protein, after which they were serially washed with buffer and blocked with BSA (5%) for 2 h.
Membranes were then blocked overnight with either the rabbit
polyclonal anti-phospho-Akt (Ser473), Akt, phospho-P70S6K,
phospho-GSK-3, GSK-3 (Cell Signaling Technology Inc., Trask
Lane Danvers, MA, USA), or MuRF1 (Abcam Inc., Toronto,
ON, Canada), all diluted in BSA 5% (1:1000). For atrogin-1,
membranes were blocked for 1 h at room temperature with the
rabbit polyclonal anti-atrogin-1 (ECM Biosciences, Versailles,
KY, USA), diluted in 5% non-fat milk (1:1000). GAPDH (Santa
Cruz Biotechnology, Santa Cruz, CA) was used as a protein loadJacques, H., et al.

Mean food
intake
(g/d)

Initial
body
weight
(g)

Body
weight
gain (g)

Cross-sectionnal
area†
(μm2)

Days post- injury

Casein

Cod protein

Casein+

0

22.3 ± 0.6

22.8 ± 1.2

22.9 ± 1.0

2

21.6 ± 0.3

22.3 ± 0.6

23.3 ± 0.9

5

22.6 ± 0.9

23.2 ± 0.8

22.4 ± 0.3

14

22.9 ± 0.8

23.6 ± 0.6

23.9 ± 0.8

28

23.1 ± 0.4

25.6 ± 1.2

23.3 ± 0.8

0

152 ± 3

154 ± 3

153 ± 6

2

155 ± 4

149 ± 6

160 ± 4

5

159 ± 4

152 ± 5

152 ± 3

14

151 ± 5

152 ± 2

154 ± 2

28

151 ± 5

153 ± 6

152 ± 3

0

179 ± 7

190 ± 9

181 ± 11
191 ± 8

2

175 ± 3

190 ± 6

5

199 ± 7

208 ± 3

195 ± 6

14

263 ± 12

284 ± 10

273 ± 15

28

329b ± 7

370a ± 14

327b ± 11

0

3265 ± 167

3724 ± 210

3484 ± 114

2

–

–

–

5

742 ab ± 59

865 a ± 32

718 b ± 46

14

2848 ± 283

3471 ± 242

3662 ± 401

28

3607 ± 179

5058 ± 322

4294ab ± 396

b

a

Values are mean ± SEM (n = 7-8 rats/diet/time point).
a,b,c
Values on the same line with the same letter are not significantly different (p≤0.05).
† Histomorphometry obtained from sections stained with hematoxylin and eosin as
previously reported in the same animals [11]. Values are provided for the injured muscle
across time point.
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Figure 1 shows the concentration of IGF-1 in injured
muscle at days 0, 2, 5, 14 and 28 post-injury. After an initial
rise at day 2 post-injury, the amount of this protein diminished
progressively over time but it was not altered in response to
protein feeding. However, as noted in Figure 2, CP significantly increased Ser473-phosphorylation of Akt compared to C
(p<0.0001) and C+ (p=0.0005) at day 5 post-injury while total Akt content remained unchanged. At the same time point,
Ser473-phosphorylation of Akt in the C+ group did not significantly different from that of the C (p=0.62). At day 28 post-injury, Ser473-phosphorylation of Akt was increased in both CP(p=0.002) and C+- (p=0.0008) fed groups compared with their
C-fed counterparts.
Changes in the phosphorylation of hypertrophic effectors are shown in Figures 3 and 4. The effect of CP was visible
only at day 28 post-injury when it enhanced the phosphorylation
of GSK3 on Ser21 compared with C (p=0.05). The C+ diet provoked an intermediate response which was not different from
that induced by the C (p=0.31) or CP (p=0.57) diets (Figure 3A).
The diets had no effect on either Ser9-phosphorylation of GSK3
(Figure 3B) or phosphorylation of p70s6k at any studied time
point (Figure 4).

Figure 2: Effect of dietary proteins on Ser473-phosphorylation of Akt
in regenerating tibialis anterior muscle of rats at days 2, 5, 14 and 28
post-injury. A representative Western blot is displayed in the lower panel for each studied time point. Values are mean ± SEM (n=7-8 rats/diet
at every time point). Results are expressed relative to values obtained
at day 0. Groups bearing different letters for a given time point are
significantly different (p≤0.05). C, casein; CP, cod protein; C+, casein
supplemented with L-arginine, glycine, L-taurine and L-lysine.

Figure 1: Changes in muscle IGF-1 concentration in rats fed either
casein (C), cod protein (CP) or casein supplemented with L-arginine,
glycine, L-taurine, and L-lysine (C+).Values are mean ± SEM (n=7-8
rats/diet at every time point). ELISA analysis showed that the level of
IGF-1 was increased in the injured muscles regardless of the group,
with a peak at day 2 post-injury, at which time point the effect of diets
on muscle IGF-1 might be diluted. p≤0.05.

Figure 3: Effect of dietary proteins on GSK3 phosphorylation in rat
tibialis anterior muscle during recovery from injury. A representative
Western blot is provided for both Ser21- (A) and Ser9-phosphorylation
of GSK3 (B). Values are mean ± SEM (n=7-8 rats/diet at every time
point). All values were corrected for GAPDH as a protein loading control. Results are expressed relative to values obtained at day 0. Groups
bearing different letters for a given time point are significantly different (p≤0.05). C, casein; CP, cod protein; C+, casein supplemented with
L-arginine, glycine, L-taurine and L-lysine.

www.ommegaonline.org
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Figure 4: Effect of dietary proteins on the phosphorylation of p70s6k
in rat tibialis anterior muscle during recovery from injury. A representative Western blot is displayed at the lower panel for each studied time
point. Values are mean ± SEM (n=7-8 rats/diet at every time point).
All values were corrected for GAPDH as a protein loading control. C,
casein; CP, cod protein; C+, casein supplemented with L-arginine, glycine, L-taurine and L-lysine.

Figure 5 shows the effects of dietary proteins on the levels of atrophic effectors early after muscle injury (day 2 and day
5 post-injury). Interestingly, the CP diet significantly (p=0.01)
reduced by 50% the level of MuRF1 compared with the C diet at
day 2 post-injury, while the C+ diet tended to reduce the level of
MuRF1 by 38% compared with the C diet (p=0.07) (Figure 5A).
No significant changes in the level of atrogin-1 were observed
between the dietary proteins (day 2, p=0.17; day 5, p=0.60) (Figure 5B).

Figure 5A: Effect of dietary proteins on the levels of atrophic proteins
in rat tibialis anterior muscle during recovery from injury. A representative Western blot is displayed in the lower panel for either MuRF1
(A) or atrogin-1

Figure 5B: Values are mean ± SEM (n=7-8 rats/diet at every time
point). All values were corrected for GAPDH as a protein loading control. Results are expressed relative to values obtained at day 0. Groups
bearing different letters for a given time point are significantly different
(p≤0.05). MuRF1 at day 2 post-injury: p=0.07 for C+ vs C; C, casein;
CP, cod protein; C+, casein supplemented with L-arginine, glycine,
L-taurine and L-lysine.

Higher total muscle protein content was observed in
both the CP- and C+-fed rats compared with the C-fed counterparts at day 5 post-injury (C vs CP, p=0.03; C vs C+, p=0.02)
(Figure 6). At day 14 post-injury, CP also increased muscle protein content compared with C (p=0.05). Muscle protein level of
the C+-fed rats did not differ from that of the C- (p=0.30) and
CP-fed rats (p=0.57). However, at day 28 post-injury, the CP diet
increased by 11% muscle protein content compared with the C
and C+ diets without reaching the level of significance.

Figure 6: Effect of dietary proteins on whole muscle protein content in
regenerating rat tibialis anterior muscle measured by BCA Protein Assay Kits.Values are mean ± SEM (n=7-8 rats/diet at every time point).
Groups bearing different letters for a given time point are significantly
different (p≤0.05). C, casein; CP, cod protein; C+, casein supplemented
with L-arginine, glycine, L-taurine and L-lysine.

Discussion
This study aimed at getting further insight into the
molecular mechanisms involved in the beneficial effect of cod
protein on skeletal muscle recovery following injury. The main
results show that 1) CP decreased MuRF1 at day 2 post-injury while increasing the level of phospho-Akt Ser473 at day 5
Jacques, H., et al.
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and of both phospho-Akt Ser473 and phospho-GSK-3 at day 28
post-injury, and 2) these effects appear to be partly attributed to
the high levels of arginine, glycine, taurine and lysine in CP, an
interpretation based on the strong tendency observed with C+ to
reduce MuRF1 at day 2 post-injury and their increasing effects
on phospho-Akt Ser473 at day 28 post-injury. These findings
suggest that CP might be effective to improve IGF1-Akt signaling and to reduce atrogene expression in rat skeletal muscle
during recovery from injury.
Previous studies in our lab have shown that CP-fed
animals exhibited greater growth and regeneration of skeletal
muscle after trauma, partly because of improved modulation of
inflammation[10,11]. In this respect, CP decreased the accumulation of pro-inflammatory ED1+-cells and COX-2 level while increasing the number of anti-inflammatory ED2+-cells in skeletal
muscle during recovery from injury[11]. The novel aspect depicted with the current study is that, in addition to reducing pro-inflammatory cells at the site of injury, CP did protect against the
upregulation of MuRF1-encoding E3 ubiquitin ligases at day 2
post-injury compared with C, a finding in line with our second
hypothesis. Thus, the anti-catabolic effect of CP could not only
be related to a blunted inflammatory reaction but also associated with attenuation of atrogene expression, resulting in larger
fiber cross-sectional area in animals fed the CP diet at day 28
(Table 2). As part of the ubiquitin-proteasome system required
for myofiber protein degradation such as myosin and myogenin,
MuRF1 expression can be controlled by PI3K/Akt-driven signals[14]. However, the lack of an increased Akt-phosphorylation
at day 2 post-injury suggests that the beneficial effect of CP on
reducing MuRF1-atrophying program appears to be independent
from the IGF-1/PI3K/Akt pathway. As reviewed elsewhere[13],
there could be an alternative unidentified inhibitory signaling
pathway unrelated to the PI3K-Akt that might regulate the level
of MuRF1 protein; for instance, activation of vital inflammatory
mediators such as NF-κB can enhance muscle proteolysis by increasing MuRF1 activity[13]. CP might thus down-regulate major
inflammation-mediated catabolic events such as TNF-α through
reducing pro-inflammatory cells, thereby improving the growth
and recovery of muscle fibers. Growing evidence from our lab
and elsewhere have confirmed the anti-inflammatory properties
of fish proteins, demonstrated by a decrease of TNF-α in cultured human macrophages[15], and of both TNF-α and interleukin-6 expression in adipose tissue of high-fat/high-sucrose-fed
rats[16]. Whether decreased pro-inflammatory cytokines translate
into inhibition of the NF-κB pathway in muscle of CP-fed rats
will require further investigation.
We previously observed that the beneficial effect of CP
on inflammatory cell accumulation in rat skeletal muscle after
injury are driven by its high levels of arginine, glycine, taurine
and lysine[11]. However, this anti-inflammatory action could
only partially explain the positive effect seen with CP on muscle recovery because the addition of such amino acids to casein
did not support fiber growth and regeneration as did CP (Table
2). One key explanation is that the amino acid mixture partially reproduced the effect of CP on MuRF1. However signaling
pathways for atrophy regulation by amino acids are still poorly
understood. A recent study in H4-II-E cells showed suppressive
effect of an amino acid mixture composed of Ala, Gln, His, Leu,
Met, Pro, Trp, and Tyr on autophagy concomitant with reduced
ROS production[17]. Moreover, although a non regulatory amiwww.ommegaonline.org

no acid mixture that included Arg, Asn, Asp, Cys, Glu, Gly, Ile,
Lys, Phe, Ser, Thr and Val had no effect on autophagy, individual amino acids such as Met, Arg, and Cys suppressed autophagy, as revealed by a drastic decrease of cytosolic LC3 ratio[17].
As arginine-regulated autophagy is independent from mTOR
pathways[17], it is also likely that glycine and taurine may decrease protein degradation through signal molecules other than
PI3K-Akt that might negatively regulate MuRF1 expression in
our study. Several studies have shown that ROS and pro-inflammatory cytokines mediate atrogene-induced autophagy[8,17]; arginine, glycine and taurine might thus exert a negative feedback
loop on MuRF1 through their anti-oxidative and anti-inflammatory properties[11]. Lysine, one of the essential amino acids
found in high amount in CP, might play a multifaceted role in
the outcome of fiber growth and recovery by stimulating protein
synthesis as well as suppressing myofibrillar protein degradation through the autophagic-lysosomal system[18]. Collectively,
our findings support the concept that the anti-catabolic action of
CP in post-damage skeletal muscle was only in part attributed to
its high levels of arginine, glycine, taurine and lysine. Further
studies are needed to clarify the molecular mechanism through
which other essential amino acids such as threonine, methionine
and cysteine can mediate their suppressive effect on the autophagic-lysosomal system.
Our data regarding the marked up-regulation of muscle
IGF-1 at day 2 post-injury is a consistent finding following myotoxic injury[19]. More importantly, although the level of IGF-1
within the injured muscle was not affected by protein feeding,
CP might have exerted an insulin or IGF-1-sensitizing effect in
line with our first hypothesis when it enhanced phospho-Akt
Ser473 at days 5 and 28 post-injury compared with C. This was
associated with an increased phospho-GSK-3 at day 28 post-injury. In support of these findings, it has already been shown that
the consumption of cod protein compared to either casein or soy
protein completely prevented the development of skeletal muscle insulin resistance by restoring insulin-induced activation of
PI3K/Akt and increasing GSK-3 phosphorylation in rats fed a
high fat diet[8,9]. Given that the repressor of protein synthesis,
GSK-3, becomes inactive upon phosphorylation, and that CP increased phospho-GSK-3 compared with C at day 28 after injury,
one can assume that CP might have increased protein synthesis
during the recovery period, explaining thus the 11% increase in
the muscle protein content at day 28 post-injury observed with
CP.
Jacques, et al.[20] examined the effect of various dietary
protein sources on body composition of rats fed the same purified diets as in the present study during a 28-day period, and
reported that CP increased body «protein:fat» ratio compared
with casein. This observed beneficial effect of CP might also
result, at least in part, from a direct action of amino acids on
insulin and/or IGF-1 signaling in skeletal muscle cells. In this
respect, previous data from our lab showed that L6 myocytes
exposed to CP-derived amino acids exhibited greater rates of
insulin-stimulated glucose uptake compared with cells incubated with casein-derived amino acids[8]. However, in the present
study, the impact of the tested amino acid mixture on the hypertrophic potential during muscle recovery was partial. Indeed,
although the amino acid mixture increased phospho-Akt Ser473
similarly to CP at day 28 post-injury, it was without an effect on
the phosphorylated form of GSK-3 at this time point. It is likely
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that lower levels of essential amino acids such as methionine and
threonine in C and C+ might account for their reduced anabolic and/or anti-catabolic response compared with CP. Moreover
from our data, it appears that Akt phosphorylation induced by
CP has not been sufficient to activate their downstream effector
p70S6K. As observed in age-related atrophy[21], it is possible that
injury causes a blockage between Akt and some downstream effectors, including p70S6K. In addition, measuring mTOR and
IGF-1R or IRS-1 activation would help clarifying the effect of
CP on IGF-1/Akt signaling during muscle recovery.
This investigation has the merit of studying several molecular effectors that are associated with improved muscle fiber
recovery in CP-fed rats compared with C-fed counterparts.

Conclusion
Overall, we conclude that CP 1) may reduce muscle
protein degradation through modulation of the ubiquitination
process early after injury, and 2) upregulate protein synthesis
through inactivation of GSK-3 at the later phase of recovery.
Furthermore, we observed that the anti-catabolic and hypertrophic actions of CP during recovery from injury are partly driven
by its high levels of arginine, glycine, taurine and lysine. In order to get a more complete understanding of the beneficial role
of cod protein on muscle repair after an injury, studies on the
influence of casein supplemented with sulfur amino acids and
threonine in addition to arginine, glycine, taurine and lysine on
post-damage muscle repair should be conducted.
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