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ABSTRACT

Chronic Obstructive Pulmonary Disease (COPD) is characterized by severe lung
inflammation and progressive airflow limitation. Systemic manifestations of
COPD, including exercise intolerance and skeletal muscle dysfunction, contribute
to disease severity and mortality. Chronic oxidative stress has been implicated as a
major contributor to the development of these co-morbid conditions. Oxidized
proteins and lipids have been described in COPD skeletal muscle, however

oxidatively damaged DNA has not been previously investigated.

To assess the integrity of nuclear (nDNA) and mitochondrial DNA (mtDNA), we
obtained muscle biopsies from 29 moderate-to-severe COPD patients (FEV, = 48
+ 15% predicted) and 19 age-matched, healthy controls.

Using a competitive ELISA assay, we found that COPD patients have significantly
higher levels of oxidized DNA (387 + 41 pg/mL) compared to controls (258 + 21
pg/mL, p =0.03). We also detected a higher prevalence of mtDNA deletions (74%
in COPD and 15% in controls, p < 0.01) and incidence of Electron Transport
Chain (ETC) abnormalities (8.0 +£ 2.1% in COPD and 1.5 + 0.42% in controls, p <
0.05). COPD patients with mtDNA deletions had significantly higher levels of
oxidized DNA (457 + 46 pg/mL) than patients with wild-type mtDNA (197 + 29
pg/mL, p < 0.05). These results implicate ROS-mediated formation of mtDNA

deletions and ETC dysfunction as novel systemic manifestations of COPD.



RESUME

La maladie pulmonaire obstructive chronique (MPOC) est caractérisée par une
inflammation sévere des poumons et une obstruction progressive des voies
respiratoires. Les manifestations systémiques de la MPOC, incluant I’intolérance a
l'effort et le dysfonctionnement des muscles squelettiques, contribuent a la gravité
de la maladie et au risque de mortalité. Le stress oxydatif chronique a été identifié
comme contributeur majeur au développement de ces comorbidités. Les processus
d’oxydation des protéines et des lipides dans le muscle squelettique chez les
personnes atteints de MPOC ont été décrits dans la littérature, néanmoins les

dommages oxydatifs causé a I’ADN n'ont jamais été préalablement étudiés.

Pour évaluer l'intégrité de I’ADN nucléaire (ADNn) et de I’ADN mitochondrial
(ADNmt), nous avons collecté des échantillons de biopsies musculaires chez 29
patients atteints de MPOC de niveau modérée a sévere (VEMS 1 =48 + 15% des

valeurs prédites) et 19 sujets témoins sains du méme age.

Les résultats du test ELISA concurrent nous ont permis de constaté que les
patients atteints de MPOC présentaient des niveaux significativement plus élevés
d’ADN oxydée (387 + 41 pg / mL) par rapport aux sujets témoins (258 + 21 pg /
ml, p = 0,03). Nous avons également détecté une prévalence plus élevée de
délétions dans I’ADN mitochondriale (74% chez les patients MPOC vs. 15% chez
les sujets témoins, p < 0,01) et une incidence plus élevée d’anomalie dans la
chaine de transport des électrons (CTE) (8,0 + 2,1% chez les patients MPOC vs.
1,5 £ 0,42% chez les témoins, p <0,05). Les patients atteints de MPOC ayant des
délétions dans I’ADN mitochondriale présentaient une concentration
significativement plus élevée d’ADN oxydée (457 + 46 pg / mL) comparativement

aux patients ayant un ADN mitochondrial intacts (197 + 29 pg / ml, p <0,05).



Nos résultats suggerent la formation de stress oxydatif, induite par la présence de
délétions dans I’ADN mitochondriale et I’augmentation de 1’'incidence d’anomalie

dans la CTE, comme nouvelle manifestation systémiques de la MPOC.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ..ooeettettteeeeeeeeeeeeeeeeeeeeeesesessssssssssssssssssssssssssssssssssssssssssssssssssssss 2
ABSTRACT oeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesesssessssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 3
RESUME ...ooiiiieieeeeeeeeeeesesesssesssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssese 4
PART I: REVIEW OF LITERATURE . .....coetttttttitereeereeereresesesesesesesesssesesssssesssssssssssssssens 8
1. COPD: INTRODUCTION ..ccceeeeeeeeeeeeeeeeeeeeeeeeeeseeeessesssssssssssssssssssssssssssssssssssssssssssssssas 8
1.1. PREVALENCE AND SYMPTOMOLOGY ..vvuuuueeeeeeettienieeeeseeeeeemmeneeeeeseeeessemmneseesessssssmmnnns 8

2. MUSCLE DYSFUNCTION IN COPD ....coceetererereeereeerereseseseseeesesesesesesesssssssssesesssssssese 9
2L  ETIOLOGY .ottt e e e e ettt eee e s e e e e et e et eseseeeeeaaaaaaeeseeeeenaaaanas 9
2.2 SKELETAL MUSCLE ABNORMALITIES IN COPD ...ouuoiiiiiiiiiieeee e 10
2.2.1 Myofiber AtropRY .................ccccooeiuiiiiiiiie et 10
2.2.2. Changes in Oxidative Phenotype......................cccccccoimiiiiiiieianiiaiiieeneeenn, 11

2.3 MITOCHONDRIAL DYSFUNCTION IN COPD ...coittiieeeeeeeeeeeeee e 12

3.1 SYSTEMIC INFLAMMATION AND INTRACELLULAR PATHWAYS .covvueeeeiieeeeeeeeeeeeeennnn. 14
3.2 SYSTEMIC INFLAMMATION AND CO-MORBIDITIES IN COPD ...ovvieeeeieeeeeeeeeeeeenn, 15
4. OXIDATIVE AND NITROSATIVE STRESS IN COPD.....ccceeeverererererererereeeeeneeens 16
.1 DEFINITIONS .ettttuueeeeeeeettteeeeeeeeeeeettsaaaeseseettssaaaaesseseessssnnassssssesssmmnnaaesesssesssmnnns 16
4.2 OXIDIZED STRUCTURAL COMPONENTS IN COPD ..ottt 17
4.3 REDOX SIGNALING PATHWAYS AND MUSCLE ATROPHY ..cevnueeeeeeneeeeeeeeeeeeeeeeeeeeeenaaeees 19
4.4 SOURCES OF OXIDATIVE STRESSIN COPD ...ooiviieeeeeeeeeeee e 19
5. MITOCHONDRIAL DNA . ..otteeetueeceereeeeereessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 20



5.1 STRUCTURE AND FUNCTION ..oouuuiiieiietiiiieeeee ettt e e e e eeteeaaeeeeeeeeeeeevaaaneaeeseeenens 20

5.2 MUTATIONS IN MTDINA oottt ettt ee e e e e e e eeeeaareaeeseeeeens 21
5.3 COPD AND MTDNA . ...ttt ettt e e e e e e e et ea e aeeeeeeeeearaseaaeeeaenens 23
PURPOSE . ..ottt ettt e e e e e ettt e e e e e s e e e e e aaaasaseseseeesaaaaaeseeeeesenannns 23
REFERENCES . ..cittttttttteteeeeeeesesssesesesssesssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 24

PART II: OXIDATIVE DNA DAMAGE AND MTDNA DELETIONS IN COPD

PATIENT MUSCLE: EVIDENCE OF ACCELERATED AGING? ...cceeeeeeeeeeeeenennne 33
INTRODUCGTION ..oeeeueeeeeeeeereeenereessscessessssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssss 33
METHODS ... eeeeeteeeenrecseeeeeseeesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 37
TABLE 1. SUBJECT CHARACTERISTICS .etvvtuuuueeeeeeetteeeneeeeeeeeeersmnneeeesesessssmnneeesesssesmmmnnns 37
HUMAN BIOPSY ..ttt ettt ettt e e ettt e e e e e e e et aaaaeeaeeseseeesaaaaaeseseeessnnnans 37
QUANTIFICATION OF 8OHDG ....cccciiiiiiiiiiiie ettt e et e e e e e evaee e e 38
CRYOSTAT SECTIONS ettuuueeeeetetttteeeeeeeeeeeettraneaeessessessamnaeesssssesssmmnaesssessssssmmmnsssssessens 39

DuUAL CYTOCHROME € OXIDASE (COX) AND SUCCINATE DEHYDROGENASE (SDH)

HISTOCHEMISTRY ...ttt ettt ettt sttt et st e e bt e et e saeesateesaeeeaneesbeeebeesaneens 39
DETECTION OF MTDNA DELETIONS ... .ctiiutiiiteniteettenite ettt et et ere e st esieeeneesieeens 40
RESULTS cuiititiiniennnnnsisnisssssssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsens 43
DISCUSSTON ...cuiiieuinninnisnnsessississsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsans 54
CONCLUSIONS ..ccouiiuitninnisnnsessssisssssssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse 58
REFERENCES . ....ciiiiiiiiininiinnnticssstissssnisssssssssnssssssssssssossssssssssssssssssssssssssssssssssssssssssss 59



PART I: REVIEW OF LITERATURE

1. COPD: Introduction

1.1. Prevalence and Symptomology

Chronic obstructive pulmonary disease (COPD) is a lung disease characterized by
irreversible airway obstruction. Affecting over 750,000 adults, COPD is the fourth
leading cause of death in Canada(1). The airflow limitation is usually progressive
and associated with an abnormal inflammatory response of the lung to noxious
particles or gases. This airway obstruction may result from a combination of

chronic bronchitis and emphysema(2).

Chronic bronchitis is frequent inflammation of the medium size airways (bronchi)
in the lungs(3). This chronic inflammation results in increased mucous production,
impaired mucociliary clearance, and thickening of the bronchial walls. The main
symptom of chronic bronchitis is a persistent cough that produces sputum in
response to air-borne toxins(4). In addition to chronic bronchitis, COPD often

involves emphysema(5).

Emphysema refers to progressive destruction of parenchyma, the specialized tissue
necessary to maintain shape and function of the lungs(6). This condition is
characterized by shortness of breath and wheezing(3). The severity of COPD is
based on the degree of airway obstruction, from chronic bronchitis and/or

emphysema(2).



2. Muscle Dysfunction in COPD

2.1 Etiology

Exercise intolerance and peripheral muscle abnormalities are important secondary
features of COPD. Muscle dysfunction in COPD is associated with greater
utilization of healthcare, reduced quality of life and shorter life expectancy.
Specifically, low muscle mass and muscle weakness are significant predictors of
increased mortality in COPD patients (7). However, the pathophysiology of
muscle abnormalities in COPD remains unclear. On one hand, it is established
that increased breathlessness during exercise, that is intrinsic to COPD,
precipitates chronically low physical activity levels that lead to muscle
deconditioning. Indeed, many of the reported muscle alterations are also reported
with muscle disuse and detraining. These overlapping characteristics include fiber
atrophy, decreased proportions of the aerobic, type I fibers, reductions in the
activity of oxidative enzymes and capillary density, as well as the presence of
oxidative stress and early lactate release during exercise(8). However, these
abnormal changes in muscle structure and function are also reported in COPD
patients with mild airway obstruction(9, 10), that is, independent of ventilatory
limitation, suggesting that intrinsic muscular alteration are also involved(11, 12).
Therefore, it is important to consider additional factors contributing,
independently or in combination, to the muscle dysfunction phenotype in COPD

patients. These clinically relevant complications include systemic inflammation,



oxidative and nitrositive stress, chronic hypoxia, hypercapnia, comorbidities, and

the use of corticosteroid drugs.

2.2 Skeletal Muscle Abnormalities in COPD

2.2.1 Myofiber Atrophy
Skeletal muscle atrophy is a critical phenomenon in individuals with COPD(13).

Loss of muscle mass is associated with increased fatigue and poor disease
prognosis(10, 13). At the cellular level, loss of skeletal muscle mass results from
decreased muscle protein synthesis and increased proteolysis, and this may be
enhanced by decreased regenerative capacity of the muscle(14). As such, key
regulators of proteolytic cascades, including myostatin and ubiquitin ligase, are
up-regulated in COPD peripheral muscle(15, 16). Ubiquitin ligases are the critical
enzymes that link ubiquitin moieties to the protein targeted for degradation,
thereby enhancing the ubiquitin—proteasome pathway, the predominant
coordinator of protein breakdown(16, 17). This engagement of muscle atrophy
signaling networks results in the concurrent down-regulation of the signaling
pathways that induce muscle hypertrophy(18). Overall, increased activity of
protein breakdown pathways and inhibition of muscle hypertrophy is associated

with myofiber atrophy and muscle weakness in patients with COPD(16, 19, 20).

Importantly, a sedentary lifestyle is a common characteristic in COPD with similar
effects on peripheral muscle mass(21). Indeed, Shrikrishna and colleagues have

identified physical inactivity in mild COPD to be independently associated with
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muscle wasting(22). In addition, both decreased protein synthesis and increased
proteolysis are reported in skeletal muscle during disuse atrophy (23). However,
some differences exist between the proteolytic pathways reported with inactivity

and in COPD.

For example, in limb immobilization experiments, increased ubiquitin conjugates
and MuRF1 and atrogin-1 mRNA transcript levels were observed in both young
and aged healthy adults 48 hours post intervention (24, 25). However, Brocca and
colleagues report that atrogin-1 and MuRF1 expression levels were not increased
following 24 days of bed rest (26). As such, the proteolytic pathways reported
with inactivity appear to be more transient than the sustained increase in
proteolytic rates reported in COPD. It is therefore suggested that disease-related
triggers co-occur with inactivity to contribute to limb muscle atrophy in COPD
(27).

2.2.2. Changes in Oxidative Phenotype

In addition to muscle atrophy, it is well established that skeletal muscle oxidative
phenotype is disturbed in patients with COPD(9, 11). This includes a fiber-type
shift toward a more glycolytic phenotype and reduced activity levels of enzymes
involved in oxidative energy metabolism(28, 29). In patients with severe to very
severe COPD, the reduction of the oxidative type I fibers in peripheral muscle
corresponds to disease severity and low FEV| measurements (11). A meta-analysis

of published muscle data reveals a 20% reduction of type I fibers in severe COPD

11



patients, compared to age-matched controls (11). Interestingly, a 20% reduction of
the type I fibers is also observed in mild-to-moderate COPD patients(9).
Furthermore, loss of the quadriceps oxidative phenotype correlated with decreased

quadriceps endurance even in the absence of muscle wasting(9).

Fiber type transition is known to result in specific physiological adaptations. These
alterations include a reduction in oxidative capacity and capillary density, as well
as increased net production of ROS (29, 30). These characteristics of primarily
glycolytic muscle, normally associated with disuse, are exaggerated in COPD

patients and contribute to the COPD muscle phenotype(11, 31).

Additional morphological abnormalities exist in skeletal muscle of COPD
subjects. Histology analyses reveal an abnormal accumulation of connective tissue
and fat cell replacement compared to healthy controls(31). Higher numbers of
TUNEL-positive nuclei are also reported, indicative of DNA fragmentation,
resulting from continuous repair/remodeling processes. Interestingly, Barreiro and
colleagues report a negative correlation between these TUNEL-positive nuclei and

quadriceps muscle force (32).

2.3 Mitochondrial Dysfunction in COPD
Mitochondria are the main energy source for muscle cells. Specifically, the

production of ATP depends on the quantity of oxidative phosphorylation enzymes
within the mitochondrial inner-membrane space. Mitochondria are also involved

in the production of reactive oxygen species (ROS) and in apoptosis. Normal

12



mitochondrial content and function is needed to permit normal muscle
function(33). However, numerous aspects of mitochondrial function have been
found to be altered in the skeletal muscle of COPD patients. These alterations
include decreased mitochondrial density and biogenesis, impaired mitochondrial
respiration and coupling, as well as increased mitochondrial ROS production and
possibly increased apoptosis. Importantly, many of these impairments are
associated with specific components of muscle dysfunction in COPD. For
example, reduced mitochondrial oxidative phosphorylation and coupling have
been associated with reduced muscle mass and endurance(30, 34). In addition,
reduced citrate synthase (CS) activity is correlated with muscle time to fatigue
(35). Finally, it has been suggested that COPD skeletal muscle is less sensitive to
apoptotic events due to altered permeability transition pore kinetics and enhanced
cytochrome ¢ release (36). However, these alterations can be partially explained
with the greater type 2 fiber abundance (37). Overall, it is thought that irregular
mitochondrial function is implicated in skeletal muscle dysfunction in COPD (36,

38).

3. Systemic Inflammation and Muscle Dysfunction in COPD

Chronic inflammation of the pulmonary tissue in COPD is associated with a down
stream systemic inflammatory response(39). This systemic inflammation has been
implicated in the onset of weight loss, muscle wasting and increased mortality(40,

41).

13



3.1 Systemic Inflammation and Intracellular Pathways
The systemic response is characterized by the stimulation of the bone marrow to

release leukocytes and platelets, as well as a release of inflammatory mediators in
the circulation(39, 42). Several of these inflammatory factors, including the C-
reactive protein (CRP), interleukin-6 (IL-6), and pulmonary and activation-
regulated chemokine (PARC) have been observed to be independent predictors of
mortality(43). Furthermore, some evidence suggests that chronic elevation of these
inflammatory biomarkers is associated with activation of different cellular
pathways that contribute to increased oxidative stress, apoptosis and autophagy
(44). For example, circulating tumor necrosis factor alpha (TNF-a) can reduce
intracellular levels of glutathione, an important physiological antioxidant (45). In
addition, the TNF receptor family is thought to disrupt myonuclear turnover (46).
As such, Almendro and co-workers have prevented DNA fragmentation,
indicative of apoptosis, in septic rats by administration of a TNF-a antagonist (47).
While similar results were observed in cultured myotubes, the ultimate relevance
of these pathways to skeletal muscle dysfunction remains unclear due to the

multinucleated nature of myofibers (48).

Furthermore, certain pro-inflammatory cytokines can activate specific catabolic
systems, such as the ubiquitin-proteasome pathway, resulting in muscle atrophy
(49, 50). For example, the ubiquitin 26S-proteosome system (UPS) can be
stimulated to breakdown muscle proteins by circulating TNF-a and interleukin-1-

beta (IL-1B) (51). Specifically, elevated levels of TNF-a or IL-1p can induce the
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activation of NF-kp, a transcription factor within skeletal muscle that is known to
up-regulate MuRF1. Since MuRF1 is one of the rate-limiting enzyme of the UPS,
increases in MuRF1 will stimulate protein breakdown in skeletal muscle. Not
surprisingly, elevated levels of TNF-a, IL-1p, NF-kf3 and MuRF1 are reported in
COPD subjects. In addition, Ling and colleagues have demonstrated TNF-a-

stimulated muscle proteolysis in rats and cultured myocytes (52, 53).

Finally, certain pro-inflammatory cytokines can directly compromise muscle
contraction (54). These cytokines, especially TNF-a and interferon-gamma (IFN-
vY), stimulate proteolysis and inhibit messenger RNA expression for myosin heavy
chain, leading to decreased muscle protein synthesis(51). Overall, persistent
systemic inflammation in COPD subjects contributes to multiple complications,

including progressive weight loss and skeletal muscle dysfunction.

3.2 Systemic Inflammation and Co-morbidities in COPD
In addition to skeletal muscle dysfunction, systemic inflammation is implicated in

the development of other co-morbidities, impacting many organ systems (55).
These extra-pulmonary conditions are common and significant in COPD. Two key
examples of these inflammation-related co-morbidities are cardiovascular disease
and lung cancer and these are the leading causes of morbidity and mortality in
patients with COPD (56). In addition to these more severe inflammation-related
diseases, osteoporosis, hypertension and diabetes are some of the most prevalent

co-morbidities associated with COPD (57). The etiology of these conditions is
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associated with high levels of inflammatory factors. Indeed, a recent study
following over 8,000 COPD patients for a period of 5 years has shown that COPD
patients with elevated cytokines are at a two-to-fourfold increased risk of
developing major comorbidities within the follow-up period (57). This evidence
supports a causative role for systemic inflammation in the development of co-
morbidities in COPD patients. Interestingly, most of the prevalent conditions,
including chronic cardiac failure and diabetes, are also associated with muscle

wasting and dysfunction (58, 59).

Finally, systemic inflammation is also correlated with oxidative stress. Free
radicals can signal for the expression of inflammatory mediators, and cytokines
(along with other factors such as a reduced blood flow, hypoxia and contractile
activity) can modulate the level of ROS production and therefore of oxidative

stress (43, 60).

4. Oxidative and Nitrosative Stress in COPD

4.1 Definitions
Reactive oxygen (ROS) and nitrogen species (RNS) are constantly generated

within cells at low concentrations. At low levels, oxidants induce regulatory
functions controlling cell division, migration, and contraction. Antioxidant
enzymes neutralize these oxidant species, such that the quantity of the enzymes
fluctuates to accommodate changes in oxidant concentration. Oxidative stress

describes a physiological imbalance between the production of oxidant species and
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the total antioxidant capacity of a system(61). Prolonged periods of oxidative
stress will result in irreversible, structural modification of cellular components,
including proteins, lipids and DNA(62). Accumulation of these oxidatively

damaged products will result in tissue damage and dysfunction(61).

4.2 Oxidized structural components in COPD
Proteins are major targets of oxidative stress. Direct oxidation of proteins by ROS

yields highly reactive carbonyl derivatives, resulting either from oxidation of
amino residues in the side chains or from the cleavage of peptide bonds (63).
Depending on the extent of oxidative stress, oxidized proteins are either repaired,
removed by proteolytic degradation or accumulate as damaged or unfolded
proteins(64). Under chronic or high intensity oxidative stress, proteins become
heavily oxidized and cross-linked, and act to inhibit the proteasome and therefore
accumulate in the cytosol. Extensive accumulation of these dysfunctional protein
aggregates is reported in COPD Ilung and skeletal muscle tissue(65, 66).
Furthermore, prevalence of carbonylated proteins is correlated with increased
fatigability and decreased maximal voluntary contraction of the quadriceps(65,
67). This relationship is further demonstrated by Kuwahara and colleagues who
studied a transgenic mouse deficient in a muscle specific antioxidant, superoxide
dismutase (68). This deficient mouse developed severe exercise intolerance and
contractile dysfunction in the absence of atrophic change. These results suggest

that mitochondrial ROS are implicated in the progression of exercise intolerance.
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Reactive oxygen and nitrogen species can also degrade polyunsaturated lipids,
forming cytotoxic products such as malondialdehyde (MDA) and 4- hydroxy-2-
nonenal (HNE)(69). Furthermore, both MDA and HNE are carbonyl-containing
lipids that are capable of promoting structural damage within the cell. These
oxidized lipids can, through adduct formation reactions, modify and disrupt
protein structure and produce advanced lipoxidation end-products (ALEs) (70).
The formation of ALEs has been linked to the pathogenesis and progression of
numerous diseases, including diabetes, atherosclerosis and neurological
disorders(71). Compared with healthy individuals, there are significantly higher
levels of MDA and HNE molecules in COPD skeletal muscle(72, 73). Oxidatively
damaged proteins and lipids are important biomarkers of oxidative stress,

reflecting overall cellular damage induced by multiple forms of ROS (64, 74)

In addition to damaging structural and enzymatic components, oxidative stress can
damage DNA. Although all DNA bases are susceptible to damage, guanine is most
prone to oxidative modification, resulting in the formation of 8-hydroxy-2'-
deoxyguanosine (8-OHdG) (75). Oxidatively damaged DNA can result in
induction of mutations, impaired DNA repair, chromosomal aberrations, and
altered gene expression (76, 77). Oxidized DNA has been reported in blood,
sputum and lung tissue in COPD (78, 79). Furthermore, increased levels of
damaged DNA are associated with apoptosis, cell senescence, and pro-

inflammatory phenotypic changes in COPD lung tissue(80).
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Overall, it is thought that structural modification of intracellular components by
chronically elevated ROS and RNS contributes to myofiber damage and

dysfunction in COPD.

4.3 Redox signaling pathways and muscle atrophy
In addition to damaging myofiber components, chronic oxidative stress induces

several muscle atrophy pathways. First, altered redox signaling has been shown to
up-regulate gene expression of key components necessary for autophagy and
proteasome systems of proteolysis(81). Second, increased ROS can activate major
intracellular proteolytic systems, such as caspase-3 and calpain proteases(82). In
addition, oxidized proteins themselves are more susceptible to proteolytic
processing, thereby reducing overall protein content(83). Finally, ROS can inhibit
protein synthesis by obstructing mRNA translation (62). Specifically, oxidants
inhibit mammalian target of rapamycin (mTOR), a vital protein kinase necessary
for cell growth and protein synthesis(84). ROS interferes with mTOR by reducing
phosphorylation of mTOR substrates, thereby inhibiting the initiation step of

mRNA translation.

4.4 Sources of Oxidative Stress in COPD
Oxidative stress may result from a combination of factors leading to greater

generation of reactive species and/or insufficient quantities of antioxidants. There
are multiple sources of oxidative stress in skeletal muscle of COPD patients. First,
chronic systemic oxidative stress and inflammation is associated with enhanced

oxidative stress within myofibers, via redox signaling and formation of reactive
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carbonyl species(85). Secondly, the mitochondrial electron transport chain in these
myofibers is also characterized by increased ROS production, as compared with
healthy controls(37). Together, these sources of increased ROS production
overpower the antioxidant capabilities, resulting in the accumulation of

oxidatively damaged myofibers in COPD(85, 86).

In summary, chronic oxidative stress results in oxidatively damaged proteins,
lipids and DNA. Accumulation of these oxidized molecules results in tissue
damage and correlates with disease severity in multiple chronic disorders. In
COPD patients, high levels of oxidized products have been reported systemically,
in blood, sputum, exhaled breath condensate and within lung and skeletal muscle
cells. Furthermore, oxidative damage in COPD skeletal muscle is associated with

muscle loss and dysfunction, thereby contributing to overall disease severity.

5. Mitochondrial DNA

5.1 Structure and Function
As previously mentioned, mitochondria are involved in several intracellular

functions including calcium regulation, ROS generation, and apoptosis. Most
importantly, mitochondria carry out oxidative phosphorylation, the major energy-
producing pathway in skeletal muscle. Oxidative phosphorylation occurs in the
inner membrane of the mitochondria and comprises of the ATP synthase and four
complexes within the electron transport chain (ETC). The ETC complexes are

each comprised of multiple peptides, 13 of which are encoded by mitochondrial
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DNA (mtDNA)(87). For this reason, damage to mtDNA can adversely impact

ETC function.

The mtDNA molecule is a closed double-stranded loop that is located in the
mitochondrial matrix, in close proximity to the ETC(88). The proximity to ROS-
generating ETC, increased replication rates and limited repair mechanisms of the
mitochondrial genome are thought to explain its greater susceptibility to structural
damage and mutations than nuclear DNA (nDNA)(89). Similar to nDNA,
mutations in the mtDNA can be inherited genetically or develop in response to

intracellular stress such as excessive ROS (90).

5.2 Mutations in mtDNA
Mutations in mtDNA can lead to defective production of protein subunits

necessary for ETC complexes and eventually ETC dysfunction(91). Progressive
ETC dysfunction in turn, can lead to deficient energy production within individual
cells (92). Furthermore, ETC dysfunction within skeletal muscle is associated with
muscle weakness and fatigue. However the relationship between mtDNA

mutations and ETC dysfunction is not straightforward.

Since each mitochondrion contains multiple copies of mtDNA, the relationship
between individual mtDNA mutation events and a detectable phenotypic change
remains unclear. Furthermore, each mitochondrion may contain a mixture of

healthy and mutation-containing mtDNA, termed heteroplasmy (93). This
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heterogeneity of mtDNA can be protective, whereby healthy mtDNA molecules
compensate for the mutated mtDNA. That is, a single mitochondria with multiple
copies of damaged or mutated mtDNA molecules, can still function normally, in
terms of OXPHOS and intracellular signaling, provided sufficient healthy mtDNA

copies remain (93).

Therefore, phenotypic change of a mitochondria or individual fibers occurs only
when the ratio of mutated mtDNA, relative to wild-type mtDNA, has reached an
unmanageable threshold(94). Although the specific mutation threshold necessary
to yield aberrant mitochondrial phenotypes remains a point of study (and may vary
between tissues), it is established that mutated mtDNA can accumulate beyond
this threshold through clonal expansion, whereby the mutated mtDNA undergoes
preferential replication(95). This process can be accelerated by low or declining
numbers of total mtDNA molecules in a mitochondria, termed mtDNA copy

number(95).

Progressive accumulation of mtDNA mutations and ETC dysfunction are key
features of inheritable mitochondrial myopathies. However, acquisition of mtDNA
mutations has also been implicated in age-related muscle loss (92). Life-long
exposure to ROS is implicated as one of the contributors to mtDNA mutations and

ETC dysfunction in aging muscle and certain neurodegenerative diseases (92).
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5.3 COPD and mtDNA
Mitochondrial DNA integrity has not been investigated in COPD. However, one

study has examined the ratio of mtDNA to nDNA (mtDNA/nDNA) in these
patients (96). The authors report a decreased mtDNA/nDNA ratio in COPD
patients, compared to healthy controls, indicative of lower mtDNA content. Since
oxidative stress is associated with decreases in mtDNA copy number (97), these

results support a mechanistic role for ROS in mitochondrial dysfunction in COPD.

Purpose
Given these previous reports of oxidative stress in COPD skeletal muscle we

hypothesized that COPD patients would have elevated levels of oxidatively
damaged DNA and altered mtDNA integrity. The aim of this investigation was to
examine mtDNA integrity in COPD skeletal muscle for the presence of
oxidatively damaged DNA as well as deletion-containing mtDNA. COX-

deficiency was also assessed to determine the existence of ETC abnormalities.

23



REFERENCES

1. Canadian Community Health Survey. Public Health Agency of Canada; 2009-
10.

2. Hogg ]JC. Pathophysiology of airflow limitation in chronic obstructive
pulmonary disease. Lancet. 2004 Aug 21-27;364(9435):709-21. PubMed PMID:
15325838. Epub 2004/08/25. eng.

3. Hogg ]JC, Chu F, Utokaparch S, Woods R, Elliott WM, Buzatu L, et al. The
nature of small-airway obstruction in chronic obstructive pulmonary disease. The
New England journal of medicine. 2004 Jun 24;350(26):2645-53. PubMed PMID:
15215480. Epub 2004/06/25. eng.

4. Jeffery PK. Lymphocytes, chronic bronchitis and chronic obstructive
pulmonary disease. Novartis Foundation symposium. 2001;234:149-61; discussion
61-8. PubMed PMID: 11199094. Epub 2001/02/24. eng.

5. Sohal SS, Ward C, Danial W, Wood-Baker R, Walters EH. Recent advances in
understanding inflammation and remodeling in the airways in chronic obstructive
pulmonary disease. Expert Rev Respir Med. 2013 Jun;7(3):275-88. PubMed PMID:
23734649. Epub 2013/06/06. eng.

6. Forey BA, Thornton AJ, Lee PN. Systematic review with meta-analysis of the
epidemiological evidence relating smoking to COPD, chronic bronchitis and
emphysema. BMC pulmonary medicine. 2011;11:36. PubMed PMID: 21672193.
Pubmed Central PMCID: PMC3128042. Epub 2011/06/16. eng.

7. Weight Loss Is a Reversible Factor in the Prognosis of Chronic Obstructive
Pulmonary Disease. American journal of respiratory and critical care medicine.
1998(157):1791-7.

8. Van't Hul A, Harlaar ], Gosselink R, Hollander P, Postmus P, Kwakkel G.
Quadriceps muscle endurance in patients with chronic obstructive pulmonary
disease. Muscle & nerve. 2004 Feb;29(2):267-74. PubMed PMID: 14755493. Epub
2004/02/03. eng.

9. Bram van den Borst IGMS, Valéry A. C. V. Hellwig, Bettine A. H. Vosse, Marco
C.]. M. Kelders, Esther Barreiro, Annemie M. W. ]. Schols and Harry R. Gosker. Loss
of quadriceps muscle oxidative phenotype and decreased endurance in patients
with mild-to-moderate COPD. ] Appl Physiol. 2012;114:1319-28.

10. Engelen MP, Schols AM, Does ]D, Wouters EF. Skeletal muscle weakness is
associated with wasting of extremity fat-free mass but not with airflow obstruction
in patients with chronic obstructive pulmonary disease. The American journal of
clinical nutrition. 2000 Mar;71(3):733-8. PubMed PMID: 10702166. Epub
2000/03/04. eng.

11.  Gosker HR, Zeegers MP, Wouters EF, Schols AM. Muscle fibre type shifting in
the vastus lateralis of patients with COPD is associated with disease severity: a
systematic review and meta-analysis. Thorax. 2007 Nov;62(11):944-9. PubMed
PMID: 17526675. Pubmed Central PMCID: PMC2117111. Epub 2007/05/29. eng.
12. Gosker HR, Kubat B, Schaart G, van der Vusse GJ, Wouters EF, Schols AM.
Myopathological features in skeletal muscle of patients with chronic obstructive
pulmonary disease. The European respiratory journal : official journal of the

24



European Society for Clinical Respiratory Physiology. 2003 Aug;22(2):280-5.
PubMed PMID: 12952261. Epub 2003/09/04. eng.

13. Marquis K, Debigare R, Lacasse Y, LeBlanc P, Jobin ], Carrier G, et al. Midthigh
muscle cross-sectional area is a better predictor of mortality than body mass index
in patients with chronic obstructive pulmonary disease. American journal of
respiratory and critical care medicine. 2002 Sep 15;166(6):809-13. PubMed PMID:
12231489. Epub 2002/09/17. eng.

14.  Glass DJ. Skeletal muscle hypertrophy and atrophy signaling pathways. The
international journal of biochemistry & cell biology. 2005 Oct;37(10):1974-84.
PubMed PMID: 16087388. Epub 2005/08/10. eng.

15. Hansen M], Gualano RC, Bozinovski S, Vlahos R, Anderson GP. Therapeutic
prospects to treat skeletal muscle wasting in COPD (chronic obstructive lung
disease). Pharmacology & therapeutics. 2006 Jan;109(1-2):162-72. PubMed PMID:
16154635. Epub 2005/09/13. eng.

16.  Plant PJ, Brooks D, Faughnan M, Bayley T, Bain |, Singer L, et al. Cellular
markers of muscle atrophy in chronic obstructive pulmonary disease. American
journal of respiratory cell and molecular biology. 2010 Apr;42(4):461-71. PubMed
PMID: 19520920.

17. Attaix D, Ventadour S, Codran A, Bechet D, Taillandier D, Combaret L. The
ubiquitin-proteasome system and skeletal muscle wasting. Essays in biochemistry.
2005;41:173-86. PubMed PMID: 16250905. Epub 2005/10/28. eng.

18.  Lecker SH, Goldberg AL, Mitch WE. Protein degradation by the ubiquitin-
proteasome pathway in normal and disease states. Journal of the American Society
of Nephrology : JASN. 2006 Jul;17(7):1807-19. PubMed PMID: 16738015. Epub
2006/06/02. eng.

19.  Wagner PD. Possible mechanisms underlying the development of cachexia in
COPD. The European respiratory journal : official journal of the European Society for
Clinical Respiratory Physiology. 2008 Mar;31(3):492-501. PubMed PMID:
18310396. Epub 2008/03/04. eng.

20. Gosker HR, Wouters EF, van der Vusse GJ, Schols AM. Skeletal muscle
dysfunction in chronic obstructive pulmonary disease and chronic heart failure:
underlying mechanisms and therapy perspectives. The American journal of clinical
nutrition. 2000 May;71(5):1033-47. PubMed PMID: 10799364. Epub 2000,/05/09.
eng.

21.  Vorrink SN, Kort HS, Troosters T, Lammers JW. Level of daily physical activity
in individuals with COPD compared with healthy controls. Respiratory research.
2011;12:33. PubMed PMID: 21426563. Pubmed Central PMCID: PMC3070642. Epub
2011/03/24. eng.

22. Shrikrishna D, Patel M, Tanner R], Seymour JM, Connolly BA, Puthucheary ZA,
et al. Quadriceps wasting and physical inactivity in patients with COPD. The
European respiratory journal : official journal of the European Society for Clinical
Respiratory Physiology. 2012 Nov;40(5):1115-22. PubMed PMID: 22362854. Epub
2012/03/01. eng.

23.  Murton A, Greenhaff PL. Physiological control of muscle mass in humans
during resistance exercise, disuse and rehabilitation. Current opinion in clinical

25



nutrition and metabolic care. 2010 May;13(3):249-54. PubMed PMID: 20110809.
Epub 2010/01/30. eng.

24.  Glover El, Yasuda N, Tarnopolsky MA, Abadi A, Phillips SM. Little change in
markers of protein breakdown and oxidative stress in humans in immobilization-
induced skeletal muscle atrophy. Applied physiology, nutrition, and metabolism =
Physiologie appliquee, nutrition et metabolisme. 2010 Apr;35(2):125-33. PubMed
PMID: 20383222.

25. Suetta C, Frandsen U, Jensen L, Jensen MM, Jespersen ]G, Hvid LG, et al. Aging
affects the transcriptional regulation of human skeletal muscle disuse atrophy. PLoS
ONE. 2012;7(12):e51238. PubMed PMID: 23284670. Pubmed Central PMCID:
PM(C3526599. Epub 2013/01/04. eng.

26. Brocca L, Cannavino J, Coletto L, Biolo G, Sandri M, Bottinelli R, et al. The time
course of the adaptations of human muscle proteome to bed rest and the underlying
mechanisms. The Journal of physiology. 2012 Oct 15;590(Pt 20):5211-30. PubMed
PMID: 22848045. Pubmed Central PMCID: PMC3497573. Epub 2012/08/01. eng.
27.  Langen R, Gosker H, Remels A, Schols A. Triggers and mechanisms of skeletal
muscle wasting in Chronic Obstructive Pulmonary Disease. The international journal
of biochemistry & cell biology. 2013.

28. Gosker HR, Engelen MP, van Mameren H, van Dijk PJ, van der Vusse G]J,
Wouters EF, et al. Muscle fiber type IIX atrophy is involved in the loss of fat-free
mass in chronic obstructive pulmonary disease. The American journal of clinical
nutrition. 2002 Jul;76(1):113-9. PubMed PMID: 12081824. Epub 2002/06/26. eng.
29. Gosker HR, van Mameren H, van Dijk PJ, Engelen MP, van der Vusse G]J,
Wouters EF, et al. Skeletal muscle fibre-type shifting and metabolic profile in
patients with chronic obstructive pulmonary disease. The European respiratory
journal : official journal of the European Society for Clinical Respiratory Physiology.
2002 Apr;19(4):617-25. PubMed PMID: 11998989. Epub 2002/05/10. eng.

30. Picard M, Csukly K, Robillard ME, Godin R, Ascah A, Bourcier-Lucas C, et al.
Resistance to Ca2+-induced opening of the permeability transition pore differs in
mitochondria from glycolytic and oxidative muscles. American journal of physiology
Regulatory, integrative and comparative physiology. 2008 Aug;295(2):R659-68.
PubMed PMID: 18495829. Epub 2008/05/23. eng.

31.  Couillard A, Prefaut C. From muscle disuse to myopathy in COPD: potential
contribution of oxidative stress. The European respiratory journal : official journal
of the European Society for Clinical Respiratory Physiology. 2005 Oct;26(4):703-19.
PubMed PMID: 16204604. Epub 2005/10/06. eng.

32. Barreiro E, Ferrer D, Sanchez F, Minguella ], Marin-Corral ], Martinez-Llorens
J, et al. Inflammatory cells and apoptosis in respiratory and limb muscles of patients
with COPD. ] Appl Physiol. 2011 Sep;111(3):808-17. PubMed PMID: 21636562.
Epub 2011/06/04. eng.

33. Zoll ], Sanchez H, N'Guessan B, Ribera F, Lampert E, Bigard X, et al. Physical
activity changes the regulation of mitochondrial respiration in human skeletal
muscle. The Journal of physiology. 2002 Aug 15;543(Pt 1):191-200. PubMed PMID:
12181291. Pubmed Central PMCID: PMC2290497. Epub 2002/08/16. eng.

34. Rabinovich RA, Bastos R, Ardite E, Llinas L, Orozco-Levi M, Gea ], et al.
Mitochondrial dysfunction in COPD patients with low body mass index. The

26



European respiratory journal : official journal of the European Society for Clinical
Respiratory Physiology. 2007 Apr;29(4):643-50. PubMed PMID: 17182653. Epub
2006/12/22. eng.

35. Meyer A, Zoll ], Charles AL, Charloux A, de Blay F, Diemunsch P, et al. Skeletal
muscle mitochondrial dysfunction during chronic obstructive pulmonary disease:
central actor and therapeutic target. Experimental physiology. 2013
Jun;98(6):1063-78. PubMed PMID: 23377494. Epub 2013/02/05. eng.

36. Puente-Maestu L, Perez-Parra ], Godoy R, Moreno N, Tejedor A, Torres A, et
al. Abnormal transition pore kinetics and cytochrome C release in muscle
mitochondria of patients with chronic obstructive pulmonary disease. American
journal of respiratory cell and molecular biology. 2009 Jun;40(6):746-50. PubMed
PMID: 19011161. Epub 2008/11/18. eng.

37. Picard M, Godin R, Sinnreich M, Baril |, Bourbeau ], Perrault H, et al. The
mitochondrial phenotype of peripheral muscle in chronic obstructive pulmonary
disease: disuse or dysfunction? American journal of respiratory and critical care
medicine. 2008 Nov 15;178(10):1040-7. PubMed PMID: 18755922. Epub
2008/08/30. eng.

38. Naimi Al, Bourbeau ], Perrault H, Baril ], Wright-Paradis C, Rossi A, et al.
Altered mitochondrial regulation in quadriceps muscles of patients with COPD.
Clinical physiology and functional imaging. 2011 Mar;31(2):124-31. PubMed PMID:
21091605. Epub 2010/11/26. eng.

39. Eid AA, Ionescu AA, Nixon LS, Lewis-]Jenkins V, Matthews SB, Griffiths TL, et
al. Inflammatory response and body composition in chronic obstructive pulmonary
disease. American journal of respiratory and critical care medicine. 2001 Oct
15;164(8 Pt 1):1414-8. PubMed PMID: 11704588. Epub 2001/11/13. eng.

40.  Oudijk E], Lammers JW, Koenderman L. Systemic inflammation in chronic
obstructive pulmonary disease. The European respiratory journal Supplement. 2003
Nov;46:5s-13s. PubMed PMID: 14621102. Epub 2003/11/19. eng.

41. Agusti A, Edwards LD, Rennard SI, MacNee W, Tal-Singer R, Miller BE, et al.
Persistent systemic inflammation is associated with poor clinical outcomes in COPD:
a novel phenotype. PLoS ONE. 2012;7(5):e37483. PubMed PMID: 22624038.
Pubmed Central PMCID: PMC3356313. Epub 2012/05/25. eng.

472. Soler-Cataluna J], Martinez-Garcia MA, Roman Sanchez P, Salcedo E, Navarro
M, Ochando R. Severe acute exacerbations and mortality in patients with chronic
obstructive pulmonary disease. Thorax. 2005 Nov;60(11):925-31. PubMed PMID:
16055622. Pubmed Central PMCID: PMC1747235. Epub 2005/08/02. eng.

43.  Foschino Barbaro MP, Carpagnano GE, Spanevello A, Cagnazzo MG, Barnes P]J.
Inflammation, oxidative stress and systemic effects in mild chronic obstructive
pulmonary disease. International journal of immunopathology and pharmacology.
2007 Oct-Dec;20(4):753-63. PubMed PMID: 18179748. Epub 2008/01/09. eng.

44.  Kelly E, Owen CA, Pinto-Plata V, Celli BR. The role of systemic inflammatory
biomarkers to predict mortality in chronic obstructive pulmonary disease. Expert
Review of Respiratory Medicine. 2013;7(1):57-64. PubMed PMID: 1284369007;
23362815. English.

27



45.  Reid MB, Li YP. Cytokines and oxidative signalling in skeletal muscle. Acta
physiologica Scandinavica. 2001 Mar;171(3):225-32. PubMed PMID: 11412134.
Epub 2001/06/20. eng.

46. Remels AH, Gosker HR, van der Velden ], Langen RC, Schols AM. Systemic
Inflammation and Skeletal Muscle Dysfunction in Chronic Obstructive Pulmonary
Disease: State of the Art and Novel Insights in Regulation of Muscle Plasticity. Clinics
in Chest Medicine. 2007 9//;28(3):537-52.

47. Almendro V, Carbo N, Busquets S, Figueras M, Tessitore L, Lopez-Soriano FJ,
et al. Sepsis induces DNA fragmentation in rat skeletal muscle. European cytokine
network. 2003 Oct-Dec;14(4):256-9. PubMed PMID: 14715419. Epub 2004/01/13.
eng.

48.  Phillips T, Leeuwenburgh C. Muscle fiber specific apoptosis and TNF-alpha
signaling in sarcopenia are attenuated by life-long calorie restriction. FASEB journal
: official publication of the Federation of American Societies for Experimental
Biology. 2005 Apr;19(6):668-70. PubMed PMID: 15665035. Epub 2005/01/25. eng.
49.  Wouters EF, Creutzberg EC, Schols AM. Systemic effects in COPD. Chest. 2002
May;121(5 Suppl):127S-30S. PubMed PMID: 12010840. Epub 2002/05/16. eng.

50. Langen RC, Haegens A, Vernooy JH, Wouters EF, de Winther MP, Carlsen H, et
al. NF-kappaB activation is required for the transition of pulmonary inflammation to
muscle atrophy. American journal of respiratory cell and molecular biology. 2012
Sep;47(3):288-97. PubMed PMID: 22538866.

51. Liu Q, Xu WG, Luo Y, Han FF, Yao XH, Yang TY, et al. Cigarette smoke-induced
skeletal muscle atrophy is associated with up-regulation of USP-19 via p38 and ERK
MAPKs. Journal of cellular biochemistry. 2011 Sep;112(9):2307-16. PubMed PMID:
21503966. Epub 2011/04/20. eng.

52.  Ling PR, Schwartz JH, Bistrian BR. Mechanisms of host wasting induced by
administration of cytokines in rats. The American journal of physiology. 1997
Mar;272(3 Pt 1):E333-9. PubMed PMID: 9124536. Epub 1997/03/01. eng.

53. Li YP, Schwartz R], Waddell ID, Holloway BR, Reid MB. Skeletal muscle
myocytes undergo protein loss and reactive oxygen-mediated NF-kappaB activation
in response to tumor necrosis factor alpha. FASEB journal : official publication of the
Federation of American Societies for Experimental Biology. 1998 Jul;12(10):871-80.
PubMed PMID: 9657527. Epub 1998/07/10. eng.

54.  Reid MB, Lannergren ], Westerblad H. Respiratory and limb muscle weakness
induced by tumor necrosis factor-alpha: involvement of muscle myofilaments.
American journal of respiratory and critical care medicine. 2002 Aug
15;166(4):479-84. PubMed PMID: 12186824. Epub 2002/08/21. eng.

55. Barnes PJ, Celli BR. Systemic manifestations and comorbidities of COPD. The
European respiratory journal : official journal of the European Society for Clinical
Respiratory Physiology. 2009 May;33(5):1165-85. PubMed PMID: 19407051. Epub
2009/05/02. eng.

56.  HuiartL, Ernst P, Suissa S. Cardiovascular morbidity and mortality in COPD.
Chest. 2005 Oct;128(4):2640-6. PubMed PMID: 16236937. Epub 2005/10/21. eng.
57. Thomsen M, Dahl M, Lange P, Vestbo ], Nordestgaard BG. Inflammatory
Biomarkers and Comorbidities in Chronic Obstructive Pulmonary Disease. American

28



journal of respiratory and critical care medicine. 2012;186(10):982-8. PubMed
PMID: 1238138340; 22983959. English.

58. Rehn TA, Munkvik M, Lunde PK, Sjaastad I, Sejersted OM. Intrinsic skeletal
muscle alterations in chronic heart failure patients: a disease-specific myopathy or a
result of deconditioning? Heart failure reviews. 2012 May;17(3):421-36. PubMed
PMID: 21996779. Epub 2011/10/15. eng.

59. Sun Z, Liu L, Liu N, Liu Y. Muscular response and adaptation to diabetes
mellitus. Frontiers in bioscience : a journal and virtual library. 2008;13:4765-94.
PubMed PMID: 18508544. Epub 2008/05/30. eng.

60.  Shanmugam N, Figarola JL, Li Y, Swiderski PM, Rahbar S, Natarajan R.
Proinflammatory effects of advanced lipoxidation end products in monocytes.
Diabetes. 2008 Apr;57(4):879-88. PubMed PMID: 18003754. Pubmed Central
PMCID: PMC2695452. Epub 2007/11/16. eng.

61. Moldovan L, Moldovan NI. Oxygen free radicals and redox biology of
organelles. Histochemistry and cell biology. 2004 Oct;122(4):395-412. PubMed
PMID: 15452718. Epub 2004/09/29. eng.

62.  Pellegrino MA, Desaphy JF, Brocca L, Pierno S, Camerino DC, Bottinelli R.
Redox homeostasis, oxidative stress and disuse muscle atrophy. The Journal of
physiology. 2011 May 1;589(Pt 9):2147-60. PubMed PMID: 21320887. Pubmed
Central PMCID: PMC3098694. Epub 2011/02/16. eng.

63. Davies MJ, Fu S, Wang H, Dean RT. Stable markers of oxidant damage to
proteins and their application in the study of human disease. Free radical biology &
medicine. 1999 Dec;27(11-12):1151-63. PubMed PMID: 10641706. Epub
2000/01/21. eng.

64. Dalle-Donne I, Aldini G, Carini M, Colombo R, Rossi R, Milzani A. Protein
carbonylation, cellular dysfunction, and disease progression. Journal of cellular and
molecular medicine. 2006 Apr-Jun;10(2):389-406. PubMed PMID: 16796807. Epub
2006/06/27. eng.

65. Barreiro E, Peinado VI, Galdiz JB, Ferrer E, Marin-Corral ], Sanchez F, et al.
Cigarette smoke-induced oxidative stress: A role in chronic obstructive pulmonary
disease skeletal muscle dysfunction. American journal of respiratory and critical
care medicine. 2010 Aug 15;182(4):477-88. PubMed PMID: 20413628.

66. Caramori G, Adcock IM, Casolari P, Ito K, Jazrawi E, Tsaprouni L, et al.
Unbalanced oxidant-induced DNA damage and repair in COPD: a link towards lung
cancer. Thorax. 2011 Jun;66(6):521-7. PubMed PMID: 21460372.

67.  Barclay JK, Hansel M. Free radicals may contribute to oxidative skeletal
muscle fatigue. Canadian journal of physiology and pharmacology. 1991
Feb;69(2):279-84. PubMed PMID: 2054745. Epub 1991/02/01. eng.

68. Kuwahara H, Horie T, Ishikawa S, Tsuda C, Kawakami S, Noda Y, et al.
Oxidative stress in skeletal muscle causes severe disturbance of exercise activity
without muscle atrophy. Free radical biology & medicine. 2010 May 1;48(9):1252-
62. PubMed PMID: 20156551.

69. Esterbauer H, Schaur R], Zollner H. Chemistry and biochemistry of 4-
hydroxynonenal, malonaldehyde and related aldehydes. Free radical biology &
medicine. 1991;11(1):81-128. PubMed PMID: 1937131. Epub 1991/01/01. eng.

29



70.  Refsgaard HH, Tsai L, Stadtman ER. Modifications of proteins by
polyunsaturated fatty acid peroxidation products. Proceedings of the National
Academy of Sciences of the United States of America. 2000 Jan 18;97(2):611-6.
PubMed PMID: 10639127. Pubmed Central PMCID: PMC15378. Epub 2000/01/19.
eng.

71. Vistoli G, Maddis De D, Cipak A, Zarkovic N, Carini M, Aldini G. Advanced
glycoxidation and lipoxidation end products (AGEs and ALEs): An overview of their
mechanisms of formation. Free radical research. 2013 Jun 17. PubMed PMID:
23767955. Epub 2013/06/19. Eng.

72. Boots AW, Haenen GR, Bast A. Oxidant metabolism in chronic obstructive
pulmonary disease. The European respiratory journal Supplement. 2003
Nov;46:14s-27s. PubMed PMID: 14621103. Epub 2003/11/19. eng.

73. Kirkham PA, Caramori G, Casolari P, Papi AA, Edwards M, Shamiji B, et al.
Oxidative stress-induced antibodies to carbonyl-modified protein correlate with
severity of chronic obstructive pulmonary disease. American journal of respiratory
and critical care medicine. 2011 Oct 1;184(7):796-802. PubMed PMID: 21965015.
Pubmed Central PMCID: 3398415.

74.  Ogino K, Wang DH. Biomarkers of oxidative/nitrosative stress: an approach
to disease prevention. Acta medica Okayama. 2007 Aug;61(4):181-9. PubMed PMID:
17726507. Epub 2007/08/30. eng.

75. Loft S, Vistisen K, Ewertz M, Tjonneland A, Overvad K, Poulsen HE. Oxidative
DNA damage estimated by 8-hydroxydeoxyguanosine excretion in humans:
influence of smoking, gender and body mass index. Carcinogenesis. 1992
Dec;13(12):2241-7. PubMed PMID: 1473230. Epub 1992/12/01. eng.

76. Simone S, Gorin Y, Velagapudi C, Abboud HE, Habib SL. Mechanism of
oxidative DNA damage in diabetes: tuberin inactivation and downregulation of DNA
repair enzyme 8-0xo0-7,8-dihydro-2'-deoxyguanosine-DNA glycosylase. Diabetes.
2008 Oct;57(10):2626-36. PubMed PMID: 18599524. Pubmed Central PMCID:
PM(C2551671. Epub 2008/07/05. eng.

77. Botto N, Masetti S, Petrozzi L, Vassalle C, Manfredi S, Biagini A, et al. Elevated
levels of oxidative DNA damage in patients with coronary artery disease. Coronary
artery disease. 2002 Aug;13(5):269-74. PubMed PMID: 12394651. Epub
2002/10/24. eng.

78.  Ceylan E, Kocyigit A, Gencer M, Aksoy N, Selek S. Increased DNA damage in
patients with chronic obstructive pulmonary disease who had once smoked or been
exposed to biomass. Respiratory Medicine. 2006;100(7):1270-6. PubMed PMID:
1035045411; 16307872. English.

79. Tzortzaki EG, Dimakou K, Neofytou E, Tsikritsaki K, Samara K, Avgousti M, et
al. Oxidative DNA damage and somatic mutations: a link to the molecular
pathogenesis of chronic inflammatory airway diseases. Chest. 2012
May;141(5):1243-50. PubMed PMID: 22116800.

80.  Aoshiba K, Zhou F, Tsuji T, Nagai A. DNA damage as a molecular link in the
pathogenesis of COPD in smokers. The European respiratory journal : official journal
of the European Society for Clinical Respiratory Physiology. 2012 Jun;39(6):1368-
76. PubMed PMID: 22267761.

30



81. Whidden MA, Smuder AJ, Wu M, Hudson MB, Nelson WB, Powers SK.
Oxidative stress is required for mechanical ventilation-induced protease activation
in the diaphragm. ] Appl Physiol. 2010 May;108(5):1376-82. PubMed PMID:
20203072. Pubmed Central PMCID: PMC2867537. Epub 2010/03/06. eng.

82.  McClung JM, Judge AR, Talbert EE, Powers SK. Calpain-1 is required for
hydrogen peroxide-induced myotube atrophy. American journal of physiology Cell
physiology. 2009 Feb;296(2):C363-71. PubMed PMID: 19109522. Pubmed Central
PMCID: PMC2643855. Epub 2008/12/26. eng.

83. Smuder AJ, Kavazis AN, Hudson MB, Nelson WB, Powers SK. Oxidation
enhances myofibrillar protein degradation via calpain and caspase-3. Free radical
biology & medicine. 2010 Oct 15;49(7):1152-60. PubMed PMID: 20600829. Pubmed
Central PMCID: PMC2930052. Epub 2010/07/06. eng.

84.  Zhang L, Kimball SR, Jefferson LS, Shenberger |S. Hydrogen peroxide impairs
insulin-stimulated assembly of mTORC1. Free radical biology & medicine. 2009 Jun
1;46(11):1500-9. PubMed PMID: 19281842. Pubmed Central PMCID: PMC2677139.
Epub 2009/03/14. eng.

85.  Langen RC], Korn SH, Wouters EFM. ROS in the local and systemic
pathogenesis of COPD. Free Radical Biology and Medicine. 2003 8/1/;35(3):226-35.
86. Gosker HR, Bast A, Haenen GR, Fischer MA, van der Vusse GJ, Wouters EF, et
al. Altered antioxidant status in peripheral skeletal muscle of patients with COPD.
Respir Med. 2005 Jan;99(1):118-25. PubMed PMID: 15672860. Epub 2005/01/28.
eng.

87.  Falkenberg M, Larsson NG, Gustafsson CM. DNA replication and transcription
in mammalian mitochondria. Annual review of biochemistry. 2007;76:679-99.
PubMed PMID: 17408359. Epub 2007/04/06. eng.

88. Anderson S, Bankier AT, Barrell BG, de Bruijn MH, Coulson AR, Drouin |, et al.
Sequence and organization of the human mitochondrial genome. Nature. 1981 Apr
9;290(5806):457-65. PubMed PMID: 7219534. Epub 1981/04/09. eng.

89. Bua E, Johnson ], Herbst A, Delong B, McKenzie D, Salamat S, et al.
Mitochondrial DNA-deletion mutations accumulate intracellularly to detrimental
levels in aged human skeletal muscle fibers. American journal of human genetics.
2006 Sep;79(3):469-80. PubMed PMID: 16909385. Pubmed Central PMCID:
PMC1559550. Epub 2006/08/16. eng.

90. Hegde ML, Mantha AK, Hazra TK, Bhakat KK, Mitra S, Szczesny B. Oxidative
genome damage and its repair: implications in aging and neurodegenerative
diseases. Mechanisms of ageing and development. 2012 Apr;133(4):157-68.
PubMed PMID: 22313689. Pubmed Central PMCID: PMC3351531. Epub
2012/02/09. eng.

91.  Burger G, Gray MW, Lang BF. Mitochondrial genomes: anything goes. Trends
in genetics : TIG. 2003 Dec;19(12):709-16. PubMed PMID: 14642752. Epub
2003/12/03. eng.

92. Krishnan K], Greaves LC, Reeve AK, Turnbull D. The ageing mitochondrial
genome. Nucleic acids research. 2007;35(22):7399-405. PubMed PMID: 17913753.
Pubmed Central PMCID: PMC2190723. Epub 2007/10/05. eng.

93.  Chinnery PF, Howell N, Lightowlers RN, Turnbull DM. Molecular pathology of
MELAS and MERRF. The relationship between mutation load and clinical

31



phenotypes. Brain : a journal of neurology. 1997 Oct;120 ( Pt 10):1713-21. PubMed
PMID: 9365365. Epub 1997/11/20. eng.

94. Rossignol R, Faustin B, Rocher C, Malgat M, Mazat P, Letellier T.
Mitochondrial threshold effects. The Biochemical journal. 2003 Mar 15;370(Pt
3):751-62. PubMed PMID: 12467494. Pubmed Central PMCID: PM(C1223225. Epub
2002/12/07. eng.

95.  Wallace DC. A mitochondrial paradigm for degenerative diseases and ageing.
Novartis Foundation symposium. 2001;235:247-63; discussion 63-6. PubMed PMID:
11280029. Epub 2001/03/31. eng.

96. Puente-Maestu L, Lazaro A, Tejedor A, Camano S, Fuentes M, Cuervo M, et al.
Effects of exercise on mitochondrial DNA content in skeletal muscle of patients with
COPD. Thorax. 2011 Feb;66(2):121-7. PubMed PMID: 21097816. Epub 2010/11/26.
eng.

97. Han Y, Chen JZ. Oxidative stress induces mitochondrial DNA damage and
cytotoxicity through independent mechanisms in human cancer cells. BioMed
research international. 2013;2013:825065. PubMed PMID: 23509785. Pubmed
Central PMCID: PMC3591153. Epub 2013/03/20. eng.

98. Maltais F, LeBlanc P, Whittom F, Simard C, Marquis K, Belanger M, et al.
Oxidative enzyme activities of the vastus lateralis muscle and the functional status
in patients with COPD. Thorax. 2000 Oct;55(10):848-53. PubMed PMID: 10992537.
Pubmed Central PMCID: PMC1745616. Epub 2000/09/19. eng.

99. Chinnery PF, Samuels DC, Elson ], Turnbull DM. Accumulation of
mitochondrial DNA mutations in ageing, cancer, and mitochondrial disease: is there
a common mechanism? The Lancet. 2002 10/26/;360(9342):1323-5.

32



PART II: Experimental Article

Oxidative DNA damage and mtDNA deletions in COPD patient
muscle: evidence of accelerated aging?

INTRODUCTION

Chronic Obstructive Pulmonary Disease (COPD) is characterized by an excessive
inflammatory response in the lungs leading to progressive airflow limitation (1).
COPD is further characterized by the presence of significant extrapulmonary
conditions, including exercise intolerance and muscle wasting (2, 3). These
systemic manifestations contribute to disease severity and mortality. Indeed, those
patients who develop skeletal muscle dysfunction in COPD have greater
utilization of healthcare, reduced quality of life and shorter life expectancy (4, 5).
Systemic and local oxidative stress has been identified as a major contributor to
this progressive muscle dysfunction and wasting in COPD(6, 7), but the full

implications of this for muscle pathophysiology in COPD remains unclear.

Oxidative stress refers to a physiological imbalance where the production of
reactive oxygen species (ROS) overwhelms the antioxidant capacity of the system.
The posited clinical significance of oxidative stress in COPD is that elevated ROS
generation and/or depleted antioxidant defenses in skeletal muscle are often
associated with stimulation of muscle atrophy pathways and activation of

proteolytic machinery(8).
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In addition to driving muscle atrophy, chronic oxidative stress will result in
structural modification of cellular components(9). Accumulation of these
oxidatively damaged products contributes to tissue damage and dysfunction(10).
Indeed, elevated levels of oxidatively damaged proteins and lipids have been
reported in COPD skeletal muscle, relative to age-matched healthy
individuals(11). Furthermore, the prevalence of these oxidized products correlates
with increased fatigability and decreased maximal voluntary contraction of the

quadriceps(12).

In addition to damaging proteins, chronic oxidative stress can also oxidize nuclear
bases of DNA molecules. While all four DNA bases are subject to ROS-mediated
modification, guanosine is the most susceptible, whereby 8-hydroxy-2’-
deoxyguanosine (8-OHdG) is commonly formed(13). Nuclear DNA (nDNA)
integrity is well protected from these modifications by histones and sophisticated
repair mechanisms(14). In contrast, mitochondrial DNA (mtDNA) is particularly

exposed to oxidative damage(15).

Mitochondrial DNA is a closed double-stranded loop that encodes crucial
components of the complexes that comprise the electron transport chain (ETC)
(16). The ETC complexes are essential for oxidative phosphorylation, the principal
source of energy in muscle cells. However, the ETC complexes are also major
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producers of intracellular ROS(17). Given its proximity to the ROS-generating
ETC, its greater replication rates and limited repair mechanisms compared to
nDNA, mtDNA is more susceptible to structural damage and mutations than

nDNA (18).

In addition, this risk of oxidatively damaged mtDNA is likely further increased in
COPD skeletal muscle given the elevated levels of mitochondrial ROS production
and systemic oxidative stress reported in these patients (6, 19). Accumulation of
mtDNA mutations, particularly in the form of deletions, can lead to defective
production of protein subunits necessary for ETC complexes (18). Complex IV
(cytochrome ¢ oxidase, COX) is most at risk, leading to COX-deficiency, a type of
ETC dysfunction (20). Progressive ETC dysfunction in skeletal muscle
corresponds to deficient energy production and fiber atrophy(21). At the whole
body level, ETC dysfunction is associated with muscle weakness and fatigue (22).
However, neither mtDNA integrity, nor its potential manifestation as severe
mitochondrial dysfunction, have been previously investigated in COPD skeletal

muscle.

The aim of this investigation was to examine mtDNA integrity in COPD skeletal
muscle for the presence of oxidatively damaged DNA as well as deletion-
containing mtDNA. COX-deficiency was also assessed to determine the existence

of ETC abnormalities. Given the previous reports of oxidative stress in COPD
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skeletal muscle we hypothesized that COPD patients would have elevated levels

of oxidatively damaged DNA and altered mtDNA integrity.
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METHODS

Table 1. Subject characteristics

Characteristic Control (n=19) COPD (n=29)
Age 68+ 6 66 +5
Weight, kg 79 + 14 7117
Height, cm 172 +4 170+ 8
BMI 26.8+3.8 28.8+11.9
FEV1 (% pred) 109.5 + 19.7 41.8 + 14.3*
FEV1/FVC (% pred) 784 +7.1 53.3 + 14.7*
Peak VO2 (mL/min/kg) 28.3+6.1 11.9 + 4.9*
Peak Work (W) 188 + 37 58 + 28*

* Significant differences between groups, p<0.05. Values reported as means & SD.

BMI - body mass index. FEV1 - volume that has been exhaled at the end of the first
second of forced expiration. FVC - forced vital capacity.

Human Biopsy
Muscle biopsies were obtained from the mid-portion of the vastus /ateralis muscle

from 29 moderate-to-severe COPD patients and 19 age-matched control subjects
following standard procedure (23). Briefly, local anesthetic was applied
subcutaneously and a Bergstrom percutaneous biopsy needle under suction was
used to extract approximately 200mg of muscle tissue. Muscle was rapidly
removed from the needle and a portion was snap frozen in liquid nitrogen for
biochemical and genetic analyses. For histochemical analyses, a portion of the
muscle biopsy was mounted in a cross-sectional orientation on 10% Tragacanth

gum (Sigma-Aldrich, G1128) and frozen in melting isopentane, precooled in
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liquid nitrogen. Samples were stored at -80C. COPD patients were recruited as

part of a randomized control trial at the CHEST Hospital in Montreal, QC.

Quantification of SOHdG
DNA Extraction and Digestion: DNA was extracted from collected muscle

samples according to kit protocol (QIAgen DNeasy Blood and Tissue Kit;
QIAgen, Valencia, CA) and quantified with a spectrophotometer (Nanodrop ND-
1000; Nanodrop Technologies, Wilmington, DE).

Prior to digestion, extracted DNA samples were concentrated to 20g/mL ( using
standard DNA precipitation techniques. Briefly, a mixture of 3M Na-Acetate, pH
5.5 (1/10 volume of DNA sample), pre-chilled 100% Ethanol (EtOH, 2x volume
of DNA sample) was added to each DNA sample. Samples were vortexed and kept
at -20°C for 2 hours. Precipitated DNA was recovered by centrifugation at
19,000g for 15 min, EtOH was poured off and DNA pellet was air-dried at 4°C for
2 hours. DNA was reconstituted to 20g/mL, for a total of 3ug DNA by adding
150ul of digest mix. (Note: 3ug DNA was required to allow 3 equal triplicates of

lug of each sample.)

Digest Mix (enough for one hundred 1pg samples) was prepared by adding 250
Units Benzonase, 300 mUnits phosphdiesterase I (Sigma P-3243) and 200 Units
alkaline phosphatase (Sigma P-7923) to 5 mL Tris-HCI buffer (20mM, pH 7.9)

containing 100 mM NaCl and 20 mM MgClI2 (24). DNA samples (3pg) in 150uL

Digest Mix were incubated at 37°C for 6 hours.
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8OHdG Assay: Levels of oxidatively damaged DNA in the digested DNA samples
were measured using a competitive ELISA kit (DNA/RNA Oxidative Damage
EIA Kit, Cayman Chemicals, Ann Arbor, Michigan) following the manufacturer’s
instructions. Briefly, samples were run in triplicates, with negative controls and 8
standards (10pg/ml — 3000pg/ml) on the same plate. The concentration of 8OHdG

(pg/ul) was standardized per total DNA content (1ug per well).

Cryostat Sections
Muscle cryostat sections were cut from frozen tissue using a Leica CM-3050-S

cryostat. Tissue was orientated transversely and sections of 12um thickness were
cut and mounted onto glass slides. For laser capture microscopy (LCM), sections
of 10um thickness were cut and mounted on membrane slides. Sections were left

to air dry for one hour and then stored at -800C until required.

Dual Cytochrome ¢ Oxidase (COX) and Succinate Dehydrogenase (SDH)
Histochemistry

Muscle sections were defrosted air-dried for one hour at room temperature. All
staining and incubations were carried out in a humidified chamber. The COX
incubation medium was prepared by adding 200ul of 500uM cytochrome c¢ to
800ul of SmM 3.3’diaminobenzidine (DAB) with approximately 20ug of catalase
enzyme. The solution was then vortexed and 200ul per section was added to the
slides. Slides were incubated for 45 minutes at 37°C and then immersed in PBS
three times to wash.

The SDH incubation medium was prepared by adding 100ul of 1.3M sodium

succinate, 100ul of 2mM phenazine methosulphate (PMS) and 10ul of 100mM
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sodium azide to 800ul of 1.875mM NitroBlue tetrazolium (NBT). The mixture
was vortexed and 200ul was added to the sections. Again, the sections were
incubated for 45 minutes at 37°C, before being immersed three times in PBS to
wash. The sections were dehydrated by dipping the slides through a graded
ethanol series (75%, 95%, 2 x 100%), being left in the final 100% solution for ten
minutes. The slides were then cleared through two xylene baths, mounted using
DPX mountant and a cover slip was applied.

Slides were imaged on a Scanscope XT digital slide scanner (Aperio, Vista, CA,
USA). Imagel] software was then used to manually analyze the presence or
absence of COX-deficiency in every individual fiber from all subjects, whereby
blue-colouring indicated deficiency. Percent COX-deficiency for each subject was
calculated based on the prevalence of COX-deficient myofibers over the total

number of fibers counted on the histological section of that subject.

Detection of mtDNA Deletions
Long Range PCR: The major arc region of mtDNA, ~10.8kbp fragment, known to

incur the majority of mutations was amplified using primer pairs (forward:
nt.5855-nt.5875, 5’-AGA TTT ACA GTC CAA TGC TTC-3’ and reverse: nt.129-
nt.110, 5’-AGA TAC TGC GAC ATA GGG TG-3). The master mix consisted of
1ul of DNA template, Sul reaction buffer 3, 8.75ul 0.35mM dNTPs, 0.7ul Expand
Taq (polymerase enzyme), 1.5ul of both forward and reverse primers 10pmol/pul,

and 21.55ul dH20, to give a 50ul reaction mixture (TaKaRa LA taq enzyme kit).
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Reactions were performed on a thermal cycler under the following conditions: 3
minutes at 93°C; 10 cycles of 93°C for 30 seconds, 58°C for 30 seconds, and 68°C
for 12 minutes; 20 cycles of 93°C for thirty seconds, 58°C for 30 seconds, and
68°C for 12 minutes with an additional five seconds for every cycle. Then there
was a final extension of 11 minutes at 68°C.

Gel Electrophoresis: Results of the long-range PCR were visualized using gel
electrophoresis and a 0.7% agarose gel (0.7% agarose in 1X TAE buffer and
0.08% SYBR Safe DNA stain). The mixture was heated to dissolve the agarose
and poured into a gel-caster. To each well, 15ul of the PCR product, combined
with 0.5ul of loading dye (0.25% bromophenol blue, 0.25% xylene cyanol, 30%
glycerol in dH20), was added. A 1kb+ ladder (Invitrogen) was also loaded onto
the gel to allow for an estimation of the product size. The gel was run for 150
minutes at 80V in a tank containing 1xTAE buffer, and bands were visualized on a
UV gel documentation system G: BOX Chemi (Syngene, Frederick, MD).
Statistical Analyses

Results are presented as means and standard deviation. Student’s t-test, two-tailed
with 95% confidence intervals (CI) was used for all comparisons of oxidized DNA
concentrations between controls and COPD patients. Fisher’s exact test, two-tailed
with 95% CI, was used for comparison of deletion-containing frequencies between
controls and COPD patients. Spearman’s correlation coefficient was used to assess
relationships among different variables within COPD patients. In all cases, results

were considered significant at p < 0.05
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RESULTS

Oxidatively Damaged DNA is Increased COPD Skeletal Muscle

Levels of oxidatively damaged guanosine base (80HdG) were quantified in the
quadriceps muscle of 29 COPD patients and 19 age-matched controls (Figure 1).
A significantly higher concentration of 8OHdG was observed in COPD patients

(mean 387 pg/mL) than in the control group (mean 258 pg/mL), p=0.03.

Mitochondrial DNA Deletions are More Prevalent In COPD Patients

The major arc of the mitochondrial genome was amplified using LR-PCR in 29
COPD patients and 19 age-matched controls. The amplified region, approximately
a 10kb segment, encompasses the most common mutational hot-spots and was
visualized using gel-electrophoresis. When mtDNA deletions are present in the
major arc, the amplified region produces smaller PCR products in addition to the
full 10 kb segment. These smaller deletion-containing segments appear as
additional, independent DNA bands below the wild-type, 10 kb segment.
Individual subjects were then identified as either containing mtDNA deletions
(when smaller PCR products can be detected in addition to the 10kb segment) or
containing only the full mtDNA segment. A significantly higher proportion of the
COPD group (76%) had evidence of mtDNA deletions compared to age-matched
controls (16%), p = 0.0003 (Figure 2). Of the 29 COPD subjects, 22 had evidence
of deletion-containing mtDNA, while in the control group mtDNA deletion were

detected in 3 of the 19 subjects.
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Mitochondrial DNA Deletions Correspond to Higher Levels of Oxidative
Damage in COPD Skeletal Muscle

COPD patients with evidence of mtDNA deletions had significantly higher levels
of oxidatively damaged DNA (Figure 3), as measured by higher concentrations of
80HdG (mean 457 £7.5 SE pg/mL), compared to COPD patients who did not
have mtDNA deletions (mean 197 +5.4 pg/mL), p=0.0016.

COX Deficiency More Prevalent in COPD Skeletal Muscle

Cryosectioned muscle tissue from 21 COPD patients and 13 age-matched controls
was dual stained for cytochrome ¢ oxidase and succinate dehydrogenase activity.
Normal COX-positive fibers stain brown, whereas COX-deficient fibers are
stained blue (Figure 4A) by the SDH counter stain as a result of impaired complex
IV activity. The proportion of fibers exhibiting mitochondrial respiratory chain
defect is higher in COPD patients (mean 8.0+£2.1 %), than in age-matched controls
(mean 1.5+£0.42%, p=0.024; Figure 4B).

Oxidative Damage and Physiological Characteristics

There was no relationship observed in COPD patients between levels of
oxidatively damaged DNA and (i) age (Figure 5), (ii) muscle content as measured
by the Fat Free Mass Index (Figure 6) or (iii) severity of airflow obstruction
(Figure 7). In addition, there was no significant correlation between oxidative

DNA damage and COX-deficiency in these patients (Figure 8).
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Figure 1 The concentration of oxidatively damaged guanasine base (pg of SOHdG
per mL of total DNA) is significantly higher in COPD patients (mean 387 pg/mL)
than in age-matched controls (mean 258 pg/mL), p=0.03. Bars denote means for

each group.
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Figure 2. Higher prevalence of mtDNA deletions in COPD patients than

controls
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Figure 2: Total incidence of mtDNA deletions is higher in COPD patients

compared to age-matched controls (p = 0.0003, Fisher’s exact test).
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Figure 3. Mitochondrial DNA deletions correspond to high levels of oxidative

DNA damage in COPD skeletal muscle
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Figure 3 The concentration of oxidatively damaged guanasine base (§OHdG) is
significantly higher in COPD patients with mtDNA deletions (mean 457 pg/mL),
compared to COPD patients with preserved, full-length (wild-type) mtDNA only

(mean 197 pg/mL), p=0.0016. Bars denote means for each group.
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Figure 4. Higher incidence of COX-deficient fibers in COPD patients than

controls

Control

Figure 4A: Cross-sectional images of skeletal muscle from COPD and control
subjects following a COX/SDH double stain. Red arrow highlights a COX-

deficient myofiber.
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Figure 4B: Proportion of COX-deficient myofibers (% of total fibers, per subject)
is higher in COPD patients (mean 8.0+2.1 %) than in age-matched controls (mean

1.5+0.42%). Bars denote means for each group
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Figure 5: The concentration of oxidatively damaged guanosine base (SOHdG)

does not correlate with age in COPD patients.
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Figure 6: Weak correlation (r = 0.29) between Fat Free Mass Index and

concentration of oxidatively damaged guanosine base (§OHdG) in patients with

COPD.
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Figure 7: Correlations between concentration of oxidatively damaged guanosine

base (80HAG) and percent predicted values of FEV, (panel A) and FEV,/FVC

(panel B) in patients with COPD.
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DISCUSSION
Several studies have implicated high levels of systemic ROS in the pathogenesis

of COPD co-morbidities, including skeletal muscle dysfunction. Although
previous studies have reported increased levels of ROS-modified proteins and
lipids (12, 85, 98), oxidatively damaged DNA has not been previously investigated
in COPD skeletal muscle. The purpose of this study was to determine if the
previous reports of elevated oxidative stress in COPD skeletal muscle has affected
DNA integrity. Furthermore, we aimed to examine any relationship between
mtDNA integrity and ETC dysfunction that may contribute to the abnormal

muscle phenotype observed in COPD patients.

ROS-dependent DNA damage can be measured using a competitive ELISA assay,
that detects a common DNA oxidation product 8OHdG. This technique was
applied to skeletal muscle tissue from COPD patients and age-matched controls.
Significantly higher levels of oxidized DNA, 8OHdG, were observed in the COPD
patients (Figure 1). Given the much higher levels of nDNA relative to mtDNA
within myofibers this finding likely represents oxidatively damaged nDNA in

COPD patients.

Extensive studies have demonstrated age-related increases in oxidative stress and
concentrations of oxidized cellular components(25-27). However, given the

difference in oxidized DNA levels between the COPD group and the age-matched
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controls (Figure 1) and lack of correlation between oxidized DNA and age (Figure

6), we are likely measuring the COPD-dependent increases in oxidative damage.

Complex repair mechanisms exist to maintain structural integrity of nDNA,
thereby reducing the frequency of mutations. However, these mechanisms are
limited in mtDNA and therefore, ROS-dependent mutations occur more frequently
(18). Specifically, Yakes and colleagues have suggested that mtDNA is about 30-

fold more sensitive to exogenous oxidants than nuclear DNA(28).

Mutations in mtDNA, in the form of deletions, can be detected by long range PCR
and gel electrophoresis. Our analyses revealed a significantly higher prevalence of
mtDNA deletions in COPD patients, 72% than in control subjects 16% (Figure 2).
The evidence of DNA damage and the presence of mtDNA deletions support the
concept that chronic oxidative stress, that is intrinsic to COPD, damages
intracellular components, including nuclear and mitochondrial genomes within
skeletal muscle.

Furthermore, we found that COPD patients with evidence of mtDNA deletions
have significantly higher levels of oxidized DNA than patients with intact mtDNA
(Figure 3), supporting the idea that ROS may be important in driving the

development of both nDNA oxidative damage and mtDNA mutations.

The presence and accumulation of mtDNA mutations is known to disrupt
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transcription of the genes encoding the respiratory chain subunits and may lead to
abnormal electron transport chain (ETC) activity (29). Respiratory chain
dysfunction, in the form of complex IV deficiency (cytochrome oxidase ¢, COX)
activity, was detected using a histochemical assay, as used previously in the
context of aging (30) and mtDNA disease patients (31). Significantly higher
prevalence of the blue, COX-deficient fibers (Figure 4) was detected in COPD
patients (8%) than in the control subjects (1.5%). This finding provides evidence
to link prolonged oxidative stress and mtDNA deletions to ETC alterations in

COPD skeletal muscle.

Whilst mtDNA damage may lead to respiratory chain dysfunction or muscle
abnormalities, the presence of COX-negative fibers alone does not definitively
prove that mtDNA damage is the underlying cause of the phenotypic observation.
Specifically, since each mitochondrion contains multiple copies of mtDNA, the
phenotypic presentation of a mitochondrial genetic defect depends on the ratio
between mutated mtDNA and preserved, wild-type mtDNA. As such, respiratory
chain abnormalities occur only when a threshold level of mutated mtDNA is

breached.

In addition, the relationship between COX-deficiency and whole muscle
dysfunction is also ambiguous. For example, patients with inherited mtDNA
mutations experience exercise intolerance and muscle weakness, but such patients

represent an extreme involvement of mtDNA (32) that may not apply to COPD
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patients. Understandably, COX-deficient myofibers reported in these patients, are

much more prevalent than the 8% observed in this study (33, 34).

As such, the clinical relevance of the 8% COX-deficiency we measured in the
COPD patients is unclear. While the 1.5% COX-deficiency in the control group is
consistent with previous reports of 1-2% deficiency in healthy adults over the age

of 65 y (33).
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CONCLUSIONS
Overall, although the findings of this study support the existence of ROS-mediated

ETC dysfunction in COPD skeletal muscle, the prevalence of COX-deficient
myofibers is relatively low. As such, we did not find any relationship between
oxidatively damaged DNA and severity of lung obstruction (Figure 8) or muscle
loss (Figure 7). Therefore, it is unlikely that the observed ROS-dependent mtDNA
mutations and ETC abnormalities are paramount in the development of the muscle
alterations and bioenergetics defects reported in COPD patients (3). However, our
findings of DNA damage do suggest that mtDNA and ETC complexes are
probable targets of chronically elevated systemic ROS in COPD. Furthermore,
since COX-deficiency and mtDNA damage are reported to increase with normal
aging (99), the higher levels observed in the COPD patients could represent an
exacerbation of normal age-related oxidative stress, and thus, represent useful
biomarkers of muscle involvement. Furthermore, it seems reasonable to postulate
that this accelerated rate of mtDNA damage and thus, mitochondrial dysfunction,
in COPD could eventually reach clinically relevant thresholds and become an

important contributor to muscle dysfunction as COPD patients age.
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