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Abstract Mitochondrial DNA (mtDNA) quality and
quantity relate to two hallmarks of aging—genomic
instability and mitochondrial dysfunction. Physical per-
formance relies on mitochondrial integrity and declines
with age, yet the interactions between mtDNA quantity,
quality, and physical performance are unclear. Using a
validated digital PCR assay specific for mtDNA dele-
tions, we tested the hypothesis that skeletal muscle
mtDNA deletion mutation frequency (i.e., a measure
of mtDNA quality) or mtDNA copy number predicts
physical performance in older adults. Total DNA was
isolated from vastus lateralis muscle biopsies and used
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to quantitate mtDNA copy number and mtDNA deletion
frequency by digital PCR. The biopsies were obtained
from a cross-sectional cohort of 53 adults aged 50 to 86
years. Before the biopsy procedure, physical perfor-
mance measurements were collected, including VO», .+,
modified physical performance test score, 6-min walk
distance, gait speed, grip strength, and total lean and leg
mass. Linear regression models were used to evaluate
the relationships between age, sex, and the outcomes.
We found that mtDNA deletion mutation frequency
increased exponentially with advancing age. On average
from ages 50 to 86, deletion frequency increased from
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0.008 to 0.15%, an 18-fold increase. Females may have
lower deletion frequencies than males at older ages. We
also measured declines in VO, —and mtDNA copy
number with age in both sexes. The mtDNA deletion
frequency measured from single skeletal muscle biop-
sies predicted 13.3% of the variation in VO, .. Copy
number explained 22.6% of the variation in mtDNA
deletion frequency and 10.4% of the lean mass varia-
tion. We found predictive relationships between age,
mtDNA deletion mutation frequency, mtDNA copy
number, and physical performance. These data are con-
sistent with a role for mitochondrial function and ge-
nome integrity in maintaining physical performance
with age. Analyses of mtDNA quality and quantity in
larger cohorts and longitudinal studies could extend our
understanding of the importance of mitochondrial DNA
in human aging and longevity.

Keywords Skeletal muscle - Aging - Mitochondria -
Mitochondrial DNA - Mutation - Physical performance

Introduction

The molecular alterations that underpin aging are
thought to be multifactorial, encompassing at least nine
domains of recognized cellular dysfunction [1]. Among
these aging hallmarks, two factors—mitochondrial dys-
function and genomic instability—converge on the mi-
tochondrial genome. Age-induced loss of mitochondrial
genomes and increasing mtDNA deletion mutations are
indicative of genomic instability and result in mitochon-
drial respiratory dysfunction. There is considerable ev-
idence of age-induced decreases in mitochondrial DNA
(mtDNA) integrity and mitochondrial function in many
tissues [2, 3]. It is unclear whether mitochondrial DNA
alterations manifest as broader physical performance
changes with age.

Cells contain multiple copies of mtDNA, and, with
advancing age, mtDNA deletion mutations arise from
replication errors [4]. In human skeletal muscle, a dele-
tion mutation event typically removes 4-12 kb of the
16.3-kb mtDNA sequence [5]. The resulting mutated
mtDNA lacks multiple genes that encode tRNAs and
protein subunits necessary for oxidative phosphoryla-
tion. With time, the deletion-containing “selfish” ge-
nome clonally accumulates within the individual muscle
fiber [6]. When the intracellular deletion abundance
(i.e., heteroplasmy) exceeds 90% of the total
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mitochondrial genomes, electron transport chain (ETC)
function is disrupted, and cells lose cytochrome ¢ oxi-
dase activity prior to undergoing cell death [7-9]. In 36-
month-old rat quadriceps, ~ 80% of the myofibers pos-
itive for markers of apoptosis and/or necrosis were ETC-
deficient [8]. A similar series of events occurs in humans
with mtDNA deletion-containing genetic diseases [9].
The sequential process of mtDNA deletion formation,
clonal accumulation, respiratory chain deficiency, and
cell death reiterates in an increasing number of muscle
fibers with age. mtDNA deletion-containing, ETC-
deficient cells have been detected in most aged human
tissues including brain, heart, kidney, and skeletal mus-
cle, where they contribute to the cellular phenotypes and
tissue degeneration of aging [10-23].

mtDNA quantity, reflected in copy number, declines
with age in human skeletal muscle [24, 25]. This de-
crease occurs in individual muscle fibers [26] and is of
greater magnitude in type IIb muscle fibers, which are
lost preferentially with age [27]. In mouse quadriceps
muscle, mtDNA copy number per square micron of
muscle fiber area decreases 1.8-, 1.9-, and 3.2-fold in
type I, Ila, and IIb fibers, respectively, between 6 and 24
months of age [26]. The importance of these declines in
mtDNA copy number is unclear because mtDNA copy
number correlates weakly with mitochondrial function
or mitochondrial content [28]. Lower mtDNA copy
number is unstable as it may facilitate the segregation
of deletion mutants in post-mitotic tissues such as skel-
etal muscle [29].

Physical performance decreases with age across nu-
merous domains that involve skeletal muscle [30]. For
example, whole-body maximum oxygen consumption
(VO,max) decreases 3 to 6% per decade for the third and
fourth decades of life, but after age 70, the rate acceler-
ates to a > 20% loss per decade [31, 32]. Moreover,
physical performance, including VO,,,,«, predicts sur-
vival in older adults [33, 34]. VOy.x as a performance
measure integrates maximal heart rate and stroke vol-
ume, blood flow, compliance of heart muscle fibers and
arterial walls, peripheral oxygen extraction, as well as
mitochondrial oxygen utilization in skeletal muscle [31,
32, 35-37]. Fleg and Lakatta [38] showed that de-
creased whole-body lean mass contributed to the decline
in VO, With advancing age. Physical performance
also is dependent upon mitochondria due to the central-
ity of this organelle in metabolism, respiration, muscle
mass, and oxidative capacity [39, 40]. Individuals with
mitochondrial mutations exemplify the link between
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mitochondria and VO,,,,. [41]. The affected individuals
are exercise intolerant and have lower muscle mass [42].
Measurements of mtDNA copy number and deletion
frequency have been examined with age in relation to
performance measures such as VOy,.x [25]. In the study
by Short et al., mtDNA copy number correlated with age
(r=—0.62) and VO,,,,,x (r = 0.48). Deletion mutations
were not detected.

The quantitation of deletion mutations in muscle
biopsies requires sensitive and specific assays that
account for the unique characteristics of these mu-
tations. While heteroplasmy refers to the percent of
mutations in single cells, we define deletion fre-
quency as the ratio between deletion-bearing
mtDNA molecules and all mtDNA molecules in
tissue homogenates. High specificity is required as
wild-type mtDNA contains identical PCR priming
sites as those present in mtDNA deletions. More-
over, as most mtDNA deletion events contain
unique breakpoints, the assay needs to detect a het-
erogeneous class of molecules. Using a digital PCR
assay that accounts for the unique characteristics of
mtDNA deletions, we observed, in human skeletal
muscle, that mtDNA deletion mutations increase
exponentially ~ 98-fold between 20 and 80 years
of age [24]. These findings suggest that mtDNA
deletion frequency predicts biological age.

In this study, we used digital PCR quantitation of
mtDNA deletions and copy number to examine the
relationships between skeletal muscle mtDNA copy
number, mtDNA deletion mutation frequency, and
physical performance measures in non-diseased older
adults. Because physical performance measures reflect a
myriad of physiological processes across numerous or-
gan systems, we hypothesized that mtDNA deletion
frequency measured from a single muscle biopsy would
not correlate with physical performance measures. Here,
we show that the converse is true; mtDNA deletion
frequency predicts the decline in physical performance
with age.

Materials and methods

Personnel analyzing mtDNA quality and quantity were
blinded to subject age and performance characteristics.
Researchers were unblinded after the molecular analy-
ses were completed and reported.

Human subjects

Adults 50-89 years of age were recruited from the Balti-
more, MD, area to participate in studies examining meta-
bolic responses to exercise training. Participants were
screened by medical history, physical examination, fasting
blood chemistry, and graded maximal exercise test. All
participants were current non-smokers (no history of
smoking for > 2 years), sedentary (<20 min of aerobic
exercise two times per week), and had no history or
evidence of cardiovascular, liver, kidney, or lung disease.
Participants had asymptomatic graded treadmill exercise
tests. The women in the study had not menstruated for at
least 1 year. The resultant sample for this study was 53
men and women for whom muscle biopsy samples were
available. A subset of 13 participants enrolled in one study
did not undergo tests of physical performance; thus, 40
subjects comprise the sample for those variables. The
research protocols were approved by the Institutional Re-
view Board at the University of Maryland School of
Medicine, and all participants provided written informed
consent.

Physical performance measures

Subjects underwent tests of physical performance, in-
cluding the modified physical performance test (MPPT),
6-min walk distance (6-MWD), fast gait speed, and grip
strength. Prior to testing, all individuals were instructed
to wear comfortable clothes and shoes and were notified
they would be performing walking and balance tests.
The MPPT is a nine-item test that includes standing
balance, repeated chair stands, gait speed, timed ascent
of one flight of stairs, ability to ascend and descend four
flights of stairs, donning and doffing a coat, picking up a
penny, placing a book on a shelf, and safely turning
360° [43]. The scores range from 0 to 4 for each item,
and total scores of < 32 points indicate at least a mild
mobility limitation. Chair stands, standing balance tests,
and fast gait speed were performed once, with the time
for each test recorded and scored. Times for stair ascent—
descent were calculated as the average of three attempts;
the same standard set of stairs was used for all partici-
pants. For 6-MWD, participants were asked to walk as
far as possible in a 100-ft corridor for 6 min, and total
distance was recorded. Grip strength of the dominant
hand was measured with a hydraulic handheld dyna-
mometer (Jamar Inc., Bolingbrook, IL). Participants
stood with arms at their side and elbows slightly bent,
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squeezing the dynamometer with as much force as
possible; the average of triplicate measures was record-
ed for analysis. Gait speed and 6-MWD were not avail-
able for one subject due to technical issues (Table 2).

Maximal oxygen consumption (VO»ax)

VO;max Was measured by indirect calorimetry (Quark,
Cosmed USA, Chicago, IL) during a maximal graded
treadmill exercise test. Participants were asked to walk
at a constant, comfortable speed through the test with
the grade initially set to 0%, increasing every 2 min until
VO, max Was reached as verified by standard physiolog-
ical criteria (respiratory exchange ratio > 1.10 or a
plateau in VO, with an increase in workload).

Body mass index (BMI) and body composition

Height was measured with a stadiometer, and weight
was measured with a standard laboratory scale. Body
mass index (BMI) was calculated as weight (kg) divided
by height (m) squared. Total and regional body compo-
sition, including total and leg lean mass, were measured
by dual-energy X-ray absorptiometry (DXA) (Prodigy
or iDXA, LUNAR Radiation, Madison, WI). Data for
one subject were not available due to technical issues.

Muscle biopsy

Vastus lateralis muscle biopsies were obtained approx-
imately 12—13 cm above the patella on the anterolateral
aspect of the right thigh using a Bergstrom needle
(Stille, Solna, Sweden) as previously described [44].
Muscle samples were embedded and rapidly frozen in
optimal cutting temperature/gum tragacanth mixture,
then stored at —80 °C until analyzed.

Animal tissues

Twenty-two-month-old quadriceps muscle tissue sam-
ples from male and female mice were obtained from the
NIA Interventions Testing Program. All mouse samples
were flash-frozen in liquid nitrogen and stored at — 80
°C until DNA isolation.

DNA isolation and quality control

De-identified human muscle biopsy samples were obtain-
ed from the quadriceps muscle of 53 male and female
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subjects ranging in age from 50 to 86 years. Muscle
samples were powdered under liquid nitrogen using a
mortar and pestle. Approximately 25 mg of the powdered
muscle was used for DNA isolation, performed by pro-
teinase K and RNase A digestion, phenol/chloroform ex-
traction, and ethanol precipitation, as previously described
[24]. Quality control of the DNA was performed via
NanoDrop (NanoDrop 2000, Thermo Scientific; Waltham,
MA), Qubit (2.0, Invitrogen; Carlsbad, CA), and
TapeStation (2200, Agilent; Santa Clara, CA).

mtDNA copy number and deletion frequency
quantitation

A 5' nuclease cleavage assay and droplet digital PCR
(ddPCR) were used to quantitate copy numbers for
nuclear DNA, total mtDNA, and mtDNA deletions with
specific primer/probe sets and cycling conditions for
each as previously described [24]. Samples were diluted
to the manufacturer’s recommended target range (1 to
5000 copies per microliter) in 25-ul reactions using
BioRad ddPCR Supermix for Probes (BioRad; Hercu-
les, CA). Final primer and probe concentrations were
900 nM and 250 nM, respectively. Reactions were
partitioned into droplets using a BioRad QX200 droplet
generator (BioRad; Hercules, CA) prior to
thermocycling. Digital PCR cycling conditions for
nDNA and mtDNA copy number included Tagq-
polymerase activation at 95 °C for 10 min, followed
by 40 cycles of denaturation at 94 °C for 30 s and
annealing/extension at 60 °C for 2 min. Droplet fluores-
cence was then read using a BioRad QX200 droplet
reader. Target copy numbers per microliter were deter-
mined using BioRad QuantaSoft Regulatory Edition
Software (version 1.7, BioRad; Hercules, CA). Direct
quantitation of mtDNA major arc deletions by ddPCR
used cycling conditions of Taq-polymerase activation at
95 °C for 10 min, followed by 60 cycles of denaturation
at 94 °C for 15 s, annealing at 55 °C for 1 min, and
extension at 72 °C for 6 min. Deletion assays on mouse
skeletal muscle DNA used mouse-specific primer/probe
sets as previously described [24], with the same cycling
conditions as described for the human mtDNA major
arc deletion detection.

Statistical analysis

We applied log transformation on mtDNA deletion fre-
quency and Box—Cox transformation [45] on mtDNA
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copy number to reduce skewness. Both variables were
normalized using the min—max method. Participant char-
acteristics were presented as mean = standard error of the
mean (SEM) for continuous variables and counts
(proportions) for categorical variables. Student’s #-test for
two independent samples, the Mann—Whitney test, or a
chi-squared test was used to evaluate the differences in the
characteristics between males and females, as appropriate.

Linear regression models were used to evaluate the
relationships between age, sex, and the outcomes of inter-
est. The interaction between age and sex was included in
the models to evaluate the potential effect of sex on age-
related changes. Pearson correlations between age,
mtDNA deletion frequency, mtDNA copy number,
VOsmax, MPPT score, 6-MWD, gait speed, grip strength
of the dominant hand, total lean mass, and right lean mass
were assessed. The mtDNA deletion frequency (or
mtDNA copy number)-related changes in the outcome
of interest (i.e., VOsyax, MPPT score, 6-MWD, gait speed,
grip strength of the dominant hand, total lean mass, or right
lean mass) were also evaluated by using linear regression
in sequential models. The first model was a model without
adjustment for other covariates. The second model was
adjusted for age and sex. p-values were two-tailed and
were considered statistically significant at values < 0.05.
All analyses were performed using R statistical software
version 3.6.1 (R Core Team, 2019).

Results
Participant characteristics

We collected quadriceps muscle biopsies and perfor-
mance measures from 53 subjects from 50 to 86 years

Table 1 Participant characteristics

of age (Table 1). Of the 53 participants, 60% were
women and 40% were men. Average ages were similar
between the sexes. There were racial differences by sex
in the subject population. Seventy-five percent of the
women were African American, while 62% of the men
were Caucasian. There were negligible differences in
body weight and BMI between women and men.

Molecular and physical performance of the study
participants

mtDNA deletion frequency ranged from 2.95e-06 to
1.74e-02, and mtDNA copy number ranged from 1381
to 7139 copies per diploid nucleus (Table 2). Without
considering age, there was no statistically significant
difference in the deletion frequency or copy number
between men and women. Lean mass (total and right
leg) and physical performance measures (VOspax, 6-
MWD, and grip strength) were lower in women.

Relationships between age and molecular or physical
performance measures

mtDNA deletion frequency increases exponentially
with age (Fig. 1a). To account for this non-linear in-
crease and facilitate comparisons with the other linear
variables, we log transformed and normalized (min—
max) the mtDNA deletion frequency values (Fig. 1b).
mtDNA deletion frequency increased with age (= 0.44,
p = 0.001). On average, mtDNA deletion frequency
increased 18-fold in individuals from 50 to 86 years of
age. mtDNA deletion frequency increased by 10.4% per
year on average. The regression equation is
log.(mtDNA deletion frequency) = — 14.39 + 0.099 *
(age).

Women Men Total p-value

N 32 21 53 NA
Age (year) 63.97 +£1.28 65.29 + 1.69 64.49 +1.01 0.531
Race 0.007
White 8 13 21

African American 24 8 32

Weight (kg) 83.41 £3.31 91.03 +£2.79 86.43 +£2.32 0.109
BMI (kg/m?) 31.37+1.21 29.39+£0.83 30.58 £0.81 0.233

Results are presented by means + SEs or counts

p-values are for the difference between men and women by using Student’s #-test or chi-squared test, as appropriate

BMI body mass index, NA not applicable, SE standard error
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Table 2 Summary of molecular and performance characteristics

N Women Men Total p-value
mtDNA deletion frequency (e-04) 53 3.48 (8.02) 5.83 (13.30) 3.90 (8.50) 0.935
mtDNA copy number 53 3853 (797.6) 3781 (1898) 3814 (1217) 0.725
VOymax (ml/kg/min) 53 21.90 £0.73 25.80+1.10 23.45+0.67 0.003
MPPT score 40 35.00 (1.50) 35.00 (1.00) 35.00 (1.00) 0.954*
6-min walk distance (ft) 39 1611 +39 1820 + 49 1691 + 34 0.002
Gait speed (m/s) 40 1.32+0.07 1.40 +£0.08 1.35+£0.05 0.422
Grip strength (kg) 39 2342+ 1.16 38.46 +3.46 29.59 £ 1.96 < 0.001
Total lean mass (kg) 52 45.17 £ 1.09 59.83 £1.26 51.09 £ 1.30 < 0.001
Right leg lean mass (kg) 52 7.90 +£0.25 10.20 +0.28 8.83+0.24 < 0.001

Results are presented by means + SEs or median (IQR)

p-values are for the difference between men and women by using Student’s #-test or Mann—Whitney test, as appropriate

IOR interquartile range, MPPT modified physical performance test, mtDNA mitochondrial DNA, SE standard error, VO,,,,, maximal

oxygen uptake

*Continuity correction was applied when running Mann—Whitney test

mtDNA copy number decreased with age (r = —
0.39, p = 0.004) (Fig. 1c). Among the physical per-
formance measures, VO, ., declined with age (r = —
0.37, p = 0.007) (Fig. 1d). There was no detectable
difference in average lean mass in this cohort as a
function of age as assessed by DXA (Fig. le, f). While
sex differences were not a primary aim of the study,
the effect of age on mtDNA copy number was differ-
ent between sexes (p = 0.011) (Fig. 1c). The effect of
age on deletion frequency may differ between sexes (p
=0.089) (Fig. 1b), although this analysis is underpow-
ered, as discussed below. There were sex differences
in VO,,,.x and lean mass (Table 2); however, these did
not interact with age.

Relationships between molecular and physical
performance measures

To explore the importance of mtDNA deletion frequen-
cy and mtDNA copy number in performance outcomes,
we examined Pearson correlations between the variables
(Fig. 2). There is a negative correlation between mtDNA
deletion frequency and VOy.x (¥ = — 0.36, p = 0.007).
Individuals with a higher deletion frequency had a lower
VO;max (Fig. 32). mtDNA deletion frequency was also
negatively correlated with mtDNA copy number (r = —
0.48, p < 0.001). Individuals with higher mtDNA copy
numbers had lower deletion frequencies (Fig. 3b). There
may be a sex dependence to the relationship between
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deletion frequency and copy number (p = 0.098) (Fig.
3b). mtDNA copy number was positively correlated
with both total lean mass (» = 0.32, p = 0.020) (Fig.
3c) and right leg lean mass (»=0.35, p = 0.010) (data not
shown). Total lean mass and right leg lean mass were
highly correlated (» = 0.96, p < 0.001).

Linear regression modeling of mtDNA deletion
frequency and mtDNA copy number

We evaluated the relative contributions of age, sex, and
mtDNA deletion frequency to VO, variation. To-
gether, mtDNA deletion frequency, age, and sex pre-
dicted 36.6% of the variation in VO,,,,,,. mtDNA dele-
tion frequency alone predicted 13.3% of the variation in
VOsmax (p = 0.007). However, after accounting for age
and sex, the contribution of mtDNA deletion frequency
was reduced to 4.7% (p = 0.061).

In similar analyses, mtDNA copy number, age, and
sex predicted 30.6% of the mtDNA deletion frequency
variation. mtDNA copy number contributes 22.6% of
the variation in mtDNA deletion frequency (p < 0.001).
After accounting for age and sex, mtDNA copy number
predicted 10.9% (p = 0.008) of the variation in deletion
frequency. mtDNA copy number, age, and sex predicted
67.6% of the variation in lean mass. mtDNA copy
number contributes 10.4% of the variation of lean mass
(p = 0.020). mtDNA copy number predicted 7.2% (p =
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Fig. 1 The relationships between age and molecular and perfor-
mance characteristics. The solid black line denotes the overall
linear regression. Dashed lines denote the sex-specific linear re-
gressions. Individual data points are plotted for each subject. a

0.002) of the variation in lean mass after accounting for
age and sex.

Sex differences in mtDNA deletion frequency
in 22-month-old mouse skeletal muscle

To examine further the impact of sex on mtDNA dele-
tion frequency, we measured deletion frequency in
quadriceps muscle from 22-month UM-HET3 mice that
are genetically heterogeneous. In this mouse strain, we
observed a significantly lower mtDNA deletion fre-
quency in female (0.0027%) versus male (0.0146%)
mice (p < 0.001) (Fig. 4).

mtDNA deletion frequency (raw values, truncated axis) vs. age. b
mtDNA deletion frequency (transformed, normalized) vs. age. ¢
mtDNA copy number (raw values) vs. age. d VO, . Vs. age. e
Total lean mass vs. age. f Right leg lean mass vs. age

Discussion

The cellular impact of age-induced mtDNA deletions
includes ETC dysfunction and cell death. The data in
this study extend the impact of mtDNA deletions to
physical performance by showing that increased
mtDNA deletion frequency predicts decreased VOy ax-
Similarly, mtDNA copy number predicts the decline in
lean mass and the increase in mtDNA deletion
frequency.

mtDNA deletion mutations have been observed to
increase with age in many tissues and species [5,
10-23]; however, prior approaches lacked sufficient
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Fig. 2 Relationships between molecular and physiologic mea-
sures. Pearson correlation coefficients are bolded. Exact p-values
are shown for each pairwise comparison. Significant relationships

sensitivity and specificity to enable comparison with
physiological outcomes. The increase in deletion fre-
quency found in this study is consistent with the
exponential increase we observed (~100-fold) in a

(p < 0.05) are highlighted in color. The strength and direction of
significant correlations are indicated by the color and tint

separate smaller cohort of adults aged 20 to 80 [24].
The association between age and mtDNA deletion
frequency was not statistically different between the
20-80-year-old cohort in our previous study and the
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Fig. 3 Significant relationships between molecular measures and
physical performance measures. The solid black line denotes the
overall linear regression. Dashed lines denote the sex-specific
linear regressions. Individual data points are plotted for each
subject (pink = females, blue = males). a VO, vs. mtDNA
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deletion frequency (transformed, normalized). b mtDNA deletion
frequency (transformed, normalized) vs. mtDNA copy number
(transformed, normalized). ¢ Total lean mass vs. mtDNA copy
number (transformed, normalized)
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Fig. 4 MtDNA deletion
frequency is lower in female mice
compared to male mice at 22
months of age. Individual data
points are plotted for each mouse.
The y-axis is discontinuous to
facilitate plotting, as there is a
large difference between means.
Box plots denote median, IQR,
and raw values

mtDNA Deletion Freq (raw)

cohort in this study. Much of the increase in deletion
frequency occurs between 50 and 80 years of age, a
finding that helps to target appropriate ages for
deploying this assay. A previous study examining
physical performance failed to detect deletion muta-
tions using a semi-quantitative gel electrophoresis
approach with PCR primer sets that cannot detect
age-induced mtDNA deletions [46]. Our validated,
quantitative approach is sensitive down to 0.6
deletion-containing mtDNA molecules per million
wild-type mtDNA genomes and uses PCR primers
and probes explicitly designed to quantitate age-
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induced deletions independent of PCR efficiency
[24].

We found that mtDNA copy number is predictive of
lean muscle mass and mtDNA deletion frequency. We
did not observe a correlation between mtDNA copy
number and VOj,,... This contrasts with data from
Short et al., where copy number was predictive of
VO,max between the ages of 18 and 89 [25]. Our cohort
was composed of individuals aged 50 to 86. The finding
that a lower mtDNA copy number predicts a higher
deletion frequency with age is consistent with the ob-
servation that a lower mtDNA copy number leads to
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genomic instability and facilitates the intracellular accu-
mulation of “selfish” deletion mutants in post-mitotic
tissues such as skeletal muscle [29]. In contrast to many
other studies, we did not detect the well-characterized
age-related decline in lean or total muscle mass. The
lack of observed muscle mass loss with age in our study
is likely due to the age range of our cohort, the use of
DXA to assess lean muscle mass, and the recruitment of
only healthy subjects.

VO, max 1s understood to be an integrative measure of
physical performance sensitive to multiorgan functional
status, including respiratory, cardiac, and skeletal mus-
cle function and metabolism (i.e., systems responsible
for the uptake, transportation, and consumption of oxy-
gen) [31, 32, 35-37]. With the large number of possible
etiologies for the age-induced decline in VOjay, it is
somewhat surprising that some of the variability can be
attributed to mtDNA deletion frequency as assessed
from a skeletal muscle biopsy. This suggests that either
mtDNA deletion frequency reflects a primary deficit in
muscle mitochondrial homeostasis or perhaps that skel-
etal muscle mtDNA deletion frequency correlates with
the presence of mtDNA deletions in the other tissues
and organs that also modulate VO, ..

While mtDNA deletion frequency increases dramat-
ically across the lifespan, the burden occurring at a
specific instant in time is low. This low bulk measure
in tissue homogenates contrasts with the exceedingly
high abundance of deletion mutations within single cells
[7, 10, 17]. In these single cells, mtDNA deletion mu-
tations activate skeletal muscle apoptosis and necrosis
and fiber breakage, and result in muscle fiber loss [8].
Therefore, quantitation of mtDNA deletion mutations in
homogenates predicts the abundance of ETC-deficient
fibers [26] that are destined to undergo apoptosis/
necrosis and die. In humans, the instantaneous deletion
mutation frequency is similar to the instantaneous rate of
fiber loss. In human vastus lateralis muscle, on average,
~ 25 fibers (0.008%) are lost every day, between the
ages of 50 and 80 [47]. The rate of fiber loss also
accelerates with advancing age. The instantaneous mea-
sure of deletion frequency does not integrate the whole
of the phenomena that compounds across a lifespan
[24]. Thus, mtDNA deletion frequency is a measure-
ment of age-induced mitochondrial DNA damage that
predicts the rate of muscle fiber loss with age. Data in
this study show that the association of age-induced
mtDNA deletions extends to organismal performance,

@ Springer

which may exist as a primary muscle deficit, or, as noted
above, perhaps that deletion mutation frequency in skel-
etal muscle is indicative of systemic mtDNA deletion
frequency. Cross-tissue comparison of mtDNA deletion
frequency within individuals and other measurements of
age-induced damage across human lifespan will aid in
specifying the molecular, cellular, and tissue origins of
the performance deficit.

Our data suggest an effect of sex on mtDNA deletion
frequency in aging humans. The age-induced increase in
mtDNA deletion frequency in females is slower. If
mtDNA deletion frequency is a bona fide determinant
of human aging, we would expect females to have
longer lifespans, which is well established. In 22-
month-old mice, from a strain where female mice live
longer, we measured a clear relationship between sex
and mtDNA deletion frequency. In our cohort of human
subjects, the effect size (Cohen’s f) of age by sex on
mtDNA deletion frequency is 0.248 (a medium effect).
With the assumption of a two-sided test with an alpha
level of 0.05, a sample size of 182 is required to have
80% power of detecting the effect of age by sex inter-
action on mtDNA deletion frequency. Similarly, we
found that mtDNA deletion frequency is a predictor of
VO,max- However, after taking other predictors of
VO,max (age and sex) into account, the contribution of
mtDNA deletion frequency was less clear. Future stud-
ies with larger sample sizes are needed to better clarify
the independent contribution of mtDNA deletion fre-
quency to physical performance.

mtDNA deletions are an active contributor to the
aging process in skeletal muscle. These data suggest
that the importance of mtDNA deletions extends be-
yond muscle to other physical performance measures
that, in themselves, are predictors of longevity and
healthspan. Measurements of mitochondrial DNA
quality are potentially useful predictors for interven-
tions that target the debilitating chronic diseases of
aging. mtDNA deletion frequency and mtDNA copy
number integrate many aspects of mitochondrial qual-
ity control, which may contribute to the mitochondrial
dysfunction and genome instability that are recog-
nized as hallmarks of aging.
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