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ABSTRACT

EFFECTS OF EXERCISE PRECONDITIONING ON MUSCLE HYPERTROPHY
AND MITOCHONDRIAL REMODELING FOLLOWING THE SUBSEQUENT
RESISTANCE TRAINING

By Hojun Lee

Doctor of Philosophy
Temple Lhiversity, May 2016

Advisor: Dr. JoorYoung Park

Purpose: In response taesistance exercisgaining, it has been shown that
individuals with a previousraining history acquirenusclevolume at aracceleratedate
This phenomenon may be attributéd part,to the myonuclear enrichmergsulting from
the proliferation ofmusck progenitor ced, which promotes essential protein synthesis
following subsequent muscle training. As a highly energy demand tissue, the successful
hypertrophy of muscle fibelepend on mitochondrial biogenic progressiaddoreover,
the majority of genes that encode mitochondrial proteins are within nuclear genome.
Therefore, m this study, we investigated the effect of increased number of myomuclei
response to the previoussistance exercise preconditionimig mitochondrial adaptations
to subsequent resistance training. @entral hypothesis was thgtre-trained muscles
would show anacceleratedacquisition of traininginduced mitochondrial function

leading to a greater detal musclehypertrophy compared topreviously nontrained



muscles and this may be associated viittrease number ofmyonucleiin the pre
trained muscles
Methods: Thirty-two SpragueDawley rats wererandomly assignedto four
groups (n=8 pegroup) which include contrppre-training, training, andetraining group
Resistance exercise training was carried out by ladder climbing with weights attached to
the tailat age of either 8 (pretraining)and36-week-old (training), or both (retraing).
Each training session consisted of 3 sets of 5 repetitions, and the training protocol was
performed every third day for 8 weeks. At éeks of age, pecific musclegroupswere
carefully collected and stored a80 °C until further analyses4’, 6-Diamidino-2-
phenylindole staining, hematoxylin & eosin staining, cytochrome ¢ oxidase and succinate
dehydrogenase a&hing were performed Western blotting and immunohistochemstry
were performed to assess the abundance of mitochondrial regulatory peotdithe
mitochondrial content.In complementaryin vitro studes confluentL6 myoblast cells
werefurther grownin differentiation media for 4 daysith or withoutinsulin-like growth
factor 1 (50 ng/ml) supplementation.Mitochondrial gene expression kg and
mitochondrialrespiratoryfunction wereassessed afterAminoimidazole4-carboxamide
ribonucleotide (AICAR 1 mM), a 5' AMRactivated protein kinase activator, treatment.
Results: Myonucleinumbes were higherin training and retrainingroups than
control group @ll, p < 0.05), suggesting that ladder climbing training protocol increased
myonuclei number There was a significantly higher level of myonuclei number in
pretraining group compared to the control group indicating ttr@taicquiredmyontclei
during exercise preconditioningvere retained ovethe 20-week detraining period.

Muscle crossectional area mitochondrial contentand nitochondrial enzymatic



activities COX and SDH were significantly greater inretraining group compared to
training group (p< 0.01, p < 0.01 and p < 0.05, respectivelyn in vitro study, L6
myotubespreconditioned with IGRL showedncreased myonuclei numbers within each
myotube and presenteal higher level of mitochondrial gene expression and oxygen
consumptionate under AICAR treatment condition.

Conclusions These data providghysiological evidencéhat pre-trained muscle
with more myonuclemake the muscles more responsive to subsequent tramtegms
of musclehypertrophyand mitochondrial remodelingrurthermore this study provides a
proof-of-concept of biological processes underlyipgtential nuclearmitochondrial
interplay during muscléypertrophy These findings warrant future studies to identify a

novel target for mitochondrial medicine to treaisuole atrophy.
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CHAPTER 1

REVIEW OF LITERATURE



1.REVIEW OF LITERATURE

1.1 Skeletal Muscle Hypertrophy

In adult muscleshypertrophy isinduced by muscle contraon. Basically,
musclehypertrophy occurs when tlowerall rates of protein synthesis exceled tates of
protein degradation(133). Proliferation cell cycle wihdrawal and subsequent
differentiation to fuse intonultinucleatedsyncytial myotubes of satellite cells plalsoa

critical role in muscle enlargement in both postnatal and adult my4el8s

1.1.1 Animal Moded for Muscle Overloaihg

1.1.1.1 Ladeér climbing exercise

There are several weightlifting modalities developed to successfully induce
muscle hypertrophy in rodents. Animal ladder climbing has been used as a resistance
exercise modality in mice and rg&0). Of note, thigechniquewas utilized in the current
study. Rats ar&ainedto climba 1 meter verticaladder with 2cm grid stegntervak. A
cylinder containing weightsan beattached to the tailo accelerate changes in muscle
size and contractility. The initial weight is usually 50% of animal's body weight and is
graduallyincreased when the animal can climb to the top of a ladder with a given load.
After an 8-week training, more than 23% incseainthe mass of flexor hallucis lognus
(FHL) is often observe@0), suggesting the effectiveness of ladder climbing method to

exert hindlimb muscle hypertrophy.
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Figure 1. Rodent model of ladder climbing

1.1.1.2 Squat Exercise

One of the traditional models of the experimental muscle overloading is a squat
like exercise training which has been udmdseveral laboratorie® mimic the squat
exercisan humang45, 75). In this model, atsshould initially betrained to standpright
and extend their hindlimb&Vhen animals are acclimatized to this position,eagi is
loaded to the animal with belt, vest, or shoulder harness and the amount of weight is
gradually increased throughout the resistance training. In order to motivate animals to
continue lifting motion, a mild electric currenan beapplied to the amal's tail. After
measuremerf the maximum lifted weight with the squi@&ining apparatus, the training
load is set at 65 to 75% d4f RM. Every 2 weeks, 1 RM is determined and the training
load is raised accordingly. The rats are subjectelbtgetsof training consisting o5
repetitions peset for 12 weeks. A averageé increasen muscle mass is around 20%

(75, 158).
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Figure 2. Rodent model bweight lifting

1.1.1.3 Synergistic Ablation

Anotherexperimental model of muscle hypertrophy is synergistic ablatithren
synergistic muscles are rendered inactive, remaining functional overloadeduscle
mustcompensate for the lasghis is the basic principle of this model, and such adaptive
response is also known as compensatory hyperttdpéyering the tendon of synergist
muscles is referretb as tenotomyf-or exampleseveringgastrocnemius mote for five
days resulted in 40% increase in soleus muscle mass and a 20% incregsentaris
muscle masé1l). However, dter five days there was no further change in the madgises.
general, tenotomy produces a large initial, appangpertrophic response but it is due
largely to tissue inflammation from theurgery. A hypertrophic responsdter several
days of tenotomy often does not occur because the seveassttlon reattachef1).

Severing muscleavoids the complication of tendon reattachmedbwever, any
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hypertrophic responsd®er the first five days are still masked llge sugical trauma
inducedinflammation(9). The main advantage these types afhe overloadnodels is
the large and rapid hypertrophipat takes placeHowever, there is a question as to

whether the results can bpplicableto human subjec

1.1.2 Exercise anbhtramusculaSignalTransduction Pathways

Two major signaling pathwaysare proven toregulate skeletal muscle
hypertrophy (1) the insulinlike growth factor 1(IGF-1) / phosphoinositidg-kinase
(PI3K) / Akt (also known as proteikinase B, PKBY mammalian targebf rapamycin
(mTOR) pathwaystimulates muscle growth as a positive reguladord (2) myostatin /
Smad3 pathwagervesas a negative regulatofhe role of the IGFL pathway haveen
supported P a variety of gain and lossof-function approache$l49). For example,
musclespecificinactivation of the IGFL receptor impairs muschgowth due to reduced
muscle fiber number and siZ®5). Conversely, oveexpression ofilGF-1 in mouse
model increasesnusclemass(112). IGF-1 activats both themitogenactivated protein
kinase/extracellular signakgulatedkinase (MAPK/ERK) andPI3Ki Akt pathways. of
these, onlyPI3Ki Akt pathway was able to indude/pertrophy(110). Accordingly, the
overexpression oAktl leads ta significanthypertrophy of trangfcted muscle fiberd 4,
65, 78, 121). Aktl stimulates protein synthesis by activatimj OR and its downstream
effectors. mTOR responds to multiple upstream signalad it also controls several
cellular processeshiaddition to protein synthestsy activation of autophagymediated
amino acids recyclingThe crucial role of mTOR imediating muscle growth isirther

demonstratethy genetic evidencd-or example, rasclespecific mTORKknockout causes
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reduced postnatal growth, due to teduced size ahuscle fbersandmyopathy(132).

1.2 Satellite Ce#i within Skeletal Muscle

The muscle satellite cell was named on the basis of its anatidogation under
the basemet membranesurrounding each myofibefhe function of satellite cellgaere
reportedto regulatethe process following muscle injury94). Grafting experiments
demonstrated that endogenous myogenic cells directly participate in myofiber repair
(122). The transcptional expressionfor satellite cell function in undifferentiated
myogenic cells is dependent upon the paiped transcription factor@Pax3and Pax?).
Pax3is first expressed during development and is requirednioscle formatiorn(156).
Pax7 was shown to be required for postnatal muscle growth and population of the
satellite cell poo(150). The basic helixloopi helix (bHLH) factorsMyod1, Myf5, Myf6,
and myogenin, known as the myogenic regulatory factors (MRFs), then act to advance
satellite cells towards myogenic differentiation and fusion to form multinucleated
myofibers (172). The upregulation ofMyf5 and Myodl is required for myogenic
determination and nyogenin works downstream to trigger advancement to terminal
differentiation of myocyte (166). Pax7 is expressed in quiescent satellite cells
constitutively. When activated, satellite cells coexpress Pax7 and MyoD to induce
proliferation and myogenic determination. And Pax7 expression is downregudaizd
Myfs and nyogenin are upregulated in terminal differentiatidrherefore, Pax7 and
MRFs work cooperatively in a temporal manif#90). Satellite cellsare activated frm
guiescent statby mainly microscopic injuryo play their roles in hypertrophgindrepair

of adult muscl€109). It has beemroposed that selenewal celisa primary mechanism
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by which they divide in an asymmetrical manner, in which one daughter satellite cell is
destingl to myogenic differentiation and the other is programmed to proliferate or

become quiescetd maintain satellite cell podl5, 109).

1.2.1 Exercise and Satellite CBlesponses

Resistance exercise trainingducesincreasein muscle mass and muscle fiber
cross sectional ar€84). In contrast, endurance exercisducesmetabolic adaptations to
enhancesubstratenetabolism The processes are significandgphisticated bynterplay
among various organs, tissues and a plethora of signaling mechanisisteScells are
alsoconsideredo play an importantrole in theexerciseinducedadaptation(152).

The effect of strength traing on satellite celhumberhas beennvestigatedn a
population ofhigh-level power lifterg(70). Satellite cell content was 70% higher in the
trapeziusmuscle of power lifters compared with that of coolt subjects. Thus, in
response to a loAgrm training, the satellite cell pool is enhanced. Satellite cell content
was alsdnvestigatedn high-level power lifters using anabolic steroidd). The number
of satellite cells in the trapezius muscle of power lifters using anabolic steroids is similar
to that of power lifters who never used anabolic sterpids When satellite cells were
studied in response to Ifeeksof resistancdraining in the trapezius muscia adult
female subjectghe increased crosectional area of muscle éswasfound witha 46%
increment in th satellite cellpopulation(73). Therefore, there is an agreement that
resistance exercise induceatellite cell activation and proliferatioderobic exercise
training is capablef inducing subtle muscle fds hypertrophy Whethersatelite cell

activationtakes placeduring aerobic exercis@duced muscle adaptatiomasunknown
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until a recent study showingjfferentialfiber type regulation of the myonucleaccretion.

The result demonstrated thavelve weeks of aerobic training in sedi@y subjects
yielded an increas@ myonuclei number in slow twitch fibers but not in fast twitch fibers
(47), showing that aerobic exercise increases satellitepopllation in muscle specific
manner. A single bout of exercise has been also demonstrated that satellite cells are
activatedas a sign of muscle regenerati(83, 97, 111, 146). Increased number of
satellite cells were identified in human skeletal musclie first few days after a bout of
eccentric exercis€33, 36, 44, 101, 105 117). The number of satellite cells reached

maximum 3 days after a bout wfaccustome@ccentric exercis@l6, 113 114, 168).

1.2.2 Satellite Cell Regulators

A number of skeletal musclderived myokines and growth factors play an
important role in satellite cell function during fiber regenerati®g, 102 169 174).
Among them, IGFL ard HGF are welknown molecules as satellite cell regulators,

which is addressed below.

1.2.2.1 Insulidike growth factorl (IGF-1)

IGF-1 is a growth factor that isecretedy liver andmuscle(26, 139, 183). It has
been demonstrated that C2C12 myoblasts proliferate and differentiate in an accelerated
ratewhen incubated with IGH (184). In animal study, impaired IGE signalinginduces
muscle atrophy by satellite cells dysfuncti@®87). Furtheranimal studies demonstrated
that local oveexpressionof IGF-1 alone induces skeletal muscle hypertrophy in

conjunctionwith higher levels of satellite cell activation and proliferation. Furthermore,
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when the proliferative capacity of satellite cells wigstoyedby gamma radiation, IGF

1 effect wassignificantlyrepressed, showing a link between KBRnd satellite cel|187).
Both animal and human studies provestti@F-1 play an essential role in muscle
regeneratiorand hypertrophy by regulating the activation and proliferation of satellite

cells.

1.2.2.2 Hepatocyte growth factor (HGF)

HGF is a growth factosecretedrom liver and activated in cytosol whemrious
stimuli arrive (108, 162). HGF activates satellite cells by binding to the surface of the
cells (4, 151, 159 180). When animals are@dministeredwith HGF, the number of
proliferative and differentiating satellite cells increases with enlargement in myofiber size
(106, 159), suggesting that HGF stimulates satellite cell activation @notiferation (8,

48, 84, 160. It has been also reported that HGF expression level is increased in
experimental rat under muscle contraction, sutjggshat exercise is a potestimulator

of satellite cells by regulating HGF expression.

1.2.3Molecular Techniques to DeteSttellite Celé

Despite the identification of several molecules expressed in satellite cells, there is
no consensus as to whispecific marker best labels satellite cellse membrandound
neurd cell adhesion molecule @CAM), a ell-surface glycoprotein localed on satellite
cells has been demonstrated in adult skeletal muscle and is an established marker that
has been uskesuccessfully in human studié®7, 62, 69). The C&*-dependenmuscle

specific cadherin (Mcadherin) has beealso usedin the detection of satellite cells in
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rodent skeletal musclgd7, 63). Pax7 has been used for the detection of satellite cell
(131). However, some satellite cell subpopulation in human has been shown lmet to

labeled with Pax7131).

1.3 Exercise andChanges itMyonucleiNumbers

Skeletal muscle idighly plastic organ changing its mass, myofibrillar protein
compgition and contractile properties under different conditi@suse of muscle cause
adecreas in the contractile propertiendmyofibril. It also leads to an overgrowth of the
connective tissue and extracellular structures and a shifting of the pheradtypyosin
heavy chains towards an increase in the expression of the fast isofwlois muscle
fiber representsa multinuclear structuréormed by the fusion of myoblasts. Nuclei are
located at the periphery of muscle fiber in the space between migofdmd the cell
membrane (sarcolemmady}. has been considered thatyomuclei quantity is important,
since it determines the content of DNA for gene transcrig@pn

Traditionally, it has been sggstedhatthe myonuclear domain remasiconstant
during atrophy and hypertroph2). A proportional increase in the myonuclei quantity
and cytoplasm volume was observed on a model of hypertrioplugel by the removal
of synergistic muscle¢138). However, recenstudiesshowedthe variability of the
myonuclear domain size in dogsd rats(l, 3). Thus, thetheory of the myonuclear
domain constancy turned out to bentroversial, anthis myonuclear domain theohas
been furtherchalengedin many studies of disuse and trainitfg2, 119). In this regard,
multiple studies withn vivo andex vivoimaging analysis demonstrated that the number

of myonuclei are retained during denervatioduced atrophy while fiber size decreases
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significantly, disproving the idea that ratio of myonuclei to cytoplasm is condt&2i0).

It has been proven that various modes of exercise induce satellite cell activation,
leading to increase in myonuclei number within myofiber. It has been suggested that
treadmill runningexercise increase theimber ofsatellite cels andtheir mitotic activity
(99, 165). In addition,chronic orerloading induced by the removal of synergistic muscles
was proven to increase myonuclei number in rodent m@®l These resultsuggest
that both aerobicral resistance exercise can increase myonuclei number. However, there
is somedisagreemenbn exercisenduced myonuclei formation. A study on human
subjects demonstratedthat resistance training induces satellite cell activation and
proliferation but fait to increase myonuclei number. In this regard, further studies are
warrantto investigate if there is an optimal load imposed on the working muscle to

increase myonuclei number.

1.4. Mitochondrial Homeostasis in Skeletal Muscle

The mitochondron is a double membranebound organellefound in most
eukaryotic cells. Mitochondria are commonly between 0.75 and 3 um in diameter but
vary in size and structur@75). In addition to supplying cellular energy, mitocluia
are involved in thercellular works such as signaling, cell death, and cell gro(9ib).
Mitochondria are the powerhouse of most cells, generating energy as a form of ATP to
sustain life at the expense of nutrient substrates and moleceul&ddsidering its role in
dynamic action and locomotion, skeletal muscle energy production needs to increase
dramatically during repeated contracti¢#0, 41). Since skeletal muscle has a limited

capacity to meet elevated metabolic demand under dynamic and prolonged locomotion
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condition, there is a requiment for rapid and sustained ATP production, which is
fulfilled mostly by mitochondria(59). Therefore, preserving mitochondrial homeostasis
in skeletal musclesi consideredto be critical for human muscle performance. This
section addresses the key aspects of mitochondrial biology in skeletal muscle with
emphasis on the importance of mitochondrial quality control in relation to exercise.
1.4.1Subcellulaiocalizationof Mitochordria

Mitochondria in muscle fibers are located close to the muscle periphery under the
sarcolemma, which are designated as subsarcolemmal mitochondria. The mitochondria
located between the myofibrils adesignateds intermyofibrillar miochondria. Exercise
training is known to preferentially increase the subsarcolemmal mitochondria as
evidenced by many independent studig3, 30, 140). Several evidence suggested that
two mitochondrial subpopulations are capable of reacting individually to $82sK57).
In some studies, intermyofibrillar mitochondria wesleownto have higher respiration
rates and higher respiration control ratios than subkamzomitochondrig90). However,
the functional identity of sarcolemma and intermyofibrillar mitochondria in response to

various stimuli is still under research.

1.4.2 Mitochondrial Biogenesis

Mitochondria are the primary regulators of cellular metabolism and form a
reticular network within mammalian skeletal mus¢l&1). Exercise potently stimulates
muscle mitochondrial content and the increased mitochondrial biogenesis following
exercise training is thought to be largely attributed to the cumulative effects ch@ateh

bout of exercisg58, 115 123). The effects of exercise are sensed by most organs
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including a@rdiovascular, neuroendocrine, respiratory and musculoskeletal systems.
Importantly, some forms of exercise training counteract skeletal musclé3bs60).
Beneficial adaptations to endurance exercise training witlopged durationn skeletal
muscle include the activation of transcriptiaependent pathways that impinge on
mitochondrial biogenesisnitochondral quality and mitophag{54, 87, 89). This section
addresses some of the kegignaling molecule in relation in exercisaduced

mitochondria biogenesis.

1.4.2.1 Exercise and Mitochondrial Biogenesis

A key step in the exercisaduced mitochondrial biogenesis pathway in skeletal
muscle following exercise inveés PCGLU (177). Several hours following acute
exercise the gene expression of skeletal muscle-B&@uclear respiratory factors 1 and
2 (NRF1 and NRF2) and mitochondrial transcription factor A (Tfam) is increased
significantly (98, 177). Acute exercise also actiest AMRactivated protein kinase
(AMPK), which is known to phosphorylate and activate PGCsubsquently(67, 98).
Additional regulation by PGELU also appears to involve its subcellulacalization In
skeletal muscle under resting conditions, most AG@rotein is localized in the cytosol,
however following exercise PG@OU protein translocates tthe nucleus from cytosol
(144, 178). Recent study also suggests that following exercise there is a translocation of
PGG1U to the mitochondria for coactivation of Tfa(h44). Further postranslational
modification of PGG1U can be achieved following its deaceylation by sirtLi(SIRT-1),
which is activated by increased NARvels(50). However SIRT1 is notessentialfor

exerciseinduced mitochondrial biogenesis since muscle specific SIRhockout mice
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have normal increases in mitochondrial content follovendurane training(103, 125).

During exercise there is an increase in several molecular signals in skeletal
musclethat are responsible for mitochondrial biogenesis after exercise. Theses molecular
signals include elevated levels of cytosoliCaAMP, reactive oxygen species (ROS),
and NAD' (10, 50, 64, 98). Increasing cytosolic G4 levels in L6 muscle cells via
caffdne treatment activates €acalmodulin kinase (CAMK) and increases
mitochondrial biogenesis markers including PG@, Tf am, -oxjdase (E€OGX) o me ¢
and citrate synthasd0,98). The acti vation of muscld4e AMPK
carboxyamideibonucleoside (AICAR) in L6 muscle cells also increasssltiple
mitochondrial biogenesis markers. Increasing ROS ¢$eval skeletal muscle cells
activates the redox sensitive kinases, AMPK and p38 MAPK, regtitiielevated PGC

1 @ndtheseROS effectsre attenuated bgo-treatment with antioxidar(64).

14211PGG1L U and bPGC

Mitochondrial biogenesisis regulated by two important coactivatoR@G1 U
and PGCl b These coactivators are mainly expressed in engegyanding and
mitochondria abundant tissues like heart skdletal muscleExercise, fasting and cold
exposure highly regulate their expressi¢h37). Since PGE1L U an dl bP Gr e
coactivators that lack DNA binding domains, theitiate their function by regulating
several transcription factors including PPARs, nuclear respiratory factors (NRFS),
myocyte enhancing factors (MEFs), estrogelated receptor (ERR)forkhead box
(FoxOs), and yiryang (YY1) (85, 120, 186). Exercise gretly stimulates PGEL U v i a a

transcriptiondependent upregulation and by several f@stslational modifications like
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phosphorylation and deacetylati¢®9). Moreove, acute endurance exercise promotes
the translocation of PGE U fr om t he c y and mitothondrigl44).Akés nucl e
can explain nuclear and mitochonditaosstalk to modulate mitochondrial biogenic gene
expression.

Interestingly, deletion of PGE& U o r-1 P G@lent modelshowed mild
phenotypes(82, 173). Although, exercise capacity was found reduced in RGQ
knockout micen resting conditiongxerciseinduced mitochondrial adaptations in PGC
10U knockout mi c e -types anienalsgl9, 8i), shawing that thege tival
coactivators compensate each other at least inpagetefore, the deletion of both, PGC
10U an@lbPG nduce severe mi t o cabsotoatceleratéd dy s f

depletion of glycogen stores during exergik&6).

1.4 3 MitochondrialFusion and Fisen Dynamics

Mitochondria are the primary controllers of cellular metabolism and form a
reticular network within mammalian skeletal mus{d8). This network is dynamic in
nature, with the mitochondria joining and separating the network in processes termed
fusion and fission, respectively. This dynamic process allows the mitochondria to share
components, such asitochondrial DNA (mtDNA), and to also degrade and remove
damaged components, through a process called mitophagy. The mitochondrial content
within the cell at any one time is a balance between mitochondrial biogenesis (synthesis)
and its degradation via tophagy(142 182). Importantly, endurance training regulates
many of these processes to ultimately increasmaintain a high level of mitochondrial

content within skeletal muscle.
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1.4.3.1 Exercise and Cell Signaling for Mitochondrial Dynamics

Maintaining mitochondrial shape, size and networking and function requires the
autophagic degradation and removal of dged mitochondria via the process of
mitophagy. Mitophagy is active in the basal state, during development and under stress
conditions(147). It is controlled ly the balance between fission and fusion that involve
mitofusin 1 (MFN1) and 2 (MFN2), optic atrophy 1 (OPA1), and dynamin relatetin
1 (Drpl), as well as established mitophagy proteins such as BCL2/adenovirus E1B
19kDa interacting protein 3 (Bnip3Rarkinson protein 2, E3 ubiquitin protein ligase
(Parkin), sequestosome 1 (p62/SQSTM1) and P-iieNiced putative kinase 1 (PINK1)
(136). Mitochondrial fission and the associated loss in membranenpal play a key
role in orchestrating mitophagy43, 163). The disruption in fission leads to an
accumulationof damaged and dysfunctional mitochondria and is lethal in newborn
humans and micél64, 171). MFN1 and MFNR are located on the outer mitochondrial
membrane. They are able to form horaad heterenligomers that stimulate the tethering
and the fusion of outer mitochondrial membranes from different mitochotizi4).
Recently, studies have shown that disruption of the mitochondrial network, a general
term describig the content, shape and location of the mitochondria, plays a role in
activating sleletal muscle atrophgrogram(135). Deletion of both MFN1 and MFNZ2 in
mouse skeletal muscle causes mitochondrial dysfunction, compensatory mitochondrial
proliferation, mtDNA deplgon, high levels of mtDNA mutations and muscle atrophy
(28). It has also been shown that mitochondrial fission activates an AM&Khead box

O3a (FoX03a) axis thahduces muscle atrophy genes and muscle (b3S). This may
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seem contradictory as exercise stimulates AMPK and the activation oflP@&Y). It
appears that the type of upstream signal that activates AMPK may direct thetidzam
pathway it will target.Exercise increaseMFN2 mRNA and the phosphorylation of
DRP1 in human skeletal musd4, 68). In contrast, reducing physical activity in rats by
3weeks of hindlimb unloading decreadespl and Mfn2 mRNA levels(129). These
results suggest thahe level of muscle contraction controls not only mitochondrial

biogenesis but alsmitochondrialdynamics
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2. INTRODUCTION

Originally, thelong lasting effects of previoustrengthtraining was considered to
be attributed to a result of a distinatotor learningmechanismin the central nervous
system(143). However, recent studielsave suggested novel mechanismin which
increasing number of mywiclei within the pretrained muscle fibersmight be
responsible for this phenomen(@®, 20, 42). The nuclear domain theory suggasbthat
each myonucleus governs a designated area in the sarcoplasas perceived that
despite changes in the size of musdlee number ofnuclei per a given area of
sarcoplasmawvould be maintained25, 56). However, this theory was challengég
recent findingsusing an advanced microscopin vivo imaging techniquesthat once
synthesizedthe number ofmyonucleiareretained during skeletal muscle atrop(i).
Interestingly, myofibers added with more myonuclei by means of steroid injection or
overloadhave been shown timcreasethe capacityof gaining muscle mas®llowing
resistanceraining and thesephenomenabccurredeven after atrophy condition over 4
weeks(19, 20, 42). These findings providanportantpieces ofevidencesuggestinghat
myonuclei may serve as biological mediasofor the muscle memoryin pretrained
myofibers(20). However,these previousesults were obtained through nphysiological
experimental condition. Therefore, there is a need to investigate whether a
physiologically feasible mode of exercise training is applicable to myenmadiated
muscle memory.

Skeletal muscle consists of multinucleated fibers, which responds to exercise of
various intensitie§l 6, 57). Resistancexercisemainly induces increase in myofibrils, the

contractile element of skeletal mus¢9, 77, 124). However, resistance exercise has
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been also proven to increas&ochordrial protein synthesi@1). A study with the use of

electron microscopy showed that -b@ek resistance training increases oxidative

phosphorylation capacity in conjunction with the fiber tgpétchfrom type8 B to 8 A

in human vastus lateralmuscle(93, 170). In addition, it has been observed that mMRNA
transcriptionof peroxisomeproliferatoractivated receptes ¢ o0 a ¢ talpha @GClrY 1
was significantly upregulatedn 6 h afteran acuteesistance exercig@l). Since PGE
1U is a master regulator of mitochondrial biogenesis, which interacts and activates
numerous mitochondrieelated transcription factorg86), it is hypothesizedthat
resistance exercise has great potential to modulate not only muscle mass but also
mitochondrial functional properties the skeletal muscle.

Mitochondria are dynamimtracellular organelles thadre crucial for producing
energy during cell proliferatioand growth. In skeletal musclie role of mitochondria
is essential due to the nature of its dynamic locomdti®?2). In addition, we previously
demonstrated that proper mitochondrial dynamic activities are necessary for successful
muscle developmerand function(74). More than 97% of the mitochondrigifoteins are
encoded in nucleagenome which have to be importedonmitochondriafollowing
expressior{12, 141). These results suggest a possible link that nuclei in skeletal muscle is
not only beneficial for regaining muscle mass but also mitochondrial fundti@refore,
we hypothesized that increased numioé myonuclei after resistance training would
facilitate mitochondrial adaptations to the subsequent training

The aim of this studywas to investigatehe potential relevance of increased
myonuclei numbeduring the initialresistance exercise trainirig the reacquisition of

muscle volume and mitochondrial remodeling in response tsubsequent retraining.
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Based on the previous findings, we hypothesitiealt (i) resistance training waod
increase the number of myonuclei, (i) myonuclei wouhdintain contntly during
detraining period, andii) when subjected to resistance training, the-jpegned muscle
would show greater adaptatioirs term of muscle mass and mitochdnial biogenesis

compared tain-trained muscle.
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3.SPECIFIC AIMS AND RELEVANCE OF THE RESEARCH
3.1 Hypothesis

Severalgroupshaverecently demonstratethatthe number of myonuclei retains
during muscle atrophy. Furthermoréhe myonuclei number @ myofiber ratio is
associated witlenhanced capacity to gain more muscle nthssgresistance exercise
training (19, 20, 42). These findings providean importantpiece of information
suggestinghat myonuclei may serve aa biological mediatoof the muscle memoryn
the pretrained myofiberg20). Since nore than 97% of the mitochondriptoteinsare
encoded inthe nucleargenome(12, 141), it is hypothesized that myonclear accretion

plays a crucial role in mitochondfidgunction. Thereforethe central hypothesisf this

study is that thencreased number ahyonucleiafter previoustraining will facilitate

mitochondrial adaptatioria responseo the subsequent resistance training

3.2. Specific Aims

To test the central hypothesis the following specific aaneproposed:

Specific Am 1. To investigate whether resistance xercise training and

detraining modulates myonuclei number.

Working hypothesisl.1. Resistance exercise training increases the number of
myonuclei in rats: After &eek resistance exercise training, single muscle fibers were
isolated from FHL muscle andhé¢ number of myonuclei were determined. Comparisons

were made between control and resistance training groups.
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Working hypothesis 1.2. Detraining does not alter myonuclei nunfdesr 8-
week resistance exercise training, ratsre subjected to detrainingpr subsequent @
weeks. Single muscle fiberaere isolated from FHL muscle and the number of
myonuclei were determined.Comparisons were made between control and resistance

training groups.

Specific Am 2. To investigatewhether resistance exercise gwaditioning

requlates exercisemduced adaptation rate.

Working hypothesis 2.1. Resistance exercise preconditioning accelerates the
acquisition of muscle mass on retrainingor retaining group, afte0 weeks of
detraining period, pr&rained ratsvere subjected to 8veek resistance exercise training.

For training group, ageatched rats without previous training epised®esubjected to

8-week resistance exercise training. Muscle mass and myofibevsieassessed.

Working hypothesis 2.2 Resistan@xercise preconditioning accelerates the
acquisition ofmitochondrialfunction onretraining. For retaining group, after 20 weeks of
detraining period, pr&rained ratsvere subjected tdB-week resistance exercise training.
For training group, agenatchel rats without pevious training episodeeresubjected to
8-week resistance exercise training. Expression levelsnibchondrial regulatory

proteinsandmitochondrial respiratory complexes enzymatic activitiese measured

For in-vitro study L6 myolasts were preconditioned with IGF during

myogenesisfollowed by AICAR treatment formitochondrial stimulator mRNA
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expression levels of nu@de genomeencodedand mitochondriabenomeencodedgenes
related to mitochondrial respiratory complesere measwed. Using realtime reverse
transcriptase PCR, the expression levels of nbelear genomesncoded (NDUFAL,
NDUFV1, Sdha, Cysl, Uqcrcl, Cox1and Atp50) and mitochondriaéncoded (Cox2,
Cytb, Nd1, Nd2, Nd5, and Atp&)enesnvereanalyzedMitochondrial respiration rate was

measured
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4. MATERIALS AND METHODS

Animals. Thirty two SpragueDawley ratswere used. The experiment was
approved byfexas A&M international University's Animal Care and Use CottaaiAll
animalswere randomly assigned infour groups(n = 8 pereachgroup) control group
(C), pretraining group (PT) training group (T), andetraining groupRT). Training was
performedfor 8 weeksat the age of either &k (REXT1) or 36wk old (REXT2), and
was carried out by ladder climbing?T group performed REXTlnly and T group
performed REXT2nly whereasRT group performed both REXTs 1 and&schematic
diagram ofprotocolis presented in Figurg& Animalswere housed in pairs and kept a
standard 12:1-k darklight cycle. All animals wereprovidedfood and watead libitum

and weighed once every week.

Cell culture. L6 myoblass were seeded onto a collageoated 24well plate and were
mai ntai ned in Dul becc odBMEM)ocdntainingel®% fetalg! e 6 s

bovine serum (37 , 5% CQ). When L6 myoblasts were confluent (95%), medium was

changed to differentiation medium (DM) supplemented with 2% horse serum and was
incubated for 96 hours for myogenic differentiation. DM was changedye24 hours

until harvest for RTPCR and mitochondrial respiratory capacity test. For the chemical
treatment and experimental design, the subsets of L6 myoblasts were incubated in the
presence of 50ng/ml IGE in DM for 96 hours to facilitate myotube fosi rate. And L6

myotubes were incubated with 1mM AICAR #rand24 hours before the test
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Resistancetraining and detraining. A weightloaded &dder climbingexercise
was performedas described in Figure 3All training sessions were carried out by
experienced investigators. The ladder isngterlong with 2 cm rung spacing, which is
inclined at85 degrees Acclimation sessions were conducted in three separate days by
having animalgo climb upthe ladder withoutoading.For actualtraining, a cylindrical
holder containingmetal piecesvas attached to the base tife animal'sail with foam
tapes (3M CobarnQ) fastened byelcroN stick back stripsThe extraweightwasinitially
set at50% ofthe body weightand graduallyincreased up to ~8%. When needed, an
investigator touched animaltail using a soft brush to motivate animaldie climbing
was terminated when an animaleglectedto climb up the ladder following three
successivattemptsEach training sessiotonsisted of 3 sets of Bpetitions Oneminute
interval between reagiitions and2 minutes interval between setsvere allowed. Each
animal was trainetivice a day(9:00 a.m. and 2:00.m) everythird dayfor 8 weeksFor
detraining,animals were trained for 8 weeks andere keptin a cagefor 20 weeks

without these training sessionstil sacrifice

I REXT1 ﬁ REXT2 I

| | | !
Age-> 8wks 16 wks 36 wks 44 wks
Pr ] :
L]
Group 1. Control (CON) —  Inactivity
Group 2. Pre-training (PT), REXT1 only Resistance

o REXTH Exercise 1
Group 3. Training (T), REXT2 only

Resistance
Group 4. Retraining (RT), REXT1 + REXT2 REXT2 | p ercise 2

Figure 3. Schematic diagram of exercise protocol
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Single muscle fiber isolationand myonuclei number count Single muscle
fiber wasprepared using a method previoudlgscribedby Verma and Asakura (2011)
with slight modification(167). Briefly, frozen muscletissues werdncubated inpre-
chilled isopropanol for 120 miand washethree times with PBSThen, he tissues were
incubatedn dissociationsolutioncontaining 0.2%collagenase type (SigmaAldrich) at
37°C until hair-like single fiberswere projectedAfter dissociation of the single muscle
fibers theenzymatic activitywasquenchedy adding2% FBSin DMEM. Single nuscle
fibers were then flushed out of the fiber bundles with heablished serumcoated
pipettes Myonuclei numbers were determined #y6-diamidino2-phenylindole (DAP)
300nM) staining. In order to test the existence of satellite cells in single myofiber
samples, w also cestainedwith Pax7antibody a satellite cell specific marker, using a
monoclonal mouse arRax7 antibody (Developmental Studies Hybridoma Bank,
University of lowg in some myofibers (n > 20). For the Pax7 staining, myofiber was
permeabilked 0.5% Triton X100 with 5% heat inactivated horse serum in PBien
incubatedwith the Pax7 antibodpvernight at4°C. The fluorochromeconjugatedanti-
mouse IgGsecondary antibgd (Molecular Probes)was used for visualizationWe
confirmed that there wasonPax?Zpositive cells in the single muscle fibers suggesting

thatsatellite cells were completely removed during single cell preparation steps

Histochemistry. For H&E staining, OCT embedded flexor hallucis longus
muscles (FHL) were cut into 1J0m sliees The sections were fixed with 100é8thanol

and rinsed with deionized dB. After incubation in hematoxylirsolution (Thermo
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Scientifig for 8 min, the sections were rinsed withGHandethanolsubsequentlypefore
incubation in eosin Y solution (Thermai8ntific) for 1 min.The sections were rinsed

with H20 and ethanol subsequentlyThen the sampks were cleared with xylerend
mounted withmounting medium.For histochemical analyses, OCT embeddexoif
hallucis longus muscte were crosssectionally cuinto 10 pum slices Succinate
dehydrogenase staining was performed using nitro blue tetrazolium as previously
described(126). Briefly, tissue slides were incubated in a solutmontaining 0.2 M
phosphate bufferpH 7.6), 100 mM sodium succinate and 1.2 mM nitro blue tetragol

for 90 min at 37C. After removing unbound nitro blue tetrazoliumg washing witt80%
acetonesolution, slides were placed inside of chemical hood until dry, then a cover glass
was applied with a drop of Permo@nhistological mounting mediur(Fishe Scientifid).
Cytochrome ¢ oxidase (COX)staining was performed using diaminobenzidine as
previousy described. Restronk A. Cythochrome oxidase staining protocol.
Neuromuscular disease center, Washington Usitye
(http://neuromuscular.wustidu/pathol/histol/cox.htm) In brief, COX activity was
determined in 10 mtH,O containing 0.2 M Sucrose, OM Phosphate buffer (pH7.6),
1.4 mM 3.306 diaminobenzidine, 10 mg cytoch
run at room temperature for 60 min and stopped with repeated washes using distilled
water. Samples were then dehydrated in ascending isoprogams®@ntrations (50, 70, 80,

95, 10099. Lastly, sampms were cleared with xylenand mounted with mounting

medium.

Immunoblotting . The samples were homogenized and lyiseRIPA buffer (10
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mM TrissHCI, 5 mM EDTA, 150 mM NaCl, 1% Triton X00, 0.1% SDS,1%
Deoxycholate, pH 7.5). Following centrifugation (16,00@r 15 min at 4°C),
supernatants were collected and subjected to Bradford assay to quantify protein
concentrations. The resulting protein samphlesre subjected tocSDSPAGE and
transferred toPVDF membrane Subsequently, the membrane was blocked with 5%
nonfat dry milk in TBST for 20 min at room temperature and incubated overnight with
respective primary antibodies. Antibodies were purchased from the following sources:
rabbit polyclonal antPGG1 U(Novus), mouse polyclonal DLP1 (BD transduction
laboratoriey mouse monaclonal Mfn2 (Santa cruz) rabbit polyclonalFisl (Alexis),
mous e mo ntabulin ¢SigmaAldrigh). The membranes were then washed twice

in TBST and incubated with HR&onjugatedsecondary antibodies for an hour followed

by washing three times with TBST. Then, membranes were subjected to standard

enhanced chemiluminescence (Thermo Fisher Scientific) method for visualization.

Immunohistochemistry. Frozen tissue sectisnwvere submeged in PBS three
times for 5 min and fixed in 10% neutral buffered formalin for 10 min. Following antigen
retrieval with citrate buffer (sodium citrate, 10mpH 6.0) in baling water bath for 10
min, the sections were washed with distilled water (3 tifnoe8 min each). The sections
were submerged in MeOH containing 0.3%OkIfor 20 minand washed with PBS (2
times for 3 min) and withdistilled water (once for 3 min). The sections were blocked
with 5% normal goat serum f@&0 minat room temperature in lfumidified chamber.
The primary monoclonal antibody (VDAC, Invitrogen) was applied to the sections

overnight a°C in a humidified chambeihe sections were rinsed in PBS (3 times for 5
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min each) and then incubated for 30 min with an alkaline phosphstt@gtavidin
conjugate (Vector LaboratoriesyDAC antibodybinding was visualized using BAB
reaction (Vector kit, Vector Laboratories), which produces a brovanecipitate.

Following development, the sections were coustained with hematoxylin.

MRNA isolation, cDNA synthesis, and reatime PCR. mRNAs were
isolated with the use of Dynabeads direct kit, and cDNA synthesis were performed on
poly-dT magnetic beads by reverse transcription using superscript 1l (Invirogen). mMRNA
expression levels wereugntified by reatime PCR using SYBR green fluorescence.
Cycle threshold (Ct) values were normalized to the housekeeping gene HPRT1. mRNA
expression levels of NDUFAL, NDUFV1, SDHA, CYS1, UQCRC1, COX17, ATP50,
ND1, ND2, ND5, ATP6, CYTB, COX2, and HPRT weassessed. Primer sequences
used are described below:

NDUFA1

Sense, 5 CATCCACAAGTTCACCAACG- 3
Antisense, 5 TGCACAGCCTTCTAACAGGA 3
NDUFV1

Sense, 5 CATTTGTGCTCTGGGTGATG 3
Antisense, 5 GAGAGTGGGCAGCACTTGTT-3'
SDHA

Sense, 5 TACAAGGTGCGGATTGATGA- 3
Antisense, 5 AGGAACGGATAGCAGGAGGT- 3

CYS1
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Sense, 5 GCCCTAATGAGGATGGGAAT- 3"
Antisense, 5 GTGGGAGGTTCACAGTAGCG 3’
UQCRC1

Sense, 5 GATCGAGAAGGAGCGAGATG 3
Antisense, 5 GGAGCTTTGTAGTGCCTGCT3'
COX17

Sense, 5 GCGATCGTTACTGCTTTCCTF 3’
Antisense, 5 GCTCTCATGCACTCCTTGTG3
ATP50

Sense, 5 CACAGTGACCACAGCGTTTG 3!
Antisense, 5 GCCTTGCTGAGCTTCTGAATF 3’
ND1

Sense, 5 CTCCCTATTCGGAGCCCTAGC 3
Antisense, 5 GGAGCTCGATTTGTTTCTGC 3
ND2

Sense, 5 GAGCAATTATCTCCGAGCTTG 3'
Antisense, 5 ACTTAATACTGTGAGGGTTGG 3
ND5

Sense, 5 CCTCAGCTAACAATCTATTCGC 3'
Antisense, 5 CTGTGAGAGGGACTAGATTG 3'
ATP6

Sense, 5 ACACCAAAAGGACGAACCTG- 3!

Antisense, 5 ACTGCTAGTGCTATCGGTTG 3'
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CYTB

Sensep'- CTACGGCTGACTAATCCGATA: 3!
Antisense, 5 CTGTAGCTCCTCAGAATGATA-3'
COX2

Sense, 5 GCTTACAAGACGCCACATCA- 3
Antisense, 5 GAATGACAGCTGGGAGAATTG- 3’
HPRT

Sense, 5 GACTTGCTCGAGATGTCATG 3

Antisense, 5- TACAGTCATAGGAATGGACC-3'

Oxygen consumptionrate measurement.L6 myoblasts(2000 cells/well)were
seededonto collagercoated 96well XF plates.24 hours after incubation, subsets of
myoblastsweretreatedwith 50ng/ml IGF1 in DM for 96 hoursDifferentiated myotubes
thenwere incubaté with 1 mM AICAR for 24 hoursThe cellswererefreshedwvith non
bufferedpH7.4 mediumandincubatedfor 1 hin a nonCO2 incubatorasrecommended
by SeahorseBio-sciencesA SeahorseX86 Analyzer (SeahorseBioscienceg)as then
usedto measurehe oxygenconsumptiorrate.Eachcycle included3 min of mixing, a 3-
min wait, andthen measurement oved min. 1 uM oligomycin wasusedto inhibit ATP
synthase. Next, 300 nM FCCP was addedto stimulateuncoupled respiratior0.5 uM

Rotenon / antimycin A were ad to obtain nomitochondrial respiration.

Statistical Analyses The results are presented as meaSEM. A oneway

analysis ofvariancelANOVA) was used to determine significant overall main efféc.
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posthoc analysesFischets least significant ifference was used to test for group

differences. Asignificanceevel ofp < 0.05 was used for all comparisons
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5.RESULTS

Myonuclei numberThe number of myonuclei was significantly higher in PT, T,
and RT groupcompared to CON groufp<0.05) (Figure 4) There was no significant
difference in nucleinumbes amongPT, T, and RTgroup These datasuggest that
resistance training increases myonuclei number andngfauclei acquiredluring pre-

training treatment reain elevatediuring20 weeks of detraining period.
)
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Myofiber crosssectional area and muscle magsoss-sectional ares (CSA) of
the muscle fiber were significantly higher in each T and RT groups @@ by 26%
and 42%, respectively. Rjroup showed aignificantly higher CSA compared to T group.
(Figure 5A andB) Similarly, muscle wet weighand relative muscle weight wegeeater
(19% and 1%, respectively in RT group compared to T groufFigure 5C and5D)

There was no significant difference in C8&tween PT and CON.
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Figures. Cross-sectional area and muscle mass. (A and B) Myofibers were visualized by H&E
staining (Magnification = X20, scale bar = 50 pun). Cross-sectional area of flexor hallucis longus
muscle was quantified. (C and D) Muscle wet weight and relative muscle wet weight were
measured. The relative skeletal muscle weight was calculated from absolute skeletal muscles
weight (mg) divided by the body weight (g). *p<0.05 vs. CON; t p<0.05 vs. PT; #p<0.05vs. T.
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Mitochondrial dynamicsrelated proteis and PGELU expression. The

abundance®f Mfn2, Fisl, and Drpl proteinswere significantly higher in T and RT

groups compared to ON or PT group(Figure 6) In addition, tlese biemarkers wes

significantly higher in RT group compared to T gropg@.(d0). The abundances &fGG

1Uprotein was significantly higher in RT group compared to CON, PT, and T group.
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Figure 6. Mitochondrial regulatory protein expressions. Immunoblotting was
performed to measure the protein expression of mitochondrial regulatory
markers. Images of (A) PGC-10, (B) Mfn2, (C) Fisl, and (D) Drp-1 were
quantified by NIH imagel software respectively (E). The loading volume was
normalized by the protein amount of GAPDH. Values are means + SE for each
group. *p<0.05 vs. CON; ¥p<0.05 vs. PT; #P<0.05vs. T.
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Mitochondrial enzyme activitie€COX and SDHactivity levelin T groupwas

significantly highercompared to CON group€0.05 (Figure7B and7D). In addition

the intensity of COX and SDH in RT group was higher compared to T gmuhnQ5.

There was no difference in SDH and COX activities between PT and CON groups
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Figure 7. Mitochondrial respiratory complex enzymatic activities. Representative images of
COX (A and B) and SDH (C and D) (Magnification = X 10). Bar graph represented means +

SE. Scale bar = 100 pun. *p<0.05vs. CON; t

40

p<0.05vs. PT, #p<0.05vs. T.



Mitochondrial content Immunohistochemistry for VDAC (porin) proteins

showed that there wasgnificantly highermitochondrialcontentin RT group compared

to T group ©<0.01). (Figure8A and8B)
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Figure8. Quantification of mitochondrial mass. (A) Representative
images of Inmunohistochemistry tor VDAC (porin) (Magnification =
X 20). Bar graph represented means £ SE. *p<0.05 vs.CON; 1 p<0.05
vs.PT. #p<0.05vs.T.



MRNA expression of mitochondriaind nuclearencodedyene.The fusio index
in cells treated with 50 ng/ml IGE was higher compared to all other cells (Figure 9A
and B). Therefore, we used 50 ng/ml K&For subsequenin vitro experimens. Under
AICAR treatment,L6 myocytes preconditioned withGF1 showed higher levebf
MRNA expression of selectadiclear (NDUFAL1, NDUFV1, SDHA, CYS1, UCCRC1,
COX17, and ATP50Q and mitochondrial encodedgenes(ND2, ATP6, ND5, ND1,

CYTBM AND COX2) compared to nopreconditioned L6 myocyte€0.095 (Figure

10).
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Figure 9. The effect of IGF-1 on nuclear addition during myogenic differentiation. (A) Representative 1mages of
mmunocytochenustry. L6 Myoblast differentiation was initiated when they reached 90-95% confluency by
incubating the cells in differentiation media consisting of DMEM supplemented with 2% horse serum with Igf-
1(0,5,10,20,50, 100,200 ng/ml). After 4 days of incubation in the differentiation media, differentiated
myotubes were immnuostained with MF-20 and DAPL *p<0.05 vs. NT, #p vs. IGF-1 20 ng/ml
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Figure 10. Quantification of (A) nuclear and (B)
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mitochondrial encoded gene

expression. mMRNA expression of mitochondrial and nuclear encoded genes. Lo
myoblasts were used to supplement the in-wive results. L6 myocytes were
precouditionea with 50 ng/ml IGF-1 during myogenesiz. Cells were then incubated
with 1mM ATCAR.*p=<0.05 vs, no treatment, tp=0.05 vs. IGF-1, #p=<0.03 vs. ATCAR

Mitochondrial oxy@n consumption rateBasal oxygen consumption rate in

AICAR-stimulated myotubes was nagtgnificantly higher compared to control cells.

However, AICARstimulated basal oxygen consumption rate in cells preconditioned with

IGF-1 was higher compared to cortrells (Figure 11B)In addition,all the AICAR-

treated cells showed a higher level of maximal oxygen consumption rate compared to non
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AICAR-treated cells. Moreover, cells preconditioned with {GBhowed a higher level
of AICAR-induced oxygen consumptiorate compared taonpreconditionedcells

(Figure 11C).
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