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Abstract

Decline in mitochondrial DNA (mtDNA) copy number, function, and accumulation of mutations
and deletions have been proposed to contribute to age-related physical decline, based on cross
sectional studies in genetically unrelated individuals. There is wide variability of mtDNA and
functional measurements in many population studies and therefore we assessed mitochondrial
function and physical function in 18 families of grandmothers, mothers, and daughters who share
the same maternally inherited mtDNA sequence. A significant age-related decline in mtDNA copy
number, mitochondrial protein expression, citrate synthase activity, cytochrome c oxidase content,
and VO, peak were observed. Also, a lower abundance of SIRT3, accompanied by an increase
in acetylated skeletal muscle proteins, was observed in grandmothers. Muscle tissue-based full
sequencing of mtDNA showed greater than 5% change in minor allele frequency over a lifetime
in two locations, position 189 and 408 in the noncoding D-loop region but no changes were noted
in blood cells mtDNA. The decline in oxidative capacity and muscle function with age in three
generations of women who share the same mtDNA sequence are associated with a decline in
muscle mtDNA copy number and reduced protein deacetylase activity of SIRT3.

Key Words: Mitochondrial DNA—Aging—SIRT3—Oxidative capacity—Acetylated protein—Skeletal muscle

People over 635 years of age are a rapidly expanding demographic, and in a wide range of species from worms to humans (4-6) demonstrate
age-related morbidities have a substantial impact on healthcare and that aging is associated with decreased physical activity due to the
associated costs (1). Skeletal muscle weakness and physical inactivity deterioration of skeletal muscle (ie, sarcopenia). In Caenorhabditis
are hallmarks of aging and major contributors to age-related declines elegans, life span is extended by a genetic mutation that delays the
in physical performance, quality of life, and mortality (2,3). Studies decline in physical activity and onset of sarcopenia in these worms
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(4). Similarly, in humans there is increasing evidence that both mor-
bidity and mortality are lower in elderly people who maintain high
levels of physical activity (7). Given that skeletal muscle function is
important in maintaining health and quality of life, it is imperative
that the mechanisms responsible for the age-related decline in muscle
function are uncovered. Such information would contribute to the
discovery of therapeutic strategies targeting specific underlying mech-
anisms responsible for the functional decline of aging skeletal muscle.

Itis a reasonable hypothesis that, being largely a postmitotic organ,
skeletal muscle could over a lifetime accumulate environmental dam-
age to cellular components, such as proteins, lipids, and DNA. Decline
in skeletal muscle mitochondrial ATP synthesis has been reported to
occur with age at both maximal (8) and basal conditions (9). Age-
related decline in mitochondrial function can occur due to mitochon-
drial DNA (mtDNA) mutations (10,11), or due to decline in mtDNA
copy number as has been reported to occur in sedentary people (8,12).
Alternatively, a decline in protein quality can occur either due to
reduced protein turnover or alterations in post-translational modifica-
tions (13). A causal link between mtDNA mutations and a senescent
phenotype was demonstrated using a mtDNA mutator mouse that
accumulates extensive mtDNA mutations and deletions resulting in
accelerated aging (14,15). However, the levels of point mutations in
tissues of aged normal mice are much lower than in the mutator mice,
and mtDNA abundance varies widely within an age-group in cross
sectional population comparisons thus leaving uncertainty about the
causal role of mtDNA mutations or abundance in normal aging. Cross
sectional studies in genetically unrelated individuals show variable lev-
els of mtDNA abundance and mutations (8,10,12,16-18).

Because of the potential variability in the mtDNA sequence and
mtDNA abundance among unrelated individuals, we investigated
three generations of healthy sedentary women (sets of daughters,
mothers, and grandmothers), who share the same mtDNA to pro-
vide a more definitive conclusion on the effect of age on muscle
mitochondrial function, mtDNA, and physical function. We chose
to study only women, which offered additional advantages because
physical activity, skeletal performance, oxidative capacity, and life
span differ between men and women (19), and the impact of sarco-
penia is much more evident in women because they have a smaller
initial muscle mass than men and therefore have less functional
reserve. We sequenced the entire mtDNA genome from skeletal mus-
cle and blood cells to represent tissues with slow and fast turnover,
respectively, in three generations of women. In addition, we also
measured mtDNA copy number and the expression of SIRT3 dea-
cetylase and acetylated protein abundance.

Methods

Participants

Fifty-two healthy sedentary women were recruited. The family units
were as follows: 13 families with a daughter, mother, and grand-
mother; one five-member family comprised of a grandmother, two
mothers, and two daughters; a family consisting of a mother and
daughter; a family consisting of a grandmother and daughter; and
finally a family of a grandmother, a mother, and two daughters.
Participants exercised less than 30 minutes per day twice per week.
Health status was assessed by medical history, physical examina-
tion, comprehensive blood tests, graded treadmill test, and resting
electrocardiogram. Exclusion criteria included diabetes or other
metabolic or endocrine disorders, cardiovascular disease, liver dis-
ease, neurological disease, kidney failure, myopathy, fasting blood
glucose > 110mg/dl, anemia, substance abuse, pregnancy, or use

of medications that could affect the outcome measures. The Mayo
Foundation Institutional Review Board approved all procedures and
all participants provided informed consent before entering the study.

Study Protocol

Dual x-ray absorptiometry was used to determine fat mass and
fat free mass (20). Energy expenditure was determined from gas
exchange measurements using a DeltaTrac system (Sensormedics,
Yorba Linda, CA). Whole-body maximal oxygen uptake (VO, peak)
was determined from expired gas analysis during a graded bicy-
cle test as previously reported (21). At least 7 days after VO, peak
testing, participants were given a weight-maintaining diet contain-
ing 55% of calories from carbohydrate, 30% from fat, and 15%
from protein for 3 days prior to the study day. On Day 3 of the
weight-maintaining diet, participants were admitted to the Mayo
Clinic Clinical Research Unit. Participants were given a standard-
ized snack at 22:00 hours then remained fasted until the completion
of the study the following day. Fasting blood glucose was meas-
ured enzymatically, and fasting plasma insulin was measured with a
two-site immunoenzymatic assay (22). Vastus lateralis muscle biop-
sies were performed under local anesthesia as previously described
(23). The muscle was rapidly frozen in liquid nitrogen and stored
at -80°C.

Muscle strength and physical activity were quantified on a subset
of the enrolled participants (8 families—23 participants). Strength
was assessed using a one repetition maximum leg press, chest press,
and arm curl as previously described (20), and physical activity, body
posture, and movement pattern data were collected every half-second
for 10 days using the physical activity monitoring system (24,25). The
physical activity monitoring system included three sensors, two incli-
nometers (each of which captures two axes of acceleration against
the earth’s gravitational field, CXTA02, Crossbow Technology Inc.,
San Jose, CA) and one triaxial accelerometer (captures motion in
x, y, and z axes, CXLO2LF3-R, Crossbow Technology Inc). The 7
axes of data were binned and stored every half-second on one data
logger (Ready DAQ AD2000, Crossbow Technology Inc). Data from
the data logger were downloaded to a computer and analyzed using
Matlab, which collapses the data into a summation of postures and
accelerations associated with these postures.

Citrate Synthase and Cytochrome C Oxidase

Skeletal muscle citrate synthase enzyme activity was measured using
standard spectrophotometric techniques (26). Cytochrome C oxi-
dase (COX) activity and content was measured using a commer-
cially available ELISA-based kit (Abcam, ab101991, Cambridge,
MA). Briefly, 20 mg of muscle tissue was homogenized, and a protein
quantification was performed (Pierce 660 Protein Assay, Thermo
Scientific, Rockford, IL) to adjust all samples to the same concentra-
tion (4.05 pg/pL). COX enzyme was immunocaptured within the
wells of the microplate. Activity was measured using a colorimetric
absorbance-based change of the oxidation of reduced cytochrome C
over a 2 hour time period. Subsequently, the amount of COX enzyme
was quantified using a COX specific detector antibody and an alka-
line phosphatase-conjugated antibody which was measured calori-
metrically in a time-dependent manner proportionate to the amount
of enzyme bound within the wells.

Western Blotting
Muscle tissue was homogenized on ice in a RIPA buffer with phos-
phatase and protease inhibitors. Gel separation and blotting for
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mitochondrial respiratory chain complexes, PGCla, SIRT3, acety-
lated lysine, and vinculin were performed as described previously
(12,27). Mitochondrial respiratory chain proteins were probed with
an antibody cocktail (Abcam ab110411) containing five monoclo-
nal antibodies (Complex I subunit NDUFBS, Complex II subunit
30kDa, Complex IIT subunit Core 2, Complex IV subunit II, and
ATP synthase subunit alpha). Of these 5 proteins, Complex IV subu-
nit I is mitochondrial-encoded, and the others are nuclear-encoded.

DNA Extraction

Total DNA (nuclear and mitochondrial) was extracted from fro-
zen muscle samples using the QIAamp DNA mini kit (Qiagen) and
from blood using an automated platform (AutoGen FlexStar Qiagen
chemistries). The resulting DNA was quantified by UV absorbance
and was used for subsequent analysis.

mtDNA Abundance

mtDNA abundance was determined using real-time quantitative
PCR. Samples were run in duplicate and were normalized to 28S
ribosomal RNA. Primer and probe sequences for NADH dehydroge-
nase 1 and 4 and 28S ribosomal RNA were reported previously (8).

mtDNA Sequencing and Analysis

mtDNA was amplified from muscle and blood total DNA sam-
ples using two sets of mtDNA specific primers (Primer set
1 forward: 5-ACATAGCACATTACAGTCAAA TCCCTTCTCG
TCCC-3", Primer set 1 reverse: 5- ATTGCTAGGGTGGCGCTTCCA
ATTAGGTGC-3’, Primer set 2 forward: 5- TCATTTTTATTGCCAC
AACTAACCTCCTCGGACTC-3",Primer set 2 reverse: 5'- CGTGAT
GTCTTATTTAAGGGGAACGTGTGGGCTAT -3%). Amplification
was performed in a 25 pL PCR reaction using the high-fidelity
TaKaRa LA Taq with the following cycling conditions: 94°C for 2
minutes, 30 cycles of [94°C for 30 seconds, 68°C for 10 minutes],
68°C for 15 minutes, 4°C hold. Amplified mtDNA was purified with
the High-Pure PCR Product Purification kit (Roche) and quantified
by Picogreen fluorescence (Molecular Probes). Equimolar concentra-
tions of both amplicons were pooled and a small aliquot was run
on an agarose gel to verify amplification and pooling; and to iden-
tify large (>500bp) deletions. About 1 pg of mtDNA was used to
prepare indexed DNA libraries with Illumina’s sample preparation
kit and indexing oligonucleotide kit. Sequencing of mitochondrial
genomes was performed on Illumina’s Genome Analyzer II (GAII).
DNA libraries were mixed at equimolar concentrations and clusters
were generated using Illumina’s cluster kit and protocol. The result-
ing flow cell was sequenced on Illumina’s GAII using the manufac-
turer’s version 3 cycle sequencing kit and indexing protocol. Up to
12 indexed samples were run in each lane of the flow cell. Read-
lengths of up to 50 bp were obtained.

Data were collected using Illumina’s SCS data collection soft-
ware. GAII sequences were extracted from .tiff images using the
Firecrest and Bustard tools from the Illumina Genome Analyzer
pipeline v1.3. These sequence reads were aligned to the revised
Cambridge Reference Sequence (28) using MAQ version 0.7.1 (29),
disregarding any reads with multiple best alignments. The pileup file
generated by MAQ was used for further statistical analysis. Perl and
shell scripts were used for converting formats and parsing files. Data
were aligned a second time using Novoalign (20) to verify the results
from MAQ. From the parsed pileup files, we obtained the counts of
each base for each position the minor allele frequency (MAF) was
computed. The median (interquartile range) read depth was 5262
(3835-7569) reads. Since the data were multiplexed into lanes of

the flowcell, we were able to estimate the global miscall rate for each
lane. A two-way model was fit to lane and position by median polish.
Miscall rates for each lane varied from 0.3% to 0.7%, which is well
within advertised specifications. The sensitivity of the gel method for
the detection of large deletions has been determined in our labora-
tory to be approximately 2%-3% (data not shown)

The homo-polymeric cytidine tract from nucleotides 303 to 315
is a known length heteroplasmy within the mtDNA sequence (30).
This induces alignment and variant calling errors with the short
read sequencing data leading to spurious results, and therefore these
positions were excluded from further analysis. There are additional
indels of C 3106-3107 and 16184-93. Therefore, we also excluded
these mitochondrial positions from further analysis.

MAF Analysis

For each base position and tissue type, the large depth of coverage
allowed us to determine the MAF on an individual participant basis.
The primary metric used to measure instability was the difference in
MATF for each position with respect to a 50 year change in age (31).
This change was estimated using a separate logistic regression model
for each position and tissue type, and assumed a quasi-binomial
model for the variance. This allowed the model to account for extra-
binomial sources of variation, for example, sequencing errors. The
fit for any given position allowed for a separate intercept per fam-
ily to account for the possibility of a baseline level of heteroplasmy
for a given family/position pair. We considered that an age-related
change in MAF of 5% for muscle tissue over a 50 year age span (eg,
15% at age 80 vs 5% at age 30) is a biologically relevant effect (31).
The number of effects of that size observed in blood tissue, however,
likely represents biological noise and thus provides a natural within-
experiment threshold for the false discovery rate.

Statistical Analysis of Physiological Data Over
Generations and with Age

The analysis fit a separate model MAF = a + b x age for each loca-
tion. The primary base was separately determined for each location/
family pair to allow for possible genetic diversity, the resultant MAF
values fall in the range of 0-0.5. For each fit, the intercept term was
allowed to vary per family by using a random effects model. This
allows for potentially different baseline levels of heteroplasmy for
each location within each family. Model parameters were estimated
using the restricted maximum likelihood estimator. Post hoc com-
parisons among generations were corrected for multiple compari-
sons using the Tukey—Kramer correction. No correction for multiple
testing has been applied to reported p values. Analyses were done
using the SAS system (version 9.3, Cary, NC).

The target value from the analysis is the rate b for accumula-
tion of new mutations, for each location. Any systematic errors in
sequencing, for example, a baseline rate of miscalls or incorrect
alignments from the analysis pipeline, will change the estimated
intercepts but have no effect on the calculated rate of acquisition b.
Any increases whose final level remain below the global miscall rate
of 0.7% would not be visible, but the physiologic impact of such a
low rate is debatable

Results

Declining Physical Performance With Age

As expected, skeletal muscle strength declined significantly with
increasing age (Table 1). This age-related strength loss was evident
in several major upper and lower body muscle groups, measured
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Table 1. Anthropometric, Metabolic, and Physical Function Parameters

Daughters (D) Mothers (M) Grandmothers (G) p Value  Post hoc comparisons*
Mean Range Mean Range Mean Range
Clinical characteristics N=19 N=17 N=16
Age (years) 23 (18-39) 48 (40-62) 70 (61-89) <0.001 D<MG;M<G
BMI (kg/m?) 24.9 (18.7-38.7) 28.9 (20.9-37.5) 28.0 (19.1-34.2) 0.038 D<M
Body fat (%) 35.3 (15.5-47.8) 42.3 (30.8-52.3) 44.0 (30.3-54.2) <0.001 D<M,G
Fat free mass (kg) 41.0 (35.5-54.4) 42.0 (33.6-61.8) 38.3 (29.5-47.1) 0.086 —
Fasting glucose (mg/dL) 89.8 (79.5-100.5) 95.8 (85.0-106.5) 97.7 (77.5-116.5) 0.001 D<M,G
Fasting insulin (nU/mL) 6.4 (3.1-11.8) 6.5 (2.5-13.8) 7.0 (1.2-15.8) 0.86 —
VO, peak (mL/kg FFM/min) ~ 44.2 (33.1-55.6) 37.9 (27.1-49.1) 28.6 (21.3-35.2) <0.001 G<M<D
Resting metabolic 41.3 (32.1-51.1) 40.0 (27.9-51.0) 38.5 (25.7-45.3) 0.17 —
rate, indirect cal EE
(kcal/kg FEM/d)t
Muscle strength N=8 N=8 N=7
Leg press 87.1 (63.6-111.4)  76.4 (56.8-104.5) 58.3 (36.4-84.1) 0.010 G<D
Chest press 38.6 (29.5-43.2) 40.8 (33.0-56.8) 29.5 (15.9-36.4) 0.002 G<DM
Arm curl 27.6 (19.5-36.4) 26.5 (17.3-33.1) 16.3 (3.6-26.4) 0.001 G<DM
Activity measurements N=9 N=7 N=7
Total accelerations 4502 (3336-5879) 4883 (3221-7023) 3338 (2599-4318) 0.004 G<DM

(acceleration units)

*Comparisons of daughter (D), mother (M), and grandmother (G) statistically significant at the p < 0.05 after Tukey adjustment.

Resting metabolic rate was available on 17 daughters and 15 grandmothers. Muscle strength and activity measurement was available on a mutually exclusive

subset of the sample.

from 1-repetition maximal strength during leg press, chest press, and
arm curl movements (Table 1). These changes in muscle strength
were not accompanied by changes in fat-free mass, although a mod-
est increase in body mass index and percent body fat were evident
with increasing age (Table 1). Whole-body aerobic capacity (VO,
peak) was measured from a graded exercise test to exhaustion on a
cycle ergometer. VO, peak significantly declined with increasing age
(Table 1, Figure 1A). Since physical activity is an important determi-
nant of muscle function and whole-body VO, peak, we comprehen-
sively measured free-living physical activity patterns in a subset of
eight families. A significant age-related decline in total acceleration
was observed (Table 1), which showed a significant correlation with
whole body VO, peak (Figure 3A) and muscle oxidative capacity
(Figure 3B). In spite of clear reductions in whole-body maximal O,
uptake, there were no significant changes in resting metabolic rate
with age (Table 1). Although fasting plasma glucose concentrations
increased with age, there were no changes in fasting insulin levels

(Table 1).

The Age-Related Loss of Mitochondrial Function and
Abundance Cannot Be Explained by Accumulation

of mtDNA Mutations

The progressive decline in whole-body aerobic fitness can be partly
explained by an age-related reduction in the oxidative capacity of
mitochondria in skeletal muscle, measured from the maximal activ-
ity of citrate synthase in muscle tissue homogenates (Figure 1B).
Next, we determined if this apparent loss of muscle oxidative
capacity could be explained by an age-related loss of mitochondrial
abundance. mtDNA abundance was measured by real-time quan-
titative PCR using a probe specific to the mitochondrial-encoded
NADH dehydrogenase 4 (ND4). There was a significant age-related
decline in mtDNA abundance in skeletal muscle (Figure 1C), but
not in blood (Figure 1D). As an additional measure of mitochon-
drial abundance in skeletal muscle, we measured the expression

of representative subunits of the five respiratory chain complexes
by western blot. As observed with mtDNA abundance, there was
an age-related decline in the abundance of mitochondrial proteins
(Figure 1E, Supplemental Figure 1) but no age-related changes in the
abundance of PGCla, a transcriptional regulator of mitochondrial
biogenesis (Figure 1F). A significant age-related decline in COX pro-
tein expression was observed.

Next, we determined whether the observed changes in mito-
chondrial function could be associated with increased mutations
to mtDNA with aging by performing full sequencing of the mito-
chondrial genomes from skeletal muscle and blood and scan-
ning for large deletions by gel electrophoresis. Changes in MAF
between grandmothers and daughters at all positions within the
mitochondrial genomes sequenced from skeletal muscle and blood
cells are shown in Figure 2. No large deletions were noted in any
of the cases (Supplement Figure 2). Only two positions in mus-
cle mtDNA—positions 189 and 408 within the noncoding D-loop
region—showed a >5% change in MAF over a 50-year span (eg,
grandmothers vs daughters). This modest change in MAF with
aging suggests that accumulation of deletions or mutations in
mtDNA may not be a major determinant of mitochondrial dys-
function that occurs with aging. Among the variables measured in
the present study, we found that physical activity level was the best
predictor of whole-body and muscle-specific oxidative capacity in
this cohort of women (Figure 3). Given the emerging role of sir-
tuins in regulating mitochondrial biology (32) and our previous
observations in unrelated individuals that the age-related reduction
in the expression of the mitochondrial-localized SIRT3 was pre-
vented by exercise (12), we determined if such a mechanism could
potentially explain the loss of mitochondrial function in spite of
modest changes in mtDNA MAF in the present cohort that share
the same mitochondrial genome. The expression of SIRT3 was sig-
nificantly lower in grandmothers in comparison to the daughters,
and the levels of acetylated lysine were higher in grandmothers
compared to daughters (Figure 4).
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Figure 1. Changes with age in whole-body VO, peak (A), skeletal muscle citrate synthase activity (B), mtDNA copy number in skeletal muscle (C) and blood
(D), protein levels of total oxidative phosphorylation muscle proteins (E) PGC-1a expression (F), cytochrome ¢ oxidase protein content (G), and activity (H).
These data show significant correlation of age to oxidative capacity measured at the level of the whole-body (beta = —-3.225; p < 0.001) and skeletal muscle
(beta = 0.536; p<0.001).There was significant correlation of age with muscle mtDNA (beta = -0.095; p = 0.009), but not with blood mtDNA (beta = 0.088; p = 0.54).
Skeletal muscle expression levels of oxidative phosphorylation proteins were significantly correlated to age (beta = -=1.153; p = 0.013) but not that of PGC-1a
protein levels and age (beta = —0.063; p = 0.39). Beta represents the estimated change in each measurement per 10-year increase in age and is estimated from a

hierarchal linear model with a random intercept for each family unit.

Discussion

In the current study, we present evidence that in three generations
of women, the skeletal muscle mtDNA abundance declines with age
in parallel to the age-related decline in muscle oxidative capacity,
whole-body aerobic fitness, muscle strength and total acceleration
counts on physical activity monitors. The observed accumulation
of specific point mutations based on mtDNA sequencing and gel
electrophoresis do not explain these functional alterations with age.

Nevertheless, these biopsy-based measurements from muscle tissue
may not capture the whole mutations and deletions of mtDNA.
These results together indicate that the declines in physical activ-
ity and physical performance are related to the decline in oxidative
capacity and mtDNA abundance. In addition, a decline in skeletal
muscle SIRT3 expression in association with an increase in lysine
acetylation suggests a potential role for a decline in SIRT3 as a key
deacetylase in age-related mitochondrial decline.
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The current results indicate that mtDNA mutations, as demon-
strated by a MAF >5%, only occurred in two noncoding locations.
The finding of an age-related change in the MAF in skeletal muscle
at positions 189 and 408 in the current study is consistent with a
previous cross sectional study that also found an age-related increase
in muscle specific mutations in positions 189 and 408 (33). These
locations do not encode any proteins therefore mutations in these
locations are unlikely to explain the decline in physical function
clearly noted in the current study. However, we recognize that the
possibility that these mutations could have an impact on mtDNA
replication cannot be completely excluded as potentially important
to age-related phenotypes. Nevertheless, our methods of next-gener-
ation sequencing and gel electrophoresis interrogate for the presence
of accumulated mitochondrial point mutations or deletions at the
tissue level. The mtDNA deletions reported previously in aged mus-
cle (34-36) are not uniformly distributed. mtDNA deletion muta-
tions have been reported not to occur uniformly but are clonally
expanded in short segments of muscle fibers causing local electron
chain transport deficiency (37,38). Such localized deletions could
potentially lead to fiber degradation (38). Such a fiber degeneration
may contribute to decline in fiber numbers reported with age (39).
Recently, Kennedy et al. (40) applying a sensitive approach have

64.0
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Changes are based on a position-by-position analysis of using a logistic
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specific intercept. The change in MAF was estimated from the fitted model for
a 50-year difference (80 years vs 30 years of age). Changes >5% in the MAF
over this 50-year period were considered clinical relevant. Only two locations
(positions 189 and 408) reached this criterion, both in the noncoding D-loop
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shown that the load of point mutations in mitochondria is quite
high, but consists of many mutations, each found in a very small
fraction of mitochondria in a tissue. The human study we performed
analyzed mtDNA in tissue and not in single fibers and found that
the accumulation of such mutations and deletions are not extensive.
Nevertheless, our muscle mitochondrial oxidative capacity (citrate
synthase) measurement was also performed at tissue levels, and these
correlate well with whole body decline in maximal oxidative capac-
ity. The decline in whole body oxidative capacity associated with the
decrease in the mtDNA copy number with respect to age.

The finding in the current study that a significant decline in
mtDNA abundance does occur with age might have important
implications in developing measures to prevent and/or treat age-
related sarcopenia. The previous reports in genetically unrelated
people (8,12) showing that decline in maximal oxidative capacity
based (VO, peak and skeletal muscle citrate synthase) with age is
confirmed in the current study in three generations of genetically
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related women. In previous studies in unrelated individuals higher
oxidative DNA damage (8) and lower endogenous antioxidants,
SOD2 and catalase protein expressions are noted in older individ-
uals (41). Oxidative damage to mtDNA has been shown to cause
degradation of DNA (42,43) and thus may not necessarily cause
accumulation of deletions but may cause a decline in mtDNA copy
numbers. The replication of mtDNA is regulated by transcription
factor A mitochondrial which is under the regulation of peroxi-
some-proliferator-activated receptor o (PGC1-a) both of which are
nuclear encoded genes (12,44). In the current study in women who
do not engage in regular aerobic training, mtDNA abundance and
expression of mitochondrial proteins are reduced with age with no
compensatory increase in PGC1-a. mtDNA copy number and maxi-
mal oxidative capacity have been reported to increase in elderly indi-
viduals engaged in aerobic exercise program when the expression of
PGC-1 o increases along with its downstream transcription factor
transcription factor A mitochondrial (12,45). The responsiveness to
an aerobic exercise program argues against any permanent change to
mtDNA integrity. Accumulation of DNA mutations or deletions, if
they occurred, would be an irreversible change unlike the decline in
mtDNA copy number that can be corrected by an exercise program.

The current findings in genetically related women show that the
decline in mtDNA copy number is significantly associated with a
decline in citrate synthase activity, which is a determinant of skeletal
muscle oxidative capacity. Moreover, this change in the oxidative
capacity of skeletal muscle is closely associated with whole-body
oxygen capacity, which is a major determinant of endurance that
is known to decline with age (46). Although the decline in mus-
cle strength is also associated with the decline in muscle oxidative
capacity, another key determinant of muscle function and strength
is contractile proteins such as myosin heavy chain. Previous stud-
ies have shown that myosin heavy chain synthesis rates, an ATP
dependent process, also decline with age (47). It is therefore likely
that reduced skeletal muscle oxidative capacity may affect many
energy requiring processes and at least partly explain the decline
in muscle strength with age. The current study also showed that a
decline in oxidative capacity is associated with a decline in accelera-
tion measured by physical activity monitoring system. This observa-
tion is consistent with a hypothesis that activity levels are related
to mitochondrial oxidative capacity (48). Humans and many other
species slow down with age (5,6,49) and this slowing down has been
shown to accelerate mortality (49). Aerobic exercise and enhance-
ment of muscle mitochondrial oxidative capacity have been shown
to increase activity levels in rodents (50) and decrease overall mor-
tality and morbidity in humans (51). It has been shown that the
relative risk of death in people with various morbidities increases
significantly and survival is significantly lower when aerobic exer-
cise capacity is low (52) and it is known that muscle mitochondrial
oxidative capacity is a major determinant of aerobic capacity (8). It
is, therefore, a reasonable approach to attempt to prevent many age-
related physical disabilities that result in mortality and morbidity
by preventing mitochondrial decline or by enhancing mitochondrial
oxidative capacity by exercise or other means.

Another finding in the current study is that skeletal muscle
SIRT3 expression was lower in grandmothers. SIRT3 is localized to
the mitochondrial matrix and belongs to the Sirtuin family of nic-
otinamide-adenine-dinuceotide-dependent protein deacetylases (53).
SIRT3 has been reported to be a regulator of adaptive thermogenesis
and decreases mitochondrial membrane potential and reactive oxy-
gen species production while increasing mitochondrial respiration
(54). SITRT3 regulates acetylation levels of many mitochondrial

enzymes including acetyl coenzyme A2 (55), glutamate dehydroge-
nase (56), and superoxide dismutase 2 (57). SIRT3 gene variability
has been linked to survivorship in the elderly people (58). In the
current study, the lower expression of skeletal muscle SIRT3 in com-
bination with higher lysine acetylation of several proteins also indi-
cate that factors other than mtDNA mutation likely explain reduced
mitochondrial oxidative capacity with age. Due to the limitation of
the size of the muscle biopsy sample, we did not analyze the specific
proteins that are more acetylated in the grandmother, but in a recent
study we reported that in elderly people aerobic exercise increased
SIRT3 expression in association with a decrease acetylation of
IDH2, a mitochondrial protein regulating cellular antioxidant stress
response (41). Another study demonstrated that NAD* enhances
mitochondrial OXPHOS function in SIRT1 dependent manner. It
remains to be determined whether SIRT3 another member of the
Sirtuins family has similar effect on mitochondrial homeostasis.

Unlike studies in flies, worms and mice with short life-spans, pro-
spective studies on mitochondrial aging and mutations are not feasi-
ble in humans and therefore to our best knowledge all the age-related
changes in mitochondrial function and mtDNA studies have been
done in cross sectional populations. Here, our study design of study-
ing different generations of women who inherit the same mtDNA
offered us a unique opportunity to study the age effect on mtDNA
and oxidative capacity. We also recruited women without any major
comorbidity. We however cannot exclude the potential impact on
mitochondria of other illnesses incurred during the aging of our study
participants.

In summary, here we report that mtDNA integrity remains rela-
tively intact across multiple generations of women. It is, however,
evident that oxidative capacity declines across the three generations
of women in conjunction with the physical performance including
acceleration time. The decline in mtDNA and the oxidative capac-
ity are potentially reversible, offering opportunities for potential
interventions to prevent decline in many of the physical disabilities
associated with age.
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