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Aging Impairs Skeletal Muscle Mitochondrial
Bioenergetic Function
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This study investigated the influence of age on the functional status of mitochondria isolated from skeletal muscle of C57BL/6 mice
aged 3 and 18 months. We hypothesized that skeletal muscle mitochondria isolated from aged animals will exhibit a decreased
respiratory function. Mitochondrial respiratory functional measures (ie, State 3 and 4 respiration, respiratory control ratio and
number of nanomoles of ADP phosphorylated by nanomoles of O, consumed per mitochondrion) and biochemical markers of
oxidative damage (aconitase activity, protein carbonyl derivatives, sulthydryl groups, and malondialdehyde) were measured in
isolated mitochondrial suspensions. Along with traditional tests of mitochondrial function, an in vitro repetitive ADP-stimulation
test was used to evaluate the mitochondrial capacity to reestablish the homeostatic balance between successive ADP stimula-
tions. The number of mitochondria per mitochondrial suspension, calculated by transmission electron microscopy, was used to
normalize functional and biochemical data. Our results confirm the existence of an age-associated decline in mitochondrial
function of mixed skeletal muscle, which is significantly correlated with higher levels of mitochondrial oxidative damage.
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GING is characterized by a progressive decline in cel-

Iular function and a decrease in the cell’s ability to
maintain homeostasis. In this regard, it is clear that mito-
chondria have a critical role in maintaining cellular homeo-
stasis as mitochondria are involved in cellular bioenergetics,
production of reactive oxygen species (ROS), the mainte-
nance of calcium homeostasis, and the induction of apoptotic
processes (1,2). Several reports suggest that mitochondria
might be among the most adversely affected organelles with
advanced age (3,4). For example, a decline in mitochondrial
bioenergetic potential and an increase in the oxidative dam-
age to mitochondrial biomolecules occur with aging in many
tissues (5-8). An age-related decline in mitochondrial bioen-
ergetic function could contribute to a loss of cell viability,
leading to an increase in cellular necrosis and/or apoptosis
(9-12).

Although it is well established that aging results in loss of
skeletal muscle contractile dysfunction and mass, the role
that mitochondrial damage has in this phenomenon remains
controversial. For example, although several reports sug-
gest that mitochondria isolated from aged skeletal muscle
exhibit impaired morphological, biochemical, and func-
tional alterations (13—-18), other investigators have failed to
demonstrate age-related changes in mitochondrial pheno-
types in humans (21,22,25) and other animals (23,24).
These conflicting results could be due to several method-
ological issues associated with the study of isolated mito-
chondria along with differences in the ages of the animals
investigated. A key methodological issue relates to the pro-
cedures used to isolate mitochondria (21). For example,
protocols designed to isolate intact mitochondria from muscle

do not produce a mitochondrial fraction with high purity,
leading to contamination with nonmitochondrial proteins.
Therefore, normalization of mitochondrial functional mea-
sures to the protein content of the mitochondrial suspension
could bias these results. In an effort to avoid this pitfall,
several authors have measured the level of mitochondrial
matrix enzymes, such as citrate synthase (CS), as a marker
of mitochondrial mass (21,26). However, even when mito-
chondrial data are expressed per CS activity, conflicting re-
sults still persist (21); this discrepancy could be due, in part,
to CS contamination produced by mitochondrial damage
associated with the isolation procedures.

Another problem that could contribute to the conflicting
results is related to the sensitivity and specificity of the in
vitro assays used to evaluate mitochondrial function. In-
deed, measurements performed in energized mitochondria
in vitro are typically standardized to evaluate the maximal
functionality of several components within isolated mito-
chondria, such as the electron transport chain (ETC) com-
plexes or the ATP synthase and the integrity of the inner
membrane. The main objective of these assays is to acutely
stimulate the previously energized mitochondria and thereby
to assess their maximal functionality during a brief period
of time. However, considering the in vivo physiology of
muscle contraction, it is predicted that prolonged alterations
of the ATP-to-ADP ratio resulting from the continuous ac-
tin—myosin interaction (27-29) would impose a continuous
overload to the mitochondria with a prolonged State 3.
Therefore, the in vivo bioenergetic function of skeletal mus-
cle mitochondria appears to be very different from the met-
abolic stress transitorily imposed by the traditional in vitro
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tests. It follows that these routinely used in vitro mitochon-
drial tests might not be sensitive or specific enough to detect
age-related alterations in skeletal muscle mitochondrial
function.

A final issue that could contribute to the variance in the
literature concerning the impact of age on mitochondrial
function is the wide variation in animal ages between stud-
ies. That is, age per se might also constitute an additional
problem because the occurrence of age-related concomitant
disease in very old animals will bias the results (30). There-
fore, it is important to study aging itself without the
influence of other confounding factors, such as diseases.

Therefore, the objective of the present study was to inves-
tigate the influence of age on the functional status of
mitochondria isolated from skeletal muscle avoiding the
aforementioned confounding factors that may influence the
results. To avoid the methodological issues associated with
the isolation of mitochondria, we normalized all mitochon-
drial functional and biochemical measures to the number of
mitochondria quantified by transmission electron micros-
copy in the final mitochondrial suspension. Moreover, to
mimic the bioenergetic function of skeletal muscle mito-
chondria during muscular contractions, we have developed
a maximal standardized in vitro protocol that involves suc-
cessive ADP stimulations of mitochondrial State 3 respira-
tion. Finally, to avoid the pitfalls associated with studying
old animals that are diseased, our experimental design in-
corporated mature animals. We tested the hypothesis that
compared with young animals, mitochondria isolated from
aged mature animals will exhibit a decreased respiratory
function. If our experiments reveal that aging results in a
decline in mitochondrial function, we also predict that this
age-related decline will be associated with increased mito-
chondrial oxidative stress.

METHODS

Experimental Design

Sixteen male C57BL/6 mice were divided into two
groups according to their ages: young group (3 months old;
n = 8) and aged mature group (18 months old; n = 8). Based
on the survival curves for these animals (31), 18-month-
old animals can be classified as both aged and mature. The
option to use aged mature instead of old senescent animals
was based on the assumption that the occurrence of any
age-related concomitant disease might bias the results.
Mice were provided with food and water ad libitum and
were sacrificed after 1 week of quarantine. All animals
were maintained at a constant temperature (21°C-25°C)
on a daily light schedule of 12 hours of light versus dark
until sacrifice. Housing and experimental treatment of ani-
mals were in accordance with the Guide for the Care and
Use of Laboratory Animals from the Institute for Labora-
tory Animal Research (ILAR 1996). The local ethics com-

mittee approved the study, and experiments complied with
national laws.

Animal Killing, Skeletal Muscle Extraction and
Mitochondria Isolation

Animals were killed by cervical dislocation, and the
hindlimb muscles (soleus, gastrocnemius, tibialis anterior,
and quadriceps) were excised for preparation of isolated mi-
tochondria by conventional methods of differential centrifu-
gation, as previously described by Tonkonogi and Sahlin
(32). Briefly, after weighing, the muscles were immediately
minced in ice-cold isolation medium containing 100 mM
sucrose, 0.1 mM ethylene glycol tetraacetic acid (EGTA),
50 mM Tris—HCI, 100 mM KCl, 1 mM KH,POy, and 0.2%
bovine serum albumin (BSA), pH 7.4. The blood-free
tissue was rinsed and suspended in 10 mL of fresh medium
containing 0.2 mg/mL bacterial proteinase (Nagarse
E.C.3.4.21.62, Type XXVII; Sigma, St Louis, MO) and
stirred for 2 minutes. The sample was then homogenized
with a tightly fitted Potter—Elvehjen homogenizer and a Tef-
lon pestle. After homogenization, three volumes (30 mL) of
Nagarse-free isolation medium were added to the homoge-
nate followed by centrifugation at 700g for 10 minutes. The
resulting pellet was removed, and the supernatant was re-
suspended and centrifuged at 10,000g for 10 minutes. The
supernatant was decanted, and the pellet was gently resus-
pended in isolation medium (1.3 mL/100 mg initial tissue)
and centrifuged at 7,000g for 3 minutes. The supernatant
was discarded, and the final pellet, containing the mitochon-
drial fraction, was gently resuspended (0.4 pL/mg initial tissue)
in a medium containing 225 mM mannitol, 75 mM sucrose,
10 mM Tris, and 0.1 mM EDTA, pH 7.4. Total protein con-
centration in the mitochondrial suspension was estimated
spectrophotometrically with the biuret method using BSA
as standard. All mitochondrial isolation procedures were
performed at 0°C—4°C. The mitochondrial suspensions were
studied within 2 hours after the excision of the muscles and
were maintained on ice (0°C—4°C) throughout this period.

One aliquot from the final mitochondrial suspension was
used for measurement of total protein concentration and CS
activity in the mitochondrial suspension. A second aliquot
was processed for morphological analysis. Another aliquot
was used for measurement of mitochondrial respiratory func-
tion using standard in vitro methods. The remaining mito-
chondrial suspension was used to assess functional and
biochemical parameters during an in vitro ADP-consecutive
stimulation test that incorporates one, three, and six ADP
pulses interspersed by a 90-second recovery between stimu-
lation trying to mimic the prolonged cellular metabolic de-
mandsduringexercise. Theutilization of thisin vitro—simulated
exercise test was designed to evaluate the capacity of mito-
chondria to reestablish their homeostatic balance between
consecutive ADP stimulations as function of time. All the
biochemical parameters were assessed in the whole content
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of the oxygen chamber following treatment with 0.1% Triton
X-100.

Biochemical Analysis in Mitochondrial Fraction

Total protein determination.—Total protein concentration
in the mitochondrial suspension was determined using the
biuret method with BSA as the standard.

CS assay.—CS activity was measured according to Coore
and coworkers (33) by spectrophotometric (412 nm) mea-
surement of the amount of 5,5-dithiobis (2-nitrobenzoate)
that reacted with acetyl-CoA upon release from the reaction
of acetyl-CoA with oxaloacetate. CS activity was assessed
in the mitochondrial suspension after treatment with 0.1%
Triton X-100.

Mitochondrial Preparation for Transmission Electron
Microscopy (TEM)

Mitochondrial preparation for TEM analyses and further
morphometric characterization has been previously de-
scribed (18). Briefly, 100 pL of the mitochondrial suspen-
sion was centrifuged at 7,000g for 10 minutes, and the
resulting pellet was fixed with 2.5% glutaraldehyde, post-
fixed with 2% osmiumtetroxide, deyhdrated in graded alco-
hol, and embedded in LR White. Ultrathin sections mounted
on copper grids (300 Mesh) were contrasted with uranyl
acetate and lead citrate for transmission electron micros-
copy (Zeiss EM 10A) analysis. In order to obtain a global
characterization of the pellet, several grids were prepared
(five to eight grids per animal each containing three to four
sections) from different zones ranging through the whole
pellet.

Morphometric Analysis of the Mitochondrial Pellet
Morphometric analysis was performed as described else-
where (18) in at least 50 photos per mitochondrial pellet
using a morphometric processing program (ImageJ, NIH
Image). In each photograph, the number of mitochondria
per micrometer and square micrometer were determined.
Taking into account the magnification of each micrograph,
the number of mitochondria per micrometer was assessed
by counting the mitochondria which were situated under the
four lines that crossed the center of the micrograph, traced
horizontally (n = 1), vertically (n = 1), and obliquely (n = 2)
(Figure 1A), resulting in the final number of mitochondria
per micrometer as the mean value of the four counts; the
number of mitochondria per square micrometer was evalu-
ated by counting the total mitochondria present in each mi-
crograph. For each pellet, the mean number of mitochondria
per micrometer and square micrometer was calculated from
all analyzed micrographs and their product was used to cal-
culate the mitochondrial concentration in the pellet (number

per cubic micrometer with further adjustment to the number
per milliliter).

Afterward, in order to estimate the mitochondrial con-
centration in the mitochondrial suspension from the data
obtained in the pellet, we assessed the degree of compres-
sion induced by the centrifugation procedure using the fol-
lowing method. In each suspension, a small quantity
(25 pL) was introduced in a glass capillary tube followed by
closure of one end of the tube. Subsequently, the sample
was centrifuged at 7,000g for 10 minutes and the pellet size
was measured (mm, with a 0.1-mm graded ruler) and re-
lated to the length of the glass capillary tube occupied by
the 25 pL. of mitochondrial suspension (Figure 1B). This
relation, representing the correction factor necessary to ex-
pand each pellet to the length occupied by 25 pL of mito-
chondrial suspension, was multiplied to the respective
mitochondria concentration calculated from the TEM anal-
ysis, in order to estimate the real number of mitochondria
per volume of suspension. The number of total mitochon-
dria per unit of mitochondrial suspension was then used to
normalize all functional and biochemical data.

Measurement of Mitochondrial Respiratory Activity

Traditional tests.—After the determination of the total
protein concentration in the mitochondrial suspension (esti-
mated spectrophotometrically with the biuret method using
BSA as standard), the mitochondrial respiratory function
was polarographically measured using a Clark-type oxygen
electrode (DW 1, Hansatech, Norfork, UK). All assays were
conducted in a 0.75-mL closed, magnetically stirred, and
temperature-controlled (25°C) glass chamber. Mitochondria
were added to the chamber (0.5 mg of protein) in a reaction
buffer of 225 mM mannitol, 75 mM sucrose, 10 mM Tris,
10 mM KCI, 10 mM K,HPO,, and 0.1 mM EDTA, pH 7.5
(34). After a 1-minute equilibration period, mitochondrial
respiration was initiated by adding pyruvate (5 mM) plus
malate (2 mM) or succinate (10 mM) plus rotenone (4 pM).
State 3 respiration was determined after adding ADP to a
final concentration of 200 uM; State 4 respiration was mea-
sured as the rate of oxygen consumption in the absence of
ADP phosphorylation. The respiratory control ratio (RCR),
that is, the ratio between State 3 and State 4 respiration, and
number of nanomoles of ADP phosphorylated by nano-
moles of O, consumed per mitochondrion (ADP/O) were
calculated according to Estabrook (19), using 235 nmol O»/mL
as the value for the solubility of oxygen at 25°C. To quan-
tify mitochondrial inner membrane permeability and the
maximal rate of uncoupled oxidative phosphorylation, oli-
gomycin (final concentration of 1.5 pg/mL) and carbonyl
cyanide m-chlorophenylhydrazone (CCCP; 2 uM), respec-
tively, were added during State 3 respiration with saturated
amounts of ADP (final concentration of 1 mM). This protocol
avoids interference of the permeability to protons through the
ATP synthase during State 4 respiration (state oligomycin)
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Figure 1. Methodological procedures to quantify the mitochondrial concentration in each suspension. (A) The number of mitochondria per micrometer was as-
sessed by counting the mitochondria that were situated under the four lines crossing the center of the micrograph; the final number of mitochondria per micrometer
was established as the mean value of the four counts. The number of mitochondria per square meter was evaluated by counting the total mitochondria present in each
micrograph. (B) Assessment of the correction factor for centrifugation-induced compaction, in order to adjust the data drawn from the microscopic evaluation of the

pellet to the real volume of the mitochondrial suspension.

and ensures that the variations in membrane permeability do
not interfere with the inhibition of the respiratory chain, be-
cause the permeability in the presence of CCCP is always
maximal (20).

Consecutive ADP-stimulation test.—In order to mimic the
in vivo metabolic stress imposed to mitochondria during
muscular exercise, we have performed a consecutive ADP-
stimulation test in a Clark-type oxygen electrode (Hansatech
DW 1). This in vitro test consisted of four assays (Figure 2)—
Assay I: after a I-minute equilibration period, mitochondrial
respiration was initiated by adding pyruvate (5 mM) plus malate
(2 mM) followed by 30 seconds of stabilization; Assay II:

Assay |
30” stabilization

Mitochondriatmalate+piruvate ———

b

after a 1-minute equilibration period, mitochondrial respira-
tion was initiated by adding pyruvate (5 mM) plus malate
(2 mM) followed by 30 seconds of stabilization and the addi-
tion of one pulse of ADP followed by 1 minute 30 seconds;
Assay III: after a 1-minute equilibration period, mitochon-
drial respiration was initiated by adding pyruvate (5 mM) plus
malate (2 mM) followed by 30 seconds of stabilization and
the addition of three consecutive pulses of ADP interspersed
by 1 minute 30 seconds each; Assay IV: after a 1-minute
equilibration period, mitochondrial respiration was initiated
by adding pyruvate (5 mM) plus malate (2 mM) followed by
30 seconds of stabilization and the addition of six consecutive
pulses of ADP interspersed by 1 minute 30 seconds each.
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Figure 2. Repetitive ADP-stimulation test. See text for detailed description.
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In Assays II, III, and IV, mitochondrial respiratory func-
tion was assessed by analyzing several functional parame-
ters (ie, State 3 and State 4 respiratory rates, the RCR and
ADP/O) in each of the ADP cycles. At the end of each of the
four assays, the content of the oxygen chamber was col-
lected and used for biochemical analysis (Figure 2). The
content of the oxygen chamber at the end of Assay I repre-
sents the mitochondrial basal condition (prestimulation);
the content of the oxygen chamber after Assays II, III, and
IV corresponds to different degrees of ADP stimulation.
In all assays a certain quantity of the oxygen chamber
(500 pL) was used for the determination of protein carbonyl
derivatives, total mitochondrial sulfhydryl (SH) groups, and
malondialdehyde (MDA). Furthermore, a portion of the
oxygen chamber (250 pL) was centrifuged for 15 minutes at
10,000¢ in order to determine the content of extramitochon-
drial cytochrome c. Aconitase (ACON) activity was also
quantified in Assay I in order to indirectly assess the age-
related superoxide radical generation at basal conditions.

ACON activity.—The activity of ACON was assayed be-
cause ACON activity is redox sensitive and diminished
ACON activity has been interpreted as an index of superox-
ide radical generation and mitochondrial oxidative damage
(35). ACON activity was measured spectrophotometrically
by monitoring the formation of cis-aconitate at 240 nm af-
ter the addition of 20 mM isocitrate at 25°C, according to
Krebs and Holzach (36). One unit of activity was defined as
the amount of enzyme necessary to produce 1 uM cis-
aconitate per minute (molar extinction coefficient [g] at
240 nm (€240) = 3.6 mM‘l-cm").

Protein carbonyl derivatives.—For the protein carbonyl
derivatives assay, a certain volume (vol) of the oxygen
chamber containing 20 pg of protein was derivatized with
dinitrophenylhydrazine. Briefly, the sample was mixed
with 1 vol of 12% sodium dodecyl sulfate plus 2 vol of 20
mM dinitrophenylhydrazine prepared in 10% trifluoroa-
cetic acid, followed by 30 minutes of dark incubation, after
which 1.5 vol of 2 M Tris/18.3% B-mercaptoethanol was
added. A negative control was simultaneously prepared for
each sample. After the derivatized proteins were diluted in
Tris-buffered saline (TBS) to obtain a final concentration
of 0.001 pg/uL, a 100-pL volume was slot blotted into a
Hybond-polyvinylidene difluoride membrane. Immunode-
tection of carbonyls was then performed using rabbit poly-
clonal anti dinitrophenyl: 2000; V0401 DakoCytomation,
Freiburg, Germany) as the primary antibody and anti-
rabbit IgG peroxidase (Amersham Pharmacia Biotech,
Buckinghamshire, UK) as the second antibody (1:2000
dilution). The bands were visualized by treating the im-
munoblots with enhanced chemiluminescence (ECL)
chemiluminescence reagents (Amersham Pharmacia Bio-
tech), according to the supplier’s instructions, followed by
exposure to X-ray films (Kodak Biomax Light Film, Sigma).

The films were analyzed with QuantityOne Software version
4.3.1 (Bio-Rad, Hercules, CA).

Total mitochondrial SH groups.—The oxidatively modi-
fied SH groups, including glutathione (GSH) and other SH-
containing proteins, were quantified by spectrophotometric
measurement according to the method proposed by Hu (37).
Briefly, after 1-minute centrifugation at 1,000g, 50 pL of
supernatant was added to a medium containing 150 pL of
0.25 M Tris, 790 uL of methanol, and 10 pL of 10 mM 5,5'-
dithio-bis (2-nitrobenzoic acid). The colorimetric assay was
performed at 414 nm against a blank test. Total SH content
was calculated using the following molar extinction coeffi-
cient: €414 = 13.6 mM~l.cm™.

MDA.—Nonspecific lipid peroxidation was measured by
determining the levels of lipid peroxides as the amount of
thiobarbituric acid reactive substances (TBARS) formed ac-
cording to Rohn and colleagues (38), with some modifica-
tions. Mitochondrial protein (0.5 mg) obtained from the
oxygen chamber was incubated at 25°C, in 500 pL of a me-
dium consisting of 175 mM KCI and 10 mM Tris, pH 7.4.
Samples of 50 pL. were taken and mixed with 450 pL of
a TBARS reagent (1% thiobarbituric acid, 0.6 N HCI, and
0.0056% butylated hydroxytoluene). The mixture was
heated at 80-90°C during 15 minutes and cooled down in
ice for 10 minutes before centrifugation at 1,500g for 5 min-
utes. Lipid peroxidation was estimated by the appearance of
TBARS spectrophotometrically quantified at 535 nm. The
amount of TBARS formed was calculated using a molar ex-
tinction coefficient (&) of 1.56 x 105 M~!.cm™! (39).

Extramitochondrial cytochrome c.—After centrifugation,
the content of extramitochondrial cytochrome c in the super-
natant was determined. Equivalent amounts of proteins were
electrophoresed on a 15% sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis gel, followed by blotting
on a nitrocellulose membrane (Hybond-ECL; Amersham
Pharmacia Biotech). After blotting, nonspecific binding was
blocked with 5% nonfat dry milk in TTBS (TBS with Tween
20) and the membrane was incubated with anti—cytochrome
¢ (1:1,000; Pharmingen) antibody for 2 hours at room tem-
perature, washed, and incubated with secondary horseradish
peroxidase—conjugated anti-mouse (Amersham Pharmacia
Biotech) for 2 hours. The membrane was then washed and
developed with Western blotting chemiluminescence re-
agents (Amersham Pharmacia Biotech) according to the
manufacturer’s instructions, followed by exposure to X-ray
films (Kodak Biomax Light Film, Sigma). The films were
analyzed with QuantityOne Software (Bio-Rad).

Statistical Analysis
Means and standard deviations were calculated for all
variables in both groups. An independent ¢ test was used to
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Table 1. Body Weights, Skeletal Muscle Wet Weights, and CS
Activity in Isolated Mitochondria From Young and Mature Animals

Table 2. Characterization of the Mitochondrial Suspensions
Obtained in Young and Mature Animals

Young Mature Young Mature
Body weight (g) 25.57+0.92 36.64 +2.34% Protein content (mg/mL) 15.47 +3.04 16.94 +3.89
Dissected skelF:tal x.m-lsc.le weight (soleus, 1.92£0.09 1.78 £0.11%* CS activity (nmol/min/mL) 5871.17 + 489.23 8878.67 + 682.76*
gastrocnemius, tibialis anterior, and Mitochondria (n x 101%/mL) 236+ 1.10 7.87 £3.20%
quadriceps) (g wet weight)
Ratio dissected muscle 0.075+0.002  0.048 + 0.008* Notes: Data are mean + standard deviation. Biochemical data represent eight
weight-to-body weight experiments in young and mature animals. The morphometric data represent the
Isolated mitochondria 379504+ 34.9  524.08 + 40.5% counts in at least 50 micrographs of each mitochondrial pellet. After the counts,

CS activity (nmol/min/mg)

Notes: Data are mean * standard deviation of eight separate experiments in
young and mature animals. CS = citrate synthase.
* Significantly different from young animals (p < .05).

analyze the differences between groups. One-way analysis
of variance was used to analyze the differences between
ADP stimulations in each group. If significant differences
existed (p < .05), post hoc comparisons were performed us-
ing Scheffe test. The Spearman correlation coefficient was
used to analyze the correlations between total protein deter-
mination, CS activity, and concentration of mitochondria as
well as between mitochondrial functional and biochemical
data. The Statistical Package for the Social Sciences (SPSS
version 10.0) was used for all analyses. Significance was
established a priori as p < .05.

REsuLTS

Body weights, skeletal muscle wet weights, and CS ac-
tivity in isolated mitochondria are shown in Table 1. Com-
pared with young animals, a reduction in both skeletal
muscle wet weight and the ratio of muscle weight-to-body
weight is apparent in the mature animals, suggesting the
existence of sarcopenia. When analyzing the mitochon-
drial suspensions obtained from young and mature animals
(Table 2), we observed a significantly higher number of
mitochondria in the suspensions of the mature animals;
this finding agrees with the CS activity of isolated mito-
chondria shown in Table 1. In contrast, total protein con-
tent in the mitochondrial suspension was not significantly
different between the groups (Table 2). Likewise, we did
not find significant differences in the mitochondrial areas
between the young and the mature animals (data not
shown). With regard to the correlation coefficients, strong
correlations existed between CS activity and the number of
mitochondria (r = .885; p < .05). The correlations between
the protein content and CS activity (r = .664; p < .05) and
between the protein content and the number of mitochon-
dria (r = .384; p < .05) were also significant.

Age-Related Mitochondrial Functional Alterations

Traditional in vitro tests.—The data of the age-related
changes of respiratory function of skeletal muscle mito-
chondria are presented in Tables 3 and 4. Our results reveal

the correction factor of each sample was applied in order to estimate the concen-
tration of mitochondria in the suspension (number of mitochondria per millili-
ter). CS = citrate synthase.

*Significantly different from young animals (p <.05).

that older animals exhibit a significant impairment in the
mitochondrial respiratory rates when energized with both
malate + pyruvate (M + P) and succinate + rotenone (S + R)
as substrates.

Interestingly, State 4 respiratory rates were unchanged
with age. To assess the mitochondrial oxidative phosphory-
lation efficiency, we calculated the ADP/O ratio normalized
to the number of mitochondria. Our results indicate that
when expressed per mitochondrion, younger animals reveal
higher oxidative phosphorylation efficiency when compared
with the aged and mature animals. As for the RCR, our re-
sults were comparable with other data reported elsewhere
on mitochondria isolated from skeletal muscle of different
ages, with older animals presenting lower values when us-
ing both M + P and S + R as respiratory substrates (16,40).

The results of our study suggest that the age-related func-
tional impairment of mitochondria is mainly targeted at the
State 3 respiratory rates, this assumption being further sup-
ported by the results of the oligomycin-inhibited State 3 res-
piration and CCCP-induced uncoupled respiration (Table 5).

Mitochondria isolated from the older animals, when en-
ergized with M + P and stimulated with excess ADP, showed
no significant alterations in the respiratory rate in the
presence of oligomycin when compared with the younger
animals (Table 5). In contrast, uncoupled mitochondrial

Table 3. Functional Data Obtained From Skeletal Muscle Mitochon-
dria Isolated From Young and Mature Animals With Complex
I-Linked Substrates, Pyruvate (5 mM) and Malate (2 mM)

Young Mature
State 3 13.3x 108+7.2%x 1078 2.35%x 1078 +0.79 x 1078+
(nmol Oy/min/mit)
State 4 1.4x108+0.8x 108 0.44x 108 +0.15% 10°8
(nmol Oy/min/mit)
RCR 9.4+0.6 5.2+0.8*

ADP/O per mit 2.66x1079+£0.4 x 10 0.78 x 102 £ 0.1 x 1079*

Notes: Data are mean + standard deviation and represent eight separate ex-
periments in each group. State 3 and State 4 respiratory rates are expressed as
nanomoles of O, consumed per minute per mitochondrion. RCR = respiratory
control ratio; ADP/O, number of nanomoles of ADP phosphorylated by nano-
moles of O, consumed per mitochondrion; mit = mitochondria.

*Significantly different from young animals (p < .05).
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Table 4. Functional Data Obtained From Skeletal Muscle Mitochon-
dria Isolated From Young and Mature Animals With Complex
[I-Linked Substrates, Succinate (10 mM) and Rotenone (4 M)

Table 5. Effect of Age on Olygomycin-Inhibited State 3 Respiration
and CCCP-Induced Uncoupled Respiration in Skeletal Muscle
Mitochondria Isolated From Young and Mature Animals

Young Mature

Young Mature
State 3 159 x 108+£9.0x 1078 3.6x 108+ 1.1 x 10-8*
(nmol Oy/min/mit)
State 4 72x108+4.1x 108 23 % 1078 +0.7 x 10-8*
(nmol Oy/min/mit)
RCR 22+0.1 1.5£0.1*%
ADP/O per mit 1.15%1079+0.2x 10  0.33x 102+ 0.03 x 1079

Notes: Data are mean * standard deviation and represent 8 separate experi-
ments in each group. State 3 and State 4 respiratory rates are expressed as nano-
moles of O, consumed per minute per mitochondrion. RCR = respiratory
control ratio; ADP/O = number of nanomoles of ADP phosphorylated by nano-
moles of O, consumed per mitochondrion; mit = mitochondria.

*Significantly different from young animals (p < .05).

respiration with CCCP was significantly diminished in the
older animals.

Repetitive ADP-stimulation test.—To mimic the bioener-
getic demand that occurs in skeletal muscle mitochondria
during repeated bouts of exercise, we designed a repetitive
ADP simulation test. This test consisted of exposing sepa-
rate aliquots of mitochondria that were exposed to one,
three, or six repetitive ADP stimulation “cycles”; mitochon-
drial oxygen consumption was measured during each trial.
Following each of these protocols, each sample of mito-
chondria was removed from the oxygen chamber and bio-
chemically analyzed for biomarkers of oxidative damage.

State 3 respiratory rate was acutely diminished with the
consecutive ADP stimulations, in both the young and aged
animals (Figure 3). In the aged animals, State 3 respiratory
rates were significantly lower in all ADP cycles. Figure 4
shows a typical representation of the mitochondrial oxygen
consumption in Assay IV for one young (Figure 4A) and
one aged (Figure 4B) animal. Notice that isolated mito-
chondria from aged animals were unable to reestablish State
4 conditions in the fourth, fifth, and sixth ADP cycles.

In both experimental groups, the ADP/O ratio remained
unaltered between the ADP cycles; nonetheless, compared
with aged animals, the ADP/O ratio was significantly higher
in the younger animals. In both young and aged animals, the
RCR decreased as a function of each successive ADP stimu-
lation trial. Compared with young animals the RCR was
significantly lower in the aged animals in all ADP cycles.

Age-Related Mitochondrial Biochemical Alterations

In order to assess the age-related alterations in oxidative
stress and damage, we determined the activity and content
of several oxidative stress biomarkers in mitochondria ob-
tained from young and mature animals (Table 6) at basal
conditions (Assay I).

Our results reveal a significantly diminished ACON ac-
tivity in the mature animals; this observation is consistent

State Olygomycin 1.7x108+£0.9x 1078 05x108+0.1 x10°8
(nmol Oy/min/mit)
State CCCP

(nmol Oy/min/mit)

94x10%+52x%x10°8 2.14x 1078 £0.6 x 10-8*

Notes: Data are mean * standard deviation and represent 8 separate experi-
ments in each group. Results are expressed as nanomoles of O, consumed per
minute per mitochondrion. Respiration was induced with pyruvate (5 mM) and
malate (2 mM) as energizing substrates and saturated ADP concentration
(1 mM) to initiate State 3 respiration. State 3 was inhibited after the addition of
olygomycin (final concentration 1, 5 pg/mL) and CCCP (final concentration
2 uM) to uncouple mitochondrial respiration. CCCP = m-chlorophenylhydrazone;
mit = mitochondria.

* Significantly different from young animals (p < .05).

with an augmented inactivation probably mediated by an
increased superoxide production (41). We further found in-
creased levels of oxidative damage in mitochondria isolated
from the mature animals, more specifically at the level of
proteins, with increased contents of protein carbonyls and a
reduced expression of SH groups. However, our MDA re-
sults do not corroborate this assumption because its levels
were lower in the mature animals, suggesting that nonspe-
cific lipid peroxidation was not increased in the older
animals.

Repetitive ADP-stimulation test.—When stimulated with
consecutive ADP cycles, mitochondria from both young
and aged animals showed a significant increase in the MDA
levels and protein carbonyl and extramitochondrial cyto-
chrome ¢ content (Figure 5). In contrast, these changes did
not occur in either experimental group following a single
ADP stimulation (data not shown).

When correlating the data from mitochondrial respiratory
activity with oxidative damage biomarkers, strong correla-
tions were found between State 3 respiratory rate and the
content of SH and carbonyl groups (r = .967 and r = —.533,
respectively; p <.05) and State 4 respiratory rate with MDA
levels (r = .827; p < .05).

D1SCUSSION

Overview of the Principal Findings

Our results support the hypothesis that aging is associ-
ated with diminished respiratory function in skeletal muscle
mitochondria. Indeed, when mitochondria were acutely
stimulated with ADP, both State 3 respiration and the RCR
were significantly lower in skeletal muscle mitochondria
from aged animals compared with young animals. Simi-
larly, when mitochondria were repeatedly stimulated with
the addition of ADP (ie, simulated exercise), the functional
decline induced by the consecutive ADP-stimulation test
was significantly greater in mitochondria from aged animals.
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Figure 3. Functional data obtained from skeletal muscle mitochondria isolated from young and mature animals with Complex I-linked substrates, pyruvate
(5 mM) and malate (2 mM), in the repetitive ADP-stimulation test. Data are mean + standard deviation. State 3 and State 4 respiratory rates are expressed as nano-
moles of O, consumed per mitochondrion. Filled bars: young animals; open bars: mature animals. *Age differences (p < .05); *significantly different from first cycle;
#significantly different from first and second cycle; Fsignificantly different from all ADP cycles (p < .05).

We also predicted that this age-related decline in mitochon-
drial respiratory function would be associated with higher
levels of mitochondrial oxidative damage. Our findings are
consistent with this postulate as aging was associated with a
decline in mitochondrial SH groups, diminished ACON ac-
tivity, and increased mitochondrial protein oxidation. A brief
discussion of these and related issues follows.

Aging Impairs Skeletal Muscle Mitochondrial Respiratory
Function

The impact of aging on skeletal muscle mitochondrial
function remains controversial. Although some studies indi-
cate that mitochondria isolated from aged skeletal muscle
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Figure 4. Schematic representation of the Assay IV (6 ADP cycles) from
the repetitive ADP-stimulation test in one young animal (A) and one mature
animal (B).

exhibit impaired respiratory function (13—17), other investi-
gations report no age-related changes in mitochondrial State
3 respiratory function (21-25). We reasoned that these
opposing findings could result from both methodological
issues associated with investigating isolated mitochondria
along with the wide variation in animal ages across studies.
To avoid the methodological problems associated with
studying isolated mitochondria (ie, normalization errors re-
sulting from contamination of mitochondrial suspension
with nonmitochondrial proteins), we normalized mitochon-
drial functional and biochemical measures to the number of
intact mitochondria present in our suspension. Further, to
mimic the bioenergetic function of skeletal muscle mito-
chondria during repeated muscular contractions (ie, muscular

Table 6. Biochemical Data Obtained From Skeletal Muscle
Mitochondria Isolated From Young and Mature Animals

Young Mature

Aconitase (U/mit)
Carbonyls (OD/mit)
SH groups (nmol/mit)
MDA (nmol/mit)

3.8x10°+22x 107
1.3x103+0.6 x 1073
1.5x10°4+0.8 x 107
6.8x10712+£4.6x 10712

0.6 x 107 £0.2 x 1075*
6.0x 1073 £2.0 x 1073*
0.3x10240.1 x 1079*
35x10712+ 1.4 % 10712

Notes: Data are mean * standard deviation. Biochemical data represent eight
experiments for each group. All data are expressed per mitochondrion. Protein
carbonyl derivatives are expressed as optical density (OD) arbitrary units per mi-
tochondrion. mit = mitochondria; SH = sulfhydryl; MDA = malondialdehyde.

* Significantly different from young animals (p < .05).
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Figure 5. Acute biochemical alterations induced by the repetitive ADP-stimulation test in skeletal muscle mitochondria isolated from young and mature animals.
Data are mean * standard deviation. All data are expressed per mitochondrion. Data from protein carbonyl derivatives and cytochrome c¢ are expressed as optical
density arbitrary units per mitochondrion. Filled bars: young animals; open bars: mature animals. *Age differences (p < .05); *significantly different from prestimula-

tion (p <.05).

exercise), we employed a maximal in vitro protocol using
standardized and successive ADP stimulations of mitochon-
drial State 3 respiration. Finally, to avoid the potential prob-
lems associated with studying very old and possibly diseased
animals, our experimental design incorporated aged, mature
animals. Our results clearly support the notion that com-
pared with young animals, skeletal muscle mitochondria
isolated from aged animals exhibit a decreased respiratory
function; these findings agree with other studies demon-
strating that mitochondrial function is diminished with age,
both in humans (8,16) and in mice (17,18).

Traditional tests of mitochondrial function.—Our results
from traditional in vitro functional tests reveal that mitochon-
dria from aged animals exhibit an impaired State 3 respiratory
rate with both Complex I- and Complex II-linked substrates
(Tables 3 and 4), indicating that the maximal rate of mitochon-
drial oxygen consumption was diminished by increased age.
Decreased State 3 respiratory rate and RCR was also reported
in skeletal muscle of senile mice (40) as well as in liver mito-
chondria of senescene-accelerated mice (42). These results
were further confirmed by the maximal rate of uncoupled res-
piration that was significantly reduced in the aged animals,
supporting the concept of an age-related reduction in the maxi-
mal functional capacity of the respiratory chain. The functional
impairment observed during State 3 respiration was similar
in the Complex I- and Complex II-linked substrate assays

(77.11% and 73.94%, respectively), indicating that both Com-
plex I-supported and succinate-supported respiration were
similarly affected with increased age. In this context, Desai and
colleagues (43) also reported a remarkable decrease (50-75%)
in the activity of ETC complexes (ie, Complex I, III, and IV) in
the gastrocnemius muscle of 20-month-old mice compared
with 10-month-old mice. Despite published data suggesting
that age-related decreases in the activities of mitochondrial
ETC complexes are mainly targeted at the level of the Complex
I, III, and IV (44), our findings indicate that mitochondrial res-
piration with both Complex I- and Complex II-linked sub-
strates is diminished with increasing age.

Moreover, mitochondria from aged animals exhibited sig-
nificantly decreased RCR when compared with their younger
counterparts; this observation suggests that when analyzed
through traditional tests the coupling between the ETC and
oxidative phosphorylation is impaired by increased age. In-
terpreting RCR as a measure of the functional integrity of
mitochondria (20), our results reveal that mitochondria from
aged animals exhibit impaired function compared with mito-
chondria from younger animals. This age-related decrease in
RCR was a consequence of the decrease in State 3 respira-
tion, as State 4 respiration did not differ between groups.
Moreover, our findings disclose that mitochondrial phospho-
rylation efficiency (ADP/O) was significantly diminished by
age, suggesting that ATP synthase complex activity was de-
pressed in mitochondria from the aged animals.
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The magnitude of the age-related reduction in skeletal
muscle mitochondrial respiratory function in the current
experiments is large compared with the literature (17,40).
We hypothesize that this is due to the fact that we normal-
ized our respiratory data to the number of mitochondria.
Indeed, mitochondrial functional data are frequently nor-
malized to the protein content and this normalization stan-
dard may be biased by contamination with nonmitochondrial
proteins. In fact, we have previously demonstrated (18) that
when normalizing the mitochondrial State 3 respiratory rate
of young and mature animals to the protein content or to the
number of mitochondria, we observe differences of 27.02%
and 79.41%, respectively, which supports our hypothesis
that the normalization to the total protein content attenuates
the age-related mitochondrial alterations.

Simulated muscular exercise: the repetitive ADP-stimu-
lation test.—To investigate the capacity of aged skeletal
muscle mitochondria to reestablish their homeostatic bal-
ance between successive bouts of exercise, we developed a
mitochondrial respiration test comprising a series of repeti-
tive ADP challenges. Mitochondrial function declined fol-
lowing each successive ADP stimulation cycle, and the
pattern of functional decline was similar across the two age
groups (Figure 3). Nonetheless, compared with mitochon-
dria from aged animals, skeletal muscle mitochondria from
young animals exhibited superior functional responses dur-
ing each ADP stimulation cycles. Specifically, mitochondria
from young animals exhibited higher State 3 respiratory
rates, RCR, and ADP/O ratios compared with aged animals
in each repetitive ADP cycle. In addition, State 4 respiration
increased and the RCR decreased in both age groups at the
completion of the simulated exercise test. Interestingly, this
increase in State 4 respiration was greater in young animals
compared with aged animals. The mechanism to explain
this observation is unclear as State 4 respiration is governed
by several factors including the integrity of the inner mem-
brane and the content of uncoupling proteins along with
ATP synthase complexes (23).

Note that although the mitochondrial RCR decreased dur-
ing the simulated exercise test in the young animals, the RCRs
remained relatively high and were indicative of fully coupled
and functional mitochondria. Indeed, throughout the simulated
exercise test, the mitochondria from younger animals were
able to phosphorylate the ADP added in each ADP cycle
(Figure 4). In contrast, from the fourth cycle onward, mito-
chondria isolated from aged animals were unable to phospho-
rylate all the ADP added, suggesting that mitochondria from
mature animals were incapable of maintaining ATP homeosta-
sis in response to this energetic challenge. This decreased ADP
phosphorylation capacity could be due to impaired ETC func-
tion (eg, depressed proton pumping), thereby diminishing the
proton electrochemical gradient and compromising the gen-
eration of ATP. Finally, the ADP/O, normalized to the number
of mitochondria, was not altered between the ADP cycles for

both the young and the aged animals, suggesting that the
efficiency of ADP phosphorylation was not acutely changed.

Collectively, our data indicate an age-related dysfunction
of mitochondria isolated from mixed skeletal muscle; how-
ever, it is important to highlight that our final mitochondrial
suspensions were obtained from different muscle pheno-
types containing specific mitochondrial characteristics
(45—48). Moreover, it might also be expected that the rela-
tive contribution of each used muscle to the final mitochon-
drial suspension has been different among hindlimb muscles.
Therefore, and bearing in mind the well-known variability
of age-related alterations among skeletal muscles and fiber
types (49-52), the extrapolation of our results to a specific
muscle or fiber must be done with caution.

Age-Related Decline in Mitochondrial Respiratory
Function Is Associated With Oxidative Damage

We also predicted that the observed age-related decline in
mitochondrial function would be associated with mitochon-
drial oxidative stress as evidenced by an increase in oxida-
tive biomarkers. Our results support this hypothesis as
mitochondria isolated from skeletal muscle of aged animals
possessed significantly fewer SH groups, lower ACON ac-
tivity, and higher levels of protein carbonyls during baseline
measurements. Collectively, these results are consistent
with the notion that the pro-oxidant/antioxidant balance
was shifted in favor of pro-oxidants in mitochondria iso-
lated from old animals. These results agree with data from
several studies that have reported age-related increases
in oxidative stress and levels of mitochondrial oxidative
damage (15,17).

This age-related increase in mitochondrial oxidative dam-
age could have several functional consequences. First, our
data reveal a marked age-related decrease in the activity of
the tricarboxylic acid cycle (TCA) enzyme, ACON. This en-
zyme is particularly sensitive to a reaction with superoxide
and consequently to oxidative damage, due to the iron—sulfur
clusters (4Fe-4S) in its active site (53). Further, it has been
suggested that age-related mitochondrial protein oxidation
can also occur in the adenine nucleotide translocase (ANT)
(41,54). Indeed, oxidative damage to one or both of these
proteins could impair mitochondrial function and has been
hypothesized to constitute an important mechanism linking
aging and oxidative stress with mitochondrial dysfunction
(7). For example, impaired ACON activity can diminish
TCA cycle flux, leading to decreased electron flow within
the respiratory chain and, therefore, decreased oxidative
phosphorylation (41). Further, oxidative damage to the ANT
could promote a decrease in State 3 respiration and in-
creased mitochondrial H,O, production (7). Moreover, in
agreement with previous reports (41,53-56), our results re-
veal an age-related increase in mitochondrial oxidative
damage (ie, diminished SH groups and increased protein car-
bonyl levels). This is significant because oxidative damage to
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mitochondrial complexes could negatively impact electron
transport and compromise mitochondrial respiration. More-
over, published reports indicate an age-related increase in
mitochondrial membrane lipid peroxidation (40,57), and
this oxidative injury could contribute to the decreased mito-
chondrial membrane function observed with increased age
(58). Nonetheless, in the current study, we failed to observe
an age-related change in mitochondrial levels of MDA. This
result could be due to the lack of specificity of the MDA
assay or simply because the levels of mitochondrial lipid
peroxidation were not significantly increased at 18 months
of age in our animals.

During the repetitive ADP-stimulation test, at the end of
three (Assay III) and six ADP stimulations (Assay 1V), an
increase in the extramitochondrial cytochrome c¢ content
was observed, indicating enhanced outer mitochondrial
membrane permeability, both for the young and the mature
animals. Because the content of extramitochondrial cyto-
chrome ¢ was significantly higher in the older animals, not
only at rest but also after stimulation, it is feasible that this
enhanced permeabilization of the outer mitochondrial mem-
brane of aged animals after repeated stimulation will favor
the occurrence of apoptotic phenomenon in aged animals
(12,59). Moreover, an increase in the lipid peroxidation lev-
els at the end of Assay IV was also evident in both young
and mature animals, suggesting an enhanced phospholipid
membrane dysfunction with alterations in membrane fluid-
ity. This result could have a significant impact on the activ-
ity of the respiratory chain as well as in the generation of the
electrochemical proton gradient (3), resulting in increased
State 4 respiratory rates and decreased RCR. Likewise, an
increase in the protein oxidative damage in response to the
acute and repeated ADP stimulation was obvious particu-
larly in the mitochondria from the mature animals, which
may be explained by a (i) higher production of ROS result-
ing from the acute stimulation or (ii) an impaired antioxi-
dant capacity. This concept may partly explain the acute
functional impairment imposed by the consecutive ADP
stimulations, resulting in a progressive inability of mature
animals to reestablish their homeostatic status.

Nonetheless, future experiments will be required to de-
termine if oxidative damage to key mitochondrial proteins
are the sole explanation for age-related declines in respira-
tory function; this remains an important area for future
research.

SUMMARY AND PERSPECTIVES

The current experiments were performed in an effort to
resolve the controversy associated with the question, “does
aging impair skeletal muscle mitochondrial function!”
Although this query has been addressed in numerous studies,
the results of previous investigations have failed to produce
a consistent answer. We postulated that these conflicting
findings are due to both methodological issues associated

with the study of isolated mitochondria and the use of very
old animals in several studies. Therefore, our experimental
approach was designed to avoid these previous experi-
mental design shortcomings. Specifically, our experiments
incorporated a unique “simulated exercise” protocol to in-
vestigate mitochondrial function in vitro. Compared with
traditional in vitro assays of mitochondrial function, we
predict that our repetitive ADP stimulation protocol pro-
vides a more physiological assessment of the in vivo bioen-
ergetic demands of skeletal muscle mitochondria during
muscular exercise. Further, to avoid problems associated
with normalization of mitochondrial functional measures
(eg, contamination of sample with nonmitochondrial pro-
teins), we developed a novel method of standardizing mito-
chondrial function to the number of intact mitochondria in
the experimental sample. Finally, to avoid the occurrence of
age-related concomitant disease in very old animals, we
used aged and mature animals in our experiments as these
animals are not likely to possess old age-related diseases
that could influence our experimental results. Hence, our
study design provides a robust experimental approach to the
study of age-related changes in mitochondrial function in
skeletal muscle.

Our findings are consistent with the hypothesis that aging
is associated with diminished respiratory function in skele-
tal muscle mitochondria. Indeed, our results indicate that
State 3 functional impairments in the mitochondria of aged
animals are present with both Complex I and Complex II
substrates. Moreover, compared with aged animals, mito-
chondria isolated from skeletal muscle of young animals
exhibited higher functional responses during repetitive ADP
stimulation cycles designed to simulate repeated bouts of
muscular exercise. Indeed, mitochondria from young ani-
mals exhibited higher State 3 respiratory rates, RCR, and
ADP/O ratios compared with aged animals during each re-
petitive ADP cycle. We speculate that this mitochondrial
dysfunction could be related with an age-dependent in-
creased oxidative damage to the mitochondrial biomole-
cules. Our results, however, only provide evidences that
a functional limitation exists at the level of isolated mito-
chondria obtained from mixed skeletal muscle types, giving
a merely overall view of age-related skeletal muscle mito-
chondrial dysfunction.

Additionally, although our results indicate that aging is as-
sociated with impaired mitochondrial function in skeletal
muscle, our investigation does not identify the mechanisms
responsible for this age-related decline in mitochondrial
function. Our speculation that oxidation of mitochondrial
proteins contributed to the observed respiratory dysfunction
evolved from our finding that aging is associated with in-
creased mitochondrial protein damage and the knowledge
that oxidative modification of mitochondrial proteins can im-
pair respiratory function (7,13,41,44,54,58). Future cause
and effect experiments using mitochondrial targeted antioxi-
dants could prove useful in determining if mitochondrial
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oxidative stress is a primary cause of age-related impairment
in mitochondrial function.
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