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Abstract

Cancer cells depend on glucose metabolism via glycolysis as a primary energy source,
despite the presence of oxygen and fully functioning mitochondria, in order to promote
growth, proliferation and longevity. Glycolysis relies upon NAD* to accept electrons in the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) reaction, linking the redox state of
the cytosolic NAD™ pool to glycolytic rate. The free cytosolic NAD*/NADH ratio is involved in
over 700 oxidoreductive enzymatic reactions and as such, the NAD*/NADH ratio is regarded
as a metabolic readout of overall cellular redox state. Many experimental techniques that
monitor or measure total NAD" and NADH are unable to distinguish between protein-bound
and unbound forms. Yet total NAD*/NADH measurements yield little information, since it is
the free forms of NAD" and NADH that determine the kinetic and thermodynamic influence
of redox potential on glycolytic rate. Indirect estimations of free NAD*/NADH are based on
the lactate/pyruvate (L/P) ratio at chemical equilibrium, but these measurements are often
undermined by high lability. To elucidate the sensitivity of the free NAD*/NADH ratio to
changes in extracellular substrate, an in silico model of hepatocarcinoma glycolysis was
constructed and validated against in vitro data. Model simulations reveal that over experi-
mentally relevant concentrations, changes in extracellular glucose and lactate concentration
during routine cancer cell culture can lead to significant deviations in the NAD*/NADH ratio.
Based on the principles of chemical equilibrium, the model provides a platform from which
experimentally challenging situations may be examined, suggesting that extracellular sub-
strates play an important role in cellular redox and bioenergetic homeostasis.
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Introduction

Cellularbioenergeticslescribehe processethat generatenergyin the form of ATP within
thecell,achievedrimarily viaaerobicandanaerobiglycolysispyruvateandfatty acid oxida-
tion, and oxidativephosphorylationwithin the mitochondria[1,2]. Whenglycolysiss coupled
to oxidativephosphorylationthe NADH reducingequivalentproducedin the cytosolby glyc-
eraldehyde-3-phosphatiehydrogenas@GAPDH) areshuttledto the mitochondrialmatrix
wheretheyareconsumedy therespiratorychain.In the absencef oxygenwhenmitochon-
dria areunableto recyclethe NADH to NAD, lactatedehydrogenasprovidesan alternate
meansof oxidizingNADH to NAD™* to facilitateanaerobialycolysig3]. Tumoursand
highly-proliferatingcellscanshowincreasediptakeof glucosefavouringglycolyticproduc-
tion of lactate despitethe presencef oxygenandfully functioning mitochondria[4]. Thepro-
cesof aerobicglycolysisundertheseconditionsis alsoknown asthe CrabtreeEffect whichis
inefficientat producing ATP comparedo the completeoxidation of glucosecoupledto oxida-
tive phosphorylatiorin termsof stoichiometricconversionof glucoseéo ATP [5]. However,
the glycolyticratecanbeconsiderablhjhigherthan oxidativerespiration,andit hasbeensug-
gestedhatthisresultsin total ATP synthesighatis comparableveranygiventime, for either
route of glucosemetabolisni6]. Aerobicglycolysisn tumoursand proliferatingcellsis recog-
nisedasanadaptivemechanisnto facilitaterapid ATP production,aid survivalandallowcells
to thrive in thetumour microenvironment,andalsoto meetthe elevatedevelsof biosynthesis
requiredto supportuncontrolledproliferation[7]. In turn, proliferatingcellshaveahigher
demandfor reducingequivalentsin theform of NADH, which contributesto the NAD ™/
NADH ratio [8]. Therefore aninextricablelink existsbetweeraerobicglycolyticrateandfree
NAD*/NADH redoxstate.

Current techniquedor investigatinghe NAD™ pool redoxstateareonly capablef
measuringotal NAD™ and NADH without discriminatingbetweerfreeand protein-bound
forms[9]. Thisis problematicasonly freeNAD*/NADH regulatecellularredoxstate Jimiting
theinsightthat canbegleanedrom thetotal NAD */NADH measurement&reeNAD */

NADH maybeestimatedr derivedvia: (i) exploitationof the lactate/pyruvatéL/P) ratio at
equilibrium [10]; (i) usinghyperpolarisedjlucosd11]; or (i) usinggeneticallyencodedsen-
sors(SoNAR)[12]. Estimationof thefreeNAD*/NADH ratio usingthe L/P ratio is the most
widelyusedapproachfoundedon the principlesof chemicalequilibrium, i.e.,whenthe con-
versionbetweerpyruvate+ NADH andlactate+ NAD™ is atequilibrium, the freeNAD*/
NADH ratio canbecalculatedy the following equation:
% *S. %o
S

S
_; a1
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To usethis method,the accuratelefinition of the equilibrium statusfor the conversiorof
the L/P ratio is crucialto correctlyestimatehe NAD*/NADH ratio [9]. Specificallystudies
which assumehe conversioris at equilibrium, whilstfailing to confirm how closeit is, can
resultin estimatecratiosthatare1 to 2 ordersof magnitudeawayfrom thetrue value.Thisis
becaus¢he massactionreactionquotient(Q) at nearequilibrium candiffer betweerl and 2
ordersof magnitude[13+19].When Q = K, theforward andreverseaatesof conversiorare
equalandthereis no netlossor gainof lactate HoweverwhenQ < K, thereactionfavours
formation of lactateand similarly,whenQ > K, thereactionfavoursformation of pyruvate
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[9]. In culturedcancercells the conversioris predominantlyfrom pyruvateto lactate dueto
therapid disposabf lactateviamonocarboxylatéransporterdMCTs) locatedon the plasma
membrang20,21].Thisis afunction of the high glycolyticratesfoundin cancercellswhich
resultsin excessivproductionof pyruvateand NADH thatis beyondthe metaboliccapacity
of mitochondrial shuttlesand pyruvatedehydrogenasp2]. To utilisethe L/P ratio conversion
to estimatefreeNAD */NADH, onemustforcechemicakequilibrium by elevating
extracellulatactateconcentrationdetweerl6and22mM [9]. However,in doing so,glucose
consumptionis seerto significantlyreduce[9], thusdemonstratinghat the manipulationof
extracellulatactateconcentrationrtificially altersthe stateof cellularlactateequilibrium
while simultaneouslyperturbingglucoseand energymetabolism.

Onewayof determiningglycolyticrate is by extracellulaflux analysigEFA),which
is relativelyhigh throughputand experimentallyinexpensivg23+25].This methodquantifies
cellularrespirationin theform of oxygenconsumptionrate(OCR)andextracellulaacidifica-
tion rate(ECAR).ECARcanbeusedasa measuref glycolyticratewhenit is assumedhat
lacticacid,theterminal productof glycolysisdissociates the extracellulaenvironmentto a
proton (H™) andlactateanion at physiologicapH. Recentlythe significanceof respiratory
contributionsto ECARhasbeenhighlighted,illustrating that thereleasef CO, viaoxidative
phosphorylatiorcanleadto the formation and dissociatiorof carbonicacid (H.COs), ampli-
fying and potentiallydistorting the ECARoutput whenusedto assesglycolyticrate[26]. For-
tunately the proportion of respiratoryacidificationandglycolytic-onlyacidificationcanbe
easilycalculatedusingthe extracellulamediabufferingpower(BP)[27]. This differentiation
of acidificationsourcess necessarygsdifferentcelltypesunderdifferentculture conditions
mayacidifythe extracellulaenvironmentalmostentirelyviaglycolysisor respiration[27].
Therefore glycolyticproton productionrate (PPRy,) is consideredamore accurateepresen-
tation of glycolyticratecomparedo ECAR[27]. Current modelsthat focusspecifically
on hepatocellulabioenergeticin combinationwith EFA,arelackingin metabolicnetwork
depthand,asaresult,authorstendto mathematicallyexpresglycolyticrateaspyruvate-to-
lactateflux, ratherthan proton releasénto anextracellulaenvironment,omitting respiratory
contributionsto ECARaltogethef27].

This studydescribesghe construction parameterisatiomndvalidationof an model
of hepatocarcinomaellglycolysisisedto investigate(i) the sensitivityof the NAD */NADH
redoxratio to perturbationsin extracellulatactateandglucoseconcentrationsand (ii)
changeso GAPDH andLDH enzymefluxesduring variationsin the extracellulasubstrate.
Themodeldescribedcapturesherapid binding and unbinding betweerprotonsand metal
ionswith all modelledbiochemicakpeciesThis allowsfor the computationof the dynamic
changeén pH from thetotal proton stoichiometry whichis crucialwhensimulating
PPR,y asafunction of H*/lactateeffluxinto anextracellulaenvironment.Themodelis vali-

datedagainst hepatocarcinom&FAand NAD *-ATP data,to confirm the ability of the
modelto recreateahe relationshipbetweerthe two outputs. The HepG2cellline wasuseddue
to the substantiahumberof studieghat utilise thesecellsasahepatic modelfor the

studyof bioenergetidoxicity [26,27].Furthermore thisimmortalizedcellline wasfavoured
overprimary cells,ascancercellsarerenownedfor utilising the glycolyticpathwayfor the gen-
erationof cellularenergy(ATP) overoxidativephosphorylatiorasaresultof the Warburg
effect facilitatingthe studyof ECARasafunction of glycolyticflux [5,27]. Thetwo-point vali-
dationallowsfor changesn glycolyticrateasafunction of NAD */NADH perturbationsto be
explored.This approachaimsto provideaplatform from which aerobicglycolyticflux asa
function of experimentallychallengingsituationsmaybeinvestigated.
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Materials and methods
In silico

Model development. Themathematicamodelof hepaticglycolysiconsistof 26 state
variables14enzyme-mediateceactionsandtwo transportfluxes,occurringin two compart-
ments:cytoplasmandextracellulaspacdFig 1). Variableandreactionabbreviationsregiven
in Tablesl and 2 respectivelyReactiorandtransporterkineticsaremodelledusingkinetic
termsandparametersourcedrom theliterature,or by fitting to experimentaflux data.A
comprehensivdéist of all kinetic termscanbefoundin the S1Supportinginformation. Flux
units for themodelaregivenasmM min,

ATP ADP
-
GLC «-TWIfZ>GLC «———" G6P
‘ O O Glycolysis
D T . Additional
Reactions
F6P
l ATP . Transporter
ADP QJO
F16P
>
DHAP GHAP
NAD)
NADH
1,3-BPG
ADP
TN
atp «— &
3PG
D
2PG
ADP PEP
PYi)
ATP ‘> NADH  NAD
PYR 4%)4» LAC H*
o
Cytoplasm
Extracellular space
LAC., H*

e e

Fig 1. Schematioof the human hepaticbioenergetic model. Thebiochemicdmodelcomprisestwo compartments:
cytoplasmandextracellula spaceGlycolytc enzymesreshownin purple,transporer reactionsaredepictel asblue
rectanglsandadditional reactiosareportrayedin orange Reactiondescriptionscanbefoundin Table2. SeeS1
Supportinginformation for additionalinformation.

https://i.org/10.1371durnal.por.0207803.g0L

PLOS ONE | https://doi.org/10.1371/journal.pone.0207803 November 29, 2018 4/21


https://doi.org/10.1371/journal.pone.0207803.g001
https://doi.org/10.1371/journal.pone.0207803

®PLOS | one

Modelling changes in the NAD*/NADH ratio during cell culture

Modelling pH-dependentenzymekinetics and reaction equilibria: BISEN

Thehepaticglycolysianodelwasconstructedn MATLAB, utilising the BiochemicaSimula-
tion Environment(BISEN)suite[28]. BISENis an open-sourcéool that assistén generating
setof differentialequationgfor simulatingbiochemicabystemsaccountingfor dynamicpro-
ton and metalion buffering,thermodynamicsandreactionequilibria. Detailedinstructionson
howto useBISENhavebeenpreviouslypublished28]. Briefly, the statevariablegeferto the
biochemicateactantwithin the modelwhich arethe sumof its interconvertiblebiochemical
species-orexampleATPisa thatrepresentshesumofitsrelated : ATP*,
HATP*, MgATP? etc.Byaccountingfor therapid interconversiorof all speciesvith metal
ionsandprotons,thedifferencesn statedependinguponthe pH canbemodelled whilst
accountingfor acompleteproton stoichiometry Eachbiochemicakquationhasits own asso-
ciatedequilibrium constantandthe standard-statéreeenergyof reaction, i,G°, thatis inde-
pendentof pH yetdependentupon changedn temperatureandionic strength.Overall this
allowsfavorabilityof areactionto changeasaresultof apH changg29].

Kinetic equationsand parameters

Transporterandglycolysissnzymereactionequationsaswell asinitial parameteestimates,
areall sourcedrom theliterature(Table2), predominantlyfrom acomprehensivenodelof
humanhepaticglucosemetabolismfrom Koenig . [30]. Additional reactionequationsand
parametersrebasedn experimentaatafrom theliteratureor describecherein this paper.
All literaturesourcedparametenvaluescanbefound in the S1Supportinginformation. For
modelalignmentwith experimentablata,certainmodelparametersvereadjustedusing
unconstrainechonlinearoptimization (Nelder-Meadsimplexalgorithm), startingwith anini-
tial literature-basegarametelestimateAll rateequationsand parametersreliver specific
andcanbefoundin the S1Supportinginformation alongwith their correspondingeferences.

Model simulations

Model simulationswereproducedviaintegrationof the resultingordinary differentialequa-
tions (ODESs)(S1Supportinginformation) usingthe variableorder stiff solverode15s
(MATLAB). Compartmentvolumeswerealsosetto mimic EFAby assigninghe cytoplasm/
intracellularvolumeasthe volumeoccupiedby the2.5 10" cellsseedegberwell,andthe
extracellulavolumeas200 | for thetotal extracellulavolumeof eachwell usedin the EFA.

t PPRyiy coupling
PPRyy wassimulatedasafunction of theMCT1 transportflux, ; ,expresseth
mM min™. Conversiorfrom transportflux of mM min™ to the PPRyy pmol

min™/ g proteinmeasuremenvasaccomplishedisingEq 3. Note, this conversiorequation
alsoincludesnormalizationfor experimentaprotein content,where isthe protein nor-
malizationfactor.

. 1.2 103‘r: 3t

In vitro

Materials. All extracellulaflux analysisonsumableserepurchasedrom Seahors8io-
scienceg¢North Billerica,MA, USA).HepG2cellswerepurchasedrom the EuropeanCollec-
tion of Cell Cultures(ECACC,SalisburylUK). Dulbecco'snodified media,Phosphate
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Tablel. Model biochemicd reactantsincluding their correspanding abbrevations (Fig 1), allocatedcompartment and initial concentation.

Variable Abbreviation Compartment Initial
Concentraion (mM)

Glucose GLC Cytoplasn 5.000
ATP ATP Cytoplasn 2.800
ADP ADP Cytoplasn 0.800
Glucose-gphosphate G6P Cytoplasn 0.120
Fructose-gphosphate F6P Cytoplasn 0.005
Inorganicphosphate Pi Cytoplasn 5.000
Fructose-16-phosphte F16P Cytoplasn 0.020
1,3-bisphogho-glyceate BPG Cytoplasn 0.300
Fructose-26-phosphte F26P Cytoplasn 0.004
Dihydroxyac¢one-phasphate DHAP Cytoplasn 0.300
Glyceraldbyde-phospate GHAP Cytoplasn 0.100
NAD NAD Cytoplasn 1.220
NADH NADH Cytoplasn 0.00056
2-phospheD-glycerae PG2 Cytoplasn 0.030
3-phospheD-glycerae PG3 Cytoplasn 0.270
Phosphoealpyruvate PEP Cytoplasn 0.150
Pyruvate PYR Cytoplasn 0.100
Lactate LAC Cytoplasn 0.500
Protons H Cytoplasn 6.8(pH)
Magnesim ions Mg Cytoplasn 5.000
Potassiumons K Cytoplasn 8.000
Glucose GLG Extracellular 5.000
Lactate LAC, Extracellular 0.000
Protons He Extracellular 7.4(pH)
Magnesim ions Mge Extracellular 0.000
Potassiumons Ke Extracellular 0.000

Extracellula variablesaredistinguishedrom cytoplam variablesisingsubscripfe®.

https://da.org/10.137 1§urnal.pon®207803.t001

BufferedSaling(PBS)and Rattail Collagen werepurchasedrom Life TechnologiegPaisley,
UK). All otherreagentsverepurchasedrom SigmaAldrich (Dorset,UK).

Cell culture. HepG2cellsweremaintainedin DMEM high-glucosanedia(glucose25
mM) supplementedvith foetalbovineserum(10%v/v), L-glutamine(2 mM), sodiumpyru-
vate(1 mM) andHEPES1 mM). Cellswereincubatedat 37EQunder humidified air contain-
ing 5%CO0.,. Cellswereusedup to passagé?.

Extracellularflux analysisassay. HepG2cellswerecollectecon the dayof the experiment
by trypsinisationandthenwashedhrice with serum-andglucose-freenedia.The cellswere
thenplatedonto acollagencoated50 g/ml in aceticacid0.02M) XFe96-wellcellculture
microplateg2.5 10 cells/welljovernightin 100 | of high glucosg€25mM) cellculture
media.Beforeanalysisculture mediumwasremovedfrom all wellsandreplacedwith 1751 of
unbufferedglucosdree Seahors@ssaymedia,supplementedvith sodiumpyruvate(1%v/v)
andL-glutamate(1%v/v), pre-warmedo 37ECCellswerethenincubatedn aCO, freeincuba-
tor at37Edor 1 h. Beforeratemeasurementhe XFe9anstrument(Seahorsbiosciences,
North Billerica,MA) mixedthe assaynediain eachwellfor 10min, allowingthe oxygenpatrtial
pressurdo equilibrate.The oxygenconsumptionrate (OCR)andextracellulaacidification
rate(ECAR)weremeasuredimultaneouslyhrice, establishingbaselinegate.For each
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Table2. Model enzyme-meliated reactionsincludin g abbrevations and descriptions (Fig 1).

Reaction

Glucokinase
Glucose-phosphatase
Phosphoglucseisomerase
Phosphofretokinase
Fructose-16-bisphospatase
Aldolase
Trioseptosphatasomerase
Glyceraldbyde-3-Phoghatedehydrogease
Phosphoglgeratekinase
Phosphoglgeratemutasel

Enolas€ phosphopyuvatehydratase
PyruvateKinase
Lactatedehydrogease
GlucoseStorag€Glycogenolgis)
Glut-2-transporter
Monocartoxylatetransporterl

Abbreviation
GLK
G6Pase
PGI
PFK
FBP1
ALD
TPI
GAPDH
PGK
PGM
ENO
PYK
LDH

FD
GLUT2
MCT1

Description

GLC+ATP! ADP+G6P+H
G6P+ H20 !G6P+ Pi

G6P « F6P

F6P+ ATP! F16P+ ADP+H
F16P+ H20! F6P+Pi

F6P « DHAP + GAPH

DHAP « GAPH

GAPH + Pi+ NAD+ » BPG+ NADH +H
BPG+ 2ADP « PG3+ 2ATP
PG3 e« PG2

PG2 e« PEP

PEP+2ADP+H « PYR+2ATP
PYR+ NADH +H ¢ LAC+ NAD
GLC!

GLG « GLC

LAC+H e+ LAC.+H,¢

Single-hededreactionarrowsindicateirreversibk reactionsanddoublearrowsindicatereversibé reactios. Full detailsof eachreaction/ transpater alongwith their
correspomnling parametervaluescanbefoundin the S1Supportinginformation.

https://da.org/10.1371durnal.pon®207803.t002

measurementherewasa 3 min mix followedby 3 min waittime to restorenormal oxygenten-
sionandpH in the transientmicroenvironmentsurroundingthe cells.Glucosdnjections(0.1+
25mM) of 25 | occurredatthe endof the basaimeasurementyclesat 16 min, followedby 10
further measurement& he overallassayluration was95min for eachof then = 4 experimental

repeats.

BCA protein quantification assay. Postextracellulaflux analysisassaynediumwas
removedfrom all wellsbeforethe addition of 50 | of Somaticcell ATP releasingagent
(Sigma-Aldrich)to eachwellandthe platewascarefullyshaken1 min, 300RPM).A standard
curvewaspreparedusinga BCAstock(2 mgBCA/mlin ATP releasingagent) Working
reagen{WR) waspreparedoy adding50partsbicinchoninicacidto 1 part coppersulphate.

5 | of celllysatewasplatedinto aclear96well platefollowedby addition of 200 | of WR
beforeincubation(37ECfor 30min). Theabsorbancevasthenmeasuredit 580nm on aLab-
systemdultiskan platereader Proteincontentwasthen extrapolatedrom the standard
curve.Proteinconcentrationsverethenusedto normalisethe extracellulaflux data,giving
overallratesof ECARand OCRasmpH min™ well protein™ and pmol min™ well protein™,

respectively.

Buffering power. EFAassaynediabufferingcapacitywasmeasuredt 37°C usingapH
probe.Hydrochloricacid(HCI) (0.1M) waschargedn 6x 20 | aliquotsto 10ml of assay
media,while changesn pH wererecorded Mediabufferingpowerwascalculatedrom the

gradientof theline of bestfit afterplotting the changen pH

nmol H* addedper2 | [31].

PPRyy calculations. PPRy, wascalculatedrom the ECARmeasurementtollowing the

methodologyof Mookerjee .

(26,27) Briefly, ECARwasmeasuredn units of mpH/min/

wellprotein™, representingespiratoryandglycolyticcontributionsto acidification. Thetotal
proton productionrate,PPRy; (pmol H*/min/ g protein), wascalculatedisingEq (4).

PLOS ONE | https://doi.org/10.1371/journal.pone.0207803 November 29, 2018

7121


https://doi.org/10.1371/journal.pone.0207803.t002
https://doi.org/10.1371/journal.pone.0207803

®PLOS | one

Modelling changes in the NAD*/NADH ratio during cell culture

Therespiratorycontributionsto PPR PPResp(Pmol H*/min/ g protein), werecalculated
usingEq 5, wherepK; istheoverallpKafor COpaq+ H,O! HCO3 = 6.093maxH*/0,=1
isthe derivedacidificationfor the metabolictransformationof glucoseoxidation,the average
total amountof oxygenconsumption denoted ,isequalto 17.78pmol O,/min/ g
proteinfor 5 mM overl0measurementandnon-respiratoryoxygenconsumptiondenoted

,isequalto 5.17pmol O-/min/ g protein.Thus,
10 ¢ ¥

1% 10 - X T ...bT

Finally,usingEq(6), PPRyy wascalculatedy subtractingrespiratoryacidificationcontri-
butionsfrom thetotal proton productionrate:

- : ...6T

Statisticalanalysis

StatisticabkignificancevasascertainedisingPrism5 softwareviaaone-wayANOVA, with
valuesxpressedsamean standarddeviation(S.D)takenfrom four independenexperi-
ments(n = 4 experimentatepeats).

Results and discussion
Extracellular flux analysis

Theeffectsof changesn extracellulaglucoseconcentration(0+25mM) on PPRy, andOCR
for HepG2cellswereexaminedFig 2).

Prior to EFA,the cellswerestarvedor 60minutesin glucose-freenedia.Glucosewasrein-
troducedafter 16 minutesof EFA, stimulatingincreasein PPRy, ratio anddecreases OCR,
for all concentrationof glucos€Fig 2). Theseresultssuggesthat theintroduction of extracel-
lular glucosencreaseglycolyticenergymetabolismwhile diminishing respiratoryenergy
production.An increasen glycolyticenergymetabolismfacilitatesATP generatiorfrom glu-
coseat afasterratethan oxidativephosphorylationThe ability of carcinomacelllines,includ-
ing HepG2,to exhibitthis phenomenas well characterizeéind hasbeenreportedpreviously
[4,32].1t iscommonpracticeto usehigh-glucos€25mM) during routine cellculture.Fig 2
highlightshow a high-glucosextracellulaenvironmentcaninfluencecellularenergymetabo-
lism,illustratingthat 25mM glucosecanyield up to a 7-fold increasen glycolytic-based
energymetabolismwhencomparedo aphysiologicallyrelevantextracellulaiglucoseconcen-
tration (5 mM). In thisinstancewhile glycolytic-basednetabolismis primarily responsible
for energyproduction,deductingrespiratorycontributionsto extracellulaacidificationis an
essentiaindfacileendeavoffor the sakeof understandinghe cellularbioenergetioutput.

Sensitivity analysis

Testingthe sensitivityof ametabolicmodelwith respecto its parameterss a crucialwayof
assessinigs robustnessVariableghat aremostsensitiveo parameteiperturbationcanbe
identified by measuringsubsequenthangedn time-coursesimulationsandaccordingly any
measurementsr fluctuationsin processesepresentedby theseparametersnustbecarefully
consideredSensitivityanalysisnaybepresentedn manyformsdependingupon the stateof
the systemFor this model,the relativechangeof the " variablewith respecto a-99%to
+400%changen the ™ parametewasmeasuredEq 7)."  is definedasthe '™ variableover
time. More specifically; * isthe!" variablewith its basevalue;' , isthe!® variablewith a
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Fig 2. The effectof extracellularglucoseon PPR;,, and OCR.HepG2cellswereexposedo serialconcentraions of glucosg0.1to 25mM) at
t = 16minutes.PPRy,, and OCRvaluesarenormalisecby the valuesobtainedprior to glucoseexposureandareexpressedsthe PPRy, and
OCRratioscomparedo zeroglucoseadded Measurenentsarean averag®f n = 4 experimetal repeats.
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perturbedvaluewith
themeanvalueof the 'th variableoverthetime course  [0,300]min. Thus,our sensitivity

metric, %,is defined:

[-99,400%pf its basevalue,# . Mean" () isdenotedas” ,..t;

Tt

° ot # ]

A valueof %= 1 would signifythat the absoluterelativechangean the meanof the variable
overthetime courses the sameasthe absoluterelativechangean parameterA parameteiis
classecsmildly sensitive &) if %is betweerl and10.A parameteis sensitivg&)if %> 10.
Thesensitivityanalysigesultsfor themodelaregivenin Fig 3. Thisanalysisdentified 8 key
sensitivgparametersphosphofructokinaséPFK)V . ( &); triosephosphatesomerasé€TPI)
Keq( &); dihydroxy-acetonghosphat¢DHAP) Ky, ( &); glyceraldehyddehydrogenase
(GAPDH) Kgq( &); Km NAD+ (&), lactatedehydrogenas@t DH) Vimax( &); MCT1Kq
(&);andMCT1 V.« (&). Thetwo mostsensitiveparametersvith respecto lactate Keqand
Vmaxfor the MCT1 transporter areplottedasa % meanchangeof its initial valuein Fig4.
With two out of threeMCT1 transporterparametersegisteringassensitiveparameteiselec-
tion for this enzyme-mediatedeactionmustbe carefullyconsideredespeciallywhenMCT1

transporterflux isto beusedfor simulatingPPRy.
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Fig 4 showsthe effectsof changesn V,,xMCT1 andK.qMCT1 onintracellularlactate
concentrationsTheinitial parametewasalteredfrom -99%to +400%in 21iterations,as
shownwith the 21 barsfor eachplot. Evidently,intracellularlactateconcentrationis more sen-
sitiveto the MCT1 equilibrium constanthanthe V5. However both parametersatisfythe
sensitivecriteriathreshold%> 10(Fig 3).

Model parameterisation:Cytoplasmiclactatecontent

To accuratelychoosehe valuedor theidentified sensitivgparametersthe modelwasfitted to

intracellularlactateconcentrationLiu . measuredheintracellularlactateconcen-
tration of HepG2cellsduring their studyon the effectsof miR-1220n pyruvatekinase[33].
Their datawasusedfor comparisonof the modelsimulationsof the cytoplasnconcentration
of lactateoveran extendedime courseof 48h. Parametendjustmentavereperformedusing
unconstrainechonlinearoptimizationasdescribedn the methodssectionsuchthatMCT1
Vmax@ndMCT1 K¢, valuesvereadjustedrom 33mM min™ and1,t0 2.0 10° mM min™
and1.15 10° respectivelgequilibrium constantsareunitless)in Fig 5. Steadystatecyto-
plasmiclevelsof lactatein the model,prior to parameteadjustmentwereapproximately
threetimeshigherthan amounts A minor adjustmentio the MCT1 V ,,ox parameter
providedamorecomparable ' intracellularsteadystateconcentrationof lactate,
while simultaneouslyeavingothervariableandflux steadystateconcentrationgargely
unaltered.
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Fig 4. Sensitivemodel parametersillustrating changesn intracellular lactateconcentation. % meanchangeén intracelular lactateconcentratio asafunction of
sensitivgparametemanipulaton areshowncompaedto their initial steadystatecondition. Lactateés moresusceptibléo changesn the equilibrium constantKeg,
thanto the V. 0f MCT1 co-transporte kinetics.
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Model validation: Simulating EFAPPRy,, andthe NAD */ATP relationship

EFAPPRy,, experimentatlatanot usedfor the original parameterisationvasusedto validate
themodel.The experimentconsistof a1440-min(24 h) incubationin ahigh glucose
environment(25mM), followedby extracellulatactateand glucoseemovalduring a60-min
incubationin unbufferedmediaprior to EFA.Glucosésreintroducedatt = 1500min after
theendof the glucose-freencubation,followedby 80min of measurementd he modelrepli-
catedthe EFAanalysiglataby generatinghe corresponding®PRy,, profile for 7.5,10and 12.5
mM of glucoseusingthe MCT1 flux term (Fig 6). The modeloutput wasnormalizedto the
averaggrotein contentof the respectivavells.The simulatedPPRyy isin goodaccordance
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Fig 5. Intracellular lactateconcentration after 48 h: Model intracellular lactateconcentraion wasalignedwith
experimertal datafrom HepG2cellsafter 48 h. Model 1 simulationrepresentshe lactateconcentratio pre-
param¢er adjustmat with all modelparameterebtainedfrom theliterature.Model 2 simulatian representpost-
paramger adjustmaent.

https://bi.org/10.1371durnal.por.0207803.906

with experimentabbservationsyith the modelbeingableto accuratelysimulatePPRy, using
the MCT1 flux only, suggestinghat lactate/H’ is likely responsibldor glycolyticextracellular
acidification,whichisin goodagreemenwith theliterature[34+36].Furthermore thesesimu-
lationsimplementthe cellincubationandmediachangdeatureghat occurprior to EFA,dem-
onstratingthe model'sability to simulateextracellulachangeshat cannotbemeasured
experimentallyand predicthow the systenrespondgo suchperturbations Simulationof the

datainclusiveof theincubationprior to EFAanalysigprovidesconfidencen the
robustnes®fthe modelandits output with respecto glycolyticrate.

Fig 7 showdurther modelvalidationby comparing NAD */ATP ratio outputswith
experimentatiata[37]. NAD™ concentrationin the cytoplasmdependsn ATP concentration
in liver cellssuchthat linearincreasei ATP leadto linearincreasesn NAD™ [37]. Model
simulationsmirror the experimentallyobservedositivecorrelationbetweemTP andNAD™.
Note,the experimentabatausedin this sectionof modelvalidationrepresentgstimated
NAD™ usingthe L/P derivationmethod,which mayexplainthe slightdiscrepancyetweerthe
modeloutput andthe data.Overall the model'sability to simulateglycolyticrate,while captur-
ing the essentiatlynamicsbetweenATP andNAD™ concentrationdemonstratesnodelfidel-
ity with respecto the simulationof thesetwo experimentabutputs.

Model predictions

NAD */NADH redox stateis sensitiveto extracellularlactateand glucoseconcentra-
tion. Themodelpredictionsfor the sensitivityof the NAD*/NADH ratio during changesn
extracellulasubstrategglucoseandlactate)areshownin Fig 8. Fig 8A showsthe dynamic
NAD*/NADH time-courseprofilesfor anexperimentallyelevantrangeof extracellulaglu-
coseconcentration®vera120-minsimulation. The modelwasfirst run to steadystate(not
shown),followedby perturbationsfrom 0to 25mM of extracellulaglucoseEachline repre-
sentghe percentagehangen the NAD*/NADH ratio comparedo no changen extracellular
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glucosdblackdashedine), wheretheinitial conditionsfor the unperturbedsimulationswere
4.9mM for extracellulaglucoseand0.0012mM for extracellulatactate Whenextracellular
glucoseconcentrationis lesshan5 mM, the modelpredictsa continuousincreasen the

NAD */NADH ratio up to amaximumchangeof 4.8%at 120min. Converselyfor concentra-
tions of glucosegreatethan’5 mM, the modelpredictsadecrease the NAD */NADH ratio
with amaximumdecreasef 10.4%at25mM after120min. Thesemodeloutputssuggesthat,
during hypoglycaemiconditions(< 5mM), the modelfavourshepaticglucosgproductionas
opposedo utilisation,whichwould leadto areductionin the concentrationin NADH. During
elevatedjlucoseexposurg> 5mM), the modeloutput predictsincreasedlycolyticglucose
utilisation,whichis well documentedexperimentally(for everymoleculeof glucosanetabo-
lisedviaglycolysisthereisanetgainin 2 NADH molecules]38]. Thereforeasextracellular
glucoseconcentrationsncreasethe glycolyticrateandNADH concentrationincreasedead-
ing to areductionin the NAD*/NADH ratio. The oppositeis predictedwhenglucosés less
than5mM.

Fig 8Billustratesthe dynamictime-courseoutputsin NAD*/NADH during perturbations
in extracellulatactateconcentrationfrom 0to 40mM overa120-minsimulation,represent-
ing thetypicalconcentrationrangewithin atumour microenvironment[39]. Followingthe
initial steadystate gachline representshe post-perturbatiorpercentagehangen the NAD ™/
NADH ratio comparedo no changen extracellulatactate(blackdashedine). Asthe
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concentrationof extracellulatactateincreaseshe modelpredictsa continuouspercentage
decreas@ the NAD */NADH with amaximumdecreasef 44.2%at 120min. From achemi-
calequilibrium perspectiveincrease extracellulatactatewill promoteuptakeof lactatevia
the MCT1 whichwill in turn, alterQ to favourthe conversiorof lactateto pyruvate(when
Q> K¢ [40]. An increasén the conversiorof lactateto pyruvatemeansanincreasen
NADH andthereforeadecreas@ the NAD*/NADH ratio. Ultimately,simulationssuggest
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Fig 8. Extracellular substrateperturbations. Simulatonsof the resultingchangesn NAD*/NADH ratio asafunction of perturbati;sin extracellulaglucosgA, 0to
25mM) andlactate(B, 0to 40mM). Eachsimulationrepresentshe percentag changen NAD*/NADH comparedo anunperturbedsimulation (blackdashedine)
overa120-minperiod,with the perturbatian of extracelluhr substrateccurringat 0 min. Time thereforerepresentsime post-perturlkation.

https://da.org/10.1371¢urnal.pon®207803.g08

thatanincreasen both extracellulasubstratesvill favourthe reductionof the NAD*/NADH
ratio by increasinghe concentrationof NADH thoughinduction of glycolysisiuring elevated
extracellulaglucoseand by alterationof the pyruvateto lactateconversiorthrough Q during
elevatedxtracellulatactateexposure.

Extracellular glucoseand lactateinfluencesNAD */NADH through GAPDH and LDH
fluxes. Glycolyticregulationof cytosolicNAD*/NADH is maintainedthroughtwo key
enzymesGAPDH andLDH. Perturbationsn thereactionfluxesof theseenzymesglirectly
affectshe NAD*/NADH ratio within the model. Thereforethe sensitivityof thesekey
enzymegowardschangesn the extracellulasubstrateenvironmentwasinvestigatedtig 9
showsheresultingsimulatedchangeén reactionfluxesfor GAPDH andLDH during pertur-
bationsin extracellulaglucosg0to 25mM, top panel)andextracellulatactate(0to 40mM,
bottom panel)during a120-minutesimulation.Eachline representshe percentagehangen
theenzymeflux comparedo no changen extracellulaglucosgblackdashedine), usingthe
samaeinitial conditionsasin Fig 8.

Simulationgpredictthatfor elevatedxtracellulaglucosg> 5mM), GAPDH andLDH
enzymedluxesincreasaip to amaximumof 84%and 37%respectivelyDuring diminished
extracellulaglucoseconcentrationg< 5mM), the modelpredictsnegativeGAPDH andLDH
fluxes,with amaximumdecreasef -40%and-8.8%respectivelyNegativereactionfluxes
illustratea switchin metabolicdirectionalitywherebythereversaeactiongovernedoy each
enzymads favoured Consequentlywhenextracellulaglucoseconcentrationis high (> 5
mM), the modelpredictsincreasedormation of NADH throughaccelerate@APDH flux,
andincreasedNAD* formationthroughacceleratett DH flux. While both NADH andNAD™
productionis elevatediGAPDH is predictedto be more sensitiveo extracellulaglucosehan
LDH, with simulationssuggestinghat GAPDH flux is morethantwiceasfastasLDH. This
resultsin anetincreasén NADH, correspondingo the decreasetlAD*/NADH ratio seerin
Fig8.
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Fig 9. Extracellular substrateperturbations. Simulatonsof the resultingchangesn GAPDH andLDH flux asafunction of perturbaticnsin extracellulaglucose0 to
25mM, top row panelsjandlactate(0 to 40mM, bottom row panels) Eachsimulatian representshe percentagehangeén GAPDH andLDH flux comparedo an
unperturbeal simulation(blackdashedine) overa120-minperiod,with the perturbation of extracelluhr substrateccurringat 0 min. Time thereforerepresentsime
post-perturtation.

https://da.org/10.1371durnal.pon®207803.g09

Thebottom panelin Fig 9 showshow changeén extracellulatactateconcentrationaffects
GAPDH andLDH reactionflux. For all increasedoncentrationf extracellulatactate simu-
lationspredictnegativareactionfluxesfor GAPDH, with amaximumchangeof 318%after
120minutes.Forthe samechangesn extracellulatactateconcentrationthe modelalsopre-
dictsanegativereactionflux for LDH, with amaximumof 716%over120minutes.Negative
enzymeflux profilessuggestavouringof the production of NAD for GAPDH accompanied
by thefavouringof productionof NADH for LDH. Overall,during increase extracellular
lactateconcentrationthe modelpredictsthattherewill againbeanetincreasen NADH con-
centration,giventhedifferencesn sensitivitybetweenGAPDH and LDH.

It isunsurprisingthatincreasedxtracellulatactatestimulatesanincreasen thereverse
LDH flux, astumour cellsgrowingunderaerobicconditionscanutilise lactateasan energy
sourceby uptakefollowedby conversiorbackto pyruvate alsoknown asmetabolicsymbiosis
[39]. Lactateasan energysourcen this instancesparegylucosemakingit morereadilyavail-
ablefor hypoxictumour cells with oxidativetumour cellspreferringlactateasa sourceof met-
abolicfuel [41]. Furthermore modelpredictionsarein goodaccordancevith the literature,
which suggestthat oxidation of lactateto pyruvateunderthesecircumstancesustaindNADH
productionin orderto mitigatetumour oxidativestresg42]. While glycolyticregulationin
generals complex, GAPDH isrecognisedisanimportant regulatoryenzymen living cancer
cells suggestinghat GAPDH exhibitsthe mostpositivecontrol on glycolyticflux accordingto
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metaboliccontrol analysig43]. GAPDH within the glycolyticpathwayis regulatecby ATP
andNAD™, andwith respecto aerobicglycolysisGAPDH is highly expressedemphasising
its role in supportingthe elevatedlemandfor glycolysi§44]. Model simulationspredictthat
the NAD*/NADH ratio maybemanipulatedthroughchangesn GAPDH andLDH flux, asa
function of perturbationsin extracellulaglucoseandlactate.

Model considerationsand applications

Themodelpresentetereextendshe mathematical/comptationalrepresentatiorof
EFAwith regardgo glycolyticrate.Other modelssuchasthe MITOsym, providean outstand-
ing computationakepresentatiorof EFA,boastingnclusionof both oxidativeandrespira-
tory-basedioenergetigprocesseg!5]. Howeverthe MITOsym modelis asignificantly
reducedrepresentatiorof the bioenergetigortrait, aimedat capturingthe keyaspectsf mito-
chondrialfunctionin awholecellenvironment[45]. In doing so,NADH is not explicitlymod-
elled,but insteadinferredfrom utilisation of pyruvate Moreover,glycolysistselfis captured
throughareducedsetof ODEs,with ECARcomputedusingpyruvate-to-lactatéux (repre-
sentativeof LDH) [45]. Here,glycolyticrateis modelledusingthe glycolyticpathwayin its
entirety,including dynamicproton andmetalion buffering,thermodynamicsandreaction
equilibria.In doing so,the modelis ableto represenglycolyticratespecificallyin the form
that EFAmeasured, i.e.PPRy,, usingthe MCT1 proton-lactateefflux procesgFig 6). More-
over,NAD*/NADH in this modelis explicitly represented;apturingthe relationshipbetween
NAD™ andATP (Fig 7). Thereforethe modelpresentechereis bettersuitedfor simulating
andinvestigatingglycolyticratein theform of PPRy,. However acaveabf this modelis that
it doesnot include TCA or oxidativemetabolismandthereforeits outputis limited to repre-
sentnon-oxidativeenergymetabolismonly. Furthermore while C& ™ is presentsavariable
in the model,the omissionof mitochondrial metabolismimits the modelsability to explicitly
captureotherimportant regulatorsof the cytosolicNAD*/NADH ratio, for examplehowthe
translationof cytosolicCa ™ transientsby the mitochondriaresultsin transmissiorof NADH
from the mitochondriaitselfto the cytosol[46]. The modelpredictsthat the availabilityof
extracellulasubstrateinfluenceshe NAD*/NADH ratio, particularlyextracellulatactate
(Fig8). Thisisinformativeas derivationof the NAD*/NADH ratio by forcing chemical
equilibrium usingelevated:oncentration®f extracellulatactatecouldthereforeleadto spuri-
ousestimationsMoreover,simulationspredictthat changesn GAPDH andLDH flux, asa
function of perturbationsin extracellulasubstratesignificantlyinfluenceglycolyticrateand
the NAD*/NADH ratio (Fig 9). Indeed therelationshipbetweertheseenzymesandglycolytic
rateis strengthenedhn Fig 3, wherethe parameter&.q GAPDH andV 4 LDH scoreasmildly
sensitivawith respecto PPRy,. Therelationshipbetweerextracellulasubstrateand NAD ™"/
NADH couldbeexploited,usingthe modelto assisthe designof experimentsvherebyextra-
cellularsubstratesiredeliberatelymanipulatedo yield variancein the NAD*/NADH ratio.
Suchmethodscould perhapseusedto mimic inter-individual variation,metabolicdisorders
or cellularmetabolicvariations At the veryleastthesesimulationswhicharein accordance
with literatureand outputs[10,41+43]suggesthat the compositionof extracellular
substratesluring cancercellculture shouldbeconsideredcarefullydueto their potentialinflu-
enceon the cellularfreeNAD */NADH ratio andbioenergetidunction.

Conclusions
In this study,the sensitivityof the cytosolicfreeNAD*/NADH ratio towardsperturbationsin
extracellulaglucoseandlactatewasassessaasingan modelof hepatocarcinomaly-

colyticflux. Themodelpredictsthatthe NAD*/NADH ratio is particularlysensitiveo changes
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in extracellulatactatewherebyelevatedtoncentrationscomparabledo thosefoundin a
tumour microenvironment,canresultin adecreasé the NAD*/NADH ratio of up to 44.2%
after2 hours.Themodelwasusedto investigatéhow changesn extracellulaglucoseandlac-
tateinfluencecancerioenergeticshrough GAPDH andLDH flux, predictingthat GAPDH
andLDH aremostsensitiveo glucoseandlactaterespectivelyMaximalchangeén the
enzymdluxesof 318%and 716%for GAPDH andLDH areachievedwhenextracellulaglu-
coseandlactateconcentrationsare25mM and40mM respectivelyOverall,the modelcanbe
usedto simulateexperimentallychallengingsituations,suchascircumventingthe needto arti-
ficially alterthe stateof lactateequilibrium during estimationof the cytosolicfreeNAD */
NADH, while providing a platform from which experimentalesignof extracellulasubstrate
manipulationcanbeassisted.
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