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Abstract

Sarcopenia is defined as age-related loss of muscle mass and strength. Energy restriction (ER) delays fibre loss by limiting the accumulated

deleterious effects of reactive oxygen species on muscle. However, insufficient protein intake during ER might affect muscle mass and func-

tion. We hypothesised that ingestion of fast-digested proteins such as whey protein (WP) improves muscle protein synthesis and muscle

strength in aged ER rats. The effect of WP or casein (CAS, slow protein) on muscle mass, protein synthesis and strength was evaluated in

21-month-old rats fed for 5 months either ad libitum (AL) or a 40 % protein and energy-restricted (PER) or 40 % AL-isonitrogenous ER diet.

The nitrogen balance was reduced in PER-CAS rats only (248 % v. AL-CAS). WP stimulated muscle protein synthesis rates compared with

CAS in all groups (þ21, þ 37 and þ34 % in AL, PER and ER conditions, respectively). Muscle strength was higher in ER rats than in AL rats

(þ23 and þ12 % for WP or CAS, respectively). Muscle performance tended to be greater in ER rats fed WP than in ER-CAS rats (P,0·09). In

conclusion, we observed that long-term ER combined with maintained protein intake had a beneficial impact on muscle protein synthesis

rate and function during ageing.
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One of the most striking effects of ageing is an involuntary loss

of muscle mass known as sarcopenia. Muscle loss in the

elderly is the result of both reduced physical activity and insuf-

ficient food intake, in particular proteins, and age-related

changes in muscle metabolism. Sarcopenia is a process result-

ing from the complex interplay of molecular and cellular

changes(1–3). It has been suggested that, in addition to

reduced physical activity and insufficient protein intake, one

of the main causes of sarcopenia is the age-related decline

in the synthesis rate of specific proteins in skeletal muscle.

Indeed, fractional synthesis rates of myofibrillar proteins(4),

myosin heavy chain(5) and mitochondrial proteins(6) are

reduced in older humans, especially in response to various

anabolic stimuli such as administration of insulin and amino

acids (AA) or intake of a complete meal(7–11). These data

provide evidence of a disturbed response of protein metab-

olism to AA availability with ageing(8,12). Several studies sup-

port the notion that AA availability is the major regulating

factor of protein synthesis. Consequently, the digestion rate

of dietary proteins could influence protein gain by inducing

variable peripheral availability of AA(13–15). Other studies sup-

port the idea that essential AA, such as leucine, are necessary

to stimulate muscle protein synthesis, and suggest that a pro-

tein able to provide a high proportion of these AA would be

efficient in promoting muscle anabolism(8,16,17). Therefore,

both a rapid rate of digestion and absorption (fast proteins)

and a high protein quality score lend whey protein (WP)

advantages in terms of muscle anabolism. After WP ingestion,

plasma appearance of dietary AA is fast, high and transient(13).

In young subjects, casein (CAS) displayed a better net leucine

balance than WP(13), showing that net AA retention is depen-

dent on protein quality. This relationship may reverse during

the ageing process, as shown previously (18). However,

recent data have shown that the subsequent muscle protein

synthetic response following the ingestion of a large bolus

of intact CAS is not substantially impaired in healthy elderly

men(19,20). In addition, exercising before protein intake

allowed for a greater use of dietary protein-derived AA for

de novo muscle protein synthesis in healthy young and

elderly men(21). Taken together, these data show that there
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is evidence that elderly muscle responds similarly to that of

young muscle following anabolic stimuli such as high protein

intake and exercise.

WP contains a relatively high proportion of essential and

branched-chain AA compared with other major milk proteins.

In this regard, the abundance of leucine content in WP is of

particular interest, since leucine may act as an active modulator

of protein synthesis by stimulating specific targets in the

initiation factor pathway(8,22,23). Consequently, WP might be

beneficial for limiting whole-body protein losses during

ageing, as already shown in elderly men(18). However, there

are still questions over the sparing effect of WP on skeletal

muscle protein in the long term and with variable energy intake.

It is well known that insufficient protein intake, such as

during energy restriction (ER), might affect muscle mass and

function, particularly in aged individuals. Accordingly, we

have previously shown(24) that ER with maintained protein

intake helps limit the progression of sarcopenia by optimising

the turnover rates and functions of major proteins in skeletal

muscle. However, whether the quality of dietary proteins,

i.e. fast or slow dietary proteins, has an impact on the ben-

eficial effect of ER on skeletal muscle metabolism in aged

rats still remains to be determined.

In the present study, we addressed the hypothesis that

ingestion of fast dietary proteins, i.e. WP, during the course

of long-term ER safeguards the muscle mass and function of

aged rats. We aimed to use these nutritional strategies combin-

ing WP intake with ER to take advantage of the beneficial

well-known effects of both fast protein and ER on protein syn-

thesis rate in muscles. To address this hypothesis, we com-

pared the nitrogen balance, mass and synthesis rates of total

protein in skeletal muscle of rats fed an ER diet containing

either WP or CAS on a long-term basis, i.e. 5 months. We

also examined whether this nutritional intervention is able to

improve muscle force in aged rats.

Experimental methods

Animals

The French Animal Care and Use Committee approved the

protocol before starting. Animal care and handling were in

accordance with the National Institutes of Health guidelines

for the use of experimental animals. Male Wistar rats were

purchased from Janvier (Le Genest St Isle, France).

Experimental protocol

Male Wistar rats (21 months old) were maintained on a stan-

dard chow diet for 2 weeks. Daily food intake and body

weight were measured during this adaptation period, and

body weight was recorded twice a week throughout the

experiment.

The rats were randomly assigned to one of the six dietary

groups (n 10 animals, Table 1) for 5 months. Working with

this same strain of rats, we have recently reported a strong

degree of skeletal muscle atrophy at 21 months of age com-

pared with young adult rats, i.e. 4 months old(21). A marked

decline in the weight of type II muscles, e.g. tibialis anterior,

has been reported previously(21), showing that these animals

are in a sarcopenia trajectory at 21 months of age.

In the present study, two control groups were allowed ad

libitum (AL) access to a semi-liquid control diet consisting of

17 % protein (CAS or WP for AL-CAS or AL-WP groups,

respectively), 14 % fat and 69 % carbohydrate (Table 1). On

average, AL consumption provided an energy intake of

440 kJ/d. Protein and energy-restricted (PER)-CAS and PER-

WP groups were fed with 60 % of the food intake of AL control

rats on the semi-liquid control diet containing either CAS or

WP, respectively. ER-CAS and ER-WP groups were also limited

to 60 % of the energy intake of AL control rats but received

similar daily CAS or WP intake, respectively, to those of the

control animals. The mineral and vitamin contents of the

four ER diets were increased to ensure equivalent intake

between rats (Table 1). All animals had free access to water

and were housed individually in plastic cages at 22 ^ 18C

with light on from 08.00 to 20.00 hours. The rats were fasted

(8 h) at the time of euthanasia. At the end of the experiment,

the rats were anaesthetised with isoflurane and euthanised by

decapitation. Immediately after death, skeletal muscles (tibialis

anterior and soleus) and abdominal adipose tissue were col-

lected, weighed, frozen in liquid N2 and stored at 2808C

until analysis.

Nitrogen balance

At 1 week before euthanasia, the old rats were placed indivi-

dually in metabolic cages for 72 h. Nitrogen balance was

measured during the last 24 h. During this period, food

intake precisely was measured, and cumulated faeces and

urines were collected on ice. Total nitrogen in urine was

Table 1. Diet composition and total daily intake in ad libitum (AL)-fed, protein and energy-restricted (PER)
and energy-restricted (ER) aged rats receiving whey proteins (WP) or casein (CAS) as the protein source

Component (g/d) AL-CAS AL-WP PER-CAS PER-WP ER-CAS ER-WP

CAS 4·73 0 2·87 0 4·73 0
WP 0 4·73 0 2·87 0 4·73
Leu 0·375 0·535 0·225 0·321 0·375 0·535
Maize starch 12·43 12·43 6·35 6·35 5·11 5·11
Sucrose 6·20 6·20 3·19 3·19 2·56 2·56
Cellulose 1·25 1·25 1·27 1·27 1·27 1·27
Groundnut and colza oils 1·69 1·69 1·69 1·69 1·69 1·69
Mineral mix 1·25 1·25 1·26 1·26 1·26 1·26
Vitamin mix 0·28 0·28 0·28 0·28 0·28 0·28
Total daily intake 27·83 27·83 16·91 16·91 16·90 16·90
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measured by chemiluminescence (Antek 7000, Alytech, Juvisy-

sur-Orge, France) and by the Kjeldhal method in faeces and

food, as described previously(23). The nitrogen balance was

calculated as the difference between nitrogen intake and nitro-

gen excretions in urine and faeces.

In vivo muscle protein synthesis

In vivo muscle protein synthesis rates were measured using

the flooding dose method(24). At the end of the study

period, each rat was injected intravenously with a large dose

of L-[13C]valine (99 at %; 300mmol/100 g body weight,

Cambridge Isotope Laboratories, Andover, MA, USA) to

flood the protein synthesis precursor pool(25,26). The enrich-

ment of the flooding dose was 50 at % excess. The rats were

euthanised 50 min after the tracer infusion.

Pieces of tibialis anterior were used to isolate mixed proteins

as described previously(26). Briefly, after isolation, muscle

proteins were hydrolysed using 6 M-HCl (1108C for 24 h), and

the constituent AA were purified by cation exchange chroma-

tography (Dowex 50W 8X; Bio-Rad Laboratories, Hercules,

CA, USA). AA were eluted in 4 ml of 4 M-NH4OH and dried

down in a SpeedVac (Savant Instruments, Inc., Holbrook, NY,

USA). AA were derivatised as their N-acetyl-propyl derivative.

L-[13C]-valine enrichment was measured using a GC-combus-

tion-isotope ratio MS system (GC-C-IRMS, mGas System;

Fisons Instruments, VG Isotech, Middlewich, UK).

Muscle tissue fluid was separated as described previously(7).

AA in the tissue fluid were derivatised as their t-butyldimethyl-

silyl ester, and L-[13C]valine enrichments were measured using

GC–MS (GC–MS, HP 5972; Hewlett Packard, Palo Alto, CA,

USA) and used as precursor pool enrichment to calculate

absolute synthesis rates (ASR)(7). Another set of four rats per

regimen was used for the determination of basal isotopic

abundance in muscle proteins.

ASR of proteins was calculated using the following equation:

ASR ðmg=dÞ ¼ ðððEit 2 Ei0Þ £ 100ÞÞ=ðEiprec £ tÞÞ £ TPC;

where Eit represents the enrichment as at % excess of 13C

derived from valine in proteins at time t (minus basal enrich-

ment Ei0), Eiprec is the mean enrichment in the precursor pool

(tissue fluid [13C]valine), t is the incorporation time in h and

TPC is the total muscle protein content in mg.

Muscle strength

At 2 weeks before the end of the study, forelimb grip force

was measured using a grip force meter(27) designed to

measure the muscle strength of rodents. A force gauge,

located at the front of the machine, was employed to measure

this parameter. During testing, each rat was held by its tail and

gently moved in a rostral–caudal direction in order to apply

force to the mesh grid. After the gauge was zeroed, the rat

was positioned with both forepaws inside the front grip

grid. When the rat gripped the grid, it was steadily pulled

backward by the tail until its grip was broken. The gauge con-

verts forelimb grip force to a digitised signal that is displayed

online. The reading on the gauge was recorded (N), the strainT
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gauge was zeroed, and the rat was retested until three

successive readings were obtained. These measurements

were repeated 3 d in a week. Comparisons between the ampli-

tude of strength exerted by different animal groups were

performed.

Statistical analysis

All data are presented as means with their standard errors of

the mean. A two-way ANOVA was performed to test the

effect of the experimental nutritional conditions, i.e. protein

(WP/CAS) and group (AL/PER/ER). When a significant effect

was detected, a posteriori Fisher’s test was applied to locate

pair-wise differences between groups. StatView software (ver-

sion 4.02; Abacus Concepts, Berkeley, CA, USA) was used for

the statistical analyses. Values of P,0·05 were considered as

significant.

Results

Body and muscle weights

Final body and muscle weights are shown in Table 2. As

expected, the ER rats weighed approximately 80 % of the AL

rats at the time of experimentation, regardless of the source

and amount of proteins in the restricted diet (P,0·0001).

As expected, adipose tissues were largely lost after the ER

period, whatever the group (a seven- to fifteen-fold reduction,

P,0·0001 v. the corresponding AL groups). Of note, old

ER-CAS rats displayed a greater adipose tissue loss than their

PER-CAS counterparts (P,0·05).

Weights (mg) of soleus muscle were not statistically differ-

ent between groups, although soleus muscle weight tended

to be higher in the AL-WP group compared with that in the

AL-CAS group (þ13 %; P¼0·07). After 5 months of experi-

mentation, tibialis anterior muscles weighed 9 and 7 % less

in PER-CAS and ER-CAS rats, respectively, compared with

AL-CAS rats (P,0·01). WP ingestion combined with pro-

tein–energy or ER, i.e. WP-PER and WP-ER groups, prevented

the loss of tibialis anterior muscle weight. Consequently, no

significant differences were observed between AL-WP, PER-

WP and ER-WP groups at 5 months (Table 2). Tibialis anterior

muscle-to-body mass ratio was unchanged regardless of group

(Table 2). Conversely, soleus muscle:body mass ratio tended

to be higher (þ12 %) in AL-WP rats (P¼0·09 v. AL-CAS) and

was significantly higher in the ER groups, regardless of dietary

protein source and quantity, due to the decrease in body

weight (P,0·01).

Nitrogen balance

Under AL conditions, the nitrogen balance did not differ

between AL-CAS and AL-WP diets (Table 3). After PER,

PER-WP animals showed no further changes, whereas nitrogen

balance was significantly reduced in the PER-CAS group

(248 %, P,0·05 v. AL-CAS). As a result, nitrogen balance was

higher in the PER-WP rats than in the PER-CAS rats (P,0·05).

The nitrogen balance was increased by ER compared with

PER, regardless of the dietary protein source used (þ56 % ER-

CAS v. PER-CAS and þ27 % ER-WP v. PER-WP, P,0·05).

Muscle protein synthesis

We found a marked reduction in tibialis anterior ASR under ER

and PER conditions, regardless of the dietary protein source

(228 to 267 %, P,0·01 v. the corresponding AL groups,

Table 3). A substantial positive effect of WP on muscle protein

ASR was observed in the tibialis anterior muscle. WP signifi-

cantly increased the ASR of mixed proteins by 21, 37 and

34 % in AL, PER and ER old rats, respectively (P,0·05 v. the

corresponding CAS group).

Muscle strength

We observed that 5 months of ER did not affect absolute mus-

cular strength in old rats (Fig. 1). Absolute muscular force

increased in ER-fed rats compared with both AL diets, regard-

less of the nature of the proteins in the diet (þ12 % for ER-CAS

v. AL-CAS, P,0·05 and þ23 % for ER-WP v. AL-WP, P,0·001).

Moreover, muscle strength tended to be significantly higher in

ER-WP rats compared with ER-CAS animals (P¼0·09) and was

significantly increased in ER-WP old rats compared with

PER-WP animals (þ16 %, P,0·05). Furthermore, muscle

strength-to-body ratio was significantly increased in the PER

Table 3. Nitrogen balance and absolute synthesis rate of muscle proteins (tibialis anterior) of ad libitum (AL)-fed, protein and energy-restricted (PER)
and energy-restricted (ER) aged rats receiving whey proteins (WP) or casein (CAS) as the protein source*

(Mean values with their standard errors, n 7–9 rats)

AL-CAS AL-WP PER-CAS PER-WP ER-CAS ER-WP

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

N balance (g/kg per d) 0·34 0·14 0·37 0·09 0·23† 0·13 0·33‡ 0·10 0·36§ 0·16 0·42§ 0·16
Muscle protein ASR (mg/d)k 6·7 1·2 8·1‡ 2·7 4·0† 0·4 5·5†‡k 1·2 4·7*† 0·6 6·3†‡k 1·1

ASR, absolute synthesis rate.
* Two-way ANOVA was performed to discriminate among effects of the experimental nutritional conditions, i.e. protein (WP/CAS), energy restriction (ER; AL/PER/ER) and

their interactions.
† Mean values were significantly different between AL group with the same dietary protein source in the diet (P,0·05 by Fisher’s test).
‡ Mean values were significantly different between CAS group with the same protein quantity in the diet (P,0·05 by Fisher’s test).
§ Mean values were significantly different between PER group with the same dietary protein source in the diet (P,0·05 by Fisher’s test).
k Mean values of protein and ER were significantly different for muscle protein ASR (P , 0·05 and P , 0·05, respectively).
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groups compared with AL controls (þ30 % for PER-CAS v.

AL-CAS, P,0·01 and þ31 % for PER-WP v. AL-WP, P,0·01)

but was increased to a much greater extent in the ER rats

(þ46 % for ER-CAS v. AL-CAS, P,0·0001 and þ49 % for

ER-WP v. AL-WP, P,0·0001). Interestingly, ER animals differed

from PER animals only with old rats being fed the WP diet

(þ14 % ER-WP rats v. PER-WP rats, P,0·05).

Discussion

The present study aimed to define (i) the effect of ER on

muscle metabolism and strength and (ii) the effect of protein

source on ER action on the muscle. ER was associated with

decreased muscle mass and protein synthesis rates but

increased muscle strength. In addition, we showed that ‘fast

protein’, i.e. WP, was more efficient than CAS in maintaining

muscle protein synthesis in ER and PER old rats. Moreover,

high intake of WP associated with ER demonstrated beneficial

effects on skeletal muscle strength.

One of the most important results was that long-term ER

increased muscle strength in aged rats. The decline in

muscle strength during ageing is due to a decrease in both

muscle mass and muscle-specific force, i.e. intrinsic muscle

function(28–30). Although muscle strength was evaluated in

living animals in the present study, the present results and cor-

roborated with several authors who assessed muscle strength

indirectly by measuring parameters such as muscle mass or

muscle-specific force. ER has been found to reduce the rate

of age-related skeletal muscle mass loss in soleus, tibialis

anterior, extensor digitorum longus and hindlimb muscles in

rats(31–33). In addition, lifelong ER was able to attenuate

muscle fibre loss with age in the epitrochlearis muscle

fibre (type II) but failed to do so in the soleus muscle

(type I)(34–37). ER also reduced the age-associated decrease

in muscle-specific force in extensor digitorum longus muscle

maintaining the intrinsic force-generating capacity of muscle

fibres(38). There are various mechanisms by which ER may

benefit skeletal muscle function with age. Several studies

strongly suggest that a variety of advanced glycation

end-products and lipo-oxidation end-products accumulate in

tissues with increase in age, in particular in long-lived proteins

such as myofibrillar proteins(39,40). Interestingly, advanced

glycation end-products derived from glucose display a pro-

found negative effect on myosin function and muscle

strength(41,42). Lifelong ER is able to reduce the age-related

rise in protein glycation(40). Other beneficial effects of ER

include reductions in DNA deletions and increases in protea-

some and mitochondrial functions(35,43), all of which could

positively affect muscle contractile function and therefore

improve muscle strength.

The intake of WP during the ER and AL conditions was able

to improve protein synthesis rate in comparison with the cor-

responding CAS groups. Both animal and human studies(11,16)

suggest that a significant increase in plasma AA is required in

aged individuals in order to stimulate body protein synthesis,

particularly in skeletal muscle. These observations highlight

the importance of maintaining a sufficiently high protein

intake during ageing to counteract the negative effect of

ageing on protein metabolism, especially in ER conditions.

Maintained protein intake levels during ER could cooperate

to improve muscle protein deposition and function. Several

reports strongly suggest that a ‘fast’ protein might be more

beneficial than a ‘slow’ protein to increase protein gain and

consequently limit body protein losses in elderly animals(15,44).

However, research studying the impact of dietary protein

digestion rate on protein metabolism has only focused on

whole-body protein synthesis(13–15,44), and consequently the

impact on skeletal muscle protein synthesis remains

unknown.

In the present study, muscle protein synthesis was increased

with WP dietary protein in AL-fed old rats. Furthermore,

although dietary restrictions decreased muscle protein syn-

thesis, regardless of the ER or PER conditions, WP rats dis-

played a greater muscle protein synthesis rate than their CAS

counterparts. Overall, this effect may participate in preventing

muscle loss in PER-WP and ER-WP old rats. In the AL-WP old

rats, the unchanged muscle mass compared with AL-CAS rats

despite the higher protein synthesis rate would suggest that

muscle proteolysis was also enhanced in this group, resulting

in higher muscle protein turnover. This result contrasts with

previous whole-body studies supporting the idea that ‘fast’

proteins do not affect protein breakdown(13). Nevertheless,

the previous work focused on postprandial effects of ‘fast’ pro-

teins on whole-body protein metabolism. Taken together, we

postulate that the muscle protein degradation rate has to be

determined to actually conclude about the effect of PER and

ER on muscle protein turnover, although at this point precise

measurement of muscle protein degradation is technically

difficult.
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Fig. 1. Muscular performance and muscular performance:body mass ratio

using the grip force test in ad libitum (AL-casein (CAS), ; AL-whey protein

(WP), )-fed, protein and energy-restricted (PER-CAS, ; PER-WP, ) and

energy-restricted (ER-CAS, ; ER-WP, ) aged rats receiving whey proteins

or casein as the protein source. Values are means, with their standard errors

represented by vertical bars (n 9–10). Two-way ANOVA was performed to

discriminate among the effects of the experimental nutritional conditions, i.e.

protein (WP/CAS), ER (AL/PER/ER) and their interactions. A significant

effect of ER (P , 0·05) was observed for muscle strength (N/kg body weight

(BW)). * Mean values were significantly different in the AL group with the

same dietary protein source in the diet (P,0·05 by Fisher’s test). † Mean

values were significantly different in the PER group with the same dietary

protein source in the diet (P,0·05 by Fisher’s test).
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Variation in postprandial AA availability at muscle level is

probably responsible for the observed muscle protein syn-

thesis difference between WP and CAS groups. It has been

shown that impairment of protein synthesis in old muscle

after meal ingestion(11,12) could be normalised by high levels

of dietary AA(16,45). Dardevet et al.(46) have suggested that

deficient postprandial muscle protein anabolism during

ageing might result from a decrease in muscle protein syn-

thesis sensitivity to AA, particularly leucine. They found that

muscle protein synthesis still responded to the leucine signal

in old rats, but the half-maximum effect of AA was observed

with two- to three-fold higher AA levels than in young or

adult rats(46). Consequently, because old rats are still able to

respond normally to higher leucine concentrations, these

data suggest that increasing plasma AA may be beneficial to

maintaining postprandial stimulation of muscle protein metab-

olism. Taken together, these observations support the idea

that AA availability plays a major role in regulating muscle

protein turnover rate and may be critical for aged muscle(47).

WP contains a high percentage of leucine in comparison

with CAS (14 v. 8 %). Therefore, WP could be beneficial to

stimulate muscle protein synthesis during ageing by rapidly

increasing the availability of leucine into this tissue.

Nevertheless, a concern of the present study is the measure-

ment of muscle protein synthesis using the flooding dose

procedure with a branched-chain AA, although valine,

i.e. the AA used as a tracer, is not able to stimulate muscle

protein synthesis.

The mixed muscle protein synthesis rate was lower in ER

conditions, i.e. PER and ER old rats, regardless of protein

source and quantity in the diet. The energy intake in these

groups is probably insufficient to sustain the energetic

demand related to the protein synthesis process. It is also

important to note that muscle mass and muscle strength

tended to be higher (8 and 9 %, respectively) when PER rats

were fed chronically with a ‘fast’ protein. Taken together,

these data suggest that dietary proteins may differently regu-

late muscle protein metabolism depending on digestion and

absorption rates and the resulting AA bioavailability. The pre-

sent findings also showed that this effect is related to energy

intake.

The nature and the level of protein and energy intake

affected muscle weight differently according to muscle type.

In terms of absolute weight, i.e. in mg, the different diets

had no effect on the soleus muscle (oxidative) but did affect

the tibialis anterior muscle (glycolytic). ASR followed the

same pattern, remaining unaffected in the soleus muscle

(data not shown). The mechanisms causing differential effects

of ER on these two muscles are unclear. Interestingly, glyco-

lytic (type II) fibres are more affected by age than oxidative

(type-I) fibres(35,48), which can lead to a greater sensitivity to

ER. Moreover, since the soleus muscle is oxidative while the

tibialis anterior muscle is glycolytic, it is possible that the

use of glucose as substrates by tibialis anterior may be rate-

limiting for muscle protein synthesis, in particular in ER con-

ditions(49,50). By contrast, the soleus muscle is equipped to

use fatty acids as substrates. It has been proposed that

during ER, muscle lipolysis provides a local source of fatty

acids in oxidative muscle(51), which might supply sufficient

energy to ensure protein synthesis. Further studies are

needed to understand these discrepancies. At the whole-

body level, nitrogen balance was maintained or even

improved in the case of the ER-WP group by ER in old rats,

except in the PER-CAS animals. This observation, already

described by other authors(23), is remarkable, since ER

decreased muscle weight, in particular in the CAS groups.

Overall, these data indicated that sparing of body proteins is

more efficient when ER used a low intake of WP, i.e. in

PER-WP rats, or normal protein intake, i.e. in ER-WP and

ER-CAS groups. In addition, the apparent paradox between

muscle weight changes and nitrogen balance variations

means that nitrogen would be spared in other body areas

than in skeletal muscles, e.g. the gut or the liver. Although

very little is known about the effects of ER on protein metab-

olism, the nitrogen balance data showed that the sparing effect

of fast proteins or increased protein intake, i.e. ER rats, is

partly located elsewhere than in the muscle. PER-WP diet is

associated with a higher nitrogen balance together with a

greater mixed muscle ASR than the PER-CAS diet. These

data would mean that WP protein may be more efficient in

sparing proteins in skeletal muscle than CAS during PER. In

addition, despite energy restriction, the ER-CAS diet is able

to maintain equivalent nitrogen balance as in AL-CAS old

rats. However, muscle protein ASR was not improved by ER-

CAS compared with AL-CAS group. These data showed that

during ER in old rats, maintaining protein intake with CAS

allowed a protein-sparing effect elsewhere than in the muscle.

In conclusion, the present study suggests a beneficial

impact of long-term maintenance of regular protein intake

associated with ER on muscle mass and force during ageing.

‘Fast’ proteins, i.e. WP, were able to maintain muscle mass,

protein synthesis and strength in old rats compared with

CAS in dietary restriction conditions, particularly in the type

II muscles specifically affected by age. These results pave

the way to a new strategy to favour muscle anabolism in

older people with low energy intake or in people under ER,

i.e. obese patients. Quality of protein intake is an important

issue to be considered in these situations.
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