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Summary

Age-related loss of muscle mass and strength (sarcopenia) leads

to a decline in physical function and frailty in the elderly. Among

the many proposed underlying causes of sarcopenia, mitochon-

drial dysfunction is inherent in a variety of aged tissues. The

intent of this study was to examine the effect of aging on key

groups of regulatory proteins involved in mitochondrial biogene-

sis and how this relates to physical performance in two groups of

sedentary elderly participants, classified as high- and low-func-

tioning based on the Short Physical Performance Battery test.

Muscle mass was decreased by 38% and 30% in low-functioning

elderly (LFE) participants when compared to young and high-func-

tioning elderly participants, respectively, and positively correlated

to physical performance. Mitochondrial respiration in permeabi-

lized muscle fibers was reduced (41%) in the LFE group when com-

pared to the young, and this was associated with a 30% decline in

cytochrome c oxidase activity. Levels of key metabolic regulators,

SIRT3 and PGC-1a, were significantly reduced (50%) in both

groups of elderly participants when compared to young. Similarly,

the fusion protein OPA1 was lower in muscle from elderly sub-

jects; however, no changes were detected in Mfn2, Drp1 or Fis1

among the groups. In contrast, protein import machinery compo-

nents Tom22 and cHsp70 were increased in the LFE group when

compared to the young. This study suggests that aging in skeletal

muscle is associated with impaired mitochondrial function and

altered biogenesis pathways and that this may contribute to

muscle atrophy and the decline in muscle performance observed

in the elderly population.
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muscle.

Introduction

The aging process is associated with a progressive decline in muscle mass

and is referred to as sarcopenia. The sarcopenic phenotype is character-

ized by lower muscle strength, increased muscle fatigability, and reduced

endurance capacity that may contribute to increased frailty and a greater

risk of falls and other disabilities (Hurley, 1995). While a number of factors

have been associated with age-related sarcopenia, the primary mecha-

nisms contributing to this process are still uncertain.

A decline in mitochondrial function is a common phenomenon that has

been readily observed in several different types of aged tissues and is par-

ticularly prominent in highly oxidative tissues such as skeletal muscle, in

both animals and humans (Lanza & Nair, 2010). The mitochondrial theory

of aging is based on the premise that cumulative damage caused by the

production of free radicals can alter mitochondrial DNA (mtDNA; e.g.,

point mutations and deletions; Hiona & Leeuwenburgh, 2008). Defects in

mtDNA can lead to a decline in mtDNA abundance and a reduced num-

ber of genes encoding mitochondrial proteins. This results in the improper

assembly of the electron transport chain (ETC), as well as components of

oxidative phosphorylation (Short et al., 2005). Lower mitochondrial pro-

tein synthesis rates, disturbances in mitochondrial enzyme activities, and

lower oxidative capacity and ATP synthesis have all been reported in aged

tissue (Rooyackers et al., 1996; Short et al., 2005). Furthermore, damage

to mtDNA, lipids, and proteins by free radicals can activate cell death

pathways, inducing the release of mitochondrial proteins such as cyto-

chrome c into the cytosol, and the fragmentation of DNA that has been

linked to muscle fiber atrophy and reduced physical function with aging

(Marzetti et al., 2011). A role for mitochondrial dysfunction in aging is

evidenced by mtDNA mutator mice that express a proofreading deficient

mitochondrial DNA polymerase gamma (Polg; Kujoth et al., 2005). These

mutant mice have increased mtDNA mutations and display age-related

phenotypes, including severe sarcopenia which is likely due to defects in

the assembly of functional ETC holoenzyme complexes (Hiona et al.,

2010). Similar findings of increased mtDNA mutagenesis and reduced

mitochondrial enzyme activities have been reported in human skeletal

muscle with age (Hiona & Leeuwenburgh, 2008). Although the impact of

these somatic mutations and deletions on organismal survival has not

been completely established, these studies implicate a role for mitochon-

dria in the aging process.

Mitochondrial biogenesis is an intricate process tightly controlled by

key mitochondrial regulators. The proper assembly and functioning of

mitochondria is achieved largely by nuclear-encoded proteins. Thus, a

coordinated effort by both the nuclear and mitochondrial genomes is

required to maintain mitochondrial integrity. In recent years, the impor-

tance of coactivators and transcription factors has been highlighted. In

particular, the peroxisome proliferator-activated receptor c coactivator a
(PGC-1a) has gained wide acceptance as being the major regulator of

mitochondrial content and oxidative metabolism in several tissues, includ-

ing skeletal muscle. Overexpression of PGC-1a in skeletal muscle induces

a fast-to-slow-fiber-type transition and increases mitochondrial content

and oxidative metabolism through its activation of target genes involved

in substrate metabolism (Handschin & Spiegelman, 2006). Furthermore,
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PGC-1a is upregulated in both animals and humans during acute and

chronic contractile activity (Handschin & Spiegelman, 2006). Previous

studies have reported reduced levels of PGC-1a in aged muscle (Baker

et al., 2006; Safdar et al., 2010), as well as in conditions of muscle wast-

ing (Sandri et al., 2006; Sacheck et al., 2007). Interestingly, overexpres-

sion of PGC-1a preserves mitochondrial function and muscle integrity in

these conditions, partly through the stimulation of mitochondrial biogen-

esis and the attenuation of cell death pathways (Sandri et al., 2006;

Wenz et al., 2009).

In addition to mitochondrial biogenesis regulatory proteins, the signifi-

cance of mitochondrial fusion and fission proteins has recently been high-

lighted in aging. These proteins regulate mitochondrial morphology and

function and protect the integrity of the organelle by facilitating the mix-

ing of intracellular metabolites and mtDNA. Fusion and fission proteins

also segregate damaged and energy-deficient organelles through auto-

phagy (Seo et al., 2010). Defects in mitochondrial fusion and fission

proteins have dramatic consequences on mitochondrial function.

For example, mutations in the fusion proteins Mfn2 and OPA1 cause two

neurodegenerative diseases, Charcot-Marie-Tooth type 2A, and domi-

nant optic atrophy, respectively (Seo et al., 2010). Muscle-specific Mfn1

and Mfn2 knockouts result in mtDNA depletion and the accumulation of

organelles with a high level of mutant mtDNA (Chen et al., 2010). Conse-

quently, these animals have severe mitochondrial dysfunction and muscle

atrophy. In human skeletal muscle, the mitochondrial fusion protein

Mfn2, a downstream target of PGC-1a and estrogen-related receptor

alpha (ERRa), is upregulated with acute exercise and downregulated with

obesity, insulin resistance, and aging (Seo et al., 2010). Furthermore,

mitochondrial morphology factors have also been linked to another

group of proteins known as the mitochondrial protein import machinery

(PIM; Seo et al., 2010). Collectively, the primary task of this machinery is

the import and targeting of all nuclear-encoded mitochondrial proteins to

subcompartments of the organelle where they are assembled into a func-

tional reticulum. Similar to the aforementioned groups of proteins, the

PIM are also sensitive to changes in muscular activity, altering the import

rate of proteins into mitochondrial subcompartments and contributing to

mitochondrial biogenesis (Takahashi et al., 1998). While the effect of

aging on the protein import pathway was recently demonstrated in

animals (Joseph et al., 2010), not much is known regarding this translo-

cation system in humans.

Numerous studies have linked mitochondrial dysfunction with reduced

skeletal muscle function during aging (Hiona & Leeuwenburgh, 2008).

The extent of this association, however, remains under debate because

some studies have revealed no effect of age on muscle mitochondrial

properties (Barrientos et al., 1996; Rasmussen et al., 2003). In part, some

of the divergent results may be due to differences in physical activity sta-

tus that may influence mitochondrial enzyme activity levels and the extent

of muscle mass loss that is experienced with age (Barrientos et al., 1996;

Safdar et al., 2010). Recently, Safdar et al. (2010) reported that mito-

chondrial function was preserved in active older individuals compared to

age-matched sedentary individuals and that this was partly due to differ-

ences in antioxidant capacity, inflammatory markers, and mitochondrial

oxidative capacity between the two groups. Hence, these data suggest

the potential of a physically active lifestyle in attenuating the decline in

mitochondrial function previously reported with age and highlight the

role of physical activity in human aging research.

The primary purpose of this study was to investigate skeletal muscle

changes in cellular and molecular mechanisms involved in mitochondrial

biogenesis in two distinct groups of sedentary elderly subjects, classified

as high and low functioning on the basis of physical performance mea-

sures. While these subjects differed in their overall functionality, their

physical activity levels were similar. Thus, we specifically sought to assess

whether high and low functionality in the elderly was associated with dis-

tinct mitochondrial protein expression profiles in skeletal muscle irrespec-

tive of physical activity status. We hypothesized that the extent of

mitochondrial decline with aging would be correlated with physical func-

tion parameters, with the highest mitochondrial decay being observed in

low-functioning elderly (LFE) individuals when compared to high-func-

tioning elderly (HFE) individuals. Firstly, our findings provide support for

mitochondrial dysfunction contributing to functional decline in muscle

with age. Additionally, our data suggest that the extent of mitochondrial

impairment correlates to physical function in the elderly.

Results

Participant characteristics

The main participant characteristics are provided in Table 1. A total num-

ber of 35 individuals participated in the study, including 23 older and 12

young men and women. No significant differences were observed in gen-

der, height, weight, and body mass index (BMI) among the three groups.

However, elderly participants had higher amounts of intermuscular adi-

pose tissue (IMAT) compared to young participants (P < 0.05). Older par-

ticipants in the LFE group were on average 6 years older than in the HFE

group (P < 0.05), and appropriate statistical analyses (ANCOVA) were used

to account for this difference. The thigh muscle mass was 38% and 30%

lower (P < 0.05) in the LFE group when compared to the young and HFE

group, respectively. The greater atrophy observed in muscle from the LFE

group was not attributable to age or gender differences between the two

elderly populations. Additionally, muscle size was positively correlated

with the SPPB score in HFE and LFE individuals (r = 0.48, P < 0.05; data

not shown). The SPPB test has been extensively validated and is predictive

of future mobility disability risk and mortality in the elderly (Guralnik

et al., 1994). The two elderly groups did not significantly differ in terms

of the number of conditions they exhibited (Buford et al., 2012).

Muscle fiber cross-sectional area and fiber type differences

Type II fibers in LFE subjects displayed a reduced cross-sectional area

(CSA) when compared to young participants (Table 2; P < 0.05). No

Table 1 Participant characteristics

Characteristic Y HFE LFE

P-value

for group

difference

Sample size (n) 12 12 11

Age (years) 23 ± 1 75 ± 1* 81 ± 1*† < 0.05

Females, % (n) 33 (4) 33 (4) 45 (5) 0.789

Weight (kg) 73 ± 3 82 ± 5 78 ± 4 0.299

Height (cm) 173 ± 3 170 ± 3 167 ± 3 0.211

BMI (kg m)2) 24 ± 1 28 ± 1 28 ± 1 0.09

Muscle size (cm3) 527 ± 29 466 ± 39 325 ± 34*† < 0.05

Subcutaneous fat (cm3) 361.6 ± 62 291.8 ± 34 348.9 ± 61 0.6

IMAT (cm3) 88.57 ± 5 119.3 ± 11* 121.4 ± 8* < 0.05

SPPB total score N ⁄ A 11.42 ± 0.2 6.091 ± 0.5† < 0.001

BMI, body mass index; IMAT, intermuscular adipose tissue; N ⁄ A, not applicable;

SPPB, short physical performance battery; Y, young; HFE, high-functioning

elderly; LFE, low-functioning elderly.

Values are reported as means ± SE. Y, HFE, and LFE. HFE determined by a score of

‡ 11 and LFE £ 7 on the SPPB test. Young participants did not perform the SPPB.

*P < 0.05 vs. young; †P < 0.05 LFE vs. HFE.
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difference in type II fiber CSA was detected between HFE and young sub-

jects. In addition, neither the number nor the CSA of type I fibers differed

among the groups (Table 2).

Effect of age on mitochondrial function in skeletal muscle

To assess mitochondrial bioenergetics and function, oxygen (O2) con-

sumption and cytochrome c oxidase (COX) activity were measured in

permeabilized fibers. Basal rates of pyruvate-malate-induced state 4 res-

piration were reduced in the elderly groups when compared to young.

Moreover, LFE individuals displayed significantly lower state 4 respiration

relative to the HFE group (Fig. 1A; P < 0.05), a difference that could not

be attributed to age or gender. ADP-stimulated respiration (state 3)

was 41% lower in the LFE subjects compared to young participants

(P < 0.05). Although not statistically significant, there was a strong trend

for a decrease in state 3 respiration between HFE subjects and young indi-

viduals (P = 0.06). COX activity in whole muscle homogenates, used as

an indicator of mitochondrial function (Adhihetty et al., 2009; Safdar

et al., 2010), was reduced by 30% in LFE subjects relative to the young

group (Fig. 1B; P < 0.05). No difference in COX activity was observed

between HFE and young participants. The decrease in mitochondrial con-

tent does not entirely account for the decline in state 3 respiration rates

observed in the LFE group suggesting that mitochondrial bioenergetics is

compromised in skeletal muscle from LFE individuals compared to young

and that there is a trend for mitochondrial function decline in the HFE

group.

Age-related changes in AMPKa and p38 signaling pathways

To determine whether upstream mitochondrial signaling pathways were

altered in young and elderly participants, levels of two key signaling

molecules, 5¢ AMP-activated protein kinase (AMPKa) and p38 mitogen-

activated protein kinase (MAPK) were assessed. No significant difference

in either parameter was detected between groups (Fig. 2).

Age-related changes in transcriptional and

metabolic regulators in aging muscle

The induction of mitochondrial gene expression and biogenesis is largely

controlled by the coordinated actions of various transcriptional and meta-

bolic regulators such as PGC-1a and Sirtuin 3 (SIRT3). Levels of both these

proteins were reduced by �50% in elderly participants compared to

young (Fig. 3A; P < 0.05). Furthermore, PGC-1a protein levels were

positively correlated with COX activity in all groups (Fig. 3B; r = 0.48,

P < 0.05). In contrast, levels of the cofactor receptor-interacting proteins

140 (RIP140), a repressor of PGC-1a target genes (Powelka et al., 2006),

were not different with age or between LFE and HFE participants.

Similarly, levels of the PGC-1a targeted proteins, nuclear respiratory fac-

tor 1 (NRF-1) and mitochondrial transcription factor A (Tfam) did not dif-

fer across groups. However, abundance of the mtDNA-encoded subunit

COX I was lower with aging (P < 0.05). Finally, no significant changes in

the nuclear-encoded COX IV protein were observed. Interestingly,

decreased mitochondrial function and content in the LFE subjects were

associated with reduced functional capacity as indicated by gait speed on

the 4-m walk test (Fig. 4A; P < 0.05). Furthermore, a positive correlation

was determined between PGC-1a and the 4-m walk test (Fig. 4B;

r = 0.42, P < 0.05).

Effect of age on mitochondrial fusion and fission pathways

While no changes were observed in Mfn2 protein levels among the

groups, a significant decline in the fusion protein OPA1 was detected in

elderly participants compared to young (Fig. 5; P < 0.05). Finally, no

Table 2 Fiber type composition and area in vastus lateralis from Y and HFE and

LFE participants

Variable Y HFE LFE

Type I (%) 55 ± 3 45 ± 7 56 ± 6

Type II (%) 45 ± 3 55 ± 7 44 ± 6

Type I area (lm2) 6759 ± 843 8626 ± 1153 6713 ± 961.6

Type II area (lm2) 6578 ± 777 7614 ± 1662 4335 ± 592.3*

Y, young; HFE, high-functioning elderly; LFE, low-functioning elderly.

Values are reported as means ± SE.

*P < 0.05 vs. young.

(A)

(B)

Fig. 1 Mitochondrial bioenergetics in muscle from young and functionally distinct

elderly individuals. (A) Respiration in permeabilized muscle fibers from young (Y),

high-functioning elderly (HFE), and low-functioning elderly (LFE) subjects was

measured with pyruvate ⁄ malate (5 mM ⁄ 2 mM) in basal respiratory state 4 or

ADP-stimulated (2 mM) respiratory state 3 and expressed as pmol s)1 per mg of dry

weight. Values are means ± SE; n = 5–9 per group.*P < 0.05 vs. young; †P < 0.05

vs. HFE (B) Cytochrome c oxidase activity, expressed as unit per gram of tissue.

Values are means ± SE; n = 5–9 per group.*P < 0.05 vs. young.
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differences in the levels of the mitochondrial fission proteins Drp1 and

Fis1 were observed (Fig. 5).

Effect of age on mitochondrial protein import components

The PIM consists of two primary assembly complexes known as the tran-

slocases of the outer membrane (TOM complex) and the translocases of

the inner membrane (TIM complex). TOM22, as well as cytosolic heat

shock protein 70 (cHSP70) were upregulated in skeletal muscle from LFE

participants compared to young (Fig. 6; P < 0.05). cHsp70 was also

higher in the LFE group when compared to the HFE group (P < 0.05) and

independent of age and gender. In contrast, levels of mitochondrial

Hsp70 (mtHsp70) were reduced with aging (P < 0.05) in the LFE com-

pared to the young group. A trend toward an age-related decrease in

Hsp60 (P = 0.06) protein levels was also evident.

Discussion

Aerobic capacity declines with age because of a loss in skeletal muscle

mass and a lower muscle oxidative capacity (Rooyackers et al., 1996;

Short et al., 2005). The molecular and cellular disturbances responsible

for the decline in oxidative capacity with progressive age are currently

unknown. While mitochondria have been implicated, the extent of mito-

chondrial decline with aging and how this relates to poorer muscle quality

and function remain controversial. Thus, the present study was designed

to investigate age-related changes in skeletal muscle mitochondrial func-

tion and to determine whether mitochondrial properties differ in elderly

sedentary individuals with low physical performance relative to high

physical performance.

Fig. 2 Effect of age on cellular signaling molecules. Representative Western blots

of phosphorylated 5¢ AMP-activated protein kinase (P-AMPKa), total AMPK

(AMPK), phosphorylated p38 mitogen-activated protein kinase (p-p38), and total

p38 (p38). Summary of experiments of AMPK and p38 activation are shown below

as the phosphorylated form of the kinase over the total content and expressed as a

fold of young. Values are means ± SE; n = 11–12 per group.

(A)

(B)

Fig. 3 Age-related changes in key metabolic and transcriptional regulators.

(A) Western blot analysis of SIRT3 = sirtuin 3; RIP140 (nrip1) = nuclear receptor-

interacting protein 140; PGC-1a = peroxisome proliferator-activated receptor

gamma (PPARc) coactivator 1-alpha; NRF-1 = nuclear respiratory factor 1;

Tfam = mitochondrial transcription factor A; cytochrome c oxidase (COX) I and

IV = COX subunit I and IV. A summary of repeated experiments (left) along with the

corresponding protein blot (right). All values were normalized to actin and

expressed as a fold of young. Values are means ± SE; n = 11–12 per group.

*P < 0.05 vs. young. (B) Relationship between COX activity and PGC-1a in young

and elderly individuals. n = 7–9 per group. r = Pearson correlation coefficient.
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Consistent with previous studies, our results show that muscle mass

declines with age and that this is likely attributed to fiber atrophy that

preferentially occurs in type 2 fibers (Lexell & Taylor, 1991). There are also

reports that aging leads to a greater proportion of hybrid fibers that can-

not strictly be classified as type I or type IIA but rather co-express both

MHC I and IIA isoforms (referred to as type IIC fibers). While the mecha-

nisms responsible for these hybrid fibers are not well understood, a dysre-

gulation in the expression of MHC isoforms by nuclei within individual

fibers has been postulated (Andersen, 2003). These hybrid fibers are most

accurately assessed using electrophoresis of MHC isoforms in single fibers

that allow examination of a longer section of the muscle fiber. Therefore,

the number of fibers detected co-expressing MHC I and MHC IIA is drasti-

cally reduced by histological methods where analysis is limited to a small

CSA of the fiber. Thus, although we were not able to accurately estimate

the percentage of these hybrid fibers with the methods used in this study,

we intend to include this unique fiber population in future studies with

similar subject populations.

Reductions in the quantity of muscle in elderly individuals were also

associated with mitochondrial decay as demonstrated by reduced bioen-

ergetics and the content of mitochondria in muscle. Interestingly, these

changes were most prominent in LFE individuals. Previous reports have

shown that skeletal muscle from elderly individuals and particularly those

with poor physical function are more prone to oxidative damage when

compared to elderly individuals with higher physical performance. This is

evidenced by higher levels of 8-hydroxy 2-deoxyguanosine (8-OHdG) and

protein carbonylation, as well as altered redox homeostasis and lower

antioxidant capacity (Parise et al., 2005; Safdar et al., 2010). Addition-

ally, poor physical performance in the elderly is associated with elevated

levels of chronic inflammatory markers including interleukin 6 (IL-6) and

nuclear factor kappa B (NF-jB; (Buford et al., 2010; Cesari et al., 2004).

This hypothesis is supported by the greater decline observed in mitochon-

drial respiration, as well as COX activity in the LFE individuals that may

contribute to higher rates of free radical formation and muscle damage.

Moreover, recent data obtained from our group in the same population

of elderly subjects demonstrate a strong correlation between apoptotic

signaling proteins and reduced muscle mass and function further impli-

cating increased oxidative stress as a possible contributor of muscle aging

(Marzetti et al., 2012). Collectively these reports point to an association

between oxidative damage, mitochondrial function, and muscle mass loss

in aging skeletal muscle, particularly in individuals with poor physical

function. The specific molecular details, however, regarding this relation-

ship are still unclear and require further investigation.

It is well established that PGC-1a is an important regulator of mito-

chondrial mass and function in skeletal muscle (Handschin & Spiegelman,

(A)

(B)

Fig. 4 Association between PGC-1a and physical function in elderly subjects.

(A) Gait speed in high-functioning elderly (HFE) and low-functioning elderly (LFE)

individuals with each point representing an individual. n = 11–12 per group.

*P < 0.05 vs. HFE. (B) Relationship between gait speed and PGC-1a protein in HFE

and LFE subjects. n = 9–12 per group. r = Pearson correlation coefficient.

Fig. 5 Mitochondrial fusion and fission proteins in young and elderly subjects.

Western blots of fusion Mfn2 (mitofusin 2) and Opa1 (optic Atrophy Type I), and

fission proteins Drp1 (dynamin-related protein 1) and Fis1 (fission 1). Two bands

were detected for Opa1 representing the long and short isoforms. Both bands were

quantified for total Opa1 protein. Summary of repeated experiments is shown

below. All values were normalized to actin and expressed as a fold of young. Values

are means ± SE; n = 11–12 per group. *P < 0.05 vs. young.
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2006). Furthermore, declines in PGC-1a levels precede the loss of muscle

mass in aging (Baker et al., 2006), as well as in a variety of muscle wasting

conditions including fasting and denervation (Sandri et al., 2006; Sacheck

et al., 2007). In these models of atrophy, muscle wasting was prevented

by the ectopic expression of PGC-1a (Sandri et al., 2006; Sacheck et al.,

2007). In aged mice, PGC-1a overexpression was also associated with

improved whole body health compared with age-matched wild-type ani-

mals (Wenz et al., 2009). In our study, levels of PGC-1a were reduced in

both high- and LFE individuals. In addition, PGC-1a levels were positively

correlated with COX activity, as well as gait speed in elderly participants

suggesting that this protein may be an important predictor in the degree

of physical function decline linked to mitochondrial dysfunction. This is

supported by previous data illustrating a strong relationship between

COX activity and muscle strength in the elderly (Safdar et al., 2010). Such

an assumption is also in line with evidence showing that PGC-1a mRNA

levels are significantly correlated with oxidative capacity and training sta-

tus in healthy subjects (Garnier et al., 2005). As discussed above, PGC-1a
levels increase in response to physical activity and can be used as a marker

of mitochondrial biogenesis in muscle. This is also evidenced in active

elderly individuals where levels of this protein were preserved and similar

to young individuals when compared to sedentary individuals (Safdar

et al., 2010). The finding that this protein was equally reduced in both

HFE and LFE individuals when compared to young subjects would suggest

that both elderly groups had similar physical activity lifestyles.

Our study also demonstrates that sirtuin 3 (SIRT3) levels are affected

with aging. Lanza et al. (2008) reported similar findings in human skeletal

muscle from individuals with a sedentary proteomic profile. Human SIRT3

is a mitochondrial NAD+-dependent deacetylase that has been associated

with longevity in humans (Rose et al., 2003). Perhaps a clue linking SIRT3

to aging is supported by recent studies demonstrating that SIRT3 in mus-

cle promotes the expression of PGC-1a (Palacios et al., 2009) and vice

versa (Kong et al., 2010). In addition, overexpression of SIRT3 or PGC-1a
in cultured myotubes suppresses levels of ROS (Kong et al., 2010). These

data are in agreement with the finding that SIRT3 similar to PGC-1a has

the ability to reduce oxidative damage by influencing key antioxidant

defense systems (Someya et al., 2010). Intriguingly, a PGC-1a ⁄ Tfam

complex was recently identified in association with mtDNA nucleotides

suggesting that PGC-1a translocates to mitochondria where it may play a

role in retrograde signaling between the nucleus and mitochondria (Aqui-

lano et al., 2010). Although the exact molecular understanding has yet to

be fully elucidated, it appears that age-related disturbances in PGC-1a
and SIRT3 levels may increase oxidative damage and mutations to DNA,

compromising mitochondrial function and contributing to muscle atro-

phy observed with aging.

Age-related sarcopenia has also been associated with altered mito-

chondrial morphology, as illustrated by the appearance of enlarged and

depolarized mitochondria with aberrant mitochondrial cristae formation

(Navratil et al., 2008). OPA1 is present in the mitochondrial inner mem-

brane and is important for mitochondrial fusion and cristae morphology

(Arnoult et al., 2005). Interestingly, giant mitochondria in cultured myo-

blasts display reduced levels of OPA1 and are associated with impaired

fusion capacity (Navratil et al., 2008). These findings imply that aberrant

mitochondria may not restore their function by fusing and exchanging

their contents with functional organelles, leading to compromised bioen-

ergetics. Noteworthy, our results indicate that OPA1 levels but not Mfn2

are reduced in aged human muscle, suggesting perhaps an additional

pathway leading to mitochondrial dysfunction in late life. Moreover,

repression of OPA1 can also result in mitochondrial fragmentation

through greater fission. These alterations are accompanied by decreased

cell growth and oxygen consumption, as well as the induction of apopto-

sis (Arnoult et al., 2005; Chen et al., 2005). The latter occurs primarily

through the remodeling of cristae junctions that control the release of

cytochrome c. Interestingly, mitochondrial morphology proteins interact

with members of the Bcl-2 family of cell death proteins (Brooks et al.,

2007); however, the significance of such interactions is yet unclear. Thus,

dysregulation in fusion and ⁄ or fission events resulting in improper mixing

of intracellular metabolites and mtDNA may compromise the integrity of

the mitochondrial genome by favoring the accumulation of mtDNA

mutations. This leads to enhanced oxidative damage, triggering the

release of pro-apoptotic proteins, and irreversible cell death pathways.

Altogether, these data suggest the importance of maintaining proper

mitochondrial dynamics through fusion and fission proteins and the con-

sequences of aberrant mitochondrial morphology for cellular health.

With regard to the PIM, results from the present study are consistent

with previous findings in animals (Joseph et al., 2010). Indeed, in muscle

from aged rats, levels of the outer membrane receptor protein Tom22 are

increased relative to their younger counterparts. In the same animals,

these changes resulted in higher rates of precursor protein import and

assembly into mitochondrial complexes (Joseph et al., 2010). Tom22 is

Fig. 6 Alterations in mitochondrial protein import machinery (PIM) components.

Western blot analysis of PIM with a graphical representation depicted below.

Tim23 = translocase of the inner membrane protein 23; Tom22 = translocase of

the outer membrane protein 22; cHsp70 = cytosolic heat shock protein 70;

mtHsp70 = mitochondrial heat shock protein 70; Hsp60 = heat shock protein 60.

All values were normalized to actin and expressed as a fold of young. Values are

means ± SE; n = 11–12 per group. *P < 0.05 vs. young; †P < 0.05 vs. high-

functioning elderly.
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crucial for the import and assembly of Tom40, a protein that forms the

TOM complex, the main entry gate into mitochondria (Humphries et al.,

2005). The upregulation of Tom22 in aged muscle is likely a compensa-

tory response by the cell to increase the import and assembly of nuclear-

encoded proteins into mitochondria and maintain oxidative capacity in

the face of impaired synthesis of mtDNA-encoded components. This phe-

nomenon has also been observed in other conditions of compromised

bioenergetics including mtDNA depletion and mitochondrial disease

(Joseph et al., 2004). A direct interaction between components of the

PIM and mitochondrial morphology, as well as apoptosis proteins, has

also been reported (Seo et al., 2010), implying that mitochondrial regula-

tory pathways might not be functionally independent and that their roles

in mitochondrial biogenesis are multifaceted. This study is the first to

show the adaptability of the PIM components in muscle from elderly indi-

viduals and highlights the potential of this previously unexplored area of

mitochondrial biology in aging research.

In summary, results from the present study indicate that mitochon-

drial regulation and function are reduced in aged human skeletal mus-

cle, and this appears to be related to the level of physical performance

in the elderly. Despite correcting for age and gender, LFE individuals

displayed greater declines in mitochondrial bioenergetics and muscle

mass loss than HFE individuals. This finding supports our hypothesis of

an association between the extent of skeletal muscle mitochondrial

decline and physical function status with aging. However, it is impor-

tant to note that mitochondrial dysfunction was also observed in HFE

participants, which implicates aging as a primary contributor to this

process. Moreover, the finding that key regulatory proteins including

Sirt3, PGC-1a, and COX I are reduced to the same extent in both

elderly groups would suggest that non-mitochondrial factors may be

involved in declines in muscle function and potentially muscle mass

losses with age. Additionally, while we wanted to control for differ-

ences in physical activity levels, the possibility of variations in recrea-

tional activity levels between the groups cannot be completely ruled

out. Despite these limitations, this study highlights the importance of

mitochondria in aging skeletal muscle and the complex interplay

among various regulatory pathways such as mitochondrial dynamics

and mitochondrial protein import in muscle. The data from this study

suggest that mitochondrial dysregulation may contribute toward skele-

tal muscle decline with age and that functionality in the elderly is cor-

related with mitochondrial parameters irrespective of physical activity.

Collectively, these data provide insight for the therapeutic potential of

mitochondrially targeted interventions ⁄ strategies in the treatment of

sarcopenia and the improvement of physical function in the elderly

population.

Experimental procedures

Participants

A total of 35 participants including 12 young (eight male and four female)

and 23 older subjects (14 men and nine women) were included in this

study. These participants were part of a subset from a larger study proto-

col assessing sarcopenia in aging. Elderly participants were further divided

into high functioning (HF) and low functioning (LF) based on their perfor-

mance on the Short Physical Performance Battery (SPPB) test that includes

a standing balance, a 4-m walk course, and a chair stand test (Guralnik

et al., 1994). Participants with a SPPB score of ‡ 11 were classified as HF,

while participants with a score of £ 7 were classified as LF. Participants in

all groups were sedentary and exercised < 20 min per week in the

2 months prior to the study. Participants were informed of the proce-

dures involved prior to enrollment in the study and gave their written

informed consent, as approved by the University of Florida Institutional

Review Board. Additional exclusion criteria were as follows; history of

smoking in the prior 12 months, congestive heart failure NYHA Class III or

IV, previous stroke with upper and ⁄ or lower extremity involvement within

prior 6 months, peripheral vascular disease Fontaine Class III ⁄ IV, history

of life-threatening cardiac arrhythmias, active treatment for cancer or

history of cancer in prior 3 years, severe neurological disorders including

Parkinson’s disease, renal disease requiring dialysis, lung disease requiring

steroids, lower extremity amputation, severe osteoarthritis that interferes

with physical function, complicated diabetes, inflammatory diseases

(e.g., active rheumatoid arthritis, vasculitis, autoimmune disorders, and

inflammatory bowel disease), life-threatening illnesses with an estimated

life expectancy of <1 year.

Muscle biopsy

Skeletal muscle samples were obtained under local anesthesia from the

vastus lateralis muscle using a percutaneous needle biopsy (Buford et al.,

2010). Muscles were immediately processed for respiration measure-

ments and histochemistry. Remaining tissue was immediately frozen and

stored at )80 �C.

Preparation of permeabilized muscle fibers

Permeabilized fibers were prepared as previously described (Kuznetsov

et al., 2008). Briefly, muscle samples were placed in ice-cold Buffer X con-

taining 60 mM K-MES, 35 mM KCl, 7.23 mM K2EGTA, 2.77 CaK2EGTA,

20 mM imidazole, 0.5 mM DTT, 20 mM taurine, 5.7 mM ATP, 15 mM PCr,

and 6.56 mM MgCl2Æ6 H2O (pH, 7.1, 295 mosmol ⁄ kgH2O) and con-

nective tissue removed. Muscle pieces were cut into small bundles

(�8–10 mg) and gently separated into single fibers. Myofibers were per-

meabilized in Buffer X with saponin (50 lg mL)1) and incubated on a

rotator for 30 min at 4 �C. Permeabilized fibers were washed in ice-cold

Buffer Z containing 110 mM K-MES, 35 mM KCl, 1 mM EGTA, 5 mM

K2HPO4, and 3 mM MgCl2Æ6 H2O, 0.05 mM pyruvate, and 0.02 mM

malate with 0.5 mg mL)1 BSA (pH, 7.1, 295 mosmol ⁄ kgH2O) on a rota-

tor at 4 �C for 45 min. Fiber bundles were washed in Buffer Z containing

5 mM pyrophosphate to deplete fibers of endogenous nucleotides.

Mitochondrial respiration in permeabilized muscle fibers

Respiration was measured using an Oroboros O2K Oxygraph (Inssbruck,

Austria) according to methods previously described (Kuznetsov et al.,

2008). Once the O2 flux rate was stable, permeabilized muscle fibers

were weighed and added to the chamber consisting of Buffer Z

containing 20 mM creatine. The O2 flux rate was measured following the

addition of a substrate and inhibitor protocol, which consisted of 5 mM

pyruvate and 2 mM malate, 2 mM ADP, 10 lM cytochrome c, 10 mM

succinate, 2 lg mL)1 oligomycin, and 0.5 lM carbonylcyanide p-trif-

luoromethoxyphenylhydrazone. Respiratory control ratios calculated as

state 3 ⁄ state 4 indicated well-coupled mitochondria in all groups mea-

sured (mean, RCR = 5.0 ± 0.48). At the end of the experiment, fiber

bundles were removed and dried overnight.

Cytochrome c oxidase activity

Enzyme activity was measured spectrophotometrically in whole muscle

homogenates by measuring the maximal rate of oxidation of fully

reduced cytochrome c (Adhihetty et al., 2009).
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Immunohistochemistry for fiber typing and CSA

Serial sections from samples were prepared as previously described (McC-

lung et al., 2007). Briefly, sections were exposed to primary antibodies

specific to dystrophin (Thermo Scientific, Rockford, IL, USA), MHC type I

(Development Studies Hybridoma Bank, Iowa City, IA, USA), and MHC

type IIa (Developmental Studies Hybridoma Bank). Sections were incu-

bated with rhodamine red anti-rabbit secondary antibody, Alexa Fluor

350 goat anti-mouse secondary antibody, and Alexa Fluor 488 goat anti-

mouse secondary antibody (Molecular Probes, Eugene, OR, USA). Sec-

tions were washed, mounted, and sealed with a cover slip and viewed

under an inverted fluorescence microscope (Carl Zeiss Axiovert 200).

Images were acquired at 10X and analyzed for myofiber CSA (lm2) using

SCION IMAGE software (Scion Technologies, Frederick, MD, USA).

Immunoblotting

Whole muscle homogenates were prepared as previously described

(Adhihetty et al., 2009). Proteins were separated on 8–15% polyacryl-

amide gels and transferred to nitrocellulose membranes. Blots were

blocked for 1 h in StartingBlock T20 (Thermo Scientific) and probed

with the appropriate primary antibody (1:200 for Tom40; 1:500 for

pAMPKa, T-AMPKa, p-p38, T-p38, Tim23, PGC-1a, NRF-1, SIRT3,

RIP140, Mfn2, Opa1, Drp1; 1:1000 for Tfam, mtHsp70, cHsp70,

Hsp60, Tom22, Fis1; 1:5000 for actin). Following, blots were incu-

bated with anti-rabbit secondary antibodies at a dilution of 1:1000

(PGC-1a, Mfn2, Fis1), 1:1500 (p-AMPK, T-AMPK, p-p38, T-p38, SIRT3)

or 1:2500 (RIP140, Tfam, NRF-1), anti-mouse secondary at a dilution

of 1:1000 (Opa1, Drp1, Tim23, Tom22, mtHsp70, cHsp70, Hsp60) or

1:10 000 (actin). Blots were washed and exposed to the DuoLux

chemiluminescence kit, and proteins visualized using a ChemiDoc XRS

imager from Bio-Rad (Hercules, CA, USA). A description of antibodies

used in this study can be found in Table S1 (Supporting information).

Immunoblotting of actin or Ponceau S staining was used to normalize

for the amount of protein loaded.

Data were initially analyzed for normal distribution and homogeneity

of variance. For continuous variables, descriptive statistics were evaluated

using a one-way analysis of variance (ANOVA; Table 1). The Tukey’s post

hoc test was applied to identify individual group differences. The chi-

square test was used to evaluate categorical descriptive variables. Primary

outcomes were evaluated using an ANOVA with Tukey’s follow-up. Where

differences were observed between HF and LF groups (muscle size, state

4 respiration, cHsp70 protein), a follow-up one-way ANCOVA was per-

formed to adjust for potential confounders, for example, age and gender.

Measures of functional status obtained from elderly subjects were ana-

lyzed using an independent sample t-test. Pearson’s correlation coeffi-

cient (r) was performed to assess associations between PGC-1a and

mitochondrial content, as well as gait speed. Differences were considered

statistically significant if P < 0.05. Data are presented as mean ± stan-

dard error (SE).
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