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Summary

 

Aging triggers several abnormalities in muscle glycolytic
fibers including increased proteolysis, reactive oxygen
species (ROS) production and apoptosis. Since the mito-
chondria are the main site of substrate oxidation, ROS
production and programmed cell death, we tried to know
whether the cellular disorders encountered in sarcopenia
are due to abnormal mitochondrial functioning. Gastroc-
nemius mitochondria were extracted from adult (6 months)
and aged (21 months) male Wistar rats. Respiration para-
meters, opening of the permeability transition pore and
ROS production, with either glutamate (amino acid meta-
bolism) or pyruvate (glucose metabolism) as a respiration
substrate, were evaluated at different matrix calcium
concentrations. Pyruvate dehydrogenase and respiratory
complex activities as well as their contents measured by
Western blotting analysis were determined. Furthermore,
the fatty acid profile of mitochondrial phospholipids was
also measured. At physiological calcium concentration,
state III respiration rate was lowered by aging in pyruvate
conditions (−−−−

 

22%), but not with glutamate. The reduction
of pyruvate oxidation resulted from a calcium-dependent

inactivation of the pyruvate dehydrogenase system and
could provide for the well-known proteolysis encountered
during sarcopenia. Matrix calcium loading and aging
increased ROS production. They also reduced the oxidative
phosphorylation. This was associated with lower calcium
retention capacities, suggesting that sarcopenic fibers
are more prone to programmed cell death. Aging was
also associated with a reduced mitochondrial superoxide
dismutase activity, which does not intervene in toxic ROS
overproduction but could explain the lower calcium
retention capacities. Despite a lower content, cytochrome
c oxidase displayed an increased activity associated with
an increased n−−−−

 

6/n−−−−

 

3 polyunsaturated fatty acid ratio of
mitochondrial phospholipids. In conclusion, we propose
that mitochondria obtained from aged muscle fibers display
several functional abnormalities explaining the increased
proteolysis, ROS overproduction and vulnerability to
apoptosis exhibited by sarcopenic muscle. These changes
appear to be related to modifications of the fatty acid
profile of mitochondrial lipids.
Key words: aging; calcium; fatty acid profile of mitochon-
drial lipids; mitochondria; muscle atrophy; permeability
transition pore; reactive oxygen species.

 

Introduction

 

Between 20 and 80 years old, individuals lose approximately

40% of the skeletal muscle mass of their legs (Wanagat 

 

et al

 

.,

2001). This phenomenon, called sarcopenia, makes elderly

people more fragile and alters their capacities to fight efficiently

against severe diseases. Several biochemical processes are involved

in aging-associated muscular atrophy. Sarcopenia mainly affects

glycolytic fibers (Thompson, 1994), causing atrophy (Reynolds

 

et al

 

., 2002) via increased proteolytic activity (Yarasheski, 2003;

Zinna & Yarasheski, 2003). It also makes them overproduce

reactive oxygen species (ROS) (Ji, 2002; Capel 

 

et al

 

., 2004; Fulle

 

et al

 

., 2004). Finally, it destroys them through apoptosis (Pollack

& Leeuwenburgh, 2001; Pollack 

 

et al

 

., 2002). All these processes

could result from abnormal mitochondrial functioning, since

the mitochondria are the main site of substrate oxidation, ROS

production and the initiation of programmed cell death.

Aging is often associated with a lack of physical activity, a

phenomenon known to favor the so-called ‘immobilization

atrophy’ characterized by loss of contractile force, proteolysis,

autophagy (Appell, 1990), as well as apoptosis (Smith 

 

et al

 

.,

2000; Jin 

 

et al

 

., 2004; Siu & Alway, 2004). Immobilization atro-

phy mainly concerns oxidative fibers, but it also affects glycolytic
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fibers. It is associated with an increase in intracellular calcium

and the calcium channel blocker nifedipine completely prevents

it (Soares 

 

et al

 

., 1993). Aging-related muscle atrophy is also

thought to display an increased cellular calcium concentration

through which apoptosis occurs. First, aging is associated with

cellular calcium accumulation in different organs including the

brain (Khachaturian, 1989; Ying, 1996). Second, insulin resist-

ance develops with aging and is characterized by calcium influx

into the cell (Resnick, 1999). Third, ryanodine receptors are over-

represented in aged muscles (Bastide 

 

et al

 

., 2000) and calcium

uptake by sarcoplasmic reticulum is depressed (Carmeli 

 

et al

 

.,

2002). Since both types of muscle atrophy are accompanied by

a rise of cytosolic calcium, it is questionable why immobilization

atrophy is associated with higher apoptosis in old rats as com-

pared with their adult counterparts (Siu 

 

et al

 

., 2005).

An answer to this paradox could be a different aging-related

sensitivity of viable mitochondria to the effect of numerous stimuli,

including the rise in intracellular calcium. Changes in membrane

lipid composition could intervene. Oxidative stress is particularly

involved in aging (Harman, 1956; Pollack 

 

et al

 

., 2002) and the

mitochondrial genome endures numerous ROS attacks inducing

deletions/mutations (Eimon 

 

et al

 

., 1996; Pallotti 

 

et al

 

., 1996) that

trigger the emergence of ragged red cells with a COX

 

–

 

/SDH

 

+

 

phenotype (Lopez 

 

et al

 

., 2000). A high level of exposure to ROS

during a long lifespan could modify some characteristics of

mitochondrial function (enzyme activity, antioxidant properties,

membrane lipid composition, etc.) and these organelles might

react differently when facing specific stresses. All the abnormalities

involved in sarcopenia (ROS overproduction, cell death and

proteolysis) could be explained by calcium-induced changes in

mitochondrial functioning. ROS overproduction has been observed

after matrix calcium loading in isolated cardiac mitochondria

(Grijalba 

 

et al

 

., 1999). Cell death can occur through increased

mitochondrial calcium content and opening of the permeability

transition pore (Green & Reed, 1998). Finally, proteolysis could

result from a change in oxidative substrate selection, since

calcium activates the pyruvate, iso-citrate and 

 

α

 

-ketoglutarate

dehydrogenases (Cox & Matlib, 1993) and probably modifies

the expression of other mitochondrial enzymes.

The purpose of this study was to evaluate the aging-related

changes in mitochondrial functioning to find out if they can partly

explain the abnormalities observed in the sarcopenic gastrocnemius.

The activities and expression of several enzymes including pyruvate

dehydrogenase (PDH), respiratory chain complexes and super-

oxide dismutase (SOD) were evaluated in the muscle of 6- and

21-month-old rats. 

 

In vivo

 

 mitochondrial calcium concentrations

were determined. Since cytosol calcium loading probably occurs

during aging, mitochondrial function was analyzed in the pres-

ence of increasing calcium concentrations. The measurements

included the opening of the permeability transition pore, the

selection of oxidative substrate by measuring the mitochondrial

respiration parameters with either pyruvate or glutamate (involved

in glucose or amino acid metabolism, respectively) and, finally,

mitochondrial ROS production. Furthermore, the fatty acid

profile of mitochondrial phospholipids was determined.

 

Results

 

General data

 

The animal body weights were not altered by aging (Table 1).

Conversely, the gastrocnemius weight was significantly decreased

in aged animals (

 

−

 

28% as compared to adult rats). The amount

of extracted mitochondria depended on the available muscle mass,

but the extraction yield was similar in adult and aged animals.

 

Effects of calcium and aging on glutamate respiration

 

The respiration parameters of adult and aged mitochondria

were determined with glutamate in three media differing in

their free-calcium concentration (Fig. 1). In mitochondria from

adult rats, with a low free-calcium concentration, the state III

respiration rate (panel A) and respiratory control index (RCI,

panel C) were high, whereas the state IV respiration rate (panel

B) was low. The effect of increasing the medium free-calcium

concentration on the state III respiration rate had two phases.

Amplifying the calcium concentration from 0.43 to 2.67 

 

µ

 

M

 

significantly increased state III oxygen consumption (19%, 

 

P

 

 <

0.01). However, when the free calcium was further increased

(from 2.67 to 19.1 

 

µ

 

M

 

), the state III respiration rate was reduced

(

 

−

 

50%, 

 

P

 

 < 0.001). The state IV respiration rate was raised

(108%, 

 

P

 

 < 0.001) when the free-calcium concentration was

increased from 0.43 to 2.67 

 

µ

 

M

 

 and remained at a similar

elevated value with the highest free-calcium concentration. The

RCI dropped gradually with increasing free-calcium concentrations,

reflecting the changes in both state III and state IV respiration rates.

Finally, the efficiency of oxidative phosphorylation (ADP:O ratio)

(panel D) was decreased when the free-calcium concentration

Adult Aged ANOVA

Animal weight (g)  638 ± 14  639 ± 15 NS

Gastrocnemius weight (g) 3.51 ± 0.09 2.51 ± 0.12 P < 0.001

Gastrocnemius relative weight (%) 0.553 ± 0.018 0.392 ± 0.015 P < 0.001

Extracted mitochondria (mg proteins) 8.7 ± 0.4 6.6 ± 0.5 P < 0.01

Isolation yield (mg proteins per g muscle) 1.25 ± 0.05 1.30 ± 0.07 NS

The number of experiments was 10 per group.

NS, not significant.

Table 1 Influence of aging on characteristics of 

animal morphology and mitochondrial extraction



 

Abnormalities in mitochondrial functioning in sarcopenic muscle, C. Martin

 

 

 

et al.

 

© 2007 Institut National de la Recherche Agronomique
Journal compilation © Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2007

 

167

 

was raised (

 

−

 

10 and 

 

−

 

35% as compared to the value measured

at the lowest free-calcium concentration, 

 

P

 

 < 0.001).

Aging had a pronounced effect on respiration parameters,

but its influence depended on the free-calcium concentration.

When free-calcium concentration was 0.43 

 

µ

 

M

 

, aging did not

modify the parameters of oxidative phosphorylation. However,

differences appeared with increased free-calcium concentrations.

As evidenced by the significant cross-interaction, aging sup-

pressed the calcium-induced stimulation of state III respiration

rate observed when the free-calcium concentration was raised

from 0.43 to 2.67 

 

µ

 

M

 

. Aging decreased this respiration para-

meter when the free-calcium concentration was equal to (

 

−

 

21%)

and higher than (

 

−

 

30%) 2.67 

 

µ

 

M

 

. The state IV respiration rate

was not altered by aging and the RCI was decreased (

 

−

 

18 and

 

−

 

19% at calcium 2.67 and 19.1 

 

µ

 

M

 

, respectively). The reduction

of ADP:O ratio was more pronounced, as evidenced by the

significant cross-interaction and the low value obtained at

the highest free-calcium concentration (

 

−

 

19% as compared to

the mitochondria extracted from adult animals).

 

Effects of calcium and aging on pyruvate respiration

 

Figure 2 shows the effects of calcium and aging on pyruvate

oxidation. Increasing the free-calcium concentration regularly

reduced the state III respiration rate (

 

−

 

14 and 

 

−

 

36% as com-

pared to calcium 0.48 

 

µ

 

M

 

, 

 

P

 

 < 0.05 and 

 

P

 

 < 0.001, respectively,

panel A). The ADP:O ratio (panel D) decreased by 

 

−

 

25% (

 

P <

 

 0.001)

when the free-calcium concentration was raised from 0.48 to

9.18 

 

µ

 

M

 

.

Aging also had interesting effects on pyruvate oxidation. At

calcium 0.48 

 

µ

 

M

 

, it decreased the state III respiration rate (

 

−

 

22%)

compared to the adult, whereas this was not the case with

glutamate. Moreover, the RCI (panel C) was also reduced (

 

−

 

24%)

at this calcium concentration. The glutamate respiration rate to

pyruvate respiration rate ratio was higher in mitochondria from

aged rats than in their adult counterparts (1.30 

 

±

 

 0.06 vs. 1.11

 

±

 

 0.03, respectively, 

 

P

 

 < 0.01). The difference was maintained

for higher calcium concentrations (data not shown). At calcium

9.18 

 

µ

 

M

 

, the rate of state III respiration for pyruvate was even

slightly lower (

 

−

 

15%) than that measured for glutamate at

calcium 19.1 

 

µ

 

M

 

, indicating that mitochondria were more sen-

sitive to the deleterious effect of calcium when they oxidized

pyruvate. In contrast with the glutamate conditions, aging had

no influence on the ADP:O ratio.

 

Effect of aging on pyruvate dehydrogenase activity 
and content as well as 

 

in vivo

 

 mitochondrial calcium 
concentration

 

Figure 3A shows that aging reduced the active PDH activity

(

 

−

 

30%) without modifying total activity. The last statement was

confirmed by the lack of change in PDH content determined

Fig. 1 Influence of aging on respiration 
parameters [panel A: state III respiration rate; panel 
B: state IV respiration rate; panel C: respiratory 
control ratio (RCI); panel D: ADP:O ratio] of 
mitochondria from adult and aged rats with 
glutamate 5 mM + malate 1 mM as respiratory 
substrate. The number of experiments was 
10 per group. A. ef., aging effect; Ca ef., 
free-calcium effect; CI, cross-interaction; 
NS, not significant. The stars indicate a 
significant difference between adult and aged 
animals at the same free-calcium concentration 
(*P < 0.05, **P < 0.01 and ***P < 0.001).
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by Western blot (Fig. 3B,C). 

 

In vivo

 

 mitochondrial calcium

content was evaluated after mitochondrial extraction under

conditions such that influx of the divalent cation into and its

efflux from the organelles were prevented. In the gastrocnemius,

calcium content tended to decrease (

 

−

 

16%, 

 

n

 

 = 6 per group)

with aging (1.98 

 

±

 

 0.22 vs. 1.67 

 

±

 

 0.31 nmol mg

 

−

 

1 in adult and

aged mitochondria, respectively), but the difference was not

significant. In the soleus, however, it tended to be increased (41%,

n = 6 per group) in the aged animals (3.59 ± 1.05 nmol mg−1 as

compared to 2.55 ± 0.41 vs. in the adult group, not significant).

Effect of free-calcium concentration and aging on ROS 
production, SOD activity and respiratory chain 
complex activities

ROS production was determined during glutamate oxidation

(Fig. 4A). Increasing the free-calcium concentration from 2.67

to 19.1 µM elevated the ROS production (146%). Aging also

promoted this production (59%). As evidenced by the non-

significant cross-interaction, the effect of calcium was similar in

mitochondria from adult and aged rats. However, when the

ratio of ROS production at calcium 19.1 µM to ROS production

at calcium 2.67 µM was calculated (Fig. 4B), a significant differ-

ence was observed between adult and aged rats. This ratio was

higher in old animals (59%) as compared to adult ones, indicating

that the effect of calcium was more pronounced in 21-month-old

rats. Figure 5 shows the activity of manganese-superoxide

dismutase (Mn-SOD) of isolated mitochondria. Aging signi-

ficantly reduced Mn-SOD activity (−33%).

The activities of NADH cytochrome c reductase (complexes I

+ III), succinate cytochrome c reductase (complexes II + III) and

succinate dehydrogenase (complex II) as well as the content of

complex I determined by immunoblotting were not changed by

aging (data not shown). Conversely, the activity of cytochrome

c oxidase (Fig. 6A) was increased (34%), whereas its content

estimated by immunoblotting of the subunit IV (Fig. 6B,C) was

significantly reduced with aging (−35%).

Effect of aging on mitochondrial capacities of calcium 
retention

When glutamate was used as a substrate (Fig. 7A), the calcium-

retention abilities were approximately 120 µM and roughly similar

in adult and aged animals. With pyruvate (Fig. 7B), these capacities

were strongly decreased (−84% as compared to glutamate in adult

animals), and, interestingly, further reduced by aging (−35%).

Effects of aging on the fatty acid profile of 
mitochondrial phospholipids

Aging modified the fatty acid composition of the isolated mito-

chondria (Table 2). It decreased the proportion of stearic acid

Fig. 2 Influence of aging on respiration 
parameters (panel A: state III respiration rate; 
panel B: state IV respiration rate; panel C: RCI; 
panel D: ADP:O ratio) of mitochondria from adult 
and aged rats with pyruvate 5 mM + malate 1 mM 
as respiratory substrate. The number of 
experiments was 10 per group. A. ef., aging effect; 
Ca ef., free-calcium effect; CI, cross-interaction; 
NS, not significant. The stars indicate a significant 
difference between adult and aged animals at the 
same free-calcium concentration (*P < 0.05, 
**P < 0.01 and ***P < 0.001).
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(−8%), thus contributing to reduce the percentage of saturated

fatty acids (−3%). Conversely, it raised the proportion of oleic

acid (10%) and total monounsaturated fatty acids (11%). The

proportion of total polyunsaturated fatty acids was not

modified, but the nature of these fatty acids was changed. As

indicated by the significant increase in the n−6 polyunsaturated

fatty acid (PUFA)/n−3 PUFA ratio (30%), n−6 PUFA was raised

(7%) and n−3 PUFA was reduced (−18%). In the n−6 PUFA

family, only linoleic acid was significantly increased (9%). In the

n−3 PUFA series, C22:5 n−3 was increased (−19%) and C22:6

n−3 was decreased (−23%). However, since the proportion of

C22:6 n−3 was approximately seven times higher than that of

C22:5 n−3, the decrease in C22:6 n−3 predominated on the

increase in C22:5 n−3. The C22:6 n−3 to C22:5 n−3 ratio was

reduced by aging (−36%), suggesting retro conversion from

C22:6 n−3 to C22:5 n−3.

Discussion

The purpose of this study was to determine if aging induces

alterations of mitochondrial functioning that could partly

Fig. 3 Influence of aging on pyruvate dehydrogenase (PDH) activity (A) and 
content (B and C) determined by immunoblotting of isolated gastrocnemius 
mitochondria. The number of experiments was six per group.

Fig. 4 Effect of aging and free-calcium concentration on the production of 
reactive oxygen species (ROS) in glutamate respiring mitochondria. In panel 
(A), the results are expressed in nanomoles hydrogen peroxide (H2O2) 
produced per milligram proteins, since the ROS-induced changes in 
fluorescence was normalized to that measured in response to a known 
amount of H2O2. In panel (B), the results are expressed as the ratio between 
ROS production measured at two different free-calcium concentrations 
(19.1 µM per 2.67 µM). The number of experiments was 10 per group. 
A. ef., effect of aging; Ca ef., effect of the free-calcium concentration; 
CI, cross-interaction; NS, not significant.

Fig. 5 Effect of aging on the activity of manganese- superoxide dismutase 
(Mn-SOD). The number of experiments was six per group. NS, not significant.
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explain the abnormalities encountered in muscles of aged rats

(increased ROS production, proteolysis and cellular death).

Experimental model

The gastrocnemius muscle was chosen since this mixed muscle

is partly composed of glycolytic fibers and is sensitive to sarcopenia

(Thompson, 1994). Indeed, when we determined the gastrocne-

mius weight of 6- and 21-month-old rats, we observed that the

muscle mass was decreased by 28% in the aged animals, despite

Table 2 Effect of aging on the fatty acid profile of mitochondrial 

phospholipids

Adult Aged ANOVA

C16:0 19.94 ± 0.14 20.04 ± 0.45 NS

C17:0 0.53 ± 0.03 0.52 ± 0.02 NS

C18:0 15.42 ± 0.24 14.22 ± 0.25 P < 0.01

C22:0 0.46 ± 0.02 0.49 ± 0.02 NS

SFA 36.35 ± 0.20 35.27 ± 0.20 P < 0.01

C16:1 0.63 ± 0.08 0.75 ± 0.04 NS

C18:1 6.79 ± 0.14 7.49 ± 0.19 P < 0.05

MUFA 7.42 ± 0.22 8.23 ± 0.22 P < 0.05

C18:2 n−6 27.34 ± 0.35 29.72 ± 0.49 P < 0.01

C20:4 n−6 13.92 ± 0.31 14.5 ± 0.29 NS

C22:4 n−6 0.27 ± 0.01 0.27 ± 0.01 NS

C22:5 n−6 0.33 ± 0.03 0.24 ± 0.03 NS

n−6 PUFA 41.86 ± 0.50 44.73 ± 0.45 P < 0.01

C18:3 n−3 0.07 ± 0.05 nd NS

C20:5 n−3 0.23 ± 0.01 0.20 ± 0.07 NS

C22:5 n−3 1.81 ± 0.12 2.16 ± 0.06 P < 0.05

C22:6 n−3 11.92 ± 0.15 9.17 ± 0.16 P < 0.001

n−3 PUFA 14.04 ± 0.17 11.54 ± 0.12 P < 0.001

Total PUFA 56.16 ± 0.38 56.37 ± 0.52 NS

n−6 PUFA/n−3 PUFA 2.98 ± 0.07 3.88 ± 0.05 P < 0.001

C22:6 n−3/C22:5 n−3 6.67 ± 0.42 4.26 ± 0.15 P < 0.01

The number of experiments was five per group.

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; 
PUFA, polyunsaturated fatty acids; nd, not detected; NS, not significant.

Fig. 7 Effect of aging on mitochondrial ability to 
retain calcium during glutamate (panel A) and 
pyruvate (panel B) oxidation. The number of 
experiments was 10 per group. NS, not significant.

Fig. 6 Effect of aging on the activity (A) and on the content determined by 
immunoblotting (B and C) of cytochrome c oxidase. The number of 
experiments was six per group.
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a similar body weight average. The soleus (> 90% of oxidative

fibers) weight was not changed (0.316 ± 0.015 and 0.282 ±
0.020 g in adult and aged animals, respectively, n = 6, not

significant). This indicates that aging triggered a clear atrophy

of glycolytic fiber-enriched muscles while preserving oxidative

fiber-rich muscles. Recently, Phillips & Leeuwenburgh (2005)

and Dirks & Leeuwenburgh (2006) have reported that aging is

associated with an increased circulating TNF-α. They showed

that this increase is responsible for the activation of different

signaling cascades in type 1 and type 2 fibers. Type 1 fibers pre-

ferentially develop the inflammatory signaling pathway through

the transcription factor NF-κB and thus survive. In contrast, type

2 fibers follow the pathway leading to TNF-α-induced apoptosis.

This partly explain why aging triggers an enrichment of mixed

muscles with type 1 fibers (Siriett et al., 2006). In our study,

mitochondria were extracted from mixed (white plus red)

gastrocnemius in order to obtain a sufficient amount of the

organelles. Aging should have thus enriched the final preparation

with mitochondria obtained from type 1 fibers and this could

partly explain its effect on mitochondrial functioning. However,

mitochondria extracted from type 1 fibers display lower oxida-

tive capacities in the rat as has been demonstrated when com-

paring the functioning of isolated mitochondria obtained from

soleus and tibialis anterior muscles (Capel et al., 2004). A similar

conclusion has been drawn from comparisons of white and red

gastrocnemius (Molnar et al., 2004). In our experiment, we did

not determine the effect of aging on the gastrocnemius fiber

type composition. However, if aging had substantially increased

the proportion of mitochondria obtained from type 1 fibers in

our preparation, the oxidative phosphorylation with glutamate

as substrate would have been reduced when the free-calcium

concentration of the respiration medium was low. This was not

the case, indicating that our results mainly reflected changes in

mitochondrial function rather than alterations of muscle fiber

composition with aging. Furthermore, the results obtained on

in vivo matrix calcium content also support this idea. Indeed,

aging increased matrix calcium in mitochondria obtained from

type 1 fibers (soleus), whereas it decreased this parameter in

those extracted from the gastrocnemius muscle.

Intact and damaged mitochondria are present in the muscle

and it is almost certain that the isolation procedure did not

extract a representative population of all mitochondria. Since

the mitochondria are extracted according to their density, it is

likely that the more-damaged mitochondria (swollen mitochon-

dria, mega mitochondria and disrupted mitochondria) were

excluded. It is well known that aging favors the formation of

COX–, SDH+ and COX–/SDH+ fibers in the rat (Aspnes et al.,
1997). In our experiment, analysis of the mitochondria extracted

from old gastrocnemius displayed a decreased COX subunit IV

content, probably reflecting altered transcription from nuclear

DNA. However, COX activity was increased, suggesting a com-

pensatory mechanism to increase energy production. Since COX

activity is dependent on its lipid environment, changes in COX

activity could result from changes in the activity of enzymes

involved in phospholipid synthesis. This may lead the cell to

establish a specific polyunsaturated fatty acid profile less prone

to nonspecific oxidation triggered by ROS attack. The most

damaged mitochondria were probably not extracted during our

purification procedure. The extraction yield expressed as the

amount of mitochondrial protein extracted per gram of muscle

was, however, similar in adult and aged rats. It indicates that the

percentage of damaged mitochondria was low, maybe because

they were rapidly eliminated through autophagy. A better

extraction yield might have been obtained by using a specific

mitochondrial enzyme marker in muscle homogenate, since the

mitochondrial content of the muscle might be modified by

aging. However, Pastoris et al. (1991) did not observe any notice-

able change in the activity of gastrocnemius citrate synthase

with aging. Moreover, the structural homogeneity of the

organelles extracted from the gastrocnemius of adult and aged

rats does not signify that their biochemical behavior is similar.

The mitochondria extracted from old muscles can present

different sensitivities to stressing agents, which would explain

why all fibers do not die at the same moment and also why

sarcopenia develops slowly. Changes in the lipid composition of

mitochondrial membranes could contribute to such differential

sensitivities. In the present experiment, we evaluated the effects

of aging on the fatty acid profile of phospholipids of gastro-

cnemius mitochondria. Briefly, aging triggered an increase in

monounsaturated fatty acids to the detriment of saturated fatty

acids. The proportion of PUFAs was not modified by aging, but

a clear increase in n−6 PUFAs occurred at the expense of n−3

PUFAs. N−3 PUFAs are the most unsaturated PUFAs and the

most susceptible to auto-oxidation through ROS attack. Since

aging is accompanied by oxidative stress (Harman, 1956; Pollack

et al., 2002), it is possible that n−3 PUFA is partly eliminated

and substituted by more stable PUFAs such as linoleic acid (two

double bonds instead of six for C22:6 n−3). It might also be

possible that the cells resist ROS attack by modifying the expres-

sion of genes involved in the synthesis of enzymes participating

in phospholipid formation. Whatever the mechanism, the

increased n−6 PUFAs to n−3 PUFAs ratio of membrane phos-

pholipids would decrease membrane fluidity, but the loss would

be partly compensated for by the increase in monounsaturated

fatty acids at the expense of saturated fatty acids.

All these modifications could alter mitochondrial function,

since PUFAs are important constituents of functional domains

in the inner membrane. The changes in phospholipid fatty acid

composition could alter the membrane physical properties,

particularly membrane fluidity, which in turn could modify the

activity of membrane-bound enzymes. Paradies et al. (1999)

showed that cardiac ischemia/reperfusion was associated with

oxidative stress, loss of mitochondrial cardiolipin and fall in

COX activity. It is well known that cardiolipin plays an important

role in enzyme activity, due to its localisation in microdomains.

Cardiolipin is rich in linoleic acid. In our study, we saw an aging-

induced increase in phospholipid linoleic acid proportion to the

detriment of n−3 polyunsaturated fatty acid. This could reflect

a rise in cardiolipin content and would explain why COX activity

was increased by aging despite a reduced subunit IV content.
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Effect of aging on respiration substrate selection

Aging had several impacts on mitochondrial function. We exam-

ined function at different free-calcium concentrations, including

one in the physiological range (0.43 and 0.48 µM for glutamate

and pyruvate, respectively) and two high concentrations (2.67

and 19.1 µM for glutamate, and 4.18 and 9.18 µM for pyruvate)

that could supervene in pathological conditions. Elevations in

calcium concentrations can obviously occur in vivo and can be

responsible for muscle atrophy, since the calcium channel

blocker nifedipine completely abolishes immobilization-induced

soleus weight loss (Soares et al., 1993). At the physiological

free-calcium concentration, aging reduced pyruvate oxidation,

without modifying glutamate degradation. Several investigators

already observed similar glutamate oxidation in adult and old

mixed muscles (Barrientos et al., 1996; Capel et al., 2004), but

pyruvate degradation was less studied. Pyruvate and glutamate

follow a different pathway towards α-ketoglutarate in the Krebs

cycle. After this step, the metabolic pathway (Krebs cycle and

oxidative phosphorylation) is common for the two substrates.

Pyruvate enters the mitochondria where it is oxidatively de-

carboxylated by PDH to acetylCoA. Recently, Drew et al. (2003)

described lower ATP production from pyruvate by gastrocne-

mius mitochondria of 26-month-old rats as compared to their

12-month-old counterparts. They attributed this phenomenon

to a lower matrix ATP content. However, if such a decrease had

occurred in our study, glutamate oxidation would have been

also reduced at the physiological free-calcium concentration.

This was not the case, which suggests involvement of another

phenomenon.

We demonstrated that the active form of PDH was lowered

by aging, whereas its total activity was unchanged. This explains

the aging-related decrease in the state III respiration rate

observed with pyruvate. Pyruvate dehydrogenase is activated by

a phosphatase and inactivated by a kinase whose activities are

regulated by calcium, ATP, NADH and acetylCoA (Cox & Matlib,

1993). Decreased calcium as well as increased ATP, NADH and

acetylCoA contribute to reduce the active form. We did not

measure ATP, NADH and acetylCoA, but according to Drew et al.
(2003), ATP is decreased in mitochondria obtained from old rat

gastrocnemius. Instead of inactivating the PDH system, this should

activate it. This clearly demonstrates that the PDH system in old

animals is regulated by other factors whose inhibitory activity

predominates. Mitochondrial calcium could be decreased by

aging. We measured in vivo mitochondrial calcium and found

that it tended to be reduced (−16%). A small reduction of mito-

chondrial calcium could have contributed to a large decrease

in active PDH and concomitant reduction of pyruvate oxidation.

We do not know if the reduced matrix calcium results from PUFA-

related decrease in ∆Ψ and calcium entry through the calcium

uniport or activation of the inner membrane Na/Ca exchange.

Protein degradation is inversely related to muscle mass in aged

mice (Reynolds et al., 2002). In the rat, proteolysis has been

measured in 24-month-old animals by evaluating urine excre-

tion of 3-methylhistidine (Mosoni et al., 1999). It is increased

in these old animals as compared to 12-month-old rats. We did

not measure proteolysis in our study. However, Kimball et al.
(2004) reported that muscle weight loss occurs from the 18th

month of life in the rat. Surprisingly, these authors showed that

gastrocnemius protein anabolism was stimulated while muscle

mass was dropping. This suggests occurrence of intense mus-

cular proteolysis from the 18th month of life in the rat. The

higher relative contribution of glutamate oxidation as compared

to pyruvate degradation observed in our 21-month-old animals

could contribute to the increased proteolytic activity observed

in the aged muscle. Interestingly, soleus weight was preserved

by aging. In this muscle, we did not measure PDH activity, but

the high in vivo mitochondrial calcium concentration observed

in 21-month-old rats suggests that this activity was either

maintained or even increased. The glutamate oxidation rate to

pyruvate oxidation rate should thus be maintained, which

would partly explain the maintenance of soleus weight.

Effect of aging on mitochondrial function at increasing 
calcium concentrations

Depending on the concentration used, calcium had several

impacts on mitochondrial function. It first reduced the respira-

tion of NADH-linked substrate (glutamate and pyruvate) and

favored ROS production. This was achieved without complete

opening of the permeability transition pore (PTP) as it occurred

at higher calcium concentrations, but the state IV respiration rate

was increased and the RCI decreased, suggesting a proton leak

and a partial opening of the PTP. On the one hand, the decreased

RCI and ADP:O ratio with excess calcium have already been

described in isolated cardiac mitochondria (Sentex et al., 1999;

Meynier et al., 2003). In these organelles, it is due to calcium-

induced stimulation of isocitrate and α-ketoglutarate dehydro-

genases. As a result, succinate accumulates in the mitochondrial

matrix, which contributes to stimulate ROS production, to open

the PTP in a population of ‘sensitive’ mitochondria and to favor

proton leak. On the other hand, the decrease in oxidative phos-

phorylation observed before the complete PTP opening might

be due to inhibition of complex I. Indeed, calcium inhibits

respiration of NADH-linked substrates by direct blockade of

complex I in isolated hepatic mitochondria (Fontaine & Bernardi,

1999). It could also be due to a partial PTP opening in a sensitive

mitochondrial subpopulation with NADH release from the

matrix (Fontaine et al., 1998; Batandier et al., 2004). From our

results, we cannot conclude which hypothesis is valid, but both

could contribute.

Aging amplified all these phenomena. It further reduced the

respiration rate, whatever the substrate used. It favored the

decrease in ADP:O ratio with glutamate as a substrate, but not

with pyruvate. It amplified ROS production, which cannot be

explained by the reduction of Mn-SOD [such a decrease should

contribute to reduce hydrogen peroxide (H2O2) production]. On

the contrary, the reduced mitochondrial SOD activity should

favor the release of the highly toxic hydroxyl ion. This ROS would

damage the mitochondrial DNA, thus reducing the expression
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of mitochondrial DNA-made enzymes such as COX subunits.

Decreased content and increased activity of COX could alter

electron transport, favor ROS production and encourage loss

of metabolic efficiency. Finally, aging facilitated complete PTP

opening when pyruvate was used as a substrate, maybe because

of the low rate of oxidative phosphorylation and a resulting drop

of proton gradient. The mitochondria from aged gastrocnemius

were thus weakened when facing a calcium stress as compared

to their adult counterparts. The resulting release in cytochrome

c and loss in energy production might induce cell death by apop-

tosis and/or oncosis (Green & Reed, 1998). Skeletal muscle of

24-month-old rats displays apoptosis (Dirks & Leeuwenburgh,

2004). However, we have not examined this in the case of our

21-month-old rats. Our data on isolated mitochondria suggest

that the muscle cells of 21-month-old rats are more prone to

apoptosis than those of their adult counterparts. A change in

cellular and mitochondrial calcium could occur with aging through

insulin-resistance or other aging-related pathology (Resnick,

1999). In our study, excess calcium loading at the mitochondrial

level triggered ROS overproduction. This was also demonstrated

in cardiac mitochondria (Grijalba et al., 1999). The phenomenon

could alter some key elements in mitochondrial functioning.

Polyunsaturated fatty acids of inner membrane phospholipids

could be subjected to peroxidation (Ochoa et al., 2003), releas-

ing toxic compounds such as 4-hydroxynonenal (Aldini et al.,
2002). Proteins could directly endure ROS attack, activity loss

(Squier & Bigelow, 2000) and accelerated proteolysis (Levine

et al., 1996). Mitochondrial DNA could also be subjected to the

action of ROS, leading to deletions/mutations (Eimon et al.,
1996; Pallotti et al., 1996). All these changes could contribute to

make the mitochondria more fragile when facing the deleteri-

ous action of calcium with aging.

In conclusion, aging has several noticeable effects on mito-

chondrial functioning of gastrocnemius muscle. This is probably

related to a change in the PUFA profile of mitochondrial lipids

in the face of increased production of toxic ROS. The altered

PUFA profile in turn probably amplified the deleterious action

of calcium (facilitation of ROS production and PTP opening as

well as reduction of energy synthesis); it also favored glutamate

oxidation as compared to pyruvate degradation through a

mechanism involving reduced matrix calcium and PDH activity.

All these modifications can partly explain the abnormalities

encountered during sarcopenia. During the aging process, mul-

tiplication of different mechanical, biochemical and oxidative

stresses could contribute to transient increases in mitochondrial

calcium, thus favoring ROS overproduction and mitochondrial

damage which in turn would facilitate proteolysis and cell

death.

Experimental procedures

Animal care

In these experiments, the care and use of laboratory animals

followed the European Union recommendations. Thirty-two

male Wistar rats (Janvier, Le Genest Saint Isle, France) were

used. Sixteen animals were aged 6 months (adult group) and

16 were aged 21 months (aged group) at the beginning of the

experiments. The rats were housed in individual cages in an

animal facility with controlled temperature, dark/light cycle and

air humidity degree. They were fed with standard commercial

pellets (A04, Safe, Gannat, France) ad libitum with free access

to water. After 1 week of stabilization, the experiments began

and lasted no more than 4 weeks. Ten animals of each group were

used to evaluate the respiration parameters, ROS production,

activity of respiratory chain complexes and calcium retention

capacities. The other six rats of each group were used for the

determination of in vivo calcium concentration, PDH and SOD

activities as well as protein expression.

Chemicals

All products were obtained from Sigma-Aldrich (Saint Quentin

Fallavier, France). The fluorescent probes for detection of free

calcium (calcium Green 5N) and reactive oxygen species (DCFDA)

were purchased from Molecular Probes (Invitrogen SARL, Cergy

Pontoise, France).

Mitochondria preparation

After anesthesia with thiobarbital (10 mg per 100 g of body

weight), the gastrocnemius muscle of both legs was collected,

weighed and transferred in the cold. A medium containing

sucrose 150 mM, KCl 75 mM, Tris–HCl 50 mM, KH2PO4 1 mM,

MgCl2 5 mM, EGTA-Tris 1 mM, and lipid-free serum albumin

0.2%, pH 7.4, was used for mitochondrial extraction. Mito-

chondria were prepared according to Fontaine et al. (1998).

Mitochondrial respiration

Mitochondrial respiration was determined at 25 °C in a 1.2 mL

chamber with a Clarke oxygen electrode related to an oxygen

monitor (YSI, Fisher Bioblock Scientific, Illkirch, France). The chamber

was totally filled with the respiration buffer and closed after

addition of mitochondria (0.25 mg proteins mL−1). The respiration

substrate (either glutamate 5 mM + malate 1 mM or pyruvate

5 mM + malate 1 mM) was added, followed by the phosphor-

ylation substrate (ADP, 242 µM) 90 s later (this duration allowed

a complete matrix calcium loading). The parameters of oxidative

phosphorylation (state III and IV respiration rates, respiratory

control index and ADP:O ratio) were calculated according to Chance

& Williams (1956) and Estabrook (1967). Oxygen consumption

was determined in three media differing in their free-calcium

concentration. The low-free calcium medium was composed of

sucrose 250 mM, Pi-Tris 10 mM, and EDTA 2 mM, pH 7.3. The

free-calcium concentration of this medium was evaluated with

a fluorescent indicator (calcium Green 5N) using calibration solu-

tions (mixture of calcium and EDTA) calculated according to Fabiato

& Fabiato (1979). The calcium concentrations were 0.43 and

0.48 µM with glutamate 5 mM + malate 1 mM, and pyruvate 5 mM
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+ malate 1 mM, respectively. The second respiration medium was

similar to the first one except that the EDTA concentration

was 5 µM. This induced the free-calcium concentration to 2.67

and 4.18 µM with glutamate and pyruvate, respectively. Finally,

the third respiration medium was obtained by adding excess

calcium to the second medium. The added calcium concentra-

tions were chosen to be lower (10 and 40 µM for pyruvate and

glutamate, respectively) than that necessary to trigger a

complete opening of the permeability transition pore. The

corresponding free-calcium concentrations were 9.18 and

19.1 µM, respectively.

When glutamate was used as a respiration substrate, the

respiratory control index was 9.67 ± 0.83 and 8.22 ± 0.57 in mito-

chondria from adult and aged rats (no significant difference),

respectively, at the lowest free-calcium concentration. This indi-

cates the similarity and the good quality of the mitochondrial

preparations used.

Measurement of enzyme activities

The active and total forms of PDH were measured according

to Coore et al. (1971). Mn-SOD activity was determined with

the RANSOD kit from Randox Laboratorie (Montpellier,

France) in isolated mitochondria after inhibition of residual

Cu,Zn-SOD activity by sodium cyanide. The activities of respira-

tory chain complexes (NADH cytochrome c reductase, succinate

cytochrome c reductase, succinate dehydrogenase and cyto-

chrome c oxidase) were evaluated as described by Veitch &

Hue (1994).

Immunoblotting

Mitochondrial contents in PDH, cytochrome c oxidase and com-

plex I were determined by Western blot. Mitochondrial proteins

along with molecular weight markers were separated on a 10%

sodium dodecyl sulfate–polyacrylamide gel electrophoresis

(SDS-PAGE) and transferred by electroblotting on polyvinylidene

difluoride (PVDF) membranes. PVDF membranes were incu-

bated 3 h in blocking buffer (NaCl 150 mM, nonfat dried milk

10%, Tween 20 0.1%, Tris 50 mM, pH 7.5), and then incubated

overnight at 4 °C with either anti-PDH antibody (MitoSciences,

Eugene, OR, USA, 1 µg mL−1), anticytochrome c oxidase subunit

IV antibody (Molecular Probes, 0.5 µg mL−1) or anticomplex I 39 kDa

subunit antibody (Molecular Probes, 1 µg mL−1). Membranes

were washed three times in NaCl 150 mM, Tris 50 mM, pH 7.5 and

then incubated 1 h with appropriate horseradish peroxidase-linked

secondary antibodies (Amersham Biosciences, Orsay, France).

Protein contents were detected by enhanced chemiluminescence

(Amersham Biosciences) with exposure on autoradiography films

(Kodak X-OMAT). Band densities were quantified by software

analysis using Scion Image (Scion Corporation, Frederick, MD,

USA). To allow consistency between experiments, a small

aliquot of the same sample was systematically loaded on every

gel and the generated signal was used as one arbitrary unit to

express the results.

In vivo calcium content

On the day of sacrifice, rats were anesthetized using a mixture

of ketamine (120 mg kg−1) and xylazine (6 mg kg−1) solubilised

in NaCl (0.9%). Radioactive calcium (45Ca, 0.925 MBq dissolved

in 0.5 mL of 0.9% NaCl – Amersham Biosciences) was injected

in the left saphenous vein. Anesthesia was maintained for

45 min to allow 45Ca to diffuse in the organism so that specific

activity of the tracer became uniform in every cell compartment.

Gastrocnemius and soleus muscles of both legs were collected

and weighed. Muscle mitochondria were prepared according

to Pepe et al. (1999). Extraction medium (pH 7.4) contained

sucrose 250 mM, HEPES 5 mM, EDTA 2 mM, and also diltiazem

30 µM and ruthenium red 3.2 µM to prevent calcium entering

the mitochondria through the calcium uniport and escaping from

the mitochondrial matrix through Na/Ca exchange. Ruthenium

red was prepared according to Luft (1971). Mitochondrial calcium

was extracted with perchloric acid (0.6 M, final concentration).

After homogenisation, the extract was centrifuged (10 000 g,

5 min) and the supernatant transferred in a scintillation vial con-

taining 10 mL of Ultima Gold (Perkin Elmer, Courtaboeuf, France).
45Ca radioactivity was measured (2000CA, Packard Instrument,

Rungis, France) for 1 h and corrected for quenching and chemo

luminescence. Calcium-specific activity was determined in the

plasma by evaluating calcium radioactivity as mentioned above.

The amount of calcium in the plasma was determined by atomic

absorption photometry (Perkin Elmer 3300 – absorption wave

length set at 423 nm) after perchloric acid extraction and

addition of lanthane chloride (0.1%) in the extract. The specific

activity of calcium was considered to be similar in the plasma

and mitochondrial compartment after 45 min of diffusion in the

organism (McCormack & Denton, 1984). Mitochondrial calcium

content was calculated as the ratio of mitochondrial radio-

activity to plasma-specific activity and expressed in nanomole

per milligram mitochondrial protein.

Calcium retention capacities

The mitochondrial capacities of calcium retention were determined

according to Walter et al. (2000), using calcium Green 5N as a

fluorescent indicator of free calcium in the medium. The excitation

and emission wavelengths were adjusted to 505 and 535 nm,

respectively. The assay was carried out at 25 °C in the second

respiration medium in the same conditions as those used for

respiration measurements. Five minutes after the addition of the

medium, substrate (glutamate 5 mM + malate 1 mM or pyruvate

5 mM + malate 1 mM), calcium Green 5N and mitochondria were

successively added. A first calcium pulse (2.5 and 10 µM for pyruvate

and glutamate, respectively) was added, leading to an increase

in the fluorescence due to the presence of free calcium in the

medium. Thereafter, the mitochondria absorbed the calcium and

the fluorescence decreased to its previous value. Other calcium

pulses were performed until all the matrix calcium was released

from the mitochondria (opening of the permeability transition pore)

and the calcium concentration remained high in the medium.
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Oxygen-free radical production

ROS production was measured according to Walter et al. (2000)

using the DCFDA (2′,7′-dichlorodihydrofluorescein diacetate)

probe. In the presence of ROS, the de-acetylated form of DCFDA

(DCF) becomes fluorescent (506 and 521 nm for excitation and

emission wavelengths, respectively). The assay was performed

under the same conditions as those used for respiration meas-

urements, except that the mitochondrial concentration was

0.75 mg proteins mL−1. The second respiration medium was

used and glutamate 5 mM + malate 1 mM, pig liver esterase

(25 IU), mitochondria and DCFDA (8 µL) were successively

added. The fluorescent measurement was recorded for 15 min

and calcium (40 µM) was added. The measurement was then

recorded for another 15-min period. Pyruvate was not used,

since it is known to have a ROS scavenging activity (Varma et al.,
1998). The results were expressed as nanomoles H2O2 produced

per milligram proteins, using a calibration curve established

with known amounts of H2O2.

Fatty acid profile of isolated mitochondria

The fatty acid composition of gastrocnemius mitochondria was

determined as previously described (Demaison & Grynberg,

1991). The lipids were extracted from the mitochondria accord-

ing to Folch et al. (1957). The phospholipids were separated

from nonphosphorus lipids using a Sep-pack cartridge (Juaneda

& Rocquelin, 1985). After transmethylation, the fatty acid methyl

esters were separated and analyzed by gas chromatography on

a DB wax capillary column.

Statistical analysis

The results are presented as mean ± SEM. In general, the data

were analyzed with one-way analysis of variance describing the

effect of aging (A. ef.). The effect of calcium on the functioning

of mitochondria from adult and aged rats was determined

with an analysis of variance with repeated measures, since

this effect was tested in the same mitochondrial preparation.

The analysis of variance described the effect of aging (A. ef.),

of free calcium (Ca ef.) and the cross-interaction between the

two factors. When necessary, a Fisher’s protected least signifi-

cant difference (LSD) test was used to compare the means. A

P value lower than 0.05 was considered significant.

Acknowledgments

This work was supported by the National Institute of Agronom-

ical Research (INRA, France) through a grant called ‘Fonction

mitochondriale et biologie du muscle’.

References

Aldini G, Granata P, Carini M (2002) Detoxification of cytotoxic
alpha,beta-unsaturated aldehydes by carnosine: characterization of

conjugated adducts by electrospray ionization tandem mass spec-
trometry and detection by liquid chromatography/mass spectrometry
in rat skeletal muscle. J. Mass Spectrom. 37, 1219–1228.

Appell HJ (1990) Muscular atrophy following immobilisation. A review.
Sports Med. 10, 42–58.

Aspnes LE, Lee CM, Weindruch R, Chung SS, Roecker EB, Aiken JM
(1997) Caloric restriction reduces fiber loss and mitochondrial abnor-
malities in aged rat muscle. FASEB J. 11, 573–581.

Barrientos A, Casademont J, Rotig A, Miro O, Urbano-Marquez A,
Rustin P, Cardellach F (1996) Absence of relationship between the
level of electron transport chain activities and aging in human skeletal
muscle. Biochem. Biophys. Res. Commun. 229, 536–539.

Bastide B, Conti A, Sorrentino V, Mounier Y (2000) Properties of ryanodine
receptor in rat muscles submitted to unloaded conditions. Biochem.
Biophys. Res. Commun. 270, 442–447.

Batandier C, Leverve X, Fontaine E (2004) Opening of the mitochondrial
permeability transition pore induces reactive oxygen species pro-
duction at the level of the respiratory chain complex I. J. Biol. Chem.
279, 17197–17204.

Capel F, Buffiere C, Patureau Mirand P, Mosoni L (2004) Differential
variation of mitochondrial H2O2 release during aging in oxidative
and glycolytic muscles in rats. Mech. Ageing Dev. 125, 367–373.

Carmeli E, Coleman R, Reznick AZ (2002) The biochemistry of aging muscle.
Exp. Gerontol. 37, 477–489.

Chance B, Williams GR (1956) The respiratory chain and oxidative
phosphorylation. Advan. Enzymol. 17, 65–134.

Coore HG, Denton RM, Martin BR, Randle PJ (1971) Regulation of adi-
pose tissue pyruvate dehydrogenase by insulin and other hormones.
Biochem. J. 125, 115–127.

Cox DA, Matlib MA (1993) A role for the mitochondrial Na(+)-Ca2+

exchanger in the regulation of oxidative phosphorylation in isolated
heart mitochondria. J. Biol. Chem. 268, 938–947.

Demaison L, Grynberg A (1991) Influence of dietary linseed oil and
sunflower seed oil on some mechanical and metabolic parameters of
isolated working rat hearts. Reprod. Nutr. Dev. 31, 37–45.

Dirks AJ, Leeuwenburgh C (2004) Aging and lifelong calorie restriction
result in adaptations of skeletal muscle apoptosis repressor, apoptosis-
inducing factor, X-linked inhibitor of apoptosis, caspase-3, and
caspase-12. Free Radic. Biol. Med. 36, 27–39.

Dirks AJ, Leeuwenburgh C (2006) Tumor necrosis factor α signalling in
skeletal muscle: effects of age and caloric restriction. J. Nutr. Biochem.
17, 501–508.

Drew B, Phaneuf S, Dirks A, Selman C, Gredilla R, Lezza A, Barja G,
Leeuwenburgh C (2003) Effects of aging and caloric restriction on
mitochondrial energy production in gastrocnemius muscle and heart.
Am. J. Physiol. 284, R474–R480.

Eimon PM, Chung SS, Lee CM, Weindruch R, Aiken JM (1996) Age-
associated mitochondrial DNA deletions in mouse skeletal muscle:
comparison of different regions of the mitochondrial genome. Dev.
Genet. 18, 107–113.

Estabrook RW (1967) Mitochondrial respiratory control and polaro-
graphic measurement of ADP:O ratios. Meth. Enzymol. 10, 41–
47.

Fabiato A, Fabiato F (1979) Calculator programs for computing the
composition of the solutions containing multiple metals and ligands
used for experiments in skinned muscle cells. J. Physiol. (Paris) 75,
463–505.

Folch J, Lees M, Sloane-Stanley GH (1957) A simple method for the iso-
lation and purification of total lipids from animal tissues. J. Biol. Chem.
226, 497–509.

Fontaine E, Bernardi P (1999) Progress on the mitochondrial permeability
transition pore: regulation by complex I and ubiquinone analogs.
J. Bioenerg. Biomembr. 31, 335–345.



Abnormalities in mitochondrial functioning in sarcopenic muscle, C. Martin et al.

© 2007 Institut National de la Recherche Agronomique
Journal compilation © Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2007

176

Fontaine E, Eriksson O, Ichas F, Bernardi P (1998) Regulation of the
permeability transition pore in skeletal muscle mitochondria. Modu-
lation by electron flow through the respiratory chain complex I. J. Biol.
Chem. 273, 12662–12668.

Fulle S, Protasi F, Di Tano G, Pietrangelo T, Beltramin A, Boncompagni S,
Vecchiet L, Fano G (2004) The contribution of reactive oxygen species
to sarcopenia and muscle ageing. Exp. Gerontol. 39, 17–24.

Green DR, Reed JC (1998) Mitochondria and apoptosis. Science 281,
1309–1312.

Grijalba MT, Vercesi AE, Schreier S (1999) Ca2+-induced increased lipid
packing and domain formation in submitochondrial particles. A
possible early step in the mechanism of Ca2+-stimulated generation
of reactive oxygen species by the respiratory chain. Biochemistry 38,
13279–13287.

Harman D (1956) Aging: a theory based on free radical and radiation
chemistry. J. Gerontol. 11, 298–300.

Ji LL (2002) Exercise-induced modulation of antioxidant defense. Ann.
N. Y. Acad. Sci. 959, 82–92.

Jin X, Qu N, He Y, Guo Y, Wang C, Lu C, Li C, Wei Z, Chen J (2004)
Cell apoptosis in atrophic skeletal muscle induced by immobilization
in rabbits – An experimental study using TUNEL. Sheng Wu Yi Xue
Gong Cheng Xue Za Zhi 21, 628–630.

Juaneda P, Rocquelin G (1985) Rapid and convenient separation of
phospholipids and non phosphorus lipids from rat hearts using silica
cartridge. Lipids 20, 40–41.

Khachaturian ZS (1989) The role of calcium regulation in brain aging:
reexamination of a hypothesis. Aging 1, 17–34.

Kimball SR, O’Malley JP, Anthony JC, Crozier SJ, Jefferson LS (2004)
Assessment of biomarkers of protein anabolism in skeletal muscle during
the life span of the rat: sarcopenia despite elevated protein synthesis.
Am. J. Physiol. 287, E772–E780.

Levine RL, Mosoni L, Berlett BS, Stadtman ER (1996) Methionine residues
as endogenous antioxidants in proteins. Proc. Natl Acad. Sci. USA 93,
15036–15040.

Lopez ME, Van Zeeland NL, Dahl DB, Weindruch R, Aiken JM (2000)
Cellular phenotypes of age-associated skeletal muscle mitochondrial
abnormalities in rhesus monkeys. Mutat. Res. 452, 123–138.

Luft JH (1971) Ruthenium red and violet. I. Chemistry, purification, meth-
ods of use for electron microscopy and mechanism of action. Anat.
Rec. 171, 347–368.

McCormack JG, Denton RM (1984) Role of Ca2+ ions in the regulation
of intramitochondrial metabolism in rat heart. Evidence for studies
with isolated mitochondria that adrenaline activates the pyruvate
dehydrogenase and 2-oxoglutarate dehydrogenase complexes by
increasing the intramitochondrial concentration of Ca2+. Biochem. J.
218, 235–247.

Meynier A, Razik H, Cordelet C, Grégoire S, Demaison L (2003) Involve-
ment of oxygen free radicals in the respiratory uncoupling induced
by free calcium and ADP-magnesium in isolated cardiac mitochondria:
comparing reoxygenation in cultured cardiomyocytes. Mol. Cell. Bio-
chem. 243, 55–64.

Molnar AM, Alves AA, Pereira-da-Silva L, Macedo DV, Dabbeni-Sala F
(2004) Evaluation by blue native polyacrylamide electrophoresis color-
imetric staining of the effects of physical exercise on the activities of
mitochondrial complexes in rat muscle. Braz. J. Med. Biol. Res. 37,
939–947.

Mosoni L, Malmezat T, Valluy MC, Houlier ML, Attaix D, Mirand PP
(1999) Lower recovery of muscle protein lost during starvation in old
rats despite a stimulation of protein synthesis. Am. J. Physiol. 277,
E608–E616.

Ochoa JJ, Quiles JL, Ibanez S, Martinez E, Lopez-Frias M, Huertas JR,
Mataix J (2003) Aging-related oxidative stress depends on dietary lipid
source in rat postmitotic tissues. J. Bioenerg. Biomembr. 35, 267–275.

Pallotti F, Chen X, Bonilla E, Schon EA (1996) Evidence that specific
mtDNA point mutations may not accumulate in skeletal muscle during
normal human aging. Am. J. Hum. Genet. 59, 591–602.

Paradies G, Petrosillo G, Pistolese M, Di Venosa N, Serena D, Ruggiero
FM (1999) Lipid peroxidation and alterations to oxidative metabolism
in mitochondria from rat heart subjected to ischemia and reperfusion.
Free Rad. Biol. Med. 27, 42–50.

Pastoris O, Vercesi L, Dossena M (1991) Effects of hypoxia and pharma-
cological treatment on enzyme activities in skeletal muscle of rats of
different ages. Exp. Gerontol. 26, 77–87.

Pepe S, Tsuchiya N, Lakatta EG, Hansford RG (1999) PUFA and aging
modulate cardiac mitochondrial membrane lipid composition and
Ca2+ activation of PDH. Am. J. Physiol. 276, H149–H158.

Phillips T, Leeuwenburgh C (2005) Muscle fiber-specific apoptosis and
TNF-α signalling in sarcopenia are attenuated by life-long calorie
restriction. FASEB J. 19, 668–670.

Pollack M, Leeuwenburgh C (2001) Apoptosis and aging: role of the
mitochondria. J. Gerontol. 56, B475–B482.

Pollack M, Phaneuf S, Dirks A, Leeuwenburgh C (2002) The role of apop-
tosis in the normal aging brain, skeletal muscle, and heart. Ann. N.
Y. Acad. Sci. 959, 93–107.

Resnick L (1999) The cellular ionic basis of hypertension and allied clinical
conditions: controversies in hypertension: Part II. Prog. Cardiovasc. Dis.
42, 1–22.

Reynolds THt, Krajewski KM, Larkin LM, Reid P, Halter JB, Supiano MA,
Dengel DR (2002) Effect of age on skeletal muscle proteolysis in
extensor digitorum longus muscles of B6C3F1 mice. J. Gerontol. 57,
B198–B201.

Sentex E, Laurent A, Martine L, Gregoire S, Rochette L, Demaison L
(1999) Calcium- and ADP-magnesium-induced respiratory uncoupling
in isolated cardiac mitochondria: influence of cyclosporin A. Mol. Cell.
Biochem. 202, 73–84.

Siriett V, Platt L, Salerno MS, Ling N, Kambadur R, Sharma M (2006)
Prolonged absence of myostatin reduces sarcopenia. J. Cell Physiol.
209, 866–873.

Siu PM, Always SE (2004) Id2 and p53 participate in apoptosis during
unloading-induced muscle atrophy. Am. J. Physiol. 288, C1058–
C1073.

Siu PM, Pistilli EE, Always SE (2005) Apoptotic responses to hindlimb
suspension in gastrocnemius muscles from young adult and aged rats.
Am. J. Physiol. 289, R1015–R1026.

Smith HK, Maxwell L, Martyn JA, Bass JJ (2000) Nuclear DNA frag-
mentation and morphological alterations in adult rabbit skeletal
muscle after short-term immobilization. Cell Tissue Res. 302, 235–
241.

Soares JM, Duarte JA, Carvalho J, Appell HJ (1993) The possible role of
intracellular Ca2+ accumulation for the development of immobilization
atrophy. Int. J. Sports Med. 14, 437–439.

Squier TC, Bigelow DJ (2000) Protein oxidation and age-dependent alter-
ations in calcium homeostasis. Front Biosci. 5, D504–D526.

Thompson LV (1994) Effects of age and training on skeletal muscle
physiology and performance. Phys. Ther. 74, 71–81.

Varma SD, Devamanoharan PS, Ali AH (1998) Prevention of intracellular
oxidative stress to lens by pyruvate and its ester. Free Radic. Res. 28,
131–135.

Veitch K, Hue L (1994) Flunarizine and cinnarizine inhibit complexes I
and II: possible implication for Parkinsonism. Mol. Pharmacol. 45,
158–163.

Walter L, Nogueira V, Leverve X, Heitz MP, Bernardi P, Fontaine E (2000)
Three classes of ubiquinone analogs regulate the mitochondrial
permeability transition pore through a common site. J. Biol. Chem.
275, 29521–29527.

Wanagat J, Cao Z, Pathare P, Aiken JM (2001) Mitochondrial DNA



Abnormalities in mitochondrial functioning in sarcopenic muscle, C. Martin et al.

© 2007 Institut National de la Recherche Agronomique
Journal compilation © Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2007

177

deletion mutations colocalize with segmental electron transport
system abnormalities, muscle fiber atrophy, fiber splitting, and
oxidative damage in sarcopenia. FASEB J. 15, 322–332.

Yarasheski KE (2003) Exercise, aging, and muscle protein metabolism.
J. Gerontol. 58, M918–M922.

Ying W (1996) A new hypothesis of neurodegenerative diseases: the
deleterious network hypothesis. Med. Hypotheses 47, 307–313.

Zinna EM, Yarasheski KE (2003) Exercise treatment to counteract protein
wasting of chronic diseases. Curr. Opin. Clin. Nutr. Metab. Care 6,
87–93.


