THE ROLE OF APOPTOSIS AND NECROSIS IN AGE-DEPENDENT
ENZYMATIC MITOCHONDRIAL ABNORMALITIES IN INDIVIDUAL
SKELETAL MUSCLE FIBERS

by

Nashwa J. Cheema

A thesis submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
in

Physiology, Cell and Developmental Biology

Department of Biological Sciences
UNIVERSITY OF ALBERTA

© Nashwa J. Cheema, 2017



THE ROLE OF APOPTOSIS AND NECROSIS IN AGE-DEPENDENT ENZYMATIC MITOCHONDRIAL
ABNORMALITIES IN INDIVIDUAL SKELETAL MUSCLE FIBERS

Nashwa J. Cheema
Under the supervision of Associate Professor Deborah McKenzie
At the University of Alberta - Edmonton
I. ABSTRACT
Aging is associated with the functional decline of cells, tissues and organs affecting the lifespan
of all organisms. Age-associated changes to the skeletal muscle such as decline in muscle mass
and function is termed as sarcopenia. Sarcopenia results from fiber atrophy and loss of
myofibers. We have previously characterized sarcopenia in Fischer Brown Norway (FBN) rats,
documenting age-dependent declines in muscle mass and fiber number in quadriceps muscles.
The sarcopenic changes in the muscle is concomitant with increased abundance of
mitochondrial DNA deletion mutations and electron transport chain abnormalities. We have
previously established the physiological impact of mtDNA deletions in aged fibers in rats,
monkeys and humans. mtDNA deletions accumulate in aged myofibers via mitochondrial
biogenesis to a level of 95-98% of mitochondrial genomes in the cell. The deletions in the
mitochondrial genome span the major arc region of the genome and are 2-10 kbp in length
which results in the disruption of protein complexes in the electron transport chain (ETC).
Fibers with an abnormal ETC, do not have a functional complex IV, cytochrome c oxidase (COX)
and have a hyperactive complex I, succinate dehydrogenase (SDH). ETC abnormal fibers are
more prone to intra-fiber atrophy and fiber breakage suggesting that they may play a significant

role in fiber loss through unknown molecular pathways.
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In this study, we used immunohistological and histochemical approaches to define cell death
pathways involved in sarcopenia. Activation of muscle cell death pathways was age-dependent
with most apoptotic and necrotic muscle fibers exhibiting electron transport chain
abnormalities. Although activation of apoptosis was a prominent feature of electron transport
abnormal muscle fibers, necrosis was predominant in atrophic and broken ETC abnormal fibers.
These data suggest that mitochondrial dysfunction is a major contributor to the activation of
cell death processes in aged muscle fibers. The link between electron transport chain
abnormalities, apoptosis, fiber atrophy and necrosis supports the hypothesis that mitochondrial
DNA deletion mutations are causal in myofiber loss. To test the causal relationship of ETC
abnormal fibers in myofiber loss in aged tissue, we pharmacologically induced ETC abnormal
fibers via latent mtDNA deletion accumulation. We observed a 1,200% increase in electron
transport chain abnormal muscle fibers, an 18% decrease in muscle fiber number, 22% loss of
muscle mass, increased deposition of fibrosis and increased abundance of apoptotic myofibers.
These studies suggest a progression of events beginning with the generation and accumulation
of a mtDNA deletion mutation, the concomitant development of ETC abnormalities, a
subsequent triggering of apoptotic and, ultimately, necrotic events resulting in muscle fiber
atrophy, breakage and fiber loss. These data affirm the hypothesized role for mitochondrial

dysfunction in the etiology of muscle fiber loss at old age.
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Chapter 1: Introduction
Aging
Aging can be defined as the accumulation of change over the lifespan of an organism. The aging
process entails the progressive decline in functional capacity of cells and increases the risk of
mortality. Aging negatively impacts organelle, cellular and tissue function and is associated with
a decline in physical, psychological and cognitive function (Passarino et al., 2007). Phenotypes
of aging commonly observed are alopecia, kyphosis, hearing loss, cataracts, immune

dysfunction, neoplasia, neurodegeneration, osteoporosis and sarcopenia.

Aging and age-associated diseases are among the greatest challenges and financial burdens
faced by developed countries (Christensen et al., 2009). In Canada, the aging population is
increasing as the “baby boom” cohort of 1945-1965 turn 65. In 2015, 16.1 % (5.8 million) of the
Canadian population was >65 years old. By 2024, it is projected that this will increase to 20% of
the population (Statistics Canada, 2015). Currently, the senior population consumes 45% of the
total government health expenditure. In 2012, 60 billion dollars were spent on government
health care for >65 years old (National Health Expenditure Trends, 2014). This cost will

exponentially increase as elderly individuals continue to increase in number.

The rapid increase in life expectancy has been one of the greatest achievements of human
history. In the 1900s, a Canadian’s average life span was 60 years. Due to the advances in
medical practices, life expectancy in 2010 was 81 years (Statistics Canada, 2012). As we live
longer, the leading causes of death have shifted from infectious, parasitic and acute conditions

to chronic disease. Age is one of the strongest risk factors for chronic diseases such as



cardiovascular disease, cancer, diabetes, hypertension, atherosclerosis, osteoarthritis and
neurodegenerative disorders (Rocca et al., 2014; Christensen et al., 2009). The prevalence of
dementia is very low at young ages, however, after 65 years, it doubles every 5 years. By 85
years, the prevalence of dementia in the elderly population is 30% (WHO, 2011). Cardiovascular
diseases and cancer increase in incidence between the ages of 40 and 80 years (Driver, 2008).
Similarly, the elderly population have increased prevalence of age-related macular
degeneration, AMD, the leading cause for vision loss with age (Akpek and Smith, 2013) and
nephrosclerosis, an age-related kidney disease (Rule et al., 2010) which is often co-diagnosed
with hypertension and diabetes. A new dilemma in geriatrics is the diagnosis of co-morbidities
occurring at higher rates in the elderly. In U.S, approximately 80% of patients older than 65 had
2 or more morbidities (Rocca et al., 2014). As the elderly population increases in future years,
age-related disease and multi-morbidities pose a huge burden to the public health and financial

system.

Theories of Aging

Aging is a complex process and affects several molecular, cellular and organellar systems. A
number of theories have been proposed to understand the biological mechanisms underlying
the aging process. The theories can be divided into two categories: (i) programmed aging and
(ii) stochastic events resulting in accumulation of damage. The proposed theories are not
mutually exclusive as there is cross-talk between programmed and accumulation of damage

theories.



The programmed longevity theory states that the aging process is dictated by genetic
components such as changes in gene expression of systems responsible for maintenance, repair
and defense. Programmed aging was initially theorized by August Weismann in his evolutionary
theory of aging where he states that death is a mechanism designed by natural selection to
eliminate the old members of a population, therefore, allowing the younger generation free
access to resources (Weismann, 1889). This theory was later expanded by Medawar (Medawar,
1952), stating that aging is a by-product of natural selection. Genes are selected for
reproductive success and any beneficial/deleterious mutations that occur in later stages of life
after the reproductive period are not selected and, therefore, accumulate. In 1957, George
Williams stated that natural selection was biased towards the young. He hypothesized the
antagonistic pleiotropy theory of aging where certain genes have pleiotropic effects. These
genes are advantageous in development and early stages of life and ensure for successful
reproduction, however, in later stages, the same genes become deleterious to the organism
(Williams, 1957). Many debilitating genetic diseases should have been selected against by
nature, however, due to antagonistic pleiotropy these genetic disorders exist e.g. the HTT allele
for Huntington's Diseases (HD). Patients with HD, a neurological disorder which manifests after
puberty, have increased fecundity and a reduced risk to cancer due to the increased activity of

a tumor suppressor gene, p53 (Carter and Nguyen, 2011).

A number of theories have incorporated genetic programming e.g. the endocrine, Hayflick limit
and DNA methylation theories. The endocrine theory postulates that aging mechanisms are

dictated by a biological clock in the brain. The endocrine glands in the body secrete hormones



and neurotransmitters, which decline with increasing age (Everitt, 1980). In support of the
endocrine theory, alterations to the hormonal signalling pathway have been associated with
longevity studies in worms and flies (reviewed in van Heemst, 2010). To explain programmed
aging at a biological level, Weismann proposed the theory of cell division limit; somatic cells
have limited capacity to divide. Following the discovery that mammalian cells divide
approximately 50 times and then undergo senescence, this theory is now known as the Hayflick
limit theory of aging (Hayflick and Moorhead, 1961). Senescent cells cannot proliferate but
remain metabolically active by releasing pro-inflammatory cytokines, growth factors, proteases
and chemokines (Campisi, 2013). Cellular senescence may also be considered an example of
antagonistic pleiotropic mechanism, as in early stages of life, senescent growth arrest
suppresses the development of cancer, but later in life, the pro-inflammatory secretome from
senescent cells contributes to the development of cancer (reviewed in Campisi, 2013). Craig
Cooney hypothesized that cellular functional decline in senescence is the result of the
accumulation of incomplete methylation of DNA upon cell division (Cooney, 1993). In support
of this DNA methylation theory, a global decline in DNA methylation is observed with increasing
age (Mugatroyd et al., 2010), however, hyper-methylation may play a role in the aging process
as age-associated increase in methylation was observed in a genetic loci regulating cell

proliferation (Koch et al., 2011).

Damage accumulation theories state that random events from the environment result in
accumulation of damage and decline in cellular and biological functions. A traditional theory of

aging is the wear and tear theory proposed by August Weismann (Weismann, 1889). This



theory states that, over time, cell and tissues in an organism wear out due to repeated use
similar to the mechanical use of an inanimate object. Organs are considered analogous to parts
of an automobile where the accumulation of damage resulting from abuse results in decline in
function. Weismann proposed that somatic cells play an integral role as they succumb to

environmental damage and are unable to proliferate as the organism ages.

Many theories have focused on damage induced by wear and tear e.g. DNA mutation
accumulation (Franceschi, 1989), disposable soma (Kirkwood, 1993) and oxidative damage
(Harman, 1972). The somatic mutation theory, initially proposed by Failla (Failla, 1958), states
that cellular function declines with age due to the accumulation of DNA mutations in somatic
cells. In support of this theory, age-dependent increases in nuclear mutations have been
reported in tissues such as lung, blood, stomach and thyroid (Yadev et al., 2016). This theory is
further supported by transgenic mouse models where short-lived strains have higher
mutational burden and long-lived strains have a lower mutational burden (reviewed in Kennedy
et al., 2013). Another classical theory is the disposable soma theory involves a cross-talk
between the evolutionary and damage accumulation theories. This theory was proposed by
Thomas Kirkwood in 1977 and hypothesizes that organisms have a limited amount of energy
that is allocated between cellular maintenance and reproduction (Kirkwood, 1993). As energy
levels are budgeted, repair and maintenance processes are compromised and result in
accumulation of damage in the absence of external environmental hazards (i.e. predators,
accidents, pathogens). The theory predicts that there is a trade-off between survival and

reproduction of organisms. In 1993, Steven Austad tested this theory in two distinct



populations of opossums (Austad, 1993). The population with the least predation rate had the
least pups per litter and longer lifespan than the mainland group with the higher predation
rate, therefore, with shorter lifespans. However, these opossums had the most pups per litter.
This study suggests that in the mainland possumes, biological mechanisms exist to ensure the

survival of the species.

The Mitochondrial Free Radical Theory of Aging

The free radical theory of aging was proposed by Harman and postulates that aging results from
a gradual accumulation of mitochondrial damage from mutagenic oxygen radicals and reactive
oxygen species (ROS) which are by-products of metabolism (Harman, 1972). Oxygen radicals
have been shown to damage nuclear (Fano et al., 2001) and mitochondrial DNA (Linnane et al.,
1998) as well as induce lipid peroxidation (Pansarasa et al., 2000) and protein carbonylation
(Rousset et al., 2004). In support of this theory, increase in ROS production has been detected
in multiple tissues with increasing age (Donato et al., 2007; Moon et al., 2001; Chen et al.,

2001).

The free radical theory was later modified to the oxidative stress theory, stating that with age
there is a decline in antioxidant defense and that ROS are not eliminated efficiently (Sies et al.,
1985). However, the role of ROS in aging has been questioned due to studies in transgenic mice
expressing antioxidant enzymes; altering the expression of antioxidant enzymes had no effect

on the life span (Perez et al., 2009). These studies suggest that increasing the rate of ROS



elimination does not affect longevity. However, the rate of production of ROS seems to be
more relevant to longevity than the rate of ROS elimination. Species with a longer life span
have a slower rate of ROS production than short-lived organisms. The rate of superoxide
production is lower in brain homogenates from humans than rodents that have a lifespan of 2-3

years (Kudin et al., 2004).

ROS, besides its toxic effects, also play an important role in regulating cellular functions and are
essential for cell survival. ROS signalling is mediated through altering catalytic activities of
proteins. Activities of specific proteins are regulated by redox, reduction and oxidation,
reactions of cysteinyl thiols. Deprotonated cysteine residues act as redox-sensitive switches
that modulate the activity of the protein by either oxidation via hydrogen peroxide or reduction
by thioredoxin or glutathione systems (Brandes et al., 2009). An alternate notion to the
oxidative stress, is the redox stress theory of aging which postulates that the age-dependent
increase in ROS production shifts the cell's redox state to pro-oxidizing. This results in increased
oxidation of cysteines of redox-sensitive proteins and a decline in reduction potential,

ultimately disrupting the redox signalling pathways (Sohal and Orr, 2012).

Reactive oxygen species are produced in cellular sites such as microsomes, peroxisomes or at
membrane-bound NADPH-oxidases (Boveris et al., 1972). The site of ROS production most
critical to longevity is, however, the inner mitochondrial membrane. Median and maximal life
span was extended in transgenic mice overexpressing catalase targeted to the mitochondria
(Schriner et al., 2005). The free radical theory became known as the mitochondrial theory

following the discovery that majority of the ROS were produced in the mitochondria at complex
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| (Herrero and Barja, 1998) and complex Il (Muller et al., 2004). The mitochondrial theory of
aging states that there is an age-dependent increase in mitochondrial dysfunction which results
in a decline in energy levels and increase in cell death. The theory focuses on the susceptibility
of mitochondrial damage as the mtDNA lacks histones, an efficient DNA repair system and has
increased proximity to ROS. A vicious cycle of events is proposed where ROS induces genetic
alterations and protein defects to the subunits in the electron transport chain (ETC) resulting in

enhanced ROS production from faulty complexes in the ETC (reviewed in Johnston et al., 2008).

There is an age-related increase in ROS levels which correlates with increase in mtDNA damage
(Gianni et al., 2004). A measure of oxidative damage to the DNA is performed by analyzing the
levels of 8-ox0-7,8-dihydro-2’deoxyguanosine (8-OH-dG) and it was found that levels of mtDNA
damage negatively correlated with longevity (Kudin et al., 2008). The oxidative damage in heart
and brain mtDNA was determined in 8 mammalian species which greatly differed in longevity,
i.e. mouse, rat, guinea pig, rabbit, sheep, pig, cow and horse. The least amount of oxidative
damage was observed in the horse species that have a maximum lifespan of 46 years whereas
mice that live up to 3.5 years had a fourfold increase in mtDNA damage in heart (Barja and

Herrero, 2000).

Cellular Death Mechanisms in Aging

Age-dependent loss of of myofibers in skeletal muscle have been observed in rats (Bua et al.,

2008), monkeys (McKiernan et al., 2009) and humans (Lexell et al., 1988; Lexell et al. 1986).



Similarly in aged heart, 35% decline in cardiac myocytes was detected between the ventricles of
young and elderly individuals (Olivetti et al., 1991). In 24 month old male Fischer 344 rats, both
apoptosis and necrosis occur with increasing age in the left ventricular wall (Kajstura et al.,
1996). Along with heart, upregulation of apoptosis in an age-dependent manner has been
suggested in a variety of tissues e.g. kidney (Lee et al., 2004), stomach (Tarnawski et al., 2014)
and skeletal muscle (Alway et al., 2011). These studies suggest that age-related decline in organ

function might be attributed to increase in cell death mechanisms.

Necrosis and apoptosis are the primary cell death pathways. Necrosis is initiated upon physical
and chemical injuries e.g. membrane damage, toxin exposure and cellular energy depletion.
Distinct morphological changes associated with necrosis is the swelling of the cell, loss of
membrane integrity, organelle swelling and extensive DNA damage (Henriquez et al., 2008).
The necrosis pathway results in the swelling of the cell due to changes in membrane ion
transport. Increase in cytosolic influx of Ca?*and Na* and the disruption of K and CI- efflux
results in cell swelling and membrane disruption (Henriquez et al., 2008). Rupturing of the cell
results in the release of intracellular cytoplasmic contents into the extracellular space. This
triggers the infiltration of immune cells into the necrotic site (Kharraz et al., 2013). Eventually

the surrounding area becomes inflamed (Scaffidi et al., 2002) (Figure 1.1).

Necrotic cell death has been implicated in age-related cardiovascular diseases and
neurodegenerative disorders (Syntichaki et al., 2002; Tavernarakis, 2007; Artal-Sanz and
Tavernarakis, 2005). Elderly are more susceptible to cardiovascular diseases such as coronary

heart disease, heart failure and stroke. In stroke, necrotic cell death of cardiomyocytes is a



major contributor (Tavernarakis, 2007). In neurodegenerative disorders such as Alzheimer’s,
Huntington’s and Parkinson's, necrotic cell death contributes to disease progression (reviewed
in Artal-Sanz and Tavernarakis, 2005). The inflammatory response triggered by necrosis, may
also damage normal tissue. The combinative effect of leakage of reactive oxygen species (ROS)
from necrotic cells and the activation of macrophages contribute to increased oxidative stress
(Rock and Kone, 2008). This can further exacerbate the aging process by triggering ROS induced
cellular death. Exogenously produced ROS affects cellular death mechanisms by oxidatively
damaging proteins, lipids and DNA. Necrotic cell death was induced in the presence of very high
levels of exogenous ROS (Panieri et al., 2013). The cytotoxic effect observed in cells was due to
extensive DNA damage, energy depletion and the activation of a Serine/Threonine kinase, RIP1,

which is a key mediator of caspase-independent necrosis.

Apoptosis is a programmed cell death pathway where the cell undergoes distinctive molecular,
biochemical and morphological changes. The apoptotic cell shrinks and the nucleus and
chromatin condense. Fragmentation of the chromatin precedes membrane blebbing and
budding of the cell into “apoptotic bodies” which are engulfed by macrophages via
phagocytosis. The molecular mechanism of apoptosis involves activation of cysteine proteases
known as caspases. Caspases are zymogens, activated by proteolytic cleavage under
appropriate conditions. Initiator caspases, e.g. caspase 9, cleave downstream caspases known
as effectors, e.g. caspase 3. Effector caspases cleave cytoskeleton proteins and indirectly
activate DNA cleaving enzymes. Apoptosis can be triggered in a cell by either external or

internal stimuli. Mitochondria have an important role in the intrinsic pathway of apoptosis,
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however, there is significant crosstalk between the two distinct pathways. Once a cell death
stimulus is received, proteins belonging to the Bcl-2 family translocate to the mitochondria and
initiate outer mitochondrial membrane permeabilisation. Translocation of cytochrome ¢ from
the mitochondria to the cytosol activates the apoptotic machinery by the cleavage of
procaspase 9 (Johnson and Jarvis, 2004).The caspase cascade is initiated resulting in DNA
fragmentation and apoptotic cell death. Mitochondria release other pro-apoptotic proteins
such as Smac/ Diablo, endonuclease g (Endo G) and apoptosis inducing factor (AIF). In the
extrinsic pathway, transmembrane death receptors bind to a death ligand. This triggers the
binding of caspase 8 to the death domain. Activated caspase 8 can activate caspase 3 and
induce apoptotic cell death independent of mitochondria. However, caspase 8 can also cleave a
pro-apoptotic Bcl-2 family member, Bid. Truncated Bid (tBid) can interact with Bax, a Bcl-2
family member that permeabilises the mitochondrial membrane (Grinberg et al., 2005)

initiating the mitochondrial pathway (Figure 1.2).

Sarcopenia

Sarcopenia is defined as the age-related decline in skeletal muscle mass, quality and function
(Rosenberg, 1997). The word is derived from the Greek language where Sarco- means flesh and
penia- means poverty. Sarcopenia is a ubiquitous hallmark of aging. It has been observed in
nematodes (Herndon et al., 2002), flies (reviewed in Demontis et al., 2013), rats (Bua et al.,
2008), monkeys (McKiernan et al., 2009) and humans (Lexell et al., 1988; Lexell et al. 1986:

Klein et al., 2003; Lee et al., 2006). The prevalence of sarcopenia in humans, was determined to
11



be greater than 50% after the age of 80 years (Baumgartner et al., 1998). Thus, muscle wasting
is an important aspect of aging as it is highly prevalent in old animals and highly conserved in a

wide range of organisms.

The decline in muscle mass is accompanied by a loss in muscle cross-sectional area. In
measurements of human cadaver samples, there was a 40% decline in cross-sectional area from
whole muscle by 80 years of age (Lexell et al., 1988). Studies employing different assays in vivo,
i.e. ultrasound and computed tomographic scanning, observed similar average reductions.
Ultrasonographic imaging detected a 25% reduction in quadriceps CSA from elderly men (Young
et al., 1985). Similarly, computed tomographic scanning showed that quadriceps muscles from
elderly men had a 26% decline in muscle area (Overend et a., 1992), 36% and 35% reduction of

muscle area in bicep brachii and gastrocnemius muscle (Rice et al., 1989).

Accompanying the loss in muscle mass and cross-sectional area, there is age-related increase in
fat and connective tissue in muscle which contributes to decline in muscle quality. Non-muscle
tissue was found to increase 27% in bicep brachii, 81% in gastrocnemius muscle of elderly men
(Rice et al., 1989), 66% in quadricep muscles and 127% in hamstrings of men (Overend et al,,
1992). Age-dependent fatty infiltration in muscle is due to lipid accumulation within myofibers
and increase in adipocyte deposition (reviewed in Hamrick et al., 2016). Additionally, muscle
quality is further compromised by an increase in fibrotic tissue which increases the stiffness of
muscle (Wood et al., 1985). This increase in non-muscle tissues contributes to the age-related

loss in muscle function.
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The relationship of sarcopenia and disability was established in a longitudinal study which
examined body composition and self-reported disability in 68-78 year old men and women. A
decline in skeletal muscle mass was associated with a 2.5 increased risk of disability (Fantin et
al., 2007). The elderly exhibit a 2-3 fold increase in functional disability (Baumgartner et al.,
1998) and the prevalence of mobility impairments is as high as 80-90% (Newman et al., 2003).
The major consequences of increased disabilities in the elderly are falls, injuries and fractures
(Baumgartner et al., 1998; Szulc et al., 2005) and increases the need of personal assistance
(Janssen et al., 2002). Furthermore, sarcopenia increases mortality risk. Loss of muscle mass in
elderly was associated with a 14% mortality rate (Szulc et al., 2010). Similar findings were found

in 65 years and older with a poor grip strength (Metter et al., 2002).

Fiber Loss in Sarcopenia

The decline in muscle mass is due to a decrease in fiber number and an increase in fiber
atrophy (Wanagat et al., 2001; Lexell et al., 1988; Klein et al., 2003; McKiernan et al., 2009). In
humans, the average decline in fiber number from quadriceps biopsies was 40% between 20 to
80 years (Lexell et al., 1988) and it was estimated that humans lose ~25 muscle fibers per day at
age 80 (Lexell et al., 1986). Muscles from aged humans have smaller fiber cross sectional area
compared to 20 year olds (Klein et al., 2003). Similar observations have been made in rhesus
monkeys and FBN rats. In a 12 year longitudinal study, the decline in muscle mass and increase
in fiber atrophy has been observed in old rhesus monkeys (McKiernan et al., 2009). The oldest

monkey in the study exhibited a 44% decline in muscle mass and a 20% decline in fiber CSA
13



over the course of 6 years. In 33-months old FBN rats, significant decline in muscle mass is
observed in three of the quadriceps muscles, rectus femoris, vastus lateralis and vastus
medialis. By 36 months, fiber number declined by 46%, 31%, and 32% in rectus femoris, vastus
lateralis, and vastus medialis. Along with decline in muscle mass and fiber number, there was
an age-dependent decline in muscle cross sectional areas and fiber size. By 36 months, fiber

CSA in RF and VL muscle declined by 40% (Bua et al., 2008).

Additionally, there are muscle groups that do not exhibit significant changes in muscle mass
and fiber number (Alnageeb and Goldspink, 1987; Holloszy et al., 1991; Bua et al., 2002). The
muscles susceptibility to sarcopenia is attributed to differences in fiber type composition.
Muscles have been characterized based on color and contraction speed. There are two primary
types of muscle fibers, type | and type Il (reviewed in Schiaffino and Reggiani, 2011). Type |
fibers are smaller, appear red in color and have very slow contraction speeds. They have very
high oxidative capacity with higher levels of oxidative enzymes, myoglobin content,
mitochondria and increased resistance to fatigue. A lower ATPase level result in slower
contraction times and minimum force production. Type |l fibers have a larger cross sectional
area, appear white in color and have very fast contraction speeds. They rely on a glycolytic
metabolism, therefore, type Il fibers fatigue faster. Due to these characteristics, type | fibers are
also known as “slow twitch oxidative” fibers whereas type Il are known as “fast twitch” fibers.
Fast twitch fibers can be further characterised into type lla, fast oxidative glycolytic, and llb, fast
glycolytic fibers. Type lla fibers have a higher oxidative capacity, increased resistance to fatigue

and are less glycolytic than type llb fibers. Type lla fiber are primarily needed in exercises such
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as running and heavy weight training whereas type Ilb fibers are suited for short bursts of
power e.g. sprinting. Type 1 fibers are used for slower activities e.g. walking and cycling

(reviewed in Schiaffino and Reggiani, 2011).

Muscles contain a mixture of both fast and slow fiber types and depending on the activity, can
be enriched in type | or type Il fibers. Slow muscles are composed of type | fibers and can
endure longer muscle contractions. Fast muscles are predominantly type Il and produce short
bursts of force but have a shorter endurance. Muscle atrophy in aged tissue is most evident in
fast muscles whereas type I-enriched muscles are sarcopenia-resistant. Significant decline in
muscle mass in aged rats was observed in two different fast muscles, rectus femoris (Wanagat
et al., 2001) and vastus lateralis (Bua et al., 2008; McKiernan et al., 2004) whereas there is
minimal loss observed in slow muscles e.g. adductor longus (Holloszy et al., 1991) and extensor
digitorum longus (Alnageeb and Goldspink, 1987). Additionally, type Il muscle fibers are
predominantly lost in elderly (Lee et al., 2006), have higher levels of oxidative stress (Siu et al.,
2008), increased susceptibility to apoptosis (Pistilli et al., 2006) and are more prone to atrophy
(Lee et al., 2006) than type | fibers. Mitochondrial abnormalities are abundant in fast muscles
(Bua et al., 2002) and occur primarily in type Il fibers (Wanagat et al., 2001). Moreover,
apoptosis is activated in predominantly fast muscles of aged rodents (reviewed in Alway et al.,

2011) suggesting a role for apoptosis in muscles that exhibit atrophy and fiber loss.
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Mechanisms of Sarcopenia

Sarcopenia is a complex process and many factors contribute to its aetiology. Hormonal
changes (Visser et al., 2003), alteration in muscle architecture (Hamrick et al., 2016),
mitochondrial dysfunction are a few of the proposed contributing factors. Other factors that
might play a role in sarcopenia are decline in physical activity (Baumgartner et al., 1998),
vitamin D deficiency (Visser et al., 2003), decline in muscle regeneration (reviewed in Jones and
Rando, 2011), satellite cell dysfunction (Gallegly et al., 2004), muscle fiber denervation (Jang et

al., 2010), and loss of motor unit number (Roos et al., 1997).

Hormonal imbalance is prominent in the elderly and is thought to be an important factor of
sarcopenia. Declining levels of growth hormone (GH), insulin, estrogen, testosterone and other
steroid factors result in a lower anabolic potential. The age-related decline in estrogen and
testosterone is associated with loss of muscle mass and bone density. This decline predisposes
the elderly to fractures and further health complications. Testosterone regulates the levels of
myostatin, a protein that negatively regulates muscle cell differentiation and proliferation. Aged
muscle have increased levels of myostatin which is suppressed upon testosterone
supplementation. In mice, it was determined that testosterone treatment suppressed age-
specific increases in oxidative stress, myostatin levels and prevented muscle mass decline in
aged muscles (Kovacheva et al., 2010). Lower levels of circulating growth hormone, IGF-1, is
concomitant with declining muscle strength (Cappola et al., 2001). In 70 year old women, low
levels of IGF was associated with poor knee extensor strength, a slower gait and difficulty in

mobility (Cappola et al., 2001). Both GH and IGF-1 have important anabolic effects on skeletal

16



muscle tissue. IGF1 stimulates muscle cell proliferation and differentiation, facilitates muscle

protein synthesis, and inhibits muscle atrophy (reviewed in Woodhouse et al., 2006).

Senescent cells, which release inflammatory cytokines, also secrete proteases which cleave
ligands on their cell surface and ligand receptors on natural killer cells (Campisi, 2013). Along
with the age-dependent decline in immune function, this results in senescent cell accumulation
and increase in circulating inflammatory cytokines. In the elderly, increases in pro-
inflammatory cytokines such as interleukin-6 and tumor necrosis factor (TNF-alpha) trigger
muscle mass loss and decline in muscle strength (Schaap et al., 2009). In transgenic mice
deficient for IL-10, an anti-inflammatory cytokine, mice had increased levels of IL-6 and
exhibited acceleration in muscle wasting and weakness as observed in sarcopenia (Walston et
al., 2008). These cytokines have a catabolic effect as they can inhibit protein synthesis and
increase proteolytic pathways, resulting in the decline in muscle mass and function. TNF-alpha
can trigger myofibrillar protein degradation via the ubiquitin-proteasome pathway, inhibit
protein synthesis by inactivating eukaryotic initiation factors, elF, and regulate expression of
additional cytokines (Zoico et al., 2002). Additionally, TNF alpha can induce apoptotic cell death

in skeletal muscle and contribute to fiber loss (Pistilli et al., 2006).

Animal Models of Sarcopenia

Aging research has focused on several rodent strains including Wistar (Roth et al., 1993),

Sprague-Dawley (Cohen et al., 1978), Brown Norway (Cohen et al., 1978) and Fischer 344 rats
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(Masoro, 1990). F344 rats have been used as a model system for studying mammalian aging
due to their mild temperament and high fertility rate. Male F344 rats have a median life span of
24 months with a maximum life span of 30 months (Holmes, 2003). The strain, however, is
prone to extreme nephropathy, renal failure and high rates of Leydig cell adenoma (Weindruch
and Masoro, 1991). Old F344 rats also do not show significant decline in muscle mass or
function indicating that a rat strain with a longer life span is required to understand muscle
atrophy (Rice et al., 2005). Brown Norway (BN) rats have a longer life span of 29 months
(Holmes, 2004a). The pathologies present in the F344 are absent in BN rats and in the
outcrossed hybrid strain, Fischer 344 x Brown Norway (FBN). FBN rats have lower lesion
incidences in their tissues than the parental strains and a longer mean life span of 31 months
with a maximum of 42 months (Holmes, 2004b). Thus, the FBN rat, a model with increased
longevity and lower rate of disease, is an excellent rodent strain to study age-related effects in
the muscle. FBN rats exhibit an age-dependent decline in muscle mass (Bua et al., 2008) and

function (Olfert et al., 2004).

The Mitochondria

Mitochondria are double-membrane organelles present in eukaryotic cells. The engulfment of
an alpha proteobacterium two billion years ago by a precursor eukaryotic cell evolved into the
modern mitochondria (Lane and Martin, 2010). During evolution, most of the ancestral
proteobacterium genome was transferred to the eukaryotic cell’s nuclear genome (Gabaldon

and Huynen, 2004) leaving behind a smaller mitochondrial genome. The mammalian
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mitochondrial genome is circular and comprised of approximately 16,000 bp encoding 37
genes, 13 of which encode for core subunits of the mitochondrial electron transport chain, ETC
(Anderson et al., 1981). The ETC contains respiratory complexes | - IV present in the inner
mitochondrial membrane and is the site of oxidative phosphorylation and ATP production
(Figure 1.3). Intermediates from the Krebs cycle donate electrons to the ETC. The transfer of
electrons to the ETC respiratory complexes coupled with the transfer of protons to the
mitochondrial intermembrane space generates an electrochemical gradient. The proton
gradient is utilised by ATP synthase, complex V, to generate adenosine triphosphate (ATP).
Most of the cell’s ATP is generated in the mitochondria. The glycolytic pathway in the cell
produces 2 molecules of ATP per glucose molecule metabolised whereas the mitochondria can

generate up to 30 molecules of ATP (Rich, 2003).

There are approximately 1,000 mitochondrial proteins (Forner et al., 2006). The mitochondrial
proteome is primarily nuclear-encoded (Gabaldon and Huynen, 2004). Cytosolic ribosomes
translate nuclear-encoded mRNA to proteins which are then imported into the mitochondria by
outer and inner mitochondrial membrane translocase machinery (Neupert et al., 2007; Schmidt
et al., 2010). The complexes in the ETC are composed of several subunits. Complex IV,
Cytochrome c oxidase, consists of 13 subunits. The core of the complex, containing the three
largest subunits, is encoded by the mitochondrial genome. The remaining 10 subunits are
nuclear-encoded (Tsukihahra et al., 1996). Interestingly, succinate dehydrogenase (SDH),

complex Il of the ETC, is entirely encoded by the nuclear genome (Boore, 1999).
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Aside from the 13 polypeptides, mtDNA also encodes for 22 transfer RNA (tRNA) and 2
ribosomal RNA (rRNA) molecules. As in prokaryotes, mitochondrial transcription occurs from
the double-stranded mtDNA as a continuous polycistronic RNA molecule. Transcription and
replication of the mtDNA depend heavily upon nuclear-encoded factors. Enzymes that charge
tRNAs with the proper amino acid, aminoacyl tRNA synthases, are encoded by the nuclear
genome. Similarly, replication of the mitochondrial genome occurs by nuclear encoded DNA
polymerase (Polg), single-strand binding proteins (SSBP) (Taanman, 1999) and a helicase (Jemt

etal., 2011).

Aside from their role in ATP production, mitochondria have several other important functions
including intracellular calcium regulation (Khodorov et al., 1996), regulation of the membrane
potential (Saraste, 1999), steroid synthesis (Rossier, 2006), hormone signalling (McBride et al.,

2006) and apoptosis (Primeau et al., 2002).

Mitochondrial Dysfunction in Sarcopenia

Skeletal muscle is a metabolic tissue with high energy demands and is enriched with
mitochondria (D’Erchia et al., 2014). Studies suggest mitochondrial dysfunction as one of the
factors of sarcopenia as there are various age-related changes in the mitochondrial morphology

and function.

Swollen mitochondria and age-dependent fragmentation of mitochondria have been observed

in nematodes (Regmi et al., 2014), mice (Leduc-Gaudet et al., 2015), rats (Igbal et al., 2013) and
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humans (Beregi and Regius, 1987). Skeletal muscle biopsies from aged humans showed in
electron microscopy that mitochondria existed in an interconnected network and there was an
age dependent increase in swollen mitochondria with ultrastructural abnormalities (Beregi and
Regius, 1987). Recently, age-dependent alterations in mitochondrial morphology were detected
from skeletal muscle of old mice (Leduc-Gaudet et al., 2015). There are two distinct
subpopulations of mitochondria in the muscle. Subsarcolemmal mitochondria (SS) are located
under the sarcolemmal membrane of the muscle and intermyofibrillar mitochondria (IMF) are
located between myofibrils. In aged atrophied muscle, SS mitochondria are enlarged and less
circular compared to young muscle and IMF mitochondria are elongated and exhibit more
branching in their 3D spatial distribution. Abnormalities in mitochondrial structure have been
associated with impaired function. They produce lower ATP levels, have a lower membrane

potential and are susceptible to apoptosis (Chabi et al., 2008).

In skeletal muscle, age related decline is observed in mtDNA copy number, mitochondrial
protein expression, enzymatic activity and respiration rate in old humans (Herbert et al., 2015).
The correlation of decline in mtDNA and function has been observed in other tissues. There is
age related decline in mtDNA copy number in human pancreatic beta cells which results in
decline in cell function (Cree et al., 2008). Alterations in the ETC result in an increase in reactive
oxygen species (ROS) generation (Capel et al. 2005; Mansouri et al., 2006; Chabi et al., 2008)
and diminished capacity for ATP production (Conley et al., 2000; Drew et al., 2003; Tonkonogi
et al., 2003). This drastically increases the susceptibility of mitochondria to cell death (Honda et

al., 2003 and lzyumov et al., 2004). Other factors that contribute to the decline in mitochondrial
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function in aged muscle are the increase in mitochondrial permeability (Figueiredo et al., 2009),
reduced biogenesis of mitochondria (Chabi et al. 2008), slower mitochondrial enzyme activities
(Coggan et al., 1993), declines in mitochondrial protein synthesis (Rooyackers et al. 1996),
impaired removal of oxidatively damaged mitochondrial proteins (Bota et al. 2002), reduced
mitochondrial autophagy (Terman and Brunk, 2004) and mtDNA damage (Wanagat et al.,

2001).

Mitochondrial DNA Mutations Accumulate with Age

The first mitochondrial DNA mutation detected in aged human tissues was a large scale
deletion of 4977bp in length, frequently found in genetic neuromuscular disorders (Cortopassi
and Arnheim, 1990). Age-dependent accumulation of this specific mtDNA deletion mutation
was detected in 21-53 year old human hearts. A pattern of tissue specificity was observed in the
accumulation of mtDNA deletions. Highest levels of this common mtDNA deletion, mtDNA-
4977, were detected in post-mitotic tissues, i.e., brain, heart, diaphragm and psoas muscles
while no deletions were detected in mitotic tissues such as kidney, lung, spleen, skin and liver
(Cortopassi et al., 1992). Several studies have reported the presence of multiple unique mtDNA
deletion mutations in aged post mitotic tissues such as brain, heart and skeletal muscle (Van
Tuyle et al., 1996; Zhang et al., 1992). These tissues are highly metabolic, consume the most
oxygen for energy production and exhibit the most decline in mitochondrial activity with age
(Melov et al., 1999). In sarcopenic elderly individuals, mtDNA deletion products were prevalent

in skeletal muscle samples and correlated with a decline in mitochondrial activity (Shah et al.,
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2009). Initial studies identified an increase in abundance (Linnane et al., 1990) and frequency
(Zhang et al., 1992) in mtDNA deletion products in aged muscle tissue. The abundance of
mtDNA deletions in these tissue homogenate studies was very low (1-0.1%) (Simonetti et al.,
1992; Edris et al., 1994). When the muscle was separated into smaller fiber groups, however,
the abundance of mtDNA deletions in aged muscle drastically increased (Schwarze et al., 1995)
suggesting that mtDNA deletion mutations accumulated in a few fibers. In situ hybridization
experiments confirmed that mtDNA deletion mutations focally accumulated within a subset of
cells that were dysfunctional in mitochondrial activity (Muller-Hocker et al., 1993; Lee et al.,

1998; Lopez et al., 2000).

The role of mtDNA point mutations in ageing has been ambiguous due to the lack of reliable
methods to detect mutations. Mitotic tissues exhibited an age-dependent accumulation of
mtDNA point mutations. Cultured fibroblasts from old humans, demonstrated that mtDNA
mutations accumulated in individual >65 year of age and localized to the mtDNA control region
of replication, the D-loop (Michikawa et al., 1999). However, no clinical phenotype was
observed with age-dependent accumulation of mutations. Most evidence for a role of mtDNA
point mutations in aging have been in aged stem cells. Age-dependent accumulations of mtDNA
point mutations have been observed in stem cell populations for epithelium (Blackwood et al.,
2011), gastric (McDonald et al., 2008), bone marrow (Shin et al., 2004) and granulocytes (Shin
et al., 2004). Aged stem cells of colonic crypts have increased mtDNA point mutations which
disrupt the respiratory activity of the cell (Taylor et al., 2004). This results in decreased

proliferation of colon crypt cells and increased apoptosis in aged human tissue (Nooteboom et
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al., 2010). There is, however, a substantial lack of evidence on the pathogenic role of mtDNA

point mutations in aging.

The first causative association of mtDNA damage and sarcopenia was delineated by Trifunovic
et al. (2004) in transgenic mice expressing a proof-reading deficient mtDNA polymerase. They
showed that somatic mtDNA mutations in transgenic mutator mice resulted in premature aging
phenotypes such as shortened life span, accelerated osteoporosis, alopecia, weight loss,

kyphosis, myocardial hypertrophy and sarcopenia (Trifunovic et al., 2004).

mtDNA Deletion Accumulation Disrupts Cellular Function

Mitochondrial DNA deletions have been linked to focal electron transport chain defects
observed in aged muscle (Miller-Hocker et al., 1993; Lopez et al., 2000; Lee et al., 1998; Lee et
al., 1993). There is an age-associated increase in cells lacking cytochrome c oxidase (COX)
activity in multiple tissues such as cardiomyocytes (Wanagat et al., 2002), skeletal muscle (Bua
et al., 2006), diaphragm (Miiller-Hocker et al., 1990) and extraocular muscles (Miller-Hocker et
al., 1992). These COX fibers have abnormal mitochondria clustered together (Olson et al.,
1972) and are also known as “ragged red fibers” (RRF). RRFs can be identified by histochemical
staining for COX and SDH (succinate dehydrogenase) activity; abnormal fibers lack in COX
activity but exhibit an increase in SDH activity. Studies have utilized laser capture
microdissection to extract individual skeletal muscle fibers and identify mtDNA deletion events

in focal regions.
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Unique mtDNA deletions have been identified within the focal ETC defect from RRFs studied in
rats (Cao et al., 2001; Herbst et al., 2007), monkeys (Gokey et al., 2004) and humans (Bua et al.,
2006). The size of the deletion varies from a few hundred base pairs to 12kb. These deletion
events generally occur between the origin of replications of the heavy and light strand, known
as the major arc region, removing the majority of the genes encoding ETC subunits (Figure 1.4).
Furthermore, unique mtDNA deletion events suggest a clonal expansion of the mutated
genomes. Ultimately, the ETC function is disrupted when the abundance of the mtDNA deletion
mutations reaches ~90% (Herbst et al., 2007) (Figure 1.5). A similar threshold of 60 (Hayashi et
al., 1991) -90% (He et al., 2002) mtDNA deletion mutations in RRFs is observed in myopathy
patients. The disruption in the ETC phenotype results in oxidative damage within the abnormal
segment (Wanagat et al., 2001) and fiber atrophy (Wanagat et al., 2001; Lopez et al., 2000; Bua
et al., 2004). The degree of atrophy is positively correlated with the length of the abnormal
segment, i.e., a fiber with a longer dysfunctional ETC segment will be atrophic. In cases where

the atrophy is extreme, the fiber breaks within the focal ETC defect (Bua et al., 2004).

There is an age-dependent increase in the abundance of ETC abnormal fibers in skeletal muscle.
In 38-month old rats, volume density analysis estimated that ~15% of the fibers in the rectus
femoris muscle of the quadriceps tissue are to be ETC abnormal (Wanagat et al., 2001).
Similarly in rhesus monkeys, extrapolation from 0.16 cm of muscle biopsies estimated that in a
32 year old, 28% and in a 34 years old, 60% of the fibers would be ETC abnormal (Lopez et al.,
2000). In humans, post-mortem muscle samples were obtained from different aged individuals.

A progressive increase in ETC abnormality abundance was observed with age. The percent
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abundance was 6% in a 49 year old, 22% in a 67 year old and 31% in a 92 year old (Bua et al.,
2006). The estimates of RRF abundances in the skeletal muscle do not take into account fibers
that have been already lost due to the energy deficit. Hence, the load of ETC abnormalities
throughout the lifespan is much greater than the percent abundances reported in the above

studies and implicate ETC abnormalities in sarcopenia.

Furthermore, muscles that exhibit atrophy and fiber loss have a higher ETC abnormal
abundance than muscles that are resistant to sarcopenia. Rectus femoris and vastus lateralis
muscles, which are muscles susceptible to sarcopenia and have the most significant decline in
mass and fiber number, have a greater abundance of ETC abnormalities. However, sarcopenia
resistant muscles, soleus and adductor longus, have the rarest abundance of ETC abnormalities
(Bua et al., 2002). Additionally, apoptotic and necrotic cell death occur predominantly in ETC
abnormal fibers (Cheema et al., 2015). These studies suggest that increased cell death in ETC

abnormal fibers contribute to decline in fiber number observed in sarcopenic muscles.

Activation of Apoptosis and Necrosis in Aged Muscle

In skeletal muscle, there is an age-dependent increase in DNA strand breaks and pro-apoptotic
factors such as Bax, procaspase-3, and APAF-1 (reviewed in Alway et al., 2011). The intrinsic
pathway of apoptosis can be caspase-independent involving mitochondrial pro-apoptotic
factors, AIF and EndoG. There is an age-dependent increase in the levels of AIF (Baker and

Hepple, 2006) and EndoG in fast contracting muscle (Marzetti et al., 2008). The extrinsic
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apoptotic pathway can be activated by the increase of circulating serum cytokines in aged
tissue. Apoptotic extrinsic factors such as caspase 8 (Marzetti et al., 2009; Pistilli et al., 2006a),
Bid (Pistilli et al., 2006a) and FADD (Pistilli et al., 2006a) are present in high levels in old rat
muscles suggesting that the extrinsic pathway may also be important in sarcopenia. Cross-talk
can occur between the extrinsic and intrinsic pathway mediated by the cleavage of Bid.

Truncated Bid (tBid) interacts with Bax to initiate mitochondrial apoptotic signalling.

Although several reports suggest an increase in apoptotic factors in aged muscle, there are a
few conflicting reports (Alway et al., 2011). In 26 month old F344 rats, age-dependent increase
in DNA fragmentation in gastrocnemius muscle was attributed to increase in procaspase 3 and
cleaved caspase 3 levels. However, cytosolic extracts from aged rat tissues did not detect any
changes in the enzymatic activity of caspase 3 (Dirks & Leeuwenburgh, 2004). Interestingly, in
an independent study in 33 month old FBN rats, plantaris muscle had age-dependent increase
in DNA fragmentation and cytosolic extracts had significant increase in caspase-3 activity (Pistilli
et al., 2006a). The differences observed between the studies may be due to differences in rat
strains, ages and muscles studied. Furthermore, in the above mentioned studies, aged muscle
tissues were homogenized for the different assays. This may dilute any focal accumulation of

apoptosis signalling in individual myofibers.

Simultaneous occurrence of apoptosis and necrosis occur in situations such as nutrition
deprivation in culture conditions (Malagelada et al., 2005), upon exposure to toxic chemicals,
e.g., mustard gas (Heinrich et al., 2009), excitotoxic neuronal death (Portera-Cailliau et al.,

1997), oxidative stress in lymphocytes (Behrens et al., 2011) and ischemia reperfusion injury in
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cardiac myocytes (Ray et al., 2001), brain and skeletal muscle. Additionally, the form of cell
death varies with different concentration of toxic agent, for example, apoptosis is induced at
low concentrations of hydrogen peroxide, whereas with high concentrations, necrosis occurs
(McConkey, 1998). Alternatively, blocking one mode of cell death may also activate the other
type to ensure cell death (Zhang et al., 2009; Nicotera, 1998). This suggests an existence of a
broad interconnected spectrum of cell death modes, “apoptosis necrosis continuum” (Zeiss,
2003) rather than separate distinct pathways. Generally, apoptosis occurs first when a large
stress signal is received. If no corrective measure is taken by the cell, the stress levels become
lethal and the cell becomes necrotic (Soti et al., 2003). Myofibers that are both apoptotic and
necrotic are detected in mouse models for Duchenne muscular dystrophy, an X-linked recessive
disorder primarily characterized by progressive muscle weakness and wasting (Abmayr et al.,
2003). Mutator mice that exhibit extreme muscle wasting had significant apoptotic signalling,
suggesting a role of cell death in myofiber loss (Kujoth et al., 2005). In 11 month old mutator
mice, 2 months after the onset of muscle mass decline, gastrocnemius and quadricep muscle
tissues had increased DNA fragmentation and caspase 3 activity compared to age matched wild
type mice (Hiona et al., 2010). These studies support the hypothesis that in aged muscle tissue,

cell death pathways may contribute to fiber loss.

Thesis Objectives

Mitochondrial damage has been proposed to be one of the leading cause of aging, playing a

significant role in sarcopenia. This study focuses on aged rat quadriceps tissue to determine the
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biological impact of enzymatic mitochondrial abnormalities. This research is based on the
hypothesis that mitochondrial abnormalities in the electron transport chain (ETC) are a primary
source of age-dependent fiber loss. mtDNA deletion accumulate in focal segments of fibers,
disrupting the ETC at a threshold of ~90%. ETC abnormal fibers accumulate in an age-
dependent manner and are prone to intra-fiber atrophy and fiber breakage (Figure 1.6).
Muscles that exhibit the most decline in muscle mass and fiber number exhibit the most burden

in ETC abnormalities suggesting that mitochondrial damage plays a significant role in fiber loss.

In this study, | examined adult (12-month) and old (36-month) FBN rat quadriceps muscle. ETC
abnormal fibers were only detected in old rats. As ETC abnormal fibers appear focally and
segmentally, a serial cross-sectional histological approach was employed.
Immunohistochemical analysis was performed to identify apoptotic and necrotic positive fibers.
Individual fibers were followed through multiple serial sections to characterize the ETC
phenotype and staining for apoptotic and necrotic markers. We hypothesize that ETC abnormal

fibers will have increased abundance of apoptotic and necrotic activation.

In addition, | pharmacologically induced ETC abnormal fibers in aged rats using an AMPK
activator, guanidinopropionic acid (GPA), to directly test the causal role of ETC abnormalities in
inducing fiber loss. We have previously shown that ETC abnormal fibers upregulate
mitochondrial bioenergetic proteins suggesting that the cell is responding to an energy deficit.
In low intracellular energy levels, AMPK regulates mitochondrial biogenesis and was detected in
ETC abnormal segments. We hypothesize that oral GPA treatment will induce acceleration of

fiber loss in rat quadriceps. In this study, FBN rats of 30-month old were fed food chow with 1%
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GPA ad libitum for 4 months. During the treatment regime, the body weight and survival of rats
were monitored. At the end of study, quadriceps muscles were extracted and were divided in
half. One half was frozen for homogenate analysis and the other half embedded in media for

histological and immunohistochemical analysis.

Our studies will delineate a molecular pathway of fiber loss in sarcopenia where mitochondrial
dysfunction is the primary source of cell death. Studying mechanisms induced in ETC
dysfunctional cells may allow us to identify certain pathways to delay the occurrence of cell

death.
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Figure 1.1. Necrotic cell death. A necrotic signal such as energy depletion of cellular damage
initiates the complement cascade pathway and mediates the lysis of the cell. Transmembrane
protein channels are formed on the necrotic cell surface membrane, known as the membrane
attack complex (MAC). The complement protein C5 is cleaved by C5 convertase to C5a and C5b.
C5b binds to C6, C7 and C8. This complex inserts in the cell membrane. Oligomerized C9 inserts
into the complex and spans through the cell membrane to form the membrane pore and a
functional MAC. A necrotic cell contains several copies of MAC on its membrane resulting in
severe damage to membrane integrity. Influx of Ca2+ and Na+, alteration in ion transport and
ATP depletion cause cellular lysis. The complement system triggers inflammation, through C5a
which activates macrophages. Macrophages infiltrate the necrotic site and can be visualised by

the glycoprotein, CD68, present in their cytoplasm.

Modified from: Cole and Morgan, 2003. Clinical Sciences, 104: 455-466.
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Figure 1.2. Molecular pathways of apoptosis. Apoptosis is initiated via intrinsic and extrinsic
pathways. The intrinsic pathway is activated upon an intracellular stimuli such as Ca?* overload
or an increase in reactive oxygen species (ROS). PUMA (p53 upregulated mediator of apoptosis)
is activated resulting in BAX release from Bcl-2. BAX oligomerizes, mediated by truncated Bid, to
form the mitochondrial permeability transition pore (mtPTP) resulting in the release of
cytochrome c. Cytoplasmic cytochrome ¢ forms the apoptosome activating caspase 9 which
activates the effector caspase 3. Caspase 3 activates caspase-dependent DNases (CAD) leading
to fragmentation of the nuclear genome. Additionally, caspase 3 cleaves actin binding proteins
and actin filaments to ultimately cause disassembly of the cellular structure, membrane
blebbing and formation of apoptotic bodies (Porter and Janicke, 1999). The extrinsic apoptotic
pathway is initiated at the cell surface membrane by the binding of an extracellular ligand to its
specific death receptor. The activated death receptor recruits procaspase 8 via the adaptor
protein Fas-associated death domain (FADD). This results in the activation of caspase 8.
Activated caspase 8 cleaves full length Bid to mediate Bid-dependent mitochondrial membrane
permeabilization (MMP) and directly cleaves procaspase 3 to activate downstream effector

caspase 3.

Modified from: Creagh, EM. 2014. Trends in Immunology, 35 (12): 631-640.
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Figure 1.3. The electron transport chain. Complex 1: NADH Dehydrogenase, Complex 2:
Succinate Dehydrogenase, Complex 3: ubiquinol:cytochrome C Oxidoreductase, Complex 4:
Cytochrome C Oxidase (COX), Complex 5: ATP Synthase. NADH donates 2 electrons to Complex
1 which are transferred to an electron carrier, ubiquinone, UQ. Reduced UQ passes electrons
from Complex 1 and 2 to Complex 3. Cytochrome c shuttles electrons to complex 4 which
reduces oxygen to water. The electron flow is indicated in the dashed black line. The flow of

protons is indicated in the solid black line.

Citation: http://www.genome.jp/kegg-bin/show pathway?map00190
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Figure 1.4. The rat mitochondrial DNA. The mitochondrial DNA is a double stranded circular
genome, 16,300 basepairs in length that encodes 22 transfer RNAs (white bars), 2 ribosomal
RNAs (yellow bars) and 13 complex subunits of the electron transport chain (colored bars). D-
Loop refers to the non-coding region and is at the site of the origin of replication of the heavy
strand (Ou). The light strand origin of replication is located between the ND2 and COX1 genes
(OL). The minor arc in the mitochondrial genome is the regions between the Oy and O, and
spans the 12S rRNA to ND2 region. The major arc in the genome is the region between Cyt b
and COX1. The arrows demonstrate the distribution of mtDNA deletion breakpoints in 29 ETC
abnormal skeletal muscle fibers. Arrowheads on the inner edge of the circle denote the 5’
deletion breakpoints. Arrowheads on the outer edge of the circle represent the 3’ deletion

breakpoint.

Citation: Cao et al., 2001. Nucl. Acids Res. 29 (21):4502-4508.
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Figure 1.5. Accumulation of unique mtDNA deletion in skeletal muscle fiber disrupts ETC
function. (A) Serial micrographs staining for cell morphology with H & E and enzymatic activities
for COX and SDH. The ETC abnormal region extends for over 700um and includes a 250um
region where the fiber has ruptured and cannot be detected. The scale bar is 25um. (B) Digital
reconstruction of fiber where the color denotes the ETC abnormal phenotype, red is
COX-/SDH++ and orange is COX-/SDHnormal. (C) Percentage of mtDNA genomes that contain a
deletion along the length of the abnormal fiber. The same mtDNA deletion mutation is detected
across the broken fiber region and the highest levels (>99%) of mutation are found immediately

flanking the fiber break.

Citation: Herbst et al., 2007. J Gerontol A Biol Sci Med Sci. 62(3): 235-245.
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Figure 1.6. Model of fiber loss in aged skeletal muscle. (A) In young skeletal muscle, fiber
bundles are healthy. (B) Age-dependent accumulation of mtDNA deletion occurs and ETC
phenotype is disrupted when deleted genomes are >90% of the total mitochondrial genomes.

(C) The abnormal segment expands to become (D) atrophic and (E) break.
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Chapter 2

The data in this chapter have been published in:

Nashwa Cheema, Allen Herbst, Debbie McKenzie and Judd M. Aiken (2015) Apoptosis and
Necrosis Mediate Skeletal Muscle Fiber Loss in Age-Induced Mitochondrial Enzymatic

Abnormalities. Aging Cell 14(6): 1085-1093.
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Abstract

Sarcopenia, the age-induced loss of skeletal muscle mass and function, results from the
contributions of both fiber atrophy and loss of myofibers. We have previously characterized
sarcopenia in FBN rats, documenting age-dependent declines in muscle mass and fiber number
along with increased fiber atrophy and fibrosis in vastus lateralis and rectus femoris muscles.
Concomitant with these sarcopenic changes is an increased abundance of mitochondrial DNA
deletion mutations and electron transport chain abnormalities. In this study, we used
immunohistological and histochemical approaches to define cell death pathways involved in
sarcopenia. Activation of muscle cell death pathways was age-dependent with most apoptotic
and necrotic muscle fibers exhibiting electron transport chain abnormalities. Although
activation of apoptosis was a prominent feature of electron transport abnormal muscle fibers,
necrosis was predominant in atrophic and broken ETC abnormal fibers. These data suggest that
mitochondrial dysfunction is a major contributor to the activation of cell death processes in
aged muscle fibers. The link between electron transport chain abnormalities, apoptosis, fiber
atrophy and necrosis supports the hypothesis that mitochondrial DNA deletion mutations are
causal in myofiber loss. These studies suggest a progression of events beginning with the
generation and accumulation of a mtDNA deletion mutation, the concomitant development of
ETC abnormalities, a subsequent triggering of apoptotic and, ultimately, necrotic events

resulting in muscle fiber atrophy, breakage and fiber loss.
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Introduction

Sarcopenia, the involuntary loss of skeletal muscle mass and function with age (Rosenberg,
1997), contributes significantly to frailty and causes a decline in quality of life. In humans, 30%
of the muscle mass is lost between 20 to 80 years of age (Frontera et al., 2000). The muscle
mass decline observed in sarcopenia is due to fiber atrophy and loss (Lexell et al., 1986). There
are several proposed mechanisms for the decline of muscle mass including altered satellite cell
function (Gallegly et al., 2004), decreases in motor unit number (Roos et al., 1997), changes in
hormone levels (Visser et al., 2003), accumulation of mitochondrial DNA deletions (Wanagat et

al., 2001) and loss of myocytes via apoptosis (Dupont-Versteegden, 2005).

Myofiber loss is an important component of sarcopenia yet the cell death pathways involved in
the process are not known. There are similarities in the apoptotic pathways in post-mitotic
multinucleated skeletal muscle and mononuclear mitotic cells, including cellular/nuclear
shrinkage and activation of caspase 3 (McArdle et al., 1999). In multinucleated myofibers,
however, individual nuclei decay and cellular apoptosis occurs segmentally over an extended
period of time (Dupont-Versteegden, 2005). The mitochondrion is an important regulatory
centre for cell fate decisions as it sequesters factors that, upon release, lead to initiation of
apoptosis. Mitochondrial-mediated apoptosis involves the Bcl-2 family members which mediate
release of cytochrome c, AIF and Endo G into the cytosol as well as subsequent caspase
activation. PUMA (P53 up-regulated modulator of apoptosis) and Bid are key apoptotic factors
of the Bcl-2 family. Caspase 8 cleaves Bid, generating tBid, which is then translocated to the

mitochondria to promote release of cytochrome c (Dirks & Leeuwenburgh, 2005). Similarly,
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PUMA is translocated to the mitochondria in response to p53 stress where it promotes

apoptosis by inhibiting anti-apoptotic proteins (Yee & Vousden, 2008).

Numerous lines of evidence suggest an involvement of apoptosis in myocyte loss. Down-
regulation of the apoptotic pathway can reduce the decline in muscle mass and function in
aged animals (Dirks & Leeuwenburgh, 2004; Marzetti et al., 2009). Up-regulation of the
apoptotic pathway has been identified in premature aging models including mice lacking the
antioxidant enzyme copper/zinc-dependent superoxide dismutase (CuZnSOD or Sod1) that
exhibit accelerated sarcopenia (Jang et al., 2010), as well as interleukin 10-deficient mice that
exhibit extreme frailty (Walston et al., 2008). Increased levels of DNA laddering and caspase 3
activity have been observed in transgenic mice expressing defective mitochondrial polymerase

(Hiona et al., 2010).

Apoptosis occurs in muscle myonuclei as evidenced by observation of DNA strand breaks and
expression of pro-apoptotic proteins Bax, caspase 3, AIF and APAF-1, reviewed in (Alway et al.,
2011). In human muscle biopsies, increased levels of TUNEL positive nuclei have been detected
(Strasser et al., 1999; Malmgren et al., 2001; Whitman et al., 2005). An increase in caspase 3
levels was not, however, detected (Whitman et al., 2005). These studies are homogenate-based
with only one study, in 26-month F344 rats, (Dirks & Leeuwenburgh, 2004) detecting increased

levels of cleaved caspase 3, the active form of the effector caspase.

Cellular necrosis is a second significant mechanism of cell death. Prominent features of necrosis
are ATP depletion, loss of ion homeostasis and membrane polarity leading to rapid swelling of

the cell, membrane rupture and subsequent release of cellular contents. Necrosis is neither
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organized nor executed in a similar manner to apoptosis and cell death is a consequence of
irreparable damage (Henriquez et al., 2008). Necrosis, therefore, frequently occurs during
pathological conditions including stroke, ischemia and neurodegenerative disorders (Syntichaki
et al., 2002; Malhi et al., 2006; Henriquez et al., 2008). Inflammation is associated with necrosis
and not with apoptotic cell death (Scaffidi et al., 2002). The complement system, a major
component of innate immunity, responds to inflammation (Carroll, 2004). Activation of the
complement cascade leads to assembly of terminal components and insertion of the C5b-9
membrane attack complex (MAC) into the lipid bilayer of the plasma membrane. Assembly of
MAC complexes results in the formation of transmembrane channels, loss of membrane
integrity (Bhakdi & Tranum-Jensen, 1978), leakage of intracellular contents and macrophage

infiltration to the site of inflammation (Kharraz et al., 2013).

There is a considerable body of evidence suggesting a mitochondrial involvement in age-
dependent muscle fiber loss. Mitochondrial DNA (mtDNA) deletion mutations increase in
abundance with age (Miller-Hocker, 1989; Chung et al., 1996; Aspnes et al., 1997).
Accumulation of myofibers with deletion mutations in the mitochondrial genome are linked to
the decline in muscle mass observed in sarcopenia (Lee et al., 1998; Wanagat et al., 2001; Bua
et al., 2008). In line with the segmental decay observed in multinucleated fibers, mtDNA
deletions are not distributed homogeneously but accumulate focally in individual cells
appearing in a segmental pattern along the length of fibers, resulting in a mosaic distribution
between fibers (Wanagat et al., 2001). Focal accumulation of mtDNA deletion mutations, within

individual fibers, to a threshold value of ~90% or more results in disruption of the electron

47



transport chain (ETC) (Bua et al., 2006; Herbst et al., 2007). There is an increase, with age, in

accumulation of ETC abnormal fibers in sarcopenic muscles of rhesus macaques, humans and
rats (Lee et al., 1998; Pesce et al., 2001; Bua et al., 2002). In 38-month old rats, an estimated

15% of the rectus femoris muscle fibers contained regions of severely compromised

mitochondrial function (Wanagat et al., 2001).

To understand the role of apoptosis and necrosis in aged muscles, we used a histological
approach to localize cell death event to individual muscle fibers. Five diverse markers of
apoptosis and necrosis were examined, each having differential specificity to these processes.
Bid truncation is an early event of apoptosis but does not necessarily dictate an apoptotic fate.
PUMA, known to be transcriptionally activated in ETC abnormal fibers (Herbst et al., 2013), is a
transcriptional response to p53 activation and influences Bid truncation by binding to Bcl-2 and
inducing membrane permeability transition pore formation. By contrast, activation of caspase 3
is typically considered a committed step of apoptosis and directs proteolytic cleavage of cellular
components. Two markers of necrosis were chosen encapsulating the loss of membrane
polarity (C5b-9) as well as the proinflammatory response of macrophages to the necrotized
fiber (CD68). Each of these markers of cell death indicates different stimuli, responses and

progression which collectively help to define the cell fate decision and outcome.

By localizing the activation, execution and characteristics of cell fate effector pathways to
individual muscle fibers, we show that the predominant cause of cell death pathway activation

in aged rat muscle is mitochondrial abnormalities. Mitochondrial abnormalities accumulate in
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an age-dependent manner, initiate apoptotic and necrotic mechanisms as the dysfunctional

region elongates and thus contribute to fiber atrophy and fiber loss in sarcopenia.

Results

Sarcopenic change in aged rats

As previously observed, there is a loss of muscle mass in the quadriceps of aged rats. In this
study, 12-month rat quadriceps mass averaged 8.5 + 0.15 g while 36-month rat quadriceps
weighed 4.6 + 0.23 g. As expected, fiber loss was also evident with the rectus femoris of 36-
month old rats averaging 6484 + 477 fibers compared to 12- month old rats with an average of

9169 + 447 fibers.

Activation of cell death pathways is increased in the quadriceps of aged rats

To determine the abundance of individual muscle fibers undergoing cell death,
immunohistochemical analysis was performed on adult (12-month) and aged (36-month) rat
guadriceps muscles using markers indicative of apoptosis (truncated form of Bid (tBid), PUMA,
cleaved caspase 3 (cl-Cas3) and necrosis (C5b-9 and CD68) (Figure 2.1A). Fibers that stained
positive for any cell death marker at a 100 um interval were counted, annotated and followed
throughout the 1 mm of tissue. In the aged rectus femoris, there is a significant increase in the

fraction of fibers positive for cl-Cas3 (p = 0.03), C5b-9 (p = 0.02) and CD68 (p = 0.03) (Table 2.1).
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In the 36-month old rat quadriceps, there is a significant 8-fold (p =0.047) and 9-fold (p=0.048)
increase in the number of fibers staining positive for C5b-9 and CD68, respectively, compared
to the 12-month rat. There is also a trend toward an increase in the numbers of myofibers

positive for tBid and cl-Cas3 with a 3-fold difference observed in aged rats (Figure 2.1B).

Cell death markers localize to ETC abnormal regions

To ascertain the involvement of mitochondrial enzymatic abnormalities in age-induced cell
death processes, we stained tissue sections for COX and SDH activities. Mitochondrial enzyme
activities were followed at 100um intervals for 1,000um to define the mitochondrial ETC
phenotype. Within the 1mm of quadriceps sectioned and assayed from the 36 month old rat,
39 ETC abnormal (COX/SDH*** phenotype) fibers were identified. No ETC abnormal fibers were
observed in the 12-month old rat quadriceps samples (Figure 2.2A). We found a strong linkage
between the regions of fibers positive for cell death markers and mitochondrial enzymatic
abnormalities. 42% of myofibers positive for tBid, 45% of myofibers positive for PUMA, 69% of
myofibers positive for cl-Cas3, 86% of myofibers positive for C5b-9 and 78% myofibers positive
for CD68 were ETC abnormal (Figure 2.2B). This suggests that the significant increases in cl-
Cas3, C5b-9 and CD68 positive fibers in aged rectus femoris (Table 2.1) are predominantly ETC
abnormal fibers. A digital reconstruction of a representative COX and SDH*** fiber from an aged
rat illustrates the linkage between cell death pathway activation and the ETC abnormal region

(Figure 2.2C, 2.2D).
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Approximately half (42%) of the ETC abnormal fibers were positive for apoptotic and/or
necrotic markers. 10% of the ETC abnormal fibers were positive for only apoptotic markers. A
majority of these fibers immunostained for all three apoptotic markers (tBid, PUMA and cl-
Cas3). 32% of the ETC abnormal fibers were positive for both apoptosis and necrosis with 37%

staining positive for all five markers of apoptosis and necrosis (Figure 2.3).

ETC abnormality length is positively correlated with cell death pathway activation

Our histological approach, the sectioning of one hundred consecutive 10 micron sections,
permitted measurement of ETC abnormal region length. We previously demonstrated that the
length of ETC abnormal regions in an aged muscle fiber varies; fibers with longer ETC
abnormalities being more prone to atrophy and fiber breakage (Bua, 2004). Fibers positive for
cell death markers have significantly longer ETC abnormality lengths with a range of 200-1200
pum whereas fibers that did not immunostain with any cell death marker have shorter ETC
abnormalities (range of 100-400 um, Figure 2.4A). Myofibers positive for tBid exclusively and
fibers positive for both tBid and PUMA had the shortest ETC abnormal regions. The range of
ETC abnormality length for tBid positive fibers was 200-300 um. tBid and PUMA positive fibers
had an ETC abnormality length of 200-400 um. Fibers positive for all 3 apoptotic markers, tBid,
PUMA and cl-Cas3, had an ETC abnormality length of 200 -500 um. Fibers staining for tBid,
PUMA, cl-Cas3 and C5b-9 had an ETC abnormality length of 300-600 um. ETC abnormal fibers

positive for all apoptotic and necrotic markers (tBid, PUMA, cl-Cas3, C5b-9 and CD68) had the
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longest ETC abnormal regions. All ETC abnormal fibers (n = 6 fibers) with an abnormality length

of >600 um were positive for all cell death markers (Figure 2.4B).

ETC abnormality intra-fiber atrophy is positively correlated with cell death pathway

activation

The cross-sectional area ratios (CSAR) of individual fibers were calculated and graphed to
generate an intra-fiber atrophy profile. A CSAR value of 0 indicates fiber breakage and a value
=1 indicates an absence of atrophy (Bua et al., 2002). Significantly less atrophy was observed in
ETC normal fibers of 12- and 36-month rats than in ETC abnormal fibers of 36-month rats
(Figure 2.5A). ETC abnormal fibers positive for cell death markers have a significant increase
(p=0.0016) in intra-fiber atrophy with an average CSAR of 0.6 compared to ETC abnormal fibers
that are negative for cell death, which have an average CSAR of 1 (Figure 2.5B). Atrophic and
broken ETC abnormal fibers were consistently positive for apoptosis and necrosis, indicating

that cell death pathway activation mediates fiber breakage and loss.

Fibers positive for cl-Cas3, C5b-9 and CD68 exhibited more intra-fiber atrophy. The average
CSAR of fibers positive for tBid, PUMA and cl-Cas3 was 0.627+0.329. If C5b-9 is involved, the
average CSAR was 0.457£0.169 and with CD68 the average CSAR was 0.544+0.234. Atrophy was
not evident in fibers positive exclusively for tBid or tBid and PUMA. Furthermore, fiber

breakage events within the ETC abnormal region were not detected when atrophy was not
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present (Figure 2.5C). All broken fibers were positive for cl-Cas3, C5b9 and/or CD68 suggesting

that these markers were involved in the terminal stage of ETC abnormal fibers.

Discussion

The decline in fiber number in the aged rat cohorts used in this study is consistent with previous
observations (Wanagat et al., 2001; Bua et al., 2008). Numerous studies document increased
cell death in aged skeletal muscle (Dirks & Leeuwenburgh, 2004; Marzetti et al., 2009),
reviewed by Alway (Alway et al., 2011). Electron transport chain abnormalities also accumulate
with age and are concomitant with fiber atrophy and fiber breakage (Lee et al., 1998; Bua et al.,
2002; Bua et al., 2006). The linkage between cell death processes and ETC abnormal fiber have

not, however, previously been explored.

Apoptosis and necrosis in aged skeletal muscle fibers

Using a cell-by-cell scanning approach, we detected a significant increase in fibers positive for
cleaved caspase 3 and necrosis markers within a subset of individual muscle fibers in aged rat
guadriceps. Although previous studies have looked for activation of apoptosis in aged skeletal
muscle, altered caspase activity has not been demonstrated with age (Dirks & Leeuwenburgh,
2004; Alway et al., 2011). These studies were homogenate-based and, therefore, unable to
discriminate between focal activation of apoptosis in a subset of muscle fibers versus a more

generalized pro-apoptotic environment.
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Necrotic fibers activate the complement system to assemble the C5b-9 membrane attack
complex. This assembly of complement components occurs primarily in early stages of necrosis
(Gaipl et al., 2001) and allows for macrophage infiltration into the damaged fiber. We observed
a significant increase in the number of fibers positive for necrosis markers (C5b-9 and CD68) in
aged skeletal muscle. Fibers with ETC abnormalities were especially prone to necrosis. Our data
suggest that cleaved caspase 3, C5b-9 and CD68 positive fibers are prevalent in the rectus
femoris of aged rats and contribute to the age-dependent loss of myofibers. Furthermore, ETC
abnormal fibers that are atrophic exhibit a significant increase for apoptotic and necrotic

markers in the abnormal region.

Progression of Cell Death in Aged Muscle Fibers

Both apoptotic and necrotic cell death markers exhibited an age-dependent accumulation and
segmental distribution in rat skeletal muscle. The majority of cell death marker positive regions
were also concomitant with mitochondrial enzymatic abnormalities. This finding was
unexpected because sarcopenia is generally considered to be multi-factorial. This observation
led us to characterize cell death processes in ETC abnormal fibers and we determined that 42%
of ETC abnormal fibers in aged quadriceps were positive for cell death markers. The length of
ETC abnormalities varied from fiber to fiber. In general, fibers with small regions of ETC
abnormalities were negative for markers of cell death. Longer ETC abnormal regions were more
prone to fiber atrophy and exhibited high levels of staining for cell death markers. Furthermore,
fibers positive for both apoptosis and necrosis markers are more likely to be ETC abnormal,

providing strong evidence that majority of the cell death events are triggered by ETC
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abnormalities. Fiber breakage was only observed in fibers undergoing both apoptosis and
necrosis. Our data indicate that fiber loss observed in sarcopenia is due to the accumulation of

ETC abnormalities and subsequent activation of apoptotic and necrotic pathways.

There is a correlation between the length of the ETC abnormality and cell death marker. For
example, ETC abnormal fibers that did not stain positive for cell death markers tended to be of
short length (100 - 400 um), regions positive for tBid (while not staining for other cell death
markers) were less than 300 um, fibers positive for tBid and Puma were less than 400 um.
Fibers positive for tBid, PUMA and cl-Cas3 had a maximum length of 500 um, with tBid, PUMA,
cl-Cas3 and C5b-9 positive fibers at 600 um while fibers positive for all five cell death markers
were present in the longest ETC abnormal region, 1200 um. These studies suggest a progression
of cell death marker activation in ETC abnormal fibers with ETC abnormal regions initially not
linked to cell death markers, as the ETC abnormality progressively expands, apoptosis markers
(tBid, PUMA, cleaved caspase 3) are observed and finally, with the longer ETC abnormalities,

necrosis markers (C5b-9 and CD68).

Proposed model of fiber loss

We have previously proposed a model of muscle fiber loss with age. The process begins with
the generation and subsequent clonal accumulation of a mitochondrial DNA deletion mutation
within an affected muscle fiber. The accumulation of deletion mutation-containing mtDNA
genomes results in the loss of cytochrome c oxidase activity and the generation of numerous
cellular responses. In this manuscript, we demonstrate that both apoptotic and necrotic

responses occur with necrosis being tightly linked to fiber atrophy/fiber breakage. In the
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regions of myofibers with mitochondrial dysfunction, activation of apoptosis is followed by
necrosis. All breakage events are predominantly located within the ETC abnormal region, were
positive for necrosis markers, suggesting that necrosis is responsible for fiber loss. We detected
~70-80% of the total apoptotic and necrotic fibers in aged rat quadriceps to be ETC abnormal
further supporting the hypothesis that mtDNA deletions and the resultant mitochondrial

enzymatic abnormalities play a causal role in the etiology of sarcopenia.

Methods

Tissue preparation

Adult 12-month (n=5) and aged 36-month (n=5) old male Fischer 344 x Brown Norway F1 hybrid
rats were purchased from the National Institute on Aging colony maintained by Harlan Sprague
Dawley (Indianapolis, IN). Animals were euthanized, the quadriceps muscles dissected from the
animals, bisected at the midbelly, embedded in optimal cutting temperature compound (Sakura
Finetek, Torrance, CA), flash frozen in liquid nitrogen and stored at -80°C. A minimum of one

hundred 10um thick consecutive transverse cross sections were cut with a cryostat at -20°C and

placed on probe-on-plus slides. Slides were stored at -80°C until needed.

Immunohistochemistry and histochemistry

At 100um intervals, the fifth, sixth, seventh, eighth and ninth tissue slides were fixed overnight
in 10% buffered formalin. Antigens were retrieved by boiling in 10mM citrate buffer, pH 6.0.

Slides were blocked in TBS-T containing 5% goat serum. Slides were incubated with primary
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antibodies in blocking solution overnight, followed by TBS-T washes. Biotinylated goat anti-
rabbit IgG (1:200) and avidin-peroxidase enzyme complex (1:50) from VECTASTAIN® ABC Kit
were used according to the manufacturer’s specification (Vector Laboratories). DAB was used
for chromogenic detection. Primary antibodies used were rabbit anti-activated caspase 3 1:200
(Promega, Madison, WI), rabbit anti-PUMA 1:200 (Abcam, Cambridge, MA), rabbit anti-
truncated Bid 1:200 (EMD Chemicals Inc., San Diego, CA), rabbit anti-C5b-9 1:500 (Abcam,
Cambridge, MA), and rabbit anti-CD68 1:1000 (Abcam, Cambridge, MA). At 100 um intervals,
the first tissue slide was stained for COX, the second for SDH as previously described (Wanagat
et al., 2001). The third slide was dual stained, first for COX and secondly for SDH. Two slides
within the series were used for haemotoxylin and eosin (H&E) staining. After histochemistry or
immunohistochemistry, the slides were digitally scanned in the microscope (Nanozoomer,
Hamamatsu). Individual muscle fibers were followed throughout the 1mm of tissue. Fibers
positive for cell death markers and ETC abnormalities (COX/SDH***) were identified and

annotated.

Measurements of cross-sectional area ratio, ETC abnormality and cell death region length

Cross-section area (CSA) of randomly selected individual ETC normal and ETC abnormal muscle
fibers were measured throughout the 1,000um using the Nanozoomer Digital Pathology
imaging software. The minimum CSA value in the ETC abnormal region was divided by the
average value of the fiber CSA in the ETC normal region within the same fiber. In ETC normal
fibers, the ratio between minimum CSA and average CSA was determined. The CSA ratios of ETC

abnormal and normal fibers were plotted on a histogram. The length of ETC abnormality was
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determined by counting the number of slides the abnormality appeared in and multiplying by
10um. Fibers that were ETC abnormal at the 100th slide were followed beyond 1,000um until
the fibers turned normal. Fibers that immunostained for each of the markers were annotated
and followed throughout the 1,000um. The length of cell death positive region was determined

by counting the number of slides the staining was positive and multiplying by 10um.

Statistical analysis

Data were presented as mean + sem for 5 aged and adult rats. Three aged rats were used when
analyzing length and atrophy of ETC abnormal fibers. All statistical analysis was performed
using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego California
USA). Student's t-tests were performed for all analysis with a P-value < 0.05 being significant. A
Welch’s t-test was performed on analysis of length of ETC abnormality to correct for unequal
variance between the two data sets (Figure 2.4A). To measure significant variance (Figure
2.5A), F-tests were performed for fiber atrophy analysis. To calculate percent of incidences, 125
immunopositive fibers were analyzed in Figure 2B and 161 ETC abnormal fiber were analyzed in

Figure 3.

Author Contributions

The experiments were designed by all authors. All experiments were performed by NC.

Manuscript was prepared by NC and edited by AH, DM and JA.

58



Figure 2.1. Detection of myofiber cell death in the quadriceps of 12- and 36-month old rats. A)
Representative micrographs containing a fiber positive for cell death. The tissue sections were
stained with Haematoxylin and Eosin or immunostained using antibodies against truncated
form of Bid, PUMA, cleaved caspase 3, C5b-9, CD68. The scale bar is 25 um. B) Number of fibers
per 1000 um of tissue analyzed that stained positive for the cell death markers in 12- and 36-

month rat quadriceps. Data presented in mean + SEM.
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Figure 2.2. Myofiber cell death in ETC abnormal fibers of 36-month old rats. A) Abundance of
ETC abnormal fibers per 1,000 micron analyzed in the quadriceps of 12- and 36-month old rats.
No ETC abnormal fibers were detected in 12-month old rats. Data presented in mean + sem. B)
The percent of ETC enzymatic phenotype of myofibers positive for apoptotic and necrotic
markers in the rectus femoris of aged rats. C) Representative ETC abnormal fiber undergoing
cell death. Micrographs of histochemical staining for COX and SDH activity and immunostaining
with antibodies to cleaved caspase 3, C5b-9 and CD68 are presented. The scale bar is 25 um. D)
Digital reconstruction of the fiber in panel C). The red region indicates the ETC abnormal region
and the yellow region depicts transition area within the fiber. Increased staining for cleaved

caspase 3, C5b-9 and CD68 is depicted in blue, green and brown respectively.
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Figure 2.3. Prevalence of cell death in ETC abnormal fibers in 36-month old rat. The percent of
ETC abnormal fibers from quadriceps of 36-month old rats that were positive for 1 or more cell

death marker in the different combinations detected.
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Figure 2.4. Fibers with longer ETC abnormal regions are positive for cell death markers. A) A
significant increase is observed in ETC abnormal length for fibers positive in cell death markers,
p value < 0.0001 (n=68 fibers). B) The length of ETC abnormal region was measured for fibers
positive for only tBid and subsequent addition of PUMA, cl-Cas3, C5b-9 and CD68. Fibers with
the longest ETC abnormal region are positive for all five cell death markers. A total of 32 fibers

were analyzed.
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Figure 2.5. Apoptosis and necrosis is prevalent in atrophic and broken ETC abnormal fibers. A)
Intrafiber atrophy is more prevalent in ETC abnormal fibers (n=102 fibers) than in ETC normal
fibers from either 36-month (n=99 fibers) or 12-month (n=30 fibers) rats. Significant variance (p
value < 0.0001) in CSAR values between ETC abnormal and ETC normal. B) There is increased
atrophy in ETC abnormal fibers positive for cell death. Cross-sectional area ratios of COX-
/SDH++ fibers and COX normal/SDH normal fibers were determined. Significant atrophy in ETC
abnormal fibers (p value = 0.0016). C) Atrophic and broken ETC abnormal fibers stain positive

for cleaved caspase 3, c5b-9 and CD68. A total of 32 fibers were analyzed.
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Figure 2.6. Model of myofiber loss. A) Bundle of hypothetical fibers that contain wild type
mtDNA with normal ETC function. B) A mtDNA deletion mutation, presumably resulting from an
mtDNA replication error, is generated. The deletion-containing mtDNA genomes accumulates in
a segment of fiber disrupting ETC enzymatic activity (grey) C) The deficiency results in activation
of Bid and PUMA (black). D) As the ETC abnormal region expands, apoptosis is mediated by cl-
Cas3 leading to intra-fiber atrophy. E) Upon the activation of apoptosis and necrosis, fiber
breakage occurs within the ETC abnormal region. F) Apoptotic and necrotic region expands in
the fiber. G) Fiber loss occurs. H) Another individual fiber, with accumulation of a deleted

mtDNA genome, undergoes C-G again.
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Table 2.1. Abundance of fibers staining positive for cleaved caspase 3, C5b-9 and CD68 in 1,000

um of rectus femoris from 12- and 36-month rats.

Fibers staining positive

Percentage of fibers

Adult Aged Adult Aged
cl-Cas3 1.2+04 56+2.0 0.012 £ 0.004 0.08 + 0.02*
C5b-9 0.6+0.2 24 +0.7* 0.006 + 0.003 0.03 +0.02%*
CD68 0.2+0.2 2.0+0.7* 0.002 £ 0.002 0.03 +0.01*
Fiber 9169 + 447 6484 + 477%
Number in
RF muscle

*Significant, p < 0.05, myofibers positive for cell death markers in aged rats (n=5) and fiber loss

(n=4) in rectus femoris. Data presented in mean + sem.
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Chapter 3

The chapter is published online:
Allen Herbst*t, Jonathan Wanagat*t, Nashwa Cheema*, Kevin Widjajat, Debbie McKenzie,
Judd M. Aiken (2016). Latent mitochondrial DNA deletion mutations drive muscle fiber loss at

old age. Aging Cell, pp1-8.

*These authors contributed equally to this work.

tThese authors generated Figure 3.4.
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Abstract

With age, somatically-derived mitochondrial DNA (mtDNA) deletion mutations arise in many
tissues and species. In skeletal muscle, deletion mutations clonally accumulate along the length
of individual fibers. At high intra-fiber abundances, these mutations disrupt individual cell
respiration and are linked to the activation of apoptosis, fiber atrophy, breakage, and necrosis,
contributing to fiber loss. This sequence of molecular and cellular events suggests a putative
mechanism for the 46% permanent loss of muscle fibers with age. To test whether mtDNA
deletion mutation accumulation is a significant contributor to the fiber loss observed in aging
muscle, we pharmacologically induced latent deletion mutation accumulation. We observed a
1,200% increase in mtDNA deletion mutation-containing electron transport chain abnormal
muscle fibers, an 18% decrease in muscle fiber number and 22% loss of muscle mass. These
data affirm the hypothesized role for mtDNA deletion mutation in the etiology of muscle fiber

loss at old age.

73



Introduction

Sarcopenia is an increasingly prevalent and disabling consequence of aging, and the lack of a
clear etiology is a critical barrier to developing treatments. This functional decline is a defining
characteristic of the geriatric syndrome of frailty, which encompasses weight loss, muscle
weakness, and slowed gait. A primary contributor to frailty is sarcopenia—the inevitable age-
related process that results in the loss of skeletal muscle mass and function (Rosenberg, 1997).
In humans, sarcopenia begins at ~25 years of age, approaches a 10% loss of muscle mass by age
50 and a 50% loss by the eighth decade (Lexell et al., 1983; Goodpaster et al., 2006). Muscle
mass decline in humans has been attributed to both fiber loss and fiber atrophy (Lexell et al.,
1986; Klein et al., 2003). The magnitude of this fiber loss in humans is estimated at ~25 muscle
fibers per day at age 80 (Lexell et al., 1986). In the F344xBN F1 hybrid rat, muscle mass and
fiber loss begins at ~30 months of age and ~20 fibers are lost per day (Wanagat et al., 2001;
Lushaj et al., 2008), paralleling the human data.The mechanisms that drive muscle fiber loss are
mediated by apoptosis and necrosis in aged skeletal muscle (Dirks & Leeuwenburgh,2004;
Marzetti et al., 2010). Down-regulation of the apoptotic pathway reduces muscle mass loss and
improves function in aged animals (Dupont-Versteegden, 2005). In aging human muscle,
increased levels of apoptosis have been detected from biopsies (Malmgren et al., 2001;
Whitman et al., 2005). Cellular necrosis is another mechanism of muscle fiber loss and is readily
observed in aging rat muscle (Fujisawa, 1974). Electron transport chain (ETC) deficiencies

trigger muscle fiber apoptosis and necrosis in aging skeletal muscle (Cheema et al., 2015).
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Electron transport chain (ETC) abnormal muscle fibers arise from a very specific molecular
event, the intracellular, clonal accumulation of mitochondrial DNA deletion mutations.
Mammalian mitochondria contain their own ~16-kb circular DNA genome that, together with
nuclear components, encodes the proteins in the ETC. Muscle mitochondria exist as an
extensive interconnected reticulum and cross sections of muscle contain thousands of
mitochondrial genomes (Bakeeva et al., 1978; Ogata & Yamasaki, 1997; Herbst et al., 2007;
Mishra et al., 2015). When mtDNA deletion mutation-containing genomes accumulate to high
levels, the defective genomes interfere with the normal transcription and translation of the
mitochondrially encoded components of the ETC (NADH dehydrogenase, cytochrome b,
cytochrome c oxidase-COX, ATP synthase). High levels of deletion-containing mtDNA genomes
are localized to the ETC abnormal region of individual fibers (Muller-Hocker et al., 1993; Cao et
al., 2001; Wanagat et al., 2001). Although the specific deletion mutation differs from fiber to
fiber, within a single fiber, ETC abnormal regions contain identical mtDNA deletion mutations
suggesting that once a mitochondrial deletion mutation occurs, it expands clonally from its
point of origin (Cao et al., 2001). As multiple copies of the mtDNA exist in the mitochondrial
reticulum, both wild-type and mutant mtDNA coexist in a state of heteroplasmy. The cellular
impact of heteroplasmy is largely dependent on the mutant to wild-type mtDNA ratio. MtDNA
deletion mutation abundance approaches 100% of the mitochondrial genomes within the ETC
abnormal region of the fiber, and the threshold level for expression of the ETC abnormal
phenotype is 90% (Herbst et al., 2007). Low abundance mtDNA deletion mutations have been

detected in ETC normal fibers and represent a pool of latent mutations that could give rise to
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respiration deficiency and cell death given sufficient time or appropriate stimulation to

accumulate(Pak & Aiken, 2004; Herbst et al., 2007).

Gene expression measurements from diverse models of mitochondrial dysfunction and
mitochondrial diseases (Alemi et al., 2007; Subramaniam et al., 2008) and studies from laser
microdissected ETC abnormal regions of skeletal muscle fibers (Herbst et al., 2013) identified
the activation of mitochondrial biogenesis. Beta-guanidinopropionic acid (GPA), a creatine
analogue, induces mitochondrial biogenesis primarily in skeletal muscle (Wiesner et al., 1999;
Reznick & Shulman, 2006). GPA, by inhibiting the creatine transporter, decreases intracellular
creatine, high energy phosphocreatine, and ATP in skeletal muscle (Oudman et al., 2013),
increasing the AMP/ATP ratio (Bergeron et al., 2001). The resulting energy deficit, likely through
chronic AMPK activation, initiates mitochondrial biogenesis (Zong et al., 2002; Chaturvedi et al.,
2009; Yang et al., 2015). Similarly, creatine deficiency increased mitochondrial mass and
respiratory enzyme activity in knockout mice (Schmidt et al., 2004). In 28-month-old rats GPA
treatment resulted in a twofold increase in skeletal muscle wild-type mtDNA, indicating
mitochondrial biogenesis (Herbst et al., 2013). These observations, taken together, suggest that
somatically derived mtDNA deletion mutations clonally expand within individual fibers until a
phenotypic threshold is surpassed resulting in the loss of cellular respiration, fiber atrophy,
apoptosis, and necrosis with ensuing fiber breakage and loss. We hypothesized that, with
advancing age, this process increasingly occurs in other muscle fibers—iteratively and
cumulatively leading to the observed fiber loss that contributes to sarcopenia (Wanagat et al.,

2001; Herbst et al., 2007; Cheema et al., 2015). To test this hypothesis, we treated aged rats
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with GPA, inducing latent deletion mutation accumulation and the formation of ETC abnormal
fibers. We observe a significant increase in mtDNA deletion mutation frequency and ETC

abnormality mediated fiber loss.

Results

To explore the role of ETC abnormal fibers in sarcopenia, we treated 30-month old hybrid rats
with 1% beta-guanidinopropionic acid, compounded in chow, for four months. GPA treatment
reduced quadriceps muscle mass 22% at 34-months of age (Figure 3.1A, D). Muscle mass loss
was accompanied by a 21% decline in rectus femoris cross-sectional area and an 18% loss of
muscle fibers (1,589 fibers on average) in the GPA-treated rats (Figure 3.1A,D). Concomitant
with the loss of muscle mass and fibers was an increase in the abundance of excess fibrous
connective tissue as detected by Masson’s trichrome staining (Figure 3.1B, C, D). In contrast to
the typical interfascicular collagen deposition observed in normal muscle aging, we found
fibrotic replacement of entire muscle fascicles (Figure 3.1C). Muscle deterioration was most
prominent in the muscle periphery with sparing in the vastus intermedius and central regions of

the lateralis, medialis and femoris.

To estimate the difference in the tissue burden of ETC abnormal muscle fibers between GPA
and control rats, we counted the number of enzymatically abnormal fibers in single muscle
cross-sections that were histochemically stained for cytochrome c oxidase (COX) and succinate

dehydrogenase (SDH) activities. Whereas COX is partially encoded by the mitochondrial
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genome, SDH is encoded entirely in the nucleus. Individual (COX or SDH) and dual (COX and
SDH) staining was used to reveal respiration deficient (COX", SDH**) ETC abnormal skeletal
muscle fiber segments (Figure 3.2A). GPA-treatment resulted in a 1,200% increase in the
number of ETC abnormal fibers as compared to normally-aged control rats within a single
muscle section (Figure 3.2B). By examining 119 randomly-selected fibers along their length,
through one mm of quadriceps from GPA-treated rats, the abundance of ETC abnormal fibers
was determined to be 15.1%. In contrast to normally aged rats, we observed clustering of ETC
abnormal fibers, including the appearance of adjacent ETC abnormal fibers, which were not the
result of fiber splitting. As observed in normally aged rats, ETC abnormal fibers tended to
appear on the exterior surface of the fascicles and some ETC abnormal fibers split into multiple
branches. As with collagen deposition, COX- fibers were most prominent in the muscle
periphery. ETC abnormal fibers were not as frequent in the vastus intermedius and more
central regions of the lateralis, medialis and femoris. In addition to increasing the abundance of
ETC abnormal fibers, GPA treatment also affected the morphological characteristics of ETC
abnormal fibers. The population of ETC abnormal fibers from GPA treated rats possessed, on

average, shorter ETC abnormal segments. The mean ETC abnormality segment length in control

rats was 442 + 49.0 microns versus 345 + 19.4 microns following GPA treatment (Figure 3.2C).

In aging muscle, ETC abnormal fiber segments initiate apoptosis and necrosis (Cheema et al.,
2015). If ETC abnormal fibers are sufficient for fiber loss with age, then an increase in ETC
abnormal fibers undergoing apoptosis and necrosis should be observed following GPA

treatment. Immunohistochemical staining of GPA treated and control rat skeletal muscle
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(Figure 3.3A) localized cleaved caspase-3 (cl-cas3) and complement-mediated membrane attack
complex component c5b-9 to ETC abnormal segments. These markers indicate activation of
apoptotic and necrotic cell death processes in ETC abnormal fibers. 80% of ETC abnormal fibers
were positive for cell death markers in GPA treated rats as compared to 50% in control animals.
Most of this difference was accounted for by an increase in the fraction of fibers undergoing
necrosis in GPA treated rats (Figure 3.3B). 20-25% of ETC abnormal fibers stained positive only
for cl-Cas3, however, all c5b-9 positive fibers were cl-cas3 positive in GPA-treated and control
rat quadriceps. In addition to an increased incidence of cell death positive ETC abnormal fibers
from GPA treated rats, GPA treatment also resulted in necrotic ETC abnormal segments whose
length was <200 microns (Figure 3.3C). By contrast, in control rats, ETC abnormal fibers
underwent necrosis only when greater than 200 microns in length. A final indicator of cell death
in ETC abnormal fiber segments is the presence of broken fibers. In GPA treated rats, 23% of
ETC abnormal fibers were broken, compared to 15% of the ETC abnormal fibers broken in

control rats.

The mtDNA deletion mutations that accumulate with age are large, with 4-10kb lost, occur in
the major arc and remove up to 11 protein encoding genes and 13 transfer RNAs. The gene
encoding ND4 is routinely deleted (Kowald and Kirkwood, 2014), while minor arc genes such as
ND1 are preserved. To quantitate mtDNA deletion burden in muscle homogenates, we
exploited differences in copy number between ND4 and ND1 as an estimate of mtDNA deletion
mutation frequency (Grady et al., 2014) using a digital PCR approach (Taylor et al., 2014). In a

hypothetical sample comprised of only full length, intact mtDNA molecules, the expected ratio
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would be 1 and this is what we observed in tissue homogenate DNA samples from control rats.
In GPA-treated rats however, the ratio was depressed with an average ratio of 0.8 (Figure 3.4A)
indicating a 20% mtDNA deletion mutation frequency in rat muscle following four months of

GPA treatment.

While the abundance of deletion mutations in tissue homogenates gives an overall estimation
of the mutation frequency, it is the focal distribution of deletion mutations that leads to their
cellular impact. Therefore, we coupled laser microdissection and long extension PCR to define
the mtDNA genotype within individual COX- fibers from GPA-treated rats. Each ETC abnormal
fiber contained a unique mtDNA deletion mutation with a loss of 6-10kb (Figure 3.4B). To
interrogate heteroplasmy in single COX- fibers, we quantitated the ND4 and ND1 copy numbers
by digital PCR. In COX* control fibers, we found the expected 1:1 ratio between ND4 and ND1
genes. COX- fibers, however, possessed large increases in total mtDNA copy number (ND1) but
a depression of the ND4 target site encompassed by the deletion event (Figure 3.4C). These
copy numbers demonstrate greater than 90% heteroplasmy for mtDNA deletion mutations
within single ETC abnormal muscle fibers. DNA sequencing of the LX-PCR products from one of
the COX- fibers identified a breakpoint between nucleotides 6,344 and 15,002 of the F344x BN
F1 mtDNA genome (AY769440.1) which included a four base-pair repeat. This deletion mutation
disrupted 11 protein coding and nine tRNA genes in the major arc while maintaining the minor

arc genes including ND1 (Figure 3.4D).
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GPA treatment induces a metabolic shift from glycolytic to oxidative metabolism (reviewed in
Oudman et al., 2013). It is possible that in GPA treated rats we might observe a similar effect.
Therefore, we determined the percent of oxidative slow twitch fibers (type I) in the rectus
femoris muscle of control and treated rats. We observed no significant difference. In control
and GPA treated rats, the muscle was composed of 2 + 0.4% and 2.7 £ 1.2 % type | fibers
respectively (Figure 3.5A). Controls had a smaller range of 1 - 3% whereas in GPA 0.2 - 6% of
the RF was type I. Type | fibers tended to cluster in GPA treated rats which was not as
frequently observed in controls (Figure 3.5B). In addition to the difference detected in fiber
type clustering, type | fibers were identified in the periphery of the rectus femoris rather than in
the central regions of the muscle in GPA-treated rats (Figure 3.5C). These data suggest that GPA
has an effect on the periphery of the muscle as it was also prone to increased collagen

deposition and higher number of COX- fibers.

The two main fiber types, type | and type Il, are morphologically and biochemically distinct.
Oxidative fibers have a smaller cross sectional area and are enriched in more mitochondria
whereas glycolytic fibers have a larger CSA and have a lower mitochondrial content. Even
though, there was no significant difference in fiber type distribution, mitochondrial activity and
fiber CSA differed in GPA rats suggesting a possible shift to oxidative metabolism. Higher
mitochondrial content may be visualised by enzymatic activity staining of mitochondrial
enzymes. In COX and SDH staining, fibers tended to stain darker in the GPA-treated muscles
than the controls indicating an increase in enzymatic activity. Furthermore, we observed

smaller fiber CSA in GPA rats. We measured the fiber CSA of GPA-treated rats and controls in

81



1mm?Zarea in the rectus femoris. A significant decline of 47% in fiber CSA was observed in GPA-
treated muscle (Figure 3.6A). Fibers from GPA muscle had an average CSA of 1517 + 34.30 um?
with a range from 25 — 5,583 um? whereas in the age-matched controls, fibers had a larger

average CSA of 2853 + 110.7 um? with a range from 137 — 13,170 um? (Figure 3.6B).

There was no significant difference in mortality between GPA-treated and control rats. At the
end of the experiment, control rats and GPA treated rats had a survival percent of 86% and 74%
respectively (Figure 3.7). The daily consumption of food was monitored with control rats
consuming 37g and GPA-treated rats consuming 25g. A significant decline of 12 grams was
observed in the daily food intake of GPA-treated rats (p value < 0.0001) (Figure 3.8A). A
gradual decline in the body weight of rats was observed in GPA treatment, whereas, control
rats remained at a constant body weight of 569 grams (Figure 3.8B). Although, there was a 28%
decrease in body mass in GPA-treated rats, no differences were observed in cardiac and brain

tissue between GPA-treated and control rats (Table 3.1).

Discussion

The physiological impact of mitochondrial mutations is demonstrated by the effect of AZT
treatment (Rayapureddi et al., 2010), accelerated aging of mitochondrial DNA polymerase

gamma mutator mice (Trifunovic et al., 2004), and cardiac arrhythmias in Twinkle mitochondrial

helicase mutant mice (Baris et al., 2015). Previous experiments demonstrated that a 7 weeks

GPA treatment of 27-month-old rats resulted in an increased incidence (3.7-fold) of ETC
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abnormal fibers, but did not result in measureable fiber loss (Herbst et al., 2013). Clonally
expanded mtDNA deletion mutations first appear as ETC abnormal fibers at approximately 28
months of age in the hybrid rat (Herbst et al., 2013). We hypothesized that inducing
mitochondrial biogenesis at older ages, when deletion mutation frequency is higher, would
explicitly test the role of these mutations in muscle fiber loss. Four months of GPA treatment in
30-month-old rats resulted in a 12-fold increase in ETC abnormal fibers, accelerating cell death,
fiber loss and fibrosis, leading to a 22% loss of muscle mass. This loss encompasses individual
fiber loss and atrophy (e.g. due to reduced protein synthesis or increased protein degradation),
but is offset by positive contributions to muscle mass from fibrotic replacement. Loss of muscle
mass and rectus femoris fiber number in control rats was consistent with previous data (Lushaj
et al., 2008). The sparing of muscle deterioration in the central areas of the quadriceps follows
from the muscle fiber type distribution (predominantly type I) in these regions. Type Il fibers,
which predominate in the muscle periphery, have been shown to be more susceptible to
deletion mutation accumulation and are preferentially lost with age (Wanagat et al., 2001; Bua
et al., 2002). GPA treatment, however, could also be acting in these areas independent of
mitochondrial genotype as GPA is known to cause a type | to type Il fiber shift (Oudman et al.,
2013). Increased deposition of fibrotic tissue in GPA-treated rat quadriceps muscle is consistent

with the inflammatory loss of necrotic ETC-deficient muscle fibers.

In muscle aging, activation of apoptosis and necrosis predominantly occurs in ETC abnormal
muscle fibers (Cheema et al., 2015). The ETC abnormality results from the focal accumulation of

mtDNA deletion mutations (Wanagat et al., 2001; Herbst et al., 2007). As GPA treatment
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promotes sarcopenic changes through an increase in ETC abnormal fiber abundance, treatment
should also accelerate the mitochondrial genotypic changes observed with muscle aging. To
test this relationship, we quantitated mtDNA deletion mutation abundances in both muscle
tissue homogenates and single muscle fibers. The mtDNA deletion frequency (20%) in tissue
homogenates mirrored the increased abundance of ETC abnormal fibers. Similarly, in single
fibers, GPA treatment resulted in deletion mutation abundances that exceed
the90%phenotypic threshold for presentation of a respiration deficiency. The mtDNA deletions
are clonal, involve only the major arc, and ranged in size from 4 to 10 kb. The deletion
mutations induced by GPA treatment appear similar to those observed previously (Cao et al.,
2001; Wanagat et al., 2001). Previously, in rats, we observed that the abundance of wild-type
genomes was maintained in ETC abnormal regions (Herbst et al., 2007). Subsequent data in
humans showed a diminished abundance of wild-type genomes (Herbst et al., 2007). The data

presented here are more similar to the latter, a slight reduction in wild-type mtDNA abundance.

The approach to quantitation of ETC abnormal fibers and mitochondrial deletion mutations
depends upon the underlying abundance (Greaves et al., 2014). The abundance of mtDNA
deletion mutations in normally aged muscle contrasts dramatically with abundances following
GPA treatment illustrating the need for different approaches to quantitation. Determining ETC
abnormal fiber number in normally aged muscle requires counting all lesions within a given
tissue volume to account for the three-dimensional structure, distribution, and abundances of
these lesions (Wanagat et al., 2001). In contrast, the elevated abundance of ETC abnormal

fibers following GPA treatment required a sampling approach; volume density techniques were
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no longer practical due to the massive increase in ETC abnormal fiber number. Detection of
deletion mutation events from tissue homogenates during normal aging is exceedingly difficult
due to the large range between deletion mutation-containing and wild-type mtDNA genome
abundances. Deletion mutation-containing mitochondrial genomes have been quantitated at
between 20 parts per million in human brain homogenates (Taylor et al., 2014) and one part
per million in aged mouse muscle (Guo et al., 2010) vs. 20 parts per hundred in homogenates
from GPA-treated rats and > 90 parts per hundred in single ETC abnormal fibers. The absolute
mutation frequency in aged control rats is below the detection range using the loss of the major
arc primer/probe site quantitation method, which results in a ND4:ND1 ratio approximating
one. The higher deletion mutation abundance in homogenates from GPA-treated rat muscles or
single muscle fibers allowed detection of deletion mutation frequencies ranging from 20% in

homogenates to 98% in single fibers.

The induction of ETC abnormal fibers by GPA treatment suggested two possibilities: (i) GPA
treatment generated mtDNA deletion mutations de novo or (ii) GPA enhanced the
accumulation of latent pre-existing, age-induced deletion mutations. GPA is not known to be
mutagenic despite numerous studies of its activity in mammals (reviewed by Oudman)
(Oudman et al., 2013; Karamat et al., 2015), and we did not observe any ETC abnormalities in
young rats treated with GPA (Herbst et al., 2013). GPA inhibits creatine-dependent energy
metabolism leading to fiber atrophy in young and old rodents and induces mitochondrial
biogenesis in skeletal muscle (Mahanna et al., 1980; Wiesner et al., 1999; Zong et al., 2002;

Herbst et al., 2013). Sampling individual respiration competent fibers determined that 10-25%
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of these ETC normal fibers from 36-month-old rat skeletal muscles harbored mtDNA deletion

mutations at intrafiber abundances of 0.01-2.17% (Pak & Aiken, 2004).

The increased incidence of respiratory-deficient muscle fibers by expansion of latent mtDNA
deletion mutations demonstrates the existence of specific pathways that control mitochondrial
DNA mutation accumulation and, more importantly, that these pathways can be modulated in
vivo. While the activation of mitochondrial biogenesis is suspected to have beneficial effects on
aging (Martin-Montalvo et al., 2013; Yang et al., 2015), if that process lacks selectivity for
competent mitochondrial genomes, adverse effects may accrue due to the expansion of mtDNA
deletion mutations in mammals (Lin et al., 2016). Similarly, treatments designed to affect aging
phenotypes by manipulating mitochondrial quality control require examination of those

interventions on both normal and mutant mtDNA populations.

GPA treatment in aged rats increased the accumulation of mtDNA deletion mutations, which
manifests as an increased abundance of ETC abnormal muscle fibers. In addition to increasing

the abundance of ETC abnormal segments, GPA accelerated the progression of ETC abnormal

fiber segments as evidenced by shorter abnormalities, increased cell death activation and cell
death activation in shorter segments, and increased incidence of broken fibers. Finally, GPA
treatment accelerated the loss of muscle mass and fiber number that defines sarcopenia. The
experimental manipulation of mtDNA deletion mutation abundance by a pharmacological
intervention in old animals accelerated phenotypes of muscle aging. These data strengthen the
causal link between mtDNA deletion mutation and fiber loss and underscore the significance of

latent mtDNA deletion mutations. The exogenous pharmacological induction of ETC
86



abnormalities implicates specific pathways that regulate mtDNA deletion mutation
accumulation in vivo. Modulation of these pathways is likely to be pleiotropic with beneficial
effects on bioenergetics confounded by the antagonistic induction of mutant mtDNA

accumulation.

Material and Methods

Ethics Statement

This study was carried out in accordance with the recommendations in the NIH Guide for Care
and Use of Laboratory Animals and the guidelines of the Canadian Council on Animal Care. The
protocols used were approved by the Institutional Animal Care and Use Committees at the

University of Alberta.

Animals, GPA treatments & tissue preparation

Thirty-month old male Fischer 344 x Brown Norway F1 hybrid rats (Rattus norvegicus) were
purchased from the National Institute on Aging colony maintained by Harlan Sprague Dawley
(Indianapolis, IN). B-guanidinopropionic acid was synthesized as described (Rowley et al., 1971;
Herbst et al., 2013) from cyanamide and B-alanine. GPA was purified by recrystallization and
the synthesis confirmed by mass-spectrometry and IR spectroscopy. B-GPA was formulated to
1% by weight in 6% fat rodent chow (Harlan-Teklad, Madison, WI) and fed for 4-months ad
libitum. Rats were housed on a 12 hour light/dark cycle. No significant difference was observed

in the survival of rats treated with B-GPA vs controls. Animals were euthanized, the quadriceps
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muscles dissected from the animals, weighed, bisected at the mid belly, embedded in optimal
cutting temperature compound (Sakura Finetek, Torrance, CA), flash frozen in liquid nitrogen
and stored at -80°C. A minimum of one hundred 10um thick consecutive transverse cross-
sections were cut with a cryostat at -20°C and placed on Probe-On-Plus slides or PEN
membrane glass slides (Life Technologies) for laser microdissection. Slides were stored at -80°C

until needed.

Histochemical and immunohistochemical staining

At 100um intervals, sections were stained for COX (brown) or SDH (blue) as previously
described (Wanagat et al., 2001). A third slide was dual stained, first for COX and secondly for
SDH. ETC abnormal fibers appear blue on a brown background following dual staining. Two
slides within the series were used for hematoxylin and eosin (H&E) staining. Fibrotic tissue was
stained using Masson’s trichrome, as described [Lushaj, 2008]. Immunohistochemical staining
using anti-activated caspase 3 (Promega, Madison, WI;1:200) and anti-C5b-9 (Abcam,
Cambridge, MA;1:500) was performed as described[Cheema, 2015]. Fiber typing was
performed using anti-My32 (Abcam, Cambridge, MA; 1:500). After histochemistry or
immunohistochemistry, slides were digitized by a scanning microscope (Nanozoomer,

Hamamatsu).

Image analysis, counts and quantitation

Cross-sectional area measurements and fiber counts of the rectus femoris were obtained from

digital images. Rectus femoris muscle is used for CSA measurements and fiber counts because it
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is entirely encapsulated by the quadriceps and has low pennation angle to the muscle fibers,
facilitating accurate and precise quantification. The absolute number of ETC abnormal fibers
(COX-/SDH++) were identified and annotated throughout 10 um of tissue in both GPA treated
and control rats. 119 individual randomly selected fibers from GPA treated rats were followed
throughout one millimeter of tissue to measure the abundance of ETC abnormal regions. Fibers
that stained positive for cleaved caspase 3 at a 100-um interval were counted, annotated, and
followed throughout the 1 mm of rectus femoris tissue. The length of ETC abnormality
segments was determined by counting the number of slides the abnormality appeared in and
multiplying by 10 um. Fiber cross sectional area (CSA) was measured by annotating fibers in

1mm? area using the NDP.view software (Nanozoomer, Hamamatsu).

DNA isolation

This was performed by Dr. Allen Herbst. Rat quadriceps muscle was ground to a powder using a
mortar, pestle, and liquid nitrogen. Total DNA was extracted using the Maxwell 16 tissue
preparation kit (Promega, Madison, WI). Total DNA quantity and quality was measured using
spectrophotometry at A230, A260, and A280 (Thermo Scientific Nanodrop 2000
Spectrophotometer) and integrity examined by gel electrophoresis. DNA isolation from
individual muscle fiber cross-sections was performed subsequent to laser microdissection.
Muscle sections on membrane slides were dehydrated in absolute ethanol and air dried. ETC
abnormal fibers were identified on adjacent serial sections by staining for COX and SDH as
described above. Single muscle fiber sections were captured using a Leica LMD 7000, digested

in one microliter of proteinase K digestion solution as described (Wanagat et al., 2001; Herbst
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et al., 2007), and re-suspended to a total volume of ten microliters with nuclease- free water.
Initial estimation of mtDNA copy number from all DNA samples was obtained by quantitative
PCR (gPCR) using primers and probes to the rat mitochondrial genome (ND4, ND1) purchased
from Integrated DNA Technologies (IDT; Coralville, lowa). gPCR reactions for both ND4 and ND1
were 1ul of target DNA, 1.25ul of 20X ND4/ND1 primer probe mix, 12.5ul of 2X

AmpliTag Master Mix (ThermoFisher; Waltham, MA), and 10.25ul of H,O for each 25ul
reaction. gPCR cycling conditions for ND4 were Tag-Polymerase activation at 95°C for ten
minutes, denaturation at 95°C for ten seconds, annealing at 58°C for ten seconds, extension at
72°C for 30 seconds, plate read, and repeat steps 2-5, for a total of 40 cycles. ND1 was cycled

similarly, except the annealing temperature was decreased to 54°C.

Digital PCR quantitation of mtDNA deletion mutation abundance

This was performed by Dr. Jonathan Wanagat and Kevin Widjaja. Samples were diluted to the
target range of the Quantstudio 3D digital PCR (dPCR) 20K Chip (Version 2, ThermoFisher;
Waltham, MA) and the mtDNA copy number determined in each sample. ND4 and ND1
reactions were performed on separate, individual digital PCR chips according to the
manufacturer's instructions. DPCR cycling conditions for ND4 and ND1 were the same as for
gPCR described above. MtDNA copy numbers per microliter were calculated using QuantStudio
3D Analysis Suite Cloud Software (Version 3, ThermoFisher; Waltham, MA). In the case of tissue

homogenates, mtDNA copy numbers were normalized to the control samples.
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Long Extension PCR amplification of mtDNA deletions from single muscle fibers

This was performed by Dr. Allen Herbst. Deletion-containing mtDNAs were amplified using the
16S-F and 12S-R primer set purchased from IDT. Long extension PCR reactions were assembled
according to the manufacturer's instructions, Go-Taq Long PCR master mix (Promega, Madison,
WI). PCR cycling conditions were polymerase activation at 95°C for two minutes, denaturation
at 94°C for twenty seconds, and annealing at 68°C for ten minutes, then repeated for 40 cycles.
PCR products were fractionated on 1% agarose gels, stained with ethidium bromide, and

visualized under UV light.

Statistical analysis

Data are presented as mean + SEM. Reported p-values were obtained using Student's t-tests
with a p-value < 0.05 being significant. All statistical analysis was performed using GraphPad

Prism version 5.00 for Windows (GraphPad Software, San Diego, California USA).
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Figure 3.1. Morphometric data collected from aged control and GPA-treated rats. (A)
Representative muscle cross-sectional images stained with hematoxylin and eosin. The bar
denotes 5mm. The encircled area delineates the rectus femoris muscle with cross-sectional
areas of 39.5 and 33.2 mm? for control and GPA-treated, respectively. (B) Quadriceps muscle
sections stained with Masson’s trichrome to identify collagen (blue) deposition. The bar
denotes 5mm. (C) Higher magnification imaging of fibrotic tissue deposited in aged rats. The bar
denotes 100 microns. (D) Quadriceps muscle mass, rectus femoris fiber number and cross-

sectional area and quadriceps fibrotic tissue abundance in control and GPA treated aged rats.
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Figure 3.2. GPA treatment of aged rats results in a 1200% increase in the abundance of
segmental ETC abnormal fibers. (A) COX negative SDH hyper ETC abnormal muscle fibers are
prevalent in GPA treated rat muscle. The scale bar in each image is 0.25mm. (B) Quantification
of ETC abnormality abundances in rectus femoris and whole quadriceps muscles. (C) GPA
treatment decreases ETC abnormal segment length. Frequency distributions are fitted with

Gaussian curves using a least squares approach.
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Figure 3.3. Fiber death in GPA-induced ETC abnormal fibers. ETC abnormal fibers, induced by
GPA treatment activate apoptosis and undergo necrosis. A. ETC abnormal fiber undergoing
apoptosis and necrosis. Dual and single Histochemical staining for COX and SDH.
Immunohistochemical staining for cl-Cas3 and c5b-9. The scale bar denotes 50 microns. B. 80%
of ETC abnormal fibers are positive for apoptotic (cl-Cas3) and necrotic (c5b-9) cell death. C.
Cell death processes are activated in shorter ETC abnormal fiber segments of GPA treated rats

than in controls.
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Figure 3.4. Induction of mtDNA deletion mutation accumulation by GPA treatment in aged
rats. A. Elevated mtDNA deletion mutation frequency in GPA-treated rat quadriceps muscles. B.
Mitochondrial DNA deletion mutations from GPA-treated rats amplified by long extension PCR
from laser capture microdissected COX- fibers C. Copy numbers of total mtDNA as compared to
WT mtDNA in single, microdissected control or COX- fibers showing degrees of heteroplasmy.
D. Sequencing of mtDNA deletion mutation breakpoint from a single microdissected COX- fiber
shown in panels B and C - Lane 1 and fiber 1, respectively. This figure is a courtesy of Dr. Allen

Herbst, Dr. Jonathan Wanagat and Kevin Widjaja.
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Figure 3.5. Fiber typing in control and GPA treated rats. (A) Percent of type 1 fibers in the
rectus femoris muscle in control and GPA rats. (B) Representative micrographs of My32
immunostained vastus lateralis muscle. My32 recognizes type Il fibers. Fiber type | clustering
observed in GPA treated muscle. (C) Fiber type distribution in rectus femoris (RF) muscle. Type
1 fibers observed in the RF periphery facing the vastus medialis (VM) muscle. Scale bar is 100

um.
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Figure 3.6. Myofiber CSA in control and GPA rectus femoris muscle. (A) Average fiber CSA
measurement in control and GPA rats. (B) Percent of fibers in control and GPA rats with fiber

CSA. Maximum fiber CSA in control was 13,170 pm?.
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Figure 3.7. Survival curve for 30 month FBN rats on normal rodent chow (solid line) and 1% -

GPA chow (dashed line) for 4 month ad libitum.
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Figure 3.8 Food consumption and body weight of rats on normal and GPA feed. (A) Food
consumption of controls and GPA fed rats during 4 month period (g/day). (B) Body weight of
controls (open circle) and GPA fed rats (filled square) over the course of the experiment.

Surviving rats were sacrificed at 143 days.
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Table 3.1. Wet weights of body, brain and heart of control and GPA rats at end of study (n=7-

8).

Weight (grams)
Body Brain Heart
Control 515168 2.310.1 1.4+0.2
GPA 402152 2.310.1 1.410.1
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Chapter 4: Future Directions and Conclusions

Mitochondrial dysfunction plays a strong role in sarcopenia. The role of ETC abnormalities and
cell death in aged heart, brain and kidney is, however, unknown. Studies in multiple tissues
would support a universal biological mechanisms of ETC abnormalities in the aging process. In
chapter 2, | identify the role of the two cell death pathways, apoptosis and necrosis, in aged
tissue. In ETC abnormal fibers, apoptosis was triggered in shorter abnormalities and necrosis
was involved with longer abnormalities. Currently, caloric restriction is the only intervention
that has delayed ETC abnormality accumulation and attenuated apoptotic signalling in aged
skeletal muscle. In this chapter, | outline some future studies on caloric restriction. Based on
our findings in chapter 3, GPA can be utilised to address questions regarding different
mechanisms in muscle aging. An additional experiment on GPA-treated rats, performed in our
laboratory, provided surprising results on regenerative capacity in aged rat muscles and raised
many intriguing questions. The experiment, along with future studies regarding GPA, ETC

abnormalities in post mitotic tissues and interventions of sarcopenia are listed below.

Future Directions

1. Fiber number restoration in aged rat muscle

Multiple mechanisms contribute to age-related decline in muscle mass and strength. There is a
decline in nutrient uptake, anabolic capacity, physical activity, innervation and regenerative

capacity in aged tissue. Satellite cells, the progenitor cells of muscle involved in repair, have
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reduced regenerative and functional capability in aged tissue (reviewed in Demontis et al.,
2013). Parabiotic experiments, where a young and old rat are surgically joined to share a
circulatory system, suggest that changes in extrinsic factors such as circulating hormones and
cytokines contribute to age-related decline in regeneration (reviewed in Jones and Rando,
2011). There is, however, data suggesting that, at very old age, rats can recover muscle mass. In
34 month FBN rats, antioxidant treatment following muscle disuse reversed muscle atrophy in
plantaris muscle. Treated rats had hypertrophic fibers, activation of satellite cells and reduced

apoptosis (Alway et al., 2014).

To observe the effect of GPA removal on aged tissue, 30 month old FBN rats were fed 1% GPA
or normal food chow for 4 months (n=12 per group). At 34 months, FBN rats were given normal
food chow for 2 months and were euthanized at 36 months of age. At the end of the
experiment, 10 controls rats and 9 GPA-treated rats were euthanized and quadriceps were
extracted to determine muscle mass and embedded in optimal cutting media for histochemistry

and immunohistochemical analysis.

In chapter 3, | observed that GPA treatment of 4 months induced significant decline in body
weight, muscle mass and fiber number. RF muscle in 34 month controls had 8859 + 162 and
GPA treated had 7270 + 324 fibers, a loss of 1589 fibers. After 2 months of recovery, however,
there was no detectable difference in body weight, muscle mass and fiber number between 36
month control and GPA-treated rats. Fiber count in rectus femoris in controls was 8269 + 271
and in GPA rats, 8619 + 224. Interestingly, a significant increase (p value = 0.006) in RF fiber

number was detected between 4 month GPA treatment and 2 month GPA recovered rats
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(Figure 4.1A). This finding suggests that, in a span of 2 months, biological processes were
activated reversing the decline in muscle mass and fiber number. Similar to our observations,
DeTata et al.(1993) reported a complete restoration of muscle mass of young GPA treated rats

following 1 month of removal.

As described in chapter 3, 119 fibers were randomly selected and followed through 1000 um. In
GPA treated rats, 15.1% of the fibers were ETC abnormal, in the control rats, all randomly
selected fibers were ETC normal. This suggests that GPA treatment of 4 months induced the
accumulation of latent mtDNA deletions which was phenotypically observed by the increased
incidence of respiratory-deficient muscle fibers. After 2 months on normal food chow, 36
month GPA-treated rats had muscle mass and fiber number similar to controls, however, the
ETC abnormalities were significantly increased. In a single 10um section, 36 month aged rats
had 17 £ 4 (Cheema et al., 2015) ETC abnormal fibers while in 36 month GPA rats there were
101 * 33 abnormal fibers (Figure 4.1B). Prior to the 2 month recovery, 34 month GPA-treated
rats had an ETC abnormality abundance of 159 + 23. When comparing ETC abnormality
abundance in 36 month GPA-treated versus 34 month GPA-treated, there is a decline of 58 ETC
abnormal fibers. The decline in the abundance of ETC abnormal fibers and not in ETC normal
fibers in RF suggests, that in the 36 month recovered rats, ETC abnormal fibers are being
preferentially lost (~1 ETC abnormal fiber is lost per day). This leads to an intriguing question
that once all ETC abnormalities are generated, how long does it take for the muscle to
completely abolish them? If some recovered rats were allowed to live a month longer, this

hypothesis could have been tested by detecting a lower abundance of ETC abnormal fibers.
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Additionally, 36 month FBN rats are very old rats, therefore, for the recovery process to be
most fruitful, either i) GPA treatment should be shorter than 4 months to allow for a longer

recovery period and ii) the onset of 4 month treatment should be earlier than 30 months.

36 month GPA recovered rats also had a significant increase in fiber number compared to 34
month GPA-treated rats. This might be due to hypertrophic fibers splitting into several fibers.
Interestingly, 36 month GPA-treated rats had hypertrophic fibers compared to controls (Figure
4.1C). This phenomenon of fiber splitting has been observed in birds (Alway et al., 1989), cats
(Mikesky et al., 1989) and rats in resistance exercise studies (Tamaki et al., 1992). This increase
in fiber number was associated with increase in muscle function. However, it is unknown if
muscle function improved in 36 month GPA recovered rats. It would be interesting to perform
muscle functional studies such as treadmill and swimming experiments on the 36 month
recovered rat to determine that the restoration of muscle mass and fiber number also restores

muscle function in aged rats.

The 36 month rat samples can be used to address the question whether 4 month of GPA
treatment induced the accumulation of all mtDNA deletions. In aged rats, 10-25% of ETC
normal fibers had low abundance of mtDNA deletions (Pak et al., 2004). GPA-treatment would
induce mitochondrial biogenesis accelerating the accumulation of mtDNA deletions. These
mtDNA deletions would disrupt ETC function and induce cell death. Hence, it can be
hypothesized that, after GPA treatment, 36 month recovered rats would have a lower
frequency of mtDNA deletions in ETC normal fibers as 10-25% are probably lost or are now ETC

abnormal.
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As shown in chapter 3, GPA treatment resulted in a significant increase in fibrotic tissue in
treated rats accompanied with muscle atrophy. Our preliminary data indicates that muscle
mass was regained in the 36 month old rats that were withdrawn from GPA. The effect of GPA
removal on fibrotic tissue has not been experimentally analyzed. Histological analysis indicated
that 36 month GPA rats have similar muscle morphology as to 36 month old control rats. This
suggests that GPA removal did reduce fibrotic tissue. A study in aged hearts in mice has shown
that fibrosis can be reversed by caloric restriction (Yan et al., 2013). Old mice on normal food
had significant fibrosis in heart tissue. Caloric restriction was initiated after cardiomyopathy had
developed in aged mice. After 2 months on CR diet, fibrosis was significantly reduced in the old
mice to similar levels observed in young mice on normal food suggesting that fibrosis can be
repaired. As there is evidence of repairing fibrotic tissue, it would be intriguing to determine if
the 2 months on normal chow affected fibrotic tissue by removing the collagen deposition

induced by the 4 month GPA treatment.

Our data suggest that, upon GPA removal, there was complete restoration of muscle mass and
fiber number. Additionally, we observed that the fibers had become hypertrophied. These
findings indicate that, within 2 months of GPA removal, most processes have been activated
and we are observing the end stage of muscle adaptations. Once rodents are removed from
GPA, the drug is cleared from tissue relatively quickly and creatine levels return to normal
within 1 month with complete recovery of mitochondrial perturbations by 4 months (DeTata et
al., 1993). All previous studies using GPA have, however, been reported in young animals and

GPA withdrawal has not been studied in old rats. Therefore, the specific effects of GPA removal
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on rats should be studied at early, middle and late time periods of the treatment duration to

fully understand when the changes are activated in old muscles.

2. Future studies with GPA

GPA has a similar effect in muscle as exercise. Exercise induces mitochondrial biogenesis via
AMPK activation. This results in increases in number of mitochondria and mtDNA, muscle mass
increase and fiber hypertrophy. Increase in fiber CSA is contributed to the activation of satellite
cells by physical stimuli. Similar to exercise, satellite cells have been shown to become activated
by GPA treatment ex vivo. GPA supplementation in C2C12, a mouse muscle cell line, induced
myoblasts to differentiate into myotubes. Myotubes had larger nuclear domains and diameters
in GPA supplementation (Ohira et al., 2011). Following 4 month GPA treatment, interstitial
nuclei adjacent to myofibers (these could be myoblasts) are positive for activated caspase 3.
This suggests either that i) satellite cells were undergoing apoptosis or ii) satellite cells were
undergoing differentiation. Activated caspase 3 plays a significant role in initiation of myogenic
differentiation by inhibiting satellite cell self-renewal via the cleavage of Pax 7 (Dick et al.,
2015). After 2 months on normal chow, 36 month GPA treated rats had an increase in fiber CSA.
This increase may be due to satellite cell activation and increase in nuclear domain size. There
was a trend of increase in cl-Cas3 in interstitial nuclei at 4 months of treatment, however, this
trend was not observed 2 months post-GPA treatment. It is possible that, during GPA
treatment, satellite cells were activated and fused with existing myofibers, leading to fiber

hypertrophy observed upon GPA removal. To experimentally confirm this effect, satellite cells
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in their activated or quiescent state can be immunostained in GPA-treated muscle sections. To
observe hypertrophy induced by GPA removal, rats can be treated with BrdU. Satellite cells,
once activated, will incorporate BrdU in proliferating cells and will fuse with the existing

myofibers. Hypertrophic fibers will have internal myonuclei that are BrdU positive.

Mitochondrial biogenesis has many advantageous effects and has been implicated in healthy
aging (Martin-Montalvo et al., 2013), caloric restriction (Lopez-Lluch et al., 2006) and exercise
(Hood et al., 2009). Furthermore, GPA administration of 8 weeks induced mitochondrial
biogenesis in young rats as increased levels of mitochondrial density, PGC 1-alpha mRNA and
cytochrome c levels were detected in skeletal muscle (Reznick et al., 2007). As most studies
have largely focused on younger ages, age-dependent effects with GPA treatment are
unknown. Recent studies have suggested that GPA may have beneficial effects on aging as GPA
administration increased lifespan in Drosophila (Yang et al., 2015) and delayed
neurodegeneration in mice (Horvath et al., 2011). Therefore, it is possible that GPA may have
beneficial effects on 75-90% healthy muscle fibers that contain only wild-type mtDNA copies
(Pak et al., 2004). To determine the positive effects of GPA, a future study should compare the
transcriptional profile of GPA-treated ETC normal fibers with aged ETC normal fibers. ETC
normal fibers in GPA treatment may have upregulation of anabolic pathways compared to

natural aged fibers.

In the initial GPA experiment (Herbst et al., 2013), 7 weeks of treatment resulted in a 2 fold
increase in mtDNA copy number and 3 fold increase in ETC abnormalities without loss in muscle

mass. Other researchers found that short GPA treatment of 2 months induces mitochondrial
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biogenesis in rodents (Reznick et al, 2007; reviewed in Oudman et al., 2013). In this current
study, fiber loss in muscle was induced by a longer treatment and administered to older rats
that have a greater burden of mtDNA deletions. We detected an increase in ETC abnormalities
and accumulation of mtDNA deletions in rats treated with GPA for 4 months. Interestingly,
wild-type mtDNA copy numbers in GPA-treated muscle were similar to controls and preliminary
analysis detected no change in PGC-1 alpha, PPAR or cleaved caspase 3. It is possible, however,
that GPA induced mitochondrial biogenesis within the first 7 weeks of the 4 month treatment.
This suggests that GPA might be acting differently in short versus long exposures. In longer
exposures, the muscle initially responds to the GPA treatment, however, after a certain period,
the biological processes return to homeostasis. To test this hypothesis, aged rats should be
treated with GPA for 0-6 months with cohorts sacrificed every month. This would allow us to
determine the chronological order of induction of mitochondrial biogenesis, ETC abnormality

appearance and fiber loss.

There is strong literature supporting a glycolytic to oxidative metabolic switch induced by GPA
administration. Affected muscles have a higher percent of the oxidative fiber type which results
in treated rats exhibiting a higher endurance capacity in swimming and treadmill exercises.
Rodents have an increase in mitochondrial oxidative proteins in their skeletal muscle, increase
in type | fibers and decline in type Il fiber CSA (Oudman et al., 2013; van Deursen et al., 1994;
Mahanna et al., 1980). These findings suggest that GPA has a preferential effect on different
fiber types and muscles. It has been previously reported that in young rats, 2 months of GPA

treatment induced type Il fiber atrophy (glycolytic fibers) whereas oxidative fibers were
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unaffected (van Deursen et al., 1994). Oxidative fibers have a smaller cross sectional area and
are enriched in mitochondria whereas glycolytic fibers have a larger CSA and a lower
mitochondrial content. In chapter 3, increase in mitochondrial activity and decline in fiber CSA
in 34 month GPA-treated rats suggested a possible shift to oxidative metabolism. A significant
decline of 47% in fiber CSA was observed in GPA-treated muscle. However, fiber type specific
effect was not determined. It is possible that GPA induced type Il fiber atrophy in our
experiments as we have focused on quadricep tissue, a glycolytic muscle susceptible to
sarcopenia. However, the effect of chronic GPA treatment on oxidative fibers in old rats is
unknown. In longer periods, GPA may affect oxidative fibers to a lesser degree than glycolytic
fibers. As GPA has a fiber type effect, it would be interesting to delineate the molecular
mechanisms involved in fiber atrophy in GPA-treated muscles and identify pathways present in

sarcopenia-resistant muscles.

3. Mitochondrial DNA deletions as general cause of aging in post-mitotic tissues.

Post-mitotic tissues such as skeletal muscle, heart and brain are composed of terminally
differentiated cells. As these cells do not proliferate, they accumulate damaging signals over
time which contribute to the aging phenotype. As stated in the mitochondrial theory of aging,
one of the damaging signals is the accumulation of mtDNA mutations. The role of mitochondrial
DNA deletions has been well described in aging of skeletal muscle. Mutant mitochondrial
genomes have been detected in other post-mitotic tissues such as aged heart (Mohamed et al,,

2006) and brain (Kraytsberg et al., 2006). The molecular mechanism of age-dependent cell loss
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due to mtDNA deletions as observed in aged skeletal muscle fibers has not been delineated in
other post-mitotic tissues. The identification of similar molecular pathways will provide a
ubiquitous role of mtDNA deletions, providing a strong support of mitochondrial damage in the
aging process. The following section will outline evidence in aged heart and brain suggesting

that the role of mtDNA deletions may be a universal phenomenon.

Myocardial efficiency declines with progressing age (Yaniv et al., 2013). In the aging heart, the
left ventricle is enlarged, fibrotic tissue is increased and systolic/diastolic function is impaired
(Sheydina et al., 2011). At the cellular and molecular level, aged cardiac myocytes have defects
in ATP dysregulation, mitochondrial calcium homeostasis, altered mitochondrial protein
expression and function (Yaniv et al., 2013). In humans, past the age of 50, all aged hearts had
increased abundance of COX- cells (Miller-Hocker, 1989). The levels of ETC complex subunits,
such as complexes 1, 2 and 3, decrease with age (Gomez et al., 2009), the number of ETC
abnormal myocytes increase (Wanagat et al., 2002) and enzymatic activities decline (Suh et al.,
2003). mtDNA deletions have been identified in aged cardiomyocytes from humans (Arai et al.,
2003) (Mohamed et al., 2006) and rats (Wanagat et al., 2002) as well as in adult cardiac stem
cells from mice (Lushaj et al., 2012). In a transgenic mouse model expressing mutant
mitochondrial helicase, accumulation of mtDNA deletions in cardiomyocytes is accelerated, and
is phenotypically observed by cardiac dysfunction (Baris et al., 2015). Similar to skeletal muscle,
mtDNA deletions colocalize with COX- cardiomyocytes suggesting the clonal expansion of
mtDNA deletions disrupts ETC function in cardiomyocytes (Miiller-Hocker, 1989; Wanagat et al.,

2002) and there is age-dependent susceptibility to apoptosis (reviewed in Sheydina et al.,
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2011). In skeletal muscle, ETC abnormal fibers predominantly undergo apoptosis and necrosis
and are the contributing factor of age-dependent fiber loss (Cheema et al., 2015) with many
studies reporting increased apoptosis in aged skeletal muscle tissue (Alway et al., 2011). A
causative association of ETC dysfunction and cell death was reported in a Drosophila transgenic
model of cardiomyopathy. Cardiac dysfunction was induced by knocking down COX assembly
factors which induced mitochondrial dysfunction, increase in ETC abnormal cardiac cells and
apoptotic cells (Martinez-Morentin et al., 2015). This suggests a similar role of ETC
abnormalities inducing cell death in heart cells as seen in skeletal muscle. However, in aged
heart tissue it is still unknown whether COX- cardiac cells are the leading cause of apoptotic

cells.

Age-dependent declines in neuronal number has been debated for several years. Unlike skeletal
muscle and heart, the decline in neuronal number with age is not clear. In aged rats there is no
reported difference in the neuronal numbers when comparing old rats of 12 month and 22
months age (Mortera and Herculano-Houzel, 2012). As technology progresses, more sensitive
and accurate techniques are being developed, therefore, studies should confirm the age-
dependent change of neuronal numbers. There is, however, a consensus, that with increasing
age, there is a functional decline in cognition. There is an age-dependent increase in brain
atrophy and decline in cognitive function. Gene expression studies from aged brain tissue of
C.elegans, rats, rhesus monkeys and humans have indicated a strong role for mitochondrial
dysfunction in the ageing brain (Bishop et al., 2010). In aged prefrontal cortex from humans,

genes involved in mitochondrial function and oxidative stress response were detected (Lu et al.,
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2004). Impairment of mitochondrial function in aged human neurons is due to the abundance
of mtDNA deletions (Kraytsberg et al., 2006). Similar to skeletal muscle and heart, there is an
age-dependent increase in COX- neurons in hippocampal regions from individuals (Cottrell et
al., 2001) and the COX deficient phenotype is associated with high thresholds of unique mtDNA
deletions (Kraytsberg et al., 2006). As described in Chapter 2, COX- cells are more prone to
apoptosis. In brain, apoptosis has been extensively studied in neurodegenerative diseases.
Stimuli such as calcium dysregulation, increased excitotoxicity, decline in neurotrophic factors
and mitochondria perturbations induce apoptosis (reviewed in Mattson and Magnus, 2006). In
aging, these stimuli exist, albeit to a lesser degree. A recent study in aged rat brain determined
a pro-apoptotic protein, AlF, translocated to the nucleus only in aged rat brain indicating an
increased apoptotic potential (Yu et al., 2011). Therefore, cell death may be implicated in the
age-dependent decline in neuronal function. Cognitive dysfunction in aged brain is primarily
thought to be due to alterations in neuronal morphology. Gene expression analysis identified
significant changes with ageing in the expression of synaptic genes (reviewed in Bishop et al.,
2010). Aged neurons have fewer synapses, declines in dendrite number and cellular function.
Even though there is no detectable difference in neuronal number, COX- aged neurons may

have a significant role in changes in neuronal morphology.

4. Interventions for sarcopenia that delay ETC abnormalities

In skeletal muscle, accumulation of ETC abnormalities with increasing age has been observed in

a number of species from rats, rhesus monkeys and humans. Muscles that exhibit the most
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atrophy are more susceptible to ETC abnormalities. These studies suggest a strong biological
role of ETC abnormalities in the ageing process and interventions that delay or reduce the ETC
abnormalities in aged individuals would be of great interest. Currently, caloric restriction is the
only intervention that reduces the ETC abnormality load in aged rats (Bua et al., 2004) and

rhesus monkeys (McKiernan et al., 2011).

Caloric restriction extends longevity and healthspan from yeast to mammals and its effects
have been documented in a number of biological systems, e.g., ameliorating sarcopenia
(McKiernan et al., 2011) and age-associated cardiomyopathy (Yan et al., 2013). Rats on a 40%
calorie restricted diet maintained their muscle mass and had lower ETC abnormalities
compared to ad libitum fed rats. Interestingly, the length of the focal defects did not differ
between the ad libitum and CR rats suggesting that the molecular mechanisms activated by CR
affected the formation of ETC abnormalities and not their progression (Bua et al., 2004). Similar
findings were also observed in rhesus monkeys (McKiernan et al., 2011). Although, the effect of
CR on humans is relatively unknown due to their longer lifespan and a limited sample number,
caloric restriction does improve healthspan (Anderson and Weindruch, 2012), reduces
cardiomyopathy and increases cardiovascular function (Bales and Kraus, 2013) similar to
observations in rodent studies. Caloric restriction is not a feasible intervention for humans as it

requires strong motivation. Therefore, identifying CR mimetics has been of great interest.

The mechanism by which CR delays aging is unknown. Many studies have implicated a strong
role of mitochondria in CR. With caloric restriction, mitochondria produce less ROS, there is a

decline in oxidative damage and the induction of mitophagy increases the turnover rate of
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damaged mitochondria. The mitochondrial biogenesis pathway involving AMPK/Sirtuin/
PGClalphais upregulated in CR rodents with the metabolic sensors, AMPK and Sirtuins,
activating PGC1l-alpha. Sirtuins also play a significant role in autophagy which is also elevated in
CR animals (Sharples et al., 2015). Hence, CR mimetic compounds that activate mitochondrial
biogenesis, induce autophagy and antioxidants seem to be the most promising (Lopez-Lluch and

Navas, 2016).

The majority of the CR studies have focused on onset at young age as animals with old age
onset do not respond so robustly (Lopez-Lluch and Navas, 2016). The benefits of caloric
restriction are still observed when CR is initiated at middle age. In old rats, fiber number of the
vastus lateralis muscles was preserved and ETC abnormality abundances were reduced in CR
onset at middle age (Aspnes et al., 1997). A recent study, however, suggests that CR onset in
old animals can reverse age-associated cardiomyopathy (Yan et al., 2013). Additionally, the
combination of CR and exercise can be synergistic. In mice, intermittent fasting and exercise
was shown to elevate antioxidant response only in old animals suggesting an age-dependent
effect (Rodriguez-Bies et al., 2015). Our studies with GPA, an AMPK activator, indicates that
mitochondrial biogenesis, when activated in aged animals, is deleterious to fibers with
mitochondrial dysfunction. There is, however, a decline in mitochondrial quality control with
age. It would be interesting to study the additive effect of induction of autophagy and
mitochondrial biogenesis in aged rats. ETC abnormalities might accumulate as there is an age-
dependent lag in mitochondrial quality control. Thus, upon induction of mitophagy,

dysfunctional mitochondria might be degraded preferentially. Rapamycin is a pharmacological
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drug that induces autophagy and can extend lifespan in mice (Ehninger et al., 2014). This
extension is, however, due to prevention of cancer rather than delay of the aging process (Neff
et al., 2013). Another CR mimetic, resveratrol, activates AMPK, sirtuins and mitophagy (Testa et
al., 2014) and might be an ideal candidate to study the additive effect of autophagy upon

mitochondrial biogenesis induction in muscle ageing.

Conclusion

Sarcopenia is the age-dependent loss of muscle mass and function and has been observed in a
variety of species from yeast, flies, rats, monkeys and humans. The muscle wasting phenomena
is prevalent in elderly posing a huge risk to health and mortality. Muscles can be susceptible or
resistant to age-dependent fiber loss as not all muscles undergo sarcopenia due to differences
in muscle fiber type composition. Only muscles that are susceptible to sarcopenia exhibit age-
dependent accumulation of fibers with mitochondrial abnormalities and accumulation of
mtDNA deletion e.g. rectus femoris and vastus lateralis. Muscles that do not exhibit age-
dependent muscle atrophy do not have any mitochondrial abnormalities and mtDNA deletions
e.g. adductor longus muscle. ETC abnormal fibers have been demonstrated to contain unique
mtDNA deletions in focal regions of the affected fiber in rats (Cao et al., 2001; Wanagat et al.,
2001), monkeys (Gokey et al., 2004) and humans (Bua et al., 2006). Research in our laboratory
has demonstrated a strong link between ETC abnormalities and mtDNA deletions, revealing
that, unigue mtDNA deletions accumulate via mitochondrial biogenesis (Herbst et al., 2013) to

a threshold of 95-98% which than disrupts the electron transport chain (Herbst et al., 2007).
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My contribution to understanding sarcopenia was to determine the role of ETC abnormal fibers
in fiber loss. Our lab has previously identified that ETC abnormal fibers are more prone to
intrafiber atrophy which also, in some severe cases, results in the fiber breaking within the
abnormal segment. It was also identified that there is an inverse relationship between ETC
abnormalities length and intra-fiber atrophy (Bua et al., 2004). The longer the length of the
abnormal segment, the more atrophic the fiber is in that regions. It was also observed that ETC
abnormal segments had oxidative damage (Wanagat et al., 2001) and expression of cell death
markers (Herbst et al., 2013). As ETC abnormal fibers are atrophic and appear in muscles prone
to fiber loss, we hypothesized that ETC abnormal fibers are undergoing apoptosis and necrosis.
In Chapter 2, | observed that ~80% of the necrotic fibers detected in aged rat tissue were ETC
abnormal. Similarly ~70% of cleaved caspase 3 fibers detected in aged rat tissue were ETC
abnormal. These data suggest that the major sources of necrotic and apoptotic fibers in aged
muscle tissue are ETC abnormal fibers. | also identified that apoptosis and necrosis occur
simultaneously in longer abnormal segments and were always detected in the case of broken
fibers. Furthermore, in rats, the number of fibers lost per day correlated with the number of
fibers that were cleaved caspase 3 positive. In Chapter 2, at 36 months of age, the rectus
femoris muscle had ~6 fibers that were immunopositive for cleaved caspase 3 within the tissue
sample. In line with this finding, between 33-36 months a rat loses ~11 fibers per day in the
rectus femoris muscle (Bua et al., 2008). These data suggest that ETC abnormal fibers are a

significant source of fiber loss in sarcopenia.
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My findings in Chapter 2 suggest a strong role of mitochondria in fiber loss. In Chapter 3, |
establish a causative role of mitochondrial dysfunction in sarcopenia by inducing ETC
abnormalities via a pharmacological compound. Our lab has previously found that ETC
abnormal fibers activate mitochondrial biogenesis, possibly to correct for the energy deficiency
in the cell. Microarray analysis revealed that genes involved in mitochondrial biogenesis, lipid
oxidation and cellular metabolism were upregulated in ETC abnormal segments. The results
were immunohistochemically validated and transcription factor for mitochondrial genes (PGC 1
alpha), mitochondrial DNA polymerase (Polg) and energy sensing molecule (AMPK) have been
detected in ETC abnormal segments. Induction of mitochondrial biogenesis in 28 month old rats
by guanidinopropionic acid resulted in 3 fold increase in ETC abnormalities and mtDNA genome
copy number (Herbst et al., 2013). We used this pharmacological compound to test the causal
role of ETC abnormalities in sarcopenia. We hypothesized that GPA onset administration at an
older age would result in fiber loss. In Chapter 3, | observed a significant decline in the fiber
number of 34 month GPA-treated rats. This was accompanied by an increase in ETC abnormal
fibers, apoptotic myofibers, intra-fiber atrophy, broken fibers and fibrosis. Interestingly,
abnormalities that were short in length were necrotic in GPA-treated rats. This was not
observed in natural aging, as seen in Chapter 2, suggesting that GPA-treated rats accelerated
the molecular events triggered by ETC abnormal fibers. These data suggest that ETC abnormal
fibers contribute to fiber loss seen in aged muscle tissue. In conclusion, our studies have
delineated a molecular pathway of fiber loss in sarcopenia where mitochondrial dysfunction is
the primary cause of cell death. Studying mechanisms induced in ETC dysfunctional cells may

allow us to identify certain pathways to delay the occurrence of cell death. Based on our
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findings and the fact that there is a decline in mitochondrial function with increasing age

detected in various tissues, COX- cells may play an integral role in the aging process.
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Figure 4.1. GPA withdrawal induces increase in fiber number and fiber CSA. (A) Increase in
fiber number after GPA withdrawal in rectus femoris muscle of 34 month GPA-treated, 36
month GPA-treated and 36 month control rats. Rats were fed GPA for four months prior to 2
month withdrawal. Controls received ad libitum food for 6 months. (B) ETC abnormal fiber
counts from one 10um section in rectus femoris muscle of 34 month GPA-treated, 36 month
GPA-treated and 36 month control rats. (C) Fiber cross-sectional area measurements in 36-

month controls and GPA-treated rats. Significant p-value < 0.001.
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