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Abstract

Purpose—Accumulation of mitochondrial DNA (mtDNA) deletions and the resultant impaired
oxidative phosphorylation may play a pathogenic role in the mediation of age-related sarcopenia.

Methods—Twenty four participants of the New Mexico Aging Process Study were classified as
normal lean (n=15) or sarcopenic (n=9) based on body composition determined by Dual Energy
X-ray Absorptiometry. Complex | and IV activities were measured in the skeletal muscle samples
obtained from gastrocnemius muscle. A two-stage nested PCR strategy was used to identify the
mtDNA deletions in the entire mitochondrial genome in the skeletal muscle samples.

Results—While complex | activity was not significantly different (5.5 + 0.9 vs. 4.6 £ 0.7 mU/mg
protein, p>0.05), complex IV activity was higher in sarcopenic subjects (1.4 £ 0.3 vs. 1.0 £ 0.1
muU/mg protein, p<0.05). mtDNA deletions were mostly located in the region of complex | and
spanned from NADH dehydrogenase (ND)1 to ND6. Deletions in the 8577-10407 bp and 10233—
11249 bp regions were associated with a significant decrease in complex | activity (p<0.05 and
p=0.02 respectively). Total cumulative deletion, defined as the sum of individual length of
deletions in a subject, was comparable in subjects with and without sarcopenia (1760 + 726 vs.
1782 + 888 bp, p>0.05). The magnitude of mtDNA deletion, however, correlated positively with
lean body mass (r=0.43, p<0.05).

Conclusion—Thus, mtDNA deletions are common in elderly subjects and are negatively related
to complex | activity. The positive association between mtDNA deletions and lean body mass
needs to be confirmed by studies in a larger study population.
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INTRODUCTION

Skeletal muscle atrophy, or "sarcopenia,” is highly prevalent in the aging population. The
prevalence of sarcopenia increases from about 8 to 15% in those 6080 years of age, to as
high as 40% in those older than 80 years.! Elderly men and women with low relative
skeletal muscle mass have higher risk of disability, and two to three times the risk of falls,
compared to those with normal muscle mass.2 Multiple factors contribute to the
development and progression of sarcopenia, including neuromuscular® and hormonal*
changes, malnutrition,® chronic inflammation,® and reduced physical activity.” The cellular
mechanisms underlying sarcopenia remain an area of active research. Age-related decreases
in the amount of functionally intact mitochondria with concomitant decline in cellular
production of ATP, energy dependent protein synthesis and increased peroxide leakage may
contribute to sarcopenia.8 All mitochondrial-encoded polypeptides are components of the
electron transport — oxidative phosphorylation system. Therefore, mutations of the
mitochondrial genome are most likely to affect these critical energy transduction pathways.
Mitochondrial DNA (mtDNA) is more susceptible to oxidative attack because of its
proximity to the respiratory chain in the inner mitochondrial membrane, lack of protective
histone-like proteins, and its poor repair activity against damage.? Deletions and point-
mutations in mtDNA have been found to correlate with functional decline in the
mitochondrial oxidative phosphorylation capacity in muscles with aging.10:11

We hypothesized that the prevalence and severity of mtDNA deletions would be increased
in sarcopenic subjects resulting in reduced activity of the electron transport enzyme activity.
Results from this study indicate that deletions are predominantly located in the complex |
region and are negatively related to mitochondrial complex | activity and positively with
lean body mass.

MATRIALS and METHODS

Subjects

Our present study was approved by the University of New Mexico Institutional Review
Board and we have obtained informed consent from all participants. Study participants were
recruited from the participants of the New Mexico Aging Process Study. Subjects with
myopathies, severe peripheral arterial disease, or cancer cachexia, renal disease, and those
who were taking corticosteroids, anabolic hormones, or any other medications that might
affect muscle mass and function were excluded. Participants were admitted to the General
Clinical Research Center at the University of New Mexico the day before the experiment
and were maintained on restricted mobility and standard diet.

Dual Energy X-ray Absorptiometry

A Lunar DPX™ dual energy X-ray absorptiometer (Lunar Radiation Corp., Madison, WI)
was used to measure, total soft-tissue mass, % body fat, lean soft-tissue mass, and
appendicular skeletal muscle mass. Percent coefficients of variation (%CV) are: 1.15% for
total body fat mass, 0.51% for total body lean mass, 2.01% for lower extremity fat mass,
1.3% for lower extremity lean mass, 2.96% for upper extremity fat mass, 1.96% for upper
extremity lean mass.

Defining sarcopenia

Sarcopenia was defined as described by Baumgartner et al.12 Because muscle mass is
correlated strongly with skeletal size, an index of sarcopenia that expresses muscle mass was
adjusted for variation in size.12 Appendicular skeletal muscle mass was divided by stature-
squared (ASM/Ht2) to provide an index of relative muscle mass. Using this criteria the

Genet Med. Author manuscript; available in PMC 2013 August 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shah et al.

Page 3

subjects were classified as normal lean (normal fat and lean body mass) with an ASM index
> 5.7 and body fat < 41% for female, ASM index > 7.6 and body fat < 30.6% for male.
Sarcopenic subjects were classified by normal fat and low lean body mass with an ASM
index <5.7 and body fat < 41% for female, ASM index < 7.6 AND body fat < 30.6% for
male.

Physical activity assessment

Physical activity was assessed in all subjects using a modified interview administered
questionnaire developed and validated by Voorrips et al.13 Household and exercise scores
were summed to achieve a total activity score. All subjects reported consistent levels of
physical activity for the year prior to the study.

Muscle biopsy

Biopsies were taken from the medial portion of gastrocnemius using a Bergstrom biopsy
needle as described earlier.1* Briefly, the needle was advanced through a small incision and
about 30-60 mg of muscle tissue was taken. Fat and connective tissue were removed and the
sample was immediately frozen in liquid nitrogen and stored at —80°C for future analysis.

Analysis of mtDNA deletions

Preparation of DNA from skeletal muscle—DNA was isolated from approximately 5
mg of muscle biopsies using the protocol from commercially available kit Qiagen Micro
QlAamp® DNA (Qiagen Inc, Valencia, CA). Briefly, the muscle biopsies were
homogenized using repeated freeze and thaw under liquid nitrogen and resuspended in a
buffer containing 10mM Tris-HCL, 10mM NaCl and 25uM EDTA. Using the Qiagen Kit,
we digested the muscle and isolated total DNA free of protein and RNA. DNA was
resuspended in deionized water and quantified using the reading at 260/280A°.

Amplification of the mitochondrial genome using two stage nested PCR—
mtDNA content in the total genomic DNA isolated from whole tissue was at very low
abundance. To improve the specificity for mtDNA in the background of nuclear DNA, a
repetitive two stage nested PCR strategy was used to improve the DNA product yield and
specificity significantly.1® The outer most primers of mtDNA (Table 1) were designed to
amplify the mtDNA from the total genomic DNA using the standard PCR conditions for 25
cycles. In the second repeated nested PCR reaction, primers binding to internal sites in the
target first-reaction-product were used to obtain a very distinct PCR product. The PCR
primers were designed using the primer-3 program at http://frodo.wi.mit.edu/cgi-bin/
primer3/primer3_www.cgi. Thirteen PCR reactions were performed using primers binding
to internal sites in the second-reaction-product to amplify the mtDNA across the whole
mitochondrial genome. PCR products were then visualized and sized by agarose gel
electrophoresis.

Restriction digests—Restriction fragment length polymorphism protocol (RFLP) was
used to further map the smaller sites in mtDNA as part of scanning the whole mitochondrial
genome. The DNA used in this procedure was the mtDNA amplified in the second reaction
PCR fragments. The restriction enzymes were designed to create smaller fragments specific
for the mtDNA position and were used in the RFLP protocol (Table 2). Unpurified PCR
product (2.5 ul) was digested for 16 hours at 37°C, followed by enzyme deactivation for 10
minutes at 65°C using per 5 ul reaction, 0.5 pl restriction enzyme, 0.5 pl respective buffer
(plus BSA if required), and 2.5 pl respective PCR product x pl H,O to 5 ul. Digested
products were mixed with 5 pl 20 mM EDTA for a final concentration of 10 mM prior to
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loading on to the DNA 1000 lab chips. One-pl aliquots were analyzed on the Agilent 2100
Bioanalyzer per manufacturer’s instructions.

Mitochondrial enzyme activity

Complex I—The method for determining mitochondrial complex I activity was modified
from a protocol developed by Wiedemann, Vielhaber and colleagues.18 The rotenone-
sensitive portion was subtracted from the total activity and the complex | enzyme activity
(milliunits/mg protein) was calculated by dividing the change in absorbance per minute over
the extinction coefficient of NADH (5.5 mM-1cm-1) and protein concentration of each
homogenate determined by the Lowry protein assay method.

Complex IV—The method for determining mitochondrial complex IV activity was based
upon a protocol developed by Hess and Popel” and modified by Hevner, Gonzales-Lima and
colleagues!®19. Change in absorbance per minute was standardized to the extinction
coefficient of [reduced — oxidized] cytochrome ¢ (19.6 mM~1cm™1) and protein
concentration of each homogenate determined by the Lowry protein assay method.

Statistical Methods

Statistical analyses were conducted using SAS software (SAS, version 9.1 Cary, NC) and a
was set at <0.05 for all tests. Total cumulative deletion was defined as the sum of individual
deletions in a subject. Data is expressed as mean and SEM. Students “t” test and Fisher's
exact test were used to analyze continuous and categorical variables respectively. The
relationship between variables was determined from linear regression analysis and Pearson
correlation coefficient. To test whether presence or magnitude of mtDNA deletion
modulates complex | and 1V activities we performed stepwise regression analysis and
verified the findings with “best subset” regression. The same procedure was repeated to
identify the association with ASM index.

RESULTS

Among the 24 participants, 9 had evidence of sarcopenia. Patient characteristics are
described in Table 3. While complex | activity was comparable, complex IV activity was
significantly higher in sarcopenic participants, compared to normal lean subjects (p<0.05).
The frequency and distribution of MtDNA deletions in the entire study participants is shown
in Figure 1. Deletions were mostly located in the region of complex | and spanned from
NADH dehydrogenase (ND)1 to ND6. (Table 4) mtDNA deletions at one or more sites were
observed in 66.7% of subjects with sarcopenia and 77.8% of normal lean participants. The
total cumulative deletion was comparable in the two groups (1760 + 726 vs. 1782 + 888 bp,
p>0.05). The 12175-13708 bp deletion was, however, observed only in subjects with
sarcopenia (p=0.04). Total cumulative deletion correlated positively with lean body mass
(r=0.43, p<0.05) (Figure 2). Presence of mtDNA deletion was associated with decreased
complex I activity. Specifically, deletions in the 8577-10407bp and 10233-11249 bp
regions were associated with significant decrease in complex | activity (p<0.05 and p=0.02
respectively). Activity score (189.3 £ 7.4 vs. 277.2 £ 25.5 units, p<0.05) was significantly
lower in participants with 12175-13708 bp deletions. Multivariate analysis did not reveal
that any combination of deletions from different sites predicted complex | or complex IV
activity better than that identified by univariate analysis. Stepwise regression did not show
any significant associations between mtDNA deletions and enzyme activity or body
composition.
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DISCUSSION

Human mtDNA is a 16569bp double stranded closed circular DNA molecule which codes
for 13 polypeptides that are essential for oxidative phosphorylation, 22 tRNAs and two
rRNAs required for mitochondrial protein synthesis.2? The number of mitochondria and also
the mtDNA copy number per mitochondrion is organ-specific and changes in response to the
energy demands of the cell.2X According to the “mitochondrial-lysosomal axis theory of
aging,” mitochondria and lysosomes of post-mitotic cells undergo profound regressive
changes with age, ultimately leading to accumulation of dysfunctional mitochondria and
ineffective removal of dysfunctional cellular elements that are responsible for reduced
energy availability impaired cellular function and eventually cell death.22 Human studies
suggest an increase in and a correlation between mtDNA mutations and the occurrence of
skeletal muscle abnormalities with advancing age.23 The 4977 bp deletion of mtDNA, which
removes a DNA segment from the nucleotide position 8483-13459 has been established as
the most common and abundant large scale deletion of mtDNA in various human
tissues.24:25 Unlike most published work, we did not specifically target a specific site of
mtDNA, but walked through the entire genome to seek the association between mtDNA
deletion and sarcopenia of aging. Results from this study show that deletions in the complex
I region of the mtDNA are common in elderly subjects and are associated with decrease in
complex | enzyme activity.

In human mitochondria, the 4977 bp deletion accumulates with age in several tissues,
including skeletal muscle. The deletion level is determined by mitotic activity, cell size and
metabolic activity of the cell.2> Based on the observation that direct repeat sequence are
present at the deletion break points slipped-strand mispairing mechanism is proposed as a
means by with deletions are produced.2® In human mitochondria, the 4977bp deletion is
often flanked by a 13bp direct repeat.2> While we did not observe the signature mtDNA4977
deletion, but we did observe deletions spanning across this region (8577-10407bp and
10866-12420 bp), which covers the region of the common 4977 bp deletion. The magnitude
of mtDNA deletions was not increased in sarcopenic subjects compared to normal lean
participants. Contrary to the expectation, the total cumulative deletion correlated positively
with lean body mass. This apparent discrepancy in finding could be in the latter analysis we
used ASM index as a continuous variable, which improves the sensitivity and potential for
identifying association. Subjects with sarcopenia had a unique deletion in the
mitochondrially encoded ND5 region (12175-13708 bp), which is a hotspot for mtDNA
deletions and is associated with disease states2”:28 and aging.29 Interestingly, aged human
muscles are reported to have a higher mtDNA/nuclear DNA ratio than young, suggesting
that cells may attempt to compensate for an inefficient ATP production per mitochondrion
by up-regulating respiratory enzymes.11:30 The mitochondrial genome undergoes continuous
turnover with dynamic replication and replacement with a half life of a few weeks.3!
However, damaged and mutated mtDNA molecules continue to be generated faster in
disease states resulting in accumulation of abnormal mtDNA.32 Inability to generate new
functional mtDNA eventually leads to energy depletion, impaired cellular functions, and
eventually to apoptosis of muscle cells. De Grey33 proposed that damaged mitochondria are
degraded more slowly than intact mitochondria and that abnormal mitochondria accumulate
in the cell by survival of the slowest. The low proton gradient in these inert mitochondria
may lead to actually decreased generation of oxygen free radicals, which is implicated in
muscle wasting.34:3%> However, some studies examining the effect of blocking ATP synthesis
in cultured skeletal muscle in vitro have failed to demonstrate any protein wasting effect,
either by blocking anaerobic ATP synthesis3® or by blocking aerobic (mitochondrial) ATP
synthesis.3” Although classified as sarcopenic, the self reported activity level in normal lean
and sarcopenic participants was comparable. Regular exercise is a potent and effective
countermeasure for skeletal muscle aging, possibly through mitochondrial regeneration.38:39
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However, exercise capacity may progressively deteriorate with accumulation of mtDNA
deletions. We observed that activity level is decreased in subjects with deletions in ND5
region.

Mutations affecting mitochondrion-encoded subunits are also known to be responsible for
many hereditary diseases in humans0. However, due to the heteroplasmic state of the cells
that contain both normal and mutant mitochondria and to the presence of allelic variants, it
is often difficult to establish the real impact of these mutations on complex | assembly and
activity in patients. In this respect, we observed deletions in the 8577-10407bp and 10233—
11249 bp regions associated with significant decrease in complex | activity as has been
reported by Henokio et al*1. They reported 5778-bp deletion (8214-13991) in mitochondrial
DNA from the muscle and liver biopsy specimens linked to the defect in complex I activity.
They further suggested that 5778-bp deletion might cause a defect in mitochondrial
oxidative phosphorylation and contribute to the pathogenesis of diabetic amyotrophy and
myoatrophy with diabetic nephropathy. The reported deletion covers areas coding ND3,
ND4, ND4L, and ND5 in complex I.

Oxidative phosphorylation is a process in which electrons are passed along a series of carrier
molecules called the electron transport chain. The electron transport chain consists of four
respiratory enzyme complexes : (a) NADH: ubiquinone oxidoreductase, (b) succinate:
ubiquinone oxidoreductase, (c) ubiquinol: cytochrome c oxidoreductase and (d) cytochrome
c oxidase, coupled to ATP synthase.*2 We opted to measure complex | activity because
seven out of thirteen structural genes in mtDNA encode for polypeptides in complex I, and
hence it is most likely to be affected by mtDNA deletions.*3 Unsurprisingly, we observed a
correlation between mtDNA deletion and complex | activity. Investigators have shown that
fibers with electron transport system abnormalities had large mtDNA deletions.10
Deficiency of cytochrome C oxidase is observed in muscle fibers exhibiting sarcopenia.**
The reported mitochondrial enzyme activities vary with the animal model, method used and
also the organ studied.#3:4> The results of mitochondrial complex | and IV enzyme activity
is consistent with that reported in the literature.1® We noted that the complex IV activity was
higher in sarcopenic subjects. It is unclear if increased enzyme activity was due to a
compensatory, but temporary, increase in enzyme activity which precedes the final and
irreversible decline. On the other hand, the measured activities may not necessarily reflect
the activities in the intact mitochondria since the mitochondria in the assayed homogenates
from the muscle biopsies are predominantly in the form of broken membranes so that the
measured activities are no longer regulated by the tight coupling of electron transport to
oxidative phosphorylation that is usually observed in intact mitochondria. Increased
production of reactive oxygen species which occurs as a bi-product of electron transport is a
well-established trigger for protein wasting.3”

To summarize, we observed that the prevalence of mtDNA deletions were common in older
individuals and was predominantly confined to the coding region of complex I. Total
cumulative mtDNA deletion correlated negatively with complex I activity, but positively
with lean body mass. The positive association between mtDNA deletions and lean body
mass could be due to compensatory replication of mtDNA with resultant accumulation of
abnormal mtDNA or mitochondria related assembly of oxidative stress. These results need
to be confirmed by studies in a larger study population.
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Figure 1.
Correlation between total cumulative mtDNA deletion and lean body mass (LBM)
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Distribution of mitochondrial DNA deletions among the study participants including both

normal lean and sarcopenic subjects.
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Table 1

Primer sequence to amplify the entire mitochondrial genome

External mtDNA Primer set Genome position
Mt Ex-F | CACCCTATGTCGCAGTATCTGTCTTTGATTCCTGCCTCATC | 110-16, 550
Mt Ex-R | AGGGGAACGTGTGGGCTATTTAGGCTTTATGACCCTGAA

Internal mtDNA Primer set
MtIP-F TCGCACCTACGTTCAATATTACAGGCGAACATAC 161-16 510
MtIP-R TAGGAACCAGATGTCGGATACAGTTCACTTTAGC

Page 12

Mt Ex-F = mitochondrial external forward primer, Mt Ex-R =mitochondrial external reverse primer, MtIP-F =mitochondrial internal forward
primer, MtIP-R =mitochondrial internal reverse primer
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Table 2

Page 13

List of primers and restriction enzymes used to walk through whole mtGenome: This primer set is designed to
amplify the various fragments of the mitochondrial genome.

Forward primer Position Restriction fragments
Reverse primer

1 5'-TGG TCC TAG CCT TTC TAT TAG C-3' 656-2490 Bfal (CITAG)
5'-GGG TAA GAT TTG CCG AGT TCC-3' (1835bp) 132 187 260 365 401 484

2 5'-CAG GCA TGC TCA TAA GGA AAG G-3' 2433-4224 Nlalll (CATGY)
5'-GGA GAC ATA TCA TAT AAG TAATGC-3' | (1792bp) 120 295 382 460 527

3 5'-CGA CCA ACT CAT ACA CCT CC-3' 4152-5735 Hpall (CICGG)
5'-GAG AAG TAG ATT GAA GCC AG-3' (1584bp) 135 396 493 560

4 5'-CGC TAC TCC TAC CTATCT CC-3' 5470-6908 Haelll (GGICC)
5-AGA TCATTT CAT ATT GCT TCC GT-3' (1439bp) 123 190 233 369 524

5 5'-GGA ATA GAC GTA GAC ACA CGA G-3' 6789-8000 Haelll (GGICC)
5'-CAA CGT CAA GGA GTC GCA GGT-3' (1212bp) 113 170 240 300 389

6 5'-CCT GTATGC CCT TTT CCT AAC-3' 7699-8738 Alul (AGICT)
5'-ATA AGA GAT CAG GTT CGT CCT T-3' (1040bp) 229377 434

7 5'-ACC CGC CGC AGT ACT GAT CAT-3' 8577-10407 Tagl (TVCGA)
5'-CCAATT CGG TTC AGT CTAATC C-3' (1831bp) 159 227 270 308 381 486

8 5-GCTATTACCTTC TTATTATTT GAT C-3' | 10233-11249 | Hinfl (GLANTC)
5'-GTG CGA TGA GTA GGG GAA GG-3' (1017bp) 141 205 278 393

9 5-TCATCCCTC TACTATTTT TTA ACC-3' 10866-12420 | Hphl (GGTGA(N)gl)
5-TTT GTT AGG GTT AAC GAG GG-3 (1554bp) 284 330 413 528

10 | 5-TGA CAA CAG AGG CTT ACG ACC-3' 12175-13708 | SfaNIl (GCATC(N)st)
5'-CCA GGC GTT TAATGG GGT TTA GT-3' (1534bp) 292 347 410 485

11 | 5-TTT ATG TGC TCC GGG TCC ATC AT-3' 13354-14458 | Haelll (GGICC)
5'-GAT GGC TAT TGA GGA GTATCC T-3 (1105bp) 500 593

12 | 5-ACA CTC ACC AAG ACC TCA ACC-3' 14399-15593 | Dpnll (GAITC)
5'-ATC GGA GAATTG TGT AGG CGA AT-3' (1195bp) 191 235 297 472

13 | 5-GCG ACC CAG ACA ATT ATACCCT-3' 15498-711 Alul (AGICT)
5'-AAC GGG GAT GCT TGC ATG TGT-3' (1783bp) 90 130 218 280 482 548
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Patient characteristics, body composition and mitochondrial enzyme activity.

Table 3

Normal Sar copenia
N=15 N=9
Age (years) 77.7%1.2 79.3+x1.7
Males (%) 4(26.7) 4 (44.9)
Weight (kg) 71.1+2.9 62.2+4.7%
Lean body mass (kg) 424424 40.0+2.8
% Fat mass 36.4+2.8 31.2+3.0
ASM index 6.7+0.24 59+0327
Activity Score 251.0+£79.0 | 280.0 +167.0
Complex | activity (mU activity/mg protein) 46+0.7 55+0.9
Complex IV activity(mU activity/mg protein) | 1.0+0.1 14+03%

Page 14

Normal= Normal lean subjects, Sarcopenia= Participants with sarcopenia, ASM index = appendicular skeletal muscle mass index/height2 (ASM/

m2).

*
P<0.05
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Table 4

Mitochondrial DNA deletion in normal lean and sarcopenic subjects

Deletion segment (bp)

Mitochondrial Generegion

Normal (%)

Sar copenia (%)

656-2490 168 rRNA 1(6.7)

2433-4224 ND1 and ND2 5(33.3) 3(33.3)
8577-10407 ND3 and ND4 6 (40.0) 2(22.2)
10233-11249 ND4 1(6.7) 1(11.1)
10866-12420 ND5 1(6.7)

12175-13708 ND5 3(33.3)
14399-15593 ND6 2(13.3) 1(11.1)

Normal= Normal lean subjects, Sarcopenia= Participants with sarcopenia, ND= NADH Dehydrogenase subunit
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