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ABSTRACT

EXERCISE TRAINING IMPROVES EXERCISE CAPACITY DESHETPERSISTENT
MUSCLE MITOCHONDRIAL DYSFUNCTION IN THETAZSHRNA MOUSE MODEL OF

HUMAN BARTH SYNDROME

Barth Syndrome is a mitochondrial disease assatiaith exercise intolerance and
cardioskeletal myopathy resulting from mutationshie tafazzint@z) gene. The present study
characterized skeletal muscle mitochondrial fumctiad exercise capacity ofaz ShRNA
mouse model of Barth Syndrome (9@ deficient), and examined the effect of exercise
training on these parameters. Mitochondrial respiyafunction was assessed, in mitochondria
freshly isolated from hindlimb muscles, using amlaros O2K respirometer with pyruvate +
malate as substrates, oligomycin as an ATP synihagator, and carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (FCCP) to esstbmaximal activity. A pre-training GXT
revealed profound exercise intolerance, which apwaded to reduced respiratory capacity,
citrate synthase (CS) and ETC complex 1 proteirtesdrof muscle mitochondria in th&z vs.
age-matched wild-type (WT) mice. Based on the mming GXT, exercise training was
conducted at 12-17 m/min, 0% grade for 60 min/dwkdfor 4 wks. Exercise training elicited a
99% increase in GXT run time in tk&z mice (P < 0.01 vs. pre-training), but failed torease
times to those of sedentary WT mice. Training digantly decreased state 3 respiratory
capacity of muscle mitochondria from exercised nfveid type sedentary (WTS): 4992.59 +
371.35, wild type exercised (WTX): 3779.60 + 561 #3 sedentary (TazS): 2978.50 + 383.53,
TazS: 1827.55 + 525.17 (pmalls*mg), P = 0.02, Sed. vs. Ex.), and significantly decreased

mitochondrial CS activity itaz mice (WTS: 4.48 + 0.51, WTX: 3.87 £ 0.69, Taz13+ 0.54,



tazexercised (TazX): 1.63 + 0.69 (relative absorb&green of protein) (RU/g)P = 0.01).

Training also tended to reduce mitochondrial lactihydrogenase (LDH) and monocarboxylate
transporter 1 (MCT1) activities, MNnSOD content, @ldydroxnonenal-protein adducts (index of
oxidative stress), but tended to increase mitochahdCP3 in exercised WT artdz mice.
Interestingly, training significantly increased rnlgslevels of CS (WTS: 1.491 + 0.112, WTX:
1.792 + 0.143, TazS: 1.325 + 0.108, TazX: 1.550148 (RU/g),P = 0.05 Sed. v. Ex.),
suggesting increased muscle mitochondrial cont@httvaining. This study indicates that
exercise training improves functional capacitya#deficient mice and induces selective
mitochondrial protein remodeling during mitochormdlbiogenesis that perhaps mitigates

oxidative stress while adapting to increased méi@mbdemand.
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CHAPTER |

INTRODUCTION

Barth syndrome (BTHS) is an X-linked, recessiveatiah of the ubiquitously expressed
tafazzin gene [1, 2]. Undiagnosed and untreatetrein with BTHS die in early infancy due to
cardiomyopathy induced heart failure or neutrop&mdaiced septicemia [1-3]. BTHS is
characterized by relapsing episodes of heart &iloeutropenia, growth retardation, muscle
weakness, skeletal muscle myopathy, and 3-methglgbmic aciduria—the biochemical marker
of BTHS [1, 2]. These conditions arise from theauitondrial dysfunction associated with
malfunctioning Tafazzin proteins. Tafazzin bendsmheanes by transacylating phospholipids
into a thermodynamically preferential arrangemeichsthat the free energy of the packed lipids
is at a minimum. This remodeling aggregates mosawmated phospholipids at the bends of
folded membranes and aligns saturated phosphoklgitisstraight acyl fatty acid chains in the
straighter portions [4]. Due to dysfunctional Tafiazin BTHS, intercristae spaces do not
consistently form or intermembrane spaces failtduelack of stable bends, inhibiting the
function of BTHS mitochondria. As a result of matfeed membranes, BTHS cardiac
mitochondria are markedly enlarged with disorgamjzgrcularly layered cristae [5]. Skeletal
muscle mitochondria are not as enlarged as canditschondria, but contain similarly onion-
like cristae with dense granules. Additionally, Iskal muscle (SM) mitochondria have impaired
respiration and cytochronuodevels are abated [2, 5]. However, despite deeckasupling and
impaired state-3 respiration, the ability of Tafazzeficient mitochondria to produce ATP is

maintained [6].



To further study BTHS, a short-hairpin RNA (shRNAjlucible Tafazzin knockdown
(ta2 mouse was developed by TaconicArtemis GmbHIf{ Germany), under contract with the
BTHS foundation [7, 8]. After 8 months of age, mmiewborns subjected to 3-10 times the
standard dose of Doxycyclingz mice develop mitochondrial, cardiac, and SM charastics
mirroring BTHS [7-9]. It has been hypothesized tinateased metabolic demand, such as
exercise, might cause the mitochondrial, muscalad, cardiac phenotypes to appear earlier in
the intazmouse [7, 8]. Increased metabolic demands, suelkesise, may also translate into an
exacerbated BTHS phenotype in humans. Becauseisxémaining has been proposed as an

additional potential therapy for BTH&t{p://www.clinicaltrials.gov/ct2/show/NCT01194141

[10], studying the response to exercise trainingiamice has taken on significant importance.

Rodents and humans adapt to exercise trainingimidar fashion: Absolute and relative
VO2max €conomy, and efficiency improve [11, 12]; bodyssidecreases, relative to sedentary
controls, with a consistent increase in exercisadb-Wweight [13-16]; exercised limbs shift to
more oxidative or slower twitch fiber types [13gdrt mass increases, both absolutely and
relative to body weight; cardiac output increasas t increased ventricular chamber volumes,
cardiomyocyte hypertrophy, increased chamber wejgirtd improved contractile function [14].
These adaptations occur across a variety of masglgldurations, and intensities of exercise and
whether exercise is forced or voluntary [17-19]eEexse training has also been demonstrated to
improve metabolic parameters and survivability icenwith metabolic and mitochondrial
disease as well as aged mice [15, 20, 21]. Howexdaustive training paradigms can impair
adaptation, similar to “overtraining” in humans [11B, 22-24].

Mammalian skeletal muscle SM adapts to exertisigh increases in mitochondrial

content, substrate utilization (lipid utilizatioarfoxidative exercise and carbohydrate for more



glycolytic exercise training), and contractile flant alterations (more oxidative and slower
twitch fibers with more oxidative training and mdast twitch glycolytic fibers with more
glycolytic training). Mitochondrial biogenesis oestin response to muscle contraction’'Ca
flux, oxidative stress, and increased ATP turnd28r 25-28]. Mitochondria also respond to
exercise stress through the induced productiomdfimport of antioxidants and increasing
proton flux via upregulated uncoupling proteins,[26, 29-32]. Uncoupling protein 3 (UCP3) is
upregulated during fasting and exercise, likely ttuscreased levels of fatty acid anions, fatty
acid peroxides, and n-6 polyunsaturated fatty f22¢ 33-47]; UCP3 mediated Hransport
requires fatty acids for activation [42, 43]. UCP®ice exposed to exercise and fasting
experience significantly greater oxidative damage their mitochondria are more coupled;
although, non-fasting fatty acid oxidation is nojpiired [48, 49]. Changes taz coupling with
exercise may potentially be due to membrane ireegids or normal adaptations to exercise
such as UCP3 upregulation.

Within tazmouse SM, increases in lactate metabolism in respto exercise may be
reflective of a shift toward increased reliancegbytolytic metabolism during exercise as a
method of adaptatiof.azmice may be abnormally inclined toward anaerohithways due to
their impaired mitochondrial function. In the SM\WT mice, total LDH activity either does not
change or decreases with chronic exercise [50t63he heart, trends for total LDH activity are
the opposite—no change or an increase [51, 53Jrdases in total LDH activity are fiber type
specific, with greater decreases in oxidative filgees than in glycolytic fiber types [50-52].
Along with these shifts, LDH isoforms change fromsule-LDH to more heart-LDH, favoring
the conversion of lactate to pyruvate and an iregddactate utilization as a fuel source [51, 53].

Lactate transport and clearance also increaseexdltise [54, 55]. Lactate transport is



facilitated by increased MCT1 and -4. MCT1 proteamtent increases linearly with exercise
duration and intensity until exercise becomes egtmnael at which point MCT1 protein levels
decrease [24, 56-65]. MCT1 levels may be considanedcessary covariate of changes in lactate
metabolism, with MCT1 levels increasing with incged reliance on lactate and decreasing with
less reliance on lactate.

The proposed use of exercise as a therapy for Bid$$rompted this study of the
effects of 4 weeks of progressive treadmill runremgthe performance and mitochondrial
phenotype ofaz SM. Such phenotypes may not be apparent in mateatie limited to sedentary
cage activity, which necessitates the examinatfonareased metabolic demand on tae

mouse.



CHAPTER Il

LITERATURE REVIEW

Barth Syndrome and Tafazzin Deficiency

Barth syndrome (BTHS) is an X-linked, recessivdatian of the ubiquitously expressed
tafazzin gene [1, 2]. Undiagnosed and untreatetrein with BTHS die in early infancy due to
cardiomyopathy induced heart failure or neutrop@miaiced septicemia [1-3]. Previously, only
male BTHS had been described; however, recenthmale case was described with relapsing
episodes of heart failure, neutropenia, growthrdeatidion, and muscle weakness and skeletal
muscle myopathy, which, along with 3-methylglutacaciduria—the biochemical marker of
BTHS—are the primary symptoms of BTHS [1, 2, 66].

The examination of cardiac and SM biopsies of BTgd8ents has revealed an array of
cellular abnormalities. In type | SM fibers, intragtular fat droplets occupy an increased area
[2]. BTHS tissues also have decreased unsaturatgdaicid levels with elevated saturated fatty
acid concentrations [5]. Most remarkable in BTHSties are mitochondrial abnormalities.
Cardiac mitochondria are markedly enlarged witloidjanized, circularly layered cristae [5].
Skeletal muscle mitochondria, while not as conspisly enlarged as cardiac mitochondria,
contain similarly onion-like cristae with dense muées. Additionally, SM mitochondria have
impaired respiration and cytochroméevels are abated [2, 5]. These observationslhitied to
BTHS being thought of as a condition of mitochoatdysfunction resulting from the loss of

function of the tafazzin protein.



Tafazzin, Cardiolipin, and Membrane Formation

Tafazzin deficiency associated with BTHS was fingtught to be related to improper
Cardiolipin (CL) remodeling. Cardiolipin is a tetaayl phosopholipid localized primarily within
the inner mitochondrial membrane and is essemtitii¢ structure and function of several
mitochondrial proteins, including complexes I, IV, and V [1, 67, 68]. In BTHS, the
deacylation-reacylation cycle that eventually cots/€L into tetralinoleoyl CL (LCL)—the
most abundant CL species in the mammalian heart—theaght to be impaired by the mutation
of Tafazzin due to the decreased incorporatiomoléic acid (18:2) [1, 67, 69]; indeed, biopsies
of Barth patients reveal normal concentrations oGt low L,CL [70]. Irregular CL speciation
may disrupt mitochondrial processes by impairingtgin function and disrupting membrane
formation and folding. However, despite abnormalf@imation and decreased coupling and
impaired state-3 respiration, the ability of Tafazzeficient mitochondrial to produce ATP is
maintained, suggesting that the significance obZaih is not limited to CL formation or
speciation as it pertains to mitochondrial membiategrity [6]. Additionally, despite
homologous humamafazzingene incorporation, transgenic yeast drasophilastrains fail to
demonstrate any acyl-specificity of Tafazzin [7]-78lack of acyl-specificity suggests that
improper CL speciation does not necessarily leaditochondrial dysfunction.

Recent work by Schlamet al. (2012) further clarified the function of Tafazzifheir
work demonstrated that Tafazzin’s action is basethermodynamic remodeling: Tafazzin
transacylates membrane acyl groups until the fneegy of the packed lipids is at a minimum.
Tafazzin bends membranes by transacylating phogti®kPL), regardless of acyl group, into a
thermodynamically preferential arrangement. Unsaéih PL—such as,CL—will be

aggregated at cristae bends because they occugyspace, and more densely aligning



saturated PL will be aligned in linear portiongloé cristae. In BTHS, intercristae spaces do not
form, or the spaces fail due to a lack of stabledseinhibiting the function of BTHS
mitochondria [4].

However, Tafazzin’s membrane folding action doesappear to be limited to
mitochondrial membranes, and it may extend toighlly folded, lipid membranes. fafazzin
knockdown mice, the brush boarder of the jejunusrassessed by high-level light microscopy,
appears to be significantly disrupted comparedhédarush boarder of wild type mice

(unpublished observations).

The Taz mouse: a mammalian model of human Barttir&yre

TaconicArtemis GmbH (KIn, Germany), under contract with the BTHS founalai
developed an shRNA-mediated knockdown murine moflelman BTHS. Doxycycline (dox)
feeding induces an 88 to >96% knockdownaafrmRNA levels in SM, liver, and brain [7, 8]. If
mice are taken off of dox at 4 weeks of age, tieeepartial recovery of 48-64% t#€z mRNA
in heart, SM, and liver 4 weeks and 2 months Iater

After 2 months of dox feeding, mtDNA is elevated@ih SM and 4-fold in the heart;
changes in mtDNA are not observed in other tis§tied his increase in mtDNA may imply
enhanced mitochondrial biogenesis. Despite chaingesDNA, Aceharet al. (2011) did not
observe any mitochondrial changes after 2 monthdH@wever, Soustekt al. (2011) observed
swirled mitochondria with disrupted cristae amowgwmal mitochondria at 2 months [8].
Surprisingly, Acehan used a greater dox dose (6@%&grof chow) than Soustek (200 mg/kg of
chow) [7, 8]. Despite changes in mitochondria, maitstudy observed functional changes in

cardiac or SM function [7, 8]. By contrast, newbatite subjected to 3-10 times the dose of dox



used by Soustek or Acehan, demonstrated cardiazongraction, hypertrabeculation,
myocardial thinning, and defective ventricular sg¢joh. Within SM, the parallel alignment of
mitochondria and sarcomeres was irregular. Addaignmitochondria were vacuolated,
reduced in area, and had diminished cristae dej$§itfhe time course and dose of dox appear
to be able to variably affect the degree oftdeEknockdown.

After 8 months of dox exposur&z mice develop mitochondrial, cardiac, and SM
characteristics tightly mimicking BTHS. Cardiolipspecies of 72:8 and 72:7 CL were lowered
to 2 and 3%, respectively, of CL species from tha@aid 15% observed in WT mice [7]. Within
the mitochondria, the cristae were disorganizecblapsed. The mitochondria appeared larger
with a stacked or onion-like structure, althoughmeéochondrial area was not different than WT
mice. In striated tissues, the parallel arrangeraéntitochondria and sarcomeres was disrupted.
Tazhearts exhibited left ventricular dilation, legntricular mass reduction, and depressed
fractional shortening and ejection fraction [7,\8]ithin the soleus, Taz knockdown resulted in
reduced isometric-contractile strength at 100hzX6hz of electrical stimulation [8].
Additionally, at 8 monthsaz mice weighted 17% less than WT dox-treated liteges [7].

Despite these respiratory and functional deficiescno locomotor differences were observed
betweertazand WT mice [8].

Both the Acehan and Soustek groups hypothesizednitr@ased metabolic demand,
such as exercise, might cause the mitochondriadcoiar, and cardiac phenotypes to appear
earlier thetaz mouse—to the mouse’s detriment, of course [7B8tause exercise training has
been proposed as an additional potential therapBTéiS

(http://www.clinicaltrials.gov/ct2/show/NCT01194 141 0], studying the response to exercise

training intazmice has taken on significant importance.



Murine Response to Exercise Training

Because of the benefits and physiological effetexercise, pursuing exercise as a
potential therapy for BTHS may make sense as a snglamproving general living
functionality. However, because exercise can imposignificant physiological stress and
metabolic demand, relatively higher degrees of @gerintensity may not be appropriate for
those whose bodies are already under significaegstsuch as BTHS patients. The purpose of
the present study is to examine the effects ofa@s@iontaz mouse exercise performance and
SM mitochondrial function. Exercise performancesgd as a basic measure of overall health;
better exercise performance should indicate impt@xeeryday functionality. Mitochondrial
function is examined because of the initial chaazation of BTHS as a mitochondrial
dysfunction, and because mitochondria are a prirsiéeyof exercise adaptation. Here the effects
of exercise on mitochondrial biogenesis, leak, UPRieins, and MCT1 proteins and lactate

metabolism within mouse and rat models will be eaxad.

Typical Response to Exercise

Rats and mice exposed to exercise programs cenlisttemonstrate increased cardiac
output due to increased ventricular chamber volyrresliomyocyte hypertrophy, increased
chamber weights, and improved contractile funcfigl]. Heart mass increases are both absolute
and relative to body weight [14]. Absolute and tiglaVO,ax economy, and efficiency also
improve in rodents subjected to exercise [11, T2jpically the exercise groups lose body mass
relative to sedentary controls with a consisteatdase in exercised-limb weight, but this is not

always the case [13-16]. Exercised limbs also e&pee a shift to more oxidative or slower



twitch fiber types [13]. These changes have beaemed in rat and mouse models under forced
treadmill running, voluntary wheel running, andded swimming training models [17-19].

There is some variation in the degree and typmaafiac response elicited from different
intensities of exercise. Rats exposed to a higisstexercise program can experience significant
increases in left and right ventricular mass, anpaired contractile function after 6 weeks but
not 10 [17, 22]. Rats under a high-stress protatsal demonstrate an increase in capillary-to-
mitochondrial wall distance with a concomitant éese in capillary density [17]. An extended
period (six weeks) of high intensity (16% gradeg¢reise also decreases state 3 respiration [22].
Opposite trends are observed in rats run underemitdining paradigms. Rats exposed to milder
programs had a significant increase in right veatar mass or overall cardiac mass without any
impairment of contractile function [18, 22]. Undle milder exercise conditions reported by
Anversaet al (1982 & 1983) capillary density increased anddis¢ance from capillary to
mitochondria decreased, but there were no sigmifichkanges in mitochondrial density [17, 18,
22]. The above adaptations are all associatedaxigigen delivery, which is essential for
mitochondrial respiration. Dysfunctional mitochoradmay also impair higher order adaptations
to exercise because mitochondria are not ableddhesalready available oxygen, however that
should not necessarily eliminate the signalingtyease oxygen delivery adaptations. Haw
mice will adapt to exercise cannot be definitivagserted based on previous experiments on

healthy animals.

Exercise in Diseased Mice
Because the adaptations of healthy mice and raysnot translate to diseased mouse

models, it is worthwhile to examine some mice wislnying degrees of different mitochondrial

10



dysfunction. Mice with cytochrome-c (COX) oxidasefidiency develop mitochondrial

myopathy and have a decreased lifespan. Exercisgraosed to potentially exacerbate their
condition because they exist in a metabolicallgsted state. However, exercising these mice
nearly doubled and tripled the life expectancyhef inale and female mice, respectively. COX10
KO mice experienced expected adaptations to exentithat training increased the proportion
of oxidative fiber types and increased PG&;{gading to increased mitochondrial biogenesis,
which was also observed via the enhanced OXPHO&ctgf the mice [20]. Physical Activity
also attenuates the loss of skeletal muscle masdsl imice [21]. And, in hyperglycemic rats,
exercise reversed elevated hyperglycemia-inducetb@lilin D (mitochondrial permeability
regulator) levels, and increased adenine nucletr#hslocase (ANT) transcription factor A (an
ADP/ATP exchanger and mechanism for controllingoetibndrial leak). Ca uptake increased
and C4&" release decreased, indicating tightet'®@meostasis, the loss of which can exacerbate
apoptotic signaling [15]. Overall, these chang@sagent beneficial adaptations to exercise,
particularly beneficial adaptations to exercise thenefit mitochondrial function, which may
explain any benefits of exercise within tlag mouse and hint that exercise will likely bendfié t

tazmouse.

Mitochondrial Expansion

Mitochondrial mass has consistently been showaxpand with exercise training; the
mechanisms, timeframe, the qualitative degree tlamdunctionality of mitochondrial expansion
resulting from training continue to be further defd and elucidated under a variety of
metabolically challenged states. Contractile anthbwlic activity accelerate ATP turnover, and

exercise exacerbates the difference between celdlIB demands and mitochondrial ATP

11



production. Exercise mediated contractile actiaiigo affects mitochondrial &aflux between
extracellular spaces, the cytosol, and mitochor{@5h The increases influx associated with
accelerated ADP phosphorylation generate reacttygem species (ROS), which also act as
potent mediators of mitochondrial biogenesis [233P].

Hood (2001) has reviewed the literature relatecotatractile activity and mitochondrial
expansion [25].In brief, perturbations in<and increased ATP turnover activate a variety
kinases, which phosphorylate several transcrigactors. After contractile activity shifts in
ATP and C4" homeostasis increase mRNA for cytochrammitochondrial transcription factor
A (Tfam), c-jun, and nuclear respiratory factor-1. These newlydcabed proteins will have a
half-life of approximately 1 week, and mitochondpaospholipids will last about 4 days. These
changes in mMRNA have been used to indicate theedeggrd potential duration of mitochondrial
biogenesis as a result of contractile activity. imadaptations may be expected to take place in
thetazmice. In the case of BTHS patients, in humans, generally well accepted that after 6
weeks of training, humans can expand their mitodhahcontent by 50 to 100% [25], this
hopefully provides some measure of the translataloif exercise in non-BTHS humans to
BTHS patients particularly if adaptations are oledrin thetaz mice.

In animal models, significant increases in mitautieal protein content have consistently
been observed but with great variation in the degred time course. Originally, an expansion of
mitochondrial protein content was observed by Hsailoin 1967 after strenuously training rats
for 12 weeks; cytochromeincreased two-fold while total mitochondrial prioteontent
increased 60% [30]. Molet al. made similar observations in 1971, also findirGp8o6 increase
in mitochondrial protein content with exercise [.7#icreases in training time and intensities

both produce positive, linear relationships in ritondrial expansion and several later studies
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confirmed mitochondrial expansion in a variety ibef types and in old and young animals [12,
15, 16, 21, 75-77]

The timeframe during which mitochondrial adaptasitake place appears to be rapid;
although, longer periods have been observed tebessary for mitochondrial expansion. Tfam
has been shown to increase after 5 days of traemalgCS to increase 29% and 39% after 5 and
10 days of training, respectively [78, 79]. Howew@milar time courses in mitochondrial
adaptation to exercise have not been observed nod@Ent exercise models: after progressively
training guinea pigs for 9 and 18 weeks, signiftdanreases in mitochondrial protein content
and Q consumption were only observed after 18 weeks [[86jvever, mitochondrial adaptation

appears to be rapid in rat and murine models [25].

Adaptation to Oxidative Stress

Mitochondrial expansion serves roles beyond inengas cell’'s ATP production
capacity. Mitochondrial expansion, in theory, slibl@wer mitochondrial membrane potentials
(AY), thereby moderating free radical and ROS produacty distributing the proton gradient
across a wider area. There will be more mitoch@npiroducing ATP at a lower rate while being
exposed to less&V¥ rather than having a small volume of mitochondraaking maximally
while being exposed to greater and more ROS praducy.

Exercise induces mitochondrial adaption to oxigastress because exercise is itself an
acute oxidative stress--one which should mitigatieoxidative stress through adaptation [23, 26,
28, 29]. Exercising rats to exhaustion producega to three-fold increase in free radicals
concentration, diminished mitochondrial respiratooytrol, increased lipid peroxidation

products, diminished sarcoplasmic and endoplaseticuium integrity, and decreased
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mitochondrial respiratory control [23]. In resporieeexercise induced oxidative stress
mitochondrial volume expands, protein levels changeO, production is decreased and NRF-
1, superoxide dismutase-2 levels, manganese sugerdismutase (MnSOD), and Glutathione
peroxidase-4 levels rise [23, 26, 29, 30, 78, Bhkse compensatory mechanisms either
moderate free radical production or mitigate RQrahe fact.

Beyond expanding the mitochondrial reticulum anticxidant production, ROS
mitigation loweredAY¥ can be achieved by making mitochondrial membram@® permeable to
protons. Within the context of exercise adaptatiocreasing proton leak contradicts the
increased ATP demand that exercise places on noitalzla, but exercise adaptation is a

balancing act between ATP demand and accelerat&igr@luction.

Mitochondrial Leak

Mitochondrial proton leak can account for as mus®@% of oxygen consumption in
isolated muscle fibers and 20-70% in other celés/[82-85]. Leak may account for 25% of
standard metabolic rate in rats [83]. Although pnoleak diminishes mitochondrial efficiency in
terms of ATP produced per oxygen unit utilized,tproleak is thought to facilitate heat
production, promote cellular steady-state regutatinaintain carbon flux, and mitigate ROS
production; these roles of leak have been furtbeiewved by Divakaruni and Brand [41]. Due to
the oxidative and energetic stresses of exercidetatocus within mitochondria, leak and the
means of regulating leak in response to exercisavarth examining.

Greater than 50% of basal leak has been attriiot@dNT, independent of the ADP-ATP
exchanging role of ANT [86]. Membrane acyl compasitalso affects leak as well. There is a

positive correlation between unsaturated mitochehdriembranes and leak [87-89]; although,
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membrane permeability accounts for only 5% of pndeak [90]. At rest, state 4 respiration,
which is frequently used as a surrogate measureddy is negligibly affected by low levels of
oxidative phosphorylation, ANT-mediated ATP/ADP bange, and uncoupling protein
mediated respiration [31, 91]. However, with exgeecistate 4 respiration can be can be increased
50%, an increase which is 50-57% attributable twoupling protein 3 (UCP3) [31, 32].

Ageing also increases leak. Old mice (30 monthkejbitxa 50% reduction in
mitochondrial P/O ratio (ATP phosphorylation to geym consumed) relative to younger mice (7
months); oxygen consumption remains the same frammg to old mice, but ATP production is

down 30%, indicating greater uncoupling [92].

Uncoupling Protein 3

Uncoupling proteins allow for controlled protorakeunder specific metabolic conditions.
Uncoupling protein-1 (UCP1), the archetype uncoupprotein, has been widely observed to
facilitate thermoregulation and thermo-adaptatfmeugh non-shivering thermogenesis by
uncoupling oxidative phosphorylation in the mitonbaa of brown adipose tissue (BAT) [41,
93, 94]. UCP3 is thought to function in a similashion as UCP1 and other uncoupling proteins,
which are all tightly transcriptionally regulateattivated by fatty acids, and inhibited by purine
nucleotides [41, 42, 85, 95-99]. The different UGIRs also not uniformly distributed across
tissues, but UCP3 is highly expressed in skeletedabe and, to a much lesser extent, in cardiac
muscle and BAT [100, 101]. Despite its presend8AT, UCP3 does not appear to be related to
thermoregulation [33, 35, 91]. Rather, the rol&fP3, particularly in SM, may be related to
relieving oxidative stress by increasing protondimtance, an idea first proposed by Papa and

Skulachev in 1997 [102].
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UCP3 alone does not affect basal proton conduetand has only been demonstrated to
do so in UCP3 overexpressing mice with supraphggioal levels of UCP3 [91, 103]. Rather
than uncoupling basal proton conductance, UCP3apfe catalyze uncoupling in the presence
of activators, which are associated with oxidastress and fat metabolism (fatty acid anions;
fatty acid peroxides; 4-Hydroxynonenal (HNE); antBGnd C20 n-6 polyunsaturated fatty
acids) [41-46]. UCP3-mediated  #ransport requires fatty acids for activation, &aitly acid
activation largely explains UCP3'’s presence in Bl why UCP3 and UCP3-mediated proton
conductance have been consistently demonstratedrease under fasting and exercised
conditions [22, 33-40, 42, 43]. The proton condnceassociated with exercise may be
particularly apparent because exercise represetiisam acute oxidative stress and a period of
elevated lipid oxidation.

Despite increased UCP3 with exercise and fastmgdegree and function of the
increases in UCP3 associated with exercise anthdasave been variable. Brief starvation,
extended calorie restriction, and high-fat refegdiave demonstrated increases in UCP3 from
1.5-fold to 4-fold [33, 36, 103]. Similar increasadJCP3 with fasting have been reported in
humans as well [104]. Furthermore, during highrédeeding after fasting, UCP1, -2, and -3
decrease in SM and increase in adipose tissueE$8h though UCP3 is upregulated under fat
oxidizing conditions, it is not necessary for fadiyid transport or fatty acid oxidation (FAO), but
UCP3 does appear to support enhanced fasting-idde&s® by exporting fatty acid anions,
preserving CoAsh, and preventing lipotoxicity, alemoderating FAO induced ROS
production [45, 46, 49, 105]. These roles are frgupported by observations of increased
oxidative stress in UCPmice under fasted conditions [49]. UCHice are unable to mitigate

the ROS from FAO to the same degree as their WTitepparts, and as a result are subject to
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greater oxidative damage. However, increased UG@B&ls0 failed to demonstrate changes in
proton leak AW, and state 4 respiration, and even with greaferUCP3™ mice have been
shown to have indistinguishable state 4 from WTemikhese discrepancies have been attributed
to UCP3 increasing concomitantly with mitochondbalgenesis, so oxidative stress may still be
mitigated, but UCP3 may not be necessary for thgations [36, 106]

Elevated FAO during exercise appears to be theopnetant factor driving upregulation
of UCP3 protein and mRNA content with exercise. #&aexercise consistently demonstrates the
most profound and maintained elevations in UCP3mand mRNA. Exercise bouts as short as
30 min can significantly increase UCP3 mRNA andtbai greater than 150 minutes report
increases in UCP3 mRNA ranging from a 1.22- totd5200-fold, with greater increases always
occurring in fast-twitch/glycolytic fibers and suwastially lower or negligible increases in
oxidative fibers [91, 107, 108]; increases in mR&lUAside after 2 hours and return to baseline
between 4 and 22 hours after exercise [40, 108P®)@rotein expression, by contrast, inly
increases 7- to 8-fold with acute exercise [31, @Ofle report has demonstrated an 84% increase
in UCP3 up to 10 days after an acute, low-intensiyg-duration training [37]. These elevations
in MRNA and protein have been replicated, to aelesstent, by incubating extensor digitorum
longus muscles with 5’-amino-4-imidazolecarboxanridenucleoside, which stimulates AMPK
activity, mimicking a switch to fatty acids duriagcalorie restricted state [47]. Effects similar to
those just mentioned can be observed with exertls®ughout the earlier portions of an
exercise bout, ROS production rises steadily anckases in UCP3 expression coincide with a
drop in respiratory control ratio (RCR)/couplingtentially moderating ROS production [31].
Additionally, oleic acid has been shown to sigrafidy increase state 4 respiration in trained

mitochondria while increasing UCP3 protein, thisrgase in UCP3 accounts for 50-57% of the
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fatty acid-induced uncoupling with exercise [322R3” mice do not exhibit the same change
in uncoupling, rather UCP3mice have more coupled mitochondria, produce rR®8, and
experience greater oxidative stress after exerbigspite the oxidative stress imposed on on
UCP3™ mice, overexpressor are not protected beyond WEE ii8, 109, 110]. Based on these
data, increases in UCP3 content with acute exeatideconcomitant uncoupling appear to be
attributable to exercise-induced FAO, and UCP3gincappears to be necessary for protection
from elevated FAO-induced oxidative stress.

When exercise training shifts toward a chronic/antbw-intensity paradigm, UCP3
upregulation is lower than with a single bout ofitecexercise. Increases in protein expression
are limited to 1.5- to 2.3-fold increases [32, 3&]metimes no increase in UCP3 protein is
detectable [34, 107]. These same increases in @#8lso tightly paired with increases in
markers of elevated mitochondrial content (COX1ocliromec, citrate synthase (CS)),
indicating that long-term increases in UCP3 areljilonly an indicator of increased
mitochondrial content [32, 37]. Indeed, in humarigizing both acute and endurance training,
decreases in UCP3 protein have been found--wherBy@Rein is expressed per unit of CS--
with the lowest UCP3 levels being found in oxidatfibers. Absolute increases in UCP are
typically only observed at the same time that marker mitochondrial biogenesis are increased
[111-113]. From these data is seems likely th&Msncreases its oxidative capacity, its need
for UCP3 as a protective mechanism declines, anB3J€ downregulated as a result. This idea
is consistent with the low increases in UCP3 oleeia red/oxidative fibers in mice and the
decline in UCP3 humans; it is also consistent wvitie observed drop off of in increased UCP3

that parallels the conversion of glycolytic to cdigre fiber type in mice [38]. During exercise,
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UCP3 functions to acutely moderate the oxidativesstresulting from increased FAO, and it’s

role is cut back as SM increases its capacity tdip fatty acids during exercise.

MCT1 Response to Exercise

Monocarboxylate transporter-1 and -4 can trangpguivate, acetate, propionate,
butyrate (monocarboxylates), and keto acids derikad transamination [56]. Due to the
increased metabolic demands of exercise, the ma#ton of substrate transporters such as
MCTL1 with exercise is a hecessary adaptation. MSTikedominantly found in oxidative fibers
of skeletal muscle (MCT4 is not fiber specific) [83, 114, 115]. The specific locations of
MCT1 within SM have been contested. MCT1 has difigly been shown to be present on the
sarcolemmal plasma membranes, although to varyaggees, but its presence on and within SM
mitochondria is currently uncertain [115-117]. koymity to mitochondrial populations, MCT1
and -4 appear to be associated with subsarcolemit@thondria, but not intermyofibrillar, and
whether MCT1 is actually embedded within mitocheadmembranes has been questioned
[116-118]. The specific location of MCT1 has dirgaplications on the location and capacity of
SM and mitochondria to metabolize lactate.

MCT1 has consistently been positively associatet lactate release and uptake during
exercise [56, 62-64, 115]. In humans, MCT1 contemntversely related to fatigue index [119].
This observation pairs well with the understandimg MCT1 supports the oxidation lactate
[63]. MCT transport of lactate appears to be a timmcof lactate gradients and pH, with greater
external lactate concentrations and lower pH spegtlansport [55, 56, 120]. However, MCT1
has a ~4.7-fold greater affinity for pyruvate owverthte [121]. In the presence of both pyruvate

and lactate, pyruvate will be preferentially tramgpd and lactate left not metabolized. MCT1
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protein quantity is generally increased with aartehronic training and present for 2-6 days
post exercise [56-64]; however, exercise intersditys need to overload or pass a threshold
before MCT1 protein is upregulated [57]. MCT1 pmot&creases the most in red or oxidative
fiber types [61-63, 114, 115]. But, MCT1 proteirci@ases are only positively correlated with
training intensity to a point. Once training becamexhaustive,” MCTL1 protein may be
downregulated and transport capacity impaired $24 65]. MCT1 can potentially be used as a
correlating measure of lactate utilization and aseasure of training efficacy because of its role

in lactate transport as well as its function aalasfrate transporter.

LDH Activity and Response to Exercise

Despite increases in MCTL1 protein with exercieeSM, total lactate dehydrogenase
(LDH) activity either does not change or decreagéls exercise [50-53]. In the heart, trends for
total LDH activity are the opposite—no change oiramease [51, 53]. Decreases in LDH
activity are fiber type specific, with greater demses in oxidative fiber types than in glycolytic
fiber types [50-52]. Along with these shifts, LDsbforms change from muscle-LDH to more
heart-LDH, favoring the conversion of lactate toymate [51, 53]. In light of these activity
patterns and isoform changes, lactate appearatmees and clearance greater after exercise
training [54, 55]. In SM there may appear to bechange in LDH activity, but lactate oxidation
will likely be increased due to the shift in isafarLactate appearance is another factor to
consider for future studies as well.

Not only is lactate metabolism worth examiningdaese of a potential shift toward
glycolytic metabolism due to impaired mitochondriadpiratory capacity, which would leave

open the questions about lactate oxidation podtmtion. Furthermore, within BTHS the
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location of LDH within SM may alter the activity €DH due to the disruption of mitochondrial
membranes in BTHS artdzmice. The location and abundance of LDH within &w SM
mitochondria remains controversial [122-125]. Eatlydies found similar levels of LDH within
the mitochondria and the cytosol [126]; howeveeratudies were unable to demonstrate
significant LDH activities above levels that woullddve been greater than contamination [127].
Given that cytosolic LDH closely adheres to theeomitochondrial membrane and that even the
earlier studies found mitochondrial LDH primarilytian the intermembrane space,
contamination seems likely [126, 127]. More recgtntlies have failed to detect LDH activity in
isolated mitochondria; some have been unable tctlktctate respiration after the addition of
LDH to isolated mitochondria and have only achiekespiration after the addition of NAD+
despite normal pyruvate respiration [57, 118, 128)]. However, Brookst al (1999) found
robust LDH activity in isolated mitochondria: siamilstate 3 and 4 respiration, RCR, and P/O
ratios between pyruvate and lactate [130].

Additionally, the location of MCT1 has furtherdaetcontroversy about the function of
LDH within mitochondria. Because MCT1 predominaaéshe sarcollemmal surface but does
not appear to be significantly present in IMF mitoadrial populations, lactate may not be used
in the IMF mitochondria because it would not bexg@orted in [115-118]. Furthermore, the
reported preference of MCTL1 for pyruvate over lect@ould not support an intracellular lactate
shuttle [121].

Gladderet al. (2007) has attempted to synthesize the divergsutits by suggesting that,
while LDH may not be present within the mitochoatimatrix, MCT1 and LDH may support an
intracellular lactate shuttle on the outer mitoalheed membrane and on the outside of the inner

mitochondrial membrane [124]. The colocalizatiorsobstrates and transporters in close
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proximity to the mitochondrial membranes would aoly support an intracellular lactate
shuttle, but it could account for contaminatiorass during isolation.

Despite the controversy around LDH, it remainsmapartant standard of exercise
adaptation even though exercise may not necessaoitlyfy mitochondrial lactate metabolism.
The difficulty of precisely isolating mitochondrédso suggests that it may be more prudent to

examine whole muscle LDH activity when assessitzgadaptation to exercise.

Purpose

The purpose of this study is to establish therexaéskeletal muscle mitochondrial
respiratory dysfunction and exercise intoleranci@taz mouse relative to WT counterparts,
and determine if increasing metabolic demands hrardc exercise training will rescue or
exacerbate thi&az phenotype. It is hypothesized that exercise wiliove exercise capacity in
the Taz shRNA mice, by increasing skeletal musd@+ilactivity with a concomitant increase in
MCT1, elevated UCP3, increased mitochondrial bieges) and a recovery of diminished
mitochondrial respiration. Little is known abouetaffect of BTHS on the function of skeletal
muscle, and in light of the proposed exercise fhefar BTHS patients, knowledge of its impact

may inform therapeutic application.
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CHAPTER Il

METHODS AND PROCEDURES

All procedures in this investigation were approbgdhe Colorado State University Care
and Use Committee and conform to teide for the Care and Use of Laboratory Animals

published by the US National Institutes of HeakhH Publication No. 85-23, revised 1996).

Graded exercise testing, progressive treadmillrtirgg), and handling

Forty-eight female WT anthz mice (TaconicArtemis GmbH; Kin, Germany)
(C57BL/6J background) were housed in a climaterotietl, university, animal care facility and
maintained under a 12:12-h light-dark cycle; altewvere housed in the noise conditions of the
treadmill and air compressor during training sassidiandling was partially equilibrated by
housing trained and sedentary animals in the sagesc Animals were trained on a 10-lane
motorized treadmill specially designed for useatsr Animals were acclimated to the treadmill
across 3 days by being placed on the treadmillratrin for 5 minutes on day 1, 0 m/min for
five minutes and 5 m/min for 1 minute on day 2, &nd/min for 5 minutes and 5 m/min for 2
minutes on day 3. Animals were also exposed to cessged air blasts at this time. An initial 0%
grade graded exercise test (GXT) was performedtabésh an effective GXT protocol. Mice
were started at 5 m/min and the belt speed wasased every 2.5 minutes at 2.5 m/min
increments. Mice ran to failure, which was estdi@s as the delivery of 10 motivational bursts
of compressed air within 30s. From the resulthef@% grade GXT, a 20% grade GXT protocol
was designed [131-135]. On a 20% grade, mice nad foin at 7 m/min, 1.5 min at 10 m/min,

1.5 min at 12 m/min, 2 min at 15 m/min, 7 min atr@0nin, 7 min at 22 m/min, and finally at 25
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m/min for 9 minutes until the 30 min cutoff. Thistoff produced a ceiling for the GXT for most
of the WT mice. This GXT protocol resulted in thénaustion of altazmice and 5 of the 14 WT
mice. After training, the 20% grade GXT was perfedragain on all mice 48 or 72 hours before
takedown to reduce appearance of acute exercigtatida. Sedentary mice were reintroduced
to the treadmill the day before the post-test aib of 0 m/min and 5 min of 7 m/min.

An exhaustive pace of 20 m/min was establishethietaz mice based on the first 20%
grade GXT and was not achieved during trainingstaldish a low-intensity paradigm. After the
initial 20% GXT, mice were randomly assigned tartirsg or sedentary groups by an Excel
random number generator. After group assignmeiésts were performed to establish that the
pre-test times for the trained groups were notiBggmtly different from the respective
genotype’s sedentary group’s pre-test time. Animadee trained 5 days/week in the last hour of
their natural active (dark) cycle (6-7 am).

Training was progressively staged for 4.5 weekslé€td). The first takedown group of
mice began training one day before the others; Weg subject to two days of the first stage of

training.
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Table 1. A complete table of the schedule andfah@ training intervals utilized during tl
training protocol. All training days consisted of@ min. warr-up, a long modera-pace

Stage 1 | Stage 2 Stage 3 Stage 4 Stage 5

1-2 days| 1day 1 day 1 day lday | 4days | 3days | 2days |7-9 days
SSmine |-5min, |-5nun |-Smin [-3mimn, |-3mm. |-3min. |-5min -5 nin,
Tmmmn  |[7mmmn  [Tmmin [Tm'mn |[Tmmin |[Tmmn |[Tmmn |[Todmin | 7o'min
25 mm, |-20 mm, [-5nun |-Smin, [-3min, |3 mm. |-3min. |-5min -5 nin,
12m'mm |12m'mm |12 m/mn |12 mmin |12 n¥min |12 m‘min {12 m‘min |12 m/mmn |12 n¥min
SSmine |-5min, |-10min |-10 min, |-10 nin |-45 min, |-35 min, |-15 min [-15 min.
Tmmin | 15m'mm |12 m/mm |12 mmin |12 mfmin |15 m‘mimn (15 mmmn |15 mmn |15 mémin
SSmin, |-10min |-15 min, [-30nin, |3 mm. -3 min. (-5 min -5 nin,
12m/mm |15 m/mmn |15 mmin |15 mmimn |12 m/min (17 m'mmn |17 m'min |17 n¥min
2, |-10min |-Smin, [-Smin, -2 mm. |-3min. |-5min -5 nin,

Pret-test Tmmm |12 mmmn |12 mmin |12 m‘mmn | 7m'mmn |15 m‘min |15 m/min |15 mymin |Post-test
GXT Amin |-3min,  |-3 min, Gmin, |-Smin |-5min,  |GXT

12 m/mm |12 m/min |12 n¥min 12 mmm |17 m/mmn |17 m¥min

2min, |2 min. |-2 min. 2o, |-15 min |-35 min.

Tmmin  |7Tm'min - | 7Tomin Tmmm |15 m/mmn |1 5mmin

Amin -5 nin,
12 m‘mm |17 m‘min
2min |-5 nin,
Tmmmn |15 m‘min
-3 min,
12 m‘min
-2 min,
Tm/min

segment, a period of 5 min. intervals, and a 5 ©ooe.-down.

Stage Iconsisted of 5 min at 7 m/min, 25 min at 12 m/nain¢gl 5 min at 7 m/min for
total of 30 min. Stage 1 lasted one ¢

Stage Zonsisted of one day of 5 min at 7 m/min, 20 mifZtn/min, 5 min at 1
m/min, 5 min at 12 m/min, and 2 min at 7/min, twtgl37 min/day. Afte Stage ., two days of
training were lost to install better mouse contantrand safety barriers. Only 7 €5 min of
training were performed on the respective lost d

Stage Progressed across 3 daysting from 5 min at 7 m/min, témin at 12 m/mir to

10 min at 12 m/min, t&0 min at 15 m/miito 10 at 12 m/min, t8 min at 12 m/min, ar to 2
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min at 7 m/min, totaling 45 min/day. The final pregsion ofStage 3vas at 5 min at 7 m/min, 5
min at 12 m/min, 45 min and 15 m/min, 3 min at 12nin, and 2 min at 7 m/min, totaling 60
min/day for 4 days. All training periods followirsgage 3 were 60 min.

Stage 4consisted of 3 days of 5 min at 7 m/min, 5 midzin/min, 35 min at 15 m/min,
5 min at 17 m/min, 5 min at 15 m/min, 3 min at 12mm, and 2 min at 7 m/min.

Stage Sconsisted of two days of 5 min at 7 m/min, 5 ntidZam/min, 15 min at 15
m/min, 5 min at 17 m/min, 5 min at 15 m/min, 5 minl7 m/min, 15 min at 15 m/min, 3 min at
12 m/min, and 2 min at 7 m/min. This was advanoesktven to nine days (depending on
takedown) of 5 min at 7 m/min, 5 min at 12 m/miB,riin at 15 m/min followed by 6 intervals
of 5 min of 17 m/min and 5 min of 15 m/min with 3mat 12 m/min, and 2 min at 7 m/min for a
cool-down.

After training and the final GXT, animals werertenally anesthetized with 100mpk of
sodium pentobarbital (Beuthanasia-D Special, Sogdflough Animal Health Corp., Union,
NJ). Upon complete non-responsiveness, animals weighed and then euthanized by midline
thoracotomy and removal of the heart. Upon remdwedyts were cleaned of fatty tissue, drained
of blood, weighed, and frozen in liquid nitrogerftek euthanasia, left and right gastrocnemius
(gastroc), plantaris, and soleus (sol) muscles Wissected, cleaned of connective tissue,
weighed, and placed in cold Chappell-Perry buftarsisting of KCI (100 mM), MOPS (50
mM), EGTA (1 mM), EGTA (5 mM), MgS@7H:0 (5 mM), and ATP (1 mM), pH 7.4 (with
KOH). Complete tibialis anterior (TA) muscles weanpletely dissected, cleaned of connective

tissue, weighted, frozen in liquid nitrogen, anorstl for later analysis.
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Respiration

Mitochondria were freshly isolated from ~200 mdhofdlimb tissue (combined 2
gastroc+plantaris and 2 sol) in cold Chappell-Pbudfer by standard differential centrifugation
methods as previously described with minor modiitees described in appendix | [136].

Oxidative phosphorylation rates in response toji#band 4 mM ADP were determined
in freshly isolated mitochondria (75 pg proteiningsthe two-channel high resolution
respirometer (Oroboros Oxygraph; Innsbruck, Austsgh the saturating concentrations of the
following substrate/inhibitor combinations in theopided order: pyruvate (5 mM) + malate (5
mM)--all respiratory measures, cytochrom@0 uM)--cytochrome c¢ response, oligomycin
(2ug/ml)--leak, and titrations of FCCP with aniaitLlpul step of FCCP (0.5 uM) followed by 0.5
pl titrations--maximal respiration. After the pyate + malate addition, 125 uM ADP was added
to both chambers to achieve an initial state 3.rigburn to a stable baseline (state 4), 4 mM
ADP was added to both chambers to achieve ADPaaiuar(state 3’). Respiration studies were
performed at an initial oxygen concentration of 0@ at 37 °C in MiR06 respiration buffer
containing EGTA (0.5 mM), MgGi6 HO (3 mM), K-lactobionate (60 mM), taurine (20 mM),
KH,PO, (10 mM), HEPES (20 mM), sucrose (110 mM), 1 g/LAB380 U/ml catalase, pH 7.4

(with KOH).

Protein Assay

The protein content of isolated mitochondria anthbgenized TA were determined by
BCA protein assay kit (Thermo Scientific; Rockfdtd. Briefly, after isolation or
homogenization, 10 pl of diluted (1:100) isolatechomogenate were added in triplicate to a 96

well plate. BCA reagents A and B were combined %04 ratio and added (200 pl) to all
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sample wells. The plate was incubated at 37°C%aminutes. Abosrbance at 562 nm was
detected using a SpectraMax M2 Multi-Mode MicroplReader using SoftMax Pro (Molecular

Devices, LLC; USA). Protein concentrations wereuacgg in mg/ml.

Citrate Synthase Assay

A photometric kinetic absorbance assay for citsgtgthase (CS) was performed in whole
muscle homogenates as a marker to determine ithotalrial biogenesis took place as a result
of training, and later in isolated mitochondriasaa®ugh index of TCA flux. Briefly, CS assay
buffer was prepared with HEPES (20 mM), EGTA (1 mBljicrose (220 mM), and KCI (40
mM), pH 7.4 (with HCL) to make the CS reaction leufivith the addition of 200X DTNB (20
mM) and 100X AcetylCoA (10 mM). Reaction buffer wagpared in proportion to the number
of samples to be run. 200 ul of reaction bufferenaided to each well. Duplicate samples of 10
pl of 1:100 diluted TA homogenate or isolated niitmedria samples were added to the reaction
buffer. Softmax Pro was prepared to read absorbatnd&2 nm every 40 sec for 15 min with a 5
sec shake prior to the first read. The CS readtias started by adding 10 pl of 1X oxaloacetate
stock (1.1 mM) to each well, and the plate waskjuiplaced in the spectrometer. The average
of the linear slope of the resulting date points Ween divided by the protein content of the TA

or isolated mitochondria to determine CS activélative to protein content.

Lactate Dehydrogenase Assay
To establish a measure of SM lactate metabolipimtometric kinetic absorbance assay
of LDH activity was performed. BioVision Inc. LatéaDehydrogenase Activity Assay Kit

substrates, buffers, standards, controls, and guves were utilized (BioVision Incorporated,
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Milpita, CA). Briefly, approximately 50 mg of fromeT A was homogenized 1:6 mass to volume
(=250 pl) in cold assay buffer with a glass homogemiHomogenate was centrifuged at 10,000
G for 15 min at 4°C. Homogenate supernatant wdsated and the pellet discarded. In
duplicate, 2 pl of the samples were added to aélbplate and brought to 50 ul with assay
buffer. NADH standard was added in triplicate. NABtandard well volumes were brought to
50 ul with assay buffer to yield 0, 2.5, 5.0, 7.6, and 12.5 nmol/well standards. Once 50 pul of
reaction mix were added to each well, the plate pvatected from light, and the plate was read
every 5 min for 50 min at 450 nm at 37°C with SaPro. The average linear slope of the
change in absorbance was calculated and dividdd\gyrotein content to determine LDH

activity.

MCTL1, UCP3, HNE, OXPHOS, and MnSOD Western Blotting

Mitochondrial content of MCT1 and UCP3 along widispiratory complexes 1-5
(OXPHOS), 4-hydroxynonenal-protein adducts (HNB)Y ananganese superoxide dismutase
(MnSOD) were quantified with SDS-Page Western lrigtto establish measures of potential
lactate transport, uncoupling protein content, tebectransport chain content, lipid peroxidation,
and antioxidant defense. Proteins were probed WMi@d1l (T-19) (Santa Cruz Biotechnology,
Santa Cruz, CA; 1:500), UCP-3 (Abcam, Cambridge,; MI850 and 1:500), OXPHOS antibody
cocktail (Mitosciences, Eugene, OR;2000), HNE-adducts (CalbiocheBillerica, MA,
1:2000), and MnSOD (Assay Designs, Farmingdale, NY0,000). Isolated mitochondria used
for OXPHOS and HNE blotting were first lysed andisated to disrupt mitochondria. To all
samples, 7.5 ul of 2X Laemmeli loading buffer wambined with a quantity of autoclaved

water and isolated mitochondria determined by pmatentent; 30 g of protein were used for
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UCP3, MCT1, and HNE while 5 pg were used for OXPH{8 the corresponding MnSOD
probe. The prepared samples were frozen overnightteen heated in a heat block at Tébr
10 min; OXPHOS and HNE samples were heated & 8% 10 min. The ladder (Western C
Standards) (7 ul) and samples (15 pl) were loadiedarecast gels (Bio-Rad, Hercules, CA) and
run at 100 V until protein bands lined up at thgeedf the stacking gel, then the gel was run at
200 V for ~1 hr. After 1 hour the gel was removed aarefully sandwiched with a
nitrocellulose membrane in a horizontal transféuge The apparatus was filled with transfer
buffer and placed in ice pack and run at 100 Viftw. The starting amperage was between 0.5
and 0.7 A. After the transfer, the membrane wasetawith Ponceau to ensure transfer and
assist in membrane trimming.

After rinsing, the membranes were blocked with aéa-fat dry milk (NFDM) in TBST
for 1 hr. After blocking the respective primary iandies were applied overnight in 5% NFDM.
Bound membranes were washed with TBST 6 times fairb Secondary antibodies were
applied for 1 hr (UCP3, goat anti-rabbit—1:500; MICThorse anti-goat—1:500; HNE, goat anti-
mouse; OXPHOS and MnSOD, goat anti-rabbit—1:2088clér, Stepactin AP (Bio-Rad, USA)—
1:5000) with 1% NFDM in TBST. After secondary amiily application, membranes were
washed 6 times with TBST for 5 min and briefly witk TBS.

After washing, bound membranes were covered witindine-Star AP Substrate (Bio-
Rad, USA) solution. Membranes were then imagedgugisionWorks (UVP Inc., Upland, CA).
Following UV imaging, BCIP®/NBT-Blue (Sigma-Aldrigtst. Louis, MO) was applied to
membranes until bands appeared then membranesmagged on a flatbed scanner (Epson
Perfection V500 PhotoScanner, Epsoong Beach, CA). After MCT1, HNE, and OXPHOS

imaging, membranes were stripped using Restore ™3Mdstern Blot Stripping Buffer
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(Thermo Scientific, Rockford, IL) for 5 min. Aftestripping, the membranes were washed with
TBST 6 times for 5 min and the membrane blocking) antibody application procedures were
repeated with the UCP3 primary antibody on the M®Idts and MnSOD on the HNE and
OXPHOS blots. After application and washing of seeondaries, NBT-Blue was applied.
Membranes were imaged again. Following the NBT-Bio&ging, the membranes were stained
for ~1 min with 0.1% (w/v) Napthol Blue Black (Sar@auz Biotechnology, Santa Cruz, CA) in
25% (v/v) isopropanol then destained for ~30 mirhv&i% acetic acid [137]. Membranes were
then imaged to quantify protein loading. Proteinteat was normalized to TazS Napthol stain

or WTS for OXPHOS complexes. All images were anadlyasing ImageJ software (NIH).

Statistics and analysis
Effects of mouse genotype and exercise were apalyzing a two-way univariate
ANOVA (SPSS, Chicago, ILP values< 0.05 were considered significant. Results arelaysal

as means * SE.
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CHAPTER IV

RESULTS

Anthropometrics

Anthropometric results are displayed in Table 2ef€ise training produced 1
significant differenceR = 0.330) in body weight between sedentary anddchanimals
howevertazmice were significantly smaller than WT micP = 0.000). Hndlimb and TA
masses followed similar genoty-correlated differences with no effect of exerclseercisectaz
mice had significantly heavier heariP = 0.025) than sedentatgz mice. This trend continue
after adjusting heart mass to body mass. Additlgnedlative to body mass, exercised he
were significantly larger than sedentary heéP = 0.023). Relativéo body masstaz hearts
were significantly larger than WT hearP = 0.001). This relationship and the exerc

relationship were primarily driven tTazX hearts.

Table 2. Anthropometric characteristics of expentaémice (n = 15 WTS, 8 WTX, 11 Ta:8
TazX).

WTS WTX Tazs TazX  Genotype [P) Exercise (P} TazSvTazX (Pl WTSwWTX(PI WTSvTazs [Pl W XvTaz (P)
Eody Weigh-(3) 25544076 24611207 21.5210.76* 20.65:*’_.00* €. 0.33 0.50 0.48 0.00 0.01
Feart Weight (mg) 112.0844.45 117 861583 105.9244.28 122.13ir5.45* (.69 0.12 0.03 0.98 032 0.21
Heart Weight :Body Weight (mgig) 451020 463103 4.9040.2) 5.92:0.25* €. 0.02 0.0z 0.75 0.19 0.00
Combined Hindlimb Weight (Mg}~ 268.4316.46 272.00¢8.54 236.7116.45* 233.251r8.54* €. 0.99 0.75 0.74 0.00 0.00
Cambired TA {mg) 131.3344.09 126334578 102.8213.78* 108.751r5.D3* 0.2 0.92 0.35 0.48 0.00 0.03

Data are mean * SE.
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GXT Performance

Tazmice ran significantly shorter during the -training GXT @ = 0.000);Tazmice ran
for ~40% the time of WT mice. TazX mice ran sigrafitly longer in the po-test than the Taz
mice @ = 0.000). Havever, TazX mice still re for a significantly shorter tim#éhan the WT mice
(P =0.002) (Table 3 anéigure 1). The percent change or improvement betWwee X and Taz:
mice was not significan®(= 0.099) (figurel). Due to the ceiling on the teperfoimance

differences between WTS and W could not be determined.

Table 3. GXT performance paramet

WTS WTX Tazs TazX Genotype (P} Exercise (P) TazSv TazX(P) WTSVWTX (P} WTSvTazS(P) W XvTazX(P

Pre-TestGXT (s} 1643.54125.3 1713.4=88.6 641‘81125.3? 825.5188.; C.00 0.27 0.25 0.68 0.00 D.00

GX~ change is) 136.0£138.5 78.8197.9 304.8+138.5 660.C+97.9 ’ c.01 0.23 0.C5 0.40 D.00

Data are mean *+ SE.
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Class

Figure 1. GXT running time in There were no significant differences within gempatygroups
in the pre-test. Tazxice ran for significantly longer pc-taining.Horizontal bar indicate
significant P < 0.05) increase in running time in TazX. Dataraeant SE.

Lactate Dehydrogenase Activity

Kinetic spectrphotometric assays for lactate dehydrogenase yciivicated
significantly decreased musdl®H activity in exercised miceP = 0.003). This effect we
primarily due to the significant difference betwadiS and WTX (WTS0.903+0.12 mU/ml;
WTX: 0.229+£0.157 mU/mI)R = 0.002). The twdazgroups did not have significantly differe

LDH activity (P = 0.289), and TazX mice were not significantly erént from WTX mice
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Sedentaryaz mice 0.464+0.11 mU/ml) had significantly lower LDH activity than denary

WT (0.903+0.123 mU/mI)R = 0.014) (igure 2).

1.20

1.007]

0.80+

0.60-

0.40

0.207

LDH Activity Normalized to Protein (mU/mlimg)

Class

Figure 2. Lactate dehydrogenase le' Exercised animals had significantly lower LDH aitiv
The TazS and WTX mice had significantly lower LDetiaity than WTS Bracket indicates
significant P < 0.05) effect of exercist P < 0.05 WTS vs. WTX, P<0.05 WTS s. TazS.
Data are mean + SE.

Citrate Synthase Activity

In homogenized TA, CS activity assessed by kingtictometric assay was significan
elevated with exercisé(= 0.047 (figure 3).Although, when WTX and TazX were compal

separately to sedentary controls, exercise hadgndisant effect on CS activity. Within isolate

35



mitochondria, citrate synthase activity trendeddaoha decrease with exerciP = 0.081)

(figure 4).

2.50

2.00 T
150 mWTS
mWTX
1.00 W Tazs
W TazX
.50
.00 T T T
WTS WTX

1
Tazs TazX

RU/g

Figure3. Skeletal muscle (TA) citrate synthzctivity. Within homogenized SM, exercis
animals had significantly greater CS acti\ Bracket indicates a significar®® € 0.05) effect o
exercise. Data are mean + SE.

5.00 T
4.00 BWTS
)
‘5" 3.00 B WTX
©
= B Tazs
*
2.00
B TazX
1.00 —
.00 T T y
WTS WTX

Tazs TazX

Figure 4. Mitochondrial citrate syntte activity.TazX mice had significantly lower CS activi
within the isolated mitochondrial fraction than B * P < 0.05 TazS v TazXData are meazt
SE.
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This difference was primarily due to TazX CS atyibeing nearly half that of TazS (TazX:
1.629+.692 RU/qg; TazS: 3.211+.543 RU/g; WTS: 4.48885 RU/g; WTX: 3.871+.692 RU/q)
(P =0.079 vsP = 0.479). Further contrasting with TA CS activityz mice had significantly

lower CS activity than WT mice in isolated mitochioia fractions P = 0.007).

Mitochondrial Respiration Parameters

High resolution respirometry was used to estabhigiasures of functional mitochondrial
capacity in response taz genotype and exercise. Neither training nor ggrebffected state 2
respiration. State 3 achieved with a non-saturattrafion of ADP (125 uM) produced a
significantly greater response in the WT mice timataz mice @ = 0.000). The ensuing state 4
was significantly lower in theazmice @ = 0.032), and exercised mice had significantlydow
state 4 respiration than sedentary miee(0.003). TazS mice did have significantly lowets
4 than WTS miceR = 0.053), but TazX and WTX mice were not signifitg different P =
0.196). State 3’ (respiration with saturating ARIRMM) was significantly lower itaz and
exercised miceH = 0.00 and 0.015, respectively). However, as sgparoups TazX and WTX
only trended to being lower than TazS and WFPS (0.084 and 0.079, respectively).
Cytochromec response was not significantly elevated aboveeS&tabetween groups, but there
was a trend toward a lower elevation in trainedrets @ = 0.058). Exercise trained animals as
a group also had significantly lower rates of resjppn when subjected to oligomycin than
sedentary animal$’(= 0.007) with WTX being significantly lower thanW8, but TazX only
trended to be lower than TazS (P = 0.037 and 01@8pgectively). FCCP respiration rates were

significantly lower intazand exercise group® € 0.000 and 0.005 respectively). Both TazX and
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WTX FCCP respiration rates were significantly lowlean their respective controlsP = 0.044
and 0.038, respectively), and both TazX and Tarp8pag had lower FCCP rates than their’
controls P = 0.000 and 0.010espectively) Table 4 shows respirometry data, which

graphically broken down in Figure

Table 4. Summary of respirometry d.

TS INTX Tass Taex Genulyp=(P] Zrervise(?) Ta:sSvTark (Pl WTS v WTK(P) WTSvTaes (P WTX v Teek [P)
State2 {pmolf, *mg]) 738.135195.7.5 508.0141235.528 734405101837 333.9411235.528 0.3 0.7 0.23 0.03 L8 320
Stete 3|0 =.125mM| 1pmelf{ s*mg)) B8, 7204340923 050, 4204496.976 2623.050+362.040 416.076%406.076 000 037 0.23 0.03 ol 200
Stated {pmolf*mg]) L015.67_4120.070 L306.6054195.240 1546.00_4133.312 L047.5364162.545 0.0 0.00 0.03 0.03 L0 320
* #

Stete 3 (D =4mN] {pmolf{s*mg)’ A002,5364371.348 3770.6024561.425 2076.5034365.526 L627.5464525.265 000 002 0.08 0.03 o0 200
Cytoch-cme C (pmolf{s*mg’) 3449 436+408.256 4570.2184595.276 31549744434 728 L1866.8204595.270 000 004 0.09 0.23 o0 200

AF.195 1F.IR2 176.LM 3829

+72.506 109,755 7407 +102.566

Cytozhroma Z-Stete 3 changel amolfis¥mg]| 0.0 0.06 .29 0.13 €13 760

T.(3EL570 L4z 5.359% LT

237 H 621 22
Cytochrome C%Change of State 3 . 0.56 0.06 221 0.14 .50 181
Oligomyein |pmelds*rg)) 724.626472.733 339,768+ 31122 % 621.077467.7_1 % 585.935400.1.89 ¥ 028 o 0407 0.04 (1] 21598
Wai :CCP(pm:)lﬂs*mgn 3205.1554360.271 3693.9174568.372 2320770193 L1516.1344550.371 0.0 0.00 0.01 0.01 Coo 200

Data are mean * SE.

When maximal leak rates were normalized to maxmnalative phosphorylation rat
(L/P—Oligomycin/cytochrome—maximal phosphorylation rategz mice had significantl
greater rates of oligomycin induced leak relatvéhie maximum achieved respiration reP =
0.051) (Figure 6)This relationship was primarily attributable heetdifference betwin TazS
and WTS P = 0.043) Respiratory control ratios (RCR) defined by State State2 and State
to State 4 can be used as a measuthe phosphorylation control afitochondrial respiratic:
the higher an RCR theetter a mitochondrican increaseespiration above baseline/backgro
in the presence of ADH.azmice had significantly lower 3/2 and 3/4 RCR rai{P = 0.000;
3/4: P = 0.000), indicating thatiz mice are less capable of increasing state 3 relédistate .

(Figure 7).

38



State 3 (4mM) (pmeli(s mg))

000 06

§E & & 8
§ 8 & g

Cytochrome C (pmoli(s"ma))

g
i

Olige (pmeli(s"ma))

Max FCCP (pmoli{s mg))

§
§

§

%

8
§

:

g

Tazi

Figure 5.Breakdown of individual respiratory measures. At&2 There were no differenct
between groups. B) State 3 (125 uM ACTazmice had a significantly lower state 3 than \
mice. C) State 4There was a significant decrease in state 4 rdgp with exercise and thtaz
genotypeD) State 3' (4mM ADP Exercise and genotype significantly lowered stat E)
Cytochromec. Exercise and genotype significantly lowered stgteahromec responst F)
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Response to oligomycin inhibitic Exercise sigricantly lowered oligomycin respiratic G)
Maximal achieved respiration with titrations of FE. Exercise and genotype significan
lowered maximal FCCP respiration. Horizontal badigate significant £ < 0.05) genotyp:
effect. Brackets indicates agsificant P < 0.05) exercise effect.P<0.05 TazSv Taz, TP<
0.05 WTS v WTX, iP<0.05 WTS v Taz,° P<0.05 WTX v TazX Data are meat SE.
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Bl

.30
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|ELE (Omy:F)
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.00
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Figure 6. Ratios demonstrating different measufesaximal respiration to leg Genotype
significantly increased mitochondrial leak as assesseithogr L:E or L:F Horizontal grey bar
P < 0.05 for genotype interaction with L:¥ P < 0.05 WTS v Taz®ata are meat SE.
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4,007
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00~
WTS WTX TazS TazX

Class

Figure 7. Ratios of respiratory control or capatityncreas«respiration above backgrou
Genotype and exercise produced significantly lespled mitochondria as assessed by stat
or 3:4.Horizontal bar indicates significarP < 0.05) genotype effect with 3:2. Brack
indicates a significanf(< 0.05) execise effect in 3:2. £<0.05 WTS v TazS P<0.05
WTX v TazX. Data are meanSE

Mitochondrial Proteins

Uncoupling protein 3 levels quantified by S-Page Western blotting normalized
TazS revealed no significant changes in UCP3 wir@se P = 0.616); however, UCP3 leve
were significantly depressed taz mice @ = 0.005).When the relative means of UCP3 ¢
mitochondrial CS to TazS are compared tlwasa significant effect of exercise to incre:

UCP3 to mitochondrial CS (WTS: 1.+ 0.22, WTX: 2.32 £ 0.29), TazS: 1.%40.23, TazX:
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2.32 £ 0.29P = 0.000).MCT1 protein, relative to TazS levels, was not gigantly affected by

exercise P = 0.641) but was significantly lower tazmice @ = 0.017).Mitochondrial MCT1

and UCP3 proteins normalized to TazS are displayédure 8

{EmcT

4 .00 | DUCPS
D 300+
~
|—
o
L =)
o
Q
N
®
E 200
o
=
£
@
-t
o
| =
o

1.00-

00

WTS WTX TazS TazX
Class WTS  WTS  TazX  Tazs WTX WTS Tazs

TazS WTS TazS TazS TazX WTS WTX

Figure 8. Mitochondrial MCT1 and UCP3 normalizedaxS protein. The left blot is
representative blot of UCP3. The right blot is jpresentative blot of MCT Taz mice had
significantly less MCT1 and UCP3 than WT coutnetf Horizontal bar indicates significarP
< 0.05) genotype effect with UCPE P <0.05 WTS v TazS,P<0.05 WTX v Taz}. Data are

mean = SE.

Examination of OXPHOS tentatively revealed a dficant reduction in Complex 1 taz

mice @ = 0.030); However, Complex 1 data appeared to be wariable than other OXPHC

proteins. No discernible bands were detected forpgtex 2. Complexes 3 and 4 were
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significantly affected by genotype or exise, and this trend remained when all complexeg

summed (Figure 9).

2.00
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1.60

1.40
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1.00
.80
.60

B WTS

mWTX
M Tazs

W TazX
40

.20
.00

OXPHOS: OXPHOS: OXPHOS: Total OXPHOS
Complex 1 Complex 3 Complex 4

Complex 1

Figure 9. OXPHOS protein normalized to WTS. Repneséeve blot of OXPHS with complex:
indicated.Tazmice had significantly lower complex 1 protein th&fT mice Horizontal bai
indicates significantR < 0.05) genotype effect within comple» Units are relative absorban
to WTS. Data are mean + SE.

HNE levels were examined as a measure of oxidatress, and, despite a trend tow
lower HNE intazmice P = 0.062), HNE levels were not significantly altetedgenotype o
training (figure 10). MNnSODevels were examined in parallel with HNE to test@asure o
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ROS mitigation. MnSODevels were not significantly different between eetéry and exercise
mice.Tazmice did have significantly lower levels MnSOD P = 0.012)(figure 10). However
when the relative means of MNSOD and mitochon@alto TazS were compared as a r

there was a trend for elevated MnSOD levels (WT80+ 0.32, WTX:1.55¢+ 0.2¢, TazS: 1.29

+0.28, TazX 1.82 £ 0.2& = 011).

|E HnE
2.5 | D mnsSoD

2.0

1.0

Protein Normalized to TazS

00

TazS TazX
Class

Error bars: +/- 1 SE
TazX Tazs WTX  WTS TazX TazS WTX WTS WTS WTX TazS TazX WTS WTX TazS Tazx

_— .
T —
—

Figure 10. HNE and MnSOD protein normalized to T.dzSt blot is representative of HN Taz
mice had significantly lower MNSOD and HNE lev Rightblot is representative of MNSO'
Horizontal baiindicates significantP < 0.05) genotype effect within MNSOBP < 0.05 WTX
v TazX. Data are mean + SE.
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CHAPTER V

DISCUSSION

This study sought to characterize the responsa&édacise ofaz mice and Taz deficient
SM mitochondria using a progressive exercise tngimprogram. Initially it was hypothesized
that exercise would improve exercise capacity, gestby increasing SM LDH activity (errant
initial hypothesis) with a concomitant increaséM@T1, elevated UCP3, increased
mitochondrial biogenesis, and a possible recovédiminished mitochondrial respiration. Later
measures of HNE, OXPHOS, and MnSOD were addedégpiret some of the emergent

findings.

Exercise Performance

The initial GXT confirmed exercise intolerance etaz mouse, and exercise intolerance
was abetted by exercise training. The significengrovement in TazX GXT times indicates that
the applied training stress was adequate to owkrlmat not exhausdz mice. The applied
training speed and duration were similar to othedies that have shown improvement with
exercise in other diseased mouse models, and ldwtest speed intervals corresponds with
speeds (15-18 m/min) that elicit a maximal lacsieady state or ~65% of \@ux[135, 138-

140]. Whether the training program enhanced WTXqgwarance or not could not be determined
due to the ceilinged GTX. However, the primary s of this study was to characterizetde
mouse response to exercise, and exercising the ¥ same absolute intensity potentially

magnifies the differences in adaptation betwierand WT mice. Changes in state 3’ and
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significant decreases in state 4 and LDH providegemce that WTX mice did experience some

degree of exercise adaptation.

Increased absolute and relative heart mass maydatributed to the improved exercise
capacity of the TazX mice [14]. Because mice weresnbjected to echocardiography, whether
this adaptation was the result of dilated cardiopagby or beneficial adaptation remains to be
determined. Other factors such as, but not limise@conomy, hematocrit, capillary density,
fiber type change, or biomechanical changes alse wet assessed, but could have also
contributed to the increased exercise performah&eX mice did appear to have a slightly less
splayed running form than the TazS mice, sugges$igtger biomechanical efficiency, but this

was not quantified beyond casual observations.

Decreased Lactate Dehydrogenase Activity

LDH activity was expected to increase with exertiseause lactate utilization and
clearance increase with exercise. The significactehase in LDH activity with exercise was
surprising, but these findings are consistent Withliterature on rodent SM LDH activity.
Previous work has shown decreased LDH activitypaent SM, but the decrease in LDH
activity is accompanied by a shift in LDH isoformdne favoring lactate conversion to pyruvate
[50-53]. It is also likely that an overall incredsexidative capacity reduced the production of

and reliance on lactate within SM.

These data alone are inadequate to definitivelyahstnate whether or not the enhanced
exercise capacity aédz mice can be attributed to a compensatory relimmcand enhancement
of glycolytic metabolism, but the similar LDH adtiy rates in WTX as in TazX do not support
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this notion. Also, the decrease in MCT1 would ngimort an increased reliance on glycolytic
metabolism. In that sedentagz mice also had significantly lower LDH activity mag
evidence of a stressed metabolic stat@zmice, in that they partially resemble an exercised

animal.

Uncoupling Protein 3

Due to the duration and low-intensity of the tragino change or some increase in
UCP3 would have been expected [32, 34, 38, 10d)jraateed there was no significant effect of
training on UCP3. There was also no evidence okssed uncoupling due to exercise, as
demonstrated by the lack of significant change/l. However, a ratio of the relative means (to
TazS) of UCP3 and mitochondrial CS reveals a dpnit effect of exercise to increase the ratio
to UCP3 to mitochondrial CS. This ratio, althougtoagh measure, indicates an enhanced
ability of mitochondria to increase proton fluxproportion to proton creation. In light of the
insignificant changes in leak, it is possible toRBfacilitated moderation of proton flux may

only be detectable when fat is used as a substrate.

“Mitochondrial Biogenesis,” Respiration, and Oxide¢ Stress

Based on CS assay results of the TA, there wasaedse in mitochondrial content per
mg of SM tissue with exercise. This comports withstrprevious observations [25-28, 30, 74,
75]. However, the significantly lower CS in theleted mitochondria afaz mice relative to WT

mice and the trend toward lower CS in isolated ofitondria with exercise indicates that CS was
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decreased per a unit of mitochondridammice and potentially as an effect of exercise a. w
Lower CS per mg mitochondrial protein implies a énwapacity to generate NADH, via
decreased substrate delivery to the TCA cycle, wbauld contribute to the impaired respiration
observed irtazand WTX mice. Rather than being a maladaptaticextrcise, lower

mitochondrial CS may point to a ROS mitigating adépn to exercise discussed below.

In tazmice, impaired cristae formation appears to seielgt diminish complex 1 subunit
proteins, either by impairing mitochondrial impartd/or assembly of the complex subunits
and/or inducing adaptive downregulation or protemyf existing subunits. The impaired
observed respiratory capacity, although not macdextly of complex 1, is consistent with a
significant decrease of complex 1 relative to WEenithese observations are also consistent
with other unpublished proteomics data from our \@hich show a 20-70% decrease in complex
1 intaz heart mitochondria as well as 20% lower cardiaotmamide levels compared to WT
mice. Impaired cristae formation and low compleprdtein likely contribute to the
dysfunctional electron transport complex (ETC) otsd during mitochondrial respiration in the
tazmice. Downregulated CS levels per mitochondria atyally mitigate ROS production by
preventing an overabundant pressure of NADH ancireles through complex 1 and further
downstream at complex 3, which are the predomisiées of mitochondrial ROS generation
[141]. Decreased CS may therefore decrease a dagntgk of electrons through an impaired

ETC.

Mitochondria CS downregulation may also maintamae metabolically favorable
NAD+/NADH ratio to support continued oxidative mietdism. An overabundance of NADH
will not only promote ROS production at complexasdl 111, but it ties up NAD, and limits its

availability to TCA cycle enzymes, pyruvate dehygkpnase anfl-oxidation. Downregulation of

48



NADH production may seem problematic during theeased metabolic demand of exercise,
but the increased metabolic demand of exerciseasers mitochondrial expansion within tissue
as was seen with the significantly greater musstié CS levels in exercised mice. Therefore,
with increased mitochondrial biogenesis, high melialldemand can be met while a concomitant
reduction in CS per mitochondria permits mainteeasifcenergy production and provides

protection against oxidative damage.

To verify that oxidative damage was actually mitegh mitochondrial proteins were
probed for HNE. HNE was significantly lower in TazXice than TazS mice. To determine
whether the lower HNE levels were due to increasgédchondrial antioxidant capacity, blots
for MNSOD were run. MnSOD levels were not signifitg different between exercised mice
and sedentary controls. The elevated ratio of¢lative means MnSOD to mitochondrial CS
with exercise possibly indicates another level 6fSprotection in response to the backlog of
NADH in the matrix associated with the increasedabelic demand of exercise. These data
support that case that the observed decreasesdohmndrial CS may have been a function of
selective mitochondrial remodeling in responsextrese that limits the flux of electrons
through the TCA and the ETC in order to mitigateR@oduction while at the same time

increased ATP demands can be met by increasedhitddal biogenesis.

Conclusion

Exercise training partially recovers exercise impant intaz mice. While all of the
factors contributing to the improved exercise peniance inazmice are not known, increased

mitochondrial biogenesis in spite of impaired reajion likely contributes. Mitochondria not
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only proliferate in response to the increased nwtaldemands of exercise, but withaw mice
they appear to selectively remodel during prolifiera which perhaps limits the production of

ROS.

Limitations

This study addressed only a narrow range of fa¢k@atscontribute to enhanced exercise
performance. Changes in biomechanics, substrdizatitn, fiber type, and shifts in glycolytic
metabolism either were not addressed or were moplaiely investigated. The use of an
absolute exercise intensity rather than a relane limits the comparisons that can be drawn
between exercised animals. Additionally, the usa ogilinged test limited the assessment of the
efficacy of the exercise regimen within the WT miEarthermore, this study did not address the
physical activity dimorphism in mice that is exitdd as higher physical activity in female mice
over male mice. Utilizing other measures for mitatirial content other than CS activity should
also be done because CS activity may only indichémges in the actual activity of CS and not

the content of CS within mitochondria or SM.

There are numerous mitochondrial measures that megreeasured, but the most
relevant are the lack of a fat substrate and teonfeasures of mitochondrial antioxidant
production. Due to the lack of a fat substratepbiential effect of UCP3 to influence leak was
possibly masked. Multiple other ROS defense medmasii such as protein and activity levels of
catalase, glutathione, glutathione peroxidaseatiidne reductase, and heat shock proteins exist
beyond MnSOD protein content and were not examameimay serve to further explain the

lower observed oxidative stress.
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Skeletal Muscle Mitochondria I solation Procedure:
During isolation keep everything on ice
1. Remove whole hind limb and tibialis anterior
a. Put muscle in CP0O ~5 ml/container
2. Weigh muscle
3. Remove connective tissue and weigh then place ibaCl0
4. Mince tissues with pairs of scissors in CPO.
5. Transfer to 15 ml conicals and “wash” spin at loi@sdiscard supernatant.
6. Bring the pellet to ~4 ml with CPO
7. Add 1ml with (10 mg trypsin/g tissue) (dilute trypgo 1:1 with washed tissue snot
volume) trypsin, bring to 5 ml
8. Agitate/rock in trypsin with occasional vortex fminutes (no more than 10)
9. Run at least 5 drill plunges (~7) with Teflon homoger in homogenizing tubes
10.Add 1 ml CP2 (ideally want 1:1 tissue with trypsmnCP2) to stop trypsin
11. Transfer homogenate to 2 ml centrifuge tubes bdlaat
12.Centrifuge at 11500 G for 10 min (separates péiteh Trypsin) and discard the
supernatant
13.Resuspend with 1 ml CP2
14.Spin at 1400 G for 10 min.
a. Non-mitochondria pelleted. Want supernatant. Befc&to avoid cloudy middle
layer
15.While transfer pipetting the supernatant, gentlyo®t” the supernatant through

cheesecloth into new centrifuge tubes
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16.Resuspend pellet with <1 ml CP2

17.Spin at 1400 G for 10 min and pull off any remaghgupernatant and transfer through
cheesecloth

18. Spin supernatant tubes at 6700 G for 20 min.

19.Discard supernatant (pellet is mito)

20.Resuspend w/ CP2 (only enough to combine same sanipgs)

21.Spin at 6700 G for 10 min

22.Pour off supernatant and resuspend with ~1 ml KME

23.Spin at 6700 G for 10 min and pour off supernatant

24.“Dry” and tap out remaining liquid.

25.Add ~25Ql KME resuspend (vortex fully) this suspensionsislated mitochondria.
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Permeabilized Fibers
Procedure

After animals were terminally anesthetized witldpk of sodium pentobarbital,
animals were weighed and then euthanized by midhoecotomy and removal of the heart.
Upon removal, hearts were cleaned of fatty tisduaned of blood, weighed, and frozen in
liquid nitrogen. After euthanasia, left and riglaistyrocnemius (gastroc) and soleus (sol) muscles
were dissected away and weighed. After weighinbgwsoe placed in ice-cold BIOPS solution.
Sol were teased apart in BIOPS for approximatatyir?. The objective of the teasing was to
separate individual fibers as much as possibleauitbausing damage to the fibers. After
teasing, fibers were placed in Saponin for 30 nas\in future studies this time was reduced to
20 minutes) and rocked. Fibers were rocked for 80imMIRO06 after Saponin treatment (in
future studies fibers were washed in separated @ IRQhs for 10 min apiece). After washing,
fibers were weighed and immediately placed in tildated two-channel high resolution
respirometer with MIROG6 in the respiration chambé&usbstrate titrations were then administered
at the same concentrations as used with isolatexthandria. Oxygen saturation was

maintained using titrations of.B,, which was converted to,®y the catalase in the MIR06.

Results
Malate-pyruvate oxidation was slightly depressethz mice compared to WT mice
(18.68 vs. 16.44, WTS vs. TazS). Malate-lactatelatkon was slightly elevated tazmice (6.26

vs. 6.36, WTS vs. TazS) (figure 1)
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Figure 1. Means of permeabilized fiber oxidation with MidavIL. Error bars ar+ SEM.

Discussion

Permeabilized fiber data were inconsistent anchdidporoduce a clean signal. After
runs of the O2k, fiber data were not approximatsugated mitochndria data, so the decisi
was made to use a practiced mettThe investigator has gained more experience sucilgs
utilizing the permeabilized fiber technique. It @gps that the high amounts of connective ti
that accompany the sol makes it i difficult to tease then a biopsy taken from a -
developed muscle belly. In addition, the alteredabilizing and washing procedures see!

to produce a slightly cleaner signal when the tepwas tried again in sol for another proj
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