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Abstract

Vitamin Drefers toa group of fatsoluble secesteroids which interact with a variety

of tissues within the human body including skeletal musd®ligamin D can be
converted to 25[OH]D and its biologically active foin25[OH}Ds through the
actionsof hydroxylase®ncodedby CYP27A1 and CYP2{Blrgis et al. 2014)he
vitamin D receptor (VDR3 also present within skeletal muscle aagerts both
genomic and nofgenomic signaling responsesgpon exposure to its ligand
1,25[OHJDs (Srikuea et al. 2012RRecent evidence suggests that vitamin D is also
implicated inmitochondrialregulation with reductiors in respiratiorand mitophagy
observed in bottmurine cell andrat VDR knocklown (KD)models(Ashcroft et al.
2020; Bass et al. 2021yDRprotein abundancealso gradually declines with age
independent of 25[OH]Btatus andmay contribute to theagerelated declinein
muscle mass and functidBischoffFerrari, Borchers, et al. 2004iven that exercise

is a known therapeutic to improvespects omitochondrialbiology; it remains to be
determined ifthe VDRIis implicatedin regulatingexercise inducednitochondrial
adaptations.Electrical pulse stimulation (EPS) represents a way in vibistudy

both the acute and chronic effectdexerciseinvitr@ b A 1 2 £ A 6. While thérd & H n ™
has been an increase in the application of EPS within recent years, thesaaio
exist any defining guidelines or consensus on the optimal parameters to elicit specific
exerciselike responss. While exercise trainingn vivo generates divergent post
exercise responses (i.e., improved cardiorespiratory fitness following endurance
training) it is not currently known whether this is possiblén vitro. Therefore,to

appropriatdy measure theamportanceof the VDFRon the postexercise responses to



EPS, it first must be determined whether EPS is provitieglesired exerciséke
response.Therefore, this thesis aimetid determine thesuitableEPS parameters to
elucidatethe role of the VDR in regulating endurardides exercise inducedesponses

in skeletal musclelhere were three overarchimgpjectives

1. Identify suitable EPS parametersy C2C12 myotubeto induce postexercise
changes imitochondrialfeatures (gene expressio@nd activity (complex activity

andmitochondrialmembrane potentiaton A)Y 8

2. Determine whether stable knoetown of the VDR in C2C12 myotubes influences
cell viability, mitochondrial massand activity (complex activity an¢gh A Y, and
whether it augments EPS mediates changes in mitochondrial function including ROS

production and lipid peroxidation.

3. Investigate how knocklown of the VDRnfluencesthe cellular metabolomein

C2C12 myotubes.

Thefindings in this thesis demonstratbat 3 hrEPS10 Hz, 10 V, 1 meduld induce
acutechanges in genes associated with mitochondrial biogenegig/everchronic
adaptations to exercise were nobbserved by any EPS protocol and they
subsequentlyailed toinduce changes in mitochondrial masscomplexactivity. The

lack of chronic adaptationis likely due to thelonger cell culture time required to
observe changes in protein contembmpared to more rapid changes in gene
expressionVDRKD was associated with reductions in mitochondrial enzyme activity
I YR n A Y wiidh &asifidep&ndent of changes in mitochondrial content. This
aberrant mitochondrial atvity was then associated with a greater increase in ROS
production and consequent lipid peroxidation followiragute EPS treatment.
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Moreover, VDRKD resulted in changes in the intracellular metabolomih

observed increases in amino acid goarine metabolisn. Metabolites associated
with oxidative stress suchs fumarateand the antioxidantcarnosine were also
changed in VDIRD which may helfp explain theelevated ROS production present

in this phenotype.

Taken togetherloss of theVDRresults inalterationsin skeletal musclenitochondrial
complexenzymeactivitt | Y R MgreowepVDRKD is associated with changes in
the intracellular metabolome withreductions in antioxidant concentrations.
Consequently,this leads to anelevated ROS production following acute EPS.
Therefore, VDR signalling is required for the healthy functioning of skeletal muscle

mitochondria.
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1.1. Vitamin Dhistory anddiscovery

The family of molecules collectively known as vitamin D have long been an area of
scientific interest due to their protective effects against skeletal disorders such as
osteomalacia and ricketéMcCollum et al. 1922; Hess 1922)ong before the
identification and characterisation of vitamin D, early civilisations such as the Ancient
Egyptians and Greeks revered the sun for its vitalising properties and encouraged
KStA2GKSNI LR o6&dzy SELR&dZNBUO (i hd flaaNBE 6 K|
Y dz& O(M&yér ©932; Spellerberg 195Nl oreover, sunlight was acknowledged for

its ergogenic effects with ancient Olympians encouraged to train in sunlight to
increase muscle magMayer 1932) The identification of vitamin D began when Sir

Edward Mellanby determined that the administration of elaeer oil cured rickets in
sunlightdeprived dogs and attributed this to the recently discovered vitamin A
(Mellanby 1919)Further research howevedemonstratedthat cod liver oildespite

being heated and aerated (which would destroy vitamin A), remained effective in the
treatment of rickets but no longer cured night blindness which is commonly
attributed to a vitamin A deficiencyfMcCollum et al. 1922)McCollum then
ascertained that a separate substance produced the preventative effects on rickets
0ST2NE Il o0StftAy3a GKS ySg adzmail yoS a@Ail
vitamin D helped explain the groudsteaking discovery that direct sunligéstposure

to rachitic(affected with ricketsthildren led to a rapid disappearance of their iliness

and the reduction in the associated muscular weakr{ekless 1922)This work was a

direct extension of previous findings by Huldschinsky who cured rickets in children
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through ultravioletB (UVB radiation exposure via light rays emitted from a mercury

vapour lamp(Huldschinsky 1919)

The discovery of the structure of vitamin D began wisenheim and Webster

(1927)in consultation with Hess and the famous steroid chemist Adolf Otto Reinhold
Windaus, determined that ergosterol (a sterol found in the cell membranes of fungi
YR LINRG2T2F0 é6Fa | AGLINROAGI YAY 5¢ 6KAOK
UV exposureSubsequentlyWindaus (1931)iscovered a new active compound,

which was obtained following UV irradiation of ergosterol, and named it
ergocalciferol Yitamin B). The identification otholecalcifero(vitamin Ds) occurred

later whenWindaus and Bock (193olated #dehydrocholesterol from hog skin,

which was also found to be present within human and rat skin, highlighting the
mechanism by which animals synthesise vitamin D. It was this pioneering work which
earned Windaus the Nobel prize in chemistry gy F2NJ KA & @2NJ] 2V
2F (KS adSNRfa IyR GKSANI O2yySOiGAz2zy 6AGK
This early pioneering work into vitamin D structure and function has led to an
exponential increase in the development of the vitamin D field which will be

described throughout this thesis.

1.2.Vitamin D metabolism

1.2.1.Vitamin D hydroxylation pathways

Despite the early work of McCollum leading to the determination of vitamin D as a

vitamin, subsequent work has shown thatamin D is not a true vitamin due to the
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classical definition being an essential substance that is obtained exclusively from the
diet. The primary mechanism by which vitamin D is obtained is through UVB
irradiation of #dehydrocholesterol in the skin, which involves thermal isosation

to form previtamin 3 (Lehmann et al. 2001)The amount of UV radiation that
reaches the biosphere is a product of wavelength and the amount of ozone that it
must pass. Therefore, UVB exposure that is required for the cutaneous synthesis of
vitamin D (286820 nm) is dependent on environmental fartosuch as latitude,
season, and time of dgyVebb, Kline, and Holick 1988; Webb 2008ithin latitudes

40° North and 40South of the equator, there is relatively high and sufficient UVB
radiation for dermal synthesis of vitamin D all year roudowever, outsideof these
zones particularlyduring wintertimes, UVB radiation is likely to be inadequate to
maintain vitamin D statugHolick 2007a) Following thermal isomerisation, pre
vitamin Dzis converted to vitamin B This thermal isomerisation process is capable
of converting~80 % previtamin 3to vitamin 3 within 8 hours of exposure to UVB
radiation (Tian et al. 1993)However, many factors that can influence the rate of
vitamin ¥ production from previtamin ¥ include photochemical regulation (a
reaction trigged following the absorption of light radiation leading to a transient
excitation state), skin pigmentation and latitudieolick, MacLaughlin, and Doppelt
1981; MacLaughlin, Anderson, aHadlick 1982; Webb 2006[Previtamin D can also

be converted to two inert isomers, lumisterol and tachysterol through a process of
photoisomerisation, or converted back tedéhydrocholesterol via a salégulatory
mechanism that serves to quench production of pramin under prolonged sun
irradiation preventing the overproduction of vitamin(BacLaughlin, Anderson, and

Holick 1982; Webb 2006)
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While dermal synthesis is the primary mechanism by which vitamin D is obtained in
humans, dietary sources (while limited) remain a potential source of vitamin D
uptake(seeTable 11). Unlike dermal synthesis, dietary vitamin D can take the form

of both vitamin @ and D which is synthesised through UV irradiation of plants and
fungi before fortification within foods for consumption. Both vitamin D forms are
inactive at this stage and bind to the vitamin D binding prot¥DEP), which shares
many structur&similarities to albumin, before being shuttled to the liver where 25
hydroxylation occurs, whereby a hydroxyl group is attached at the ca?Boatom

to generate 25hydroxyvitamin D (25[OH]D). Several enzymes witlihyfoxylase
activity have been ideried: Cytochrome P450 enzyme (CYP)27A1, CYP3A4, CYP2R1,
CYP2C11, CYP2J1 and CYP2D25. CYP2R1 however, has been shown to be the major
enzyme required for 2Bydroxylation in humans. This is evidenced through an
inability to synthesise 25[OH]D in individualso were homozygous for a transition
mutation in exon 2 of the CYP2R1 gene leading to a change in leucine residue at
position 99 (CYP2R1 L99P mutati@@heng et al. 2004Moreover, individuals who

were heterozygous for L99P and K242N (replaces lysine with asparagine at amino
acid 242 of the CYP2R1 gene) were less effected than individuals who were
homozygous, indicating its importance in 25[OH]D hydroxylafibmacher et al.
2015) However, CYP27ALl is the only mitochondrial hydroxylase and it is widely
distributed within the body, but it is incapable of -Bydroxylation of D unlike
CYP2R1, as CYP@dmplementary DNAcCDNA when transfected onto CGB
transformed monkey kidney along with adrenodoxin cDNA displayed 25

hydroxylation for Rbut not D (Guo et al. 1993)
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Tablel.1. Dietary sources of vitamin D and their respective vitamin D cont@amin D content is represented
relative to the quantity/size of the source as displayed in ounces (Holick 2006).

Source Quantity/size Vitamin D content
Fortified milk 8oz 100 IU ('Da)
Fortified orange juice 8 oz 100 IU (/D3)
Infant formulas 8 oz 100 IU (/Ds)
Fortified yoghurts 80z 100 1U(D2/Ds)
Fortified butter 3.50z 56 1U (/D3)
Fortified margarine 350z 429 |U (2/Ds)
Shiitakemushrooms, fresh 3.50z 100 IU (R)
Tuna, canned 3.50z 236 1U (B)
Mackerel, canned 3.50z ~250 1U (B)
Sardines, canned 3.50z ~300 U (B)
Salmon, canned 3.50z ~300600 1U (B)
Salmon, fresh 350z ~4006500 IU (B)
Shiitake mushrooms, suifried 3.5 0z 1600 IU (D
Fortified cheeses 30z 100 1U(D2/Ds)
Fortified breakfast cereals 1 oz (estimated serving) ~1001U O/ Ds)
Cod liver oil tsp 400 U (B)

Egg yolk N/A ~20 IU (B)

The next stage of vitamin D metabolism is the conversion of 25[OH]D to its active
metabolite 1,25dihydroxyvitamin D (1,250 0 G KNR dz3K | LINR OS3a a
hydroxylation. This process occurs primarily within the proximal tubules of the kidney

and unlike 28hydroxylation, is tightly regulated through the actions of parathyroid
hormone (PTH), fibroblast growth factfGFR3 and 1,25[OHD levelqsee Figure

1.1 for constitutional formula of main active vitamin D metabolitesynthesis of

M Bhydroxylate y 2 OOdzNE &2t St & KNP dzZ3-KydraxaSe | O A 2
which is coded by the gene CYP27B1. While CYP27B1 hydroxylation occurs
predominately at the kidney, many other tissues express CYP27B1 including the
colon, placenta, lymph nodes, pancreakins and skeletal muscl@Veisman et al.

1979; Cross et al. 1997; Zehnder et al. 2001; Hewison et al..2007)
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Figurel.1. Nutritional active forms of vitamin .. Vitamin D2 (ergocalciferolg. Vitamin D3 (cholecalciferc
C.25[0OH]D (calcifediol]. 1,25[OH]2D (calcitriol). The broken 9,10 carbon bond of the B ring(gj\eawd (B)
their secesteroid classificatioriThe structural difference ¢fA)and(B)is their side chains. The hydroxy! gr
at position 25 givefC)its first activation. The replacement of the ggchydrogen with a hydroxyl group tu
(O into the active vitamin D metabolit®). Image created using ChemDraw (PerkinElmer, USA).

Another important step in the vitamin D metabolic pathway is the process of vitamin
D catabolism. This occurs via the conversion of 1,25[@afjd 25[OH]D via CYP24A1
to form 23 and 24hydroxylated metabolites. CYP24Al1 is the only described enzyme
that can perform this catabolic functiofJones, Strugnell, and DelLuca 1998)
Catabolic hydroxylation can occur on the€ and €3 side chains of 1,25[O)

and 25[OH]D. 24hydroxylation consists of a fiv@ep metabolic pathway which
results in the production of the water soluble calcitroic acid as an end prgBectdy

and Tserng 1989)The excretory route of calcitroic acid is via the bile and urine,
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however faecal (biliary) excretion is quantitatively the predominant route in humans
(Esvelt, Schnoes, and DeLuca 1979; Jones, Strugnell, and DelLuca 1998; Urushino et
al. 2009) An additional multistep 2Bydroxylation pathway has also been described
which culminates in the production of 1,25[QHB-26,23lactone as an end product
(Bikle 2014)seeHgure 1.2). While calcitroic acid is a rapidly cleared catabolite with
limited biological activity, 1,25[0kH)3-26,23lactone belongs to a family of known
vitamin D receptor VDR antagonists with better VDBP properties and greater
metabolic stability(Toell et al. 2001; Ishizuka et al. 200%herefore, metabolic
products of the lactone pathway may provide a redundant ordafe mechanism to
rapidly attenuate vitamin D biological activity. However, while 1,25pD8iP6,23
lactone is the primary catabolic metabolite in some species including the guinea pig,
it is not the primary catabolic metabolite in humafirosser et al. 2007The residue

at position 326 of CYP27A1 determines whether the hydroxylation steps occur on the
23 or 24-carbon (Jones, Strugnell, and DelLuca 19983e FHgure 1.3 for full

hydroxylation pathway)

1,25[0H],D3
23 / \ c24
| 1,23,25[0H],D3 | 1,24,25[0H],D3 |
‘ 1,235,25R, 26[0H],D3 ‘ ‘ 1,25[0H],-24-oxo-vitamin D3 ‘
‘ 1,25R,[0H],D3-26,23-lactol ‘ ‘ 1,23,25[0H],-24-oxo-vitamin D3 ‘
1,23[0H],-24,25,26,27[OH], vitamin D3 ‘

‘ 1,25R,[OH],D3-26,235-lactone ‘ Calcitroic acid

|

1[OH]23-0x0-24,25,26,27[OH], vitamin D3 ‘

Figure 1.2. CYP24A1 mediated vitamin D catabolism to form calcitroic acid through C24 hydroxylat
1,25R[OH]2D26,23Slactone through C23 hydroxylation.

30



1.2.2.Vitamin D intake and the lassification of vitamin D status

It is estimated thafl billion people globally suffer with vitamin D deficiency #meke
individuals typically present with bone pain, fatigusyalgia,and muscle atrophy
(Holick 2007h)The UK Science Advisory Council on Nutrition (SARQNJ that the
UK mean adult daily intake of vitamin D from dietary sources wasg(812 1U)and
this was increasedh adultswho supplemented wittvitamin Dto 3.9 pg (156 1U) in
men and 3.4 pg (136 IU) in wom¢€BACN. 2016Y his daily intakedils below the
vitamin Drecommended nutrientntake (RNIpf 10 ug/d(400 IU/d).Moreover, tre
RNIrecommendation may still be too lot® meet vitamin D sufficiengpsestimated
requirements to meethe >50 nmolL! 25[0OH]Dthresholdas recommended bthe
US National Academy of Medicine dretween 10062000 IU/day(Cashman et al.
2008; IOM 2011)Accordingto the UK Department of Health and Social Care
approximatelyl 7% of adults and 20% of childralsosuffer with vitamin D deficiency
(DHSC 2022pdditionally, individuals who are housebound and from Blafrican
and South Asian communities are more likely to have a lower vitamin D $ESC
2022) Theage profile of individualwith low vitamin D status is contrary to previous
reports asyounger adults in the United Kingdowere more likely to have serum
25(0OH)D values of <25 nndol than older adults (20.2% and 11.7% of adults aged
19¢34 y and 3§64 y, respectively(Henderson, Irving, and Gregory 2003ijven that

it is well established that prolayed vitamin D deficiency can lead dsteomalacia

secondary hyperparathyroidism, increased bone turmownd bone loss, the
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accurate quantification of vitamin D statiss become increasingly importanto

policymakerqParfitt et al. 1982; Ooms et al. 1995; Lips 2001)

. Tachysterol
ottt Lumisterol
o*
ws®
““.‘.
.

7-dehydrocholesterol $ Pre-vitamin D P Vitamin D,

Vitamin D, %

> Vitamin D; g-

g

S

v

' < Vitamin D

Ta-hydroxylation in kidney 25-hydroxylation in liver
+ Regulators- PTH, fow Ca
- Regulators- FGF23, 1,25D

Target tissues

Classical sites: bone,
intestine, kidney, parathyroid
» . P 24,25[0H],D
1,25[0H],D Non-classical sites: skin, 24-hydroxylation
muscle, immune cells (Inactivation)

Figure 1.3. Vitamin D hydroxylation pathwaya/itamin D obtained by dermal synthesis or dietary sot
undergoes two hydroxylatiosteps leading to activation. The kidneys and target tissues are capat
hydroxylating 25[OH]D at thehlcarbon leading to vitamin D activation. When biological activity is no It
required, hydroxylation at carbon 24 inactivates 1,25[@Hforming 1,24,25[OHD. Image created usin
BioRender (BioRender, Canada)

Although 1,25[OHPD is the active form of vitamin D, serum 25[OH]D is used as the
primary marker of vitamin D status due to its longer Hidf (3-4 weeks vs.-3 hours),
alongside a circulating level that is approximately 86l greaterthan circulating
1,25[OH}D (Lips 2007)Moreover, 1,25[OHP concentrations are tightly regulated
via feedbacKkoops with high serum calcium, phosphate and FGF23 stimulating the
conversion of 25[OH]D to calcitroic a¢Rlazzaque 2022yVhereas increases in the
hormones PTH, prolactin, estradidigstosterone, and prostaglandin serve to

stimulate the activity of CYP27B1, increasing 1,25{Dbncentration(Lips 2007,
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Romagnoli et al. 2013)otal 25[OH]D(the sum of B and ) is alsothe major
circulating form of vitamin D and is present within the serum at concentrations of the
observed range 2450 nmol.L2, leading it to be commonly used as the primary

marker of vitamin D status (Looker et al. 2011).

There is no unified consensus on vitamin D status, however the National Academy of
Medicine (formally the Institute of Medicine) recommendations are often cited when

determining adequate serumitamin D concentrationdOM 2011)seeTable 1.2).

Tablel.2. US National Academy of Medicine vitamin D concentration classification and suggested Tptake.
US National Academy of Medicine hawdifferent criteria and these are listed bel¢l@M 2011)

Serum 25[OH]D Classification
<12.5 nmol.tt Severely deficient
12.5- <30 nmol.tt Deficient
30¢50nmol.L* Insufficient
>50 nmol.t Sulfficient

On the other hand, the Endocrine Sociefyy SA) https://www.endocrine.org/

recommends >75 nmoliLas the threshold for vitamin D sufficiency as this more
closely aligns with maximal vitamin-de@pendant calcium absorption, complete
suppression of PTH secretion, absence of osteomalacia in adult post mortem and
increased musculoskeletal strength indicatey a reduced fall/fracture risgHolick
2012) However, these guidelines were challenged by tational Academy of

Medicine who claimed that there was no additiornefit of increasing 25[OH]D

33


https://www.endocrine.org/

levels beyond 50 nmdi'as PTHsalues decline to a plateau at different levels of
serum 230HD, ranging betwee7.5and 125 nmol.L:* which widely varies among
individuals (Rosen et al. 2012)Moreover, they found that calcium lasorption
reaches near maximum between serun{@5]D levels 020¢50 nmol.L%, alongside
finding nodoseresponse relationshipetween vitamin D intake anfdll risk(Rosen
et al. 2012) In contrast to these two North American reportshe SACN

https://www.gov.uk/government/collections/sacmeports-and-position-statements

has simply recommended avoidance of 25[OH]D levels <25 nh{SIACN. 2016)
Moreover, theNational Institute of Health and Care Excellence (NYDieelines

https://cks.nice.org.uk/topics/vitamird-deficiencyin-adults/ state that serum

25(OH)Blevels of less than 25 nmbt should be considered as vitamin D deficiency
(hypovitaminosis D), 250 nmolL?! as insufficiency, and over 50 nmiol as
sufficient(NICE 2022 heinclusion of an insufficiency categdrgm someinstitutes

has drawn criticisthoweverdue to its ineffectiveness as a health markenerefore,
while 25[OH]D concentrations may be capable of preventing skeletal abnormalities
associated with rickets, due to the pleiotropic properties of vitamin D and the
presence of the VDR in most cells, tmegynot meet the large cellular demands for

vitamin D(Holick 2012)

While the effect of low vitamin D status has been extensively studied within the
literature, more recentevidencesuggestghat both low and high vitamin D intake
are associated with elevated disease (BKktermann et al. 2012; Bollen et al. 2022)
Despite vitamin D intake improving-akhuse mortality in a number abservational
populationbased studiespther reports suggesa Ushaped or reverse-shaped

association between vitamin D intake and morta(ignsrud et al. 2010; Durup et al.
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2012; Zittermann et al. 2012; Grant et al. 2016; Granic et al. 2017; Kojima, lliffe, and
Tanabe 2017; Bollen et &022) The Newcastle 85study prospectively followed
775 men and women aged 85 or older over 6 years and examineduse mortality
according to their baseline 25[OH]D levgsanic et al. 2017Within this cohorfthe
highest andlowest 25[OH]D groups had @on-significantly increased atlause
mortality when compared to the middle 25[OH]D group. Interestingly, wh&@
individuals who supplemented with vitamin D were removed, thertality risk for
the highest 25[OH]D group decreasaqdd the mortality rate for the lower 25[OH]D
group increased indicating a role ofer-supplementation inincreasing mortality
(Granic et al. 2017 hs paradoxical $haped association between 25[OH]D levels
and reduced health outcomes was also observediiprospective cohort study of
6307 women agedg9 years oldEnsrud et al. 2010)ndividuals who were classified
ashavinglower (<50 nmol.L'Y) or higher (¥5nmol.L't) 25[OH]D concentrations were
associated with an increase in frailty as measured by a frailty sdeda compared

to their moderate 25[OH]D counterpar{g&nsrud et al. 2010)nterestingly,Kojima,
lliffe, and Tanabe (201&xamined the 25[OH]D concentrations and vitamin D intake
of 3 separate populationgithin a cohort 0f238 male nursing home veterans in
Hawaii(vitamin D supplement usefs = 86, nonusers with low vitamin n = 55,

and norrusers with high vitamin [ = 97. It was shown that vitamin D supplemental
users were a group of highly frail older people with paradoxically higher levels of
25[OH]D. This discrepancy may be dudhte fact that vitamin D supplementation
can quickly correct low 25[OH]D concenteats; however, it may take longer to see
positive effects on mortality or other outcoméBrzybelski et al. 2008; Zheng, Zhu,

et al. 2013; Chowdhury et €2014) Moreover,supplements can increase 25[OH]D
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more efficiently in those with lower baseline 25[OH]D, which will further exacerbate
this discrepancyShabBidar et al. 2014)Beyondincreases in frailty and mortality,
higher concentrations 025[OH]D have also been associated with ottieleterious
health outcomes including prostate cancandvascular calcificatioiTuohimaa et

al. 2004; zittermann, Schleithoff, and Koerfer 20@@spite the causes of this-U
shaped association being unknowa, metaanalysis byZittermann et al. (2012)
showed that mortality risk may increase when 25[OH]D levels increase béygans
nmol.L:%, with optimal concentrationsat ~75¢87.5 nmolL. Therefore, this range
may provide the beneficial effects of vitamin D while ensuring any potential high

dose detrimental effects are mitigated.

1.2.3. TheFreehormone hypothesis

Vitamin D, like other steroids and sterols, is highly lipophilic and therefore shares the
same requirements for serum carrier proteins to ensure effective delivery to target
cells. While some of this transport is nepecific, many ligandpecific serum qaiers

of steroids and sterols exist including corticosterbidding globulin (CBG)
(glucocorticoids, mineralcorticoids), vitamin A (retirbifding protein and VDBP.
Although interest in these proteins has primarily centred on their ligapecific
binding capabilities, evidence is emerging that many serve alternative functions. The
VDBP is capable of functioning as a macropfagerating factor (MAK)Yamamoto
1996) and actinbinder (Sanger et al. 1990which are both independent of its

vitamin-D metabolite binding functions.

The free hormone hypothesis as it pertains to lipophilic steroid hormones, states that

only molecules that are unbound from their respective binding proteins are active or
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able to pass through the membrane of target cells. Clinically, the measurement of
free hormone concentrations as opposed to total values is common practice. For
instance, measurement of free thyroxine (T4) and triiodothyronine (T3)
concentrationgather than total circulating concentrations is commonly used for the
diagnosis of thyroid disorde(aix 2013)and the measurement of free testosterone
concentrations islsooften used to quantify testosterone statBaix 2013; Antonio

et al. 2016) Around 83590% of total circulating 25[OH]D is bound to the VDBP with
10-15% bound to albumin and around 0.1% considered to be(Bdde et al. 1986)
Moreover, VDBP has an apparent affinity for vitamin D metabolites that is 1000 times
greater than that of albumin, leading to the fraction weakly bound to albumin to
often be considered part of the bioavailable pool of vitamin D metabolites alongside
the circulatingfree fraction There is a contrasting hypothesis however, which states
that VDBP delivers vitamin D metabolites to the target cells (such as those in the renal
proximal tubule) and facilitates their endocytosis through the interaction with the
multi-functional receptor megalin (Christensen et al. 1998Recently however,
support for the freehormone hypothesis has increased due to the identification of
an individual displaying a homozygous deletion of the grspgcific component (GC)
gene that encodes the VDBIRenderson et al. 2019Yoreover, VDBP knockout mice
which displayery low levels oboth serum25[OH]D and.,25[OH}D do not display
signs of vitamin D deficieneyless placed orm vitamin D deficient dietSafadi et al.
1999) 5 SALIAGS KI GAy3 yS3ItAIA oY the hOnonBodz | (i Ay 3
proband had a reduced circulating free 25[OH]D concentration (1.8 pywiien
compared to their heterozygous (3.4 pginland noncarrier siblings (3.2 pg.ril

arguing against the necessity for megainrediated vitamin D uptake. Furthermore,
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despite lifelong deficiency of VDBP, limited sun exposure (for religious reasons), and
a diet that likely lacked vitamin D, the patient did not display symptoms of rickets or
osteomalacia. To that end, bioavailable vitamin D fractions may in fact be more
relevant in the prevention of vitamin D related disorders and may be more indicative
of vitamin D statusHowever, there does not currently exist enough evidence to
support this theory and further evidence is required to changstitutional

guidelines andecommendations.

1.2.4. Alternative measures of vitamin D status

The measurement of circulating 25[OH]D concentrations to determine vitamin D
status has come under increasing scrutiny. Studies evaluating the relationship
between 25[OH]D and bone mineral density (BMD) and fractueg®rt mixed
findings (Sherman et al. 1992; Gerdhem et al. 2005; Hannan et al. 20083
becomes increasingly apparent in ethnically diverse populations as serum 25[0OH]D
has been shown to correlate with BMD in White but not Black and Hispanic men
(Hannan et al. 2008)rhe mechanism behind this ethnicity related difference is due
to geneticvariants caused byolymorphismsn the VDBRBouillon et al. 2019)The
three most common genetic variants (GC1s/1f/2) are due to polymorphisms in the
third domain, whereas the other variants are due to polymorphisms in the second
domain(Bouillon et al. 2019)GC1s/1f differ by one or two amino acids, and GC2, in
addition, lacks one of the glycosylation sit@ouillon et al. 2019)Most African
Americans, as well as people of African origin expteesGC1f polymorphism,

whereas most Whitéendividuabk produce either GC1s or GC2.
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Vitamin D catabolism involves the conversion of 25[OH]D to 24,2503 the
CYP24A1 enzyme in a process that is stimulated by higher 1,2B(0OH)
concentrations. Therefore, the result of increased binding and activation of the VDR
in response to 1,25(0Ok) is a subsequent increase in CYP24A1l expression and
increased 24,25(0OkD (Tryfonidou et al. 2003However, 24,25(0kD) and 25[OH]D

are both similarly bound to the VDBP and therefore the measurement of total
24,25(0OHD may not be reflective of the free circulating 24,25(f0H) The
24,25(0OHD:25[OH]D ratio or vitamin D metabolite ratiodMR) has been proposed

as an alternative measurement of vitamin D status. A highavIN is proposed to
reflect greater VDR activity and may not be limited by VDBP concentrations as it
would affect both the numerator and the denominator of the equation similarly and
thus cancel itself out in the equatidBerg et al. 2015Multiple studies have shown

a substantial decrease irDWIR in individuals with low 25[OH]D and patients with a
functional vitamin D deficiency due to chronic kidney dise@¥agner et al. 2011;
Bosworth et al. 2012; de Boer et al. 2014; Kaufmann et al. 2014; Stubbs et al. 2014)
Moreover, \DMR has been shown to be predictive of 25[OfiBsponse to
supplementation and correlates with fracture risk in older ad(\t&agner et al. 2011;
Ginsberg et al. 2018)This is due to serum 24,25[QH] responses changing in
proportion to that of 25[OH]D, therefore the ratio serves as an index of vitamin D
clearance as 24,25[0OM#] is the major catabolite of vitamin D metabolism in humans.
Importantly, \DMR may be capable of providing an accurate measure of vitamin D
status in ethnically diverse populationBerg et al. (2015neasured 24,25(0OkDs

and 25[OH]Rin a community cohort oblack andwhite Americans and determined

that while mean 25[OH]D concentrations were loweblackindividuak, the mean
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VDMR was similar between groups and was negatively correlated with PTH in both
races. Therefore, while 25[OH]D concentrations may be a valid marker of vitamin D
status inwhite populations, when dealing with more ethnically diverse groups,

alternative markers of vitamin D status may be more appropriate.

1.3. The Vitamin DReceptor (VDR)

Vitamin Dexerts its biological actions by bindingttee VDR, which is a transcription
factor and a member of the steroid hormone nuclear receptor faifBlyuillon et al.
2008) The VDR protein structure consists of three regions: thHeriinal DNA
binding domain with two distinct zinc fingers which bind to DNAer@inal ligand
binding domain, and the region binding these two sites toget{i&ouillon et al.
2008) The binding of 1,25[OH) to VDR leads to a cascade in which it dimerizes with
its heterodimeric partner, retinoid X receptor (RXR). The liganded complex
(1,25[0OH}D-VDRRXR) binds to vitamin D response elements (VDRE) on DNA
resulting in subsequent changes in gene transcription of messenger RNA (mMRNA)
resulting in a downstream recruitment of -@wtivating protein complexes and
silencing of carepressors which in tur controls protein transcriptioiiBouillon et al.

2008)(seeHgure 1.4).
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Figurel.4. VDRgenomicmechanisnof action.A) 1,25[0H}Ds binds to the VDR which then forms a heterod
with RXR. The liganded complex is then able to bind to VDRE on DNA leading to changes in mRNA tr.
B) Overview of VDR structure, highlighting thetediminal consisting of the DNA binding domain and th
terminal consisting of the ligand binding domain where the VDR can dimerise with RXR and also col
ligand-dependant transcriptional activation daim AF2. Image createdusing BioRender (BioRender, Canau

The ligand bindingnduced reconfiguration of the VDR allows for surface activators

to bind to VDR. Cactivators of thecAMPRresponseelement(CRE binding protein
(CREBbinding protein(CBR/p300 family and of the p160 protein family, including

0KS AaGSNRAR NBOSLII2N) O2F O0AGIFi2NR 6{w/ Q
intrinsic histone acetyltransferase (HAT) activity and through the acetylation of
histone tails, open up the chromatinratture creating an environment permissive

for gene expressianAdditionally, theVDRinteracting protein (DRIP)/T3 receptor

auxiliary protein (TRAP) multimeric complex is recruited whereby DRIP205/TRAP220

binds directly to the 1,25[OKDP-VDRRXR complex through one of two LXXLL motifs
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(Sierra et al. 2003; Oda et al. 2008ubsequently, this leads to a recruitment of basal
transcription factors, as well as RNA polymeragP@L Iljo the transcription start

sites, inducing gene expression. Moreover, this genomic pathway has been shown to
influence muscle calcium uptake, phosphate transportation across the cell
membrane, phospholipid metabolism, and muscle cell proliferation and
differentiation (Fleet and Schoch 2010; Agmbevin et al. 2011; Fukumoto 2014,

Srikuea, Hirunsai, and Charoenphandhu 2020)

The VDR has been shown to target gene expression at the transcriptional level when
bound to its RXReterodimer. Furthermore, coactivators such as SROF2 160 kDa

protein family, CBP/p300, SRA (a RNA coactivator) are capable of interacting with

VDR in a ligandependant way and are essential for the formation of the initial
transcription complex witlPOL I{(Freedman 1999; Takeyama et al. 1998preover,

iKSaS 021 0dA@gri2NE (KSYasSt@gSa IINB I! ¢Qa
activate gene expressiofikamei et al. 1996; Chen et al. 199&¥ditionally, ligand

I OGAQGIGSR 5w Aa OIFLIOGES 2F AYGSNI OQUAy:
microRNA (miRNA), which are approximately281lnucleotides (nt) in length and

influence the regulation of gene translation at the posttranscriptional lewel b
RSANI RAY3I GKSANI GFNBSG Ywb! Qa I yRk2N AyK.
shown to downregulate miR1L81a leading to an increase in g#®which initiates

cell cycle arrest and commits cells towards differentiatiglang et al. 2009)

Moreover, miRl8la has been established as an endogenous regulator of
mitochondrial dynamics in skeletal muscle through concerted regulation of Park2,
p62/SQSTM1 and H£EJ (GoljanekWhysall et al. 2020) The ageelated

downregulation of miRL81a was also associated with an accumulation of autophagy
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related proteins and abnormal mitochondria which was attenuated following- miR
181a restoration(GoljanekWhysall et al. 2020)VDRdependant ceregulation of
mMiR106b appears to modulate the precise timing of the serine/threonine kinase
cyclindependant kinase 1 A (CDI) accumulation and expression of p@af/cipl)

in a feed forward loop and determine the final extent of the cell cycle aff@sbrne

et al. 2011) Interestingly, there appear to be multiple levels of-regulation
between VDR and miRNA as A#5b is capable of inhibiting VIRohri et al. 2009;
Zhang et al. 20119nd in turn VDR can dowmegulate miR1L25b (losue et al. 2013)
and other targets of miR25b including the VDR target gene N@SRIRT(Yang et

al. 2012) The inhibition of NCORSMRT promotes transcriptional activity as
NCORSMRT serves as part of a midtibunit complex which includes histone
deacetylases, that modify the chromatin structure to prevent basal transcriptional
activity of target genes. This demonstrates the complex wdeggendent relationship
between the VDRand the mRNA and miRNA transcriptomes at both agme post

transcriptional level.

The VDR is estimated to regulate the expression of up to 5% of the human genome
(Bouillon, Bischofferrari, and Willett 2008)with more than 200 genes estimated to

be primary vitamin D targetRamagopalan et al. 2010$tudies using chromatin
immunoprecipitation combined with high throughput sequencing (€3) in
different human cell types have reported more than 20,000 genomic VDR binding
sites(Ramagopalan et al. 2010; Heikkinen et al. 2011; Seuter, Neme, and Carlberg
2014; Tuoresmaéki et al. 2014Hurthermore, fewer than 20% of the VDR binding sites
are in common between the differing cell types, indicating that VDR mediated

transcription is tissue specific, presumably through equal or more dominant co
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factors, which combine todetermine VDR binding. Following exposure of
1,25[OH}Dsto human skeletal muscle ce(ldSMCs)there is a vitamin Blependant

A N

OKIFy3aS Ay GKS ELINSaAaA2Yy 2F mdpnTt Ywb! Qa
contraction, focal adhesion, JAK/STAT, MAPK, growth factor and p53 signalling,
alongside 5 miRNA(Ryan et al. 201@ b2Gl 6f &% yo ydzOf SI NJ
mitochondrial proteins were significantly different following 1,25[eldtreatment,

with CYP24A1 displaying a 250p@2 f R Ay ONXlFaS FFtyR YSaaSy3
MAPK13, and EPAS1, (which encode proteins known to increase mitochondrial
biogenesis) also displaying an incre§$6.3,1.96 andl.23fold respectively) This

highlights the important mechanistic effect vitamin D has on regulation of skeletal

muscle morphology, function, and dynamics.

1.4. Mechanistic effects of vitamin D

Vitamin D is considered pleiotropic due to VDR being highly expressed in tissues
including intestinal epithelial cellproximal and distal tubules of the kidney, and
mesenchymal linage cells, such as chondrocytes, early osteoblast precursors, mature
osteoblasts, and osteocytes, myocytes, and many other cell types agHaeksler

et al. 2013) While early research highlighted the preventative effects of adequate
vitamin D status on conditions such as rickets and osteomalacia, more recently
vitamin D supplementation has been associated with a reduced fall risk, particularly
in elderly populatias (BischoffFerrari et al. 2009)However, this reduction in fall

risk within elderly and other highisk populations is due to the likely improvement

of a multitude of compounding factors such as increased muscle (sasgpson,

Thomas, and Arnold 1985; Bischoff et al. 20@&creased postural sway, improved
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muscle strength and ultimately leading to a redudedfall risk (BischoffFerrari,
DawsonHughes, et al. 2004; Pfeifer et al. 2009Moreover, secondary
hyperparathyroidism, which is associated with vitamin D deficiency can result in
hypophosphatemia and may result in muscle weaknggsogendoorn et al. 2003;
Ward et al. 2009)Furthermore, high levels of PTH itselve®een shown to affect
skeletal muscle protein metabolism in animal mod@srber 1983)and has been

associated with poor muscle function in some studMisser, Deeg, and Lips 2003)

Early associations between vitamin D deficiency and clinical observations of muscle
weakness in osteomalacia highlighted the effects vitamin D had on muscular
function. In infants, this myopathy is characterised by muscular weakness and
hypotonia(Prineas, Mason, and Henson 1968&hile proximal muscle weakness and
reduced coordinated muscular function was more prevalent in ad@tgalmers et

al. 1967; Irani 1976; Russell 199¥)otor pattern abnormalities are also a common

Ot AYAOIf FSIGdzZNE 2F @GAGlFIYAY 5 RSTAOASyOe
generalised muscle wasting being present within deficient adi@thott and Wills
1976) The VDR knockout mouse model has provided strong evidence for the direct
effect of vitamin D and its receptor on skeletal muscle tissue, particularly as VDR null
mutant mice are characterised by alopecia, reductions in both body size and weight,
and impared motor coordination(Burne et al. 2005)Moreover, VDR null mutant
mice display normal growthuntil weaning at which point various metabolic
abnormalities develop including hypocalcaemia, hypophosphatemia, secondary
hyperparathyroidism, and bone deformity, which are all indicative of the typical

features of ricketfSong, Kato, and Fleet 2008)terestingly, this bone and muscle
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phenotype displayed by the VDR null mice is congruous with humans with the same

congenital disease or severe vitamin D deficiency.

1.4.1.Vitamin D and alciumsignalling

The mechanisms by which these interactions occur are via gerasminorrgenomic
pathways (Zhou, Nemere, and Norman 1992; Burne et al. 2008)25[OH]D
treatmentis capable of influencing processes too rapid to involve a genomic action.
This process has led some to speculate that vitamin D is capable of interacting with a
cell surface receptor which mediates 1,25[@HR & NJ LJAR S¥FFSOida 2y
is proposed that the initiation of the fast 1,25[QB]signal is instigated via an initial
binding to a novel membrane recept@lemere et al. 1994)and/or the VDR itself
which is translocated from the nucleus to the cell surf§Capiati, Benassati, and
Boland 2002) Upon interacting with the membrane receptor, 1,25[GBi]Jthen
activates several interacting secontkessenger pathways resulting in cellular effects
within seconds to minutes. Processes mediated via non genomic vitamin D
mechanisms include skeletal muscle calcium handling, whereby the release of
calcium ions (&%) from the sarcoplasmic reticulum into the cytosol leads to a
subsequent binding in a fast reaction to one of the troponin subunits (troponin C) on
the thin filament causing muscular contractibivakabayashi 2015 reatment with
1,25[OHJD has been shown to elicit rapid uptake of calcium within the muscles both
in vitroandin vivo(Giuliani and Boland 1984; Fernandez, Massheimer, and de Boland
1990) Furthermore, analogs of 1,25[OfB)] with little genomic activity (AT [26H
16-ene-23-yne-Ds] and Y [280H23-yne-Ds]) were comparable in function to

1,25[OH]D in respects to transcaltachia (the rapid stimulation of intesting* Ca
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transport by 1,25[OHD in vitamin D replete chicken&hou, Nemere, and Norman
1992) However, analogs which bind well to the VDR but do not activateannels
(BT [I,24S(OH)-22-en-26,27-dehydroxyvitamin ] and V [1,25OH}-16-ene-23-
yne-Ds]) were inefficient in stimulating Caindicating a norgenomic C# handling

effect (Zhou, Nemere, and Norman 1992)

1.4.2.Vitamin D and lmne metabolism

Dietary intake is one of the largest modifiable factors in the development and
maintenance of bone mass and the treatment of bone health. This is primarily due
to calcium (Ca) and phosphorus (P) composing rough80860 of the mineral content

of bone. Furhermore, the importance of these nutrients is highlighted through
skeletal Ca accretion occurring only when Ca is increased from the deficiency level to
its replete threshold(Matkovic et al. 2005)Moreover, osteoblasts, which are
responsible for laying down the collagen and protein matrix of the skeleton, possess
receptors for the VDR. Vitamin D however, does not directly play a part in the bone
mineralisation process, it instead serves to ensthiat serum and extracellular
calcium and phosphorus concentrations are adequate for the deposition of calcium
hydroxyapatite in the bone matriXHolick 1996) This is supported through
normalisation of the reduced bone mass phenotype seen in VDR null mice following
the provision of calcium and phosphate suppleme(ft$4asuyama et al. 2003)
Moreover, selective knockout of the VDR in enterocytes reproduces the skeletal
phenotype seen in VDR null miieeben et al. 2012pand the selective replacement

of the VDR in enterocytes is enough to correct the skeletal abnormalities seen in the

receptor global knockout mougdlarks, Fleet, and Peleg 2007; Xue and Fleet 2009)
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Therefore, the expression of the VDR in enterocytes is necessary for normal bone
mineralisation, by facilitating calcium transport across the intestinal epithelial cell
and into the circulation. Additionally, selective loss of the WD#oneincreases bone

mass through a VDR mediated receptor activatonwélearfactor-kappa B (N . 0
ligand (RANKL) and osteoprotegrin increase, which stimulates osteoclastogenesis
(Tanaka and Seino 2004; Haussler et al. 20IMring periods of calcium
malabsorption, vitamin D directly inhibits mineralisation of bone, through an
increase in local pyrophosphate concentrations in order to maintain normocalcemia
(Lieben et al. 2012),25[OHJD and PTH have been shown to increase during periods
of negative calcium balance causing a downstream increase in renal calcium
absorption and a promotion in the transfer of calcium from bone to serum. To that
end, vitamin D is not primarily responsible tbe maintenance of bone homeostasis
through the mediation of bone calcium content, but rather for the maintenance of
serum calcium concentrations, which are required for cardiac and contractile
function. Bone can then be accurately describéd al  WNBE a SN2 A ND (2
storage, and to be drawn on and delivered to target tissues when requRed,

Bolland, and Grey 2014)

1.5. Keletal muscle

Skeletal muscle is one of the most abundant and metabolically active tissues in
mammals and represents approximately ~4@36 of total body mas¢Pérez
Schindler and Handschin 2019)Joreover, skeletal muscle also accounts for about
30% ofwhole-body energy expenditure in humans at re@PérezSchindler and

Handschin 2019; Vainshtein and Sandri 20Z@grefore, the regulatiomf skeletal
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muscle mass can directly impact health status and daorease morbidity and
mortality following skeletal muscle atrophy conditions such as cancandtype 2
diabetes(Wolfe 2006; Ruiz et al. 2008; McLeod et al. 20D@spite being a highly
metabolically active tissueskeletal muscle protein mass remains essentially
unchanged during the week if an individual does not exeralsave normal daily
activityand consumes adequate daily meédsird et al. 2009)This is caused via the
normal counterbalanced fluctuations in muscle protein synthesis (MPS) and muscle
protein breakdown (MPBhat contribute to defining the overall net protein balance
(NPB=MPS minus MPBRseeHRgure 1.5A) (Phillips, Hartman, and Wilkinson 2005;
Phillips 2006)MPS can be augmented, following feeding and resistance training
These transient increases in MPS following resistance training ovecéiméad to

an increase in overall NPB which indunassclehypertrophy.
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Figurel.5. A representative image of changes in muscle protein synthesis (MPS) and muscle protein breakdown
(MPB).A) Responssto feeding (i.e., amino acidiads to transient increases in MPS. Periods of fasting causes
MPS ratesd decrease alongside a concurrent increase in NB)Bhanges inMPS and MPB in response to
resistance exercise and feedirRRgesistance trainingugments the feeding induced increases in MEt8onic
application of these anabolic stimyhs in B results in muscle hypertrophimage created using BioRender
(BioRender, Canada).

The anabolicresponse toresistance training is well documentdshving been
reported to stimulate MPS betweerd0 and 150% above rested levels following a
single acute boubf training(Chesley et al. 1992; Biolo et al. 1995; Phillips et al. 1997;
Phillips et al. 1999)However, despite MPS rates increasing in the {gosrcise
period, muscle NPB remains negative due to the concomitant rise in NIHB.
increase in MPB is likely due to a ris@mne or all of the major proteolytic pathways
(calpains, caspasesutophagylysocsome, and ubiquitirproteasone) present in
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skektal muscle(Lecker et al. 1999; Tipton, Hamilton, and Gallagher 2018 rise

in fasted MPB (in both the rested and pestercise state) can be attenuated
following the ingestion of exogenous essential amino acids (EAWAich when
preceded by resistance training caobsequently increases muscle NIB&ding to
hypertrophy (see Figure 1.5B) (Tipton et al. 1999)The postexercise induced
increase in MPS is elevated for up to 48 hrs, even in the absence of feetlicg,
suggests that EAA ingestion at any point during this window will stimulate a greater
MPS response when compared to a resting si@hillips et al. 1997Moreover,
changes in MPS in response to exercise and nutrition have a much greater influence

on muscle NPB than do changes in MBiBlo et al. 1995; Biolo et al. 1997)

1.6. Molecular regulation of skeletal musclprotein synthesis

1.6.1.Mammalian target of rapamycin hTOR

Theregulationof skeletal musclenassis facilitated througtthe interplay between
multiple signalling pathways which together requid®S and MPEDne of the most
widely recognisedactors in regulating skeletal muscle massi@mmalian target of
rapamycin (MTOR)Yoon 2017)see Figure 1.6 for skeletal muscle hypertrophy
pathways). mTOR is a serine/threonine kinase which senses various environmental
and intracellular changes including nutrient availability and energy status, and
coordinates diverse cellular processes including cell growth, differentiation,
autophagy, survival, and rebolism (Laplante and Sabatini 2012npTOR exists in
two distinct complexes, the rapamycisensitive mMTORC1 characted by the

presence of Raptor, and the rapamycin resistant mTORC2 chasadtéyy the
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presence of RictofLaplante and Sabatini 2012)/hile nTORC#® known to regulate
glucose and lipid homeostasis, it iIF@RCWwhich regulates anabolic processes such
as protein synthesis and organelle biosynthegMainshtein and Sandri 2020)
Moreover, mTORC1 is activated in response to hypertrophic stimuli such as increased
mechanical loading, feeding, and growth fact@éne et al. 2007; Drummond et al.
2009) mTORcontrols protein synthesighrough enhancing both translational
efficiency and capacity. mMTOR modulag&® kinase 1 (S6Kwhich is upstream of
ribosomal protein S@longsideinhibiting 4Ebinding protein 1 (4BPJ, anegative
regulator of ribosomal eukaryotic translation initiator factor 4E (elF4k) and
Sabatini 2020)mTOR has also been demonstrated to regulate cellular translational
capacity by directly binding rDNA and enhancing ribosomal biogefwesisValden

et al. 2016) mTOR is also capableinhibiting muscle catabolismvia the inhibition

of the main proteolytic pathways, the ubiquitin proteasomand the autophagy
lysosome systemdurther contributing to anabolisnfZhao et al. 2015However,
while mTORactivation is required for muscle protein synthesis, excessive activation
of mTORhas also shown to be detrimentadhenetic deletion of the mTOR inhibitor
TSC1 in mice (leading to mTOR hyperactivation) results in -arlatt myopathy,
which is related to impaired autophagBentzinger et al. 2013)n this model, there

is an inhibition in con#utive and starvation induced autophagle to an increase

in MTORGInediated inhibition ofunc51-like autophagyactivating kinasesULK1
(Bentzinger et al. 2013)Moreover, this phenotype wasmproved following
treatment with both rapamycin andlsoRaptor depletion, which increased cellular
autophagy and restored muscle functiq€astets et al. 2013)Additionally, the

dysfunctional activation of mTOR is also observed in ageing skeletal muscle where
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MTORCL1 signalling is hyperactivated in the muscle of sarcopenic mice and humans
(Joseph et al. 2019; Tang et al. 20IBhe chronic activation of mTOR in TSC1
knockout muscle results in mitochondrial dysfunction and increased oxidative stress,

which can lead tomuscle fibre atrophy(EbrahimiFakhari et al. 2016)The
mechanisms behind this mTOR mediated mitochondrial dysfunction appear to be at

least in part due to increased expression of growth and differentiation factor 15
(GDF15) by Sta(Fang et al. 2019Howeverii KA & SF¥FFSOG O2dzZ R | f a2
role in blocking autophagy, which is closely associated with muscle senescence
(Carnio et al. 2014 his is further reinforced followingnTORCInhibition in ageing

mice whichreversal the senescent phenotype, resulting in the sparing of muscle

mass(Joseph et al. 2019; Tang et al. 2019)
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Figurel.6. Pathways involved in regulating muscle protein synth&ising muscle hypertrophyhe binding of
insulin/insulinlike growth factos 1 to their respective receptors activates the -RREKAktEMTOR signalling

pathway. This pathway is further stimulated by the presence of amino acids (in partlallBICAAS Leucine,

Isoleucine and Valine). The mTORC1 complex then acts to enhance protein shythesigtingRibosomal

protein S6 kinase beta (p70S6/K(and subsequently S6Kpagside inhibiting 4Binding protein 1 (4BP1) which

is an inhibitor of the eukaryotic translation initiator factor 4E (elFAH)YOR also blocks proteolysis by inhibiting

autophagy through an inhibition of autophagy activating kinases (ULK) @/ S -adrenergic agonists

clenbuterol and formoteroDl y LINB Y2 (G S K& LIS NI M@#rdnitgic repeptordvihifiRtivafed (2 | H
adenyhte cyclasewhich increasesAMP production leading to the activation of PKA and its downstream target

Akt. Akt then serves tactivate mTOR alongsid#ocking proteolysis by phosphorylating and inhibiting members

of the forkhead box O family of transcription factors (FOXO) as well as actigating 02 3Sy &dey G Kl a8 |
0 D{ Yand ATP citrate lyase (ACE5F19 enhances protein synthési8 6 A Yy RAYy 3 G2 GKS 1 Yf2i
phosphorylating the extracellulaignalregulated protein kinase 1/2 (ERK1/2) aactivating the ribosomal

p70S6Kia mTORThe binding of bone morphogenetic protein (BMR)3/14 to the BMPR receptor promotes
hypertrophythrough the phosphorylation of BMsponsivenothers against decapentaplegi8NIAD proteins

(SMAD1/5/8) which form a transcriptional complex with SMAD4is leads to a repression of MUSA1 and
subsequent activation of mTOR signalli@alcium signalling also contributes to hypertrophy through the
activation of calmodulirdependent kinase (CaMK) and phosphatase calcineurin, which stimulates tpomth

transcription factor nuclear factor of activatedcgll (NFAT)Blue shapes indicate positive regulators of muscle

mass and red shapes indicate negative regulators of muscle idapted from(Vainshtein and Sandri 2020)

Image created using BioRender (BioRender, Canada).
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1.6.2.Insulin/IGF1/ Akt

The role of insulin in augmenting skeletal mudaygertrophy is well documented
(Fujita et al. 2006)Additionally, nmuscle specifiinsulinlike growth factor 1(IGF1)

overexpression has been demonstrated to induce skeletal muscle growth and
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regeneration (Hennebry et al. 2017)Accumulating evidence has implicated the
serine/threonine kinase Akt (protein kinase B) as a central regulator of insulin action
(Whiteman, Cho, and Birnbaum 200R)pon the binding of insulinr IGF1 to their
receptors, there is a resultingrans-auto phosphorylation and activation of insulin
receptor substrate (IRS) proteindAdditionally, the desmosomal component
plakoglobin was also found to bind the insulin receptor and p85 subunit of
phosphoinositide3-kinase PI13K, with plakoglobin overexpressigoromoting P13k
Aktcforkhead box O family of transcription factoflSOX® signalling(Cohen et al.
2014) Following binding,lteselRS proteinghen recruit PI3K, which phosphorylates
phosphoinositide4,5-biphosphate (PIP2 to phosphoinositide3,4,5triphosphate
(PIP3. PIP3 acts in turn as a docking site for two kinases, phosphoinasitide
dependent kinase 1 (PDK1) and Akt, and the subsequent phosphorylation of Akt at
serine 308 by PDK1, leading to Akt activa{ddfiteman, Cho, and Birnbaum 2002)
Aktis then able to mediate cell growth via enhancing protein synthesis through the
inhibition of 3t @ 023Sy &a&yiaKlIasS (1AylasS ol oD{ Yol
alongside repression protein breakdown via inhibition of the FOXabnily of
transcription factors(Vainshtein and Sandri 202OXO transcription factors are
required for the transcriptional regulation of the ubiquitin ligases atrebjimalso
called muscle atrophy-Box (MAFbx) and muscle ring finger 1 (MuR®h)ch cause
ubiquitylation of myosin and other muscle proteiftdlowed bytheir degradation via

the proteasome(Schiaffino and Mammucari 2018 2 NS 2 @ S Ndfso ibgaivso |
protein synthesis by inhibitindeukaryotic initiation factor 2B | § | f-stburkitO  ©
(S L C)sandspromotes atrophy through increasing the expression of atrophic E3

ligases,MuRF1 and Atrogii, alongside impairingnuscle oxidative capacity by
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inhibiting mitochondrial biogenesi¢Verhees et al. 2011; Pansters et al. 2015;

Theeuwes et al. 2017)

1.6.3.] Hadrenergic signalling

¢ K S -adrenergic receptorsdelong to the guanine nucleotideinding Gprotein-

coupled receptor (GPCR) family aack activated by epinephrine (adrenaline) to
YSRAFGSa GKS |y ladréenérdicOagoBisisTs8oD iasi clegbiterol or
formoterol (Sato et al. 2011)Skeletal muscle contas however a sgnificant

LINE LJ2 NJialirengrgicerdceptorsOf these adrenergic receptois KS 1 v & dzo G @
is the most abundant, while €10% ofadrenergic receptord NB (G KS 1§ m & dzo
(Williams, Caron, and Daniel 1984; Kim et al. 1991)C dzNJi K SAdérengB > | H
receptoris denserin slowtwitch musclescompared tofasttwitch musclegRyall et

al. 2004; Ryalletal. 2008) | 29 SOSNE (GKS YI3AyAddzRS 27F |
adrenergic agonists is greater in fagtitch muscles than in slowwitch muscles

(Burniston et al. 2006; Ryall, Sillence, and Lynch 2006; Sato et al. 2008, T2@10)

i madrenergic signalling pathwéayvolves theD 2 dzLJ A y Jadrnergidirécéptor H

with a stimulatory guanine nucleotid@ A Y RA Yy 3 ILIRRIO-OAY I S®h Di ¢
subunits.The agonisRS LISY RSy (i I Qactivélds iadeyiyl cy2ldse vihich

in turn increasesyclic AMRCAMB production (Sato et al. 2011 CAMPactivated

PKA initiates the transcription of many target genes via the phosphorylation of CREB

or adaptor proteins such as CBP and p300, subsequently promoting protein synthesis

(Sato et al. 2011)Moreover,Dhf Ay1 SR Di ! adzodzyAlGd OAYRA)
PISK/AKt/mTOR/p70S6K and PI3K/Akt/FOp&hways and caninduce skeletal

muscle hypertrophyLynch and Ryall 2008)
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1.6.4.Fibroblast growth factors (FGiy

FGFs make up a large family of polypeptide growth factors that are found in
organisms ranging from nematodes to humalR&Fs have diverse roles in regulating

cell proliferation, survival, migration, and differentiation (Ornitz and Itoh 2001)
Despitethere being 22 members of the FGF family, only a handful have been
documented toinfluence muscle mass and satellite cell function including FGF2,
FGF6, FGF19 and FGH4noit et al. 2017; Oost et al. 2019; Mathes et al. 2021; Xu

et al. 2021)FGF19 has recently shown to play a key role in regulative skeletal muscle
mass.Benoit et al. (2017)lemonstrated that treatment wittFGF1%aused skeletal

muscle hypertrophy in mice and physiological and pharmacological doses of FGF19
substantially increasedhyotube areain differentiated primary human myotubes.
Moreover, these effects were mediated via the phosphorylation ofekieacellular
signalregulated protein kinase 1/2 (ERK1/2) and the ribosomal S6K1 via mTOR
(Benoitetal. 2017 KA a4 STFSOG NI dzA KB, asinkcB wi B Cm g N.
skeletatmuscled LISOA FA O 3 Sy S Kibtho wer8 GinkeSpbrSiveQa@ the2 T i
effects of FGF18Benoit et al. 2017)However, the closely related family member
FGF21 has shown to have an opposite effect as it is released by atrophic muscle and
mediates muscle atrophy and weaknehsough stimulation ofB-cell lymphoma 3
encoded proteinBCl2/adenovirus E1B 19 kOmotein-interacting protein(BNIP) 3

(Oost et al. 2019Moreover,the ablation of FGF21 in muscle prevents the fasting
induced decrease in muscle mass and strength in mitieating its role in inducing

muscle atrophy{Oost et al. 2019)
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1.6.5.Calcium signalling

Ca* is aubiquitous intracellular signalling molecule that regulates a plethora of
cellular signalling process€3u et al. 2016)Calcium levels regulatealmodulin,
which activates calcium/Caldependent kinases (CaMK) and phosphatases such as
calcineurin. Theswork to stimulate the activity oC&*sensitive transcription factors
includingnuclear factor of activated-gell (NFAT)NFAT proteins comprise a family

of five transcription factors (NFATcl, NFATc2, NFATc3, NFATc4, and WEATS)
NFATcl being the predominant NFAT isoform expressed in adult skeletal muscle
(Hogan et al. 200RRana, Gundersen, and Buonanno 2008JAT is a transcription
factor involved in regulating muscle oxidative capacity sraso requiredn vivofor

the proper balance of slow type | and fast typdibbres and for fastto-slow fibre
switching in response to exercig&hlers, Celona, and Black 2Q1Additionally,
cytosolic calcium enters the mitochondrial matrix through the mitochondrial calcium
uniporter (MCU) and the complete complex of the MCU subunits is now referred to
as the mitochondrial calcium uniporter holocomplex (MCUYBoyman and Lederer
2020) C&* are trafficked into the mitochondria and areequired as a signato
maintain mitochondrial ATP production, metabolic fuel selection and (if excessive
high) can promote cell deatfiKkwong et al. 2018; Altamimi et al. 2019; Wescott et al.
2019; Carraro et al. 2020Mitochondrial dysfunction and impaired proteostatic
mechanisms are important contributors to the compbstiologyof conditions such

as sarcopenia and consequenttyaintaining calcium homeostasis necessaryo

regulate mitochondrial capacitPivovarova and Andrews 2010; Coen et al. 2018)
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1.6.6.Transforming growth¥f  OG2NJ i 6¢DCi 0 aA3dayltftAay3

The¢ NI yaF2 N¥YAY 3 (BHIWD sufefamify lisGiazgblntd continuously
expanded family of regulatory polypeptides. This super family can be subdivided into
different subclasses includinthe TGE family, bone morphogenetic proteins
(BMPs), GDFs, activins, inhibins, and -gdksived neurotrophic factors (GDNFS)
(Javelaud and Mauviel 2004 regard toskeletal muscle signalling, the masell-
known TGH T YAf & YSYo QMwthiahd différéhtiatioh fadtof 8,
GDF8), a potent negative regulator of skeletal muscle rfddsPherron, Lawler, and

Lee 1997; Lee 2004)lyostatin knockdown has long been shown to result in extreme
hypermuscularity withinmice, dogs, sheep, cattléMcPherron and Lee 1997;
McPherron, Lawler, and Lee 199W)yostatin bindto plasma membrane receptors

I OGAGAY GeL)lS LL! FyR GeLlS LL. o! OdwLL! k.
negatively regulate muscle mass by activating activin recderkinase (ALKY,-7,

and -5, which in turn phosphorylatenothers against decapentaplegic (SMAILJ

and promote the formation of a heterotrimeric complex with SMADAylor et al.
2001; Sartori et al. 2009; Trendelenburg et al. 20@YIAD 2/3 can inhibit the
transcription factor JunB, which normally promotes muscle growth and inhibits
atrophy by blocking X003 subsequently leading to an ablation in skeletal muscle

hypertrophy(Sartori et al. 2009; Raffaello et al. 2010)

Conversely,BMPs bind to dedicated BMP receptors.g., ALK3) that in turn
phosphorylate BMResponsiveSMADproteins (MAD1/5/8) (Walsh et al. 2010The
BMRdependent SMAD1/5/&lso forns a transcriptional complex with SMAD4 that

translocates to the nucleus and regulates the transcription of target genes. In
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particular, it leads to the repression of MUSAL, a novel E3 ligase downstream of
¢DCi I YR &adzaSldsSSyid KNdyazowlaid MBagzawa F002Y ¢ h w
Sartori et al. 2013; Winbanks et al. 2013; Sartori, Gregorevic, and Sandri 2014)
Therefore, BMP signalling is indispensable for the regulation of adult muscle mass as
normal homeostatic regulation of muscle massolves balancing the competing

actions ofSMAD2/3(atrophy)and SMAD1/5/8hypertrophy)for SMAR (Sartori et

al. 2013)

1.7. Proteolysispathways

1.7.1.UbiquitingProteasome System

The ubquitin-proteasomal system (UPiS)responsible for degrading the majority of
cellular proteingLecker et al. 1999; Lecker et al. 208ddiplays a key role in skeletal
muscle atrophyComponents of the UP&e some of the most ugegulated genes in
conditions such as diabetes, denervatiacgncer cachexia and fastin@odine,
Latres, et al. 2001; Cai et al. 2004; Lecker et al. 2004; Sandri et al. 2004; Stitt et al.
2004) Proteins designated fodegradationare enzymatically taggeavith by the
addition of polyubiquitin chains, in a procefst involves 3 distinct components
Ubiquitin-activating enzymes (E1), Ubiquitonjugating enzymes (E2), ambliquitin
ligases (E3)These enzymatically tagged proteins are then recognised by @
proteasome, which comprises a central barsebped 20S core particle associated
with two 19S regulatory subuni{§’oges, Zwickl, and Baumeister 1999; Glickman and
Ciechanover 2002)The 19S ragatory subunitsrecognise and bind ubiquitinated

proteins and begin their ATéRependent destruction within theatalytic core(see
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figure 1.7) (VogesZwickl, and Baumeister 1999hisprocess is reversable however,
and the polyubiquitin chain can be removed bgiquitin-specific hydrolasesof
which onlyubiquitin carboxytterminal hydrolase (USP)14 and USP19 are upregulated
in atrophic muscléBorodovsky et al. 2001; Combaret et al. 200%HEre are over 650

E3 ubiquitin ligases identified within the genoptrit the muscle specific Higases
MuRF1 andVAFbx are highly upregulated during various types of atrai@odine,
Latres, et al. 2001; Gomes et al. 2001; Lecker et al. 2004; Aniort et al. Z0&9¢

E3 ligases seem twve distinct roles in protein degradation, with MuRF1 appearing
to tag muscle structural proteins for degradati@noponin I, myosin heavy chains
(MyHC) actin, myosirbinding protein C, and myosin light chains 1 andm)ereas
MAFbx targets proteins involved in growth and surviiyoD andelF3f) (Kedar et

al. 2004; Tintignac et al. 2005; Clarke et al. 2007; Cohen et al. 2009; Csibi et al. 2010;
Polge et al. 2011)However, both of whiclare heavily involved in skeletal muscle
regulation as mice deficient in MURF1 and MAFbx are partially protected against
disuse atrophy(Bodine, Latres, et al. 2001nterestingly, the mechanisms which
induce skeletal muscle atrophy seem to have vastly different molecular responses
regard towhich E3 ligase is indispensable. MuRF1 knockout aniaralprotected

from glucocorticoid treatment and the ageirglating decline in musclenass but
demonstrate no protective effects againfststing or microgravity induced atrophy
(Bodine, Latres, et al. 2001; Baehr, Furlow, and Bodine 2011; Sandri et al. 2013; Hwee
et al. 2014; Cadena et al. 2019AFbxknockoutanimals,however, arepartially
protected against starvation induced atrophy but are still susceptible to

glucocorticoid,denervation,and ageinginduced muscle wastin¢see figurel.8 for
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overview of UPS (Baehr, Furlow, and Bodine 2011; Cong et al. 2011; Gomes et al.

2012; Sandri et al. 2013; Sartori et al. 2013)

“@ 19S RP
O £
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[|2 © © 2]

@@@
“ 19S RP

Figurel.7. Schematic diagram of the 26S praseme.The 26$roteasome consists of one proteolytically active
cyclindershapedparticle (20S protesome) and ATPasmntaining complexes (19S cap complex@ge 20S

protead 2 YS A& YIRS dzlJ 2F F2dzNJ T2 dzNNKBLE | IVYERA Do NAGREAYWG X @12 ¢
Each ring is made of seven distinct homologous subunits. Theed@i&tory particles on the ends of the 20S

proteasome are composed of at least 18 subunits, and are divided into two subcomplexes: the lid and the base.
The19Scomplexcontainsthe two largest subunits of the praasome RPN1 and RPNBe ubiquitin receptors

RPN1&nd RPN13, and the six ATPases (FHATI6)Image created using BioRender (BioRender, Canada).

TNF receptoassociated factor 6 (TRAF6) is another E3 ligalsieh plays an
important role during muscle atrophgnd is upstream oNF¢ .(Paul et al. 2010)
TRAF6 mediates the conjugation of Ly#fiBed polyubiquitin chains to target
proteins (Paul et al. 2010)Lys48linked polyubiquitin chains are a signal for
proteasomedependent degradation, but Lysé®ked polyubiquitininvolves the

interaction with the scaffold protein p6and subsequentlyis also involved in
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regulating autophagylependent cargo recognitigkomatsu et al. 2007; Pankiv et al.
2007; Kirkin, Lamark, et al. 2009)RAF&lependent Lys63 polyubiquitination
stabilizes and enhances ULK1 activity, which is required for autophagy induction
(Nazio et al. 2013)Moreover, muscle specifinockdown of TRAF6 in mice offers
resistance to muscle loss caused by denervateamcer, or starvatiorfPaul et al.
2010) Thereduction in TRAF6 in these transgenic mieguces the expression of
polyubiquitinated proteins, with almost no Lys§8lyubiquitinated proteins present

in staved musclg(Paul et al. 2012)Moreover, there is also a reduction in the E3
ligasesMuRF1 and MAFbx offering further protection against muscle atrophy
(Vainshtein and Sandri 2020hterestingly, TRAF6 is also required for the optimal
activation of AMPK,NF¢ . &Jun Nterminal kinase (JNKgnd FOXO3 pathways,
highlighting theimportance of TRAF6 in coordinating proteolytic pathw@aul et

al. 2010; Paul et al. 2012)
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Figure 1.8. Ubiquitin-proteasomal system (UPS) mediated protein degradaftwee ubiquin is trafficked to
targetted proteins following activation bybiquitin-activating enzymes (Ebgfore being passed ontdiguitin-
conjugating enzymes (ER) the conjugation step. FinalB2 enzymes complex witibiquitin ligases (E3yhich
recognise the target protein anchtalyse the transfer of ubiquitin. These ubiquitinated protéies enter and

are subsequently degraded by the 26S proteasddivguitin chains are subsequently recycled via the action of
the deubiquitinating enzymelmnage created using BioRender (BioRender, Canada).

1.7.2. Autophagy-Lysosomal System

¢ KS (SN)Y adKIZICKLIKY S8 & AishahihlyF conserved process
present from yeast to plants to animalgrorimitsu and Klionsky 2005The
autophagylysosomal systenfalso known as the autophagolysosomal system) is a
cellular quality control network which maintains cellular health and homeostasis
through the removal ofntracellular macromoleculegrorimitsu and Klionsky 2005;
Nakatogawa 2020)ragged portions of the cytoplasm, dysfunctional organelles and
protein aggregates are sequestereimito double membrane vesicles -called

autophagosomes, which are subsequently delivered to lysosomes for proteolysis
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(Nakatogawa 2020)The process of autophagyvolves the participation and
interaction autophagy related ATG proteins which together form the ULK/ATG
complex inmammals (Mizushima, Yoshimori, and Ohsumi 2Q1This complex
contains 5 members in yeg#tgl, Atgl3, Atgl7, Atg29, and Atg31) and 4 members
in mammals ULK1/2, ATG13RB1 inducible coiledoil 1 (RB1CC1/FIP20@&nd
ATG101(Papinski and Kraft 2016JLK1/2 is the onlyore protein within the
autophagy system with serine/threonine kinase activ(iyia et al. 2021)The
ULK/ATG complex mediates autophagic signalling actd as a bridge between
autophagy and upstream nutrient/energy signalling, as ULK&E inhibited by

MTORCL1 and activated by AMP#a et al. 2021)

Following the initiation of autophagy, tifermation of class Il phosphatidylinoskol

3 kinase complexes | (PISBKCB)is an essential step at the nucleation stagéter

which the precursormembrane forms a cisterlike structure called a phagophore
(Kihara, Noda, et al. 2001; Itakura et al. 2008; Levine and Kroemer. Z86@3}I3KCG3

C1 complex is composed of 4 main componentduding phosphatidylinositol 3
kinase catalytic subunit type RIK3Ca&lso known as VPS34), BECLIN 1 (mammalian
homolog of yeast Atg6), phosphoinositi@ekinase regulatory subunit @P1K3R4lso
known as VSP15), and Atgl4/Autophd®plated Protein 14.ike Proteif(ATG14L)
(Kihara, Noda, et al. 2001; Itakura et al. 2008; Matsunaga et al. 2009; Levine and
Kroemer 2019)The PI3BKGB1 complex ithen able to convert phosphatidylinositol

(PI) into phosphatidylinositolhosphate (PI13P) following itscruitmentto the sites

of phagophore nucleation on the endoplasmic reticulum (ER) and mitochondria
(Funderburk, Wang, and Yue 2010; Fan, Nassiri, and Zhong 2011; Hamasaki et al.

2013) The synthesis of PI3P is one of the hallmarks of autophagy initiation, and PI3P
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is required for autophagosome biogenesisand autophagosomgdysosome

membrane fusior{Nascimbeni, Codogno, and Morel 2017)

The next stage of autophagy is associated withalmgation and expansion of the
phagophoreinto a double membrane structure which begins to surround the
cytoplasmic materialLamb, Yoshimori, and Tooze 2Q013)is process of membrane
elongation is mediated through the actions miimerous proteins including ATG12
and microtubuleassociated protein 1 light chain 3 alpha/beta
(LC3/MAP1LC3A/MAP1LC3B), whaidhubiquitirtlike proteins angplayan essential
role in the expansion of phagocytic membrané®hsumi and Mizushima 2004;
Nakatogawa 2013ATG12 is able to interact with ATG16 remvalently following its
conjugation to ATG5 which is mediated Byl ubiquitin ligasdike conjugating
enzyme ATG7 arte2 ubiquitin ligase like conjugating enzyAIEG1QRomanov et al.
2012; Walczak and Martens 201BL3 ixleaved by ATGdysteine peptidasat the
Gterminal end to produce cytoplasmic LC8Xia et al. 2021)This proteolytic
reaction hydrolyses a peptide bond within LC3 ugimg thiol group of a cysteine
residue as a nucleophile. ATG@ and ATG3 then Ilink L&3 to
phosphatidylethanolamine (PE) in a ubiquitiike reaction to form LC3
phosphatidylethanolamine conjugate (OB (Ye et al. 2023) PEis a major
component of the cellular membrane across all domains of life and consequently
LC3Il in this lipid form is able to be incorporatedto the autophagosomal

membrane(Cho, Lee, and Kim 2021)

The closure of the phagophore during the maturation phase results in the

sequestration of the cytoplasmic componenand the formation of the
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autophagosome(Nakatogawa 2020)The autophagosome is able toerge with
endosomes and vacuoles (in yeast and plants) or lysosomes (in arfonadis)g the
autophagolysosomeThis then allows for the degradation of the components within
the inner membrane after which the autophagolysosome becomes a residual body
(Xia et al. 2021Products derived from this process (e.g., amino acids and fatty acids)
can then be trafficked back into the cytoplasm and recy@sdcomponents for
cellular metabolism(see figurel.9 for overview ofautophagylysosomal system)

(Ohsumi 2014; Sakakibara et al. 2015)

AMPK ———mTORC1

RBICC1/FIP200‘ PIK3R4 ATGS/12/16L - SNAP29 . VAMPS
ULK1/2
- o LC3/GABARAP RAB7 -

ULK/ATG complex PI3KC3-C1 complex
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Phagophore Autophagosome Autophagolysosome
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Figure1.9. Autophagylysosomal systeniThe process of autophagy risgulatedby upstream nutrient/energy
signalling viamTORC1 and activated by AMPK. Autophagy initiation is mediated thautgphagy related

protein ATQ proteins which together form the ULK/ATG compfexther activation of AT@roteinsleads to the
formation of the PI3KCZC1 complex,which is essential during the nucleation sadorming a cisterrike

structure known as a phagophor&he autophagosome then elongatasd maturesinto a double membrane
structure which sequesters the cytosolic materfdle autophagosome then fuses with lysosomes forming an
autophagolysosome which allows for the degradatiomtfaicellular macromolecules. Products derived from this
process (e.g., amino acids and fatty acids) can be shuttled back into the cytoplasm and recycled as components
for cellular metabolismimage created using BioRender (BioRender, Canada).
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1.8. Molecular regulation of skeletal muscle protein
degradation

1.8.1.Forkhead box O family (3X0Os)

There are numerous transcriptionategulators of skeletal muscle protein
degradation(Lecker et al. 2004; Tang and Goldman 2006; Judge et al. 2007; Ebert et
al. 2012) These genes which regulate skeletal muscle atrophy are collectively termed
W (G NP an8 yhSuiledgenes which regulate both the UPS and the autophagy
lysosomal systemilrhe FOXO family of transcription factors are involved in a wide
range of biological processes including cell c{igers, Medema, Pals, et al. 2000;
Medema et al. 2000) DNA damage repaifTran et al. 2002)oxidative stress
resistance(FurukawaHibi et al. 2002; Kops et al. 2002; Nemoto and Finkel 2002)
metabolism(Ogg et al. 1997)and apoptosigBrunet et al. 1999; Dijkers, Medema,
Lammers, et al. 2000The FOXO family of transcriptional regulators consigif
FOXO1, 3, 4, and b mammalgall 4 of which are expressed in skeletal mus(a)

and Zheng 2021However, whild=OXO1, 3 and 4 arexpressed ubiquitously 306

is primarily present within the central nervous systésalih et al. 2012; Du and Zheng
2021) Interestingly, both BXO1 and 3 have been shown tnduce skeletal muscle
atrophy in response to disuse and metabolic dysfuncfioecker et al. 2004; Sandri

et al. 2004; Mammucari et al. 200Hlowever, BXO1 null mice die early during
embryonic development due to impaired vasculogen@dissaka et al. 2004)Vhile
FOXO3, 4, and 6 null mice are viable, they presentumerous pathological

phenotypes including downregulation of MyoD transcriptiancreased NF¢ .
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activity andimpaired synaptic functiofHosaka et al. 2004; Ni et al. 2006; Hu et al.

2008; Salih et al. 2012)

The X0 family are regulated by tH&F1/PI3K/Akt signalling pathway, which is the
canonical pathway of skeletal muscle hypertrogbegesection1.6.2). The activation

of the serine/threonine kinase Aldan lead to a phosphorylation o©FO on residues
Thi®?, Sef®3 and Set® leading to its inhibition (Brunet et al. 1999) The
phosphorylation of FOXO at residuesThr®?, Sef*3 prevent it from entering the
nucleus leading to cytoplasmic retention due 14-3-3 chaperone protein binding
(Brunet et al. 1999F0X03 can also beargeted by theHATp300 which results in its
cytosolic relocalisation and proteasomal degradation through the E3 ligase murine
double minute 2 (Mdm2)Bertaggia, Coletto, and Sandri 2012)owever, BXO
phosphorylation athe residues THF®, Sef®®, Sef!'3 Se?>S, Sep® and Sei*bby the
energy sensor AMPK actually leads toimerease in ©XO activation(Greer et al.
2007) Administration of the AMPK activatab-Aminoimidazoled-carboxamide
ribonucleotide (AICAR) demonstratédlPK dependent phosphorylation dDRO at
Sef!? and Set®, suggesting these two sites in particular regulate mus@eCF
activity (Tong et al. 2009; Sanchez et al. 200MR)reover, AMPKalso activates the
histone deacetylas€ HDAC)sirtuin (SIRT)1 through an increase in cellular NAD
concentrationgCanto et al. 2009Y his increase in SIRfekuUlts in postranslational
modification of ©XO, with the subsequerdeacetylationactivating both BXO1 and

3 in skeletal muscl@Cant6 et al. 2009 his AMPK mediated activation in SIRT1 also
leads to modulations in mitochondrial and lipid utilisation genes throwgh
additional deacetylation dPeroxisome proliferatek OG A @ 4§ SR NI OS LJi 2 NJ

1 (PGGLh) (Cant6 et al. 2010)Therefore, PXO is positively regulated by AMPK
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mediated SIRTAhctivity under periods of low energy availability and negatively
regulated by the IGE/PI3K/Akt pathway following stimuli such as feeding or

resistance exercisgsee figurel.10) (Brunet et al. 1999; Canto et al. 2009)

IGF-1 axis

Cytosol '

Target

Thr®,
(1433 ) @gerins 9578

se,4 13/588

@.

Low energy availability

26S
Proteasome

Figure1.10. Forkhead box O family @0Os) pathway1) FOXOs are negatively regulated by the {GPI3K/Akt
axis.insulin/insulinlike growth factors 1 to their respective receptors recruits PI3K, which phosphorylates PIP2 to
PIP3. PIP3 acts in turn as a docking site for two kinases, PDK1 and Akt, and the subsequent phosphorylation of Akt
at serine 308 by PDK1, leadsAkt activation Akt can phosphorylate@>Osat Thr32, Ser253, and Ser315 leading

to its inhibitionas FOXOs are prevented from entering the nucleus due to chaperon&-B4binding.FOXOs can

also be targeted by thElATp300 which results in cytoplasmic translocatiB@XOs are then degraded by the E3
ligase Mdm2 via ubiquitination at the 26S proteaso@id.ow energy availability leads to an activation of AMPK
which canact antagonistically to the IGEPI3K/Akt axis. AMPK can phosphoryla@®s at Sétiand Ser8

leading to its activation. Moreover, increased AMPK activity also cause a concomitant increase in cellular NAD+
concentrations which activates the histone deacetylase StBJulting in deacetylation of @Os further
promoting its activitylmage created usin@ioRender (BioRender, Canada).

FOXO can act on both the majoskeletal muscle degradation pathways UPS and
autophagylysosomal syster{Sandri et al. 2004; Mammucari et al. 200F0X0O1 and
3 are both required for thdranscription of the E3 ubiquitin ligases MAFbx and

MuRF1(Kamei et al. 2004; Sandri et al. 200@)is therefore induces thiereakdown
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of proteins in a 26S proteasome dependent manner through the addition of a
ubiquitin tag (see sectionl.7.1). FOXO is also able to regulate the autophagy
lysosomal systenas FOXO mediated the activity of LC3B and BNiR3tarvation
induced atrophy(Mammucari et al. 2007)The mechanisms by whicfORD can
mediate the two proteasomal pathways are independent, with BNIP3 specifically
mediating the PXO interaction with the autophagy pathwavlammucari et al.
2007) FOXO can also regulate other transcription factors involved in the autophagy
lysosomal pathway includinghose involved in the formation of the UIATG
complex and the PIZB3C1 complex which are required for the initiation and
nucleation of the phagophoréVatsuura et al. 1997; Kamada et al. 2000; Kihara,

Kabeya, et al. 2001; Suzuki et al. 2001)

1.8.2.Nuclear Factoikappa B(NFS . 0

NFS .is a nuclear transcription factor involved in a diverse array of different
signalling pathways includingnate and adaptive immune system responses, cell
growth and surviva{Ghosh and Karin 2002WlammalianNF¢ .is comprised of
protein subunitswhich canbe further divided into 2 sulgroups. One groupsi
characterised byhe presence of an {ierminal Rel homology domain (RHD) which is
essential for dimerisation and Gterminus transcriptional activation domaiLi,
Malhotra, and Kumar 2008)These are synthesised as mature protein and include
p65 (RelA),-Rel and RelfHayden and Ghosh 2004)he other groupcontains the
precursor proteing105 and p100 which undergo proteolytic processatghe G
terminus to form p50 and p52 which contain thé¢terminal RHD but lack the

transcriptional activation domains at thet€minus end(Hayden and Ghosh 2004)
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NFS .dimers resides in the cytosol tightly bounditdibitors of nuclear factor kappa

B6 L ¢ (Ghosh and Karin 2002)here exists severdldzo dzy AGa 2F YI YYI §
includingL ¢ . h = LS . i I 138&nd the preguRsor proteins, 100 dnd p105

(Li, Malhotra, and Kumar 2008) L€ . a T2 N O2 &l .n&kngthe® 2y Ra
nuclear localisation sequendethe NF* . O2 YLJX SE 6KAOK LINB@Sy
(Ashall et al. 2009Whilethe NF L ¢ . O2YL}X SE R2S8& Ay ¥FI OG «
0KS Oeidzazf (2 GKS ydzOf S dza prombt&sShe expart LINS O ¢
of NFS . 2dzi 2F GKS ydzOf Sdza | yR (Ashali & ali KS O¢

2009) NFS . Ol y S OGAIGODWARY GKNRPHORERE OHKS Ay

(@]

phosphorylated. ¢ . ¢ KA OK adzowaSljdzSyidfte € SHaRlan (2 A
and Ghosh 2004ThisresultsinNF . 0 SAy3 f A0SNIF ISR 6KSNB A
ydzOft Sdza YR O0AYR (2 NBIj dzi a A i S(HdyaeR ar@ G SNI &

Ghosh 2004)

NFS . Oy o©6S | OGA@I GSR @Al badterialioxiN Bel, & 2 F
lipopolysaccharide [LPSnd preinflammatory cytokines (i.e., interleukih [IL-1]

andtumour necrosis factot [TNF" & ®reten et al. 2007; Sharif et al. 2007; Hayden

and Ghosh 2014)The activation ofNF¢ .via TNFP A& gStf R20dzySy
represents a classichl~S .signalling pathwayAshall et al. 2009YNFh  OF Yy 0 A Y R |
the TNF receptod (TNFR1)complexwhichleads to a translocation dKK by the

chaperone protein$iSPO0 cachaperone Cdc37 (CDC37) and H3E#@n, Cao, and

Goeddel 2002)Two components of the TNR1complex, TNF receptassociated

factor 2 (TRAF2) and the death domain kinase receipteracting protein (RIP) are

required for IKK activatiofDevin etal. 2000 YYi (KSy LIK2aLIK2NEBf I {

LY. &adzodzyAla imeétikaeNFS § dlghvitg ifit@ trahsiidate to the
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nucleus(see figurel.11) (Adli et al. 2010)Consequently, the activation of NF.can

then cause an increase in protein degradation via the UPS system thtbegh

increased activation of the E3 ligases MuRF1 and M&Fdet al. 2004ee section

1.7.1). Mice expressingnuscled LISOAFTA O GNI} ya3aSyA O hak LINB A&
profound muscle wasting which resembled a cancer cachexia phen@Baueet al.

2004) Moreover, this increase in muscle atrophy was attributedhe increased

expression of MuRFTCai et al2004) Additionally, NF . ontls the expression of

genes encodingytokines and chemokines includingllLIl-:6 and TNF (Liu et al.

2017) Therefore,the activation ofNF¢ . gdnefate an inflammatory cascade

through the production of pranflammatory cytokines and chemokines which can

further increaseNFS . | Qliluetahk 2087)

} Cytosol

CDC37
MuRF1 /MAFbx

t
o ® IL-1, IL-6, TNF-a
‘ IKBa \ IKBB

Figurel.11. ¢ dzY 2 dzNJ y SONER aw W3 ROAI2(INS R -kappa@iQEEl N0 ClH @idie Biiding 2 v ©

of INFP (i2 G(GKS ¢bhbowmbBOB2N¥iNSm ©8bRa (2 (KiSviadhsthsparon2 OF G A2y
proteins HSP90 and3MO0 cachaperone Cdc37 (CDC37). The activation ofifkdependent on two components

of the TNFR1 complex: TNF recep@associated factor 2 (TRAF2) and the death domain kinase reeeptor

interacting protein (RIP). Once activated, IKKi KSy LIK2aLK2NEBf 5S4 AYyKAOAG2NRE 27
LS. @KAOK | NBIFSGA ABNKE S yol2AdgyaR ylid20f S+ NJ 0 A YIRA yHEIDT \CRI f 26 A Y
NFS . A& fAO0SNI GSR ¢ KS NSpromdte tiieltrghsciplioyi 6f EJlligase$ MERFIYMXEDK &ndzd | Y R
also promote the activity of other inflammatoproteins including HL, I1-6 and TNf* dmage created using

BioRender (BioRender, Canada).

te
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1.9. Vitamin D and skeletal muscle

Despite earlyevidenceof skeletal muscle abnormalities associated with vitamin D
deficiency, attempts to identify an independent role of vitamin D on skeletal muscle
progressedwith the discovery that 25[OH]D was capable of directly stimulating the
synthesis of protein, ATP, and inorganic phospl{Bben the rat diaphragm muscle
(Birge and Haddad 1978)hile rickets and osteomalacia have been associated with
muscle weakness and hypotonia for centuries, recent evidence has suggested that
this pathology extends to changes in posture/gait, proximal myalgia (muscle pain),
associated conditions such as bbmyalgia and increased fall risf@onin et al. 1991,
LambergAllardt et al. 2013; Karras et al. 20168)oreover, early biopsy studies and
subsequent case reports of the muscle weakness associated with osteomalacia
revealed norspecific or type Il muscle atroplilgloyd et al. 1974; Irani 1976; Russell
1994) Previously, the exact mechanism for these seemingly related pathologies was
difficult to elucidate, however with the generation of VDR null mice, a greater insight
has been obtained surrounding the causal effects of vitamin D on skeletal muscle
morphology (Yoshizawa et al. 199AYDR null mice grow normally until weanirg-(

4 weeks old) and thereafter develop a plethora of deleterious conditions including
hypocalcaemia, hypophosphatemia, secondary hyperparathyroidism and bone
deformities, with these conditions worsening throughout adulthgad et al. 1997;
Yoshizawa et al. 1997; Erbera&t2002) Moreover, VDR null mutant mice have been
shown to demonstrate a deregulated expression of myogenic transcription factors,
which control muscle phenotype, including increased expression of myf5, E2A and

myogenin, which play a major role in muscle diffdration. These increased
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myogenic transcription factors were also associated with an increase in embryonic
and neonatal type MHCwhen compared to wild type micéEndo et al. 2003)
Treatment of C2C12yoblast cells with 1,25[Obk):for 48 hrs did cause a decrease

in the steady state levels of myf5, myogenin and neonatgH®B(Endo et al. 2003)
Furthermore, early evidence suggested the presence of recdi®@mroteins that
possessed high affinity for 1,25[QHB} within cultured rat myoblast cells, which
suggested a direct mechanism for vitamin D act{mpson, Thomas, and Arnold
1985) Despite this, the presence of the VDR within skeletal muscles cells has been a
point of contention within the literatureGirgis et al. (2014jetermined that C2C12,

and C57BL/6 primary myotubes and whole muscle displayed VDR and CYP27B1
MRNA, however th&DR expression differed substantially between whole muscle
andin vitromodels, with primary and C2C#r®/oblastdisplaying significantly higher
levels of VDR mRNA than whole muscle- @& ~3006fold respectively). These
results were then extended to human skeletal muscle as 18 hr incubation with 1
nmol.L* of 1,25[0HJDs was capable of increasing intramuscular VDR mRNA
expression, while 16 weeks treatment of 4,000 IU vitanireBulted in a persistent
increase in VDR gene expression in muscle tissyesieis(Pojednic et al. 2015)
Moreover, the generation of the myocyspecificVDR(mVDR) null mouse has
demonstrated that unlike whol®ody VDR KO mice, mVDR mice displayed normal
body size, alongside a distinct phenotype featuring reduced proportional lean mass,
reduced voluntary wheelunning distance, reduced average running speauai
reduced grip strengtl{Girgis et al. 2019MVDR mice also displayed morphological
differences compared to wiltype mice with an enlargement omuscle fibre

diameter, the presence of angular fibres and central nuclei (indicators of ongoing
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remodelling). Moreover, changes in myogenic gene expression (decreased
expression of cell cycle genes cyclin D1, D2 and D3 anddgpkmdant kinase€DK

2 and CDK4) and calcium handling genes (sarcoplasmic/endoplasmic reticulum
calcium ATPases [SERCA] serca2b and serca3) were decreasatbiaaih mRNA

was lower(Girgis et al. 2019More recently Srikuea, Hirunsai, and Charoenphandhu
(2020)suggested that skeletal muscle VDR protein expression gradually increased
throughout the murine life cycle from development through to maturation and
ageing in a fibre type specific manner, with more pronounced increases occurring in
the fastglycolytic plantaris than the slowaxidative soleus. The substantial increase

in VDR expression in aged mesalas related to a reduced phosphorylation of the
downstreammTOR signalling proteins 4BP1 and p70 S6K1. Furthermore, VDR
protein expression correlated witithe number of centally nucleated fibres, which is
indicative of satellite cell activation and skeletal muscle regeneramnkuea,
Hirunsai, and Charoenphandhu 202Miowever, these findings contradict previous
research including the observed agdated decline in VDR expression in human
subjects(BischoffFerrari, Borchers, et al. 2004Yloreover, the ageing phenotype
has also previously been associated with an increase in mTOR activity, with mTORCL1
hyperactivity having shown to inhibit homeostatic autophagy pathways in rat
models, leading to the decline in muscle mass associated witlogania(Joseph et

al. 2019) The cause of the discrepancy between vitamin D studies may be down to a
larger methodological issue within vitamin D research regarding -species
differences within the vitamin D systeffioell et al. 2001; Ishizuka et al. 2005; Prosser
et al. 2007) 3-Epi25[OH]D is an epimer of vitamin D whereby the hydroxyl group at

the C3 position is oriented differently from the alpha to the beta position in space.
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This form of vitamin D is present within human adults in low concentrations but can
contribute up to 61% of total vitamin D in infants up to 1 y of @gems et al. 2016)
Interestingly, this form of vitamin D is undetectable in infant mice, with 25(@H)D
being the major circulating metabolit€Srikuea, Hirunsai, and Charoenphandhu
2020) Furthermore, the primary vitamin D catabolic pathway can also vary
substantially between species with 24 droxylation resulting in the rapidly cleared
and biologically inert calcitroic acid, which is the primary catabolic metabolite in rats
and humans(Esvelt, Schnoes, and DelLuca 1979; Reddy and Tserng 1989; Jones,
Strugnell, and DeLuca 1998Yhereas other species such as the guinea pig primarily
catabolise vitamin D via 23ydroxylation which results in the more biologically active
vitamin D antagonist 1,25[0}3-26,23lactone (Toell et al. 2001; Ishizuka et al.
2005; Prosser et al. 20Q7his disparity between species is likely due to evolutionary
differences such as chronobiology and geographical location, however research
surrounding these differences are currently limited therefore further research is
warranted before recommendationsan be made. Overall, thigghlights the role
vitamin D plays in the maintenance of skeletal muscle and the development of a
normal muscle phenotype. Recent studies have helped document that vitamin D
exerts its effects on skeletal muscle in both a did indirect manner as both SM
localised and wholkdody KO of the VDR is capable of impacting skeletal muscle
morphology and functionGirgis et al. 2014; Bass et al. 2020)oreover, this
research may be impacted by physiological differences between animal species and

the extent of these biological differences is currently unknown.

Epidemiological studies have helped document the effect vitamin D status has on

skeletal muscle morphology and function. In a study of 237 postmenopausal women
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with osteoporosis, significant associations were found between serum vitamin D
concentrations and trunk body sway and fall/fracture rigkfeifer et al. 2001)
Furthermore, circulating 25[OH]D concentrations were directly correlated to
neuromuscular reaction time and postural sway in elderly fall clinic patigtesi

et al. 2002) Additionally, PTH was also an independent variable for overall muscular
strength. The severity of the neuromuscular dysfunction seems to be negatively
correlated with vitamin D concentrations as elderly individuals with 25[OH]D levels
<25 nmol.t! and 2550 nmol.t! displayed a reduced physical performance (sum
score of walking test, chair stands and tandem stand) compared to those with
25[OH]D levels >75 nmotL After a 3 yr follow up, individuals with the lower
25[OH]D scores had a greater risk of physical performance decline compared to
individuals who had 25[OH]D levels >75 nmb{Wicherts et al. 2007)Moreover,
25[0H]D levels >50 nmotlwere alsoreported to correlate with lower extremity
strength and function in postmenopausal wom@vastaglia et al. 2011)Vhile the
pathological effects of vitamin D deficiency become easily apparent in elderly
populations, the evidence surrounding the beneficial effect of vitamin D on skeletal
muscle strength and performance are limited. Vitamin D status has been shown to
correlate with vertical jump height, velocity, and power in athletic and-atietic
populations6 2  NR S& Ftf® wnndpT /t€2aS S fd HAM
al. 2018) However, due to the suboptimal vitamin D status in a large percentage of
the study population, it is more reflective of the detrimental effects of-sptimal
vitamin D intake on performance rather than supplementation of stggamal
dosages. Overalitamin D status seems to vary between populations and is heavily

affected by seasonal variations with summer vitamin D concentrations being
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profoundly higher than winte(Hamilton et al. 2010; Klingberg et al. 2015; Papadakis

et al. 2015)

1.10. Mitochondria

MitochondriaLIN2 A RS G KS Yl 22NAGe 2F adefdsindSt t Qa
triphosphate (ATP). However, this simplistic definition ignoresihay other critical
roles mitochondria play in maintaining cellular homeostasis includimgat
production, calcium uptake and extrusionron¢sulphur Ee/g cluster synthesis,
steroidogenesisantiviral and apoptotic signalling, and vesicle format{®&onzel,
Enriquez, and Picard 202B)itochondriaare comprisel of 4 different regions, which
include the outer mitochondrial membrane (OMM), intermembrane spdoeer
mitochondrial membrane (IMM) and mitochondrial matfbhe mitochondrial cristae
are a fold in the IMMand gives the IMM its characteristic wrinkled shapéich
serves to create a greater surface area on the IMINe mitochondrial cristaeontain
many proteins includingmitochondrial contact site and cristae organizing system
(MICOS)pptic atrophy 1 (OPABNdthe mitochondrial respiratory chain (MR@Gke
figure 1.12for mitochondrial morphology) Despite often being depicted as stand
alone organelles, mitochondria exias an interconnected network that is highly
dynamic (Picard et al. 2013; Monzel, Enriquez, and Picard 20d8jeover, the
morphology of the mitochondria can vastly diffeom tubular and branched versus
rounded and fragmented, dependiran the cell type or subcellular compartment

(Monzel, Enriquez, and Picard 2023)
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Figure 1.12. Mitochondrial morphology Mitochondria consist of 4 main regions which include the outer

membrane, intermembrane space, inmeembraneand the mitochondrial matriMitochondrial cristae are folds

within the innermembranel YR I NBE NBaLRyaAotS FT2NJ IAJAYhaE cristdeld 2 OK2 y RI
themselves are studded with proteins and are the location of the mitochondrial respiratory chain (MRC). Within

the mitochondrial matrix existsitochondrial DNA (mtDNA)nitochondrial matrix granules (which contain
phospholipidsproteins,and calcium) and ribosoméar the synthesis of mitochondrial proteinsage created

using BioRender (BioRender, Canada).

1.10.1.Mitochondrial respiratory chain (MRC)

Cellular energy requirements araet by the energy released in the oxidation of
electron donors derived from reduced substrates (such as carbohydrates, fatty acids,
and amino acids)The MRGsituated within the mitochondrial cristae forms the
structure required foroxidative phosphorylation (OXPHOS), and consequently plays
an essential role in energy metabolisfdercellino and Sazanov 202Zhe MRC
involves the entry of electrons into the system and their subsequent movement
down >20 reductioroxidation (redox) couples to moleculag,Qvhich serves as the
final electron acceptor.The MRCconsists of four enzyme complexes, including
NADHUbiquinone  oxidoreductase (Complex ), succinatgbiquinone

oxidoreductase (Complex llgytochrome c oxidoreductas€Complex IIl), and
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cytochrome c oxidase (Complex IV), as well as taabile electron carriers,
ubiquinone (Co@) and cytochrome ¢Ernster and Dallner 1995; Crane 20@09Qo

plays a complex role in the homeostasis of the cell, with various functions from
energy production to its role as an antioxidg¢@rane 2001)Howeverjt alsoaccepts
electrons derived from complex | andaihd transports them to complex {Crane
2001) Similarly, cytochrome c also serves multiple functions psribrmsa key role

in cellular apoptosis alongside accepting electrons from complex Il and delivering
them to complex IYOw et al. 2008)The multiprotein complexesvhich form the
backbone of the MR&re encoded by both nuclear and mitochondrial DMADNA
andare embedded within théMM to form a continuous reaction syste(see figure

1.14for overview of MRC)
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Figurel.13. Schematic of the MRElIectron (g transfer along the electron transport chain (comprising complex
I, I, I and IV embedded in the IMM) drives protor} fiildm the mitochondrial matrix into the inner membrane
space (IMS)Complex facilitate the oxidation of NADH to NAResulting in thetransfer of 2 eto ubiquinone
(CoQo) reducing it toubiquinol. The energy released by this exchange altmaplex | to translocate B through

the membrane, creating a proton gradiei@omplex lbxidisesflavin adenine dinucleotidé~ADH,to FADalso
reducing Cog, however itdoes not translocate tHhcross the membrane. Complexchtalyses the transfer of
electrons from ubiquindio cytochrome c. Meanwhile, the protons*(Hrom CoQo are released into the IMS.
Complex IV accepts electrons from cytochroraadccompletes the final step in the MRC through the reduction
of molecular oxygen (Pforming water(HO). The electrochemical gradierteated as a result of the protons
within the IMS causes them to passively diffuse back into the mitochondrial matrix where they are used to
generate ATP from complex hage created using BioRender (BioRender, Canada).

Originally it was hypothesgd that all the components of the MRC wexganged in

a fluid mosaic model, whereby all the enzyme complexes where randomly distributed
across the mitochondrial inner membrane and were themselves m@Biteen and
Tzagoloff 1966) As a result of this it was presumed that electron transfer would
ensue through random collisions between the compleitdackenbrock, Chazotte,
and Gupte 1986)However,Kréger and Klingenberg (1978uantified the two
enzyme oxidatiorreduction of Cog in beef bovine heart mitochondria, which

suggested the existence of the Ge@ool inthis organelle. Consequentlit, was
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discovered thaCoQois able to behave kinetically as a freely defugiogl, ferrying
electrons amongst Complexes I, Il an@ibger and Klingenberg 1978)ore recent
evidence has emerged however, suggesting that the MR@re not randomly
distributed within the IMM, but instead assemble intmulti-complex super
structures in a multitude of different organisms such as yeast, bacteria, and
mammals(Schagger and Pfeiffer 2000hese pioneering studies usiiBjue native

(BN PAGE demonstratedhat complexes |, Il and IV commonlgrm super
complexesin various stoichiometryallowing for the direct transfer of electrons
between them(Schéagger and Pfeiffer 2000)hese studies revealed th&0% of
complex I, 65% of complex Ill, and 15% of complex IV are involved in super complexes
(Schagger and Pfeiffer 2000, 200Ihe main super complex which consists of
complexl,lland®{/ / LYyb/ LLLHB/ Lxy0 A& GSNXSR (KS§S
with the mobile electron carriers Cagand cytochrome @ can operate as a single
functional unit that transfers electrons through the ETC to oxygen while
simultaneously developing the electrochemical gradient across the (Bdhagger

and Pfeiffer 2000, 2001; Javadov et al. 20ZhHerefore,supercomplexes likely
function to facilitate substratehannelling maintain the integrity of individual ETC
complexes, reduce electron leakage and production of reactive oxygen species, and
prevent excessive and random aggregation of proteins inlktil (Javadov et al.

2021)

TheMRCconverts reducing equivalents suchrasotinamide adenine dinucleotide
(NAD)H and flavin adenine dinucleotide (FADJWhich are produced as a
consequence of substrate metabolisin}o free electrons which arpumped into

the intermembrane space and then passively diffuse bati the matrix to be
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converted into ATRhrough the actions oATP synthase (Complex Vhis process

termed the chemiosmotic hypothesis was proposedPayer D. Mitchelin 1978and
demonstratesthat the passage dff* cations into the intermembrane space creates

a proton rich environment which is in contrast to the negatively charged
mitochondrial matrix(Mitchell 1961) Through this mechanism, a protenotive

force is generated, consisting ah electrical gradien{as cations like Htend to

diffuse down the electrical potential, from the positive side of the membrane to the
negative side) termed membrane potentigh(0 = YR | aYl fdk IOIKBYA O
asparticles tend to diffuse from higher concentration to low€&he resultant proton

motive force drives protons back into the matrix through Complex V, resulting in ATP

synthesis.

Mitochondrial complex V, while not strictly part of the MRC, is essentiathier

process of OXPHOS as it allows the passage®*dirofh the IMM into the
mitochondrial matrix and subsequently produce ATRamplex V consists of 2

different protein subunits the i componentwhich is a soluble portion situated in

the mitochondrial matrix, and the oFcomponent which is bound to the IMM
(Jonckheere, Smeitink, and Rodenburg 20E2s composed of three copies of each

2F adzodzyAda h FyR i 3 FyR 2yiST Si OKy R F¢ aY20 1
the central stalk oEomplex VR consists of a subunitgng bound to the IMM(see

figure L15for structure of complex V)
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Figurel.14. Mitochondrial ATP synthase (ComplexH)man complex V consists of 2 functional domains: the F

component and thegeomponentThe Fdomainconsistsop RAFTFSNBYy G adzmdzyAda o6G§KNBS

FYyR 80 YR A& f20 0SSR Bhe Gdohah cantdifs sobiniisa (hKdeyiRitaAgef, Y (0 NA E

d, R, oligomycin sensitivitgonferring protein@SCPandaccessory subunitf;a dzo dzy Aid + X + |y R &
central stalk of complex V whereas subunits bgdnB OSCP form the peripheral st@kotons pass through the

Fo functional domain from the intermembrane space, which then transfers energy generated frgurotba
electrochemical gradient to the Bomain, where ADP is phosphorylated to Affage created using BioRender
(BioRender, Canada).

Paul Boyer won the 1997 Nobel Prize in ChemistryHemptoposal of the Binding
Change Modebs the mechanism for the synthesis of A[B®yer 1997)It was

suggested thalATP synthesis and ATP hydrolysis occur atétalyticsites within

complexV, located y S| OK 2F (GKS (GKNBS i adzodzyAia

h & dzaByeh 1097) During ATP synthesieach site switches cooperatively
between conformations: open (beth loose (betg and tight (beta). During this
process, ADP and Pi bind, ATP is formed, and then relgasedfigurel.16 for
overview of the Binding Change modeATP hydrolysis uses the same pathway but

in reverse(Adachietal. 20073 KS&aS &aAidS GNIyairxdArAz2ya | NB
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ddzodzy A G @ | FgHe@aaadPustirér@in fixed relative the subunit a
during catalysisand this occurs through the peripheratalk. Complex V can
therefore mechanically be divided intoN2 ( ARF I&O+ = + X 0 | yR &

b, d, F6,0ligomycin sensitivitgonferring protein OSCP components(Devenish,

Prescott, and Rodgers 2008)

ADP Pi D
Pj Hzo A7l
RV ADP +Pi Energy
Y — LY ——» &
¥ v
ATP

Figure1.15. Binding Change ModeThe Binding Change Model proposed that complex V is like a cylinder with

alternativeh andi subunits! y F a@ YYSGONR OF &  [Ratdtdnbifoimatioialickahges wittinS O Sy i N.
thel subunits when it rotates. Thesestructures were termed opeh®), loosei(L) and tighti(T).(1) A molecule
of ATP is bound toT.(2) ADP and Pi bind toL.(3)¢ KS + &dzodzyAld NROGIFGS& fSFERAY3 {:

within the complex V structuré.T becomes opeand the stored ATP is released. becomes tight andO
becomes loos€4) Pi interacts with ADP leading to the formation of a new ATP molecule so the process can be
undertaken againlmage created using BioRender (BioRender, Canada).

1.10.2.Mitochondrial turnoverand quality control

Due to ther endosymbiotic originsmnammalian mitochondria maintain their own
individual 16.8kb genome which works together with nuclear DMAsynthesising
mitochondrial proteins(Calvo, Clauser, and Mootha 201®espite there being
nearly ~1500 proteins which make up mitochondria, mtDNA is only responsible for
the transcription ofL3 proteins, 2ZRNAQ & | YRRA @rdersdn et al. 1981; Zhao,
Lendahl, and Nistér 2013; Habbane et al. 20Ribwever, these 13 proteirall play

an essential role irellular respirationwith 7 proteins in complex I, 1 protein in

complex lll, 3 proteins in complex IV and 2 proteins in complélowever, the vast
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majority of mitochondrial proteins (<99%gquire transcription in the nucleus and
therefore require trafficking into their appropriate compartments via mitochondrial
chaperones and protein import channéBchwarz and Neupert 1994; Takahashi and

Hood 1996)

The transcription of nuclear encoded mitochondrial proteins is highly regulated, and

it is now well established that the transcriptional coactivaReGvh A & F WY &
NB 3dzf I G2 ND (Didiz aidkVioraes PORE Orerdiet al. 20B3@uh g | &
originally identified as a coactivator of nuclear receptors in browr{Paigserver et

al. 1998)andbelongs to a small family of transcriptional coactivators which include
proliferator-t OG A @I § SR NB OSLIGI 2 NJ-wi 0 O [VIRTeha@d /G 2 NI ™
coactivator (PRGPuigserver and Spiegelman 2008}erestingly, PG&h A Ga St F f |
a lacks intrinsic enzymatic activity or a DNA binding domain, and indtezd with
transcription factors and additional proteins on DNA promoters to regulate nuclear

genes which encode mitochondrial protei(Ruigserver et al. 1999; Scarpulla 2011,
Scarpulla, Vega, and Kelly 201R%E@v hcan interact with thetranscription factor

nuclear respiratory factor (NRHA), which in turncan induce the expression of
mitochondrial transcription factor A (TFAM). TFAM can subsequently be transported

into the mitochondria where it can upregulatbe transcription of mtDNAlerived

proteins, subsequently modulating mitochondrial biogenesis and energy metabolism
(Gordon et al. 2001; Scarpulla 201PG@w h Oty Ifaz2 LXLFe NER
mitochondrial fission/fusion by modulatingitofusin2 (MFN2 andDynaminrelated

protein 1 DRP)(Dabrowska et al. 2015; Zechner et al. 2010)
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Mitochondrid morphologyrelies on the dynamic interplay between fission and
fusion proteins which dictate mitochondrial size and oxidative capdtity et al.
2009; Monzel, Enriquez, and Picard 2028 mammalian cells, mitochondrial fusion

is dictated by MFN 1/2 (located on the OMM) and OPAL1 (located on the (MMka

et al. 2005; Song et al. 2009)JFNs are dynamihke GTPases that contain conserved
catalytic GTinding domains at the N termini and are anchored to the OMM by C
terminal transmembrane domain@Vvai and Langer 2016Jhey are able to interact
with adjacent mitochondria during fusion due to their two hydrophobic heptad
repeats(Koshiba et al. 20045 TP hydrolysis drives the fusion of the OMM, inducing
a conformation change bringing the opposing membranes in contact with each other
(Qietal. 2016; Cao et al. 201K)FN2 is also able to assist in the constriction process
during mitochondrial fission as it is also present in the ER and controls tethering of
the ER to the mitochondriéde Brito and Scorrano 2008; Naon et al. 2016; Basso et
al. 2018) OPA1 is a dynamlike GTPase anchored to the IMM by astekminal
transmembrane domain and plays a similar role to MFN1/2 but is responsible for the
fusion of IMM (Delettre et al. 2000) Mitochondrial fission begins following the
replication of mtDNA in the matrix, which marks the site for recruitment of the ER
(Friedman et al. 2011; Lewis, Uchiyama, and Nunnari 200§ OMM then
undergoes constriction at the mitochondfiBR contact sites before the
oligomergation of DRP1Ji et al. 2017)The recruitment and association of DRP1 to
the mitochondria is facilitated by other mitochondrial bound proteins including
Mitochondrial fission 1 protein (FIS1), Mitochondrial fission factor (MFF), MiD49 and
MiD51 (Loson et al. 2013Y5TP hydrolysis then causes conformation changes in the

mitochondria which enhance the ER mediated constric{loabrousse et al. 1999;
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Smirnova et al. 2001(see figure 1.13 for overview of mitochondrial fission and
fusion). Mitochondrial fission and fusioaccur continuously in many cell typaad

are required to maintain mitochondrial health amdgulate mitochondrial content
(Scott and Youle 2010Pne of the maimoles of mitochondrial fission and fusion is
the sharingof organelle contents which become damaged during mitochondrial
activity (Detmer and Chan 2007)Given the highly bioenergetic nature of
mitochondria, there is a large release of ROS which can damage mitochondria leading
to mtDNA mutationsipid peroxidation and protein carbonylatiofGirotti 1998;
Requena et al. 2001; Shields, Traa, and Van Raamsdonk R@thondrial fusion

of a healthy organelle may then transport components which can compensate for
the damaged contents and/or repair its function(Detmer and Chan 2007)
Additionally,mitochondria cannot be formede novoand therefore there must be a
partitioning of the mitochondria population priorto cell division, so that each

daughter cell can receive a usable complement of organélestt and Youle 2010)
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Endoplasmic reticulum

Fission

Figurel.16. Simplistic schematic of mitochondrial fission and fusMitochondrial fusion is coordinated on the

OMM by the mitofusin proteins (MFN1 and MFN2) and on the IMM by optic atrophy 1 (OPA1). The fusion of the
OMM is driven by GTP hydrolysis which induces a conformation change in the mitochondria, resulting in the
opposing membranes being driven together AQRsimilarly fuses the IMMs together through GTP hydrolysis.
Mitochondrial fission begins with the recruitment of tB® to the mitochondria and the oligomerisation of
Dynaminrelated protein 1 (DRP1). Additiomaitochondria proteins including Mitochondrial fission 1 protein
(FIS1), MiD49, Mid51 and Mitochondrial fission factor (MFF) aid in the recruitment of DRP1 to the mitochondria.
GTP hydrolysis then leads to conformation change within the mitochondria whidshtree ER mediated
constriction.image created using BioRender (BioRender, Canada)

7

Another mechanism by which P& OF'y NB3dz | §S YAG20K2Y
through mitophagy.While autophagytypically refers to the nonrselective bulk
degradationof macromoleculeso recycle nutrientsit isnow well established that

selective autophagy occur® which damaged or oveabundant organelles are
specifically removed, even in nutrienth conditions. So far, there are several
purported cargaespecificautophagy processes in organisms from yeast to mammals
including the specific removal of petisomes (pexophagyiKomatsu et al. 2006[ER

(erphagy)Reef et al. 2006Yyibosomes (ribophagyKraft et al. 2008)lipid droplets
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(lipophagy)Singh et al. 2009and mitochondria (mitophagylRodriguezEnriquez et

al. 2006) Priming of mitophagy is said to be either Parkiependentor Parkin
independent (Ding and Yin 2012Mitochondrial depolarisatiorresultsin Parkin
dependent mitophagyin which impaired PINK/PGAM5associated rhombotidike
protease (PARL) mediaté&fTENnduced kinase 1 (PINKdlpavageeads to PINK1
stabilisation (Matsuda et al. 2010)PINK1 igapidly and constitutively degraded
under steadystate conditions in a mitochondrial membrane potentigd A Y-
dependent manner and a loss JinA Ystabilizes PINK1 mitochondrial accumulation
(Matsuda et al. 2010PINK1 stabilisation leads to the recruitmenttbé E3 ligase
Parkin, which upon phosphorylation, can target membrane protésush as MFN
1/2) for degradation througtthe addition of a ubiquitin tagKirkin, McEwan, et al.
2009; Matsuda et al. 2010)argeted proteins can also directly interact wattlapter
molecules such as p62, which can directly interact with LC3 leadintheto
recruitment of autophagosomal membranes to the mitochondfiaing and Yin
2012) In Parkin independent mitophaggiamaged mitochondria (particularly under
hypoxic conditions) can increase FUN14 domain containing 1 (FUNDEIIX
expression which may interact with LC®rough their LIR domains, directly
recruiting autophagosomes to the mitochondr{®ing and Yin 2012; Liu et al. 2012)
FUNDCL1 is constantly phosphorylated by the Src kinase under normoxia conditions
(Liu et al. 2012; Chen et al. 201#owever, hypoxia leads to an inactivation of Src
kinase and the subsequent dephosphorylation of FUNDC1, which has a higher
binding affinity for LC3Liu et al. 2012)Moreover, other E3 ligases such @4AD
ubiquitination regulatory factor 1 (SMURF1) can aistuce mitophagy in a Parkin

independent manneras its C2 domain is required ftire engulfment ofdamaged
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mitochondria by autophagosomefrvedahl et al. 2011)see figure 117 for

overview of mitophagy)

Parkin Dependent Mitophagy

Figure 1.17. Basic overview of Mitophagyimplistically, mitochondria can be primed for mitophagy through
either Parkin dependent or independent mechanidbusing Parkin dependent mitophagy, there is an impairment

in PINK1/PGAM&ssociated rhomboitlke protease (PARL) mediated PAitNiced kinase 1 (PINK1) cleavage.
This allows for the stabilisation of PINK1 within the mitochondria, allowing for E3 ligase Parkin to bind. Parkin
localisation to the mitochondrial results in thbiquitination of mitochondrial proteinsand they can either be
degraded in the proteosome or bind to P&262 can directly interact with LC3 resultingaintophagosomal
recruitment. Parkin can also interact with Ambral, which in turn activates the PI3K complex around mitochondria
to facilitate selective mitophagyarkin independent mitophagy involves the actions of FUN14 domain containing

1 (FUNDC1) and NIX which can directly interact with LC3 through their LIR domains, recruiting autophagosomes
to the mitochondria Additionally, he E3 ligase Smurfl can also promote niitagy through ubiquitination of
mitochondrial proteinsFinally,Heat shock protein 90 &®0)Cdc37can stabilise and activateULKL, which

further phosphorylateATA3. PhosphorylatedAT@3 can then be recruited to the mitochondria to stimulate
mitophagy.Image created using BioRender (BioRender, Canada).

1.10.3.Skeletal Muscle Mitochondria

Skeletal muscle stem cells (SMS@)dergo dynamic metabolic remodelling
throughout the differentiation processfrom predominantly OXPHOS during
quiescence, to thep regulationof glycolysis during activation and proliferatiand

a return to OXPHOS during terminal differentiat{@hattacharya and Scimé 2020)
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During quiescence, SMS@Gs/e very little mitochonda and mtDNALAatil et al. 2012)
Moreover, their mitochondria are densely packed around the nucleus and their
metabolic rates are very loLatil et al. 2012)Consequently, theyely primarily on
mitochondria to meet energy demands$i K NP deidation of fatty acids and
OXPHOSJRyall et al. 2015)SMSE& with low Pax7 expression (a sign esdrly
myogenic differentiation)have a greater mitochondriatlensity, mtDNA and
myogenic commitment markers compared$®SC subpopulations with higher Pax7
(Bhattacharya and Scimé 202(keletal muscle myoblastdisplay an immature
mitochondria phenotype, whereby mitochondrial cristae remaimdevelopedand
overall respiration is maintained at a low ley8in et al. 2016; Robinson et al. 2Q19)
The glycolysislependent myoblasts energy demands are supplementedoby
levels of MRC complexes lll, IV and V, mitochondrial proteins, and enzymes that
maintain the reduced OXPHOS capacity within these ¢Etémes et al. 2012,
Hoffmann et al. 2018)Upon differentiation however, myoblasts must increase ATP
production in order to fuel the intracellular remodelling accompanying
differentiation, leading to a return to a more oxidative phenotyfhee Moal et al.
2017; Rahman and Quadrilatero 202The absence of adequate mitochondrial
remodelling has been proven to impair the ability for SMSCs to differentiatelaad a
attenuates the capacity of skeletal muscle tissue regenergiidagatsuma, Kotake,
and Yamada 2011; Baechler, Bloemberg, and Quadrilatero 2019; Nichenko et al.
2020; Rahman and Quadrilatero 202Therefore,the coupling of mitochondrial
remodelling and myogenic differentiation leads to an increased mitochondrial

OXPHOS which subsequently serves to support the increased energy demands of
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differentiated myotubes(see figure 118 for OXPHOS and glycolysis rates during

myogenic differentiation)

Activity

-—-‘

. ===== OXPHOS

= = = = = Glycolysis

.'.
-
L™

Quiescent SMSCs

Activated SMSCs

Myoblasts Myotubes

Figurel.18. Oxidative Phosphorylation (OXPHOS) and glycolysis during myogenic differerieietal muscle
stem cells (SMSCs) undergo dynamic remodelling during differenti@tioescent SMSC have little metabolic
activity and this low energetic demand is met primarily via OXPR@IBwing SMSC activation, glycolysis is
upregulated but starts to gradually decrease following differentiation. As the myoblasts start to differentiate, the
mitochondrial network becomes more developed and consequently cellular energetic demandas@&¢RHOS.
Image created using BioRender (BioRender, Canada).

Within adult myofibersthere exist distinct mitochondrial subpopulations that are

characterised according to their localisatiamd have different biochemical and

functional properties subsarcolemmal (S@bout 20%)ynd intermyofibrillar (IMF)

(about 80%)YRomanello and Sandri 20219S mitochondria have a globular shape

and are located just beneath the plasma membrane (sarcolemma). A fraction of

these SS mitochondrgurroundscapillaries and nuclei (perivascular and perinuclear

mitochondria, respectivelythe function of which is not well establish@dincent et

al. 2019) IMF mitochondriaare elongated with a tubular shape and are inserted

among myofibrils arranged in pairs at thdiree of each sarcomer@/endelin et al.
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2005; Vincent et al. 2019)While morphologically distinct, theSS and IMF
mitochondria form a highly interconnected mitochondrial network that serves to
rapidly transfer energy from the oxygen source (the capillary) to the contractile
apparatus(Glancy et al. 2015)This dynamic interplay within the mitochondrial
network enables the distribution of the membrane potential from th&Sregion,
where respiration happendo the IMF regionwhereby the ATP synthase complex
uses the proton gradient to generate ATP for myqattin interaction(Glancy et al.

2015)

1.10.4.Mitochondria and sircopenia

While mitochondria play an important role in governing skeletal muscle maturation
and function, dysfunctions in mitochondrial activity can contribute to the aetiology
of many common musculoskeletal disord€Morat et al. 2020; Zhunina et al. 2021;
Amorim et al. 2022)Sarcopenia is an agelated loss of musclanyofiber size,
number,and function(Pan et al. 2021 Moreover, sirgically induced hypertrophy of
rat plantaris muscle fé8 to rescue the ageelated decline inmuscle mass and
maximal tetanic force indicatingmpairments in overall muscle healthas a
consequence of advanced agegens and Alway 2003) hallmark of ageing is
impairments in the cellular proteolysis pathways UPS and the autoplyaggomal
pathway (Hughes et al. 2022Pue to this impairment in proteostasis there as
decline in the quality and quantity of contractile proteins dueattcumulation of
damage and nomenzymatic modifications of these proteilflsevine and Stadtman
2001; Ayyadevara et al. 2016)dvanced glycation enproducts (AGES) are an

example of a norenzymatic modification of proteins that occurs with age{(pigus
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et al. 2007; Semba, Nicklett, and Ferrucci 20IBgse proteins are more resistant to
breakdown due to an increased crassdge formation and subsequently
accumulate throughout ageingcontributing to tissue dysfunction(Barreiro and
Hussain 2010; Drenth et al. 201@Joreover, there is anagerelated inability to
repair damaged proteingind consequentlyprotein turnover is then essential to
maintain the skeletal muscle proteom@Coen et al. 2018)Protein turnover,
however, is an energetically expensive process, with the bulk of this energetic
demand coming from protein translation(Lynch and Marinov 2015)Protein
synthesis requires Z2 ATP molecules per amino acid syntsei an additional
four phosphates (either ATP or GTP) per bond, and an additiaq@aATPs per fold
(Lynch and Marinov 2015l ysosomal degradation requires 4 ATPs per amino acid
and potein ubiquitination requires 2 ATPger ubiquitin tag with subsequent
proteasomemediated degradation of them requimgbetween 100 and 200 ATPs per
protein (Lynch and Marinov 2015Fonsequently, a reliable source of energy is then

required to maintain adequate protein turnovés maintain skeletal muscle mass.

Both excessivautophagy (increased catabolism) and insufficient autophagy (protein
accumulation, oxidativestress,and apoptosis)can also lead to muscle atrophy
(Bilodeau, Coyne, and Wing 201@®merging evidence suggests that ageing is
associated with impairments in mitophagy leading itefficient mitochondrial
quality control (Hughes et al. 2022)¥eo et al. (2019jound that expression of
mitophagy proteind?INK1, Parkin.C3lland Beclinl were significanty increased in
the skeletal muscle of aged57BL/6J compared to yourigowever, citrate synthase
(CS) activity (a proxy marker for mitochondrial content) ayidchrome ¢ oxidase

subunit 4(COX) protein content are also considerably reducédeo et al. 2019)
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Interestingly, the overexpression of Parkias been shown teause an increase in
lifespan and a prolonged healthspanDmosophila melanogastgiRana, Rera, and
Walker 2013) Moreover, LedueGaudet et al. (2019glso found that Parkin
overexpressionn mice resulted in increases in mitochondrial content and activity
alongside a subsequent increase imcrease in hypertrophy highlighting the
importance in mitophagy in maintaining skeletal muscle hedltreseagerelated
impairments in autophagy camlso result in the accumulation of abnormal
mitochondria (Masiero et al. 2009)This is evidenced bgbnormal mitochondrial
phenotype, sarcoplasmic reticulum distensioand sarcomee disorganisation
present following muscle specificT& knockdown in mic€Masiero et al. 2009)
Moreover,mitochondria in aged skeletal muscle appeafager, rounder in shape,
vacuolated in matrix, and shorter in cristae compared with young skeletal muscle
mitochondria (Seo et al. 2016)The expression andactivation of mitochondrial
respiratory complexes OXPHOS and protein homeostasis genes aralso
downregulatedin aged skeletal muscléeading toan inability to adequately meet
energy demandgMigliavacca et al. 2019)verall, this increased energy expenditure
because oincreased protein synthesis coupled with an impaired respiratory capacity

culminates in theagerelateddecline in musclenass and function.

1.11.Vitamin D and mitochondria

Interest into the relationship between vitamin D and mitochondsias reported by
Dickens (1942Wwho discovered that rachitic animals displayed lower bone citric acid
concentrations compared to their healthy littermates. Citrate is the salt form of citric
acid and is an important TCA cykleermediate andscreated following the transfer
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of an acetyl group from acetfloA to the acceptor compound oxaloaceta@S
facilitates this reaction and is localisadthin the mitochondrial matrix Therefore,
decreass in citric acid concentrations would be indicative of a decrease in
mitochondrial oxidative capacityEarly work byHarrison and Harrison (1952)
determined that an intramuscular injection of vitamin D was capable of raising serum
citrate concentrations in rachitic infants. The increase in serum citrate concentration
was laterreportedto increase within other tissues including bone, kidney, heart and
the small intestines in both healthy and rachitic rats, following vitamin D
supplementation (Steenbock and Bellin 1953 an attempt to determine a
mechanistic explanation for the citrate increase following vitamin D intBkel_uca,
Gran, and Steenbock (195%upplemented vitamin D in both normal chow and
rachitic diets for SpraguPawley rats. Thegeterminedthat following vitamin D
supplementation, citrate oxidation was reduced alongside a reduction in the
resulting accumulation of the downstream TCA cycle intermediaktetoglutarate.
Furthermore, there was a subsequent reduction in the oxidation of pyruvate formed
QAL At edO2teara olfaz 1yz2ey a GKS WfAyq]!
alongside anincrease in the resulting accumulation of citrate in rat kidney
homogenatesVitamin D added to a rachitic and n@achitic diet of ratsalsogreatly
reduced the oxidation of citrate by kidney mitochondria in the presence of a
phosphate inhibitor (hexokinasglucose), and that these effects extended onto
isocitrate(De Luca et al. 1957)he authors attributed this to a physical inhibition of
citrate penetration of the mitochondria as opposed to enzymatic inhibition. Later,
Deluca et al. (196(Q)erformed an electron microscopic examination of vitamin D

replete and deficient, male Holtzman rats, and found that vitamin D deficiency
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caused large intecristal spaces or vacuoles to form, alongside a withdrawal of the
cristae from theOMM and fragmentation or disruption of the cristae organisation.
Therefore, these experiments helped highlight that vitamin D is able to interact with

the mitochondria and influence its functismnd morphology.

1.11.1.Vitamin D andMitochondrial health

More recently,in vitrostudies have helped to develop a greater understandiftte
interaction between vitamin D and mitochondrial healfRyan et al. (201&pund

that following 1M 1h < H p AXhHadhl(standard), coupled (associated with the
generation of ATP), maximal (uncoupled respiration) oxygen consumption rate (OCR)
was increased, while the expression of phosphorylated pyruvate dehydrogenase
(PDH) and PDH kinase was decreased. This indicatecraased mitochondrial
respiratory capacity likely due to an increase in mitochondrial biogenesis due to
increase in pregusion mitochondrial protein OPA{GTPase responsible for fusion

of the IMM) and reduction in the prdission proteins FSL and DRP1. Theffect was
determined to be VDR dependant as cells which were treated with asgBeétfic
antisense silencing RNA (siRNA) (which decreased cellular VDR mRNA by >80%)
I £ 2y 3aA R SD;démbnstmtechaldécrease in basal OCR, maximal respiration,

coupled OCR and respiratory reserve @QRyan et al. 2016)

Paradoxically, lower serum 25[OH]D concentrations (<50 nrollave been
associated with significantly higher basal respiration,-natochondrial respiration,
ATP production, background glycolysis and glycolytic reserve than moderaf® (50
nmol.L’0 | YR KA 3K) o ciauiating/peritiedl[blood mononuclear cells

0t . a (Caltancet al. 2016 However, the observed increased in mitochondrial and
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glycolytic output may be attributed to an increase in immune response due to
energetic dysfunction and an inability to mediate the subsequent enhanced

production ofintracellular reactive oxygen species (ROS).

The respiratory chain is a major source of ROS production; in partidhlar,
complexes |, Il and IV are all involved in radical biosynt@&smwld 2012; Drése and
Brandt 2012) ROS production can be beneficial as ROS can influence the presence
YR +FTOUA@GAGE 2F OeoOftAya |FyR /5YQa GKSNB
promoting cellular proliferationVerbon, Post, and Boonstra 2012Jowever, an
excessive boost in ROS formation by dysregulated mitochondria leads to a pathologic
oxidative stress cycle, a key cause of tarouced and ageelated cell death
(Petrosillo et al. 2011; Ureshino et al. 2014; Petersen and Verkhratsky. ZiEsgite

its ability to increase aerobic activity through augmenting mitochondrial capacity,
mh 3 H pDwib bl capable of reducing the oxidative stress associated with an
increased aerobic flux. Following the dinsation of the 1,25[OH}D-VDRRXR
complex, the nuclear factogrythroid-2(NtE2}related factor 2 (RRR2) translocates

from the cytoplasm to the nucleusR¥ is considered a master regulator of a diverse
array of more than 200 cytoprotective genes, encoding proteins that neutralize and
detoxify both endogenous and environmental toxins, regulate factors in cell cycle
and growth, and facilitates the maintenanoé a highquality proteome(Lee et al.

2003; Liu et al. 2007Moreover, a physiologic 25[0OH]D concentration enhances
Klotho, a phosphate regulating hormone and aadeing proteifForster et al. 2011;
Berridge 2015)Klotho regulates cell signalling mechanisms, including stimulating the
formation of antioxidant{Razzaque 2012%ubsequently, KlothBKO mice, or mice

present with functional abnormalities in the Klotho gene have induced premature
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ageing syndroméKuroo 2009) Therefore, it is apparent that b < H pDprtotio@ly
augments mitochondrial oxidation capacity but provides protective mechanisms for

the subsequent increased respiratory burst.

Emerging evidence suggests that the VDR itself plays a role in cellular maintenance
of respiratory machineryRyan et al. 2016; Ashcroft et al. 2028)itochondrial
potential is sustained by the proton gradient that is created by respiratory exchange
activity and both nuclearand mitochondrial encoded proteins are required for the
formation of active respiratory complexes. Cytochrome ¢ oxidase sub@raind 4,
whose transcripts are of mitochondrial and nuclear origin, respectively, are useful
indices of mitochondrial potentia{Clarkson and Poyton 1989; Li et al. 2006)
Following lentivirainediated delivery of shRNA in the human proliferating
keritanocyte cell line (HaCat), the transcriptiorcgfochrome c oxidasg (COX2and
mitochondrially encoded ATP synthase(MT-ATP§ (markers of mitochondrial
transcription activity)and COX4ndATP synthase F1 subunit béfel P5B(markers

of nuclear contribution to respiratory chain modulation) were increa@ansiglio et

al. 2014; Ricca et al. 2018The subsequent increased ROS production as a
consequence of VDR ablation leads to a variation in mitochondrial membrane
permeability that results in cytochrome C release and apoptotic d@dthitemann

et al. 2011) It is speculated that the VDR balances electron chain activity, resulting
in oxidative stress protective and biosynthetic intermediates required for cellular

proliferation (Consiglio et al. 2014)

Murine models demonstrate that vitamin D deficiency or impaired VDR signalling

(through VDRKO), result in increased energy expendituBouillon et al. 2008)
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Additionally, VDRuwull mice fed a higifiat diet displayed reduced lipid accumulation

in the liver through increased fatty acid oxidation and increased expression of
uncoupling proteins (UCPs) UCPUCF2 which increase energy expendituj@ong

et al. 2009) UCPL is an important regulator of protofiux andallows dissipation of

the proton gradient across the mitochondrial inner membrane in specialised tissue
such as brown adipose tiss®/ong et al. 2009)Furthermore, glycolytic and citric
acid metabolic flux were decreased in Harvagtransfected MCF10A human breast
epithelial cells following 1,25[OH) treatment, which was mediated through a
reduction in phosphoglycerate kinase 1 (PGK1) (catalyses the seventh step of
glycolysis), PDH (regulates the flux of pyruvate to the TCA cycle) and succinate (TCA
cycle intermediatefZheng, Tayyari, et al. 2013Yhile vitamin D deficiency seems to
impair both mitochondrial morphology and function, vitamin D supplementation
beyond replete levels may be able to improve mitochondrial biogenesis.

t K2ALIK2ONBF A 8NKLI t ¥R G A BHADB) | vihieh ate bofS 6 _
markers of mitochondrial function, were significantly reduced followritgmin D3
supplementation (20,000 IU on alternate days forlweeks), however there was

no change in phosphate metabolites at rest suggesting the improvement in
mitochondial capacity may manifest more during exercise (Sinha et al. 2013).
However, highdose vitamin D supplementation (20,000 IUkglespite increasing

CS activity, decreased force output in sltwitch soleus muscléDebruin et al. 2020)
Interestingly, when higldose vitamin D supplementation was combined with
exercise, the decrease in force output was abolished and a noticeable improvement

in force output and fatigability was found. Therefore, vitamin D seems to play an
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important role in mitochondrial bioenergetics and seems to function by regulating

metabolic flux under normal physiological conditions and during aerobic exercise.

1.12. Reactive oxygen and nitrogen species (RONS)

Reactive oxygen and nitrogen species (RONS) include two classes of chemically
reactive molecules that either contain oxygen (ROS) or nitrogen (RNS). The majority

2F whb{ OFNNE Iy dzy LI ANBR St SOUNRY Ay (K
Free mdicals are formed from molecules via the breakage of a chemical bond such

that each fragment retains one electron (unpairgiyeidinger and Kozlov 2015)

These molecules are subsequently highly reactive and form bonds with other
molecules using their electrons. This process can consequently lead to the generation

of more free radicals potentially causing damage to cell structures. RONS can be
broadly subdvided into radical and nermadical species based on their chemical
properties. While norradical species do not possess an unpaired electron, they are
oxidising agents and can also be easily converted into free raqid@ilinger and

Kozlov 2015)Early work byHaber, Weiss, and Pope (193#®monstrated that free

radicals could give rise to another secondary radicals. It was demonstrated that
superoxide (O2% can be converted into hydrogen peroxideQ) and then into
KE@RNRE&f NI RAOITf o-Whaids teactioifHaley Weisk, and 8dp& | | 0
1934) RONS reactions are typically classified as either an initiation (start of the free
radical reaction leading to a net increase in 2 radicals), propagation (reaction where

an electron is taken from a substrate leading to a new radical formation with ho ne

change in radicals), or termination reaction (reaction where no radicals are produced,
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ending the cascade, and leading to a net decrease in 2 radfsats¥igure 119 for

exampleoverview of RONS reactiong)Juan et al. 2021)
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Figurel.19. Exampleoverview of RONS reactiordi3 Methane and molecular chlorine are stable compounds but
following the addition of heat/UV stress, the bond on the molecular chlorine can tdgiah will cause the
chlorineatoms toretain an unpaired electron. Consequently, this causes them to become free radicislss
known as the initiation stef2) The chlorine atoms can then react with methdoeming a bond with a hydrogen
using the hydrogens electrofhis causes the hydrogen to break away from the methane molecule forming
hydrogen chloride. Theemaining methane molecule then becomeesnethyl radical in what is known as the
propagation step3) Finally if two methyl radicaldoth contribute an electron to form a bond together, they will
form the nonreactive ethane as there is now nopaired electron. This reacti®@known as the termination step

as it ends the free radical cascatlmage created using BioRender (BioRender, Canada).

1.12.1.Mitochondrial ROS

In mammalian cells, almost all oxygen consumption (around 90%) can be associated
with mitochondrial ATP production (Pizzorno 2014) Consequently, the
mitochondrion was shown to be the main contributor of cellular ROS production at
rest (around 12% of mitochondrial oxygen consumptioflolfe and Brown 1997;

Skulachev 1998)Mitochondrial O2 production is generated from electrons leaking
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from the MRC, which are then captured by molecular w#Murphy 2009) These
O2fanions can be converted into other ROS include@:ldnd hydroxyl ions (G
(PhamHuy, He, and Pha#duy 2008) The human body is estimated to utilise 3.5 ml
Ox/kg/minute or 352.8 L/day (assuming 70 kg body mass) or 14.7 mol/day, which at
1% O2production would result in 1.72 kg/year or 53.66 moles/ygdalliwell 1994)
However, recent contemporary estimates have suggested tha%lmay be an
overestimation of mitochondrial OZproduction and instead puts production at
~0.15%Powers, Nelson, and Hudson 201MYis lower rate of O2productiontakes
into consideration the role of UGPspecifically UCP3 in skeletal musakehich
regulates mitochondrial ROS production to limit oxidative dan{&gend et al. 2004;
Brand and Esteves 200%jowever, considering the respiratory capacity present in
mitochondria, it is unsurprising that they have been shown to havel® %old
concentration of free radicals within the matrix than any other organ@ladenas

and Davies 2000)

The flavin mononucleotide (FMN) site in complex | and the Q cycle of complex Il are
the main sites of mitochondrial ROS product{etirst, King, and Pryde 2008; Tahara,
Navarete, and Kowaltowski 2009; Li et al. 2013; Ni¢d@hlhaas, and Maack 2014)

A FMN which is located at the hydrophilic section of complex | can form EMNH
accepting 2 electrons derived from NADH oxidati@hao et al. 2019)These
electrons are then passed via a series of isoitphur clusters that are arranged from

low to high potential to Cog, which is reduced to ubiquinol at the Q binding site
(Hirst 2009; Zhao et al. 2019)he Q binding site is located at the junction of the
membrane arm and the matrix arm, in a tunnel like structure that provides access for

the hydrophobic substratg€Hirst 2009; Galemou Yoga, Schiller, and Zickermann
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2021) ROS can be produced at both the FMN site and the Q binding site within

complex I(Hirst 2009; Zhao et al. 2019)

Complex Il is responsible for trafficking electrons from complex | and Il onto complex
IV. This requires the synchronised movement of electrons from ubiquinol through 2
pathways(Mitchell 1975) Complex Ill has an inneri{@nd outer(Qy) pool of CoQ
orientated towards the matrix and intermembrane space respectiv@ian,
Williams, and Cadenas 2001; Chen et al. 2008)quinol binds to the &site and
CoQo subsequently binds to the&ite. Ubiquinol is the divergently oxidised (gives
one electron each), one of which involves iron cluster 28 which is located on
the Rieske iron sulphur protein (IS®)itchell 1975; Ahmad, Wolberg, and Kahwaji
2023) This oxidation reaction produces a transient semiquinone before complete
oxidation to Co@, which then leaves the {3ite of complex Ill. The ISP is then freed
from its electron donor and the electrons are then transported through a fixed
cytochrome g protein onto the peripatetic cytochrome,evhereby electrons can
move onto complex I\(Crofts 2004) The other electron in the initial divergent
oxidation step is transferred to the_.beme, which in turn reduces thestheme and
eventually transfers the electron to Cafat the Q site (Mitchell 1975; Ahmad,
Wolberg, and Kahwaji 2028) ¢ KS A& (1y26y +a G§KS WY2RAT
each cycle donates 1 electron to GeQit creates the unstable intermediary
compound ubisemiquinone at the; §ite and requires a second Q cycle to complete
the reaction(Trumpower 1990; Turrens 2003)he ubisemiquinone at the,Qite has
been demonstrated to move freely within complex Ill and be the primary direct
electron donor capable of reducing molecular water t&°&Zhao et al. 2019)This

generated @®'can then be released into the mitochondrial matrix via thei®@, or
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towards the intermembrane space via the $jte (see figure 120 for schematic of

the Q cycle)Chen et al. 2003 Complex Il can also produce mitochondrial ROS, albeit
to a much lesser extent when compared to complex | and Ill. The FAD site of complex
Il can produce &*owards the mitochondrial matrix, but the production rates in

mammalian mitochondria are very lofkambert and Brand 2009; Brand 2010)

Intermembrane space \,@
/2' e
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Figurel.20. Q CycleComplex Il has an inner;Y@nd outer (Q pool of CoQ orientated towards the matrix and
intermembrane space respectively. Ubiquinol (reduced,f@@ds to the @site and Cogsubsequently binds

to the @site. Ubiquinol is divergently oxidised with 1 electron being passed to the iron cluster (FeS) and 1 is passed
to b_heme.This oxidation reaction produces a transient semiquinone before complete oxidation ) @oiCh

then leaves the gxsite of complex IlIThe electron transported tBeS can the be delivered td@; before finally
reducingthe electron transporter cytochrome Ehe electron delivered to the beme can reduce the theme
beforeeventually reducing Cagat the Qsite.This cycle is repeated twiaseach cycle donates 1 electron leading

to the temporary production of semiubiquinobefore complete reduction to CaQQSemiubiquinone can move

freely through complex Ill and is the main electron donor capable of reducing molecular watetttmage

created using BioRender (BioRender, Canada).
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1.12.2.Non mitochondrial ROS

There also exists namitochondrial sources of ROS production, with 2 of the main
sources being nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and
xanthine oxidase(XO) The NADPHoxidase family (NOX) are a group of
transmembrane proteins that can transport electrons from NADPH.ige@®erating
O*tor HO, (Bedard and Krause 2007rior to the discovery of NOX, it was well
established that phagocytes could deliver what was known as a respiratory burst
(Baldridge and Gerard 1932Jhis mechanism involved the rapid production of large
amounts of ROS which could be released into the extracellular space in order to Kkill
pathogens(Thomas 2017)Upon the discovery that the ROS generation by these
phagocytes was cyanide insensitive and was selective for NADPH over NADH by a
factor of 100, it was determined that it was independent of mitochondrial ROS
production (Babior, Curnutte, and Kipnes 197%) mammals several proteins with
NOX activity exist, NOXL(NOX2/gp91 being the original phagocyte NOX) and dual
oxidase (DUOX) 1 and 2, however mice and rats lack Kidpitgrman et al. 2014)

The assembled phagocytotic oxidase (phox) consists of NOX2P{gpoa22hox,
p47Phox p67PhoxX paC®ox and RAC (Bedard and Krause 200MIOX can be found
throughout the intracellular environment including within the plasma membrane
(NOX15 and DUOX2), theER(NOX2, 4 and 5), mitochondrial membrane (NOX4),
nuclear membrane (NOX4), lipid rafts (NOX1) and focal adhesions (N@MX#gnski

et al. 2004; Van Buul et al. 2005; BelAiba et al. 2007; Diaz et al. 2009; Graham et al.
2010; Block and Gorin 2012; Ahmarani et al. 20E8)wever, each NOX family

member is anchored to their respective membrane through 6 transmembrane
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helices which bind 2 haem cofactdideitzler, Brandman, and Ortiz de Montellano
2010) The @erminal domain binds FAD/NADPH and allows electron transfer to the
haem and further across the membrane to molecular oxygen. Moreover, the
presence of calciurdinding regions at the fterminus distinguishes DUO>21and
NOX5 from other NOX familyembers(Brown and Griendling 2009; Jackson et al.
2010; Block and Gorin 2012)0X1, NOX2, NOX3, and NOX5 produ¢éwdile
NOX4, DUOX1, and DUOX2 genera@® ksee figure 121 for representative image

of NOX)Brown and Griendling 2009)

NOX2 NOX4

02 gp91 phox p22phox oz" gp91 phox pzzphol
B subunit a subunit

B subunit a subunit

BB DS L 18806206004

POLDIP2

FAD FADH, FAD FADH,
NADPH NADP* + H* NADPH NADP* + H*

Figurel.21. Representative image of NOX 2 and NOMADPH oxidase (NOX)2 andréd important sources of

ROS production within skeletal muscle. NOX can be found throughout the intracellular space with NOX2 being
located at the plasma membran&Rand NOX 4 being located at the plasma membrdgig, mitochondrial
membrane, nuclear membrane, and focal adhesitdN@X bind$~AD/NADPH allowing electron transfer to the
haem and across the membrane to molecular oxy§EDX2 consists of the gg9%i subunit, p22hoxh subunit,

pahox pePhox p4Phox and RC.NOX4 only has the gp@®xi subunit, p22hoxh subunit and POLDIPROX2

leads to the production of @2whereas NOX4 leads to the production e®kImage created using BioRender
(BioRender, Canada).

Purines and pyrimidines are the 2 main classes of nitrogenous bases udaNAor
and RNA biosynthesis. Purines contain a larger ring structure than pyrimidine and
consist of adenine and guanine, whereas pyrimidines are cytosine, RaAohly)

and thymine (DNA only). XO is an enzyme that catalyses the breakdown of purine
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nucleotides to produce uric acid, which can be subsequently converted to allantoin,
a watersoluble molecule excreted in urif@dziz and Jamil 2023lypoxanthine can

be derived from inosine by the enzyme nucleoside phosphoryl@me and
Schramm 1992)XO is then able to convert hypoxanthine into xanthine and can also
catalyse the reaction converting xanthine into uric a¢kkiz and Jamil 2023)
Xanthine is also able to be produced from guanine by the enzyme guanine deaminase
(Shek et al. 2019)The reactions carried out by XO use & a cofactor and
subsequently produce ®*(see figurel.22 for XO pathway)(Chung et al. 1997)
Interestingly, another enzyme xanthine dehydrogenase (XDH) acts similarly to XO
and is able to convert hypoxanthine and xanthine to uric acid but uses NAD as a

cofactor to produce NADH instegd/ang, Zhang, and Xing 2016)
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Figure 1.22. Xanthine oxidase (XO) pathwéposine is a inert purine nucleoside that can be formed by the
deamination of adenosine and the O (i A 2 yiucl@fidas@ on inosine monophosphate (IMP). The enzyme
nucleoside phosphorylase can then convert inosine into hypoxarlgimemoving a ribose ring. The enzyme
xanthine oxidase (X@pn convert hypoxanthine into xanthine and can subsequently convert xanthine into uric
acid. These reactions used3 a cofactor and subsequently produce’®ganthine can also be created by guanine
via the enzyme guanine deaminagmage created using BioRender (BioRender, Canada).

1.12.3.0Oxidative stress

RONS are important signalling molecules at low levels and are important secondary
messengers that can relay signals received from cell surface receptors to effector
proteins (Sies and Jones 20200he main RONS which act as cellular signalling
molecules are & 'and HO; (Buetler, Krauskopf, and Ruegg 2004; Zhang et al. 2016)
However, because 4, is more stable than ©% and is highly diffusibléBuetler,
Krauskopf, and Ruegg 2008)oreover, the haHife of Q“kin tissue is briefl0% -10

3s), as a result of spontaneous dismutation or dismutation catalysed by superoxide
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dismutase (SOQYu 1994; Hempel and Trebak 2Q1Hdwever, the halfife of HO;

in aqueous solutions in a few seconds making it is more suitable for biological
signallingHempel and Trebak 201/RONS are also able to induce posttranslational
modifications in redossensitive residues such as cysteine, methionine, lysine,
histidine, arginine, proline, tyrosine, and threoni(@/ong et al. 2008; Anand and
Stamler 2012; Holmstrom and Finkel 201@ysteine and methionine contain sulphur
groups on the side chains, which makes them the most prone to oxidation and
therefore the most physiologically relevariHoshi and Heinemann 2001Yhe
oxidation of thiol groups can modulate the activity of proteins in which cysteine
fragments are critical for substrate binding e.g., glyceraldek3qpbosphate
dehydrogenase (GAPDH), tropomyosin and p38 mitegivated protein kinase
(MAPK)(Canton et al. 2006; Heusch et al. 2010; Finkel 20MDOreover, ROS
mediated oxidation is involved in a variety of different signalling pathways including
C&*/ calmodulindependent Kinase Il (CaMKII), PI3K/Akt, Protein Kinase C (PKC) and
NFS .(Schoonbroodt et al. 2000; Kim et al. 2008; Nitti et al. 2008; Santos, Raza, and

Shah 2016)

The normal physiological production of RONS can control a variety of cellular process
from proliferation, differentiation, and stress signallii@ies and Jones 2020)
However, if an imbalance in redox homeostasis occurs whereby RONS production
SEOSSRa G(KS OSttaqQ lFoAafAaGe G2 StAYAyYyLFGS
This excessive production of free radicals can lead to damage in the surrounding
tissue strictures including DNA, lipids, apdoteins(Pizzino et al. 2017yWhen DNA

is exposed to ROS all four bases (purrekenine, guanine; pyrimidinegytosine,

thymine) and the respective deoxynucleosides are highly susceptible to oxidative
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damage. However, guanine is the most readily oxidised base and can be modified to
8-oxoguanine following ROS exposure, which can then improperly pair with
adenosingShields, Traa, and Van Raamsdonk 20 DNA mutation can occur in
both nuclear and mtDNA, giving rise to double stranded DNA breaks and genomic
instability (Kregel and Zhang 2007) has been reported that mtDNA damage is 10

to 20 -fold higher and more persistent than nuclear DNA dam@dekes and Van
Houten 1997; Stowe and Camara 2Q0Bhe increased susceptibility of mtDNA to
oxidative stress is likely due to the lack of protective histones alongside the proximity

of mtDNA to the MRC machinef@antos et al. 2013; Kowald and Kirkwood 2018)

While ROS can target the redox sensitive cysteine and methionine residues, it also
capable of inducing damage by targeting other amino a@iRExquena et al. 2001,

Mgller, RogowskdVrzesinska, and Rao 2011pProtein carbonylation is an
irreversible protein oxidation reaction caused by ROS directly oxidising arginine,
lysine, threonine, proline, and other residues of protein side ch@Regjuena et al.

2001; Mgller, RogowsKé/rzesinska, and Rao 201This process yields a reactive
carbonyl moiety in a protein such as an aldehyde, ketone, or lactam under the
catalysis of the transitional metal ion system. Historically, the medgdlysed
oxidation (MCO) was first identified as a source of pret®muond carbonyls
(Stadtman and Oliver 1991¥1CO results from the Fenton reaction, where transition
metal ions are reduced in the presence oftplil 2 3ISYSNIF 4GS KAIKE @
(Stadtman and Berlett 1990) | hw Oly GKSY 2EARA&S | YAy?2
the protein backbone, leading to numerous protein modifications including reactive
carbonyls(Stadtman and Levine 2003)he direct oxidation of other amino acid

residues can also lead to the formation of protein bound carbonyls. The oxidation of
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tryptophan by ROS generates at least seven oxidation products including kynurenine
and Nformyl kynurenine, as well as their hydroxylated analog(Rexroth et al.
2012) These are all characterised by aldehyde or keto groups formed by oxidative
cleavage of the indole rin@ellmaine, Schnellbaecher, and Zimmer 2028&rbonyl
proteins cannot be repaired however, and therefore must under proteolysis in-a 20S
proteosomal dependent manne(Li et al. 2022) If these proteins cannot be
adequately eliminated, then it can lead to cell damage and ultimately apoptosis

(Yamaguchi, Taneike, and Otsu 2012; Griesser et al. 2017; Chen et al. 2018)

Lipid peroxidation is the process whereby oxidants attack the cadanbon double

bond(s), especially within polyunsaturated fatty acids (PUEBis)tti 1998; Yin, Xu,

and Porter 2011) However, glycolipids, phospholipids, and cholesterol are also
targets of lipid peroxidatiorfAyala, Mufioz, and Arguelles 2014he two ROS that

KFEgS GKS aANBFGSald AyTFfdzSyOoS 2y (MydlalJA Ra |
Mufioz, and Argiielles 201d#) | hw A& OKSYAOFLfte& 2yS 2F Gf
I OGAGlI GSR 2E@3Sy YR Oly AYRAAZONAYAYIl GS¢
systems is formed through redox cycling by the Fenton reaction (where frée Fe

reacts with HO;) or the HabeiWeiss reaction (production of Favhen Q®%eacts

with ferric iron Fé&") (Kehrer 2000; Thomas et al. 2009)jhe process of lipid
peroxidation consists of 3 stages: initiation, propagation, and termingtianner,

German, and Kinsella 1987; Girotti 1998; Yin, Xu, and Porter.Z2Ddding initiation,
LINE2EARFY(Ga &dzOK & | hw F6adN) QdentrédkS | f €
f A LJA R N@yRIA ®unbz, ahd Arglielles 201A)lylic hydrogen is the name of

a hydrogen atom connected to an allylic carbon (carbon next to a carhdion

double bond). The allylic-&@ bond is weaker than a typicatHCbond due to the
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carboncarbon double bond displacing the electron surrounding this ca@yala,

Mufioz, and Argiielles 201)) ¢ KS LINRB LI I A2y AaGSLI Ay@2f ¢

QG2 F2NY || fALAR LISNREe&f NI}IRAOIfT oO6[hhwi0X
fALIAMR Y2ftSOdZ S 3ISYSNIGAYy3a | ySg [w O0GKI

reaction) and lipid hydroperoxide (LOOAyala, Mufioz, and Arguelles 2017 he

reaction can be terminated by antioxidants such as vitamin E, which can donate a
KeERNRISY +G2Y G2 GKS [hhw &aLISOASE YR F2I
NEI OGa 6AGK | y23KSNI [ hh seeTiguiel.23y0alpid/ 2 Y NI R

peroxidation overview)(Yin, Xu, and Porter 2011)
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Figurel1.23. Lipid peroxidation pathwayl) The initiation step involves oxidants abstracting the allylic hydrogen
(hydrogen atom connected to an allylic carbéming a carbon centred unsaturated lipid radicBhe carbon
radical then tends to be stabilised via a molecular rearrangement to form a conjugated2ji&#hepropagation

steps involvaunsaturated lipid radicab [ m@ating with O, forming a lipid peroxyl radical3) Thelipid peroxyl

NJ RA Ol tan thdnlabsteact another hydrogen from an unsaturated lipid, forming aursaturated, @nd

lipid hydroperoxide4) Finally, the free radical cascade can be terminated through the actions of antioxidants
which donate a hydrogen atom to tje h hresulting in the formation of noradical productsimage created
using BioRender (BioRender, Canada).
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1.12.4. Antioxidants

The term antioxidant refers to any compound that can successfully delay or prevent
the oxidation of a substratéGodic et al. 2014)Antioxidants are therefore able to
attenuate RONS within a biological system and subsequently can reduce RONS
induced damage to DNA, proteins, and lip{@uzGregorio,ManzoMerino, and
Lizano 2018)Antioxidants can be subdivided into enzymatic antioxidants; SOD,
catalase and glutathione peroxidase (GPx), and -exmymatic; lipoic acid,
glutathione, karginine and Co{y(Irato and Santovito 20214l of these antioxidants

are endogenously produced, and exogenous antioxidants exist (e.g., polyphenols)
that are mainly introduced via diet or nutritional supplementati¢panova and
Tatikolov 2023) SODs are a group of metalloenzymes that serve as a-lfrent
defence against oxidative stress through the dismutation gfidto &; and BO,

(see figurel.24) (Maritim, Sanders, and Watkins 2003his reaction is accompanied

by the concurrent alternate oxidatiereduction of metal ions present in the active
site of SOD&VIcCord and Fridovich 1969; Tainer et al. 1988gre are 4 distinct SOD
groups which can be determined by the metal cofactors present at the active sites:
copperzincSOD (Cu, Z8OD), iron SOD {&OD), manganese SOD (8@D), and
nickel SOD (NsODJ)Youn et al. 1996; Younus 2018hese different SOD forms differ

in their concentrations and are located in different subcellular compartments

(Younus 2018)
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Figure 1.24. Superoxide dismutasélangane®-SOD NK1g-SOD) serves tbmit oxidative stress through the
dismutation of O2tThis involves the alternateduction and reoxidation of the catalytic metal (i.e., manganese,
copper)at the active site of the enzyme. SOD gains an electron fretoQaising it to @ The reduced SOD then
catalyses the reaction in which:®is formed from O2tand 2 Hbecoming reoxidised in the procesnage
created using BioRender (BioRender, Canada).

Catalase is an enzyme present within almost all aerobic organisms and uses the non
radical oxidant k>, as a substrate. Catalase breaks down.@:Hnolecules into2
molecules of KD andl molecule of @in a two-step reactionDeisseroth and Dounce

1970; von Ossowski, Hausner, and Loewen 199Bg first part of the reaction
involves the formation of spectroscopically distinct intermediate compound | (which

Aa | 0201 tSyli 2E@FSNNEf &achiSrdradBal) thoo@S L + h 8
the reduction of 1 KO, moleculesubsequently producingJ® (Ilvancich et al. 1997)

The second step of the reaction involves the reduction of compound | via a two
electron transfer from an electron donor (the second molecule g#Hto produce

the free enzyme, €) and HO (see figurel.25) (Deisseroth and Dounce 1970)
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Catalase
Catalase
: +H,0, —— ([porphyrin Fe(IlV)-0] )+ H,0
[porphyrin Fe(lll)] (Compound
2
Catalase Catalase
[porphyrin Fe(IV)-0] )+H,0, — [porphyrin Fe(lll)] + H,0
(Compound I) (free enzyme) +0,

Figure1.25. CatalaseCatalase serves to limit oxidative stress throtiyh breakdown of b0, into H,O and Q.

This occurs over 2 reactions, the first invothieormation of the distinct compounavhich is a covalent oxyferryl
species (FD) having a porphyrin-cation radical, through the reduction of one hydrogen peroxide molecule.
This first reaction produces one® The second reacti@ompound | is then reduced by a tetectron transfer
from HO,to produce a second,B and Q. Image created using BioRender (BioRender, Canada).

GPx are a family of enzymes homologous to the selenocysteine (Because it
binds 4 atoms of selenium) containing mammalian GPthat uses reduced
glutathione (GSH) as an obligatesubstrate in the reduction of #»to HO (Lubos,
Loscalzo, and Handy 201@Glutathione is a tripeptide which is composed of cysteine,
glutamic acid, and glycine. It also belongs to the group of low molecular weight thiols
GadzZ LIKdzNI Fy+Ff23dzSa 2F |t O02K2f GKSNBoe@
The enzymatic reactions @Px with HO; involves the formation of intermediate
compounds to the Sec active s(tedlohé et al. 1972; Flohe, Guinzler, and Schock 1973;
Kraus, Prohaska, and Ganther 1980; Ursini et al. 1995; Takebe et al. RIGRying

the reaction with HO;, a selenenic acid (88H) forms at the selenol ($8 active

site. One molecule of GSH reduces the selenenic acid, leading to the formation of a
glutathiolated selenol (S8G) intermediatéFlohe, Giinzler, and Schock 1973; Kraus,

Prohaska, and Ganther 1980; Martinez, Garcia, and Galarza A88&jditional GSH
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allows for the further reduction of the S8G bond resulting in the restoration of the
active site with the formation of oxigeéd glutathione (GSS@ee figurel.26). GSSG
can then be restored via the actions of the NABfendent glutathione reductase
(Lubos, Loscalzo, and Handy 20Terefore, recycling of NADRADPH links the
GSH pathway to glycolysis via glucégghosphate dehydrogenase (G6PD) and the

pentosephosphate shun{Lubos, Loscalzo, and Handy 2011)

Figure 1.26. Glutathione peroxidaseAnother mechanism by which,® is regulated is through glutathione
peroxidase (GPxXJhis is achieved through several stable modifications to the GPx active site seleno¢gstine
1) After reacting with peroxideshe seleno(SeH)f GPxSeHforms a selenenic acid (SeOY)One molecule of
reduced glutathione (GSH) reduces the seleramitgenerating glutathiolated seleno{SeSQ intermediate.3)
This S&G intermediate is reduced by a second GSH resulting in the formation sédxgiditathione (GSSG)
completing the reactionimage created using BioRender (BioRender, Canada).

1.12.5.Skeletal muscle and RONS

The discovery that contracting skeletal muscle produced free radicals was >40 years
ago (Davies, Packer, and Brooks 198Rjoreover, it was demonstrated that
exhaustive exercise resulted in both oxidative stress alongside mitochondrial

dysfunction within the muscle fibregDavies, Packer, and Brooks 1982)
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Paradoxically, chronic inactivity (i.e., limb immobilisation) also results in the
increased production of Rg&ondo, Miura, and Itokawa 1991I)his amplified ROS
production has been identified as a contributor to skeletal muscle atrophy that
comes as a consequence of prolonged digksndo, Miura, and Itokawa 1991) is

well established that mitochondrial derivecdb'@is a major contributor tcskeletal

muscle ROS production(Davies, Packer, and Brooks 1982; Koren et al. 1983)
Therefore, it was assumed that an increase in OXPHOS as a consequence of muscle
contraction would lead to a concomitant increase in mitochondrial derived ROS
production. However, skeletal muscle produces23times more ROS during state

4 respiration tlan in state 3(Kavazis et al. 2009; Powers et al. 2013jate 4
respiration can be defined roughly as a resting state as it is the respiratory state
obtained in isolated mitochondria after State 3, when added ADP is phosphorylated
maximally to ATP driven by electron transfer from defined respiratory substtate

Oz (Chance and Williams 1955tate 3 on the other hand is an exercising state as it

is the maximal OCR observed after the addition of saturating amounts of ADP in
presence of the substratg€hance and Williams 195%jurthermore, the electrical
stimulation of muscle fibres did not increase mitochondrial ROS production
altogether suggesting mitochondria are not a dominant source of ROS in contracting
musclegPowers and Jackson 2008; Sakellariou, Jackson, and Vasilaki 2014; Jackson,

Vasilaki, and McArdle 2016)

Given the reduced role of the mitochondria in contraction induced ROS production,
extracellular sources of ROS including NOX were suspected to play a key role in
muscle redox homeostas(Xia et al. 2003; Espinosa et al. 2006; Michaelson et al.

2010; Sakellariou et al. 2013; DNegas et al. 20155keletal muscle expresses 3
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isoforms of NOX including NOX1, 2 ar{@drreira and Laitano 2018Yloreover, the
NOX2 homologues DUOX1 and 2 are also expressed in C2C12 cells but their functional
role is not yet fully understoo@Sandiford et al. 2014)0f these NOX isoforms, it is
suggested that NOX2 is a major source of ROS production in contracting skeletal
muscle(Ferreira and Laitano 2016)n skeletal muscle, NOX2 and P22are present

in membraneenriched protein fractions and docalize with membrane proteins but

IS not present within the sarcoplasmic reticulfdaveshghani et al. 2002; Sakellariou

et al. 2013) The localisation of NOX2 suggests that it produc&sotside the cell
which undergo dismutation by SOD te(4 (Okutsu et al. 2014)he stability of kD,

means that it can freely diffuse across membranes using aquaporins and can exert its
effects in the intracellular spad@ienert and Chaumont 2014)nterestingly, while

NOX preferentially utilises NADPH in monscle cells, NADH seems to elicit-8-3

fold higher NOX activity than NADPH in adult skeletal muscle suggesting NADH is the
primary substratgJaveshghani et al. 2002; Bedard and Krause 20Q@@)estingly,

the source of skeletal muscle ROS production seems to differ during periods of
chronic inactivity(Powers et al. 2011 Mitochondrial derived ROS production has
shown tobe the greatest contributor to overall ROS production in both irbitieed

hind limb muscles anéh diaphragm muscle fibres during prolonged mechanical
ventilation (Falk et al. 2006; McClung et al. 2009; Falk et al. 2011; Min et al. 2011;
Powers et al. 2011; Talbert et al. 2018jhile both NOX and XO contribute to the
cellular ROS production during prolonged periods of inactitiitgse likely play a
smaller role in the total ROS producti@McClung et al. 2009; Whidden et al. 2009;
Powers et al. 2011)This seemingly paradoxical relationship between difeerent

sources of ROS productialuring both contraction and chronic inactivity can likely
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be explainedy the temporal pattern of ROS production during these conditidhs.
contraction induced increase in skeletal muscle ROS production is a transient, rapid
increase in ROS followed byapid return to baseline once contractions are ceased
(Reid et al. 1992; Michaelson et al. 201@ontrastingly, chronic inactivity is
associated withan imbalance in mitochondrial dynamics (i.e., fission and fusion),
reduced efficiency andmpairments in mitophagyKavazis et al. 2009; Min et al.
2011; Talbert et al. 2013Jherefore, the distinction must be made between what is

a normal physiological response to stress (i.e., contraction mediated NOX2 ROS
production) and a pathophysiological response to chronic inactivity (i.e.,

mitochondrial dysfunction causing increasedSR@oduction).

ROS productioms a key stimulus fothe exercisenduced adaptationsn skeletal
muscle(Davies, Packer, and Brooks 198/)ere is abundant evidence to suggest
that skeletal muscle contains red@ensitivegenesand that the expression of these
genes can be increas@uvitrofollowingthe exposure of myotubes to oxidants (e.g.,
H.O.) (Franco, Odom, and Rando 1998)oreover, these genes nainly include
antioxidant enzymegCuzZnSOD Mn-SOD,GPx and catalajebut also PG@w h
(Franco, Odom, and Rando 1999; McArdle et al. 2004, Irrcher, Ljubicic, and Hood
2009; McClung et al. 2009 oreover, theacute contractioninduced increase in
PGCIh YR !/ to gadbsentiOtherprdbeSag Ghitiéxidants in primary
rat skeletal muscle cel(Silveira et al. 2006 hisdiminishedresponseo contraction

also resulted in an ablation in the chronic increasd®®CL" observed following
multiple contractiongSilveira et al. 2006 hese findings were also found following
in vivo whereby antioxidant supplementation suppressed the exercise induced

increase irmeat shock protein 72 (HSP72) in rodent skeletal mystdenilton et al.
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2003) These findings extended to human exercise trials whegh dosages of

vitamin E (400 IU/day) and vitamin C (1 g/day) blunted the endurance exercise
induced increases in both antioxidant enzymes and mitochondrial biogenesis
(GomezCabrera et al. 2008; Ristow et al. 2009; Paulsen et al. 2014; Morrison et al.
2015) The diminished expression oPGGlh | yR 02y aSljdsSyate Y
biogenesis following antioxidant intake is likely due@ductions in AMPK and p38

MAPK whichsit upstream oPGE1" (Akimoto et al. 2005; Wu et al. 2006; Mason et

al. 2020) These kinaseare both redox sensitivegherefore thedampening of the

ROS response txercisas likely causing a reduction in the activity of $eenzymes

and subsequently reducing the downstream activatiofPGfclh @&

1.13. Exercise

1.13.1.Endurance exercise

Endurance exercise is typically defined as any prolonged stdatly exercise

performed for durations between four minutes and four ho(vghyte 2006) While

this modality of exercise encompasses a wide range of distances and events,

dzf GA Yl (St @sterdystdt®@ RES YER WKS ISYSNIf LINA Y C
highest power output for as long as possible. The major molecular adaptation that

occurs following endurance training is an increase in aerobic capacity. Early work by
Holloszy (1967Yound that the increase in muscle oxidative capacity following
endurance training was likely to be a result of an increase in mitochondrial size or
number (mitochondrial biogenesis) and/or a change in mitochondrial compaosition

(see figure1.27 for schematic overview of mechanisms surroundirgxercise

induced mitochondrial biogenesis) Mitochondrial biogenesis involves an
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orchestrated expression of the mitochondrial and nuclear genes that together
encode mitochondrial proteins. P@Ch A& O2yYaAARSNBR G(GKS Yl
mitochondrial biogenesi@-ernandeaMarcos and Auwerx 2011bfollowing a bout

of endurance exercise, P@&» o0AyRa (2 |IyR 02 OGAQI GSa
factors, includingNRA and2, myocyte enhancer factor 2 (MEF2), avektrogen

related receptor, coordinating a transcriptional response which promotes an
increase in mitochondrial conterLin, Handschin, and Spiegelman 200%j)e result

of these repeated, transient increasesinPGC | YR G KS &dzoaSljdzSy i
modifications are increases in mitochondrial capacity, which facilitate the aerobic

adaptations toendurance training.
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Endurance exercise
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Figurel.27. Simplistic schematic describing molecular pathways that underpin adaptations to endurance exercise.
Endurance exercise results in increases itf tease which activates CamKIl and calcineurin. Additionally,
endurance exercise also results in an increase AMP:ATP ratio as a result of an increased energy expenditure which
leads to an activation in the energy sensor AMIRK sirtuins Finally, increases in ROS as a result of energetic
stress leads to the activation sfre§s proteins such @88 MAPKJNK and ERK 1/Phese signalling pathways
converge tancrease PGA&h SELINBAAA2Y I ¢ KokrOfigenexzidhbed datfattyiadidi oxitatioy, dzY
electron transportchain activity, and the mitochondrial transcription factdfFAM.TFAM activation leads to a
subsequent increase mtDNAtranscription and replication which results in increased mitochondrial biogenesis.
Image created using BioRender (BioRender, Canada)

During muscular contraction, there is a release of intracellular calcium, which binds
to troponin C and subsequently removes tropomyosin from the actin filament to
allow for myosin bindindWakabayashi 2015While the majority of intracellular
calcium is used to initiate contraction, there is also a calcium leak into the myofibrillar
space where calcium binding proteins are loca{€@juka et al. 2003)CaMKIl is a
calcium binding protein and activator of P@®® ® C 2 f M2l ackiwatien, thdre

is a downstream activation of MEF2 through a detachment of their inhibitors; the

class Il HDAC proteiri§icKinsey, Zhang, and Olson 2000MKII phosphorylates
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the class Il HDAC and creates a binding site for th&-34chaperones, which
subsequently traffic the class 11 HDAC out of the nucleus for degradation in the
proteasome(McKinsey et al. 20007 he cessation of class Il HDAC inhibition on MEF2
allows it to bind to the MEF2 elements in the RGC LINRPY2G2NJ I YR |
transcription. CMKIl, CMKIV and calcineurin A can also increase -RGC
transcription by regulating cAMP response element CREB phosphorylation
(FernandeaVarcos and Auwerx 2011b; Baar 201@hce phosphorylated, CREB can

bind to CREBegulated transcription coactivator 2 and increase AGC (1 NJ y & O N& LJi
through the CRE si{@erdeaux and Stewart 2012s contraction duration increases,

the amount of calcium required for contraction decreases leading to an increase in
intracellular calcium storegBalnave and Allen 1995)This exercisenediated

increase in intracellular calcium stores quickly returns to basal levels upon
completion of exercis€Balnave and Allen 1995Therefore, the maintenance of
intracellular calcium stores, through increased exercise contraction duration,
provides a molecular rationale by which we increase mitochondrial biogenesis

following endurance training.

While intracellular elevation oE&*causesncreasedmitochondrial gene activation,

it does not explain allbf the exerciserelated changes in mitochondrial gene
expression and likely forms part of a more complex signalling patffrayssenet et

al. 2004% -AMRactivated protein kinase (AMPK) is often regarded as a cellular
energy sensor and its cascade is affected by cellular stresses that reduce the ATP/ADP
ratio and elevate AMHBue toincreasasin adenylate kinasactivity (Hardie, Ross, and
Hawley 2012)When inactive, AMPK binds to ATP and is quickly dephosphorylated

(Sanders et al. 2007However, during periods of leenergy availability (such as
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endurance or high intensity exercise when ATP turnover is high) ADP and AMP bind

to AMPK, acting as allosteric activators and preventing dephosphory{@iskhill et

al. 2011) AMPK is thereby capable of interacting wRG@uh |y R | f § SNRAY
phosphorylation state alongside its transcription via the regulation of MEELSee

2007) AMPK is capable of interacting with MEF2 in a similar fashiorM&Czausing

an inhibition in class Il HDAC activity and facilitating their nuclear removal and

degradation(McGee et al. 2008)

Mammalian p38mitogen-activatedprotein kinases (MAPKS) are proteins which are

highly responsive to cellular stressors such as cytokines, UV irradiation, heat/osmotic
shock and are involved in mitochondrial biogeng€§isienda and Rousseau 2007,

Zhang et al. 2017)Exercise is capable of augmenting p38 MAPK concentrations
allowing it to interact with its downstream target P@&C(Combes et al. 201538

MAPK can phosphorylate P& i GKNBS aA0Sad 6¢KNHcoX
response to cytokine stimulation in cel(lBan et al. 2004)This then leads to two

major responses; anincrease inRPGEC a0l 0Af AGe GKAOK AAPSYy .
life (2 or 3 hr) constitutes an important mechanism of enhanced actigityngside

the repression of pl60 myb binding protein (p160MBP) enhancitige
transactivation capacityf PGEL" which results in an increase in mitochondrial
biogenesis(Knutti, Kressler, and Kralli 2001; Fan et al. 2004; Sano et al..2007)
Moreover, an inhibition of p38 MAPK, eliminates an exerms@ced increase in

PGavh YR YAG2O0K2yRNARLIFE 3ISyYyS | OQGAQlIGAR2Y S
adaptive aerobic responggkeda et al. 2008)n thisway, PG@h A & OF LI 6t S 2

up-regulated following highntensity exercise through the p38 MARKd AMPK

cascades and endurance exercise via the p38 MAPK, AMPKZ4@bKa¥ cascades
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in a similar fashion, leading to comparable increases in mitochondrial biogenesis

between the two training modalitie@Gibala et al. 2006; Burgomaster et al. 2008)

1.13.2.Resistance exercise

Resistance training can be loosely defined as exercise that is performed against a
external resistancgHughes, Ellefsen, and Baar 2Q01B) contrast to endurance
exercise, the main adaptations following resistance training are increases in muscle
size(crosssectional area [CSApeural adaptations, and increased force production
(Narici et al. 1989; Staron et al. 1991; Pyka et al. 1994; Hakkinen et al. \\NI9k)
changes in skeletal muscle CSA can occur following prolonged, habitual resistance
training, changes in muscle force production can occur much eglieritani and
deVries 1979)Early work byDavies et al. (1988)emonstrated that 6 weeks of
isometric strength training in the elbow flexor muscles was enough to increase
isometric force by 15% but only increased muscle I§8#%. Similarlynale subjects

who undertook 60 days of strength trainin§ §ets of 10 maximal isokinetic knee
extensions performed 4 times per week) increased theirscle CSA by 9% but
demonstrated much larger increasig maximum voluntary contractio®1%(Narici

et al. 1989) This shorterm increase in muscle force production {42weeks
following the onset of regular resistance training) are thought to primarily due to
neuronal changes rather than modifications in muscle morphol@dgritani and
deVries 1979) The existence of neural adaptations is purported due to several
behavioural observations including tasgecificity of strength in the absence of
significant morphological adaptation@nsdell et al. 2020Q)the disproportionate

increase in muscle force relative to muscle $Meritani and deVries 1979; Hakkinen

128



et al. 1998)and the increase in voluntary activation in the initial weeks of training

(Lee, Gandevia, and Carroll 2009)

It is well known that even a single bout of resistance exercise is sufficient to increase
rate of muscle protein synthesis in humafumar et al. 2009)he rate of protein
synthesis within skeletal muscle is dictated the coordinated activation of a
multitude of different protein kinases including PI3K, AKT and finally mTOR
(Schiaffino and Mammucari 201(9eesection 1.6.1 and 1.6)2 The idea that this
pathway was instrumental in governing rates of muscle hypertropagsmggested
following findings thatlectrically induced resistance training in raif (sets of 100

Hz in 3s pulses with a 18 rest period between repetitions) resulted in a 14%
increase irextensor digitorum longus (EDL) and tibialis anterior (TA) muadiah

was associatedan increasein the protein expression ofhe mitogenactivated
Ser/Thrribosomal protein S6 kinase belgp70S6Kdownstream of mMTORBaar and
Esser 1999Additionally,the transfection of adult mouse muscle with a RAS mutant
selectively activating Akesults insignificant hypertrophy ofhe transfectedfibres
(Murgia et al. 2000)Theactivation of this pathway is endpoint inhibited following
treatment with rapamycin, a potent selective inhibitor of mT.Gfghlighting the
importance of mMTOR in governing the responsiveness to resistance exgodme,

Stitt, et al. 2001; Pallafacchina et al. 2002)

The Raptor binding MTORC1 stimulates protein syntigsphosphorylating 4BPs
and S6K1hereby facilitating protein translatiofLiu and Sabatini 2020nTOR can
be activated via mechanical signals that are transmitted during muscle contraction

or passive stretcliSchiaffino et al. 2021)rhese mechanical signals are transferred

129



through two multiprotein complexes spanning the plasma membrane and
connecting extracellular matrix (ECM) with intracellular cytoskeleton: the dystrophin
glycoprotein complex (DGC) and the integrin adhesion confpbgxdos, Kakkar, and
McNally 2004; Schiaffino et al. 202These proteins serve to act as shock absorbers
stabilising the sarcolemma during contraction/stretch. Consequently, these proteins
are especially abundant at sites of high longitudinal and lateral force transmission
such as the myotendinous junction omostameres (Samitt and Bonilla 1990;
Pasternak, Wong, and Elson 199B)e mdx mouse modefor Duchenne muscular
dystrophy (DMD) carries a naturally occurring point mutation in the dystrophin gene
that results in a premature stop coddicinski et al. 1989Within themdx model
there is a complete loss of dystrophin protein expression with the exception of rare
revertant fibres that arise from exon skipping to restore dystrophin and DGC protein
expression(Pigozzo et al. 2013Muscle hypertrophy induced by functional overload

is inhibited within these mice, highlighting the importance of the dystrophin
glycoprotein complex to growth promoting signalling pathw@j@anne et al. 2012)
Syntrophin isa 58KDa protein which iable to interact directly witithe carboxy
terminus of both fullength and truncated forms of dystrophin and mediates its
binding with neuronal nitric oxide synthase (nN@&jamarcy et al. 1994; Peters et
al. 1994; Adams et al. 2018NOS activation is rapidly increased following synergistic
ablation and overload hypertrophy is impaired following nNOS knockout in (hace

et al. 2013) nNOS is purported to regulate load induced hypertrophy via the
formation of peroxynitrite as a product of nitric oxide (NO) an@X4 derived O2

(Ito et al. 2013) NO and O2 then activate transient receptor potential cation

channel, subfamily V, member 1 (TRPV1) which results in an increase in intracellular
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C&* that is capable of increasing mTOR activatftin et al. 2013) Additionally,

MTOR can also be regulated by phosphatidic acid which is synthesised following the
phosphorylation of diacylglycerol e enzymediacylglycerol kinase S 65DYVY 0
(Abramovici et al. 20080 ¢ KS 2 JSNBELINBaaAiAzy 2F 5DYY &
sufficient to induce muscle fibre hypertrophy, and that this occurs through an mTOR
dependent mechanisr(see figurel.28 for mechanical stretch/load induced mTOR

pathway) (You et al. 2014)

\ Y i

@, " 2
Resistance exercise

DGKZ

Figure 1.28. Mechanical stretch/load inducechTORCIpathway. Mechanical signals generated by muscle

contraction or passive stretch activate dystrophin glycoprotein complex (DGC) and f diacylglyceretdtaase

05DYY 0 SKAOK LIK2ALK2NEBflGSa RAFOe&t It @8OSNRE tiva®iond A St R LK
of mMTOR signalling and the subsequent activation of downst@da®RC1argets including activating p70S6K

(and subsequently S6K) alongside inhibitindB®® which is an inhibitor of elF4E resulting in protein translation.

Image created using BioReler (BioRender, Canada).

Muscle growth is accompanied by and dependant on ribosomal bioge(\#sis,

Alimov, and McCarthy 2016Jhe rRNA pool, which accounts for more than 80% of
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total RNA, increases during muscle hypertrophy in response to the activity of
different regulatory factors, includinthe ubiquitoustranscription factor MYC and
upstream binding factor (UBF), whose levels and activities are increased during
resistance exercis@g-igueiredo and McCarthy 2019he biogenesis and translation

of ribosomes is controlled by MYC activity by a variety of mechanishaling the
transcriptional control of RNA and protein components of ribosomes, and of gene
products required for the processing of ribosomal RNA, alongside the nuclear export
of ribosomal subunits and the initiation of MRNA translati@an Riggelen, Yetil, and
Felsher 2010)WhilemRNA derived from protein coding including those coding for
NAoz2az2YFf LINRPGSAyas |NBE 3ISySNIGSR o0& th
requires POL [, producing the 47 S ribosomal RNA (rRNA). This rRNA is subsequently
processed to mature 5.8 S, 18 S &&JS ribosomal components, an@BlII, which
synthesizes 5 S rRNA and the transfer R{8&hiaffino et al. 2021 Moreover,
MTORCL1 is also able to stimulate ribosomal biogenesis and translation through
phosphorylating MAF1 (a key repressor QL) and transcription initiation factor

1A (TIHA), which regulates POL | transcriptiMayer et al. 2004; Michels et al.
2010; Shor et al. 2010P0L 1| is also regulated by S6K1 (downstream of mTOR)
through phosphorylation of UBfHannan et al. 2003)Given that rRNA synthesis
requires a continuous supply of nucleotides, S6K1 is able to promote nucleotide
biosynthesis through the phosphorylation of carbamplibsphate synthetase 2,
aspartate transcarbamoylase, dihydroorota$@AD) the enzyme thatatalyseghe

first three steps of de novo pyrimidine biosynthesis and thereby increasing the
available pool of nucleotides required for RNA synthéBenSahra et al. 2013;

Robitaille et al. 2013Finally, mMTORC1 can also inhibirélated protein 1 (LARP1),
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which is a key repressor of terminal oligopyrimidine (TOP) mRNA translations which
code for ribosomal proteins and several initiation and elongation factors resulting in
an increase in ribosomal proteirisee figurel.29 for nMTORC1 mediatedbosomal

biogenesis pathwayjFonseca et al. 2015)

- —i(  MAF1 —i( POLII )—/>( {RNA

TIF-IA ~a
SGK1 —(__POLI rENA
LARP1 \ /
J- Synthesis
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Figure1.29. mTORC1 mediated ribosomal biogenesis pathwdyORC1 stimulating POL | mediated synthesis of
ribosomal RNA (rRNA) via transcription initiation factor LAIA)Nand POL dthediated synthesis of transfer RNA
(tRNA) via MAF1. S6K1 also activates POL 1 through the actiggsdreim binding factoldBF which stimulates

the pyrimidine biosynthesis required for rRNA synth&fscarbamoyiphosphate synthetase 2, aspartate
transcarbamoylase, dihydroorotaseCAD phosphorylation. The translational activation aferminal
oligopyrimidine TOR mRNAs, contiled by mTORC1 viarelated protein 1 I(ARP), leads to thesynthesiof
ribosomal proteinslmage created using BioRender (BioRender, Canada).

1.13.3.Electrical pulse stimulation (EPS)

Electrical pulse stimulation (EPS) refers todeé&very of an electrical currenthich

is applied via electrodesith the aim to induce muscular contractiomhis process
can be undertakenn vivousing surface electrodgsositioned on the skin in close
proximity to the targeted muscler via surgical implantation @& pulse generator to

the desired muscl€Dirks et al. 2015; Viggars et al. 2028preover, thein vitro
application of EPS typically involves either the addition of electrodes within the

culture media for the stimulation of 2D monolayers or the addition of electrodes to
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a 3D muscle tissue constry&urch et al. 2010; Khodabukus et al. 20T delivery

of electrical impulsesfrom the central nervous systento skeletal muscle is
paramount for muscular developmennaturation, and movementeminal work by
Salmons and Sréter (197@@monstrated that type | and Il fibres upon being cut and
cross aromased displayed the contractile characteristics of the nerve supplier
indicating the importance of electrical innervation in governing muscle phenotype.
The application ofwice dailyEPSor 7 + 1 dayto the quadriceps 06 fully sedated
patients(prolonged bed restyonsisting of phases: warmup p YAy S p |1 X
stimulation periodd on YAY X wmnn 11X nan >4 p & 2y
sfallland 10 s off), andacdel2 6y 0O p Y A Y Fesufied in th&ablatipniof > & 0
the disuse muscle atrophy observed in the msimulated leg(Dirks et al. 2015)
Moreover,this preservation of skeletal muscle mass was associated with increase in
MTOR phosphorylation and a decrease HOXO1 gene expression, suggesting
contraction is the most important stimulates to maintain skeletal muscle r(iisks

et al. 2015)

Thefirst reported use of EPi& vitro was utilised on primary cells isolated from the
breast of 1213-day old chick embryd®revet et al. 1976)These cells were cultured

for 4-5 daygensuring myotube formation) and thestimulated for 34hrs 0.6 s train

of 10-to 20-ms biphasic pulses, every 4 s making the stimulation approximately 7 hrs
in total with the remaining time as rest) which resulted in an almost 40% increase in
total myosin accumulation alongside a 21% increase in contractile preygithesis
(Brevet et al. 1976Moreover, EPS was also shown to influence the phenotype of
the myotubes isolated from newborn rat hindlimbs (mixed fibre type), as shorter EPS

pulse durations (250 ms burst, 15, 40 or 100 Hz repeated every 1 or 4 s) enhanced
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the abundance of slowlyHCwhile longer pulse durations (250 ms burst, 15, 40 or
100 Hz repeated every 100 s) enhanced abundance of fastetC(Naumann and
Pette 1994)Thelen, Simonides, and van Hardeveld (198tethe first to utilise EPS

in the mouse C2C12 cell limdhereby cells were stimulate@ Hz, 3 V/crf) 6 ms) for

48 hrs.They demonstrated that this EPS protocol was sufficienaltolish T3
dependentSERCAL expressifrhelen, Simonides, and van Hardeveld 19&%iyen

that the proportion of fast twitchfibres is determined by the balance between the
stimulating effect of 3and the inhibiting effect of slowype contractile activity, they
deduced that lower EPS frequencies were capable of producing an endtlieace
adaptiveresponse(Nwoye and Goldspink 1982; Leberer et al. 1989; Kirschbaum et
al. 1990; Briggs et al. 1992; Caiozzo, Herrick, and Baldwin 1992; Thomas and

Ranatunga 1993)

There has been an increase in the applicationnofitro EPSwithin recent years
primarily due to itsassumediomimetic effects in inducing exercidike adaptations.

EPS has been shown previously to efigitilaracute and chronic adaptations that

are often observedfollowing endurance exercise vivo (Matthews et al. 2009;
Menzies et al. 2013; Brown et al. 2015; Christensen et al. 2015-#eGogh et al.
2015; Gong et al. 2016; Getooue et al. 2016; Beiter et al. 2018; Erlich et al. 2018;
Al-Bayati, Brown, and Walker 2019; Chang and Kong 2020uréa Kouzaki, et al.
2020) PGEL" has been shown to be EPS responsivéoth C2C12 and primary
human muscle cedl(Burch et al. 2010; Jornayvaz and Shulman 2010; Fernandez
Marcos and Auwerx 2011b; Philp et al. 2011; Uguccioni and Hood 2011; Carter and
Hood 2012; Lambernd et al. 2012; Menzies et al. 2013; Scheler et al. 2013;

Khodabukus et al. 2015; Mesbah Moosavi &lwad 2017; Erlich et al. 2018; Parousis
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et al. 2018; Lee et al. 2018; Guigni et al. 2019; Melouane et al. 2019; Son et al. 2019;
Gao et al. 2020; Tamura, Kouzaki, et al. 20@@stream of PGT" is the energy
sensor AMPK, which has bespeatedly shown talsobe responsive to EPS at a
variety of stimulation durations in both C2C12 and human pringsigtthews et al.

2009; Uguccioni and Hood 2011; Lambernd et al. 2012; Manabe et al. 2012; Menzies
et al. 2013; Brown et al. 2015; Christensen et al. 2015; Baarssogh et al. 2015;

Gong et al. 2016; Gotlmoue et al. 2016; Miyatake et al. 2016; Beiteragt 2018;

Erlich et al. 2018; Hu et al. 2018; Li et al. 2018a&ati, Brown, and Walker 2019;

Park et al. 2019; Son et al. 2019; Chang and Kong 2020; Gao et al. 2020; Hoshino et
al. 2020; Tamura, Gotimoue, et al. 2020; Tamura, Kouzaki, et al. 202@ &t al.

2020; Yue et al. 2021)hese changes in AMPK are perhaps unsurprising given that
both ATP and glycogen concentrations have been shown to change following the
onset of EPS, indicatiram EPS mediated increase in energy expendifitarotta,

Bragds, and Gomezoix 2004; Nedachi, Fujita, and Kanzaki 2008; Lambernd et al.
HAMHT alyloS SG Ffd wanmuHT bAl2ftA06. SO I f
Altogether these suggest that EPS is capable of increasing cellular energy expenditure

which leads to an activation of AMPK and its downstream targets includingd'P@C

The role of EPS in replicatinggistance like adaptations within skeletal muscle cells
in vitro has also been documente(Manabe et al. 2012; Miyatake et al. 2016;
Nieuwoudt et al. 2017; Beiter et al. 2018; Hu et al. 2018; Sidorenko et al. 2018;
Khodabukus et al. 2019; Hoshino et al. 2020; VaBreion et al. 2020)EPS is
capable of inducing morphological changes to skeletal musal#growith increases
myotube length, width, diameter, and cresectional observed post stimulation

(Ahadian et al. 2012; Ledpalas et al. 2013; Ikeda et al. 2016; Martin et al. 2017,
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Banan Sadeghian, Ebrahimi, and Salehi 200t&) serine/threonine kinase mTOR is

a master regulator of anabolic signalling and is shown to mediate the hypertrophic
responses to exercisa viva The is some evidence to suggest that EPS can modulate
MTOR activity, which would be indicative of an EPS induced hypertrophic response
(Carter and Hood 2012; Christensen et al. 2015; Tarum et al. 2017; Beiter et al. 2018;
Khodabukus et al. 2019; Patel et al. 2019; Hoshino et al. 2020; \Bdetaon et al.
2020) Improvements irthe development of biologically relevant threkmensional
models of skeletal muscle derived from tissue biopsies or cell lines has led to more
utilisation of these models within exercise physiology resegrswell et al. 2002;
Martin et al. 2013) A major benefit of these constructs is that they allow the user to
measure aspects of skeletal muscle contractile function in a more biologically
relevant model(Powell et al. 2002; Martin et al. 201FPS habeenshown to be
effective in mediated changes in muscle contractive actifiiartin et al. 2017;
Khodabukus et al. 2019)verall, the utility of EPS in producing both endurance and
resistancelike adaptations has led to its increasing utilisation within the field of
exercise physiology. Moreovegiven the fact it seems to produce divergent
molecular responses (i.e., both enduradide and resistancéike adaptations
simultaneously, questions remain regarding its utility in interrogating specific

exerciselike adaptations compared tm vivohuman and animal work.

1.14. Metabolomics

A metabolite isa small moleculgwith a molecular mass <1,500 Da) that can be
detected anywhere within an organisfwishart et al. 2007)These endogenous
compounds include lipids, amino acids, short peptides, nucleic acids, sugars, alcohols,
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or organic acids that are routinely produced during catabolism or anab@ié&shart

et al. 2007) The metabolomecan be defined as the complete collection of
metabolites, or small molecule compounds withim @ganism,organ,biofluid, cell

or organelle(Wishart et al. 2007)Primary metabolites refer to any metabolite that

is endogenously produceass the synthesis of these metabolites is encoded by the
hosts genome and they are essential for growth and sur¢iamain 198Q)Some
exogenous metabolites including the essential amino ggidsylalanine, histidine,
isoleucine, lysine, leucine, methionine, threonine, valine, and tryptophan) and the
vitamins (vitamin A, 8 different B vitamins, as well as vitamins C, D, E, and K) are also
classed as essential given their fundamental role isigar(Wishart 2019) The
classification of a metabolite is not simply restricted to those necessary for growth
and survivalMetabolites can also include more xenobiotic compounds which come
from the diet or environment such as plant/food phytochemicals (polyphenols,
phytoestrogens, alkaloids), food additives, over the counter or prescription drugs,
microbial byproducts, cosmetic chemicals, chemical contaminants, pollutants,
herbicides, and pesticidgsVishart et al. 2007; Wishart 2019hese compounds are
not essential (and can be detrimental) for growth and development and are
therefore often referred to asexogenoussecondary metabolites (Gertsch 2016;

Wishart 2019)

The human metabolomes far larger than both the human genome (~20,300 genes)
and the human proteome (>620,000 proteinPertea and Salzberg 2010;
Ponomarenko et al. 2016; Uppal et al. 2016; Salzberg 201i8)believed that the
human metabolome magontain more than a million endogenous and exogenous

metabolites, however currently only 114,000 chemicals have been discovered
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(Wishart et al. 2018)Interestingly, despite the vast number of known metabolites
the endogenous metabolome, as measured over the entire organism and across
species, is highly conservéBeregrirAlvarez, Sanford, and Parkinson 200Bhe
variability in endogenous metabolites between vertebrate species is very low, with
the only difference being the concentration of metabolites within differeetls,
tissues or biofluidgPeregrirAlvarez, Sanford, and Parkinson 2009hsurprisingly,
however the exogenousetabolome (or exposome) is highly variable and can vastly
change depending on a variety of lifestyle factors includihetary patterns,
environmental exposures, and even the gut microflora of the orgariRappaport

et al. 2014) Given the size and complexity of the metabolonts,detection and
analysisrequire a far wider range of instrumental equipment than required for the
analysis of the genome or proteom¢Dunn, Bailey, and Johnson 2005)
Metabolomics involves the use ddnalytical tools such as nuclear magnetic
resonance (NMR) spectrometers, mass spectrometers (MS), gas chromatography
(GC), liquid chromatography (LC) systems, ion mobility systems (IMS), capillary
electrophoresis (CE) systems, integrated liquid chromafigranass spectrometry
(LCMS), integrated capillary electrophoresigass spectrometry (GHES), integrated

ion mobility spectrometry mass spectrometry (INES), gas chromatographmass
spectrometry (G@1S), or LAS/NMR sgtems in order tcseparateand detectthe

many distinct classes of metabolites found within the metabol¢Benn, Bailey, and
Johnson 2005)MS instruments(including LeMS, GeMS, CEMS, and IM$/S)
detect metabolites through the ionisation of target moleculgsves neutral
molecules either a positive or a negative charge (depending on the character of the

molecule). Themassto-charge (m/z) ratio of the ionised molecules can tHsn
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measured andcompared toa referential MS spectrum of known compountts

determine the metabolite of interestA limitation of this technique is that the

ionisation process destroys the samgpWishart 2019)b aw g KA OK A ay Qi RS
can also be used to quantify the metabolo(wishart 2019)NMR involves detecting
characteristic radio frequency absorption bands (or resonances) that occur as a result

of placing the molecules in very strong magnetic fieldse nuclear spins in each

atom in the molecule (especially the hydrogen atoms)ratgientedby the magnetic

field whichmakes them susceptible to radio frequency excitation/absorption at very
specific frequencies or chemical shifts. The distinct arrangememydriogen atoms

around a moleculereates a unique pattern of NMR chemical shiftsckgenerates

I WKE@RNRISY OKSYAOItT aKAFTGO FAYISNLINAYGIQX

compoundgWishart 2019)

Exercise results in substantial increases cellular energetic demands and
subsequently there are robust changes in the cellular metaboloRFalowing
prolonged intense exercise diirations>2 hrs there is typically an increase D200

300 identified metabolites, of which >100 typically increase twofold or greater
(Nieman et al. 2013; Nieman et al. 2014; Nieman et al. 2015; Howe et al.. 2018)
Nieman, Sha, and Pappan (201@)nd that when 24 male runners undertook a
treadmill run to exhaustion, there waschange irtirculatingconcentrations of 209
metabolites primarily involved in lipid metabolismohg and mediumchain fatty
acids, fatty acid oxidation produc{slicarboxylate and monohydroxy fatty acids,
acylcarnitines], and ketonbodies).Similarly, untargetednetabolomics approach
applying liquid chromatographgTOFMS determined that pronounced, transient

increase in octanoyt (C8:0) decanow (C10:0) and dodecanoyl(C12:0)carnitine
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speciesvere the most discriminating exerciselated metabolitedollowing both 60

and 120 mins runninf.ehmann et al. 2010nterestingly, metabolomic profiling has
also been utilised to elucidate the role$ various nutritional interventions have in
regulating the metabolome duringnd postexercisg(Knab et al. 2013; Nieman et al.
2013; Nieman et al. 2014; Nieman et al. 20M\&@tabolomic nvestigations into the
influence of bananas and pears 85 km cyclingxercise performance and recovery
demonstratedincluded fructose and fruit constituents, and sulfated phenolics that
were related to elevatederric reducing ability of plasmgdHRAP (a measure of
antioxidant power) when compared to watéNieman et al. 2015)More recently,

this method has been extended to determine the role of external environmental
stressors orthe serum metabolome followingH-NMR metabolomicsluring a 30

min exercise tes{Bennett et al. 2023)Bennett et al. (2023found that serum
concentrations ofhydroxyvaleric acid, acetate, alanine, glucarate, glucose, lactate
decreasedmore in hot conditiong35°C) than in temperate (21°C), with creatinine
concentrationsonly decreasing in hot conditionsTherefore, given the robust
changes in the cellular metabolome that occur across a wide range of exercise
interventions, the analysis ofindividual metabolites willresult in a substantial
number ofaltered metabolites remaininginidentified which will fail to accurately

represent the broad changes that occuiléaving exercise

1.15. Thesis Aims and Objectives

Given that regular exercise can lead to substantial increases in mitochondrial
enrichment and activity, the prescription of programmed exercise interventions to

sedentary individuals therefore presents a method to improve metaludialth.
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Emerging evidence suggests that vitamin D may also augment mitochondrial
bioenergetics in response to exercié&hang and Cao 202Zyonsequentlyknock
down of the VDR has been shownctmusechanges in mitochondrial gene expression
and OXPHOS whicimay then lead to perturbations in posexercise signalling
responsegesultingdiminished adaptations following exercise traini(igshcroft et

al. 2020; Bass et al. 202Moreover, VDR expressionas been shown to decrease
with ageand may contribute to diminished adaptations following exerciselderly
populations(BischoffFerrari, Borchers, et al. 2004jowever, the effectiveness of
optimising vitamin D status to improveealth outcomeswill depend on improving

our understanding of the molecular mechanisms by whiad VDRinteracts with

skeletal muscle during chronic exercise.

To that end, the overakim of this thesis ido investigate the role of the VDR in
regulatingthe postexercise responses &imulated exercisé vitro. To realise this

aim, the following objectives will be addressed:

1. ldentify suitable EPS parameters in C2C12 myotubes to induceepestise
changes in mitochondrial features (gene expression) and activity (complex
I OGABAGE YR paYO®

2. Determine whether stable knoettown of the VDR in C2C12 myotubes influences
cell viability, mitochondriaimass,and activity complexactivity andn A Y, and
whether it augments EPS mediates changes in mitochondrial function including
ROS production and lipid peroxidation.

3. Investigate how knocklown of the VDR influences the cellular metabolome in

C2C12 myotubes.
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The following hypotheses were tested.

1. Charge balancing the EPS protocol will result in singbeerciselike
adaptationsregardless of whether the protocol is twitch or tetanic.

2. Knockdown of the VDR within C2C12 myotubes will result in a reduction in
mitochondrialenzyme activity angg A Y AYRSLISYRSYy (G 2F OKIl Yy
Consequently, this will lead to increases in ROS production following EPS.

3. Knockdown of the VDR within C2C12 myotubes will Isadstantial changes
in the cellular metabolomeesulting in changes in metabolites associated

with mitochondrialenergy production.
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Chapter 2:Materials and
Methods

144



2.1. Cellculture

2.1.1.Cell culture reagents

DMEM with added 4Glutamine (2.5 mM) and high glucose (4,500 rig.was
purchased from SigmaAldrich (SigmaAldrich Company Ltd. Dorset, UK). Sera (HS,
heat inactivated FBS were purchased from Gibco (Life Technologies. California, USA).
PS was purchased from Gibco. PBS for cell monolayer washes was purchased in tablet
form from SigmaAldrich and reconstituted to give a working concentration of 0.01

M phosphate buffer, 0.0027 M KCI, and 0.137 M NaCl, pH 7.4®. dH

2.1.2. Cellculture methods

All cell culture experiments were conducted under a Kojair Biowizard Silverline class
Il hood (Kojair. Vippula, Finland). Cell incubation was performed in a HERAcell 150i
CQ Incubator (Thermo Scientific Inc. Massachusetts, USA). Cell populations were
cultured on T75 cA(Nunc. Roskilde, Denmark) culture flasks and experiments were
performed on cell monolayers seeded on sterile six well plates (Nunc. Roskilde,
Denmark). Culture flasks and six well plates were coated with a 2'mpgrtine

gelatin solution(~93110 g bloom; SigmAldrich Company Ltd. Dorset, UK) to allow

for cell adhesion via integrin binding. All liquids, waste media and supernatant were
discarded via an extraction pump (Charles Austen Pumps Ltd. Surrey, UK). Solutions
were prepared using lbO from a MilliQ water purification system (Merck KGaA.

Darmstadt, Germany)
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2.1.3.Cell culture medium

Myoblast cell proliferation/growth media (GM) for murine C2C#Rs consisted of

Td: 5dzx 0S002Qa Y2RATASR S| -Blutd@ne (ZSMM)dzY 6 5 ¢
and high glucose (4,500 mg)L. 20% fetal bovine serum (FBS) and 1% penigillin
streptomycin soluton 8 opn dzyAda LISYAOAtEtAYK pn >
differentiation medium contained 97% DMEM, 2% Horse Serum (HS) arfelS1%

solution. The high percentage of FBS within GM allows for greater nutrient delivery

to cells promoting cellular proéfation, whereas the low nutrient content and high

insulin concentrations of thélSwithin the DM promotes commitment to terminal

cellular differentiation.

2.1.4.Cell population expansion

C2C12 myoblasts were cultured in GM for approximately 3 days, during which T75
cn? culture flasks reached ~80% confluency. Gelatin was used as an extracellular
matrix protein allowing cells to bind to the plate. Cells were then trypsinised with
trypsin EDTA for 5 minutes at 37°C, following which the trypsin enzyme was inhibited
via the aldition of a media containing serum. Cells were then counted via Trypan
blue exclusion and frozen in GM with 10% dimethyl sulfoxide (DMSO) as a
cryopreservant or related n GM to extend the population. For experimental
conditions, cells were grown in GM to ~80% confluency before being switched to DM,
which is changed every 48 hours following two washes with PBS until cells are fully

differentiated (810 days).
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2.1.5.VDR shRNMterference

VDR knock down cells and scramble controls were a kind gift from Prof. Phil Atherton,
University of Nottingham. The lentiviral plasmid used (based on pLKO.1) was based

on (Clone ID:RMM398inmMTpTOoTpL YR (GFNHSGSR -0KS 60
TTA AAT GI ATT GAT CTC AGG 2 F (G KS Y2dza Stargethgy ISy S
scrambled shRNA sequence was used as a negative control, with a hairpin sequence:
CCT AAG GTT AAG TCG CCC TCG CTC TAG CGA GGG CGA CTT AAC CTT AGG (Addc
Cambridge, MA, USA). Oligonucleotidege@rated DNA Technologies, USA) were
suspended, annealed, and cloned into the pLKO.1 at the EcoRlI, Agel sites as per the

L] Yhdm LINRG202tft FNRY ! RRAISYSd wSadzZ G yi
for amplification and isolated. HEK293FT cells (logén, Carlsbad, CA, USA) were

grown in DMEM; 8685% confluent plates were rinsed once with GWEM

(Invitrogen, Carlsbad, CA, USA) and then incubated withNIEpil for 4 h before
transfections. psPAX2 and pMD2.G along with either scramble or pLKO.1 clones
targeting mouse VDR (three clones) were added after mixing with Lipofectamine
Hannn & LISNI YFydzZFlF OGdzNBNRA AyadNMEMIAZY A
was changed after overnight incubation with DMEM containing 10% FBS without
antibiotics to allov cells to take up the plasmids and recover. Culture media was
collected at 36 and 72 h pe#tansfection for viral particles. Viral particles present in

the supernatant were harvested after a-b&in centrifugation at 1,500 rcf to remove

cellular debris. file supernatant was further filtered using a 0-45Y a4 & NA Yy 3IS FA
SupernatantO2 Y G F AYAY 3 GANHzA 61 & Sekmistodgdloraatl 2 NS R

4°C for immediate use. C2C12 cells at 60% confluence were infected twice overnight
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GAGK o Yf 2F OANI f & dzLJBoNdfenel In yserunir€e2 y G I A y A
antibiotic-free DMEM. Fresh DMEM media containing 10% FBS, antibiotics and 2

> 3 ®dlYpuromycin (Sigma, St. Louis, MO, USA) were added the next day. Cells that
survived under puromgin selection were either harvested (as stable cells) and stored

or used as myotubes following differentiation.

2.1.6.Cell monolayer electrical pulse stimulation

Cell monolayeEPS was performed using arhinuse purposébuilt stimulator which
was designed to produce biphasic pulses (an initial positive cathodal activation pulse
followed by a brief interval and then a second, negative anodal pulse) which deliver
a balanced chargato the cell medium resulting in myotube contractigeeHgure

2.1for the custom stimulator used in this thesjs

/IA Recording
Ref.
|
Active
Stimulation
Return
—— —— ——

Figure 2.1. Schematicof in-house purposéuilt electrical pulse stimulator usetthroughout this thesisAn
electrical current was delivereda copper wires to stainless steel electrodes which were inserted into the cell
medium. The current was then observed througloscilloscope to monitor electrical activity.

Biphasic balanced pulses prevent a net charge injection into stimulated tissue and/or

equipment. Charge balancing is a necessary requirement to avoid tissue damage
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alongside reducing damage incurred to the electrical equipment delivering the
electrical current (Harnack, Winter et al. 2004). The two electrical protocols used
were:

Twitch protocol (10 Hz, 10 V, 1 ms pulse trgg@eFgure 2.2).
Tetanic protocol@6Hz [5 s ON,&s OFF], 10 V, 1 ms pulse traggeFgure 2.3).

The EPS protocols were matched for overall electrical charge ensuring equal delivery

of total electrical current throughout each experimental period.
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Figure2.2. EPS protocol used in the twitch stimulation of cell monolay@kl0 Hz pulse frequency delivered to
cells over a 10 second tingeurse.(B) Biphasic 10 V, 1 ms pulses delivered to the tissue with a 1 ms rest b
each pulse.
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Figure2.3. EPS protocol used in the tetanic stimulation of cell monolagf&yRepresentative image highlighting
the66Hz, 5 s ON and8% OFF protocol over a 30 sec time co(icgevisual clarity the image is displaying 10 Hz
instead of66 Hz).(B)Biphasic 10 V, 1 ms pulses delivered to the tissue with a 1 ms rest between each pulse

2.2. How cytometry principle

Flow cytometry is a higthroughput technique used to measure and evaluate
different biological materials including whole cell populations or even subcellular
components such as organelles (Radcliff and Jaroszeski 1998). When a liquid sample

is drawn throgh the flow cytometer, it passes a through a known beam of light
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whereby it creates light scatter which is measured through an array of fluorescent
detectors (see Figure2.4) (Adan, Alizada et al. 2017). In order to accurately
determine the properties of the cell, the cell suspension is drawn through a stream

of fluid (sheath fluid), which hydrodynamically focusses the cells into single file as
they pass through the laser. Aket cells interrupt the laser, the flow cytometer
detects two dynamics of light, forward scatter (FSC) and side scatter (SSC). The FSC

detector sits opposite the beam of light generated from the laser, so as to detect the

Qx
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(stained cells in /—\ [\ Sheath fluid
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Q
K @

) GO

] Hydrodynamic focussing cells
pass through in ‘single file'
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Cglls are focused /\ Flourescence emitted
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Laser light source

®0 0

Figure2.4. Simple diagram of a traditional flow cytometer demonstrating the flow of cells leading to
generation of forwardFSCand side scatte(SSCand ultimately fluorescence detectiotmage created
using BioRender (BioRender, Canada).

% % v

¢tKAad RSUSOG2NI A& dzaSR G2 ljdzrydiATFTe OStt a
cell. However, the SCC detector sits perpendicular to the laser beam, as when light

hits the cell it is scattered by its internal cellular components. The larger thth8SC
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more granulated (complex) the cell. The two components of light are then compiled
into a dot plot, whereby similarly sized populations are grouped together, alongside
populations of similar cell granulatiqsee Figure2.5). This dotplot can be used to
determine the nature of the cell population as healthy cells will group together in
one region of the graph whereas cells undergoing apoptosis tend to begin to shrink
reducing their size and increasing their granulation allowing for tesy

identification of different cell populations.

Side scatter (SSC) detecter

_ \ Forward scatter
Light source (FSC) detector

Side scatter (SSC) detecter

Figure 2.5. Flow cytometry light scatterA detector opposite the light source detects cellular size

detectors perpendicular to the light source quantify cellular granulation (compldxitgyje created using

BioRender (BioRender, Canada)
In addition to FFC and SSC, the flow cytometer also measures cellular fluorescence.
The ability for the flow cytometer to measure small changes in cellular fluorescence
allows it to be effectively utilised in quantifying the emission from fluorescently

labelled probes which can be added to the cells. Ultimately, this allows for the

analysis of a plethora of specific aspects relating to cellular homeostasis. In order to
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appropriately characterise changes in cellular fluorescence, the flow cytometer is
equipped with an array of different channels (which can vary in number depending
on the specific model used). However, in this thesis the BD Accuri C6 was utilised (BD,
NewJersey, USA) which has four channels for measuring fluorescent intensity (FL

FL-2, FE3, and Fi4).

2.2.1.Flow cytometry gating

To appropriately measure changes in the fluorescence of the C2C12 cells, a control
cell group were used to create a background profile for the cells, whereby the FSC
and SSC were gated, and the background fluorescence measured. One ml of cellular
suspensia (1& cellml) was introduced into the flow cytometer and gated based on
their previously described properties (FFC and SSC). The C2C12 myoblast population

was initial characterised as shown(kigure2.6).
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o
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Figure2.6. Gating strategy of C2C12 myoblasts on the BD Accuri C6 flow cyto@elterwere gated around tc
include all events on the scatterplot. Debris located in the bottom left of the scatterplot was excluded. A .
gate was included to better visualise myoblast population.
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Due to their large size however, myotubes are challenging to run through the flow
cytometer. Therefore, when myotubes were run through the flow cytometer it

created 2 distinct cell populations within the FFC/SSC as s€Eigure2.7).

@ AD1 Myotube @ ADT Myotube @ AD1 Myotube @ A Myotube
E’ Gate: [No Gating] :,:' Gate: [No Gating] E Gate: [No Gating] E Gate: [No Gating]
£4 &4 ‘ﬁ_————\ £4 ‘h_)——\ &4 ‘ﬁ_————\
g g| | | g| | | g| |/ |
2 2 JALL 2 JALL 2 fALL
Eh g1 /181% | 87 /1% | g1 /iy |
<® |/ <% | |/
il a8/ . Hl
1l 1l 9% : g
) a Sl ) L‘ = )

T T T T T T T T T T T T
0 4,000,000 10,000,000 16,777,215 0 5,000,000 10,000,000 16,777,215 0 4,000,000 10,000,000 16,777,215 0 5,000,000 10,000,000 16777215
FSC-A FSC-A FSC-A FSC-A

Figure2.7. Gating strategy of C2C12 myotubes on the BD Accuri C6 flow cytoBaterg strategy was similar

to myoblast with two separate gates used to visualise the myotube populations.
These 2 distinct cell populations are likely due to either 1) cellular orientation
changes as they pass through the laser, 2) a combination of myoblasts and myotubes
within the cell mixture or 3) a combination of both. Following the establishment of
these experimental parameters, it was possible to standardise each experiment
through controlling for the number of events per experiment. Finally, the background
fluorescence of the C2C12 cell line was documented in each fluorescent channel
which allows for theassessment of the uptake of the probes used within this thesis

(Figure2.8).
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Figure2.8. Normal background fluorescence of C2C12 myotubes as visualised onlthEL2| FE3, and Fi4
channels.

In order to confirm whether the events displayed on the FFC/SSC were in fact the
myotube population, the cell solution was spiked with 50% v/v DMSO. A change in
the FFS/SCC alongside decreases in background fluorescence would be indicative of
changes in déviability. Therefore, the analysis of C2C12 myotubes could be utilised
on the flow cytometry software through the observed changes in the FFC/SSC and FL

channelgFigure2.9).
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Figure2.9. FSC/SSC and-¢hannel background fluorescence in C2C12 myotubes at baseline and followin
treatment. A) Normal FFC/SCC anddFiannel background fluorescence in C2C12 myoti)ésd=C/SSC and-
channel background fluorescence of cells spiked with DMSO. FFC/SSC decreased following additio
indicating a reductionn cell granulation likely due to cell membrane rupture leading to a reduction in ob
cellular background fluorescence.

2.3. RNA Isolation

Single step liquid phase separation with guanidinium thiocyapanolchloroform

was implemented for the isolation of RNA from cell lysates. Guanidinium thiocyanate
(TRI reagent) is a chaotropic agent which denatures proteihgiting the actions

of DNAse and RNAse enzymes thereby maintaining RNA integrity in addition to its
lysing capability. One ml of TRI reagent is ample to isolate RNA fi@¥fcBlls or 10

cn? of a cell culture dish of cells grown in monolayer. In the presence of chloroform
and following centrifugation of the lysates results in 3 distinct phases: aqueous phase
containing RNA, interphase containing DNA and a lower red/pink organic phase
containng proteins. The RNA is recovered from the aqueous phasedojppation

with isopropanol. The RNA is then washed with ethanol to remove residual impurities
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and then resuspended in RNA storage solution for downstream application of RT

gPCRsee Figure.10).

X\\ \\? AN

Trizol Aqueus phase (RNA) RNA Pellet Dissolved RNA

Interphase (DNA)
Organic phase (Protein)

Figure2.10. RNA phase separation protoc(l) Cell solution following the addition of Trizol. (2) Phase separation
following centrifugation whereby 3 distinct phases are visible: Upper aqueous phase (containing rna), middle
interphase (containing DNA) and lower organic phase (containing proBimNA pellet visible following the
removal and subsequent further centrifugation of the aqueous phase. (4) RNA pellet dissolved ihmdig20.
created using BioRender (BioRender, Canada).

To isolate RNA, the cell monolayers were first washed twice with PBS to remove any
residual media. Two hundred pul of TRI reagent was then added to each well of a 6
well plate to lyse the monolayers and isolate total RNA. The TRI reagent was left to
lyse the monolayers for 5 minutes and then lysates were collected via scraping into

RNA free microfuge tubes, briefly vortexed and stored8@PC until required for

analysis.

When lysates were ready for analysis, 200 ul of chloroform per ml of TRI reagent was
added to the sample. The mixture was then thoroughly vortex mixed for 15 seconds
before being left to stand at room temperature until phase separation
(approximately 10 nmutes). Samples were then centrifuged at 12,000 RCF for 15

mins at 2C before removal of the RNA containing aqueous phase to a new RNA free
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microfuge tube. RNA was then precipitated in 500 pl of ice cold 100% isopropanol
per ml of TRI reagent. The samples were mixed by inversibd @mes before
incubation at RT for 10 minutes followed by centrifugation at 12,000 RCF for 15 mins

at 2-8°C.

Following centrifugation, the supernatant was discarded, and the remaining RNA
pellet was washed with 1 ml 75% ethanol per 1 ml TRI reagent used. The sample was
briefly vortexed before centrifugation at 7,500 RCF for 5 minutes8C2 The wash

was discarded, and the wash processes repeated. Following the second
centrifugation step, the ethanol wash was discarded, and the sample was left to air
dry for 1520 mins. The pellet was then-seispended in 20 pul DEPGCHbefore
quickly mixing the solution with bench top centrifuge and incubation at &®°C

until the pellet was completely rdissolved (approximately-50 minutes).

2.3.1.Method for assessment of RNA quality

RNA purity and concentration were assessed by UV spectroscopy, using a Nanodrop
2000 UWis spectrophotometer (Thermo Fisher Scientific. Waltham, MA. USA). The
absorbance of the diluted RNA sample was measured at 260/280 nm and 260/230

nm, known as RNA pity ratios(see Figure2.11).

- A 260/280 ratio of ~2.0 is generally accepted pure for RNA.
- The 260/230 ratio for pure nucleic acid is typically higher than that of 260/280

with common values in the range of 128.

An initial cleaning of both measurement surfaces with RNAse free DEP @Wa$

performed. The machine was blanked by applying 1 pl DERL adto the
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spectrophotometer for analysis. One pl of diluted sample was then pipetted directly
onto the measurement pedestal to allow good liquid column formation and accurate

RNA assessment.
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Figure2.11. Example nucleic acid sample spectrum image used to assess RNA sample quality.

2.3.2.Method of RNA guantification

Absorbance at 260 nm was usedtte determine the RNA concentration, as it is
known that a 260 reading of 1.0 is equivalent of 40 pg.ofl RNA. For the
quantification of nucleic acids, a modified version of the Besnbert equation was

used by the Nanodrop softwalseeEjuation 2.1).
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Where:

Cha GKS ydzOt SAO I'AR 02y OSy NI

Ais the absorbance in AU.

114

0 - s is the wavelengtidependent extinction coefficient (RQ Y d)>For
- d rna thewavelengthdependent extinction constant is 40 4@ Y @.> f

lis the path length in cm.

Equation2.1. The modified Bedtambert equation used in the current work to determine RNA concentration via
spectrophotometric analysis.

2.4. SDSPAGE and immunoblotting

2.4.1. DSPAGE and immunoblottinghethod

Cells were lysed and scraped in-4celd 1x radioimmunoprecipitation assay (RIPA)
buffer containing: 25 mM TrHBICI pH 7.6, 150 mM NaCl, 1%-4R 1% sodium
deoxycholate and 0.1% SDS, supplemented with 1x Protease Inhibitor Cocktail Set V
(Merck Life Sciem; UK). Cell lysates were centrifuged at 18,000 rcf for 15 minutes
(4°C) and the supernatant was stored-80°C before analysis for total protejsee
section 24.2). Samples were then resuspended in 4x Laemmli buffer-RBab
laboratories, Hertfordshire, UK) containing a reducing agent (1x working
concentration: 31.5 mM TrBICI [pH 6.8], 10% glycerol, 1% SDS, 0.005%
Bromophenol Blue and 355 mMrercaptoethanol). Saples were then boiled for

5 minutes at 95°C, 226p >3 &l YLIX S 0SF2NB o6SAy3a 2R
10% MIinPROTEAN® TGX Staeet Precast Gels (Bigad laboratories,

Hertfordshire, UK). Samples were then separated in Trisglycine running dufiér (
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10X Running buffer, Scientific Laboratory Supplies, Nottingham, UK) usingradBio
Mini-PROTEAN® Tetra vertical electrophoresis cell -R&ib laboratories,
Hertfordshire, UK). The voltage was set at 100 V for the electrophoresis. After protein
separation,stainfree gels were activated by UV light for 5 minutes and subject to

transfer.

The TransBBlot® Turbm Transfer System was used to seiny transfer the proteins

to a 0.2 uM nitrocellulose membrane (BRad laboratories, Hertfordshire, UK). Next,
the polyacrylamide staifree gel was stacked on a nitrocellulose membrane and
filter paper was used to sandwitche membrane and gel together. The nitrocellulose
membrane and filter paper were prgoaked in transfer buffer (600 ml H20, 200 ml
ethanol and 200 ml 5x transfer buffer (BioRad laboratories, Hertfordshire, UK). The
transfer sandwictwas placed into a transfer cassette and pressed evenly with the
cassette lid. Proteins were transferred onto the nitrocellulose membrane at 25 V for
7 mins. To verify the transfer of proteins, fluorescent stage imaging of the
membrane was performeddhemiDoz MP imaging system, BiRad Laboratories,

Inc. CA, USA). Following the protein transfer, membranes were then blocked for 1
hour in 5% norfat dried milk (NFDM) or 5% BSA at room temperature. Overnight
incubation of the membranes at 4°C with primpantibodies was then undertaken.
After overnight incubation, membranes were washed 3 times inlduftered saline
(TBSvith Tween 20 (TBST) (20 mM Tris [pH 7.5], 150 mM NaCl and 0.1% Tween 20)
for 5 min and subsequently incubated for 1 hour in aatbit IgG HRPlinked
secondary antibody (Cell Signaling Technology Europe, B.V.) at a dilution of-1:2000
1:10,000 in 5% NFD#®bntaining TBST. Following secondary antibody incubation,

membranes were again washed 3 times for 5 minutes in TBST. Proteins were
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visualised by enhanced chemiluminescence (ECL) (Riewestern blotting
substrate, Thermo Fisher Scientific inc, Waltham, USA) by incubating membranes in
reagents at a 1:1 dilution for ~3 minutes. The membrane was then imaged by the
ChemiDom MP imaging system (BiRRad Laboratories, Inc. CA, USA). Band densities
were analysed using Image Lab software (BioRad Laboratories, Inc. CA, USA). Stain
free image bands were measured for total lane protein levels. Bands of targeted

proteins were measurednd normaligd to total protein in the relevant lane

2.4.2.Total protein analysis

The assessmerdf protein concentrationsvas determined using the Biead DE

protein assay (BiRad Laboratories Ltd, Hemel Hempstead, UK), adapted from the
original method by (Lowry, Rosebrough et al. 1951). In order to calculate protein
concentrations a standard curve was created using a B&#&iprstandard in dkD

6n G2 m Y3IkYEOoOd ¢gSyite YAONREfAGNBA 2F OS
dtth YR YAESR Ay |y 9LIISYR2NF G(GdooSod hyOS
I RRSR (2 advafresh EpperiidorfRube and vortex mixed. One hundred
YAONREAGNBa 2F NBF3ISYydG ' 6Ff1FfAyS O2 LIS
Ciocalteau phenol) was then added to all Eppendorf tubes (including standards).
Samples were then left in the dark for 3finutes at room temperature before
measurement of sample absorbance at 750 nm using a spectrophotometer. The total
protein concentration was then calculated from the linear regression of sample

absorbance plotted against the BSA standard concentrations.
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2.5. Antibodies

A list of antibodies used within this thesis are displajgse Table.1).

Table2.1. General antibody information for the antibodies used throughout this th€kis antibody target,
type, hosts species and clone information are included. Additionally, the antibody dilutions for western blotting
and immunocytochemistry used within this thesis is also included.

Western
. . Host ICC .
Protein Antibody type species Clone blot dilution Supplier
P dilution code
Myosin Primﬁry:,?$:]i-Myos':i_r1 Ir:ea;vy
chain (ThermoFisher
hia\_/y Mouse  Monoclonal 1:500 1:500 AB_21477
chain = secondaryAntibody: Alexa 81
(MF20)  Fioyr 388 (ThermoFisher)
Primary:Anti-VDR (Santa
VDR Cruz Biotech Inc)
D6 Mouse  Monoclonal 1:500 1:500 s¢13133
(D6) SecondaryAlexa Flour 388
(ThermoFisher)
DAPI N/A N/A Conjugate N/A 1:100 D1306

2.6. Gene expression analysis

For the analysis of gene expression, revdraascriptase quantitative polymerase

chain reaction (R§PCR) was employed.
2.6.1.Polymerase chain reaction (PCR) principle

PCR is a technique used for amplifying mRNA to quantify the rate in which its
increased (folechange). Isolated mMRNA is first synthesised into cDNA by reverse

OGN YAONRLIIAZ2Y dzaAy3d NBOSNES GNI yaAONR LI 3
Complimentary DN is then heated to denature into two single stranded DNA

molecules (ssDNA). The temperature is then lowered to an optimal temperature
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required for the annealing of sequence specific primers (SSPs) and the transcription
of the target by RNA polymerase is then achieved. The detection of the amplified
product is performed via labelled the cDNA with fluorescent molecules, which are
proportionately increase following the amplification of the cDNA molecules with
each cycle of the reaction. The cycling of this process in a PCR run allows for the

amplification and detection of cDNA molecules in real time.

2.6.2.Polymerase Chain Reaction (PCR) method

t dzZNAFASR whb! 4 aliliRRNagHERNGSR free 20 (Sigmedldritcyl 3 & > f
Company Ltd. Dorset, UK) and amplified with specific primer sequences in a rotor
gene Q (Qiagen) PCR machine using a QuantiNovatepeRTqPCR kit (Qiagen).
Briefly, double stranded cDNA was first synthesised via an initial first h6@@ for

10 minutes and then a secondary hold a®@Sor 5 minutes with the use of dTP
oligonucleotides and reverse transcriptase. The Quantinova DNA Polymerase is kept
inactive at low tempeatures through its antibodynediated hotstart mechanism

which prevents the formation and extension of nepecific PCR products and
primer-dimers during the reaction set up. The complimentary DNA is then denatured

to ssDNA at 9%C for 10 seconds and combined primer annealing, and extension was
initiated at 60°C for 30 seconds. The cycle of denaturation and annealing/extension
was repeated for 40 cycles. SYBR Green mix contains a green, fluorescent dye (SYBR
Green) that binds all double stranded DNA moolles, emitting fluorescence on
binding. The excitation and emission maxima for SYBR Green are 494 and 521 nm
respectively. Rotor gene Q software allows for the detection of the fluorescent

amplificatian curves in real time throughout the PCR f1igee Figure.12).
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Figure2.12. Outline of PCR reaction step&) i) Complimentary DNA is heated to 95 oC where it is deni
forming two opposing ssDNA molecules, ii) SSDNA is cooled to 60 oC where primer annealing can oc
temperature is then increased to 72 oC to allow for primer extension formingDi&. B) Primers specific to
4S81jdzSy 0S8 2F AyiSNBaid yySrt +id GKS o0Q SyR 27F ¢
the gene of interest. C) PCR cycling results in e&l@@&old amplification of RNA allowing for quantificatioi
rna within a samplelmage created using BioRender (BioRender, Canada).

2.6.3. Quantification method

Relative quantification determines the changes in steady state mRNA levels of a
target gene across multiple samples and expresses it relative to the levels of a
NEFSNBYOS 3ISySod ¢2 RSGSN¥YAYS GKS fS@St 2
the thresholdO& Of S 6/ G0 | NB YSI adzZNBR® ¢KA& YSUK
(Livak and Schmittgen 2001). An additional step whereby a second relative
parameter termed a calibrator sample is added e.g. (an untreated control or a zero

hour time point). This more complerlative quantification method is summarised

A 7 z A

a4 G0KS npnp/ G YSGUK2R O6[AQGF]1 FYR {OKYAGGISY
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C2NJ 0KS npnp/ G OFftOQdzA FGA2y G2 0SS @I fARZ
the endogenous reference must be approximately equal. Therefore, in the
investigations within this thesis, samples were excluded from analysis if PCR
efficiency betweenarget and reference gene was not comparable within a CV of

10%.

2.6.4.Method for assessment of PCR products

Specificity of each PCR was first assessed by melt curve analysis. As described earlier,
the RTgPCR protocol was designed to include a melting profile once all amplification
cycles were completeDuring the melt cycle, PCR products are reheated atGa 1
every 5 minutes from 3 to 99C to produce a melt profile that determines whether

a specific product was amplified and whether any nonspecific RNA has been
amplified or if there had been formation of primer dimers. A single sharp peak within
the melt curve indicates specificity of thgrimers and a lack of nespecific
amplification and/or primer dimer formatio(see Figure.13). For a complete list of

primers used in this thes{see Table.2).

166

i K



85 k1] 95 100

55 80 85 70 7S 80
Figure2.13. Example melt curve of a primer (TBP) used within this thesis.
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Table2.2. Gene primer sequences for Mus musculus for genes of interest usedRCRTthroughout this thesis.
The gene of interest is displayed alongside the gene ID, forward and reverse primer sequences and amplicon
lengths.

_ Amplicon
Gene Gene ID Primer Sequence Length (bp)
F- GGTCAGAAGGGAACTTGTG 197
POL2B NM_153798.2
R- GCATCATTAAATGGAGTAG
F- GGCCTCTCAGAAGCATCACTA 168
TBP XM_027401195.2
R- GCCAAGCCCTGAGCATAA
F-AGTCCCTGCCCTTTGTACACA 75
18SrRNA  NR_003278.3
R- CGATCCGAGGGCCTCACTA
F- ACAATTCCTCCACCTGAG 124
SIRT1 NM_001159589.2
R-GTAACTTCACAGCATCTTC
F-CGCCGTGTGATTTACGTTGG 217
PGQ@u h NM_008904.3
R-GCTCGAAGTCAGTTTCATTCG
F-TCTCACCCTCCAAACCCAAC 255
NRF1  NM_001410232.1
R-CCCGACCTGTGGAATACTTG
NRE2 F- CCGGGGAACAGAACAGGAAA 162
NM_001416812.1
(GABPA) R-ACGTTGTCCCCATTTTTGCG
F-CCCCTCGTCTATCAGTCTTGT 194
TFAM NM_009360.4
R-CTGCTTCTGGTAGCTCCCTC
F- GAGCACATGGGAGTGTTGTG 243
COX4 NM_009941.3
R-CTGTCTTCCATTCATTGGTGC
F-GGTCATCCTTTGTTGGTGC 217
ATP5 XM_031366096.1
R- GAGAATTCCACCATCCCTTC
F- CATCCCCTTCCTGCGAAGTT 142
PTGS2 NM_011198.5
R¢ GGCCCTGGTGTAGTAGGAGA
F- GTGCCCAGTGAATGCAACTC 94
MYOG NM_031189.2
R- CGAGCAAATGATCTCCTGGGT
F¢ CATTCCAACCCACAGAAC 125
MYOD NM_010866.2
R- GGCGATAGAAGCTCCAA
F¢ CACCACAAGACCTACGACCC 169

VDR NM_009504.4
R-CCGGTTCCATCATGTCCAGT
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2.7. Characterisation of C2C12 murine cells

2.7.1.3ecimen Fixation

For the fixation of celinonolayers, the precipitant Methanol was used in a graded
fashion i.e., 25%, 50%, 100% (v/v) in 1x TBS, to reduce the morphological distortion
of nuclear detail and cytoplasm shrinkage that occurs with using absolute alcohol in
the initial fixative solutio. DM was aspirated from the cell monolayers and the cells
were washed twice with TBS following which 500 ul of 25% methanol solution was
added to each well of a six well plate for 5 minutes at room temperature. Following
the initial incubation, methanoldution was removed, and the process repeated for
the 50 and 100% solutions. After the final incubation in 100% methanol, 2ml of 1x
TBS solution was added to each well until immunocytochemical staining was

performed.

2.7.2.Immunocytochemistry (ICC) principle

ICC is technique used for the visualisation of a specific antegggn DR which is

present within most tissue) via the use of an antibody. An antibody also known as an
immunoglobulin, is a protein complex secreted by B cells of the adaptive immune
a2aidSYy FyR O2yaAraita 2F (g2 TFdzy OdHeZapl f R2)
OFNF AYSYld KI@AYy3 GKS yGA3ISy o0AYRAYy3I ari:
at the end of each arm is a variable region responsible for antigen binding, called the
antigen binding site. The ability for an antibody to communicate with other
antibodies is mediated through the Fc (fragment that crystallises) domain, which

O2YLINRA &Sa (GKS dFAft 2F GKS W, Qb ¢KAa aiNYzC
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a single fluorophordabelled antibody or indirect detection through the binding of a

fluorophorelabelled secondary antibody raised against the Fc domain of an
unlabelled primary antibody. Due to the conservation of the Fc domain within a
species, the lablled secondary antibody can be used to detect any primary antibody
raised from a single specig®dell and Cook 2013). This process differs from
immunohistochemistry (IHC) in that most, if not all, of the extracellular matrix and

other stromal componentare removed leaving only whole cells.

Upon exposure to specific light wavelengths, the secondary antibody containing a
fluorochrome will emit florescence. Florescenisea process in which susceptible
molecules emit light upon the creation of an excited electronic singlet state, which is
caused by the absorption of light and other electromagnetic radiation. In
fluorescence microscopy, a short wavelength of light isgedwn the fluorochrome
molecules, which creates a state of excitation. This excited state exists for a finite
period (typically 110 nanoseconds), during which the fluorochrome undergoes a
conformational change in which some of the external energy fromititial light
source is dissipated. To return to its ground state, the fluorochrome releases the
energy back, but due to the energy dissipation during the exestatk lifetime, the
wavelength is longer and is of the visHiilght region, this process known as Stokes
shift. The fluorescence light is then filtered through a dichroic mirror and visualised

through a microscopéseeFgure 2.14).

2.7.3.1CC protocol

Following fixation of cell monolayers, 500 ul of blocking/permesgtibn buffer

(0.1% Triton X.00, 0.1% in PBS) was added to the monolayers bé&fotdbation for
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15 minutes at room temperature. The permeadation buffer was removed and cells

were then washed X3 in PBS. Following washing, a blocking buffer was then added
(10% goat serum in PBS) and was incubated for 30 minutes at room temperature.
Cells were then washed further with PBS before the additich@primary antibody
(MyHC[MF-20]; 1:300, 1% bovine serum albumin [BSA]) for an overnight incubation

at 5 °C. Following overnight refrigeration, the primary antibody was removed and the
cells were washed X 3 in PBS. The secondary antibody (Alexa Flour 388; 1:500) was
applied andncubated at room temperature for 60 minutes. The antibody was then
NEY2@BSRE YR Fty FTRRAGAZ2YLIE t.{ o6lakK gl
diamidino2-phenylindole (DAPI; 1:100, dBl). DAPI was then subsequently

removed, and the cells were stored iB® at 5 °C until microscopy.

Secondary antibody —

Primary antibody \
Antigen N Cell layer

—

—

Figure 2.14. Schematic representation of ICC principlehese are the basic components required
immunolabelling and include the primary antibody (1°) which is an immunoglobulin specific to a unique
(Ag) and a secondary antibody (2°), which is raised against the Fc region of the primary antibqaimaty
antibody binds to the specific antigen, at which point the secondary antibody binds the Fc region of the
antibody. The fluorochrome molecule bound to the secondary antibody will be excited by specific wavel
light that excite the lfiorochrome causing it to discharge energy and emit a longer, visible wavelength
back.Image created using BioRender (BioRender, Canada).
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2.8. Cell viability assays

2.8.1.MTTprinciple and protocol

The MTT (34,5-dimethylthiazol2-yl]-2,5-diphenyt2Htetrazolium bromide) assay is

a colorimetric assay used to measure cellular metabolic activity which can be used as

an indicator of cell viability, proliferation, and cytotoxicity (Ghasemi, Turnbul.et

2021). MTT reagent passes through the cell and mitochondrial membrane due to its
positive charge and lipophilic structure (Berridge, Herst et al. 2005, Stockert, Horobin

et al. 2018). MTT is then reduced to insoluble formazan by NAI2Pendent

celluladN) 2 EA R2NBRdzOGF&aS Syl evySa ovYdzsSiSs YI NI 2
this coloured solution can be quantified by measuring at a certain wavelength (570

nm). This redox chemical reaction measures cellular activity as the enzymatic

conversion of the MT solution to formazan crystals occurring in the mitochondria.

Two hundred microlitres of MTT solution (5mg/ml) was added to each well (10% of

total media in each well). Plates were then incubated for 180 minutes, during this

time NADPHiependant cellular oxidoreductase enzymes reduced the MTT to form

visible purple drmazan crystals at the bottom of the well. Following this incubation

period, existing media was aspirated before a second incubation period lasting 6
minutes, with the lid of the plate removed to dry off any excess solution. The water
insoluble formazanwd (G KSy a2t dzoAfA&aSR dzaAy3d GKS az

a purplecoloured solution. Plates were then placed on a plate rocker foirfutes

at 120 rpm to ensure complete solubilisation. Plates were then positioned into a
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Spark multimode microplate reader (Tecan, Mannedorf, Switzerland) and measured

at a wavelength of 570 nm.

2.8.2.Propidium lodide(Pl)principleand protocol

In order to characterise cell death, a propidium iodide (PI) (Thermo Scientific Inc.
Massachusetts, USA) dye exclusion assay was undertaken. Pl is able to bind to double
stranded DNA through intercalating between the bases, with little to no sequence
preference (Lecoeur 2002). However, Pl is unable to permeate through an intact
plasma membrane (viable cells) and therefore dead/damaged cells in which PI is
incorporated demonstrate considerably larger fluorescent intensity (Riccardi and
Nicoletti 2006). Thigcrease in intensity is estimated to be approximately32efold

greater and therefore allows the clear characterisation of viable andvialle cells

within a cell suspension mixture (Aradovin and Jovin 1989).

For viability assessment, cell medium was removed and placed into an Eppendorf
tube and placed into an incubator (to ensure the collection of any damaged cells
which had detached). The adhered cells were then washed X2 in PBS before the
addition of 200 pkrypsin. Following 5 min incubation, the trypsin was neutralised
following the addition of the previously removed medium. The cells were then placed
into a centrifuge and span at 300 rcf for 5 minutes. A clear pellet was observed in the
Eppendorf and theemaining media/trypsin supernatant was removed. Cells were
then resuspended in 200 pl fresh DM. Twenty microliters Pl was then added to the
cell suspension (1@ dilution) before being vortexed and briefly incubated1(®
seconds) before analysis or& channel. This brief incubation period was to ensure

reproducibility given the known toxic effects of Pl exposure. A negative control was
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undertaken with control cells without Pl administration alongside a positive control
whereby 50% v/v ¥D,was added in addition to R$eeFgure 2.15). The dye has an
excitation/emission maximum of 493/636, however upon binding that
excitation/emission maxima increase to 535/617 nhll. Pl assays were normalised
to cellevents (countpn the BD Accuri Ggith eachassay ending onc20,000 events

had been obtained.
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Figure2.15. Pl negative and positive control&) Pl negative control displaying C2C12 background fluores
alongside the increase in fluorescence following the addition of the PI BPkpositive control showing heal
control cells and cells damaged following the addition of 50% »® Merged overlay was included to bet
visualise the changes in fluorescence.

2.9. Measurement of reactive oxygen species (ROS)

2.9.1.GeneralROS assayOMM-H.DCFDMprinciple and protocol

Changes in total cellular RO@&centrations were assessed via the use of the probe
CM-H.DCFDA (Thermo Scientific Inc. Massachusetts, USA}XLOOFDA is a
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chloromethyl derivative of the probe . BCFDA, although it has a considerably better
live cell retention allowing for greater measurement accuracy (AmezZiaftassani

and Dupuy 2013). CM.DCFDA is able to passively diffuse into cells, whereby cellular
SaiSNIrasSQa OfSIgS Ada OSGlIdGS 3INRdzZLIE T
allowing it to react to intracellular thiols. The successive oxidation of the probe then
produces a fluorescenproduct which is trapped within the cells; therefore, the
fluorescent intensity of the cells postaining is directly proportional to the ROS
concentration within the cell. The excitation/emission maxima of the lGMCFDA

probe are 492495/517¢527 nm.

To characterise changes in cellular ROS concentrations, the cell medium was
removed, and the cells were then washed X2 in PBS before the addition of 200 pl
trypsin. Following 5 min incubation, the trypsin was neutralised following the
addition of the 800 uUDM. The cells were then placed into a centrifuge and span at
300 rcf for 5 minutes. A clear pellet was observed in the Eppendorf and the remaining
media/trypsin supernatant was removed. Cells were then resuspended in 200-pl CM
H.DCFDA solution (1 pM GNRDCFA in PBS) and left to incubate for 15 minutes. The
Eppendorf tubes were then briefly vortexed before fluorescent analysis on #ie FL
channel. A negative control was undertaken with control cells withoutHGDICFDA
administration alongside a positive control whereby 50% vi@,M/as added in
addition to CMH.DCFDAHgure 2.16). All CMH.DCFDA assays were normalised to
cell events (countdn the BD Accuri GBith each assay ending on@®,000 events

had been obtained.
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Figure2.16. CM-H,DCFDA negative and positive contrdlsCMH,DCFDA negative control displaying compau
between background fluorescence and-BpDCFDA fluorescend®) CM-H,DCFDA positive control consistin
50% v/v HO,.

2.9.2.MitoSOX Regbrinciple and protocol

aAl2O0OK2y RN I-95% & théi agiéh inBpyraal during respiration of which
most is reduced to watefShigenaga, Hagen et al. 1994). However, a small portion
(estimated to be between <0.1 to as high as 4%) of electrons leak from the respiratory
chain to reduce oxygen t@»* and this process occurs primarily vidADH
Ubiquinone oxidoreductasgcomplex I) andCytochrome ¢ oxidoreductageomplex

[l) (James and Murphy 2002, Lenaz, Bovina et al. 2002, Fridovich 2004). While
historically, ROS production was seen as a consequence of oxidative phosphorylation
within the mitochondria, ROS may also be produced enzymatically via-extra
mitochondrial sources ithin contracting muscle including NOX ax@(Sakellariou,

Vasilaki et al. 2013, Powers, Radak et al. 2016). Therefore, the characterisation of
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mitochondrial ROS requires the use of a keginsitivity probe that is not oxidised by

non-mitochondrial derived ROS.

Hydroethidine (HE) is a twelectron reduced form of ethidium (Efdand is readily

taken up and internalised by live cells (Gallop, Paz et al. 1984). When HE enters the
cell its oxidised to Etdwhere it intercalates into nucleic acid and subsequently
increases its fluorescent intensity (Bucana, Saiki et al. 1986). MitoSOX Red (Thermo
Scientific Inc. Massachusetts, USA) is comprised of HE covalently bonded to a hexyl
triphenylphosphonium (TPP cation. TPP targets molecules to mitochondria
because the pasve charge on the phosphonium is surrounded by three lipophilic
phenyl groups, which facilitates movement across phospholipid bilayers and
accumulation into the mitochondrial matrix in response to the negative membrane
potential (Ross, Kelso et al. 2009)herefore, MitoSOX Red can be a sensitive
indicator to monitor dynamic changes in endogend$® production (Robinson,
Janes et al. 2006). The excitation/emission maxima of the MitoSOX Red probe are

510/580 nm.

To characterise changes in mitochondf@at* concentrations, the cell medium was
removed, and the cells were then washed X2 in PBS before the addition of 200 pl
trypsin. Following 5 min incubation, the trypsin was neutralised following the
addition of the 800 pl DM. The cells were then placed inteiatrifuge and span at

300 rcf for 5 minutes. A clear pellet was observed in the Eppendorf and the remaining
media/trypsin supernatant was removed. Cells were then resuspended in 200 pl
MitoSOX Red solution (BM MitoSOX Red in PBS) and left to incubate for 15 minutes.

The Eppendorf tubes were then briefly vortexed before fluorescent analysis on the
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Count

FL-2 channel. A negative control was undertaken with control cells without MitoSOX
Red administration alongside a positive control whereby 100 uM rotenone was
added in addition to MitoSOX Rddee Hgure 2.17). All MitoSOXassays were
normalised to cell events (counth the BD Accuri Ofith each assay ending once

20,000 events had been obtained.
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Figure2.17. MitoSOX Red negative and positive contrélgMitoSOX Red negative control displaying compa
between background fluorescence and MitoSOX Red fluores@&ndgoSOX Red positive control consistin
addition of 100 uM rotenone causing an increasthanfluorescence intensity.

2.9.3.Lipid peroxidationprinciple and protocol

Lipid peroxidation is a process whereby oxidants attack lipids containing carbon
carbon double bond(s), which include PUFAs, glycolipids, phospholipids, and
cholesterol (Ayala, Mufioz et al. 2014). Under low physiological lipid peroxidation
rates, cells carstimulate the activation and production of antioxidant signalling

pathways resulting in an adaptive stress response. However, under periods of higher

178



lipid peroxidation rates, as observed in diseases such as diabetes or cancer, the
extent of the oxidative damage overwhelms the cellular repair capacity, leading to
cell membrane damage which can ultimately lead to apoptotic or necrotic

programmed cell deth (Ayala, Mufioz et al. 2014, Ramana, Srivastava et al. 2014).

The class of compounds known &s4-difluoro-4-bora-3a,4adiazas-indacene
(BODIPY) are commonly used in fluorescent microscopy due to their uniquely small
stokes shift, high environmentally independent fluorescent quantum yields and high
solubilityin organic solvent¢Boldyrev, Zhai et al. 2007). BO¥P¥%is part of the

G11 class of fluorescent BODIPY probes and localises in the cell membrane where it
can be oxidised via hydroxyl, alkoxyl and peroxyl radicals (Drummen, van Liebergen
et al. 2002, Lange, Lehmann et al. 2019). BOBAPYis particularly sensitive to
peroxyl radicals owing to its polyene system (Naguib 2000, Raudsepp, Briggemann
et al. 2014). Upon oxidation, the BODI®¥"¢produces fluorescence which is visible

on the FE4 channel and is inditae of cellular lipid peroxidation.

To characterise the changes in cellular lipid peroxidation, the cell medium was
removed, before washing the cells X2 in PBS. Following the wash step, 200 pl trypsin
was then added for 5 mins. After which the trypsin was neutralised following the
addition d the 800 pl DM. The cells were then placed into a centrifuge and span at
300 rcf for 5 minutes. A clear pellet was observed in the Eppendorf and the remaining
media/trypsin supernatant was removed. Cells were then resuspended in 200 pl
BODIP$5/676 solution (10 pM BODIP$/676 in PBS) and left to incubate for 30
minutes at 37°C. The Eppendorf tubes were then briefly vortexed before fluorescent

analysis on the F4 channel. A negative control was undertaken with control cells
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without BODIP%5676solution alongside a positive control whereby 50 pul DMSO (25%
v/v) DMSO was added in addition to BODB$PY6(seeFigure 218). All BODIP$5/676
assays were normalised to cell events (cowmt)the BD Accuri Ofith each assay

ending once 20,000 events had beantained.
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Figure2.18. BODIP$#5676negative and positive contralg) BODIP85/676negative control displaying comparis
between background fluorescence and BOBH8% fluorescenceB) BODIPS65/676 positive control consisting
addition of 50 uL DMSO (50% v/v) causing an incrieatbe fluorescence intensity.

2.10. Measurement of mitochondrial content and activity

2.10.1.JC1 principle and protocol

The fluorescent probe tetraethylbenzimidazolylcarbocyanine iodidelYJThermo
Scientific Inc. Massachusetts, USA) is a lipophilic dye that emits a green fluorescence

and is able to naturally enter the mitochondrion whereby it is able to accumulate.
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Here, the probe forms reversible complexes known as J aggregates in a
concentrationdependant manner (Reers, Smiley et al. 1995). The newly formed J
aggregates differ from the JTprobe in that they emit fluorescence in the red
portion of the visible spgoum (maximum at ~590 nm). Therefore, in healthy cells
the JC1 probe enters the cell where it accumulates in the mitochondria, where due
to the negative charge within the mitochondrial membrane it forms red J aggregates.
| 26 SOSNE Ay OSft fcamprisdd $sNdd asliagoPtotip eells) tHeEC
probe will enter the cell buts its accumulation within the mitochondrion will be
limited due to the less negative mitochondria space. Therefore, thg Al not
accumulate enough within the mitochondrial sgato form J aggregates and will
instead retain its original green fluorescencésee Figure 2.19. The

excitation/emission maxima for the IQprobe are 514629/590 nm.

JC-1 (Green)

Dysfunctional

Healthy mitochondria
®  mitochondria

) "
Formation of red J Inability to form red J

aggregates

aggregates Mitochondrial membrane

potential decrease

Figure2.19. JG1 mechanism oéction.JG1 fluoresces green until it enters the mitochondria whereby it inte
with itself forming red J aggregates. Following a decreage anYthe JEL is unable to enter the mitochond
and instead retains its green fluoresceniceage created using BioRender (BioRender, Canada)
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As a result of this dependant change in fluorescence, thk g@be can be utilised

G2 YSIF&ada2NB npaY o6& OFfOdzZ I GAy3a GKS NIF GAZ2

that the greaterthe re f dz2 N3 &4 OS 0KS KAIKSNI GKS pa

0KS 3INBSY Fitd2NBaOSyOS (KS t26SN) GKS pay

On the day of the experiment, <ICwas diluted from the stock into a 2 pM solution

in fresh media. Cell medium was removed, and cells were washed X2 in PBS before
the addition of 200 pl trypsin for 5 minutes. The trypsin was then neutralised with
400 pl JE1/DM solution and left to incubate for 30 minutes at 37°C. Following
incubation, the cells were then briefly vortexed before fluorescent analysis on the
flow cytometer. A negative control was undertaken with control cells without JC

administration(seeFgure 220).
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Figure2.20. JG1 Negative controlJG1 negative control comparinigackground fluorescence of C2C12 cells

the increase in fluorescence in thelFand Fi2 channels following the addition of the probe.

182




Furthermore, a positive control was also undertaken whereby 400 nM FCCP diluted

in DMSO was added in addition to-I{see Figure 21). All JC1 assays were

normalised to cell events (count) on the BD Accuri C6 with each assay ending once

20,000 events had been obtained.
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Figure2.21. JG1 positive controlJG1 positive control highlighting the shift in fluorescence fror2 led) to H
1 (green) following the addition of the mitochondnisdcoupler FCCP. The decrease in thi&/AL1 ratio as see
following FCCP treatment indicatas inability for the Ja to enter the mitochondria due to electron transy

uncoupling.

2.10.2.MitoTracker Greer{MTG)principle and protocol

MitoTracker Green (MTG) (Thermo Scientific Inc. Massachusetts, I19SA)

membrane permeable probe consisting of a thieactive chloromethyl commonly

used to label mitochondria within live cells (Presley, Fuller et al. 2003). MTG is

capable of crossing the plasma membrane and selectively targeting active

mitochondria wheeby it covalently binds to mitochondrial proteins by reacting with
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the free thiol groups of cysteine residues (Presley, Fuller et al. 2003). This reaction is
AYRSLISYRSYU 2F npnaY YR Aa GKSNBF2NB dza SR

It should be noted that there is some debate within the literature as to the ability of

7

a¢D (2 RSGSOG OKFIy3aS&a AYy YAIG2O0K2YRNRI

changes. Xiao, Deng et al. (2016) suggested that MTG fluorescence is influenced by

7

changes im A Y ® Si RSaLAi

5

(@p))

iKSasS OflAYasz GKSNE
evidence that argues to contrary (Pendergrass, Wolf et al. 2004). Therdforas
opted for the use of MTG in conjunction with an additional marker of mitochondrial

content in order taboth validate the probe and our data.

A01 Mo Probe D06 Probe

§_ Gate: (ALL in ally 2 Gate: (8L in all) ADT Overlay

2 Gate: (ALL in all)

|A A A

1,000
1
1,000
1,000

Count

s00
L
Count

500
1
Count

Prohe

Mo Probe 99.2% g1
98.7%
I R S B N I R ¥ = m . = |
FoH ool b B Boal W owt W Wb w2
FL-1-H
003 Control B11 FCCP B11 Merge
2 Gate: (ALL in ally 2 Gate: (ALL in ally 2 Gate: (ALL in ally

B B B

1,000
1
1,000
1
1,000

Count

a00
L
Count

a00
L
Count

Contral Contral
98.7% H9.6%
= = = TTIT TTIT T TTTITNT T T ITme
[P R S Y " [P I S Y. T T B ) wl o ud wl -
FL-1-H FL-1-H FL-1-H

Figure2.22. MTG negative and positive contros) MTG negative control comparing C2C12 cells alongsid:
with the addition of MTG probB) MTG positive control following the addition of 400 nM FCCP which dec
MTG fluorescence intensity.
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On the day of experimentation, the MTG was diluted from stock into a 100 nM
working solution in DM and was then kept incubated at 37°C. The cell medium was
removed, and the cells were washed X2 in PBS. The MTG/DM solution was then
added to the wells at 2nper well and incubated at 37°C for 30 minutes. Following
incubation, the MTG/DM solution was removed, and the cells were washed X2 in PBS
before administration of 200 pul trypsin for 5 minutes. Once lifted, 800 pl fresh DM
was added to neutralise the trypsand the cells were transferred to an Eppendorf
tube. Cellular fluorescence was then measured on the flow cytometer on tie FL
channel with an excitation emission maxima of 490/516 nm. A negative control was
undertaken with control cells without MTG admstration alongside a positive
control whereby carbonyl cyanidetrifluoromethoxyphenylhydrazone (FCCP) a
protonophore and potent uncoupler of mitochondrial oxidative phosphorylation was
added in addition to MT@seeHgure 222). AllMTGassays were rmoalised to cell
events (count) on the BD Accuri C6 with each assay ending once 20,000 events had

been dtained.

2.10.3.Citrate Synthaserinciple and protocol

CSis the first of a series of eight enzymes involved in the citric acid cycle. CS is found
within nearly all living cells and is localised within the mitochondrial matrix of
eukaryotic cells (Weitzman and Danson 1976). Despite its localisation, CS is nuclear
encoded, synthesised on cytoplasmic ribosomes and shuttled into the mitochondrial
matrix whereby it catalyses the condensation of oxaloacetate and acegrizyme

A (acetylCoA) to form citric acid and coenzyme A. CS is therefore often used as a

guantitative marker of intact mitochondrial mass and is described as having a
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substantial concordance with mitochondrial fractional area in skeletal muscle tissue

(Shepherd and Garland 1969, Hargreaves, Heales et al. 1999, Larsen, Nielsen et al.

2012).

Simply put, the CS assay measures the formation of coenzyme A through the reaction
g A (O K -dithig-bisp(Znitrobenzoic acid) (DTNB). Thionitrobenzoate, a mercaptide
ion formed in this reaction absorbs light at 412 nm. Therefore, the rate of change in
absorbance at 412 nm is proportional to the CS activity and consequently the total

mitochondrial mass.

Samples were collected and centrifuged at 300 rcf until a visible pellet formed within

the Eppendorf. Samples were resuspended in 300 pl PBS and 50 pl was removed and

placed into a separate Eppendorf. The sample was then diluted 1:1 in an additional
50 pl PBS (to reduce the reaction speed and allow CS quantification). Twenty
microlitres of sample was taken and added to two corresponding cuvettes both
containing 0.1mM acetytoenzyme A, 1 g/L triton-¥X00 and 0.2mM DNTB in tris
buffer (pH 8); with a final vame of 1 ml in each cuvette. The cuvettes were then
gently mixed by inverting each four times with parafilm and placed in the Uvikon 941

spectrophotometer (Northstar Scientific, Potton, UK).

The reaction was initiated by adding 10 ul (20 mM) oxaloacetate to one of the sample
cuvettes and inverting with parafilm thereby catalysing the conversion of DTNB to
thionitrobenzoate compared to an unreactive control cuvette. This was then
measuredat4d yY F2NJ p YAydziSa d on &aSO2yR
could then be converted to a molar concentration using Bemmbert law. The

extinction coefficient of DTNB is 13.6 XX M cnv? (path length 1 cm, total volume
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1 mL). Cellular CS activities were tmemmalised to total protein as measured using
the BioRad Déprotein assay anédxpressed as nmol/min/mg of protein similg@ee

section2.4.2).

2.10.4.Mitochondrial Complex principle and protocol

NADHUbiquinone oxidoreductase (complex 1) is the largest and most complicated
component of theMRC. The MR@ocess begins via complex | oxidation of &DH
generated through the TCA cycle and the subsequent transfer of the two electrons
to CoQo, which is then reduced to ubiquinol. Ubiquinol is thenosaedised by
cytochrome ¢ oxidoreductase (complex Ill) which then transfers electrons to reduce
molecular oxygen to water at cytochrome c oxidase (complex IV). This process
combined with the produgon of ATP from ADP andmwia ATP synthase (complex

V) together constitutes OXPHOS. Due to complex | being er majry point for
electrons to the respiratory chain and is suggested to be alnatiéng step in cellular
respiration, it is a major target for the identification of mitochondrial dysfunction and

the most common mitochondrial single enzyme deficierRgdenburg 2016).

In order to quantify complex | activity, the progressive decrease in NADH following
the addition of Co@Q(a CoQ homolog) was measured at 340 nm. Samples were
collected and centrifuged at 300 rcf until a visible pellet formed within the Eppendorf.
Samples were then resuspended in 300 pl PBS and 50 pl was removed and placed
into a separate Eppendorf. Twenty microlgref sample was taken and added to two
corresponding cuvettes both containing 5 mM NADH, 100 mM potassium cyanide
(KCN), 50 mg/ml BSA and cdexpl buffer (25 mM potassium phosphate/MgCt

HO; pH 7.2). 10 LLoQo (5 mM) was then added to the sample cuvette making a
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total of 1 ml in each cuvette. The cuvettes were then gently mixed by inverting each
four times with parafilm and placed in the spectrophotometer for 10 minutes at
which point absorbance was measured. To eliminate any background NADH
oxidation, the additio of the potent complex | inhibitor rotenone (1 mM) was added
for 5 minutes before a subsequent value was taken and subtracted from the total
value displayingomplex! mediated NADH oxidation. Cellular complex | activities
were then normalisedto mitochordrial content as measured bgS activityand

expressed asomplex I/CS.

2.10.5.Mitochondrial Complexes ll/llprinciple and protocol

Succinate:ubiquinone oxidoreductase (Complex II) is the smallest complex in
OXPHOS system. Complex Il is crucial for two important processes via separate active
sites; the oxidation of succinate to fumarate in the TCA cycle where the electrons
then reduceFAD to FADH and the second active site whereby it serves to reduce
CoQoto ubiquinol which reduces cytochrome c via complex Il (Fullerton, McFarland

et al. 2020).

In order to quantify complex II/lll activity, the succinatependant reduction of
cytochrome ¢ was measured at 550nm. Samples were collected and centrifuged at
300 rcf until a visible pellet formed within the Eppendorf. Samples were then
resuspended in 3D pl PBS and 50 pl was removed and placed into a separate
Eppendorf. Twenty microlitres of sample was taken and added to two corresponding
cuvettes both containing 15 mM*Kthylene diamine tetra acetic acid dipotassium
salt (EDTA), 0.8 mM cytochrome cQIM KCN, and complex II/lll buffer (166 mM

potassium phosphate; pH 7.4). Forty microlitres of succinate (0.5 M) was then added
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to the sample cuvette making a total of 1 ml in each cuvette. The cuvettes were then
gently mixed by inverting each four times with parafilm and placed in the
spectrophotometer for 6/ minutes at which point absorbance was measured. Ten
microlitres of thecomplex Il inhibitor antimycin A (1 mM) was then added for 5
minutes before a subsequent value was taken and subtracted from the total value
displaying the succinatdependant antimycin A sensitive reduction in cytochrome c.
Cellular complex 1/l activwes were thennormalised tomitochondrial content as

measured byCS activitandexpressed asomplex HIII/CS.

2.10.6.Mitochondrial Complex I\principle and protocol

Complex IV is &arge, transmembrane protein complex and is the final electron
acceptor in the respiratory chain. Complex IV is composed of 13 subunits of which 10
are encoded by the nucleus and the remaining 3 by the mitochondria. Complex IV
receives 4 electrons from aythrome c and transfers them to one oxygen molecule
and four protons. This exergonic process is used to create one two water molecules

from one dioxygen (&) molecule.

To quantify complex IV enzymatic activity, the oxidation of reduced cytochrome c via
complex IV was measured at 550 nm. Samples were collected and centrifuged at 300
rcf until a visible pellet formed within the Eppendorf. Samples were then
resuspended in @0 pl PBS and 50 pl was removed and placed into a separate
Eppendorf. The reducing agent ascorbic acid was added to oxidised cytochrome c
leading to a slight colour change (red to pink) which is indicative of cytochrome c
reduction. The reduced cytochrontewvas then run through a small RQel filtration

column in order to remove the ascorbic acid. In addition to the cytochrome c,
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complex IV buffer (potassium phosphate buffer 100 mM; pH 7.0) was used to help
elute the reagent. The reduced cytochrome c¢ was then analysed via
spectrophotometry and the Beer Lambert law was used to calculate reduced
cytochrome c concentration. One hundkr@l of complex IV buffer was added to two
cuvettes alongside 50 uM reduced cytochrome C and mixed wi® aibiking a final
volume of 880 and 890 pl (sample and reference respectively). Twenty microlitres of
sample was then added to the sample cuvette &0dul ferricyanide (K was added

to the reference. The addition of*Khibits complex IV activity and therefore halts
the oxidation of cytochrome c. Given that only reduced cytochrome c is visible at 550
nm, the rate of decline in absorbance over 3 minugeguantifiedand this is referred

to as the mean rate constant (k) and is displayed as rate constant per minute
(k/min/ml). In order to ratio complex IV activity to total mitochondrial mass, the
activity was themormalised tomitochondrial content asneasured by CS8&ctivity

giving a ratio of complex I'Z5S.

2.10.7.Pyruvate dehydrogenase (PDHinciple and protocol

The protein PDH is a mitochondrial enzyme which catalyses the conversion of
pyruvate to acetylCoA and COThis process links glycolysis to the TCA cycle and is

ddzo aSljdzSydfte NBFSNNBR G2 Fa F w3arasS|ysSSLS
and DeFronzo 2014). The enzyme is inhibited by phosphorylation and activated by
dephosphorylation. PDH activity ietérmined using a coupled enzyme reaction

which results in a colorimetric product that is proportional to the enzymatic activity

visible at 450 nm. Trefore, one unit ofPDHis the amount of enzyme that will

generate 1.0 uM of NADH per minute at 37 °C.
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Samples were collected and centrifuged at 300 rcf until a visible pellet formed within
the Eppendorf. Samples were then resuspended in 300 ul PBS and 50 pl was removed
and placed into a separate Eppendorf and stored-&2° C. Cells were then
recentrifugedand PBS was removed prior to the addition of 100 pl ice cold PDH assay

buffer.

An NADH standard curve was generated following the addition of O, 2, 4, 6, 8, and 10
pl of the 1.25 mM (1.25 nmole/mL) NADH Standard Solution to a 9é¢olaédl which
generated O (blank), 2.5, 5, 7.5, 10, and 12.5 nmole/well standards. PDH assay buffer
wasthen added to bring each well to a total volume of 50 pl. A PDH reaction mix was
then created by adding 46 pl PDH assay buffer, 2 pl PDH developer and 2 ul PDH
substrate to each well bringing the total volume to 100 pl per well. The NADH

standards were thn analysed at 450 nm and plotting to form a standard curve.

Fifteen micro litres of cell solution were added to 35 pl PDH assay buffer bringing the
total volume to 50 pl. The PDH reaction mix was then added at a final working volume
of 100 pl per well. The plate was then incubated at 37 ° C for 3 minutes before an
initial reading at 450 nm. Readings were then taken every 5 minutes for 30 minutes
and the activity was determined following the subtraction of the final measurement

from the initial reading

0 NasoE [Assdlfinal ¢ [Ausdlinitial).

PDH activity was then normalisedratochondrial content as measured B5

activityand expressed as PDH/CS.
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2.11. Metabolomic Profiling

2.11.1.Intracellular Metabolite Extraction forH NMR

Following experimental procedures, cell medium was aspirated before washing 1 X

PBS. PBS was then further aspirated, and plates were placed immediat@0/ @

until required. Plates were then thawed frof®80°C on ice before the addition of 500

> [ -cbl@sBlvent solution (50% HPLC grade acetonitrile, 50%@yitd each well.

Cells were then scraped with a pipette tip and the resultant cell slurry was then
pipetted into Eppendorf tubes. Samples maintained on ice were then sonicated at 50

KHz, 20% amplitudi®r 3 x 30s bursts. Samples were then vortexed for 20 s before
centrifugation at 21,500 rcf for 5 mins (4°C). The resultant supernatant was then
aliquoted into fresh Eppendorf tubes before snap freezing in liquid nitrogen. Samples

were lyophilised overnigti 6 S¥F2NB (GKS | RRAGAZ2Y 2F wnan
mMnn >a CNAYSGOKef aafteft LINRAIdLcA dmpady Lide { t 8 ¢
Dorset, UK], 99.9 % 2H20 [SigAddrich Company Ltd. Dorset, UK], and 100 mM
Na2HPO4:NaH2PO4 pH 7.4 [Thermo Scentiic. Massachusetts, USA]) and
OSYUNRTFdzAFGA2Y G mMuHZnann NOF F2NIH YAyao

mm SampleJet NMR tubes for analysis. (Bruker).
2.11.2.NMR Acquisition and sample processing

High resolution 1D 1H NMR was acquired usiangnd outer diameter tubes in
700MHz Avance IlIIHD Bruker spectrometer equipped with a TCI cryoprobe and
chilled autosampler (SampleJet).ohe-dimensional 1H Ca#PurceltMeiboom-Gill

(CPMG) experiment (vendor supplied cpmgprld) was used for all spectra acquisition
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and to attenuate peaks from large molecules such as proteins. The standard 1D 1H
NOESY presat (vendor supplied noesyprld) was used to check sample quality. The
spectra were then evaluated for quality control (QC) by ensuring consistent water
suppression, aseline correction and peak line width of the reference TSP signal
according to best practice set out by the Metabolomics Standards Initiative (MSI)
(Sumner, Amberg et al. 2007, Considine and Salek 2019).

¢KS &LISOGNIY 6SNB GKSYy RAGARSR AYy WoAya
https://github.com/PGB L+ k i YSbaw0 o0STF2NB | WLI G4SNy
associated metabolites with relevant spectral peaks including unknown metabolites.

¢ KS Wo A Y ybolied Was téh reViédvéd-using TameNMR software (accessed

via galaxy.liv.ac.uk within University of Liverpool VPN). Peaks were binned using
TameNMR through integration of each spectral region defined in the pattern file to

yield a table of peak integrathat corresponded to each metabolite abundance.

2.11.3.Metabolite Annotation and Identification

In order to convert the raw NMR peaks into a biological frame of reference (e.g.,
relative metabolite abundances), metabolites are annotated and identified. NMR
spectra underwent metabolite annotation using Chenomx NMR suite 8.2 (Chenomy,
CA). The softwarallowed the matching of 1dH NMR spectra of metabolite
standards to an experimental spectrum using various matching algorithms. The
identities of each metabolite were thenonfirmed using an irhouse library of

metabolite standards where appropriate.
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2.12. Statistical Analysis

Data was expressed as mean = standard deviation (SD), error bars represent SD. Data
were subjected to Normality testing and appropriate parametric analyses. Data w
FylFfe@aSR dzaAy3 ¢ (G$S&ada | yR -hbchestiolcanpaied NB dzLJ3
datasets¢ dz] S& Q& (S a (i -héclestwhichitefeiinds avitethdthérdiis

a difference between the mean of all possible pairs using a studentised range
distribution and should be used whemant to make pairwise comparisons between

all group meanglee and Lee 2018Yloreover, it is lessonservative than other post

hoc tests such as Bonferrownihich often fails to detect real differences between
groupsand consequently has reduced statistical powikeee and Lee 2018 all

cases an alpha value of <0.05 was considered significant. The 'n" number represents
the number of individual observations. Statistical anedywere carried out using

both SPSS (IBM. New York, USA) and ®aapRrism analysis software. Graphs were

created using Gragtad Prism.
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Chapter 3Fluorescent
characterisation of differentiated
myotubes using flow cytometry.

Publications resulted from this chapteiolan A., HeatonR. A., AdamovaP., Cole P.,
Turton N., Gillham 3., Owens D. J., and Sexton D. W. (20ER)orescent characterization

of differentiated myotubes using flow cytometry. Cytometry Part A.
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3.1. Abstract

Purpose:Flow cytometry is a common method of analysing myoblast populations.
However, a robust method documenting cytometric based analysis of myotubes has
not been reported in the literature. Beyond changes in size and shape, there exists
substantial metabolic rad protein changes in myotubes allowing for their potential
identification within heterogenous cell suspensions. Furthermore, due to their large
size it is not yet known whether myotubes remain intact throughout cytometric

analysis raising questions abdbe utility of cytometric analysis of myotubes.

Methods: C2C12 myoblast and myotube cell populations were assessed for cell
morphology and metabolic reprogramming using flow cytometry. Laser scatter, both
forward (FSC; size) and side (SSC; granularity), measured cell morphology, while
mitochondrial mas, ROSgeneration and DNA contentwere measured using
fluorescent MitoTracker greerCM-H.DCFDAand Vybrant DyeCycleespectively.
Immunophenotyping foMyHCconfirmed myotube differentiationCellular viability

was determined using Annexin R{/dual labeling. Fluorescent microscopy was

employed to visualise fluorescence and morphology.

Results:Myotube and myoblast populations were resolvable through -nanitive
interpretation of laser scattebased morphology assessment and distinct
mitochondrial mass and activity assessment. Myotube populations appeared to be
similar sizes to the myoblastsased on laser scatter but exhibited greater
mitochondrial mass (90%47=<0.0001), ROS production (120P<0.0001) DNA
content (18%,P< 0.001)and expression oMyHC (85%,P=<0.001) compared to
myoblasts. However, myotube sygmpulations were unable to be fractionated from
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myoblast populations within the same samplMyotube subpopulations contained

a larger viable cluster of cells which were unable to be fractionated from myoblast
populations and a smaller population cluster which likely contains apoptotic bodies.
Imaging of differentiated myoblasts that had transited through the flow cytometer
NEGSIt SR G(KS LINBazSIgOBe 2ddza $ab O KA OKR b 2 &RF
properties.

ConclusionsThese results indicate that myotubes can be successfully analysed using

flow cytometry. Increased mitochondrial mass and ROS are key features that
correlate with MyHCSELINB & a A2y o6dzi RdzS (2 flowe 2 (dzo S
cytometric analysis, laser scatter determination of size is not positively correlated; a
phenomenon observed with some size determination particles and related to surface
properties of said particlesThere isalso a greater heterogeneity of myotubes

compared to myoblasts.
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3.2. Introduction

During embryonic development, several phases of cellular proliferation and
differentiation lead to the fusing of mononucleated myoblasts to form
multinucleated myofibers, in a process known as myogendMauch and

Schoenwolf 2001)This process is facilitated through the coordinated expression of
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transcription factors includingfax3and a number of myogenic regulatory factors

0 a w Ga® eeviewed inChal and Pourquié 2017Thein vitro replication of this
process can be achieved through the culture of skeletal myoblasts and induction of
differentiation by reduction inserum growth factors, leading to the formation of
myotubes (Clemente et al. 2005) These myotubes better represent the
conformation and metabolic properties of skeletal musol@ivowhen compared to
myoblasts and consequently, are routinely used as a method of analysing skeletal

muscle metabolism and signalliortini et al. 2016)

Despite the frequent use of myotubes asiarvitromodel, cytometrybased analysis

of muscle is typically utilised only in myoblasts. This is perhaps due to the relatively
large size of myotubes, with cellular diameters ranging fid&20 pm, increasing

the likelihood of instrumental blockag&ajanthri et al. 2019)Due to the perceived
limitations of flow cytometry for the analysis of myoblast and myotube cultures,
there are no reports of the morphological characteristics of myoblasts compared to
myotubes by flow cytometrfMunoz, Zhou, and Jarrett 2010; Turpin et al. 2006;
Muratore et al. 2012; Ebrahimi et al. 2019)or application of the technology for
fluorescencebased assessment of cell phenotype and  function.
Immunocytochemistry using the intracellularly expressed motor protein MigatC
often been utilised to quantify increases in myoblast differentiafjiim et al. 2015)
MyHC, which converts chemical energy derived from ATP into mechanical force, is
expressed almost entirely in differentiating myotubes, with very low expression
present in myoblasts, thus, allowing for myoblastiependent muscle identification

(Vivarelli et al. 1988; Cho, Webster, and Blau 1993; Torgan and Daniels 2001)
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Intracellular immunophenotyping is, however, expensive and involves considerable
processing, inclusive of fixation and permeahtion which renders cells neviable.
Ideally, researchers would like to both analyse cellsidedtify subpopulations for
further analysis, and where necessary, fractionate mixed populations into unique
phenotypes, such as myoblasts and myotubes, which can be sorted for downstream
analyses such as single cell transcriptomiEe®w cytometry provides such an
opportunity if appropriate probes can be used. Given that myotube cell populations
will typically include undifferentiated myoblasts in the cell suspension, there is a
possibility that the myoblast population within the sata may be analysed
independently of the myotubes based on their morphological characteristics,
organelle mass and activity, and cell surface immunophenotyping. Myogenic
differentiation is associated with extensive metabolic remodelling, with myotubes
shown to possess higher quantities of mitochondrial proteins and enzyBabieri

et al. 2011) This increase in protein content reflects an overall increase in
mitochondrial mass and activit{Sin et al. 2016)Furthermore, this increase in
mitochondrial content and respiratory chain activity has been linked to greater
production of ROS, highlighting the potential utility of metabolic biomarkers for the
identification of muscle subpopulation@alinska et al. 2012)it was proposed
therefore, that metabolic assessment of a mixed population of myotubes and
myoblasts, using simple, easy to use, metabolistated fluorescent probes may

accurately distinguish the phenotype of the cells.

This chaptedemonstrates thatflow cytometry and immunocytochemistryan be
utilisedto monitor the fluorescent changes in C2C12 myoblast/myotube metabolic

phenotype and protein expressionFurthermore, nyotubes are able to be
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fluorescently labelled using flow cytometry as depicted by the expected increase in
mitochondrial content and ROS production. Moreover, myotubes also expressed
increased MyHC expression compared to myoblasts suggesting muscle
differentiation.It was observed that thenorphological characterisation of myotubes

was unreliable due to thé&rolling-dzLJQ 2 F Y& 2 (i dzo S ddentifieditie y SHSN

presence of intact myotubes following cytometric analysis.

3.3. Aims

This chapteraimed to revolutionise the approach to myotube analysis using flow
cytometry. To achieve that aim these objectives were addreg4gtijentify whether

flow cytometry analysis can correctly detect fluorescent changes associated with
myotube differentiation (2) Identify whether myotubes are viable as they progress
through the flow cytometerlt was hypothesised that flow cytometry analysis will
correctly detect the known increases in mitochondrial content, ROS production and
MyHC content presdn within the myotube group. Moreover, it was also
hypothesised that lbw cytometry will not lead to membrane damage within the
myotubes, and the unintuitive morphology is due to a change in the myotube

orientation as the move through the flow cytometer.

3.4. Methods

3.4.1.C2C12 population expansion and differentiation

C2C12 cells were cultured for approximately 3 days (63 section2.1.4) for cell

population expansion t6-80% confluencyCell monolayers were timeswitched to
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DM for a subsequent 7 days until fully formed myotubes were present. Cell media
was then aspirated, and fresh DM was added to cell monolayers prior to each

stimulation protocol.

3.4.2.Flow cytometry

For general overview of flow cytometry principle and meth¢skesection2.2). For

each sample, 20,000 gated events were recorded using @\d8Dri C6 Flow
Cytometer (BD, New Jersey, USA) equipped with a blue laser (488nm) and a red laser
(640nm). Gated events included cells and excluded cellular debris. For all
experiments, cells we trypsinised before centrifugation and resuspended in filtered
PBS for analysis. Preliminary experiments were performed to establish the optimal
core size, flow rate and seed) density which were used in subsequent experiments.
All samples, thereafter, were run at 35 uL/min representing a core size of 16 mm, at
a cell seeding density of 1 x9L. (seeTable3.1) details the fluorescent probes
used, and the BD Accuri C6 excitation wavelengths and the detector filter sets used
to measure their respective fluorescence spectfdow cytometry plots were

transferred onto FlowJo softwai®@D, New Jersey, USA) better visualisation.
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Table3.1. Metabolismrelated fluorescent dye&ach used within this chapter is displayed alongside the target
analyte and the concentration used. The excitaonission spectra of each fluorescent dye also displayed.
All fluorescent dyes wedetected within the FIL fluorescent region on the BD Accuri C6.

Dye Analyte Concentration | 5 | e
MitoTracker Mitochondrial Mass 100nM 488nm 533/30nm
Green Fl-1
CMH:DCFDA Reactive Oxygen 1mM 488nm 533/30nm
Species Fl-1
Vibrant DyeCycle DNA content S5uM 640 nm 675/25
Ruby stain Fl-4
Annexin V Phosphatidylserine 5 puL 488 nm 533/30 nm
exposure FL1
Propidium iodide | Membrane integrity 1 pg/ml 488 nm 670 LP
FL-3
Alexa fluor 488 MyHC expression 2mM 488 nm 533/30nm
FL-1

*Excitation Wavelength on BD Accuri C6; ** Emission wavelengths measured on BDCAccuri

Retrieval of samples posinalysis required collection of waste fluid from the BD
Accuri C6. The C6 system easily permits such collection following optimisation for
timing of sample uptake to the point of collection. Spherotecpe@k and &eak
validation beads (BD, New Jersey, USA) were used for calibration prior to

experimental analysis.

3.4.3.MitoTracker Greer{MTG)

For general MTG principle and methddeesections2.10.2). MTG was added to the
wells andncubated at 37C/5% C@humidified air for 30min. Following incubation,

the MTG/DM solution was removed, and fluorescent microscopy was undertaken
while cells were still adhered to the plate. Cell monolayers washed with sterile PBS
and trypsinised for 5 min at 3Z/5% C@&humidified air. Cells were then
resuspended in sterile PBS. Cellular fluorescence was then measured on the flow
cytometer on the FH1 channel and using fluorescent microscopy with an excitation

emission maxima of 490/516 nm.
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3.4.4.Reactive Oxygen Species (ROS)

ROS production was measured us@ig-H.DCFDB (seesection 2.9.1). Fluorescent
microscopy was undertaken while cells were still adhered to the pl&tell
monolayers were then trypsinised and centrifuged at 300g for 5 min. The cells were
then resuspended in 200 pl GMDCFDA solution for 15 min &7°C/5%
CQ/humidified air.Samples were run on the flow cytometer and green fluorescence

analysed on the FLdetector ex488nm;<em 533/30).

3.4.5.Myosin heavy chain (MyHC)

MyHC fluorescent was measured using -B4F antibody. Cells were fixed using
paraformaldehyde treatment for 10 min at room temperature. Following fixation of
cell monolayers, 500ul of blocking/permeasalion buffer (0.1% Triton-X00, 0.1%
bovine serum albumBSA in PBS) was added to the adherent monolayers before
incubation for 15 min at room temperature. The permeaitiion buffer was
removed and cells were then washed twice in sterile PBS. Following washing, a
blocking buffer was then added (10% goatwsn in sterile PBS) and was incubated
for 30 min at room temperature. Cells were then washed further with sterile PBS
before the addition of the primary antibodyHC[MF20]; Mouse, 1:300, 1% BSA)
(DSHB; lowa, USA) for an overnight incubation at 5°C. Following overnight
refrigeration, the primary antibody was removed, and the cells were further washed
in sterile PBS. The secondary antibody (Alexa Flour 488; Goananse, 1:500)
(Thermo Scientific Inc; Massachusetts, USA) was applied and incubatednat r

temperature for 60 min before further washing in sterile PBS. Fluorescent
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microscopy was undertaken while cells were still adhered to the plate. Following
which, cells were then trypsinised and centrifuged at 300g for 5 min before
resuspension in sterile PBS and analysis by flow cytometry using theldtector

(<ex488nM;<em 533/30).

3.4.6.DNA quantification

Live cell DNA quantification was determined using Vybrant Dye@udby stain

(Thermo Scientific Inc; Massachusetts, USA). Cells twgrginised and centrifuged

at 300 g for 5 mig, before resuspension®0>[ 2F 5 & P2FAYSAONI yi 5
Ruby stainwastheh RRSR (2 G(KS OStf adalLlSyairzy (2
Cellswere then incubated for 15 ms(37°C/5% CO2/humidified air) anced

~ A s oA~ s

fluorescence was then anad onthe Fim R S (i S @ (n271NJ yo6TBaS).Y

3.4.7. Apoptosis

Apoptosis was measured using an AnnexiRIWC detection kit (Thermo Scientific

Inc; Massachusetts, USA). Cell monolayers were washed with sterile PBS and
trypsinised and incubated for 5 nEr(37°C/5% CO2/humidified air) before being
centrifuged at 500 g for 5 mins and resuspended in395 60 A Y RA Y 3 6D dzF T S NJ
Annexin¥FITC was then added to the cell suspension, before 18 ingnbation at

room temperature. Cells were then centrifuged again5&0 g for 5 mins and
resuspended in 196 [ 2 F 0 A yHARaAllY, 30> p d2BvRsSablded to the cells

before subsequent cytometric analysis. Annexin V fluorescence wassataly the

~ A s oA =

Fom RS G S Gily 3 NIy os3R3E, indPIfluorescence was analgd on the FL

~ A s oA 7

o RS{S GilyayNIyoeTHiEs) Y
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3.4.8.Fluorescent microscopy

For general fluorescent microscopy principle and methm® section.7.2 and

2.7.3). A LeicaDMII6GO00b live Imaging Microscope (Leica Biosystems; Wetzlar,
Germany) was used to capture fluorescently labelled monolayers as it allows for
visualisation of MTG, CIDCFDA and MEO covisualisation with DAPI (Thermo
Scientific Inc; Massachusetts, USA). Images of cell monolayers were taken using the
10x objective and 0.5 magnificationrnwount fitted to the camera. Blue colour
channels were used as an indicator of DARth the wavelength measured at
358/461 nm (Fluorescent filter; EX: 3380, DC: 400,NE 450490). Green colour
channels were used as an indicator for MTG,-KEMCFDA and MEO, with the
wavelength measured at 499/520 nm (Fluorescent filter; EX:508) DC: 505, EM:
512-542). Image inspection and processing was conducted using Leica Application
Suite for Windows 7, (Leica Biosystems; Wetzlar, Germany) and Imageal

(National Institutes of Health; Maryland, USA).

3.4.9. Statistics

Differences in fluorescent intensity between myoblasts and myotubes were
determined using a twwsample Rest. Differences between myoblasts and myotube
subpopulations were determined using a eway between subjects ANOVA. Post
hoc analysis was undertakarsing a Tukey's po$toc test. Data is presented as

meangSD.In all cases an alpha value of <0.05 was considered significant.
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3.5. Results

3.5.1. Optimisation of Flow cytometer fluidics settings and sample density

Snce changes in fluidics and/or cell sample density can lead to changes in FSC/SSC
via the production of cell double{€ossarizza et al. 201 Theoptimal fluidic settings
were determined through assessment of several flow rate/core size settings
including the standardised slow, medium, and fast settings, alongside additional
customised slowmedium and mediurdast fluidics (see Table 3.2). Our data
demonstrated that all fluidic settings fall within the acceptable CV limit of 5%
indicating no differences in FSC doublet formation following any fluidic setting. Due
to this, all further experiments were performed on the medium fluidic settidglls
were then analysed at different seeding densities, all of which fell within acceptable
CV ranges (<5%%ee Table3.3). However,an observel increase in instrumental
blockagesvas observeat higher sample densities of 1 x46ells/mLor above, so,

0.5 x 1€ cells/mLwas used fofurther experiments.

Table3.2. Standard and custom flow rates effects on samplé& Rlorescent intensityAll 3 standard flow
rates/core sizes weneinto determine thevariance within the detected HALfluorescence.

Slow Slow-Medium Medium Medium-Fast Fast
Flow rate 14 pL/min 25 pL/min 35 pL/min 51 pL/min 66 uL/min
Core size: 10pum 13 pm 16 um 19 um 22pum
Average
median 5409.38 5680.88 5352.38 5357.75 5287.50
fluorescent
intensity*
SD 198.53 235.97 191.95 151.30 237.18
CV/** 3.67 4.15 3.59 2.82 4.49

* n= 4; ** All fluidic settings displayed CV <5%.
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Table3.3. Effect of cell sample density onFHuorescent intensity under different flow ratédl 3 standard
flow rates/core sizes were run to determine the variance within the detectédiBbarescence.

Cells/mL 0.5x 10 1x10° 2x10°
Flow Rate Slow Fast Slow Fast Slow Fast
Average
median 6146.33 5535.67 6007.67 5376.67 5792.17 5249.67
fluorescent
intensity*
SD 161.00 194.32 194.90 132.88 19.11 43.56
CV** 2.62 3.51 3.24 2.47 0.33 0.83

* n=3; ** All fluidic settings displayed CV <5%.

3.5.2. Sample gating

Undifferentiatedmyoblast samples were run on the flow cytometer to determine the

myoblast population based on morphology, as reflected in laser scatter properties

(SeeFigure3.1A). A distinct, dense population was identifiable as were putatively

apoptotic smaller, more granular cells. Counterintuitively, samples of myoblasts that

were differentiated to myotubes revealed a residual population of morphologically

identifiable myoblast but, rather than morphologically larger myotubes, a

population of smallercells was manifest and an increase in the number of the

putatively apoptotic cell populatio(see Figure3.1B).
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Figure 3.1. FSC/SSC of myoblast and myotube populatid)spopulations display a tight, clustered cell
distribution indicating homogeneity within the samp) Myotube populations display greater heterogeneity
when compared to myoblast as evidenced by the greater distribution of the cell populations.

3.5.3.ldentification of myotube subpopulations

To enhance distinction of these smaller populations, gating to exclude debris was
performed and the selected cells FSC and SSC were plotted on the log scale instead
of the standard linear scale to further resolve visual differences. Logarithmic FSC/SSC
demonstrated that myoblasts typically gather within a tight group with small
amounts of variation between samples. This is expected due to myoblast morphology
with very little variation between individual sizes and granularity. However, myotube
populations déplayed a far greater FSC/SSC variation alongside greatesamgie
variation indicating a larger range in cell morphology. There was, however, a distinct

second population identifiable in the myotube samp{sseFigure 32).
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Figure 3.2. Logarithmic FSC/SSC of myoblast and myotube popula#tigridyoblast populations display one
significant cluster on the log scalB) Myotube populations demonstrate two clear populations, one of which
overlaps the myoblast population demonstrating an unintuitive FSC profile of myotubes.

As is routine analysis, doublet discrimination using ASS A plots was performed.
Myoblast populations displayed low doublet detection as opposed to the high
doublet detection seen in myotubgseeFigure3.3); of course, myotube fusion must

be consideredvhen interpreting myotube doublet discrimination. The FSC/SSC plots,
however, indicated that the myotubes were of an equal or smaller size to myoblasts
causing morphological overlap. Since, this is-imtuitive it suggested that changes

in myotube mophology occurred as they were drawn through the cytometer.
However, this meant that the delineation of myoblast/myotube sadpulations
using FSC/SSC alone was impossible using the BD Accuri C6. Due to the heterogeneity
of the myotube sample, singlet disarination resulted in the isolation of individual
cell subpopulations, requiring multiple figures to demonstrate both
myotube/myoblast populations, which produced the same fluorescent tr@smdeen

in the supplementary fildsee Sl1). Therefore, for clant it was opted to measure

fluorescent intensity using logarithmic gating.
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Figure3.3. FSEH/FSEA doublet analysis of myoblast and myotube samp¢adyoblast samples display fewer
doublets alongside a visible clustering of c@)dMyotube samples demonstrate two distinct populations within
the FSEH/FSEA which is likely reflective of the two populations observed in the logarithmic gating.

3.5.4.Metabolic analysis

Due to the unreliable detection of myotubes through morphological analigsiss

investigated whether myotube populations would display greater fluorescent
intensity using metabolic probes. Given metabolic activity increases following
differentiation, any increase in fluorescent intensity would indicate the presence of
differentiated myotubes. As expected MTG fluorescent intensity was significantly
higher in the myotube population, with an observed 90% increase in fluorescent

intensity (P=<0.0001)seeHgure 3.4).
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Figure 3.4. MTG staining of both myoblast and myotube populatioA¥.Fluorescent microscopy of C2C12
myotubes prior to cytometric analysB) MTG labelling demonstrates a significant increase i Florescent
intensity in the myotube group (blue) compared to the myoblast (@HJhis increase corresponded to a 90%
increase in median fluorescent intensity reflecting higher mitochondrial mass in differentiated myotubes (n=5,
****xP=<0.0001).Scale bacorresponds t@50 pum.

Due to mitochondrial respiration largely contributing to cellular ROS produdtien,
myoblast and myotub@opulations were therdifferential staired using the general
ROS indicator CMDCFDA. The CGMDCFDA fluorescent intensity was also

significantly higher in myotubes with an observed increase of 1(#8%®.0001)see

Hgure 3.5).
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Figure 3.5. ROS staining of both myoblast and myotube populatigsFluorescent microscopy of C2C12
myotubes prior to cytometric analysiB) CM-H,DCFDA staining demonstrates a significant increase -lh FL
fluorescence intensity in the myotube group (blue) compared to the myoblast@)@ti)s increase corresponded

to a 120% increase in median fluorescence intensity and reflected increased ROS activity in the myotube
population (n= 4*%**P=<0.0001). Scalebar corresponds t@50 pm
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3.5.5.Myosin heavy chaifMyHC)

To confirm the observed changes in metabolic intensity following myotube analysis,
cells werelabelled with MF20 which binds to the motor protein MyHC. Given the
MyHC is almost entirely expressed in myotubes, any changes in fluorescence confirm
the presence of differentiated myotubes. Flow cytometry analysis indicated that
MyHC fluorescent intentsi was 85% higher in myotubes compared to myoblasts
indicating the successful analysis of myotube sub populati¢fs<0.001)
Furthermore, cells labelled with MED and the nuclear stain DARére analysedo

further demonstrate the fluorescent contrast between the cellular qadpulations

(seeFgure 3.6).
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Figure3.6. Myoblasts and myotubes labelled with the monoclaribody MF20.A) Myotubes labelled with the
monoclonal antibody MR20 and the nuclear stain DAPI to demonstrate ¢batrast between the cellular sub
populations in terms oMyHC expressiorB) M~20 labelling of MyHC demonstrates éncrease in FIL
fluorescence intensity in the myotube group (blue) compared to the myoblast (red) indicating the presence of
MyHC Q This increase corresponded to an 85% increase in median fluorescence intensit§{r=<0.00J).

Scale bacorresponds t@50 pm.
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3.5.6. Subpopulation analysis

Having observed an expected increase in both metabolic and protein biomarkers
following myotube differentiationit wasthen attempted to determine whether the
myoblast and myotube supopulations within a sampleould be characterise to

allow for independent analysis of both differentiated and undifferentiated muscle
cells concurrently. Myotube P1 population displayed a 95% increase in MTG
fluorescence when compared to myoblast contr@s<0.0001) Interestingly, the
myotube P2 also expressed a significd4% increase in MTG fluorescent intensity
when compared to myoblast controls, indicating that the myotubes fall within both

populations(P=<0.0001)seeFgure 3.7).
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Figure3.7. MTG staining of myoblast and both myotube gdpulations.A) MTG staining demonstrates an
increase in FI fluorescence in both myotube spbpulations (Pblue, P2purple) compared to myoblast (red)
sample representing increased mitochondrial m&3S his corresponded to a 95% increase il Ruorescence
in population P1 vs. control and a 44% increase in population P2 vs. contrpF{t25<0.0001).

Changes in cellular ROS content were also measured in the myotup®pulations

where a 140% increase in GMADCFDA fluorescence intensity was observed in
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myotube P1 population when compared to myoblast contr@s<0.0001) There

was no significant difference between myotube P2 population and corfsed

Hgure 3.8).
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Figure3.8. CM-H,DCFDAf myoblast and botimyotube sukpopulations A) Comparison of CML,DCFDA staining
revealed broad ROS (ELlfluorescence) levels in myoblasts (red), which in myotube Ppogpultation (blue)
resolved into a uniform population exhibiting an increase in ROS. The P2 (purple) myotube population presented
two resolved populatins representing both high and low ROS le®}$his corresponded to a 140% increase in

ROS (FL fluorescence) in population P1 vs. control. No significant change observed in P2%RP=40.0001).

3.5.7.Myotube confirmation

Despite successfully fluorescently labelling myotube-gopulations, it was unclear
whether myotubes remain intact and viable during cytometric analysis. Dual labelling
with Annexin V andPl was undertaken to investigate whether myotubes were
damaged during the cytometric analysis process. The overall percentage of viable
myotubes following Annexin Yllabelling was 81%see figure 3.9A0). Interestingly,

when the myotube sulpopulations were analysed independently, myotube P1
population viability increased to 91% and myotube P2 dropped to 63 %. Moreover,

there was a significant 28% reduction in viable cells between the myotube P1 and P2
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FL3-H: PerCP-H

populations(see figure3.9D). Giventhat their large size was undetected on FSC, it

raised the question whether their morphological characteristics were compromised
during analysidt wasdetermined the overall flow time from the point of collection

to the waste container using a visible dye and collected the sheath fluid containing

the cell suspensiornlhepresence of intact myotubesas observedising brightfield
microscopy, demonstrating the successful analysis of myotubes without membrane
damage.Furthermore,il KS LIKSy2YSy 2y 2F WNR{ftAy3IQ 27
was also observedvhich explained the lack of divergence between myoblast and

myotube cell sukpopulations using FSC/SSC measuremi@ats figure3.9E1).
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Figure3.9. Annexin VPl dual labelling of myotubes prior to analysis via flow cytomefyOverall myotube
populations displayed an average of 81% viable cells following anaB¥islowever, further analysis
demonstrated that the percentage of viable cells increased further in the Pdoguitation to 91%C)Moreover,

the P2 sulpopulation demonstrated a reduction in viable cells with an average of 63% viable cells in quadrant 4.

D) This disparity between the two myotube spdpulations resulted in a 28% reduction in viable cells between P1

and P2E)Brightfield microscopy demonstrating myosianyotube populations in suspension prior to cytometry
analysis. k) { SO2yR 02ttt SO0A2y 2F AYI3IS&a RSY2yadNrdSa GdKS L
collection at the waste containeBcale bacorresponds t@50 pm.
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