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Rosie Anne DonnelNitrite and insulin lower the oxygen cost of ATP synthesis in skeletal muscle cells
by pleiotropic stimulation of glycolysis

Abstract

Dietary nitrate lowers the oxygen cost of submaximal exercise, but precise mechanistic
insight into low this occurs is lacking. Research suggests that dietary nitrate may render
oxidative ATP synthesis more efficient, but evidencae®nclusive at present. This

thesis aimed to establish how nitrite (a reduced form of nitrate) affects the bioenergetics
of cultured skeletal muscle cells. Comparison between the acute effects of nitrite and
insulin, a hormonal regulator of muscle function that increases moitairial efficiency,

was explored to assegsssible mechanistic overlap. Calculation of #tgak

intracellular ATP synthesis rates from simultaneous oxygen consumption and medium
acidification measurementsvealed the effects of sodium nitrite and insulin on intact

rat (L6) myoblasts and myotubes. These extracellular diaba were also used to

determne how mitochondrial and glycolytic ATP supply is used to fuel ATP

demanding processeBhe datgoresented in thidesis revealed that both nitrite and

insulin acutely stimulate glycolytic ATP synthesis. This stimulation caithout
significantmitochondrialATP supply changes, thus increasing the glycolytic index of
myocytes. Consequently, nitrite and insulin lower the oxygen cost of cellular ATP
supply.Notably, insulin lowers oxygen consumption linked to ntitmadrial proton

leak thus increasg mitochondrial efficiency. Nitrite does not improve coupling
efficiency in myoblasts or myotubes. Further investigations revealed that stimulation of
glycolytic ATP supply is not secondary to increased glucose availability. In myotubes,
glycolytic stimuation persists in the presence of a mitochondrial uncoupler, suggesting
that glycolysis is increased directly. In myoblasts, stimulation is annulled by uncoupler,
suggesting that glycolysis increases indirectly, via increased ATP consumption. The

molecula targets of nitrite and insulin remain unclear, but the data exclude stimulation
5



of protein synthesis. Together, the data demonstrate that nitrite and insulin lower the
oxygen cost of ATP synthesis in skeletal muscle cells by pleiotropic stimulation of
glycolysis. The data inform the ongoing debate regarding the mechanism by which
dietary nitrate lowers the oxygen cost of exercise, suggesting a push toward a more
glycolytic phenotypeSuch mechanistic insight is crucial for achieving the full

translationapotential of dietary nitrate.



Table of contents

List Of aDDreVIatioNS .........cooiiii e 10
LISt OF FIQUIES ...ttt e e ettt e e et e e e e aeeeenne 11
1 LItEratUre MEVIBW ....ceeiviii ettt ettt e ettt e e e e e et e e e eennes 14
00 R 1114 (o To [T { o] o PP PPPTTRSSPPPPRN 14
1.2 Skeletal muscle energy metaboliSm.............ccoooeiiiiiiiiiiii e 17
1.3 Skeletal muscle inSulin SENSIHIVILY...........oooviiiiiiiiiiiieeee e 24
1.4 Nitric oxide, nitrate and nitrite effects on skeletal muscle...................... 29
1.4.1  BaCKGrOUNG.....ccoieiiiiiieeiiiiii ettt e e e e e eaeaes 29
1.4.2 Exerciserelated benefits of nitrate supplementatian....................... 30
1.4.3 Mitochondrial ATP SUPPIY......oiiriiiiee e 35
1.4.4  GIycOlytiC ATP SUPPIY.... et e e e 39
1.45  ATP @XPeNAIUIE....cccvei e e e ee e e e e e ean s 41
1.4.6 GIlUCO® NOMEOSIASIS. ... .. 44
1.4.7 Similarities between nitrate and insulin effects on skeletal muscle function
47
1.5 AIms and ObJeCtIVES..........cccvviiiiiiii e A8
2 Materials and MethodS..........coooiiiiiiiiiiiii e 51
2.1 Cell CURUIE. ... e 51
2.2 SEANOISE XF24 ... ..o 52
2.2.1  OVEIVIBW.....uiiii ettt e e e e e e e e e e e e e eeeeees 52



2.2.2  OXYQJEN CONSINPLION. ...eevreiiieeeeeetiiie e e e e eee e et e e e eenaia e e e eeeeenenes 55

2.2.3 Extracellular acidification...............ooieeiiiiiiiiinie e 60
2.2.4  ATP SUPPIY. e 63
2.2.5 ATP CONSUMPTION. ....uuuiieiiiiiiiie e eeeeee i 66
2.3 GlUCOSBUPLAKE...... .o 6.7
2.4 LACtale IBIBASE. ... .oeeiiei e 70
2.5  Protein @StMatiON...........uuuiiiiiiiiiiieee e 70
2.6 Data ANalYSIS........oooiiiiiiiiiiee e L

3 Quantification of myocellular bioenergetics: glucose lowers the oxygen cost of

TOLAI ATP SUPPIY ..t e ettt e e et e e e e eeennenes 72
3.1 INETOTUCTION. ...ttt e e e e eeaee 72
3.2 RESUIS. et 73
3.3 DISCUSSION ...t eee ettt e e e e e e e e e e e e e e e e e e e e e e 86

4 Nitrite and insulin decrease the oxygen cost of ATP synthesis in skeletal

muscle cells by increasing the rate of glycolytic ATP supply.......c.cccoeeveviiieenns 90
4.1 INEFOTUCTION. ¢ttt e e e e e 90
4.2 RESURS.....ooeee e 91
4.3 DISCUSSION ....ciiiiiiiiiiiieieie bttt e e e e e e e ettt e e e e e e e e e ee e e e bbb s 102
4.4 CONCIUSION......coiiiiiiiiiii e 108

5 Nitrite and insulin stimulate glycolytic ATP supply irrespective of glucose

AVAIIDIITY ... e 109

B.1 INtrOAUCHION. ... e 109



5.2

5.3

5.4

RESUILS. .. e e 110

DS CUS SION . .. et 121

CONCIUSION. e e e e e e 126

6 Nitrite and insulin increase glycolytic ATP supply both directly and indirectly

IN LB MY OCYIES. ..ottt et e e e e e aa e ae e e e e 127
6.1 INTrOAUCTION......eutiie ettt e e e e eeaas 127
6.2 RESUIS. ...t e 128
6.3 DISCUSSION.....iieiiiii ettt ettt e e ettt ae e e e et et e e e e e aba e 141
6.4 CONCIUSION. ...ttt 146

7 General diSCUSSION......ccuuuiiieeieeiii et e et e e e 147
7.1 XF @NAIYSIS....uiuiiiiieiiie et 147
7.2 Nutritional background.............cooiiiiii i 149
7.3 Oxygen cost of ATP SYNthesiS.........ccoovvviiiiiiii e, 150
A S T = L= o] o Yo L1 [ 4o o I 152
7.5 How do nitrite and insulin stimulate glycolytic ATP supply?................ 155
7.6 Nitrite Or NItHC OXIAE2... ..o 158
7.7 Physiological releVancCe...........coocovuii i 159
7.8 What is needed to identify the molecular targets of nitriteiasuin?....... 160
A8 o (0157 10X A PP UPR 163

8 REIBIBNCES.... .o e 166



List of abbreviations

BAM15: (2-fluorophenyl){6-[(2-fluorophenyl)amino](1,2,9xadiazolo[3,4e]pyrazin
5-yl)}amine

2DG: 2-Deoxy-D-glucose

ATP/G ratio: Amount of ATP generated per oxygen atom consumed
BSA: Bovine serum albumin

FCCP:Carbonyl cyanide ftrifluoromethoxyphenylhydrazone

DMSO: Dimethyl sulfoxide

DMEM:Dul beccodés Modi fied Eagle Medium
DPSB:Du | b e c c o 0phosphatduffdred satine

ECAR: Extracellular acidification rates

FBS:Foetal bovine serum

GLUTA4: Glucose transporter 4

KRPH: KrebsRingerPhosphatéHEPES

ANOVA: Oneway analysis of variance

OCR: Oxygen consumption rates

NADH: Reduced nicotinamide adenine dinucleotide
SERCA:Sarceendoplasmic reticulum Ca2ATPase

NaNGQG;: Sodium nitrite

TCA: Tricarboxylic acid

10



List of Figures

Figure 1.17 ATP supply during glucose catabolism...............ccccovvvviiiinieiiinennn. 19
Figure 1.27 ATP hydrolysis and cellular energyrequiring processes................. 23
Figure 1.3i insulin release and skeletal muscle signalling pathway.................. 25

Figure 2.17 the machinery of the cell microplate and sensor cartridge, used for

SEaNOISE XF ANAIYSIS....ouuiiiiiiiii et 53

Figure 2.21 an illustrative representation of what is usually observed during a

typical Seahorse XF experiment in terms of OCR...........cccooviiiiiiiiieeere e, 57

Figure 2.371 an illustrative representation of what is usually observed during a

typical Seahorse XF experiment in terms of ECAR...........ccoviiiiiiiiiivieeceeeeeeeen, 61

Figure 2.41 schematic overview of the calculations involved in converting raw

OCR and ECAR data into ATP supply fluXeS........cccvvuriiiiiiiiiiiiieee e, 64
Figure 2.57 2DG @SSAY OVEIVIEW. ......ccevuueeeeiiieereiiiaeaeeesnneeeatnnaeeenneesesnnaeaeeennnes 69

Figure 3.1 - Oxygen uptake and extracellular acidification by L6 myoblasts and

differentiated MYyOtUDES...........ooiei 75

Figure 3.21 ATP supply fluxes for L6 myoblasts and myotubes in the presence of

BMM QIUCOSE.... oot e e e e e e e eeeeanneesennnennensnnneeandd T

Figure 3.31 The effects of changes in nutritional background on bioenergetics in

L6 myoblasts, as measured by Extracellular Flux Analysis..............cccoeveevinnnnnn. 79

Figure 3.41 The effects of changes in nutritional background on bioenergetics in

L6 myotubes, as measured by Extracellular Flux Analysis.............ccccoeeevvvnnnnnne. 80

11



Figure 3.517 The effects of changes in nutritional background on ECAR and ATP

supply in L6 myoblasts, as measured by Extracellular Flux Analysis................. 84

Figure 3.61 The effects of changes in nutritional background on ECAR and ATP

supply in L6 myotubes, as measured by Extracellular Flux Analysis................. 85
Figure 4.17 nitrite and insulin effects on the respiratory activity of L6 myoblast®3

Figure 4.21 The respiratory activity of L6 myotubes in response to nitrite and

IS UIIN . e e e e e e e e e 94

Figure 4.31 The ATP supply rates of L6 myoblasts in response to nitrite and

I SUIIN . e e e e e e e 97

Figure 4.4- The ATP supply rates of L6 myotubes in response to nitrite and

NS U . oo e e e et e et e e 98

Figure 4.51 Lactate release by L6 myoblasts and myotubes response to nitrite

AN INSUNN. e e e e e e e 101
Figure 5.17 Glucose (2DG) uptake in L6 myoblasts and myotubes................. 112
Figure 5.27 The ATP supply fluxes of glucosealeprived L6 myoblasts.............. 115
Figure 5.37 The ATP supply fluxes of glucosealeprived L6 myotubes............... 116

Figure 5.41 The respiratory activity of glucosedeprived L6 myoblasts in response

tO NIEAEE AN INSUIIN. oo e e 119

Figure 5.57 The respiratory activity of glucosedeprived L6 myotubes in response

tO NIEAEE AN INSUIIN. .o e 120

Figure 6.17 The ATP supply rates in the combined presence of glucose, oligomycin

and uncoupler, in response to nitrite and insulin, in myoblasts and myotubes.130

12



Figure 6.27 The ATP supply fluxes of glucosaleprived myoblasts and myotubes
in the combined presence of oligomycin and uncougt in response to nitrite and

N SUIIN . <o e e e e 133

Figure 6.3- Determining the correct concentration of specific inhibitors of ATP

demand INMYODIASTS. ........oooiiiiii e 136

Figure 6.41 The percentage of glycolytic, mitochondrial and total ATP supply

used toward a variety of ATP demandingorocesses in myoblasts................... 138

Figure 6.51 The effect of nitrite and insulin on ATP supplied to protein synthesis

N MYODIASTS ... et 140

13



1 Literature review

1.1 Introduction

The function of skeletal muscle, which accounts40% 45% of learbody masgKim

et al, 2016) has been studied extensively. As the largest inselinsitive tissue within
the body, skeletal muscle is the primary site of inssimulated glucose uptake and
accounts for 7®0% of glucose disposgDeFronzoeet al, 1981; Baroret al, 1988)

Thus, it is key to glucose howstasis. Skeletal muscle is crucial to basal energy
metabolism and heat production, thus maintaining body temperature homeostasis
(Periasamyet al,, 2017) Furthermore, it converts chemical energy, in the form of
adenosine triphosphate (ATP), to mechanical energy that is used to power force and
movement, and to maintain postBarclay, 2017)Skeletal muscle is a highly

adaptive tissue that responds to physical exercise by increasing muscle mass and
quality, leading to improved heal{Minetto et al., 2019) Optimising muscle mass and
function, through exercise and nutrition, is essential to several populations, such as
athletes, whereby increased capacity for exercise and increased exercise performance
leads to a competitivedge. Muscle dysfunction sssociated with many diseastates,
such as chronic obstructive pulmonary disgd&adoret al, 2001) cancer cachexia
(Penneet al,, 2019), diabetegPerryet al, 2016) heart failurgKeller-Rosset al.,

2019) and ageingNair, 2005) Thus, strategies for optimal improvements in muscle

mass and function, in both clinical and athletic populations, are of great interest.

Insulin, which is releaseftom pancreatic beta celis response to increased
blood glucos€Rutter et al, 2015) is a signalling hormonihat stimulateglucose
uptakeinto tissues such akeletal muscléHo, 2011; Rowlanet al, 2011; Richér et

al., 2013) As well as restoring blood glucose levels to the normal homeostatic range,
14



insulin also stimulates several anabolic processes that consume ATP. Insulin increases
mitochondrial biogenesi€henget al, 2010) protein synthesi@Boirie et al, 2001;
Stumpet al, 2003; Robinsoet al, 2014) and glycogen synthegi&asteret al,, 2004)
Insulin thus stimulates cellular energy demand, which is fulfilled in skeletal muscle by
increasing the rate of ATP supgihe synthesis of ATR)Affourtit, 2016). Indeed,

studies have shown that insulin significantly increases the rate of ATP production
(Stumpet al,, 2003; Petersest al, 2005; Szendroedit al, 2007)and the activity of
cytochromec oxidaseand citrate synthag&tumpet al, 2003) which are enzymes
involved in oxidative phsphorylationandtricarboxylic acid (TCA)cycle turnover

Finally, insulin also increases the cellutaspiratory control rati@and coupling
efficiency(see Methods)by decreasing proton ledikked respiratior(Nisr et al,

2014) Thus, insulin plays a diverse role in skeletal muscle energy metabolism.

Nitric oxide is a potent signalling molecule involved in many biological
functions within thebody(Moncadaet al, 2006; Tripathet al., 2007) In humans,
nitric oxidecan be produced via two pathways. The first is the endogenous canonical
pathwaywherebynitric oxidesynthases oxidise-arginine to form Lcitrulline
(Moncadeet al,, 1993) The second igia anoxygenrindependent pattay, involving
the reduction ohitrateto nitrite and subsequentlyitric oxide (Lundberget al,, 2008)
Nitrateandnitrite have long been thought of as inert. Howevecent evidence suggests
that the consumption aifitrate in the form of nitrateich beetroot juice or nitrate salts
dissolved in aqueous solutioasdaily ingestecamounts between 5.1 and 19.5 mmol
(PawlakChaoucthet al,, 2016) has a positive impact on human skeletal muscle
function. One of the benefits of consuminitrateis the lowering of oxygen uptake
during submaximal workloadtarsenet al, 2007; Baileyet al,, 2009; Lansley,

Winyard, Fulford,et al, 2011) This discovery challengeour understanding of human
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exercise, asxygen consumption waseviouslybelieved to be fixed at a given work
rate and unresponsive to intervent{®ooleet al, 1997) Exercise tolerancéBreeseet
al., 2013; Baileyet al, 2015) time to exhaustio(Baileyet al, 2010; Lansley,
Winyard, Fulford,et al, 2011)and exercise performan¢eansley, Winyard, Baileyet
al., 2011; Murphyet al, 2012)can ale improvefollowing supplementation with
dietarynitrate However, the positive effects of dietamjrateon exercise are only
apparent in some populations and under certain physiological condBiesso<t al.,
2012; Peacockt al, 2012; Carrikeet al, 2016; PawlakChaouctet al, 2016) which
highlights the need to understand the mechanism by whichyligteateimpacts
exercise.

Potential causes for the exercise improvements seen in response to dietary
nitratesupplementatiomclude a decreased energetic cost of cellular ATP consuming
processegBaileyet al, 2010)and improved efficiency of mitochondrial ATP synthesis
(Larsenet al, 2011)in skeletal muscle. As well as this, nitrogen species also increase
mitochondrial biogenesigMo et al, 2012; Vaughaet al, 2016) and influence
parameters related to glucose homeostasis in rodent models. Nitrogen species have been
found to increase insulin secreti@dystromet al, 2012; Gheibgt al,, 2017)and
glucose transporter 4 (GLUT4Xpressior{Lira et al, 2007 Vaugharet al,, 2016)and
translocatior(Jianget al,, 2014) Dietarynitratesupplementation has thus been
associated with diverse cellular effects, which further increases interest in the potential
therapeutic and exercise focused uses of this commorctoodonent.

While the effects of insulin on cellular energy metabolism are relatively well
known and understood, comparatively little conclusive knowledge has been gained
regarding the effects of nitrogen species on myocyte bioenergetics. Howevers there i

considerable overlap between the effects driven by nitrogen species and insulin on

16



skeletal muscle functiolhus there may be overlap between the mechanisms by which
insulin and dietaryitrateaffect skeletal muscle function. Dietangratebenefitson
parameters related to exercise likely involve improved skeletal muscle energy
metabolism, but precise mechanistic insight on this bioenergetic improvement is lacking
at present. Therefore, before nitrogen species can be safely and rationally implemented
as ergogenic or therapeutic aids, and to understand whether nitrogen species and insulin
act similarly to induce benefit in skeletal muscle, it is fundamental to ascertain the
actions of nitrogen species on myocyte bioenergetinsehis insight is obtaed, it

may become apparent why some populations araegponders to observed exercise
benefits exerted by nitrogen speci€his introductory chapter provides overview of

the literature that reports dietamjrateand insulin effects related to skeletal muscle

energy metabolism.

1.2 Skeletal muscle energy metabolism

Cells require energy to stay alive and t
energy currency: its hydrolysis to adenosine diphosphate ABd& inorganic

phosphate (Pi) liberates free energy that can be used to drive -eequiyng

processes. ADP and Pi are then used to resynthesize ATP by both siéketiadad

oxidative phosphorylatio(Berget al, 2002) Energy metabolism can be considered the
interaction between ATP demanddafATP supply, via a common intermediate, the

cytosolic phosphorylation potential (or ATP/ADP rati@gllular ATP levels are kept

very high, and, therefore, the ATP/ADP ratio is highus, when cells hydrolyse ATP

to form ADP andPi, the reaction movegentaneously because the ratio is kept far

away from thermodynamic equilibriurdvhen hydrolysis of ATP occurs, energy is

liberated, which can be used by the cell to drive various reactions. In skeletal muscle,

17



the supply of ATP is usually dictated by tthemand for ATP. Thus, when demand for
ATP is high, the ATP/ADP ratio drops, and the cell responds by making more ATP
(Berget al, 2002) Skeletal muscle can utilise various nutrients to make AUEh as
fats and glucosaVhen energy metabolism is driven by glucose, glycolysis and

mitochondrial respiration both contribute to ATP supply.

Glycolysis is a metabolic pathway that occurs within the cytosol of the cell and
allows the breakdown of glucose to pyruvate, resuitirigpe liberation of energy that is
captured as ATEFeher, 2017§Figure 1.1). This type of ATP production does not
require oxygen. When glucose enters the cell, it is rapidly phosphorylated to giicose
phosphate by hexokinase, requirimgp ATP. Following this, the glucosé-phosphate
molecule undergoes a series of enajoreactions, resultingn the production of two
reduced nicotinamide adenine dinucleotiADH), four ATP and twqyruvate
molecules The net production of ATP from glygalisis two ATP, as the initial step
costs twoATP (Feher, 2017)The pyruvate generated from glycolysis can then be
reduced to lactate by lactate dehydrogenase (LDH), resulting in the efflux of two lactate
anions and two protons from the delt every glucose molecule broken down
(Divakaruniet al, 2014) When pyruvate is reduced to lactate, NADH is oxidised in the
LDH reaction, to regenerate the NABequired for the reaction of glyceraldehyde
phosphate to 1;8iphosphoglycerate in glycolysiseher, 2017)Glycolytic NADH can
also be transferred into the mitochondria by the glyegnohosphate and malate

aspartate shuttles for use in daiive phosphorylatiotFeher, 2017)
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Flgure 1.17 ATP supply during glucose catabollsm

When energy metabolism is driven by glucose, glycolysis and mitochondrial respiration both
contribute to ATP supply. Black arrows show the sequehegents and the reactants and
products of pathways. Orange arrows show the direction of electeptrdasfer, and red

arrows show the movement of protons (red circles with Fhe inner mitochondrial membrane
is shown as the parallel blue lines, witle mitochondrial matrix below and the intermembrane
space above the blue parallel liné$H = |actate dehydrogenasBDC = pyruvate
dehydrogenase complex, TCA = tricarboxylic acid cyl#, Ill, IV = the electron transfer
chain,Q = ubiquinoneCyt C= cytochrome ¢V = the ATP synthase
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When pyruvate entsrinto the mitochondria, is used to fornacetytCoA,
through oxidative decarboxylation driven by the pyruvate dehydrogenase complex
(PDC). This reaction also leads to the productib6@©, and NADH (Mookerjeeet al,
2017)(Figure 1.1) Each acetylCoA fuels one TCAycle turnover, which does ho
require xygen, but produces one ATP, and thkg&DH and onesuccinate by
removing electrons from the acetybA molecule(Berget al, 2002) The TCA cycle

thus generates the reducing power that fuels oxidative phosphorylation (Figure 1.1).

Oxidative phosphorylation is a process by which the energy geddram
burning nutrients is conserved as ANADH and succinate deliver the electrons to the
electron transfer chain (ETC), which is a series of protein complexes embedded within
the inner mitochondrial membrafigerget al, 2002) NADH donates 2 electrons to
complex I, whereas succinate donaéedectrons to complex Il. The electrons that
become available through oxidation are used to reduce ubiquinoibétonol,
whichthen passes the electrons to complex Ill. Following this, the electronassedp
on to cytochrome, reducing it, causing to become a substrate for cytochroene
oxidase (complex IV). The electrons are then passed to complex IV, where they are
finally used to reduce oxygen to water (Figure 1.1). Mitochondrial electron transfer is a
thermodynamically favourable process andaidative process, as it is associated with
the consumption of oxygdiBerget al, 2002) These reactions liberate energy, which
some complexes use to geate a protormotive force As electrons are passed,
complexes I, lll and IV translocate protons from the mitochondrial matrix, across the
menbrane and into the intermembrane space. This translocation creates a proton
gradient, which is a potential source of energy. Protons then move back across the
membrane through the ATP synthase (complex V), causing it e rethich catalyses

ADP phosphoylation to ATP(Berget al, 2002)
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The coufing between electron transfer and ATP synthissisot fully efficient.
One of the reasons for this is electron leak, which is the escape of eldtraritbe
ETC complexes thatan incompletely reduce oxygen, fongireactive oxygen species
(Affourtit et al, 2012) Electron leakage from particular sites of the ETC depends on the
redox state of the electron donor. For example, an increased respiration rate due to
increased substrate supply leads to a more reduced ETC and #héighar rates of
electron leak and reactive oxygen species production, whereas increased respiration
rates driven by increased ATP demand leads to a more oxidised ETC, with lower
electron leak and reactive oxygen species production (Brand, Z0i@herreason is
proton leak, which occurs when protons that make uprbknmotive force move
back across the inner mitochondrial membrane, in a fashion that bypasses the ATP
synthase, thus lowering the efficiency of oxidative phosphoryldBoand, 2005)
Proton leak may exist to protect cells from oxidative damage resulting &active
oxygen speciegeneration, which is a bgroduct of oxidative phosphorylation, by
relieving the system of a higirotonmotive force (Brand, 2000) Theprotonrmotive
forceis also used by mitochondrial carriers, suchh@sadenine nucleotideanslocator
carrier,to transport Pi and ADP into, and ATP out of the mitochon@iaokerjeeet
al., 2017) However theadenine nucleotide translocatws also been found to
contribue to approximatelywo-thirds of basal prain leak, independent of its function
as a reactant exchand®&randet al, 20(®). Furthermore, proton leak can also be
induced by uncoupling proteiiBivakaruniet al, 2011) By preventing the transfer of
electrons and dissipating theotorrmotive force, electron and proton leak lower the
amount of ATP generated by nutrient catabolism, thus lowering the coupling efficiency
of oxidative phosphorylation. Therefore, compounds (such as nitrogen species and

insulin) that may increase mitochondrial efficiency are of great interest.
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Once synthesised, ATP can be hydrolysed to ADP and Pi, which liberates the
energy required to drive various @mndonic reactiongBerget al, 2002)(Figure 1.2).
An example of an energyequiring process within skeletal muscle that consumes large
amounts of ATP is contraction, due to the need to fuel myosin ATPase and the-sodium
potassium and calcium exchange across the cell mem{itgaaet al, 2013) At times
of vigorous contraction, such as duringtrigtensity exercise, skeletal muscle can
increase its use of ATP around 3fadd from the resting stat@Vesterblacket al, 2010)
Other cellular processes, such as DNA, RNA and protein synthesis, and cytoskeletal
movement, also consume large amounts of fABURtgereitet al, 1995; Nisret al,

2016; Mookerjeeet al, 2017)(Figure 1.2)
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Figure 1.27 ATP hydrolysis and cellular energyrequiring processes.

Energy metabolism is the communication between ATP demand and ATP supply, via the
cytosolic phosphorylation potential (ATP/ADP ratio). In skeletal muscle, the supply of ATP is
usually dictated by the demand for ATP. Hydrolysis of ATP results in the idrecdtenergy,
which can be used by the cell to drive various reactions, such as contraction and cellular
growth (Berget al, 2002)
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In skeletal muscle, energy metabolism is primarily controlled by ATP demand,
which has been likened to a market economy, whereby the flux of ATP is governed by
the consumer and not the produ@&ffourtit, 2016). This control structure is apparent
when ATRconsuming processes are inhibited, which acutely causes decreased
mitochondrial respiration linked to ATP synthe@ittgereitet al,, 1995; Nisret al,

2016; Mookerjeet al, 2017) Arguably one of the most important parameters in
skeletal muscle energy metabolism is the ATP/ADP ratio, or the phosphorylation
potential. The cytosa@ phosphorylation potential refers to the concentration ratio of
free ATP and ADP within the cytosol, which describes the energy status of the cell or
the ability of the cell to carry out woKNeechet al,, 1979) Within cells, there is an
ATP/ADP ratio within the cytosol, which is kept high, and one withm mitochondria,
which is kept low, due to the electrogenic exchange of ATP and ADP across the
mitochondrial membran@eldt et al, 1972) When hydrolysis of ATP occurs within

the cytosol through the demand for ATP, the cytosolic ATP/ADP ratio drops, promoting
ATP synthesigAffourtit, 2016) Thus, the phosphorylation potential links ATP supply

with ATP demand (Figure 1.2).

1.3 Skeletal muscle insulin sensitivity

Insulin is an anabolic peptide hormone that is made and released by pancreatic beta cells
when the blood glucose level riggdutteret al, 2015) Insulin provokes organ activity

that brings the glucose level back to its homeastai point. Skeletal muscle is the

primary site of insulirstimulated glucose uptake and accounts fe®@% of glucose
uptake(DeFronzoet al, 1981; Baroret al, 1988) The signalling pathway leading to

glucose uptake by cells has been extensively studied and re\iewed011; Rowland

et al, 2011; Richteet al, 2013)and is summarized in Figure 1.3.
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Figure 1.37 insulin release and skeletal muscle signalling pathway.

Pancreatic beta cells produce and release insulin into the bloodsi{Ratteret al, 2015)

Insulin then binds to the insulin receptor on skeletal muscle, catrsingautophosphorylation

of the intracellular tyrosine residues, which then act as docking sitélsdansulin receptor
substrate (IRS1)RS1 is phosphorylated and recruits and activgtessphatidylinositeB-

kinase (PI3K) at the membrane, which catalyses the formation of phosphatidylinositol (3, 4, 5)
triphosphate (PIB). PIPs formation leads to thactivation of 3phosphoinositidiedependent

protein kinase 1 (PDK1) and protein kinase B (AKHjtivation of this pathway ultimately
results in the release of GLUT4 from intracellular vesicles and its translocation into the plasma
membrane. Glucose thenters from the blood and into the muscle cell via facilitated diffusion
through GLUT4(Ho, 2011; Rowlanét al, 2011; Richteet al, 2013)
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As well as restoring blood glucose levels to the normal homeostatic range,
activation of the insulin receptor leaasthe activation of thprotein kinase Band Ras
mitogenactivated protein kinaspathways, resulting in the stimulation of several
anabolic processes within the d@iffourtit, 2016) Insulin promotes cellar growth
and differentiatior(Li et al, 2013)and mitochondrial biogenegi€henget al, 2010)
which are processes that require protein synthesidinrgimulates mitochondrial
(Boirie et al,, 2001; Stumget al,, 2003; Robinsoet al, 2014) myofibrillar and
sarcoplasmic protein synthegiRobinsoret al, 2014) Protein synthesis represents a
major ATP consuming process in many cell ty(Rsttgereitet al, 1995; Nisret al,
2016)and accounts for 285% of energy expenditure in cultured myocytdsr et al,
2016; Mookerjeet al, 2017) DNA ard RNA synthesis are also required for protein
synthesis and cellular growth and differentiation, which consume large amounts of ATP
(Buttgereitet al, 1995; Nisret al, 2016) DNA and RNA synthesis accounts for ~16%
of oxidative ATP expenditure in ttured rat and human myocyt@sisr et al, 2016)
Insulin also has an impact on small molecule movement within cells. When insulin
binds to is receptor, itncreases the activity of the sodiupotassiurmATPase by
increasing the expression of the pump itgdl, 2011) ThesodiumpotassiurrATPase
consumes ~20% of oxidative ATP supply in cultured L6 myocdiities et al., 2016)

and ~6% of total ATP expenditure in C2C12 myocytdeokerjeeet al, 2017)

Insulin drives glucose uptake by cells, which involves the exocytosis of GLUT4
from intracellular vesicles to the cellular membréHe, 2011; Rowlanet al, 2011,
Richteret al, 2013)(Figure 1.3). The translocation of GLUTd the cell membrane
involves the remodelling of actin filaments at the plasma membrane in adipocytes
(Omataet al, 2000)and skeletal musci@ sakiridiset al, 1994) As well as utilising

actin, GLUT4 storage vesicles are moved intracellularly via the motor proteins of
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microtubules, kinesin and dynein, which aid in the exocytosis and endocytosis of
GLUT4 at themembrandTunduguruet al, 2017) Actin remodelling and the
movement of vesies via motor proteins are AT¢dnsuming processéStossekt al,
2006; Kolomeisky, 2014)Cultured C2C12 myocytes dedicate 8% and 16% of their
total energy expenditure to tubulin and actin dynamics, respec{Melgkerjeeet al,
2017) Furthermore, insulin also stimulates glycogen synth{€asteret al, 2004)
which is a process that consumes ARahmatabady, 2013\s wellas stimulating
ATP-dependent processes, insulin also preveratein degradatio(Rooyackerset al,
1997)in brain, liver and skeletal muscle cqllawcettet al, 2001) However, while
insulin inhibits some ATP consuming processes, overall, it hashalatory effect on

ATP demand (Affourtit, 2016)

Studies have shown that insulin significantly increases the rate of ATP
production(Stumpet al,, 2003; Petersegt al, 2005; Szendroedi al, 2007) which
may occur in response toe stimulatory effecof insulinon energy demand. Studies
using®!P magnetic resonance spectroscopy have shown that insulin significantly
increases the rate of ATP production in the muscle of healthy indivi(Retisrseret
al., 2005; Szendroecet al, 2007) However, whether this increase is due to stimulation
of glycolytic or oxidative ATP production is not clear,*48 magnetic resonance
spectroscopy has been found to reveal very little about mitochondrial function and to
overestimate arative ATP synthesis in resting muscle, due to a glycolytically
medi at ed Pi zATP (Kemgehah B804 Maressgecificallyp insulin
stimulates ATP synthesis in mitochondria isolated from healthy human ni8satap
et al, 2003) This stimulation of oxidative ATP prodtion was attributed to the

increased oxidative capacity of mitochondria, through increased mitochondrial protein
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synthesis and increases in citrate synthasecgiothromec oxidaseactivity (Stumpet

al., 2003)

Indeed, insulin is shown to increase glucose oxiddt&asteret al, 2004)and
to increase basal and maximum respiration in C2C12 myo(ilaeg et al,, 2012)
supporting the idea that insulin increases mitochondrial cap@&titynpet al,, 2003)
However, insulin also impacts oxidative metabolism by lowering protonrlielaéd
respiration, in the absence of increased capacity of oxidative phosphor{iNisoet
al., 2014) This acute insulin effect increases both the cellular respiratory control ratio
(i.e., the ratio between the uncoupled and oligomymiibited respirationand
coupling efficiency of oxidative phosphorylation in cultured rat and human myocytes
(Nisr et al, 2014) Increasedoupling efficiency occued without effect omaximum
respiration in myocytes subjected to insihisr et al, 2014) However, differences in
insulin exposure may accoufor the differences in results concerning mitochondrial
capacity (20 minutegisr et al, 2014)versus 48 hourgranget al, 2012).
Collectively, these results indicate that insulin may improve mitochondrial function and
increase oxidative ATP supply by improving both the capacityafiod efficiency of

such production.

In addition to increasing mitochondrial protein synth€Staimpet al,, 2003)
insulin increases the expression of the glycolytic enzymes phosphofructokinase and
pyruvate kinaséBerget al, 2002) Thus, insulin may increase glycolytic ATP supply
by directly influencing the expression and activity of enzymes involved in this pathway.
Indeed, as well as stimulatitgsal regiration, insulin also significantly increases
medium acidification in C2C12 myotubganget al, 2012) suggesting that it raises
both glycolytic and oxidative ATP supplyn contrast, when the bioenergetic behaviour

of L6 myocytes exposed to insulin is measured in a buffer lacking a metabolic fuel,
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injection of 2mM glucose instantlyisulates acidification of the extracellular medium

but leaves oxygen consumption unaffecfddr et al, 2014) These results indicate that
insuin may increase glycolytic ATP supply and the production of pyruvate that is
subsequently reduced to lactate, without increasing oxidative ATP supply. Taken
together, insulin has a diverse array of effects on skeletal muscle energy metabolism, by

provoking both ATP demand and ATP supply.

1.4 Nitric oxide, nitrate and nitrite effects on skeletal muscle

141 Background
Nitric oxide is a signalling molecule involved in many physiological processes, such as
vasodilation(Moncadaet al, 2006)and immunological defend@ripathiet al, 2007)
Nitric oxide is also believed to be responsible for protective effects against
cardiovascular diseag®maret al, 2014)and the metabolic syndron(€arlstromet
al., 2010) Production of nitric oxide can occur endogenpdsiring the oxygen
dependent oxidation of-Arginine to form Ecitrulline by nitric oxide synthases
(Moncadaet al,, 193). Nitric oxide can then be oxidisedlatively slowlyby a
multicopper oxidase within the plasma, named ceruloplasmin and by cytocbrome
oxidase to formmitrite, and relatively quicklyoy myoglobin and haemoglobin to form
nitrate(Shiav, 2013)Recently, an alternative, oxygérmependent pathway for the
generatiorof nitric oxide has been discovered, whereby dietary nitrate is reduced,
forming nitrite and subsequently nitric oxide, under low pH and hypoxic conditions

(Lundberget al.,, 2008)

Nitratecan be obtained via the di@bd is abundant in vegetables such as
spinach and beetro@itidder et al,, 2013) Once consumed and absorlietd the blood,

~25% of circulatingnitrateis transported into the salivary glands by sialin, the sialic
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acid/H" and 2NQ7/H" cotransporter located in the plasma membrane of salivary gland
cells(Qin et al,, 2012) Nitrateis then secreted into the salif@in et al,, 2012)

Anaerobic bacteria expressingratereductases, such ®illonella(Hydeet al,

2014) located on the dorsal surface of the tongue, then reduegeto nitrite (Doel et

al., 2005) Pathways involving deoxyhaemoglobin, xanthine oxidase, deoxymyoglobin
and mitochondrial enzymes are implicated in reduaitigte to nitric oxide (Govoniet

al., 2008) Nitrateandnitrite have previously been thought of as inert-pnolducts of

nitric oxide metabolism. As precursors tomtroso compounds, which are potent
carcinogens, these anions have been portrayeanasotinds to be avoided. Howeyer
evidence to suggest thaitrateandnitrite cause cancers is inconclsiand depends on
their source, such as whether they come from plant or, meaiants contain
components such as vitamin E and phenolic compounds, which may protect against
cancer developmeifLidder et al, 2013) Furthermore, recent sties have shown that

nitrateandnitrite consumption positively impacts human skeletal muscle function.

1.4.2 Exerciserelated benefits of nitrate supplementation
A wealth of recent evidence has shown that dietirgteconsumption has many
physiological benis, particularly relating to exercise. Several recent reviews cover the
physiological effects of nitrogen species on exer@lsaes, 2014; Jones al, 2016;
Dominguez, Cuencat al, 2017; Domingueet al., 2018) Nitratesupplementation
lowers the oxygen cost of submaximal exercise by decreasing the respiratory activity
requred to drive skeletal muscle work at a set fagrsenet al, 2007; Lansley,
Winyard, Fulford,et al, 2011) However, the lowered oxygen cost of submaximal
exercise in response mitrateis not universal, as individuals with chronic ilinesses
(PawlakChaoucthet al,, 2016)and the highly aerobically f{iCarrikeret al,, 2016)
appear to be neresponders to this phenomenon.
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Supplementation withitratehas other benefits on exercise that may not be
related to decreases in oxygen consumption. The measurement of exercise tolerance,
usually through time to exhaustion proto:
complete exercise, while completing a ptded set of exercises in a faster time
indicates improved exercise performafdenes, 2014 Nitrate supplementation has
been shown to increase exercise tolerance by ~(B2éeseet al, 2013; Baileyet al,
2015)and improve power output and performaficansley, Winyard, Baileyet al,
2011; Murphyet al, 2012) Again, these effects are not universal, as elite and
endurance athletes show no such improvement in exercise performance in response to

nitratesupplementatiofBescost al, 2012; Peacockt al, 2012)

Several factors may explain the differences in responsiveness to the exercise
benefits exerted byitratesupplementation between and within populations, such as
genetics, muscle oxygenation aheé muscle fibraype composition of the population
being studied. It has been hypothesised niieitemay specifically target type I
muscle fibregJoneset al, 2016) Furthermore, inconsistent results may also arise due
to differences in supplementation protocols between studies. For example, 4 days
supplementation with 70ml of a drink containing 6.2 mmol nitrate was given in a study
where no effect was found on oxygen uptake during submaximal ex@Zeigekeret
al., 2016) whereas 500ml of a drink containing 6.2 mmol nitrate was given over 6 days
in a study where a lowering of oxygen uptake was obsehaatsley, Winyard,

Fulford, et al, 2011) However, it remains to be establisheldy nitrate

supplementation does not benefit exercise universally.

Nitric oxide formation is likely responsible for the protective effects of nitrogen
species on healtfTripathiet al, 2007; Omaet al, 2014) However, the nitrogen

species respoilge for driving the positive effects of dietanjtrateon skeletal muscle
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and exercise discussed above remains to be convincingly demonstrated. Many studies
suggest that the reduction mfrite to nitric oxideis responsible for the positive effects
exated bynitrateon exercise, such as lowering oxygen uptdleesenet al., 2007)and
improving exercise performan¢€hompsoret al, 2016) Within these human studies,
it is common to measuratrateandnitrite levels within the bloodwhich is suggested

to be a marker atitric oxide bioavailability (Lundberget al, 2008) Nitrite has also
been suggested to be a reservoimitnic oxideduring periods of hypoxid_undberget
al., 2008) The measurement aftric oxideitself in human systems is relatively

difficult becausenitric oxidehas a very short halife, is present in small concentrations
and is highly reactivéArcher, 1993) Nevertheless, followingitratesupplementation,
the concentrations ofitrateandnitrite rise in the blood compared to contrdlsrsenet
al., 2007; Baileyet al,, 2009, 2010; Vanhatalet al, 2010; Shannosat al, 2017,
Thompsoret al, 2017) In some cases, peskercise decreasesniirite concentations
have been observed, and the authors speculateitifiigtis consumed during exercise
because of further reduction wirite to nitric oxide (Larsenet al, 2007; Shannoat al,
2017) However, the measurementrofrateandnitrite within the blood are indirect
measurements aiitric oxideand do not necessarily reflect the productionitrfc
oxideitself. Thus, any benefit on exercise observed in responsgdte

supplementatiogould be in response to nitric oxidstrite or nitrate

The efficiency of oxidative phosphorylatitvas been shown to increase in
response taitric oxidein isolated mitochondriéClercet al, 2007) Nitric oxide also
inhibits cytochromec oxidase competing with oxygen, thus lowering mitochondrial
respiration and ATP productidBrown et al, 2007) Nitric oxide-drivencytochromec
oxidaseinhibition could lower oxygen consumption during exercise, but the lower ATP

levels would be expected to decrease muscle performance, which is not reflected in
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response taitratesupplementatiofLansley, Winyard, Baileyet al, 2011; Murphyet
al., 2012) Furthermorenitrite impactsintracellular actions independédyiof nitric

oxide production Nitrite has been shown to stimulate mitochondrial biogenesis
independently of nitric oxide, as it does not involve activation of soluble guanylate
cyclase but rather the activation of adenosine monophospbatated kinase through
increased activation ofl@nylate kinase 1, resulting in increased mitochondrial
efficiency and respiratory contr@lo et al, 2012) Nitrite activates protein kinase A,
stimulating mitochondrial fusion and respiratory control under normmclitions in
cardiomyocytegPrideet al, 2014) Nitrite activates protein kinase A and stimulates
mitochondrial fusion in adipocyt€&hoo et al, 2014)and increases myocyte
proliferation independently afitric oxide (Totzecket al, 2014) Thischallenges the
assertion that the effects mfratesupplementation on excise are mediated solely by
nitric oxide Furthermore, the extreaty low oxygen and pH levels required futrite
reduction tonitric oxide (Pereiraet al, 2013)are unlikely to occur within the muscle of
healthy subjects, such as those used duhiege physiological studies (as discussed in

Affourtit et al, 2019.

Skeletal musd has recently been shown to store nitrate and r{ifhjtekayiruet
al., 2017; Wylieet al,, 2019) which are suggested to serve as reservoirghéor
production of nitric oxide in hypoxic conditioifsundberget al,, 2008) Indeed, in
rodents, the concentration of nitrate in skeletal muscle is much higher than in the blood
(Piknovaet al, 2015) Furthermore, concentrations of nitrate and nitrite increase in
human skeletal muscle, to a gexagxtent than that found in the plasma, following
supplementation with nitrat@yakayiruet al, 2017; Wylieet al, 2019) Sialin is
responsible fothe transporof nitrate from circulationnto the salivary glands when

consumedQin et al, 2012) Sialin transports nitrate into cells by-ttansporting 2N®@
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/H" into the cell, which is hypothesised to occur actively, against its concentration
gradient(Srihirunet al, 2020) and is linked to the N&H™ exchanger, using the
Na'/K*-ATPase (Takahamet al, 2013). Expression of the nitrate transporter, sialin, in
human skeletal muscle was recently discovered and likely drivesptrdation of

nitrate and nitrite from the blood and into skeletal muscle, thereby increasing nitrate
storaggWylie et al, 2019) However, while knockdown of sialin in skeletal muscle
cells decreased nitrate uptake significantly, it did not inhibit nitrate transport
completely, indicating that other transporters of nitrate, suchlaside channel 1, also
play a role in skeletal muscle transport and storage of n{igait@runet al, 2020) The
role of such storage is unclear, but it has been suggested that storage of relatively stable
nitrate provides fast and local production of unstable nitric oxide through the nitrate

nitrite-nitric oxide pathwayNyakayiruet al, 2020)

Xanthine oxidoreductase ritratereducing enzme (Piknovaet al,, 2015) is
present in human skeletal mus@gylie et al, 2019) which suggests human skeletal
muscle can reduadtrateto nitrite. Furthermore, cultured primary human myocytes
incubated in ImMitrateare shown to rapidly take uptrate with myotubes showing
further increases initrite concentrations, possibly due to the expression of xanthine
oxidoreductase and mitochondrial amidoxineelucing compones{Srihirunet al,

2020) Notably, this concentration is much higher than the plasma nitrate levels seen
after nitrate supplementatig¢h82uM) (Larsenet al,, 2007) Overdl, these studies

propose thanitratestorage in skeletal muscle is relevantrdric oxide production.
However, as discussed above, it is unknown which nitrogen species drives the positive
effects on exercésin response toitratesupplementation. The observation thitate

nitrite and possiblynitric oxideare present in skeletal muscle means relatively little,

without knowing the exact mechanism by which enhanced muscle activity is driven.
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Overall, nitratesupplementation lowers the oxygen cost of exertiaesenet
al., 2007)and improves exercise tolerance and performélnamesley, Winyard, Bailey,
et al, 2011; Breeset al, 2013) suggesting that nitrogen species impact myocyte
energy metabolism. Therefore, theneficialeffects of nitrogen species on exercise
likely arise due to improvements or changes in the way ATP is supplied, or changes in
the energetic cost of cellular ATP consuming processes, as oxidative ATP production
consumes oxygen and production is driven by demand. The variability in response to
nitratesupplementation and a lack of information regarding the nitrogen species that
drives such exercise benefits highlights the requirement to understand the actions of
nitrogen species on myocyte bioenergetics fully. The effects of nitrogen species on

parameterselated to ATP supply and ATP demand are discussed in more detail below.

1.4.3 Mitochondrial ATP supply
Mechanistic understanding astiow nitrateimproves human skeletal muscle function
is incomplete, but most models predict changes in skeletal muscle bioenergetics. Cells
can supply the ATP that is needed for enettggnanding processes in various ways.
Firstly, via an initial, rapid breakdown of plsphocreatine, which is limited and must
then be resynthesised. Secolyd via glycolysis, which contributes significant amounts
of ATP during periodsf hightintensity exerciseFinally, via oxidative
phosphorylation, which occurs within the mitochonanial takes minutes to become
activated but provides a sustained ATP supply, particularly at low activation of muscle
(Fiedleret al, 2016) The finding of lowered oxygeuptake during submaximal
workloads, in the absence of changes in blood lactate levels, suggenisdtat
supplementation improves the efficiency of mitochondrial oxidative metabolism

(Larsenet al, 2007) Nitratesupplementation was shown to improve phosphocreatine
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recovery after hypoxic exercise by ~1§¥anhataloet al, 2011) This observation
indicates improvements in the maximal rate of oxidative ATP synthesis, as
phosphocreatine recovery is driven by oxidative phosphorylétiaseleret al., 1999)
Furthermore, it has been suggested that an improved rate of oxidative AyRthesis
during severe intensity exercise may account for increased exercise tolerance, further
supporting the notion thaitratesupplementation improves oxidative metabolism

(Breeseet al,, 2013)

The lowered oxygen cost of exercise followmitrate supplementatiofLarsen
et al, 2007)has been attributed to improved mitochondrial efficiefh@rsenet al,
2011) Mitochondria isolated frormodiumnitratesupplemented individuals were found
to make more ATP per oxygen atom consumed than mitochondrianfsam
supplementedontrol individuals (i.e., the mitochondria exhibited an increased P/O
ratio [Brand and Nicholls, 201}, which is consistent with the relatively low oxygen
uptake during exercigéarsenet al, 2011) This increased efficiency of oxidative ATP
production occurred without changes in mitochondriadtent and arose from a 45%
decrease iprotonleaklinked respiratior{Larsenet al, 2011) The lowerd proton leak
was attributed to decreasadenine nucleotide translocaepression and slightly

decreased expressiohuncoupling protein 8Larsenet al, 2011)

Insupportohitrateds abi | ity to i mprove mitochondri a
myocytes exposed tatrate containing beetroot juicghow increased mitochondrial
biogenesis and increased basal megjpn without proton leak chang@gaugharet al,,
2016) These results suggest that respiration used toward ATP synthesis must have
increased, indicating improveauapling efficiency. However, bé&®ot juiceis of ill -
defined composition containing protein, carbatatds, fats and vitamin$ herefore, the

results could have been the response to any of these factors, as the study lacked an
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appropriatenitratedepleted beetroot juiagontrol. In support of thisthe application of

25uM nitrite to rat smooth muscle cellsderhypoxic conditions resulteid increased
mitochondrial content and the generation of mitochondria that estitpieater

mitochondrial efficiency{Mo et al, 2012) This improvement in efficiency also arises

due to increased respiration linked with ATP synthesis rather than decreased proton leak
(Mo et al, 2012) Finally, adipocytes exposed mdrite for 24 hours also display

increased mitochondrial efficiency due to increased basal respi(&tioo et al,

2014) The results describdtere differ from those previously obtain@dirsenet al,

2011) as coupling efficiency improvements in these studies arise due to increases in
respiration linked with ATP synthesis, rather than a decrease wnpleztk(Larsenet

al., 2011)

The hypothesis that nitrogen species impact oxidative metabolism is
contioversial(Whitfield et al, 2016; Ivarssoet al, 2017; Axtonet al, 2019; Ntessalen
et al, 2020) Using muscle fibres and mitochondria frvMastus lateralisiopsies,
taken before and aftsupplementation with beetroot jujgehas been demonstrated
that decreased oxygen uptake during submaximal exercise can occur without improved
mitochondrial efficiencyWhitfield et al, 2016) For instance, Whitfieldndcolleagues
(2016) found that beetroot juited an exercise benefit without a change in proton
leaklinked respiration, the P/O ratio, or the expressioad&nine nucleotide
translocatoproteins. They found no correlation between the P/O ratio aygen
uptake, and suggest that decreased ATP turnover during contraction contributes to the
observed decreased oxygen uptake during submaximal exercise in resputrageto
supplementatiowWhitfield et al, 2016) Furthermorewhile acknowledging the

limitation of physiological relevance, a study exploring the effects of sodium nitrate in
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mice discovered that the P/O ratio was decreased (rather than increased) following

sodium nitrate supplementatigivarssonret al,, 2017)

Adding to the argument that nitrogen species do not improve mitochondrial
efficiency, no differences were found for oxidative phosphorylation, proton leak or the
P/O ratio between mitochondria isolated from zebrafish gseslium nitrateor sodium
nitrite in their water ana@ontrolmitochondria(Axton et al, 2019) This group also
found no change in mitochondrial abundance between experimental gfotms et
al., 2019) which agrees with the lack of effectsddium nitrateon mitochondrial
content in human@.arsenet al, 2011)but disagrees with the reported increase in
mitochondral biogenesis found elsewhdo et al,, 2012; Vaughaet al,, 2016)
Furthermore, extracellular flux (XEnalysis of mitochondria isolated frasndium
nitrateandsodium nitritesupplemented mice also revealed no effect of these molecules
on mitochondrial efficiencyNtessaleret al., 2020) Sodium nitritesupplementation
lowered overall mitochondrial respiration compared to therognthich could
translate to the human exercise phenotype. However, because the decrease in proton
leak was matched by a proportionally decreased respiratory activity linked to ATP
synthesis, this did not affect coupling efficier{®tessaleret al., 2020) This study
found that expression ehcoupling proteir8 and ADP/ATP carriers in human and
murine skeletal muscle were also not altered in response to didtatgor nitrite
supplementatioNtessaleret al., 2020) which further disputes previous findings
(Larsenet al, 2011) Howeve, it should be noted that the human plasma concentrations
of nitrateandnitrite at the time of biopsy were not increased compared to baseline

measurementiNtessaleret al,, 2020)

Overall, evidence to suggest that nitrogen species improve mitochondrial

function by increasing mitochondrial efficiency is inconclusié&hough nitrogen
38



species have been shown to improve mitochondrial efficiélremgenet al., 2011) the
mechanism by which this occurs is not consistent across studies, whicheftadtithe
different form of nitrogen species used and cell model explored across experiments.
Importantly, improvements in coupling efficiency arising from increased-#aked
respiration(Mo et al, 2012; Vaughaet al, 2016)do not seem to relate to the exercise
phenotype exerted hyitratesupplementation, where a decrease in oxygen consumption

Is expected.

1.4.4 Glycolytic ATP supply
Dietarynitratecould, in principe, lower the oxygen cost of ATP supply by increasing
the proportion of ATP that is obtained from glycolysis. This possibility was initially
discarded based on the observation tlitaatelowered the oxygen cost of sub
maximatintensity exercise withoutncreases igirculating lactate concentratisn
(Larsen et al., 2007). Ho w aenitrageis highty he 01 act
variable and depends on exercise intensity. For exasyigjm nitrategiven to trained
cyclists or triathleteg¢Larsenet al, 2007)and beetroot juicgiven to recreationally
active malegBetteridgeet al,, 2016)during submaximal workloads provoked
change in blood lactate levels compared to control groups.

In support of these effects lumans, supplementation with beetroot jurceats
also provoked no change in blood lactate levels at rest, but a significant decrease
following submaximal exercise compared to a control was obséPezdusoret al,,

2013) However, this study failed to providendrate depleted beetroot juiagntrol.
Metabolomic analysisfavhole zebrafish provided witbodium nitrateor sodium nitrite

in their water showed significant decreases in the number of glycolytic intermediates
anddecreasethctate accumulation following exercise, compared to their rested
counterpartgAxton et al, 2019) Furthermore, XF analysis of C2C12 myocytes treated
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with beetroot juiceshowedsignificantly lower basal and peak medium acidification,
indicating decreased glycolysis and lactate produg¢iaugharet al, 2016) However,
this decrease in medium acidification could have occurred in response to the increased
oxidative ATP production observed (discussed above), potentially resulting from
several of the extra components contained withirbdetroofuice, which were not
matched in the control conditiomhis evidence suggests that glycolysis leading to
lactate production is decreased in responsgtitogen species supplementation

As exercise intensity increases, the effect of diend@ratesupplementatioon
lactate productiochanges. The bloddctate concentration increasedesponse to
beetroot juicesupplementation during hightensity intermittent cycling, compared to a
nitrate depletecbeetroot juicecontrol (Wylie et al, 2016) Beetroot juicancreased
blood lactate levels and performance duringrsHuration, highintensitytime trial
experiments but didot impact these parameters when longer duration, lower intensity
exercise waperformed(Shannoret al, 2017) Furthermore, during a 3@&cond
maximalintensity test on a cyclegometer blood lactatesignificantly increased in
response tteetroot juic§ Dominguez, GarnachGastafoet al, 2017) These studies
suggest that dietamjitrateincreases glycolytic ATP supply under a higtensity
workload. Interestingi, blood lactate in humarendedto increase at rest in response to
beetroot juicgp = 0.059)Dominguez, GarnachGastafnoet al, 2017) Consistently,
sodium nitrateandsodium nitritetreatment in ebrafish significantly increasdte
abundance of several glycolytic intermediates and kaetiates{Axton et al, 2019)

Overall, the effects of dietary nitrate on blood lactate are variable.

At present, it is unclear why nitrogen species may increase lactate at rest, have
no effect on lactate production during submaximal workloads, and then mdaetate

release during higintensity exercise. In this respect, it should be noted that steady

40



state blood lactate levels do not necessarily reflect the rate by which skeletal muscle
releases lactate, as this lactate level is also controlled by oduaspe¢Billat et al,
2003; Phyperst al, 2006; Jonest al, 2019) Overall, it is unclear if and how nitrogen

speciesffect glycolytic ATP supply.

1.4.5 ATP expenditure
One of the main functions of skeletal muscle is to enable locom@anclay, 2017)
which requires repeated contraction and relaxation. Both the contraction and relaxation
of muscle ibres require much ATP, which is largely due to the involvement of myosin
and calcium ATPases in these proceg¢adien et al., 2008; Kuoet al, 2015) The
lowered oxygen cost of exercise in response to digtigngtecould, in princige, be
explained by a lowered ATP cost of contractibitrate was shown to decrease ATP
turnover during contractiofBailey et al, 2010) indeed suggesting a lowered ATP cost
of contraction. Furthermore, a recent matelysis revealed thaitrateandnitrite do
not affect resting mebmlic rate(PawlakChaouchet al, 2016) indicating that

contraction may be required to disclose benefit.

Murine studiesaveshown that chronic exposure sodium nitratencreases
force production at low stimulation frequencies infagtch muscle fibres, due to
increased calcium release from the sarcoplasmic reticuwoupled with an increased
expression of calcium handling prote(Hernandezt al, 2012; lvarssoet al, 2017)
Human studies in hedly, untrained men also show increased force production at low
stimulation frequencies in responsebgetroot juicgHaideret al, 2014; Whitfieldet
al., 2017) which appears to occur in tabsence of increased expression of calcium
handling proteingWhitfield et al, 2017) However, the ladr human study failed to
differentiate between muscle fibre types and used two different cohorts for force

production and expression experiments. These limitations make it difficult to ascertain
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if the increased force production cohort experienced thesiedoupled with increased

calcium handling protein expression within fasitch fibres, as seen in murine studies.

Improvements in force production in response to dietdrgteare not
universal, as a study exploring the effecbeétroot juicen humans found no change in
force production at low stimulation frequenc{éonet al, 2015) The differences in
resultsmay be attributed to differences in supplementation protocol (3(tym et
al., 2015)versus 7 dayfHaideret al, 2014; Whitfieldet al, 2017). However nitrate
supplementation lowers the oxygen cost of exercise and improves skeletal muscle
function during acute exposuf€anhataloet al, 2010) In contrast to this, a study in
women found that acute (2Bus) supplementation witbeetroot juicehad no effect
on oxygen uptake during exercise but significantly increased the force applied by the
muscles (torque) at low stimulation frequendd&ckhamet al, 2019) This finding
indicates thahitratesupplementation may impact skeletal muscle function differently
depending on sex. Overall, these results highlight the variability in response regarding

nitrogen species' actions undéffetent experimental design and physiological setting.

Mechanistic models as to how dietani{ratemay increase force production
have been proposed. Higher levels of free cytosolic calciunsamedplasmic reticulum
calcium content were observed in respe tosodium nitratealong with increased force
production(Hernandezt al, 2012) These results were attributed to an increased
expression ofhe calcium handling proteinsalsequestrin and Dihydropyridine
receptorswhich ingeasethe storageof calcium within thesarcoplasmic reticulurand
aid in calcium release into the myoplasm following depolarisation, respectively, leading
to increased force productighlernandezt al, 2012) However, increased expression
of calcium handling proteins alone are unlikely the cause of increased calcium release

and, therefore, force production. Increased expression of calcium handling proteins also
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does not translate to human studies, where aser@ force production was observed

(Whitfield et al, 2017)

A more likely explanation as to how dieyaritrateincreases force production is
the quick and direct modulation of enzymes involved in the contraction pathway.
Skeletal muscle contraction is a highly energetic process, with large amounts of ATP
consumed bygarco-endoplasmic reticulum GaATPasg(SERCA) activity(Barclayet
al., 2007) An improvement in the efficiency, or inhibition, of SERCA in response to
nitrogen species could account for the apparent decrease in the ATP cost of contraction
(Bailey et al,, 2010) which could also account for the leved oxygen cost of exercise.
Indeed,sarcoplasmic reticulunsolated from rabbit fagtwitch fibres, exposed for 25
minutesto thenitric oxidedonor, NOR3, exhibited a decrease in the activity of
SERCAL1 in a concentration and tirdependent mannéishii et al, 1998) The
inhibition of SERCA by nitrogen spe&s may result in an increase in calcium within the
cytosol and may, over time, prompt the requirement for increased expression of calcium

handling proteins (such askfernandezt al, 2012).

The potential inhibitory effects of nitrogen species on SERCA may slow the
relaxation rate of muscle and may potentially result in depletion of calcium in the
sarcoplasmic reticulupeading to a lower amount of calcium release during subsequent
contractions. This interaction with SERCA would not explain how increased calcium
content within the cytosa@nd sarcoplasmic reticulumwere observe@Hernandezt al,

2012) However, other mechanisms exist within skeletal muscle to replenish
sarcoplasmic reticulurmalcium content during contraction. One such mechanism is
storeoperated calcium entry, whichviolves the activatin of the sromal interaction
molecule and Orai, allowing extracellular calcium entry intosdaeoplasmic reticulum

(Avila-Medinaet al, 2018) Storeoperated caium entry activates in skeletal muscle
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following contraction and remains active following SERCA inhibit{oeniget al,

2018) During contraction, the concentration of calcium withingascoplasmic
reticulumdecreases from ~390uM to ~8yfdimanet al, 2010) and extracellular
calcium ranges from 1.1mM to 1.4m{Breitwieser, 2008)providing a strong chemical
gradient as a driving force for calcium entry. Thilng, refilling of thesarcoplasmic
reticulumthrough storeoperated calcium entry may require less ATP compared to the
use of SERCA, which requires large amounts of ATP as it moves calcium against its
concentration gradient, and may thus result in a desie&FP cost of contraction

(Baileyet al., 2010)

Besides lowering the ATP cost of contractiaitratemay lower the oxygen cost
of exercise by targeting contraction within specific muscle fibres. Indeed, the effect of
nitrateon contraction and calcium handling may occur within-fastch fibres
(Hernandezt al, 2012; Ivarssoet al, 2017) which are primarily glycolytic
(Spangenburet al, 2003) Increasing force production in glycolytic muscle at low
stimulation frequencies could decrease the use ofsiotwh fibres at submaximal
workloads, which are mainly oxidati{&pangenburgt al, 2003) thus lowering
oxygen uptake. These fibre tygpecific effects ohitratemay account fothe fact that
endurance athletes are mostly fiesponders to the exercise benefitaitfate (Bescos
et al, 2012; Peacockt al, 2012; Christenseet al, 2013) as this population tends to

have a higher composition of slewitch fibres(Rodriguezet al, 2002)

1.4.6 Glucose homeostasis
Skeletal muscle is hlargest insulirsensitive tissue within the body and contributes to
glucose homeostasis by accounting for909%6 of glucose disposal following a meal
(DeFronzoeet al, 1981; Baroret al, 1988) Insulin sensitivity and glucose disposal may

improve inresponse to nitrogen species. Nitric oxidsufficient diabetic mouse
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models giversodium nitritethrough drinking water displagla 35% reduction in
fasting blood glucose levels, less weight gain, and lower insulin levels compared to a
control(Jianget al, 2014) However, moraitrite and nitrosothiols were found in the
liver and fat compared to skeletaliscle(Jianget al, 2014) Nitrite has also been
shown to increase wheleody glucose uptake by 31% in diabetic mouse moadich
was attributed to increased mitochondrial uncoupling and reduced muscular ATP
production(Singamsettyet d., 2015) Mitochondrial uncoupling mimics ATP demand
by dissipating the protemotive force(Brandetal., 2011) which in turn could provoke
increased glucose uptakad oxidatiorto defend the lowered protenotive force.
These resultsouldindicate improved insulin sensitivitglthough not universigl as
glucose tolerance wathown to be unaffeatieby sodium nitritein rats(Nystromet al,
2012)andnitratewas found to have no effect on glucose homeostasis in hu#sinsr
et al, 2016; Betteridget al, 2016; Beal®t al, 2017)

The mechanism by whiahitrogen species may improve insulin sensitivity has
been explored by assessing the effect of nitrogen species on parameters involved in
insulin-stimulated glucosaptake. GLUT4 mRNA expression wancreased following
a 16hour exposure to @mitric oxidedonor(Lira et al, 2007) and 3@minute exposures
t o 10¢ M asodium hittedpeowdkedsignificant increases in GLUT4
translocation into the plasma membrddianget al., 2014)in L6 myotubes. Similarly,

a 24hour exposure tbeetroot juiceapplied to C2C12 myocytes induced increased
GLUT4 gene and protein expressidfaugharet al, 2016) Increased GLUT4
translocation in response sodium nitritewas attributed to aitric oxide-driven
nitrosylation of 2 cysteine residues present on GLUT4, which affected GLUT4
localisation ad translocatiorfJianget al, 2014) However, nitrogen species have also

been shown to impact upstream substrates of the insulin signalling pathway. Dietary
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nitrite has been found to slightly increase the phosphorylation of the regulatory subunit
present omphosphatidylinosito3-kinase which helps to facilitate its activatioand
significantly increases subsequent phosphorylatigratein kinase Bresulting in
increased GLUT4 translocation within skeletal mug€atakeet al, 2015) Others

have demonstrated that the productiomitric oxideinhibits proteintyrosine
phosphatases, resulting in higher phosphorylation rates of the tyrosine residues on the
insulin receptor, which also remain phosphorylated fongdo length of tim¢Hsu et

al., 2010) From these results, it can be hypothesised that nitrqueies may increase
glucose transport in skeletal muscle cells through interaction with the insulin signalling
pathway component8Vhether the effects of nitrogen species on glucose homeostasis
are additive to the effects of insuis currently unknown bucould be tesedby

assessing glucose uptattieectly, when nitrogen species orsulinare applied alone
andwhennitrogen species and insulime appliedogetherto a skeletal muscle cell

model

In exercising muscle, glucose uptake occurs in animsudlependent manner
via contractiordependent mechanisr(Richteret al, 2013) Thus, increases in GLUT4
expression and insertion into the plasma membrane of cells exposed to nitrogen species
may arise due to increases in contraction. As discussed, nitrogen species impact
parameters related to contractigternandezt al, 2012; Haideet al, 2014; lvarsson
et al, 2017; Whitfieldet al,, 2017) and increase calcium content and release within
skeletal muscle celiiHernandezt al, 2012) This incrase in calcium may result in the
activation ofcalcium/calmodulirdependent protein kinaseidadenosine
monophosphatactivated kinasdeading to increased contractidependent GLUT4
insertion(Li et al, 2014) As well as impacting insulin sensitivity, nitrogen species may

also increase insulin output from pancreatic beta cells.-Degendent increases of
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insulin secretion were observed in isolated pancreséts from mice at bas@Nystrom

et al, 2012)and stimulatoryGheibiet al,, 2017)concentrations of glucose following
exposure tsodium nitrite At basal concentratioref glucose theresults were

attributed to the formation afitric oxidefrom sodium nitrite which maycarry out its
effects via the nitric oxidguanylyl cyclase/cyclic guanosine monophosphate pathway
(Nystromet al, 2012) At stimulatory concentratiorsf glucose the resultsvere

attributedto increased insulin content within isl¢Gheibiet al, 2017)

Overall, there is a clear benefit to increasing insulin output and potentially
glucose uptake in response to nitrogen species, as thislistld increase substrate
supply within skeletal muscle cells. Substrate supply can impact basal ard ATP
synthesidinked respiration, and substrate oxidation capg&yakaruniet al, 2014)
which all influence or positively correlate with the coupling efficiency of oxidative
phosphorylatior{Affourtit et al, 2009) Although research to support the idea that
nitrogen species improve coupling efficiency is inconclugivasenet al, 2011;
Whitfield et al, 2016) the effect of nitrogen ggies on glucose homeostasis could, in

principle, explain potential effects on coupling efficiency.

1.4.7 Similarities between nitrate and insulin effects on skeletal muscle

function
There is considerable ovap between the effects nitrogen species and insulin on
skeletal muscle function. For axple, both insulifChenget al, 2010)and nitrogen
speciegMo et al, 2012; Vaughaet al., 2016)have been shown to increase
mitochondrial biogenesis. The prot@ak-lowering effect oksodium nitrateon skeletal
muscle mitochondria reported harsen et al. (2011) is reminiscent of the acute effect

of insulin on mitochondrial proton leak reported by othlisr et al, 2014) Insulin
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has also been shown to provoke increases in medium acidifi¢gamg et al, 2012;

Nisr et al, 2014) indicating increases in glycolytic ATP production. Nitrogen species
have been shown to increase the expression of glycolytieniatBates and the

production of lactate at reAxton et al,, 2019)and during exercis@NVylie et al, 2016;
Dominguez, Garnach@astafiogt al, 2017; Shnnonet al, 2017) Finally, nitrogen
species have been shown to impact parameters of the insulin signalling péisway

al., 2010; Ohtaket al, 2015) leading to increased GLUT4 expression and insertion
into the membrane of the céllira et al, 2007; Jianget al, 2014; Vaughaet al,

2016) Thus, the mechanism by which dietaryratelowers the oxygen cost ekercise
may be better understood by comparing the effects of nitrogen species and insulin on

skeletal muscle energy metabolism.

1.5 Aims and dbjectives

Both insulin and nitrogen species have a positive effect on myocyte energy metabolism.
However, the effes of nitrogen species on muscle energy metabolism are not universal
(PawlakChaoucthet al,, 2016) and it is not yet fully understodww these positive

effects aris€Larsenet al, 2011; Whitfieldet al., 2016) Many earlier studies offergy
mechanistic insight into the actions of nitrogen species on myocyte energy metabolism
have been challenged with more recent research, further clouding our understanding. To
address gaps in our knowledge and ascertain whether insulin and nitroges specie
impact bioenergetics in the same way, detailed characterisation of the bioenergetic
behaviour of skeletal muscle cells in response to insulin and nitrogen species is

required.
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The overarching aim of this research project was to establismitote (the
reduction intermediate betweaitrateand nitric oxide) affects the bioenergetics of
cultured rat (L6) skeletal muscle cellsis hypothesisethat nitrite increases the
efficiency of both ATP production and ATP consumption in skeletal muscle. More
specifically, it is predicted that nitrite allows more ATP to be made at a given
respiratory activity by either increasing coupling efficiency of oxidative
phosphorylation or the rate at which ATP is supplied through glycolysis. Nitrite may

also lower the aount of ATP required to perform ATP consuming processes.

To achieve this aim, a detailed bioenergetic analysis of static L6 myoblasts and
fully differentiated myotubem the absence of nitrite and insulin is offered in Chapter
3. This chapter explores and compares the bioenergetics of myocytes under conditions
where glucose is available, where glucose is restricted, and where glucose is
reintroduced to the system folling glucose restriction, which sets the scene for the
following chaptersTo explore hownitrite impacts myocyte bioenergetics, acute effects
of nitrite on the energy metabolism of skeletal muscle eedls measured using XF
analysis in Chapter 4, whictsa explored possible mechanistic overlap between the
effects ofmitrite and insulin on energy metabolism. This analysis revealed that both

nitrite and insulin increased the rate of glycolytic ATP supply and thus pushed

myocytes into a more glycolytic phetype.

The aim of Chapter 5 was to establish the mechanism by which these molecules
increase glycolytic ATP supply by assessivigether it occurs secondary to increased
glucose uptakelhe aim of Chapter 6 was to continue the search for the mechanism by
which nitrite and insulin increase glycolytic ATP supply, by assessing their effects on
bioenergetics in the combined presence of oligomycin (to inhibit mitochondrial ATP

synthesis) and BAM15 (to uncouple oxidative phosphorylation), allowing direct and
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indirect stimulation of glycolytic ATP supply to become evident (see Chapt&éhé).
effectof nitrite and insulin on myoblasts energy expenditure was expior€tapter 6

specifically onprotein synthesis.

Together, the data demonstrate th#ite and insilin stimulate glycolytic ATP
supply irrespective of glucose availability. This effect also arises in both coupled and
uncoupled conditions. Thus, nitrite and insulin lower the oxygen cost of ATP synthesis
in skeletal muscle cells by pleiotropic stimulatiof glycolysis. The data inform the
ongoing debate regarding the mechanism by which dieiaatelowers the oxygen
cost of exercise, suggesting a push toward a more glycolytic phenotype. The reported
findings contribute to the mechanistic insight twét be crucial for achieving the full

translational potential of dietanjtrate
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2 Materials and methods

2.1 Cell Culture

L6 Rattusnorvegicusskeletal muscle myoblasts were obtained from the European
Collection of Cell Culturel(6.C11). Myoblastswer e mai nt ai ned i n Du
Modified Eagle Medium (DMEM) containing 5mM glucose, 4mM glutamine amdv

sodium pyruvate, which was supplemented with 10% (v/v)-imea&tivated foetal

bovine serum (FBS). The culture was maintained in a humidified inauéaB8y°C, in

an atmosphere of 95% air and 5% (COells were grown in 75chcanted neck BD

Falcorl™ flasks to 7680% confluence and were routinely passaged via trypsinisation.
During passage, cells were washed -t wice \
buffered saline (DPBS), followed by application of 2ml 0.25% trypsin EDTA, which

was then removed. Cell detachment occurred via gentle agitation, and cells were then
re-suspended in 4ml fully supplemented DMEM. Cells were then counted using a
haemocytometr and seeded into a new 73dissue culture flask at 15 x 46r 25 x

104 in a total volume of 12ml fully supplemented DMEM, as specified above. Medium

was refreshed every 3 days until cells reache80 confluenceCells between

passages 18nd 24were used for experimentation.
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2.2 Seahorse XF24

2.2.1 Overview

Extracellular fluxes can be measured simultaneously and wtimeain Seahorse XF
analysers (Agilent, 2018). XF analysers are pteised platforms that allow multiple
conditions to be run in a gite assayAgilent, 2018) The data reported in this thesis

were obtained from greriments with an XF24 analyser that accommodatesét4

plates with complementing sensor cartridgédsese sensor cartridges contain

fluorescent probes that measure the concentration of dissolved oxygen and free protons
(pH) in time, thus allowing simwineous determination of the oxygen consumption rate
(OCR) and extracellular acidification rate (ECARYyilent, 2018) These rates are

reported in pmol @min/well for OCR and in mpH/min/well for ECAR. The sensor
cartridges also contain injection ports, allowing for sequential injection of up to 4
separate effectors, such as mitochaldnhibitors and pharmaceutical agents, which
allows the user to observe the effect of these compounds on cellular metabolism in real
time (Agilent, 2018) Figure 2.1 shows an example of an XF well with the sensor

cartridge situated above.
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Injection port

Figure 2.17 the machinery of the cell microplate and sensor cartridge, used f@eahorse

XF Analysis.
Cells are seeded into the microplate in an evenly spread monolayer prior to the assay. The wells
are filled with a buffer medium and during t

above the bottom of the well, creating a falcro-chamber. The sensor cartridge also contains
four injection ports, for sequential addition of mitochondrial effectors.
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L6 myoblasts were seeded at 3 * ¢6lls/well onto a Seahorse XF24 plate
(Seahorse Bioscience). Cells were grown for 24h in fully supplementedpeeific
DMEM, as specified above. Myoblast experiments took place the morning after this 24h
growth. For myotube growth, following the 24togvth in fully supplemented DMEM,
cells were cultured in DMEMvith reducedBS at2% (v/v). This medium was
refreshed every @ays until myoblasts had differentiated into myotubes. Visual
inspection using a light microscope indicateal thfter8 daysgrowth, 80-:90% of cells
had differentiated

On the morning of thexperiment, cells were washed 3x in KRPH, containing
2mM HEPES, 0.5mM NabkPQ4, 0.5mM MgCs, 1.5mM CacCl, 135mMNacCl, and
3.6mMKCI (pH 7.4).Depending on the experimental condition, KRPH wasemaith
or without 5mM glucose. Cells were then incubated in KRPH at 37°C, under air, for 60
minutes. Following this, cells were incubated for 30 minutes in the presence or absence
of 1uM sodium nitrite (NaN@) at 37°C.1uM NaNQ; was chosen agsponse hadeen
seen by previous members of the laboratory at this concentration, with higher
concentrations provoking no further response (Wynne and Affourtit, unpubliShes).
1uM NaNOwas then removed, and some of the cells were exposed to 100nM human
insulin. The Seahorse plate was then placed into the Seahorse XF24 fomiaut®
equilibration cycle and 3 basal measureme@tgerall, 4 measurement cycles were
obtained after injection of port A, which contained KRPH with or without 5mM
glucose. Finally, forak x per i ment s, oligomycin (5¢g/ mL), B /
mi xture of rotenone (1legM) plus antimycin A (1
measurements cycles each, lasting 8 minutes per Gafeentratbns ofapplied

effectors were chosen agherthe saturating amountsalculated previously in our
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laboratory, or byitration (BAM15, data not shownlinjector port solutions were diluted
from effector stocks prepared and stored in dimethyl sulfofGd¢SO).

Mitochondrial and glycolytic ATP production, as well as ATP demand, can be
calculated from cellular oxygen consumption and medium acidificébtmokerjeeet
al., 2017) In response to the addition of mitochondrial effectors, OCR, calculated
t he O Ak o s(Geremdsaptoal, 2009hcan be used to calculate mitochondrial
respiration and mitochondrial ATP supply. This is because oxidative phosphorylation is
the coupling between ATP synthesis aftet®&on transfer, which consumes oxygen
(Mookerjeeet al, 2015) During cellular metbolism, medium acidification arises
primarily from the pyruvate that is generated from glycolysis, which can be reduced to
lactate resulting in the efflux of two lactate anions and two protons from the cell
(Divakaruniet al, 2014) Thus, lactate production, which is proportional to anaerobic
glycolysis, is a major contributor to ECAR. However, pyruvate can also be oxidised,
resulting in the generation of GQwhichfurther contributes to ECARMookerjeeet
al.,2015)( See AExtracellular Acidificationo).
used to determine glycolytic ATP supply, as corrections must first be applied to this
measurement. Specifically, ECARs (mpH/minivean be converted to proton
expulsion rates (pmol ¥min/well) when the buffering capacity of the assay medium is
known, allowing for correction of CQlerived acidification and calculation of specific

glycolytic ATP supply rateéMookerjeeet al, 2015)

2.2.2 Oxygen consumption

OCR reflects mitochondrial and nanitochondrial respiration. Nemitochondrial
respiration includes oxygen consumption from-meitochondrial oxidases, desaturase

and detoxification enzymg8randet al, 2011; Divakarunet al,, 2014) while
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mitochondral respiration is mostly used to make ATP through oxidative
phosphorylation. Notably, a significant proportion of mitochondrial respiration is not
coupled to ATP synthesis but is accounted for by mitochondrial protoriDaadkaruni

et al, 2014) Figure 2.2 gives an overview of what is usually observed during a typical
XF experiment in terms of OCRs can be seen, cells generally respond to inhibition of
ATP synthas by oligomycin by decreasing their respiration. Uncoupling of oxidative
phosphorylation by BAM15 stimulates OCR and inhibition of the ETC by rotenone and

antimycin A completely diminishes mitochondrial OCR.
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Figure 2.271 an illustrative representation of what is usually observed during a typical

Seahorse XF experiment in terms of OCR.

The graph shows OCR (pmo} Omin / well) as a function of time (mif)he rates depicted

here show basal respiration, in the absence of any effector, or rates in the cumulative presence
of oligomycin (injection 1, dashed line), BAM15 (injection 2, dashed line), and a mixture of
rotenone and antimycin A (injection 3, dashiee).
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Respiration that is used to drive ATP synthesis, together with small
contributions from proton leak, are the elements that drive basal (mitochondrial)
respiration(Brandet al, 2011; Divakarunet al, 2014) Generally, ATP supply (and
thus mitochondrial rgsration) is mostly controlled by ATP demag(éffourtit, 2016),
but substrate availability also exerts con{ivakaruniet al, 2014) Basal respiration
is usually calculated by subtracting the average value efmtmthondrial respiration
from the average of the first 3 stable basal respiration points, before injection of any
effectors (Figure 2.2). In this Thesiasal respiration was taken as tHen®easurement

on the OCR trace, at which time the cells had been exposed to insulin for ~34 minutes.

The addition of oligomycin, which inhibits the ATP synthase by blocking its
proton channel within the Fo portighlonget al, 2008) allows forthe calculation of
respiration used to driv@itochondrialATP synthesis and proton leak. As can be seen
in Figure 2.2, the addition of oligomycin causes cellular respiration to decrease. This is
because inhibition of the ATP synthase causes a-hpildf protons within the
intermembrane space, as these protons are no longer used to make ATP. TFhig build
of protons causes back pressure on the ETC and thus lowers oxygen cons(Bepton
et al, 2002) ATP-synthesidinked respiration is estimated as the difference between

basal respiration and gtbmycirinsensitive respiratio(Divakaruniet al,, 2014)

The addition of oligomycin also shows proton ldaked respiration, which is
calculated by subtractingon-mitochondrial respiration from the oligomyeigsistant
rate, taken as the average of the three points (Figure 2.2). Oxidative phosphorylation is
not a fully efficient process ande of the reasons for this is proton leak. Proton leak
occurs when protts that make up therotonmotive forcemove back across the inner
mitochondrial membrane, in a fashion that bypasses the ATP synthaseprbhoiss

that are pumped across the inner mitochondrial membrane via the ETC to generate the
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protorrmotive forceare not exclusively used to drive ATP synthgdestroctet d.,
2010) As proton leak depletes some of gretonmotive force the ETC continues to
pass electrons and reduce molecular oxygen to water, to maintairotbe motive
force Thus, some mitochondrial respiration is still observed in the presence of

oligomycin(Divakaruniet al, 2014)(Figure 2.2).

Following the addition of oligomycin, protonophores or chemical uncouplers of
oxidative phosphorylation are addi&dcalculate maximum respiration by cells (Figure
2.2). Mitochondrial uncouplers, such as carbonyl cyanide p
trifluoromethoxyphenylhydrazone (FCCP) anefli@rophenyl){6-[(2-
fluorophenyl)amino](1,2fmxadiazolo[3,4e]pyrazin5-yl)}amine (BAM15), uncouple
nutrient oxidation from ATP synthesis by allowing protons to move across the inner
mitochondrial membrane, bypassing the ATP synt@se&akaruniet al,, 2014) By
dissipating theprotonmotive forcein this way, nutrient oxidation can occur beyond
control of the ATP/ADP ratio and thus energy demand, usually leading to increased
mitochondrial oxygen consumption, due to maximum activity of the ETC to maintain
the proton-motive force(Kenwoodet al, 2014) Maximum respiration was calculated
by subtracting nomitochondrial respiration from the first point observedhia t
presence of BAM15BAM15 was chosen over FCCP BECP has been shown to have
off-target effects that can interfere with respiratory measurements, such as plasma
membrane depolarisatigkenwoodet al, 2014) Spare or reserve respiratory capacity
is calculated by subtracting basal respiration from maximal respiration, and is an
i ndicator of the cell s6é abi(Brandetal,t2@ll;r e s p o |

Divakarunietal., 2014)(Figure 2.2).

Rotenone and antimycin A, which inhibit complex | and Il respectively in the

ETC, are added to prevent electron transfer and thus mitochondrial respiration
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(Divakaruniet al, 2014)(Figure 2.2)In this Thesis, nommitochondrial respiration was
calculated from the average of 3 rates in the presence of rotenone and antimycin A,
which was subtracted from all other rates to correct form@achondrial respiration.

The coupling efficiency and cekspiratory control ratio are two further bioenergetic
parameters that can be calculated from OQRs.coupling efficiencyof oxidative
phosphorylation is defined as the percentage of basal respiration used to generate ATP
and is calculated by dividing AFBynthesidinked respiration by basal respiration
(Brandet al, 2011) The cell respiratory controétio is calculated by dividing

maximum respiration in the presence of an uncoupler by oligomycin insensitive
respiration and thus detects changes in proton leak and substrate oXBediotet al.,

2011)

2.2.3 Extracellular acidification

Generally, in response to the mitochondrial effectors discussed above, ECAR increases
(Figure 2.3) For example, inhibition of the ATP synthase by oligomycin causes a build
up of pyruvate within the celgsthe reducing power formed from pyruvate by the TCA
cycle is not used for oxidative ATP productidrhis buildup forces the pyruvate into
lactate, esulting in an increase in medium acidificat{dpfookerjeeet al, 2017)(Figure
2.3).Increases in ECAR also occur to compeadar the lack of ATP production via
oxidative means in response to these effectors. The cells increase their glycolytic ATP
production, which is reflected by an increase in extracellular acidification, to meet the
energetic demand of the celBrandet al, 2011)(Figure 2.3). Basal ECAR was taken

from the 3% point on the ECAR trace, at which time thellg had been exposed to

insulin for ~34 minutes.
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ECAR (mpH/min/well)

Time (min)

Figure 2.371 an illustrative representation of what is usually observed during a typical
Seahorse XF experiment in terms of ECAR.

The graph shows ECAR (mpH / min / well) as a function of time (ftie)rates depicted here
show basal medium acidification, in the absence of any effector, or rates in the cumulative
presence of oligomycin (injection 1, dashed line), BAM15 (injection 2, dashed line), and a
mixture of rotenone and antimycin A (injectiord@shed line).
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ECAR itself cannot solely be used to determine glycolytic ATP supply, as
several corrections must first be applied. It is important to acknowledge that lactate
production is not the only source of medium acidification. The breakddwne
glucose molecule via glycolysis results in the generation of a net 2 ATP, 2 NADH and 2
pyruvates (Feher, 2017)The pyruvate generated can be reduced to lactate by LDH and
this results in the efflux of two lactate anions and twaritb the mediunm(Divakaruni

et al, 2014) This then results in medium acidification and an increase in ECAR.

Pyruvate can also enter into the mitochondria, whereoitigised to form
acetytCoA, which feeds into the TCA cycle, generating the reducing power that fuels
oxidative phosphorylatio(Mookerjeeet al., 2017) When pyruvate is oxidised in this
way, CQ is produced, largely from the TCA cycle, and is hydrated:0®j, which
can then dissociate to 6 He@nd 6 H in the assay medium, again resulting in
medium acidificatior{Divakaruniet al, 2014) Importantly, when pyruvate is oxidised,
up to 3 times as many protons can be released into the medium compared to when it is
reduced to lactate. Thuduring XF analysis where glucose fuels metabolism, both
glycolysis and respiration account for the ECAR. Analysis of a variety of cell lines
found that the contribution of G&lerived acidification ranged fromB300% of total
ECAR (Mookerjeeet al, 2015) highlighting the requirement to correct for this
contribution. Without such correoi, ECAR cannot be used as a quantitative measure

of glycolytic ATP production.

ECARs (mpH/min/well) can be converted to proton expulsion rates (pmol
H*/min/well) when the buffering capacity of the assay medium is known, allowing for
correction of CQderived acidification and calculation of specific glycolytic ATP
supply rategMookerjeeet al,, 2015) The buffering power is defined as the amount of

H*" added to cause a change in pH by 1 pH @réchnologies, 2018and was measured
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using KRPH containing 2mM HEPES by filling the wells of an XF micrtgplaith 250

puL KRPH and sequentially injecting known concentrations of HCI via the injection

ports into the microplat&he change in pH was then plotted against the amount of H
contained in the micreshamber. The linear slope obtained from this plotés t

buffering power of the medium in mpH/pmof BMookerjeeet al, 2015) The buffer

power determined on XF24 plates was used to convert ECAR to proton efflux rates,
assuming an effective measuring volume of 22.{@akrencseet al, 2009) This

experiment was carried out in triplicate and final buffering power was calculated as 0.03

mpH/pmol H.

2.2.4 ATP supply

Simultaneous measurement of oxygen consumption and medium acidification by
cultured cells using a Seahorse Extracellular Flux Analyser offers valuable insight into
cellular energy metabolisnXF datamay be used, by applying bicatmistrytextbook
knowledge, to fully quantifgellular ATP supplithat accounts for glycolytic and
mitochondrial ATP supply fluxe@Mookerjeeet al,, 2017) Furthermore, XF analysis

can be utilised to show how these ATP supply fluxes are distributed between ATP
demanding processé@Nisr et al, 2016; Mookerjeet al, 2017) By extension, XF

analysis can be applied to identify the sites at whiclrpheological or other agents act
on cellular metabolism. XF analysis thus offers complete, quantitative, bioenergetic
phenotyping, which is used in this thesis to reveal novel effects of insulin and nitrogen

species on skeletal muscle function.
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Figure 247 schematic overview of the calculations involved in converting raw OCR and
ECAR data into ATP supply fluxes.

Total ATP supply (JATPtotal) is the sum of both mitochondrial (JATPox) and glycolytic
(JATPglyc) ATP supply fluxes. JATPox is the sum of coupled respiration (OCRcoupled)
multiplied by the P/O ratio for oxidative phosphorylation (P/Ooxphos), and mitoclabndri
respiration (OCRmito) multiplied by the P/O ratio for the TCA cycle (P/OTCA). JATPglyc is the
sum ofacidification caused bpgrotons produced via pyruvate that runs to lactate (PPRglyc)
multiplied by the amount of ATP produced per lactate produced [@Ct&k), and

mitochondrial respiration (OCRmito) multiplied by the P/O ratio for glycolysis (P/Oglyc).
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Total ATP production (JATPtotal) is the sum of glycolytic (JATPglyc) and
mitochondrial (JATPox) ATP productiqirigure 2.4; Mookerjeet al,, 2017)
Mitochondrial ATP supply is the sum of two parts, as it accotont ATP that is
produced during substratevel phosphorylation from the TCA cycle and during
oxidative phosphorylatio(Mookergeet al,, 2017) To account for ATP production
from substratdevel phosphorylation, mitochondrial respiration (OCRmito) is
multiplied by the P/O ratio for the TCA cycle (0.1ZMookerjeeet al, 2017) ATP
supply from oxidative phosphorylation is calculated from oligonmgansitive
respiration, which is the portion of mitochondrial respiration that is used to drive
respiraton coupled to ATP synthesis (OCRcoupl¢tliookerjeeet al, 2017) However,
oligomycin provokesyperpolarization of the mitbondrial inner membraneausing a
slight underestimation of this rate (~10%), which must be correctééfiourtit et al,
2009) The rate is then multiplied by the P/O ratio for oxidative phosphorylation (2.486)

(Mookerjeeet al, 2017)

Glycolytic ATP supply is defined as total flux through glycolysis leading to
pyruvate. It encapsulates both the pyrudsegved from glycolysis that is reduced to
lactate and the pyruvate derived from glycolysis that has an oxidatiMabierjeeet
al., 2017) ECAR is converted into the total proton production rate using the buffering
capacity of the assay mediyiMookerjeeet al, 2015) Correction for CQderived
acidification occurred using mitochdnal respiration, with aespiratory quotient (RQ;
CO; produced/Qconsumed) of 1 and a maximun kleased per £consumedmax
H*/O,) of 1 (Mookerjeeet al, 2015) The respiratory proton production rate is then
subtracted from the total pratgroduction rate, leaving protons derived from pyruvate
reduction to lactatél he glycolytic ATP supply rate was thus calculated from medium

acidification to account for pyruvate reduced to lactate plug\HiP:lactate = 1:1) and
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from mitochondrial respation to account for the pyruvate oxidised to bicarbonate using
the P/O ratio for glycolysi®)(167)(Mookerjeeet al, 2017) Glycolytic ATP synthesis

was also calculated as a percentage of total ATP supply, giving the glycolytic index
(GI). Total ATP supply was normalised to totallular respiration (basal respiration

not corrected for nemitochondrial respiration), givinthe ATP/Q ratio.

2.2.5 ATP consumption

The amount of ATP supply used toward ATP demanding processes can be calculated

during XF analysis, through the application of specific ATP demand inhibitors

(Divakaruniet al, 2014; Nisret al, 2016; Mookerjeet al,, 2017) Inhibition of ATP

demand during XF analysis results in declined ATP synthesis, which is reflected by

decreases in OCR and ECAR, from which the change in ATP supply can be calculated
(Mookerjeeet al, 2017) This indirect approach assumes that ATP supply is

predominantly controlled by ATP demand. In experiteemhere ATP demand

inhibitors were applied;ells were incubated in KRPH with 5mM glucose, #iM

NaNQ, +/- 100nMinsulin at 37°C, under air, as described previously, before being

placed into the Seahorse XF24 Analy#dter a 183 minute equilibration ycle, 3 basal

measurements were recorded. 4 measurements cycles were then obtained after injection

of port A, which containeéither KRPH owarying concentrations of ATP demand

inhibitors. Final inhibitor concentrations were chosen as the lowest contienttiat

gave the maximum inhibition of respiration, without impacting the BAMbhBoupled

rate.Oligomycin( 5¢ g/Bmd\M1,5 (0. 7e M), and a mixture of ro
antimycin A (lgM) were then added sequential]l
lasting 8 minutes per cycl@he activity of an ATRdemanding process was estimated

from the response of ATP supply to a specific inhibitor of that process. These responses
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were expressed as a percentage of uninhibited glycolytic, mitochondrial or total ATP
supgy rates. Inhibitor effects were corrected for addition artefacts by subtracting buffer

effects.

2.3 Glucose uptake

L6 myoblasts were seededto a 96 well plat¢Corning®, Costar®,USA) at 3 x
10 cells/well. Cells were grown for 24 hours in fully supplereenDMEM, as
specified above. Myoblast experiments took place the morning after thisuz4
growth. For myotube growth, following the -2¥ur growth in fully supplemented
DMEM, cells were cultured in DMEMvith reduced=BS at2% (v/v). This medium was
refreshed every @ays until myoblasts had differentiated into myotubes. Visual
inspection using a light microscope indicated that compléfereintiation took 8 days.
Glucose uptake was measured in myocytes using agd3&(Yamamotoet
al., 2006, 201Q)When differentiated, L6 celisxpress both GLUT4 and GLUT1 and
increase glucose transport via insulin stimulation by translocation of GLUT4 and
GLUT1 from intracellular vesicles to the plasma membiafanamotoet al, 2006,
2010) Uptake of 2DG by L6 cell monolayers has been found to be linear for at least 20
minutes (Klipet al,, 1982), which agrees with the method stgdéamamotoet al,
2006, 2010pnd used in this thesis.
Cells were incubated for 1 hour at 37°@lacosefree DMEM, then washed
into glucosefree KRPH supplemented with 0.1684/v) bovine serum albumi(BSA),
and incubated in this medium-#/uM NaNQG: for 30 minutes at 37°C. Cells were
incubated for another 20 minutes at 37°C in fresh gluleseKRPH +/ 100nM
insulin, at which point 5mM 2DG was added. Following another 20 minute incubation

at 37°C, clls were washed with glucoseee KRH, lysed in 0.1 N NaOH (10 min
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agitated incubation at 65°C and 50 min at 85°C), and neutralised with 0.1 N HCl in

triethanolamine (200mM, pH 8). The amount of 2DG was determined from resorufin

production during a 5@ninute incubation at 37°C in an assay mixture comprising

50mM triethanolamine (pH 8), 50mM KCI, 15 U/ml gluce&@hosphate

dehydrogenase, 0.2 U/ml diaphorase, 0.IMMNADP O . 02 % (w/ v) BSA and 2¢
resazurin. Resorufin was dé&®e0emjtinead by fl uoresc
PHERAstar FS plate reader (BMG Labte@i).G uptake by myocytes was calculated

using sandard curves that were generated for each biological repeat, using an assay

medium composed of the same constituents as specified above, with the addition

0.5mM MgCI2, 0.5mM ATP, and 2 U/ml hexokina@amamotoet al, 2006, 201Q)

An overview of the principle of the 2DG assay can be seen ind-Rj6r
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Figure 2.57 2DG assay overview.

Cells take up 2DG via glucose transporters, which is then phosphorylated via hexokinase to a
derivative; 2deoxyglucos&-phosphate (2DG6P). 2DG6P accumulates within the cell because,
unlike glucoseit cannot be further metabolised. Glucasphosphate dehydrogenase catalyses
the conversion of 2DG6P tedeoxy6-phosphogluconate, which is coupled with the conversion
of NADP to NADPH. Resazurin is then converted to resorufin, a potent fluorescestiscd,

via diaphorase, which is coupled to the conversion of NADPH to NADP+, thus recycling these
constituents. This reaction continues until the 2DG6P is consumed, and the resorufin
fluorophore generated should be equivalent to the amount of 2DG6P pvéten the cell
(Yamamotoeet al, 2006) Thus, the higher the fluorescent®e more 2DG has entered the cell,

which is a reflection of glucose uptake.
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2.4 Lactate release

Lactate release was measured enzymatically in myocytes as described previously

(Mookerjeeet al, 2015) Cells were seeded onto a 96 well plate

(Corning®,Costar®,USA) at 3 x 1¢ cells/well and grown as described above for

myobl asts and myot ub €Edlswers washediiidd KIiREHbwstle upt ake 0)
5mM glucose and incubated under air at 37°C withoutitbr either 1uM NaNQ or

100nM insulin. The supernatant was removed at various time points and stored at room
temperature until assay. Lactate concentration was determined from the initial rate of

NADH production in an assay mixture comprised of 0.5M/R@& (pH 9.8), 10mM

EDTA, 200mM hydrazine (pH 9.8), 2mM NATand 20 U/mL lactate dehydrogenase.

NADH was detected by fluorescence (o2ex/ em = 3
reader (BMG Labtech). Released lactate amounts were calculategdmmdard cwes

that were generated for each biological repeat by assaying varying known amounts of

sodium lactate in the same manner as stated above.

2.5 Protein estimation

Experimental results were normalised to total protein content, which was estimated
using aPiercebicinchoninic acid BCA) Protein Assay Ki{ThermoFisher Scientific).
Following experimentation, any remaining assay medium was removed from each well
of the assay plate, and cells were then gently washed three times with 25GfreBSA
KRPH. 50ul RIPA hsis medium containing 150mM NacCl, 1mM EDTA, 1% v/v Triton
X-100, 0.1% v/v SDS, 50mM Tris, 1mM EGTA and 0.5% w/v sodium deoxycholate pH
7.4 at 22 °C with HCI, was added to each well. Following this, the assay plate was

incubated on ice for 30 minutes anéhagitated on a plate shaker at 1,200 rpm for 5
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minutes. 400ul of the working reagent was then added to each well and mixed via a
pipette. The plate was then incubated for 30 minutes at 37°C in@@oincubator.

200ul of the mixture was removed fronetbriginal plate and placed into a clear flat
bottomed 96well plate (Greiner biane) and absorbance was measured at 562nm using
a Well Plate PHERAstarFS (BMG Labtech, UK). Standard curves were generated
during each protein estimation, and the amountatigin present within each sample

was calculated using this standard curve.

2.6 Data Analysis

All OCR, ECAR and ATP supply rates were calculated in Microsoft Excel 2016 as
described above and previougifookerjeeet al, 2017) Differences between

myocellular differentiation state and possible nitrite and insulin effects on bioenergetics,
glucose uptake and lactate release wereuated for statistical significance using
GraphPad Prism software (version 8.3.0), applying tests that are specified in the figure

legends.
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3 Quantification of myocellular bioenergetics: glucose lowers

the oxygen cost of total ATP supply

3.1 Introduction

Accounting for 40%45% of total body mag¥Xim et al, 2016) skeletal muscle is the
primary site of insulirsensitive glucose disposal in the human b@fFronzoet al,

1981; Baroret al,, 1988) Besides its role in glucose homeostasis, skeletal muscle is
responsike for the maintenance of posture, movement and contrg&arclay, 2017)
Muscle mass and function correlate positively with good héilthetto et al, 2019)
Indeed, muscle dysfunction is associated with many diseased states, such as chronic
obstructive pulmonary disea@dadoret al, 2001) cancer cachexi@enneet al,

2019) diabetegPerryet al, 2016) heart failurgKeller-Rosset al,, 2019) and ageing

(Nair, 2005)

Much research has been performed to clarify the molecular and cellular
mechanisms that uedpin the important roles of skeletal muscle in health and disease
and skeletal muscle cell lines (e.g. L6 and C2C12) have been used to study many
myocellular processes. Specifically, L6 cells have been used to explore proliferation
(Pinsetet al,, 1982) cell differentiation(Cui et al., 2009) muscle contractiofArias-
Calderoret al, 2016) insulin signalling and resistan¢disr et al, 2016) glucose
uptake(Li et al,, 2014; Nisret al, 2014) muscle mitochondrial functiofNisr et al,,

2014; Genderst al, 2019; Ahmecet al, 2020) and involvement of muscle in
immunity (Pillon et al, 2014) Therefore, decided to use L6 cells as our experimental

muscle model to explore the acutéeefs of nitrite and insulin on cellular bioenergetics.
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In this chapter, the energy metabolism of L6 myoblasts and myotubes is
characterised in detail. Extracellular flux analysis is applied to monitoetine@loxygen
consumption and medium acidificatibg these muscle cells in various bioenergetic
states, and against difent nutritional backgroundsdemonstrate how these
extracellular fluxes can be used to calculate intracellular ATP synthesis rates, and thus
reveal that glucose lowers the appai@ntgen cost of myocellular ATP supply. This
novel observation sets the scene for subsequent bioenergetic experiments involving

nitrite and insulin.

3.2 Results

Respiration and medium acidification by L6 myoblasts and myotubes

In the first set of experiments, respiration and extracellular acidification by L6
myoblasts and fully differentiated L6 myotubes were measured under conditions where
5mM glucose was present throughout the experiment. Figure 3.1A shows typical XF
traces tht reflect the oxygen consumption rate (OCR) for L6 myoblasts and myotubes,
respectively, in various bioenergetic states. In both myoblasts and myotubes, the OCR
decreases when mitochondrial ATP synthesis is inhibited with oligomycin. Uncoupling
of oxidatve phosphorylation by BAM15 stimulates oxygen consumption, and inhibition
of the ETC by a mixture of rotenone and antimycin A diminishes mitochondrial OCR,
leaving normitochondrial respiration (Figure 3.1, A). This Ronitochondrial

respiration is subtraed from other OCRs to reveal the mitochondrial respiratory rates
shown in Figure 3.1C. Generally, cells increase glycolysis to meet their energetic
demands when oxidative phosphorylation is preve(Bedndet al, 2011) e.g., by
oligomycin and BAM15. Such compensation is apparent in our experiments by the

increase in ECAR in response to the applied rmibodrial effectors (Figure 3.1, B).
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Analysis of multiple XF traces reveals that basal mitochondrial OCR (Figure
3.1, C) and basal ECAR (Figure 3.1, D) are significantly lower in myotubes compared
to myoblasts. The decreased basal respiration arises fsa@nificant decrease in ATP
synthesidinked (oligomycinsensitive) respiration in myotubes, as prekeaiklinked
(oligomycirrinsensitive) respiration remains the same when comparing the two
differentiation states (Figure 3.1, C). The BAMaiBcoupled ra and spare respiratory
capacity (uncoupled minus basal OCR) are significantly higher in myotubes compared
to myoblasts, while nemitochondrial respiration remains unaffected by differentiation
state (Figure 3.1, C). The proportion of respiration thated to produce ATP is
significantly lower in myotubes than in myoblasts (71.6% versus 83%) (Figure 3.1, E),
owing to the lower basal and ATlidked respiration upon differentiation. Fihathe
cell respiratory control ratigratio between the BAMZXoincaupled and oligomycin
insensitive OCRS) is significagthigher in myotubes thamyoblasts (Figure 3.1, F).
This increase ibhe respiratory control ratig due tathe increased uncoupled rate in

myotubes, as protoleaklinked respirationd the same indih differentiation states.
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Figure 3.1- Oxygen uptake and extracellular acidification by L6 myoblasts and

differentiated myotubes.

Myoblasts (lightgrey symbols) and myotubgkark-grey symbols) were grown in supplemented
medium containing 5mM glucose. Rates by which the cells consume oxygen (OCR) and acidify
their medium (ECAR) were measured simultaneously in KRPH that contained 5mM glucose
from the point cells were washedarit, i.e., 90minutesbefore the XF assay. OCR and ECAR
measurements were made in the absence and in the cumulative presepgénf oligomycin
(Oligo), 0.7uM BAM15, and a mix of 1uM rotenone and 1uM antimycin A (R/A) as shown by
the XF traces in pare A and B, respectively. Mitochondrial respiratory activities (panel C);
Basal: mitochondrial OCR in the absence of effectors; ATP: OCR coupled to ATP synthesis;
Leak: OCR linked to mitochondrial proton leak; Uncoupled: mitochondrial OCR stimulated by
BAMLS5; Spare: the difference between Uncoupled and Basal. Basal ECAR (panel D), the
coupling efficiency of oxidative phosphorylation (CE, panel E) and the cell respiratory control
ratio (RCR, panel F)Rates represent the means and standard error of the aigah

biological repeats, each containings3technical repeats. Significance was tested using an
unpaired Ftest. * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001.
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Myocellular ATP supply rates

Glycolytic and mitochondrial ATP supply fluxesalculated from OCR and ECAR
((Mookerjeeet al, 2017) see Chapter 2), are shown in Figure 3.2As predicted by
the lower ATP-synthesidinked OCR and basal ECAR, the rate at whiclPAS
supplied byglycolytic andmitochondrial means significanty lower in myotubes than
in myoblasts (Figure 3.2, A). As such, total supply flux is significantly lower in
myotubes than in myddsts (Figure 3.2, AHowever,thedifferencein theamountof
ATP suppliedthroughglycolysisbetweerthe two differentiationstatedisappearsvhen
glycolytic ATP supplyis expresse@sa percentagef overall ATP supply(Glycolytic
Index) (Figure3.2,B), which indicatesthatglycolysisandmitochondriacontribute
proportionallythe sameto total ATP synthesisn bothdifferentiationstates.
Normalisingtotal ATP supplyto total cellular respirationyields a significantly lower
ATP/O; ratio for myotubescomparedo myoblastgFigure3.2, C). This difference
reflectstherelativelylow couplingefficiency of myotubeqFigure3.1, E), ratherthan
changesn the contributionof glycolytic andmitochondrialATP supply,asthe
glycolytic indexremaingthe sane in bothdifferentiationstatesThis resultsuggestshat

the apparenbxygencostof ATP synthesigs higherfor myotubeghanmyoblasts.
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Figure 3.27 ATP supply fluxes for L6 myoblasts and myotubes in the presence of Bin
glucose.

Myoblasts (lighigrey) and myotubes (dadeey) were grown in supplemented medium
containing 5mM glucos&ates of glycolytic (JATPglyc), mitochondrial (JATPox) and total
(JATPtot) ATP synthesis (panel A), the glycolytic index (Gl, panel Bihancellular ATP/Q
ratio (panel C) were calculated from the XF traces as explained in chapRat@srepresent
the meansandstandarderror of the meanof 2-5 biological repeats gachcontaining3-5
technicalrepeats Significancewastestedusingan unpaired T-test.* = p <0.05,** = p <0.01,
*** = p<0.001,**** = p<0.0001.
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The effects of nutrient deprivation on L6 myocyte energy metabolism

In previous studie@Chinget al, 2010; Nisret al, 2014) myocytes were sensitised to
insulin by glucose starvation and, in the case of myoblasts, also by deiethe

serum concentration. Since tlwlowing chapters of thishesis seek to establish the

effects of nitrite and insulin on the bioenergetics of L6 cells, it was deemed important to
establish how myocyte energy metabolism responds to this nutritbdirawal and to

acute addition of glucose in the XF assay. Nutrient withdrawal includeehairie
deprivation of glucose in both myoblasts and myotubes and a reduction in FBS from

10% to 2% overnight for myoblasts.

Depriving myocytes of glucose lowermaximum and spare respiratory capacity

Basal mitochondrial respiration and respiration coupled to ATP synthesis are not
significantly affected by nutrient withdrawal in myoblasts (Figure 3.3, A) and myotubes
(Figure 3.4, A). In myoblasts, these rates rnenomaffected by glucose reintroduction
during the XF assay following such deprivation (Figure 3.3, A). In myotubes, glucose
reintroduction following deprivation causes significant increases in basal mitochondrial
respiration compared to when glucose issgint throughout the assay and significantly
increases ATRynthesidinked respiration compared to glucedeprived cells (Figure

3.4, A). In both differentiation states, maximum respirat@pyacity is significantly
decreasedbllowing glucose deprivatio, compared to when glucose is available
throughout the assay (Figures 3.3 & 3.4, A). Consequently, cells lose their spare
respiratory capacity when deprived of glucdsdling from 14 to-5 pmol Q/min/ug

protein in myoblast (Figure 3.3, A), and frora5 to 1pmol Gy/min/pg protein in

myotubes (Figure 3.4, A).
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Figure 3.37 The effects of changes in nutritional background on bioenergetics in L6

myoblasts, as measured by Extracellular Flux Analysis.

L6 myoblasts wergrown and assayed as described in the Methods sectiondtigy)t or were
deprived of glucose during a 98inute incubation in glucosieee KRPH before the XF assay
(white and lightgreen bars). Nutrienrtleprived cells were assayed without glucosetenbars)

or were subjected to 5mM glucose in the assay before other effectors were addaptdéght

bars). The serum concentration of the growth medium was lowered to 2% (v/v) 16 hours before
cells were washed into KRPH. Rates represent the means awldustarror of the mean of3
biological repeats, each containings3technical repeat®Differences between groups were
evaluated for statistical significance byewea y A NOV A wi t-Hocahalykisey 6 s pos
Asterisks and hashtags indicate significarftedtences from the fed (grey bars) and gluefee

(white bars) values, respectively*(P < 0.05, *** P < 0.01, ***##P < 0.001, ****#*###p <
0.0001).Abbreviations are the same as in Figure 3.1.

79



Myotubes

A
40-
c
3
2 30-
o
o B
O € 20+
O g
3
— 10+
(@]
IS
o
Basal ATP Leak Uncoupled Spare
B C
80 251
*%
*kkk =
60 20
o 15_
R 404 IS
& 104
*kk%k
20
5_ *kkk
0- 0-
CE RCR

Figure 3.47 The effects of changes in nutritional background on bioenergetics in L6
myotubes, as measured by Extracellular Flux Analysis.

L6 myotubes were grown and assayed as described in the Methods sectiayrégtarkr were
deprived of glucose durina 98minute incubation in glucosieee KRPH before the XF assay
(white and darlgreen bars). Nutrienrtleprived cells were assayed without glucose (white bars)
or were subjected to 5mM glucose in the assay before other effectors were addepdeiark
bars). Rates represent the means and standard error of the meahlmblbgical repeats, each
containing 35 technical repeatdifferences between groups were evaluated for statistical
significance byonsvay ANOV A wi t-Hoc ahalygise Astersslkend bashtags
indicate significant differences from the fed (grey bars) and gluitesgwhite bars) values,
respectively (* P < 0.05, *** P < 0.01, **## P < 0.001, ****##P < 0.0001).
Abbreviations are the same as in Figure 3.1.
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Glucose ceprivation increases proton leak and thus lowers the coupling efficiency

of oxidative phosphorylation

Glucose deprivation causes significant increases in pietelinked respiration in
myoblasts and myotubes (Figures 3.3 & 3.4, A). Consequently, theirg efficiency
of oxidative phosphorylation is significantly decreased when cells are deprived of
glucose (Figures 3.3 & 3.4,)BFurthermore, theell respiratory control ratids also
significantly decreaseethen glucosesi withdrawn(Figures 3.3 & 3, C), owing to

increased proton leak and decreased respiratory capacity (Figures 3.3 & 3.4, A).

Glucose addition partially recovers respiratory effectsof glucose deprivation

The reintroduction of glucose during the XF assay followingientdeprivation

recovers the loss of maximum and spare respiratory capacity in gidepseed cells,

fully in myoblasts (Figure 3.3, A) and partially in myotubes (Figure 3.4, A).
Furthermore, glucose addition significantly lowers prel@aklinked respiratn

compared to the glucogkeprived state in myddsts. However, although decreased
significantly, the proton leak rate is still significantly higher than that seen in cells that
had not been deprived of glucq$egure 3.3, A). Consequently, the coupligificiency

is significantly ircreased compared to the glucasprived state when glucose is
reintroduced to the XF assay in myoblasts (Figure 3.3, B). However, mitochondrial
efficiency is not fully restored, as it fails to reach the high coupling effigiseen in

cells that had not been deprived of glucose (Figure 3.3, B). Myotubes differ from
myoblasts, as injection of glucose does not attenuate the significant increase in proton
leaklinked respiration seen when cells are deprived of glucose. Tharddst, a slight

increase in proton leak compared to the gluabearived state when glucose is
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reintroduced to the cells (Figure 3.4, A). However, glucose addition increases the ATP
synthesidinked OCR (Figure 3.4, A), and thus recovers the decreasmipiing

efficiency, albeitonly marginally (Figure 3.4, B). Finally, f@pplying 5mM glucose
following glucose deprivation increases t@dl respiratory control raticompared to
theglucosedeprived state significantly in myoblasts (Figure 3.3, C)raadginally in
myotubegFigure 3.4, C). However, the reintroduction of glucose does not restore the
respiratory control ratito its original state, as there is still a significant difference
between theespiratory control ratiovhen glucose is freely avable and when glucose

is reintroduced into the assay following deprivation (Figures 3.3 & 3.4, C).

Glucose stimulates glycolytic ATP supply

In myoblasts, glucose deprivation significantly lowers basal ECAR, resulting in a
significant decrease tifie glycolytic ATP supplyrate(Figure 3.5, A & B). Sinc¢he
mitochondrialATP supplyrateis unaffected by nutrient deprivation (Figures 3.5, B),
total ATP supply and the glycolytic index are significantly decreased in myoblasts
(Figure 3.5, B & C). In myotulse glucose deprivation does not affect basal ECAR
(Figure 3.6, A), glycolyticmitochondrialor total ATP supply (Figure 3.6, B), nor the
glycolytic index (Figure 3.6, C). Notably, the ATR/@itio is significantly decreased
following glucose deprivatiomiboth myoblasts and myotubes (Figures 3.5 & 3.6, D),
which reflects the starvatieinduced decrease in coupling efficiency (Figures 3.3 & 3.4,

B) and decreases in glycolytic ATP supply in myoblasts (Figure 3.5, B).

Glucose addition not only reverses tlegative effect of glucose deprivation on
glycolytic ATP supply in myoblasts but stimulates the rate to a higher level than that

seen in cells that had not been deprived of glucose (Figure 3.5, B). This giutdosed
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stimulation of glycolytic ATP supplysialso seen in myotubes (Figure 3.6, B).
Accordingly, glucose addition following deprivation significantly increases the
glycolytic index in both myoblasts (Figure 3.5, C) and myotubes (Figure 3.6, C).
Glucose addition also stimulates the ATPr@tio in loth differentiation states (Figures

3.5 & 3.6, D).
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Figure 3.57 The effects of changes in nutritional background on ECAR and ATP supply

in L6 myoblasts, as measured by Extracellular Flux Analysis.

L6 myoblasts were grown and assayed as described in the Methods sectiegréyghor were
deprived of glucose during a 98inute incubation in glucosieee KRPH before the XF assay
(white and lightgreen bars). Nutrientleprived cells were assayed with glucose (white bars)

or were subjected to 5mM glucose in the assay before other effectors were addagdéght

bars). The serum concentration of the growth medium was lowered to 2% (v/v) 16 hours before
cells were washed into KRPH. Rates repredamintieans and standard error of the mean-bf 3
biological repeats, each containings3technical repeat®Differences between groups were
evaluated for statistical significance byeweay A NOV A wi t-Hocahalykisey 6 s post
Asterisks and hashtags indieatignificant differences from the fed (grey bars) and glufrese
(white bars) values, respectively*(P < 0.05, *** P < 0.01, ***##P < 0.001, **** #*###p <
0.0001).Abbreviations are the same as in Figure 3.2.
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Figure 3.67 The effects of changes in nutritional background on ECAR and ATP supply
in L6 myotubes, as measured by Extracellular Flux Analysis.

L6 myotubes were grown and assayed as described in the Methods sectiayrégtarkr were
deprived of ficose during a 9@ninute incubation in glucosieee KRPH before the XF assay
(white and darlgreen bars). Nutrienrtleprived cells were assayed without glucose (white bars)
or were subjected to 5mM glucose in the assay before other effectors were adkiepeeia
bars). Rates represent the means and standard error of the meahlablbgical repeats, each
containing 35 technical repeatdifferences between groups were evaluated for statistical
significance byonsvay A NOVA wi t-Hoc ahalys.eAgtdrisks gnabhaghtags
indicate significant differences from the fed (grey bars) and gluitesgwhite bars) values,
respectively (* P < 0.05, *** P < 0.01, **## P < 0.001, ****##P < 0.0001).
Abbreviations are the same as in Figure 3.2.
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3.3 Discussion

The extracellular flux data shown in this chapter provides a detailed characterisation of
the bioenergetic behaviour of static and differentiated L6 myocytes when different
nutritional states are applied. These data reveal clear bioenahffetiences between
myoblasts and myotubes. These data also reveal that total and spare respiratory capacity
diminishes upon glucose deprivation, leading to decreases @eltlmespiratory control

ratio. Protonleaklinked respiration increases upon glucose deprivation, leading to
significant decreases in the efficiency of mitochondrial ATP production. The

detrimental effects of deprivation on these parameters can be partially rescued through
the reintroduction bglucose during the XF assay. Basal cellular respiration and
mitochondrialATP supply remain largely unaffected by the nutritional state. However,
glucose addition following deprivation stimulates ECAR and glycolytic ATP supply to
rates that exceed thodeat were seen when cells were maintained in glucose throughout
the assay. Thus, glucose increases the glycolytic index and lowers the apparent oxygen

cost of total ATP supply.

Bioenergetic differences between myoblasts and myotubes

Myotubes have a sigincantly higher maximum and spare respiratory capacity

compared to myoblasts (Figure 3.1, C) when grown and assayed without glucose
restriction, which is reflected by a significantly higloetl respiratory control ratio

(Figure 3.1, F). These results damtrate that following differentiation, myotubes have

a higher upper limit of ETC activity, a greater ability to oxidise substrates, and that they
have a larger capacity to respond to increases in ATP demand compared to myoblasts

(Brandet al,, 2011) Expression of proteins involved in glucose metabolism, oxidative
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phosphorylation, and electron transpog aacreased by at least 1.5 fold following
differentiation of L6 cellgCui et al., 2009) which is consistent with the increased

maximum and spare respiratory capacities observed here.

Although myotubesave a higher (spare) respiratory capacity than myoblasts,
their coupling efficiency of oxidative phosphorylation is comparably low (Figure 3.1,
E), which is due to a relatively low AT8ynthesidinked OCR (Figure 3.1, C). Low
ATP-synthesidinked respiation isreflected by anitochondrialATP supply rate that is
lower in myotubes than in myoblasts (Figure 3.2, A). Notably, glycolytic ATP supply is
lower in myotubes than in myoblasts as well (Figure 3.2, A), as is reflected by an ECAR
difference (Figure3.1, D). Consequently, the rate of total ATP supply is lower in
myotubes than in myoblasts, whicbuld reflect a relatively lowATP demandBrand
et al, 2011)upon differentiation, as the myotubes are no longer dividing. Notably, the
percentage of total ATP supply accounted for by glycolysis is the same in myoblasts
and myotubes (Figure 3.2, B), but theygen cost of total ATP supply is relativelyghi

in myotubes (Figure 3.2, C).

Glucose control over L6 respiration

Glucose deprivation lowers the maximum (uncoupled) respiratory activity of both
myoblasts and myotubes, such that the respiratory capdtitgse systems appears the
same (Figures 3.3 & 3.4, C). This observation demonstrates that the uncoupled OCR is
controlled by glucose availability. In other words, uncouplers increase ATP demand
artificially (Brandet al, 2011)and shift control to glucose oxidation. Diminished
maximum capacity occurred after only ~2 hours following glucose deprivatin an

resulted in a negative spare capacity in myoblasts (Figure 3.3). Clearly, it is not possible
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to have a spare capacity that is lower than 0. This may have arisen due to the time
difference in measurements between basal and maximum respiration (iawveifevie
nutrients may have bedacking). The notion that uncouplers shift control of ATP
turnover to glucose oxidation is indeed corroborated by the effect of glucose addition
during the XF assay, which rescues (spare) respiratory capacity in gilsosed
myocytes, fully in myoblasts (Figure 3.3, A) and partially in myotubes (Figure 3.4, A).
In other words, such capacity is there but remains unnoticed without fuel. Uncoupled
OCRs should thus only be used to estimate (spare) respiratory capacitiesbdieats

supply is not a limiting factor.

Glucose deprivation increases proton leak in myoblasts and myotubes (Figures
3.3 & 3.4, A), which lowers coupling efficiency (Figures 3.3 & 3.4, B). This
observation may explain why L6 myotube coupling efficiescgported by others are
somewhat higher than the value presented here (71.6%) (Figure 3.4, B). For example,
coupling efficiencies of 77% and 87% were measuredhipedet al.(2020)and
Genderset al.(2019) respectively, in respiratory assays fuelled by 5mM glucose +
4mM glutamine and 25mM glucose, i.e., substrate levelshigian the 5mM glucose
aloneappliedhere The mechanism of this starvatiorduced increase in proton leak is
presently unclear but may be speculated to invadaetive oxygen speciéBrand,
2000) In support of such speculatiostarvation increasaggactive oxygen species
generation in CHO and Hela ceilsas litle as 15 minuteéScherzShouvalet al,
2007) and mRNA levels ofincoupling proteir2 anduncoupling proteir8, which likely
play a part irproton leak{Divakaruniet al, 2011) are increased by starvation in rat
skeletal muscl¢Cadenasat al., 1999) Moreover, mice undegxpressingincoupling
protein3, which has been shown to decregstive oxygen specigsoduction in

skeletal muscle mitochondr{@oimeet al, 2010) have increased RGi8duced
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damaggBrandet al, 2002) Thus, increaserkactive oxygen specig@soduction, due to
starvation, may initiate the upregulatiand activatiorof uncoupling proteindeading

to increased proton leak to protect the cells from the detrimental effects of oxidative
stress. The apparent irreversibility of the gluedserivationinduced proton leak

increase in myotubes (Figure 3.4, A) is consistent with such a mechantsitme bu
suggestion is weakened by the observation that glucose addition during the XF assay
acutelylowers proton leak of glucos#eprived myoblasts (Figure 3.3).AT0 test

whether starvatioinduced ROS productioand UCP activatioplays a role in

increagd protonleak, UCP knockdown cellscould be cultured and subjected to
starvation, with measurementsROS prodictionby fluorescent probes, such as

dihydroethidum(Schez-Shouvalet al, 2007)and proton leak via XF analysis.

Glucose lowers the apparent oxygen cost of ATP synthesis

In addition to the respiratory effects discussed above, arguably the most striking
observation reported in this chapter is the acuteafgignt glucose stimulation of

glycolytic ATP supply (Figures 3.5 & 3.6, B). This stimulation is consistent with
glucoseinduced ECAR increases reported befiter et al, 2014) The glucose

induced increase in glycolytic ATP supply raises the glycolytic index of both myoblasts
and myotubes, and, consequently, lowers the apparent oxygen cost of total ATP supply
(Figures 3.5 & 3.6, C & D). This obsvation suggests that any agent that modulates
glucose availability may regulate the oxygen cost of ATP supply. Insulin is known to
increase glucose uptake in skeletal muscle ¢Hils et al, 2014, 2016)andnitrogen
species increase the expresqgi]daughanret al, 2016)and translocatio@Jianget al,,

2014)of GLUT4, which could indicate an increase in glucose uptakethus

conceivable that nitrite and insulin lower the oxygen cost of myocellular ATP synthesis.

This possibility is tested in the next chapter.
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4 Nitrite and insulin decrease the oxygen cost of ATP

synthesis in skeletal muscle cells by increasing the rate of

qlycolytic ATP supply

4.1 Introduction

Dietary nitratesupplementation lowers the oxygen cassubmaximal exercise by
decreasing the respiratory activity required to drive skeletal muscle work at a set rate
(Larsenet al, 2007; Lansley, Winyard, Fulforet al, 2011) Nitrate supplementation
also benefits exercise by increasing exercise tolerance by (22¥sect al,, 2013;
Baileyet al,, 2015)and improving power output and performaiicansley, Winyard,
Bailey, et al, 2011; Murphyet al, 2012) Mechanistic understanding of how nitrate
improves human skeletal muscle function is incomplete, but most moddistp

changes in skeletal muscle bioenergetics. The lowered oxygen cost of exercise
following nitrate supplementatigiharsenet al, 2007)has been attributed improved
efficiency of oxidative phosphorylation through lowered proton [¢aksenet al,

2011) These effects on myocyte energy metabolism have also been found in response
to insulin, which lowers proton leak, resulting in increased coupling efficigvicy et

al., 2014) Furthermore, nitrogen species improve the diabetic phenotyp&e (Jiang

et al, 2014; Singamsettst al, 2015)and may increase glucose uptake by cells
(Vaugharet al,, 2016) possibly by improving insulin sensitivity. It is thus conceivable
that dietary nitrate and insalaffect myocellular bioenergetics through similar

mechanisms.

The idea that dietary nitrate lowers the oxygen cost of exercise by increasing the
coupling efficiency of oxidative phosphorylatifbarsenet al, 2011)remains

controversia{Whitfield et al, 2016; see Chapter.I)he data preséed inChapter 3
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demonstrate that the oxygen cost of myocellular ATP synthesis is acutely lowered by
glucose. This finding suggests the possibility that dietary nitrate lowers the oxygen cost
of exercise by increasing glucose availability. It is genetatiyght(Larsenet al,

2007; Shannost al, 2017)that the exercise benefit of nitrate is mediated by nitric

oxide. Howevernitrate is unlikely fully reduced toitric oxideduring submaximal
exercisgAffourtit et al, 2015;see Introduction)which is why | decided to determine

how nitrite (the reduction intermediate between nitrate and nitric oxide) affects the
bioenergetic behaviour of L6 myocytes. Because of possible mechanistic overlap, |
explored the effect of insuliin the same set of experiments. The data reported in this
chapter show that both nitrite and insulin acutely lower the oxygen cost of total ATP

synthesis by increasing the rate of glycolytic ATP supply.

4.2 Results

Nitrite and insulin effects on mitochondrial respiration

L6 myocytes grown in 5mM glucose were exposed for 30 minutes to 1uM NaNO
100nM insulin before XF analysis. Acute effects of nitrite and insulin on myoblast and
myotube respiration are summarised in Figures 4.1 and 4.2, respedtivaloblasts,
nitrite lowers basal mitochondrial respiration, respiration associated with proton leak,
respiration coupled to ATP synthesis and uncoupled respiration, as well as the spare
respiratory capacity, and marginally increases the cell respiratomptratio (Figure

4.1, A and B), but only the effect on basal respiration is statistically significant (Figure
4.1, G). Notablynitrite doesnot affect the coupling efficiency of oxidative
phosphorylation (Figure 4.1, G). In myotubes, none of the respirpairameters,
including coupling efficiency, are affected significantlydirite exposure (Figure 4.2,

A, B, D, E and G).
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Insulin has little effect on oxygen consumption in myoblasts, (Figure 4.1, A, C,
D, F & H). A statistically norsignificant decrese in protodeaklinked respiration,
without a change in maximum respiration, tends to marginally increase the cell
respiratory control ratio (Figure 4.1, H). Because there is no change in basal-or ATP
synthesidinked respiration, there is no effect abulin on coupling efficiency in
myoblasts (Figure 4.1, H). In myotubes on the other hand (Figure 4.2), insulin
significantly lowers respiration linked to mitochondrial proton leak (Figure 4.2, A, C &
H). The insulininduced decrease in proton leak leamsignificant increases in
coupling efficiency and the cell respiratory control ratio (Figure 4.2, D, F & H). Other
mitochondrial respiratory rates remain unaffected by insulin in myotubes (Figure 4.2, A,

C and H).
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Figure 4.17 nitrite and insulin effects on the respiratory activity of L6 myoblasts

The proteirnormalised respiratory activity (A, B & C), coupling efficiency (CE) and

respiratory control ratio (RCR) (D, E & F) by L6 myoblasts as measured by Extracellular Flux
Analysis.Cells cultured in fully supplemented medium were incubated for @@tasiin KRPH
containing 5mM glucose before XF analysis, and then assayed without (grey bars: control data
also shown in. Chapter 3) or with 200nM human insulin (red bars). Another group of cells was
subjected to 1uM NaNGor the last 30 min of the ptiacubation and assayed without insulin

(blue bars).Thecontron or mal i sed rates obtai nd@andn t he
100nM insulin (H) are also shown. All rates were obtained in the same manner as described by
the oxygen consumption traces repolie€hapter 3 and were calculated as described in the
Methods. Rates represent the mean and standard error of the me&nbidlagical repeats,

each containing & technical repeats. Significance was tested using an unpaitestin G &

H. * = p <0.05,** = p <0.01, *** = p <0.001, **** = p <0.0001.
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Figure 4.27 The respiratory activity of L6 myotubes in response to nitrite and insulin.
The proteirnormalised respiratory activity (A, B & C), coupling efficiency (@&jl

respiratory control ratio (RCR) (D, E & F) by L6 myotubes as measured by Extracellular Flux
Analysis.Cells cultured in fully supplemented medium were incubated for 90 minutes in KRPH

containing 5mM glucose before XF analysis, and then assayed w(geutbars: control data

also shown in. Chapter 3) or with 200nM human insulin (red bars). Another group of cells was

subjected to 1uM NaNGor the last 30 min of the pfiacubation and assayed without insulin

(blue bars).The controlnormalised rate® bt ai ned

in the y@andence

of

100nM insulin (H) are also shown. All rates were obtained in the same manner as described by

the oxygen consumption traces reported in Chapter 3 and were calculated as described in the
Methods. Rates represghe mean and standard error of the mean of 2 biological repeats, each

containing 35 technical repeats. Significance was tested using an unpaitestin G & H. *

= p <0.05, ** = p <0.01, *** = p <0.001, *** = p <0.0001.
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Nitrite and insulin effects on ATP synthesis

In addition to effects on respiration, acute effects of nitrite and insulin on medium
acidification by L6 myoblasts (Figure 4.3) and myotubes (Figure 4.4) were measured.
Acidification and respiratory data were combined to calculate the effentsite and
insulin on ATP supply rates, the glycolytic index, and the ALRADO. Nitrite

significantly increases basal ECAR in both myoblasts (Figure 4.3, G) and myotubes
(Figure 4.4, G) by about 40%. Thérite-induced increase in basal ECAR &dlected

by rises in the rate of glycolytic ATP supply in both differentiation states by 60%.
Nitrite does not significantly affect the rate of mitochondrial ATP synthesis in myotubes
(Figure 4.4, G), but lowers this rate significantly in myoblasts (Figu8eG) from 50

pmol ATP/min/ug protein in the control (Figure 4.3, A) to 40 pmol ATP/min/ug protein
afternitrite exposure (Figure 4.3, B). As glycolytic ATP supply is significantly
increased, but mitochondrial ATP supply is significantly decreased ablaosts

exposed to 1uM NaNgtotal ATP supply remains unaffected when compared to the
control (Figure 4.3, G). Total ATP supply is significantly increaseditrite in

myotubes (Figure 4.4, G), rising from approximately 40 pmol ATP/min/ug protein in
the control (Figure 4.4, A) to 46 pmol ATP/min/ug protein aftérite exposure (Figure
4.4, B).

Becausaenitrite has a significant impact on glycolytic ATP supply, the glycolytic
index is also increased (Figures 4.3 & 4.4, & B): it rises from 27% to 41% in
myoblasts and from 28% to 37% in myotubes. In myoblasts, this increase is highly
statistically significant when normalised to the control (Figure 4.3, G). Hituise
pushes both systems acutely toward a more glycqiytgmotype. Furthermoraitrite
lowers the apparent oxygen cost of total ATP synthéBiste significantly increases

the ATP/Q ratio (ATP supply normalised to total cellular respiration) from 4.9 to 6.3 in
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myoblasts (Figure 4.3, E & G), and tendsrtorease it in myotubes (Figure 4.4, E & G),

raising the ratio from 4.2 to 4.6.
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Figure 4.37 The ATP supply rates of L6 myoblasts in response to nitrite and insulin.

Cells culturedn fully supplemented medium were incubated for 90 minutes in KRPH

containing 5mM glucose before XF analysis, and then assayed without (grey bars: control data
also shown in. Chapter 3) or with 200nM human insulin (red bars). Another group of cells was
sujected to 1uM NaNgfor the last 30 min of the ptiacubation and assayed without insulin

(blue bars). Basal ECAR, ATP supply ratesd)] the glycolytic index (Gl) and the ATR/O

ratio are given as absolute (paneld=and controlnormalised (panel &) values, and are

means = SEM of-3 independent XF runs, each containin§ &chnical repeatsSignificance

was tested using an unpaireddstin G & H. * = p <0.05, ** = p <0.01, *** = p <0.001,

**** = p <0.0001.
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Figure 4.4- The ATP supply rates of L6 myotubes in response to nitrite and insulin.

Cells cultured in fully supplemented medium were incubated for 90 minutes in KRPH
containing 5mM glucose before XF analysis, and then assayed without (grey bars: ¢cahtrols
Chapter 3) or with 100nM human insulin (red bars). Another group of cells was subjected to
1uM NaNQ for the last 30 min of the pliacubation and assayed without insulin (blue bars).
Basal ECAR, ATP supply rates{d, the glycolytic index (Gl) anthe ATP/Qratio are given

as absolute (panels-B) and controinormalised (panel &) values, and are means = SEM of
2 independent XF runs, each containing 8chnical repeatsSignificance was tested using an
unpaired Ftestin G & H. * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001.
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Insulin significantly increases basal ECAR in both myoblasts (Figure 4.3, C &
H) and myotubes (Figure 4.4, C & H). This increase is reflected by a statistically
significant rise in glycolytic ATP supply (Figes 4.3 & 4.4, H). The rise in glycolytic
ATP supply is from 18 to 44 pmol ATP/min/ug protein in myoblasts (Figure 4.3, A &
C), and from 11 to 16 pmol ATP/min/ug protein in myotubes (Figure 4.4, A & C).
Insulin does not significantly affect the ratemstochondrialATP synthesis and
therefore the increased glycolytic ATP supply raises total ATP supply in both myoblasts
and myotubes (Figures 4.3 & 4.4, H). The difference in total ATP supply between the
control and when insulin is applied is 26 pmol ATP/m@protein for myoblasts
(Figure 4.3, A & C) and 9 pmol ATP/min/ug protein for myotubes (Figure 4.4, A & C).
The stimulation of glycolytic ATP synthesis by insulin pushes myoblasts into a
more glycolytic phenotype, as seen by the significant increabe iglycolytic index
(Figure 4.3, F & H). Insulin only slightly increases the glycolytic index in myotubes
(Figure 4.4, F & H). The effect of insulin on the glycolytic index in myotubes is not
statistically significant, likely because the magnitude ofaliyiic ATP supply
stimulation is not as substantial in myotubes compared to myoblasts. Insulin also lowers
the apparent oxygen cost of total ATP synthesis. Insulin causes significant increases in
the ATP/Q ratio in myoblasts (Figure 4.3, F & H), risingpfn 4.9 to 6.8, and in

myotubes (Figure 4.4, F & H), rising from 4.2 to 5.4.

The XF analysis presented in Figures 4.3 and 4.4 demonstrates that both nitrite
and insulin lower the oxygen cost of ATP supply by increasing the rate of glycolysis. A
comparably fgh glycolytic activity is reflected by nitriteand insulininduced
stimulation of ECAR. Seeking independent support for increased medium acidification,
lactate release from L6 myocytes was measured directly. Lactate is released at a rate of

3.8 + 0.39 pral/min/ug protein in myoblasts (Figure 4.5, A). This rate is increased by
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nitrite and insulin, respectively, to 4.2 £ 0.27 and 5.1 = 0.24 pmol/min/ug (Figure 4.5,
A). Nitrite and insulin thus stimulate lactate releasef@ld and 1.3fold, respectively.

The 95% confidence intervals given in the legend to Figure 4.5 suggest that the
stimulatory effect of insulin is statistically significant. Although comparably modest,
the nitrite and insulin effects are both consistent with the observed changes in basal
ECAR and glycolytic ATP supply (Figure 4.3, G & H). Nitrite tends to increase the rate
of lactate release from myotubes (from 4.1 £ 0.28 to 4.4 + 0.28 pmol lactate/min/ pg
protein), but this effect is not statistically significant (Figure 4.5, B). Insules amt

increase lactate release from myotubes (Figure 4.5, B).
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Figure 4.57 Lactate release by L6 myoblasts and myotubes in response to nitrite and

insulin.

Lactate release was measured after 5, 30, 90 and 150 minutes in L6 myoblasts (panel A) and
myotubes (panel B) grown in the presence of 5mM glucose. Cukigiiemwas removed from

the cells and they were immediately incubated in KRPH under air at 37 °C without (grey
symbols) or with either 1uM NaN@lue symbols) or 100nM insulin (red symbols). Data are
means + SEM of-81 separate measurements frorh lidependenassays, and were fitted to

|l inear expressions O6forced6é through the orig
(0.39), 4.2 (0.27) and 5.1 (0.24) pmol lactate released per min per ug protein for control,
nitrite-exposed and insuliaxposed c#d, respectively, with 95% confidence intervals of8%)
3.64.7 and 4.75.6 pmol/min/ug. The mean (SEM) fit slopes for myotubes are 4.1 (0.24), 4.4
(0.23) and 4.0 (0.25) pmol lactate released per min per pg protein for control, ‘gixitesed

and inslin-exposed cells, respectively, with 95% confidence intervals -@.3,53.95.0 and

3.4-4.5 pmol/min/ug.
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4.3 Discussion

This chapter aimed to explore and compare the effects of nitrite and insulin on the
bioenergetics of L6 myocytes. These experiments aimed to explore the hypothesis that
nitrite may lower the oxygen cost of ATP synthesis and that, due to their previously
reported similaritiesnitrite and insulimmay impact skeletal muscle bioenergetics in the
same way. The data reported in this chapter reveal that both nitrite and insulin indeed
lower the oxygen cost of total ATP supply in myoblasts and myotubes. In Isa, ca

the effect is owing to an increased glycolytic index that follows from stimulation of
glycolytic ATP supply. This novel observation demonstrates the depth of insight that
may be obtained from analysing XF data in detail, as the bioenergetic shiftisoava
more glycolytic phenotype is not immediately obvious from the oxygen consumption
and medium acidification datger se Notably, nitrite does not increase the efficiency of
oxidative phosphorylation. These findings inform the ongoing debate as tdidiany

nitrate lowers the oxygen cost of exercise.

Nitrite does not increase mitochondrial efficiency

Dietary nitrate supplementation increases circulating ni{@voniet al,, 2008)
Therefore, the effect of nitrite on muscle bioenergetics was tested. Nitrit@oloes
increase coupling efficiency acutely, neither in myoblasts nor myo{&ispses 4.1 &
4.2, E & G). These results are at odds with the reported stonylaffect ofsodium
nitrateon mitochondrial efficiencylLarsenet al, 2011) but consistent with theeported
lack of beneficial effect of dietary nitrate on oxidative metabo(ig/hitfield et al,,
2016; Ivarssort al, 2017) One reason my results are at odds could be that the

exposure timeo nitrite used here is insufficient to elicit such a response. Larsen and
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colleagues (201limplemented asupplementation protocthatincluded 3 days

exposure to sodium nitrate, and cellular studies that show improvement in coupling
efficiency, albeit due to increased basal respiration rather than decreased proton leak,
exposed cells to beetroot juice for 24 hoaugharet al, 2016) However, 7 days
supplementation of beetroot juice in humans had an exercise benefit without a change in
coupling efficiency(Whitfield et al,, 2016) and 3 weeks of sodium nitrate

supplementabin in mice decreased the P/O ratio compared to a cghanssonret al,

2017) Furthermore, no difference was observed in oxidative phosphorylation, proton
leak and the P/O ratio in mitbondria isolated from zebrafish given sodium nitrate or
sodium nitrite in their water for 21 days and control mitochon@don et al, 2019)

It was hypothesised that nitrite effects on myocyte bioenergetics might occur similarly

to insulin, as both insuli(Nisr et al, 2014)and nitrogen specig¢tarsenet al, 2011)

have been found to decrease proton leak, leading to increased coupling efficiency. Here,
nitrite does not improve coupling efficiency in either myoblasts or myotubes.

Importantly, the lack bacute nitrite effect on coupling efficiency is not due to assay
limitations, as the data demonstrate insulin acutely increases coupling efficiency in

myotubes (Figure 4.2, H).

Insulin lowers protoreaklinked respiration, leading to increases in the
coupling efficiency and cell respiratory control ratio in myotufigigure 4.2, F & H).
The insulin effect on respiration rates in myotubes is consistent with those reported
previously(Nisr et al, 2014) However, the lack of effect of insulin on respiration rates
in myoblasts (Figure 4.1, C, F & H) is nathlas previously been reported that
myocytes need to be deprived from FBS and glucose t@éndwcellular response to
insulin (Chinget al, 2010; Nisret al, 2014) Here, myoblasts were not cultured in

decreased FBS and did not undergo glucose restriction during the Biesalfferences
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in results could also be explained by differences in cell culture, as previously myoblasts

were seeded at a higher density, grdama further 48 hours in DMEM with 25mM

glucose, and underwent reductions in FBS and glucose (5mM) ovefNighet al,

2014) The relativelyhigh confluence expected from the previous cell culture regime

may have provoked some myoblast differentiation, as L6 cells differentiate on

confluencgPinsetet al, 1982) Thereforeemsul i nds effect on coupling
respiratory control is much stronger in, and may be exclusive to, myotdbesver,

insulin does indeed increase coupling efficiency in myoblasts that are deprived of

nutrients (Chapter 5, Figure 5.4otably, nitrite and insulimaffect the oxidative

metabolism of L6 myocytes in different ways.

Insulin effects on mitochondrial ATP synthesis

Insulin effects on mitochondrial function have been reported by others before. Insulin

was found to stimulate mitochondridaT P synthesis, which was attributed to the

increased oxidative capacity of mitochondria, through increased mitochondrial protein

synthesis, and increases in the activity of citrate synthase and cytoahoxidase

(Stumpet al,, 2003) The insulin effect on coupling efficiency and cell respiratory

control reported in this chapter (Figure 4.2, F & H) are exclusively owing to decreased

proton leak, as other respiratory rates are unafiedteese data agree with previously

reported findinggNisretal, 2014)but di sagree with insulinbs abi
respiratory capacity in both humgéatumpet al, 2003)and C2C12 myotubd¥ anget

al., 2012) This discrepancy may be related to the different insulin exposure times.

The mechanism by which insulin decreases protoniteakknown at present.

Mitochondrial efficiency may be increased by

104



mitochondrial protein synthesiBoirie et al, 2001; Stumpet al., 2003; Robinsoetal.,

2014)and the increased expression and activity of enzymes involved in oxidative
phosphorylatior{Stumpet al, 2003; Robinsoet al, 2014) However, exposure to

insulin in the studies mentioned occurred over a much longer time, compared te the 30
minute exposure herein. Because the insulin effect on proton leak reported here emerges
on a relatively short timescale, the changes are uplieddted to protein expression
effects. Thus, insulinbés effect on coupl]
|l i kely due to a oO6directd attenuation of |
mechanism is unclear. One possibility that cannaxXatuded at this stage is that

insulin lowers proton leak indirectly by increasing energy demand. As discussed in

detail in the Introduction, insulin likely increases ATP demand substantially. nsulin

induced energy demand will lower the ATP/ADP ratio andsequently the proten

motive force. It is conceivable that the contribution of proton leak to overall respiration

is relatively low at the decreasptbtonmotive force, which would be reflected by a

relatively high coupling efficiencgAffourtit et al, 2006)

Nitrite and insulin effects on glycolytic ATP supply

Although the respiratory effects of nitrite and insulin appear different, both compounds
were found to increase extracellular acidification and glycolytic ATP supply, regardless

of L6 differentiation state, thus pushing ttels into a more glycolytic phenotype
(Figures 4.3& 4.4, G&HThe effect of insulin on ECAR
significant effect on ECAR in C2C12 myotub@&nget al,, 2012)and the insulin

induced increases in ECAR in human and L6 myocdijtés et al, 2014) The rise in

glycolytic ATP supply was sufficient to raise overall ATP supply leading to increases in

the ATP/Qratio (Figures 4.3 & 4.4, G & H). Stimulation of glycolytic ATP supply and
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the ATP/Q ratio inresponse taitrite and insulinowers the apparent oxygen cost of
ATP synthesis, whichisnotclehrr om t he oO6r awd oxygen uptake an:ct

acidification data.

The finding thatitrite lowers the apparent oxygen cost of ATP synthesis, by
increasing glyolytic ATP production, offers a possible explanation for the lowering
effect of dietary nitrate on the oxygen cost of exerflisesenet al, 2007; Baileyet al,
2009; Lansley, Winyard, Fulforet al, 2011) The data presented here show that
glycolytic ATP synthesis is significantly increased following arBidute exposure to
nitrite (Figure 4.3 & 4.4, G)The stimulatory effect afitrite on glycolytic ATP supply
is present regardless of L6 differentiation state, although it is more pronounced in
undifferentiated myoblasts than in myotubEkese XF data disagree with the reported
lack of change in blood lactate levels following nitratpementatior{Larsenet al,
2007)and the significantly decreasbdsal and peak ECAR in C2C12 myocytes treated
with beetroot juicdVaugharet al,, 2016) The data also disagree with a study that
reported a lack of nitrate effect of glycolytic ATP supply, which was assessedt®ing
MRS, following 6 days supplementation with beetroot j{Bailey et al, 2010)
However, human studiesilising different exercise and supplementation protocols
observe increases in blood lactate levels in response to nitrogen giégdiest al,
2016; Dominguez, Garnact@@astafnoet al, 2017; Shannoat al,, 2017) indicating
that ATP synthesis through anaerobic glycolysis may be increased. Furthermore,
sodium nitrateandsodium nitritetreatment in zebrafish significantly increase the
abundace of several glycolytic intermediates and lactate at{feson et al, 2019)
These findings support the assertion that nitrogen speciedenagase oxygen uptake

during submaximal workloadtarsenet al, 2007; Baileyet al,, 2009; Lansley,
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Winyard, Fulford,et al, 2011)by increasing the activity of neoxidative ways of ATP

production, thus lowering trepparenbxygen cost of total ATP synthesis.

The lactate measurements obtained here (Figure 4.5) only partially support the
findings obtained by XF Analysis. The cause for the difference in results could be due
to the difference in experimental design. During XBlgsis, several wash and
incubation steps occur prior to placement into the analyser, which was not possible
during the lactate assay as the medium contains the lactate. Furthermore, during XF
analysis, DMEM, which contains other energy sources susbdsn pyruvate and
glutamine, was removed and cells wareubated in KRPH with glucose as the only
fuel for 1 hour, beforeemoval andexposure to nitrite for 30 minuteshich wes then
removed and followed by exposure to insttin 20 minutesDuring thelactate assay,
DMEM was removed and KRPH -Hjitrite and +f insulin was added immediately
followed by medium removals at the stated time points. It could be that the cells require
an initial period without the other nutrients available in DMEM to oltaénresults
seen during XF analysis. Finally, there is also @bl that theexperiment did not
work. High lactate measurements were obtained at the 5 minute point and this results in
no change in lactate release in some of the conditions betweenitesamd 30
minutes, which could indicate an issue with the experiment itdeliiever, increased
lactate release in L6 yncytes exposed taitrite and insulin havéeen observed
previously in our hands (Wynne and Affourtit, unpublished data).

Insulin stimulates glycolytic ATP supply more strongly in myoblasts than in
myotubes (Figures 4.3 & 4.4, H)his difference in magnitude to which insulin
stimulates glycolytic ATP supply indicates that this effect is mechanistically distinct
from the insulin effect v coupling efficiency and the respiratory control ratio, which

appears to be exclusive to myotubes. This mechanistic distinction is also suggested by
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the similarity between theitrite and insulireffects on glycolytic ATP supply and the
observation thatitrite does not affect proton leak or indeed coupling efficiefitys,
while their effects on oxygen consumption are not the same, at facenitaiteeand

insulin effects on glycolytic ATP supply are comparable.

4.4 Conclusion

Nitrite does not impact oxygen consumption by L6 myocytes, which strengthens the
hypothesis that nitrogen species do not improve mitochondrial efficiency. Insulin, on
the other hand, improves coupling efficiency and the cell respiratory control ratio in
myotubes, likely because of direct attenuation of proton leak. The rate of glycolytic
ATP synthesis in skeletal muscle cells is increased by exposaiteite® and insulin

which decreases the apparent oxygen cost of ATP supplyniffhe and insulireffects

on glycolytic ATP supply are similar to those achieved by glucose addition (Chapter 3,
Figures 3.5 & 3.6) and may be owing to the stimulation of glucose uptake. This

possibility is explored in the following chapter.
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5 Nitrite and insulin stimulate glycolytic ATP supply

irrespective of glucose availability

5.1 Introduction

Nitrite and insulirwere found to stimulate glycolytic ATP supply in L6 myoblasts and
myotubes, which was sufficient to cause rises in total ATP supply (Chapter 4, Figures
4.3 &4.4). Similar bioenergetic effects have been observed in response to direct glucose
addition (Chapter 3, Figures 3.5 & 3.6). Insulin drives glucose uptake in skeletal muscle
cells(Richteret al, 2013)andinjection of 2mM glucose instantly stimulates

acidification of the extracellular medium but leaves oxygensumption unaffected in

L6 cells exposed to insulifNisr et al, 2014) Furthermore, beetroot juice was shown to
increase GLUT4 gene and peot expression in C2C12 myocyt@&ugharet al,

2016) Thus, nitrite and insulimduced increases in glycolytic ATP synthesis could be
secondary to increased glucose availability, which was stovwender L6 myocytes

more glycolytic, thus lowering the oxygen cost of ATP synthesis (Chapter 3, Figures
3.5 & 3.6). This chapter aimed to assess whether increases in glycolytic ATP supply in
response to nitrite and insulin are secondary to increasedsglavailability. Glucose
uptake assays and XF analysis with nutrgeprived L6 myocytes reveal that this is not
the case, as the data reported in this chapter demonstrate that glycolytic stimulation

occurs irrespective of glucose availability.

109



5.2 Results

Nitrite and insulin stimulation of glycolytic ATP supply does not result from
increased glucose uptake
Glucose (2DG) uptake was measured in L6 myoblasts and myotubes (Figure 5.1, A) to
explore the possibility that the bioenergetic effects oftaiind insulin are due to
increased intracellular glucose availability. Following published prot¢Gtisiget al,
2010; Nisret al., 2014) the 2DG uptake experiments were performed in glucose
restricted (myoblasts and myotubes) and serestricted (myoblasts) cells.
Bioenergetic experiments with nutrietéprived myoblasts were conducted in parallel
to allow exact comparisonith the 2DG uptake experiments. The day before XF
analysis, the concentration of FBS was thus lowered from 10% to 2% overnight in the
myoblast growth medium and cells were incubated in gluéeseKRPH for ~2 hours
before the assay. Mimicking the 2DGtake assay, 5mM glucose was injected during
the XF run. Glycolytic ATP supply rates are thus calculated for glustaseed cells
and for cells acutely exposed to 5mM glucose (Figure 5.1, B). The latter ATP supply
rates may be compared directly with the@Dptake rates (Figure 5.1, A).

The rate of glucose uptake is not stimulated by exposure to nitrite alone and
insulin alone and is lower in myotubes exposed to nitrite alone (Figure 5.1, A).
Strikingly, however, the 2DG uptake rate is significantly inseghin cells exposed to
both nitrite and insulin (Figure 5.1, A). Thus, the 2DG assay reveals a synergistic
stimulation of glucose uptake whaitrite and insulirare applied together to L6
myocytes. Figure 5.1 (B) demonstrates again that both nitriténankih significantly
increase glycolytic ATP supply when administered alone in myoblasts. Following acute

exposure to glucose, these effects are less pronounced than reported in Chapter 4
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(Figure 4.3, G & H), which is likely owing to the difference inntidnal background.

The synergistic effect of nitrite and insulin on glucose uptake (Figure 5.1, A) is not

reflected by the rate of glycolytic ATP supply, as the stimulation of glycolytic ATP

supply is not amplified to the same extent when cells are eggosnitrite and insulin

together (Figure 5.1, B & C). The lack of increased 2DG uptake in response to nitrite

and insulin alone as well as the O0syner g
supply stimulation from glucose uptake (Figure 5.1, C). Thehauaistic disconnection

revealed by these experiments shows that changes in bioenergetics in response to nitrite

and insulin cannot be caused by increased glucose availability alone.
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Figure 5.17 Glucose (2DG) uptake in L6 myoblasts and myotubes.

Glucose uptake (A) was measured as the accumulation of 2DG in L6 myoblasts and myotubes
exposed to nitrite (blue bars), insulin (red bars), both nitrite and insulin (purple bars) or to
neithe (grey bars). Data are meatsSEM of12 and 9 separate measurements from 4 and 3
independent assays for myoblasts and myotubes, resped8lalglytic ATP supply

(JATPglyc) (B) was measured in myoblasts deprived of serum and glucose (without glucose) as
in the 2DG assay, and subjected to 5mM glucose in the XF assay before other effectors were
added (with glucose). Data are meanSEM of12-15separate measurements from 3

independent XF runs. The contrmbrmalised rates for comparison of glucose uptake versus
glycolytic ATP supply following glucose injection are shown iDierences between absolute
values were evaluated for statisticalmifjicance byonavay ANOVA wi t-Hoc Tukeyds pos:
analysis. Significance of normalised effects was assessed by an ungage@ P < 0.05, ** P

<0.01, ** P <0.001).
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Nitrite and insulin increase glycolytic ATP supply even when glucose is not

available

Interestingly, nitrite and insulin increase glycolytic ATP supply in myoblasts both in the
absence and presence of glucose. Bioenergetic stimulation in respaoitseetand
insulinthus occurs irrespective of nutrient deprivation, and even appeaesvbain

stronger without glucose addition during the XF assay (Figure 5.1, B). This observation
strengthens the assertion that increases in glycolytic ATP supply in response to nitrite
and insulin are not the result of increased glucose availability in estsbMWishing to
explore the interesting observations made above further, the effect of nitrite and insulin
on bioenergetics of nutrieiateprived myocytes was assessed. Experiments were
performed in glucoseestricted (myoblasts and myotubes) and serednicted

(myoblasts) cells. XF Analysis was then carried out in a buffer lacking glucose, with no

addition of glucose made throughout the experiment.

Figures 5.2 and 5.3 summarise the pret@nmalised basal ECAR, ATP supply
rates, the glycolytic index,nal the ATP/Q ratio of L6 myoblasts and myotubes, for the
control (A & D), when 1uM NaN@was applied (B & E), and when 100nM insulin was
applied (C & F). The control data is given for reference purposes and are the same as
shown in Chapter 3. Similar tbe observation made above (Figure 5.1, B), stimulation
of glycolytic ATP supply by nitrite and insulin occurs irrespective of glucose
availability. Both nitriteand insulin provoke increases basal ECAR compared to the
control, translating to significanténeases in glycolytic ATP supply in nutrient
deprived myoblasts (Figure 5.2, G & H) and myotubes (Figure 5.3, G & H). Glycolytic
ATP supply is increased by 94% and 192% in myoblasts exposed to nitrite and insulin,
respectively (Figure 5.2, G & H). Thus,trient deprivation increases the effect size

compared to when glucose is available (which were 60% and 147% in response to
113



nitrite and insulin, respectively; see Chapter 4, Figure 4.3, G & H). In contrast, nitrite
and insulin both increase glycolytic ATBpply by approximately 35% in nutrient
deprived myotubes (Figure 5.3, G & H). Thus, glucose deprivation lowers the effect
size in myotubes compared to when glucose is available throughout the assay (which
were 60% and 45% in response to nitrite and instdispectively; Chapter 4, Figure

4.4, G &H).

Mitochondrial ATP supply is slightly lowered by nitrite and insulin in myoblasts
(Figure 5.2, G & H). Therefore, total ATP supply is unaffected by nitrite and insulin in
myoblasts (Figure 5.2, G & H). Becauglgcolytic ATP supply is significantly
increased bumitochondrialATP supply is slightly lowered, nitrite and insulin
significantly increase the glycolytic index in nutriedeprived myoblasts (Figure 5.2, G
& H). In myotubesmitochondrialATP supply isunaffected by nitrite (Figure 5.3, G)
but is significantly increased in response to insulin (Figure 5.3, H). The stimulatory
effect of nitrite and insulin on glycolytic amditochondrial(insulin only) ATP supply is
sufficient to significantly increase @tATP supply in both conditions (Figure 5.3, G &
H). Both conditions push myotubes deprived of glucose into a more glycolytic
phenotype, but this push is neignificant (Figure 5.3, G & H). Insulin provokes a
smaller increase in the glycolytic index coangd to nitrite because it also provokes a
significant increase imitochondrialATP supply. Finally, insulin causes a significant
increase in the ATP/£ratio compared to the control, thus lowering the apparent
oxygen cost of total ATP synthesis in mydita(Figure 5.2, H) and myotubes (Figure
5.3, H).However, nitrite has no effect on the ATR/@tio ineither myoblasts (Figure

5.2, H) or myotubes (Figure 5.3, H).
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Figure 5.27 The ATP supply fluxes ofglucosedeprived L6 myoblasts.

Myoblasts were cultured in fully supplemented medium but underwent a reduction in FBS from
10% to 2% overnight. Cells were incubated in KRPH without glucose for 90 minutes before XF
analysis and glucose was not injected dgrine assay. Cells were assayed without (grey bars:
controls) or with 200nM human insulin (red bars). Another group of cells was subjected to 1uM
NaNGQ for the last 30 min of the pfiacubation and assayed without insulin (blue bars). Basal
ECAR, ATP supplrates (JATP), the glycolytic index (GI) and the ATR#&dio are given as
absolute (panels#4) and controinormalised (panel &) values, and are means + SEM of 3
independent XF runs, each containing 8echnical repeatsSignificance was tested usiag
unpaired Ftest. * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001.
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Figure 5.37 The ATP supply fluxes of glucoseleprived L6 myotubes.
Myotubeswere cultured in fully supplemented medium and were incubated in KRPH without

glucose for 90 minutes before XF analysis. Glucose was not injected during the assay. Cells

onrey
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were assayed without (grey bars: controls) or with 200nM human insulin (red bamthekn
group of cells was subjected to 1uM NaN@r the last 30 min of the pfiacubation and

assayed without insulin (blue bars). Basal ECAR, ATP supply rates (JATP), the glycolytic index
(Gl) and the ATP/@ratio are given as absolute (panelsFand catrol-normalised (panel &

H) values, and are means = SEM of 4 independent XF runs, each contabhiegttical
repeats.Significance was tested using an unpairegt. * = p <0.05, ** = p <0.01, ** = p
<0.001, **** = p <0.0001.
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Insulin decreases poton leak in myoblasts when nutrients are deprived
Figures 5.4 and 5.5 summarise the respiratory analysis of nedeent/ed L6
myoblasts and myotubes, respectively. Similar to when glucose is available throughout
the assay (Chapter 4, Figure 4.1, @)nyoblastsitrite lowers all respiratory
parameters (Figure 5.4, A and B), with the effect on spare respiration nearing
significance (Figure 5.4, G). Notablyitrite significantlylowersthe coupling efficiency
of oxidative phosphorylation when glucosedeprived (Figure 5.4, D, E & G).
Furthermore, there was no effect of nitrite on parameters related to oxygen consumption
during nutrient deprivation in myotubes (Figure 5.5, A, B & G). Although variable,
there is a decrease in spare respiration comparge: control and slight decreases in
cell respiratory control, while nemitochondrial respiration slightly increases in
response to nitrite in myotubes (Figure 5.5, G).

In contrast to when glucose is available throughout the assay (Chapter 4, Figure
4.1, H), in myoblasts insulin lowebsasal mitochondrial respiration, respiration
associated with proton leak, respiration coupled to ATP synthesis and uncoupled
respiration (Figure 5.4, A, C & H). However, only the effects on proton leak and
uncoupled rgsiration are statistically significant (Figure 5.4, Hijhe insulirinduced
decrease in proton leak leads to significant increases in coupling efficiency in glucose
deprived myoblasts (Figure 5.4, F & H). Consistent with earlier observations (Chapter
4, Fgure 4.2, H), insulin lowers respiration linked with mitochondrial proton leak
(Figure 5.5, C & H), leading to increases in coupling efficiency in myotubes (Figure
5.5, F & H). Cell respiratory control is also increased in response to insulin, but this
fails to reach significance when glucose is withdrawn (Figure 5.5, H). There is a rise in
ATP-synthesidinked respiration, which approaches significance, while non

mitochondrial respiration is decreased by insulin (Figure 5.5, H). Thus, nutrient
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deprivationdoes not notably change how nitrite and insulin affect the respiratory
activity of L6 myotubes. As reported befdidisr et al, 2014) insulin hcreaseshe
coupling efficiency of nutrienrtleprived myoblasts, an effect that was not apparent in

0 f e d 6Chaptel 4Figure @.).
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Figure 5.47 The respiratory activity of glucosedeprived L6 myoblasts in response to

nitrite and insulin.

The proteirnormalised respiratory activity (A, B & C), coupling efficiency (CE) and

respiratory control ratio (RCR) (D, E & F) by L6 myoblasts as measured by Extracellular Flux
Analysis.Cells were culturedn fully supplemented medium but underwent a reduction in FBS

from 10% to 2% overnight. Cells were incubated in KRPH without glucose for 90 minutes
before XF analysis and glucose was not injected during the assay. Cells were assayed without
(grey bars: conols) or with exposure to either 1uM Nad®lue bars) or 100nM human

insulin (red bars)The contron or mal i sed
and 100nM insulin (H) are also shown. All rates were obtained in the same manner as

rates

obt ai nAd®@

described I the oxygen consumption traces reported in Chapter 3 and were calculated as
described in the Methods. Rates represent the mean and standard error of the mean of 3
biological repeats, each containings3technical repeats. Significance was tested using an

unpaired Ftest. * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001.
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