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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
Cellularbioenergeticsdescribetheprocessesthatgenerateenergyin theform of ATPwithin
thecell,achievedprimarily viaaerobicandanaerobicglycolysis,pyruvateandfattyacidoxida-
tion, andoxidativephosphorylationwithin themitochondria[1,2].Whenglycolysisiscoupled
to oxidativephosphorylation,theNADH reducingequivalentsproducedin thecytosolbyglyc-
eraldehyde-3-phosphatedehydrogenase(GAPDH) areshuttledto themitochondrialmatrix
wheretheyareconsumedby therespiratorychain.In theabsenceof oxygen,whenmitochon-
dria areunableto recycletheNADH to NAD+, lactatedehydrogenaseprovidesanalternate
meansof oxidizingNADH to NAD+ to facilitateanaerobicglycolysis[3]. Tumoursand
highly-proliferatingcellscanshowincreaseduptakeof glucose,favouringglycolyticproduc-
tion of lactate,despitethepresenceof oxygenandfully functioningmitochondria[4]. Thepro-
cessof aerobicglycolysisundertheseconditionsisalsoknownastheCrabtreeEffect,which is
inefficientatproducingATPcomparedto thecompleteoxidationof glucosecoupledto oxida-
tivephosphorylationin termsof stoichiometricconversionof glucoseto ATP [5]. However,
theglycolyticratecanbeconsiderablyhigherthanoxidativerespiration,andit hasbeensug-
gestedthat this resultsin totalATPsynthesisthat iscomparableoveranygiventime, for either
routeof glucosemetabolism[6]. Aerobicglycolysisin tumoursandproliferatingcellsis recog-
nisedasanadaptivemechanismto facilitaterapidATPproduction,aidsurvivalandallowcells
to thrive in thetumour microenvironment,andalsoto meettheelevatedlevelsof biosynthesis
requiredto supportuncontrolledproliferation[7]. In turn, proliferatingcellshaveahigher
demandfor reducingequivalents,in theform of NADH, whichcontributesto theNAD+/
NADH ratio [8]. Therefore,aninextricablelink existsbetweenaerobicglycolyticrateandfree
NAD+/NADH redoxstate.

Current �� ����� techniquesfor investigatingtheNAD+ pool redoxstateareonly capableof
measuringtotalNAD+ andNADH without discriminatingbetweenfreeandprotein-bound
forms[9]. This isproblematic,asonly freeNAD+/NADH regulatecellularredoxstate,limiting
theinsightthatcanbegleanedfrom thetotalNAD+/NADH measurement.FreeNAD+/
NADH maybeestimatedor derivedvia:(i) exploitationof thelactate/pyruvate(L/P) ratio at
equilibrium [10]; (ii) usinghyperpolarisedglucose[11]; or (iii) usinggeneticallyencodedsen-
sors(SoNAR)[12]. Estimationof thefreeNAD+/NADH ratio usingtheL/P ratio is themost
widelyusedapproach,foundedon theprinciplesof chemicalequilibrium, i.e.,whenthecon-
versionbetweenpyruvate+ NADH andlactate+ NAD+ isatequilibrium,thefreeNAD+/
NADH ratio canbecalculatedby thefollowingequation:

‰�� 	 ‡ Š
‰��	 
 Š

ˆ � � �
‰������ ��Š
‰������ �Š

; …1†

where,

� � ˆ
‰������ �� � Š‰��	
 � Š‰
‡ Š

‰������� � Š‰��	 ‡
� Š

ˆ 1:11� 10� 11: …2†

To usethismethod,theaccuratedefinition of theequilibrium statusfor theconversionof
theL/P ratio iscrucialto correctlyestimatetheNAD+/NADH ratio [9]. Specifically,studies
whichassumetheconversionisatequilibrium,whilst failing to confirm howcloseit is,can
resultin estimatedratiosthatare1 to 2 ordersof magnitudeawayfrom thetruevalue.This is
becausethemassactionreactionquotient(Q) atnearequilibrium candiffer between1and2
ordersof magnitude[13±19].WhenQ = Keq, theforwardandreverseratesof conversionare
equalandthereisno net lossor gainof lactate.However,whenQ < Keq, thereactionfavours
formationof lactateandsimilarly,whenQ > Keq, thereactionfavoursformationof pyruvate
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[9]. In culturedcancercells,theconversionispredominantlyfrom pyruvateto lactate,dueto
therapiddisposalof lactateviamonocarboxylatetransporters(MCTs) locatedon theplasma
membrane[20,21].This isafunction of thehighglycolyticratesfound in cancercells,which
resultsin excessiveproductionof pyruvateandNADH that isbeyondthemetaboliccapacity
of mitochondrialshuttlesandpyruvatedehydrogenase[22]. To utilisetheL/P ratio conversion
to estimatefreeNAD+/NADH, onemustforcechemicalequilibrium �� ����� byelevating
extracellularlactateconcentrationsbetween16and22mM [9]. However,in doingso,glucose
consumptionisseento significantlyreduce[9], thusdemonstratingthat themanipulationof
extracellularlactateconcentrationsartificially altersthestateof cellularlactateequilibrium
whilesimultaneouslyperturbingglucoseandenergymetabolism.

Onewayof determiningglycolyticrate�� ����� isbyextracellularflux analysis(EFA),which
is relativelyhigh throughputandexperimentallyinexpensive[23±25].Thismethodquantifies
cellularrespirationin theform of oxygenconsumptionrate(OCR)andextracellularacidifica-
tion rate(ECAR).ECARcanbeusedasameasureof glycolyticratewhenit isassumedthat
lacticacid,theterminalproductof glycolysis,dissociatesin theextracellularenvironmentto a
proton (H+) andlactateanionatphysiologicalpH. Recently,thesignificanceof respiratory
contributionsto ECARhasbeenhighlighted,illustratingthat thereleaseof CO2 viaoxidative
phosphorylationcanleadto theformationanddissociationof carbonicacid(H2CO3), ampli-
fying andpotentiallydistortingtheECARoutputwhenusedto assessglycolyticrate[26]. For-
tunately,theproportion of respiratoryacidificationandglycolytic-onlyacidificationcanbe
easilycalculatedusingtheextracellularmediabufferingpower(BP)[27]. Thisdifferentiation
of acidificationsourcesisnecessary,asdifferentcelltypesunderdifferentcultureconditions
mayacidifytheextracellularenvironmentalmostentirelyviaglycolysisor respiration[27].
Therefore,glycolyticproton productionrate(PPRgly) isconsideredamoreaccuraterepresen-
tation of glycolyticratecomparedto ECAR[27]. Current �� ������ modelsthat focusspecifically
on hepatocellularbioenergeticsin combinationwith EFA,arelackingin metabolicnetwork
depthand,asaresult,authorstendto mathematicallyexpressglycolyticrateaspyruvate-to-
lactateflux, ratherthanproton releaseinto anextracellularenvironment,omitting respiratory
contributionsto ECARaltogether[27].

Thisstudydescribestheconstruction,parameterisationandvalidationof an�� ������ model
of hepatocarcinomacellglycolysisusedto investigate:(i) thesensitivityof theNAD+/NADH
redoxratio to perturbationsin extracellularlactateandglucoseconcentrations;and(ii)
changesto GAPDH andLDH enzymefluxesduring variationsin theextracellularsubstrate.
Themodeldescribed,capturestherapidbinding andunbindingbetweenprotonsandmetal
ionswith all modelledbiochemicalspecies.Thisallowsfor thecomputationof thedynamic
changesin pH from thetotalproton stoichiometry,which iscrucialwhensimulating�� �����
PPRgly asafunction of H+/lactateeffluxinto anextracellularenvironment.Themodelisvali-
datedagainst�� ����� hepatocarcinomaEFAandNAD+-ATP data,to confirm theability of the
modelto recreatetherelationshipbetweenthetwo outputs.TheHepG2cellline wasuseddue
to thesubstantialnumberof studiesthatutilisethesecellsasahepatic�� ����� modelfor the
studyof bioenergetictoxicity [26,27].Furthermore,this immortalizedcellline wasfavoured
overprimary cells,ascancercellsarerenownedfor utilising theglycolyticpathwayfor thegen-
erationof cellularenergy(ATP) overoxidativephosphorylationasaresultof theWarburg
effect,facilitatingthestudyof ECARasafunction of glycolyticflux [5,27].Thetwo-point vali-
dationallowsfor changesin glycolyticrateasafunction of NAD+/NADH perturbationsto be
explored.Thisapproachaimsto provideaplatformfrom whichaerobicglycolyticflux asa
function of experimentallychallengingsituationsmaybeinvestigated.
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Materials and methods

In silico
Model development. Themathematicalmodelof hepaticglycolysisconsistsof 26state

variables,14enzyme-mediatedreactionsandtwo transportfluxes,occurringin two compart-
ments:cytoplasmandextracellularspace(Fig1).Variableandreactionabbreviationsaregiven
in Tables1 and2 respectively.Reactionandtransporterkineticsaremodelledusingkinetic
termsandparameterssourcedfrom theliterature,or by fitting to experimentalflux data.A
comprehensivelist of all kinetic termscanbefound in theS1SupportingInformation.Flux
units for themodelaregivenasmM min-1.

Fig 1. Schematicof the humanhepaticbioenergetic model.Thebiochemical modelcomprisestwo compartments:
cytoplasmandextracellular space.Glycolytic enzymesareshownin purple,transporter reactionsaredepicted asblue
rectanglesandadditional reactionsareportrayedin orange.Reactiondescriptionscanbefound in Table2.SeeS1
SupportingInformation for additional information.

https://doi.org/10.1371/journal.pone.0207803.g001
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Modelling pH-dependentenzymekineticsandreactionequilibria: BISEN
Thehepaticglycolysismodelwasconstructedin MATLAB, utilising theBiochemicalSimula-
tion Environment(BISEN)suite[28]. BISENisanopen-sourcetool thatassistsin generating
setsof differentialequationsfor simulatingbiochemicalsystems,accountingfor dynamicpro-
ton andmetalion buffering,thermodynamicsandreactionequilibria.Detailedinstructionson
howto useBISENhavebeenpreviouslypublished[28]. Briefly,thestatevariablesreferto the
biochemicalreactantswithin themodelwhicharethesumof its interconvertiblebiochemical
species.Forexample,ATP isa�������� that representsthesumof its related�������: ATP4-,
HATP3-, MgATP2- etc.Byaccountingfor therapid interconversionof all specieswith metal
ionsandprotons,thedifferencesin statedependinguponthepH canbemodelled,whilst
accountingfor acompleteproton stoichiometry.Eachbiochemicalequationhasits ownasso-
ciatedequilibrium constantandthestandard-statefreeenergyof reaction,�ïrG

0, that is inde-
pendentof pH yetdependentuponchangesin temperatureandionic strength.Overall,this
allowsfavorabilityof areactionto changeasaresultof apH change[29].

Kinetic equationsandparameters
Transporterandglycolysisenzymereactionequations,aswellasinitial parameterestimates,
areall sourcedfrom theliterature(Table2),predominantlyfrom acomprehensivemodelof
humanhepaticglucosemetabolismfrom Koenig�� ��. [30]. Additional reactionequationsand
parametersarebasedon experimentaldatafrom theliteratureor describedherein thispaper.
All literaturesourcedparametervaluescanbefound in theS1SupportingInformation.For
modelalignmentwith experimentaldata,certainmodelparameterswereadjustedusing
unconstrainednonlinearoptimization(Nelder-Meadsimplexalgorithm),startingwith anini-
tial literature-basedparameterestimate.All rateequationsandparametersareliver specific
andcanbefound in theS1SupportingInformation alongwith their correspondingreferences.

Model simulations
Modelsimulationswereproducedviaintegrationof theresultingordinarydifferentialequa-
tions(ODEs)(S1SupportingInformation) usingthevariableorderstiff solverode15s
(MATLAB). Compartmentvolumeswerealsosetto mimic EFAbyassigningthecytoplasm/
intracellularvolumeasthevolumeoccupiedby the2.5� 104 cellsseededperwell,andthe
extracellularvolumeas200�l for thetotalextracellularvolumeof eachwellusedin theEFA.

�� ������±�� ��	
� PPRgly coupling
�� ������ PPRgly wassimulatedasafunction of theMCT1 transportflux, ����1 , expressedin
mM min-1. Conversionfrom �� ������ transportflux of mM min-1 to the�� ����� PPRgly pmol
min-1 / �g proteinmeasurementwasaccomplishedusingEq3.Note,thisconversionequation
alsoincludesnormalizationfor experimentalproteincontent,where��� is theproteinnor-
malizationfactor.

��� ��� ˆ
� ��� 1…2� 103†

�� �
: …3†

In vitro
Materials. All extracellularflux analysisconsumableswerepurchasedfrom SeahorseBio-

sciences(North Billerica,MA, USA).HepG2cellswerepurchasedfrom theEuropeanCollec-
tion of CellCultures(ECACC,Salisbury,UK). Dulbecco'smodifiedmedia,Phosphate
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BufferedSaline(PBS)andRattail CollagenI werepurchasedfrom LifeTechnologies(Paisley,
UK). All otherreagentswerepurchasedfrom SigmaAldrich (Dorset,UK).

Cell culture. HepG2cellsweremaintainedin DMEM high-glucosemedia(glucose25
mM) supplementedwith foetalbovineserum(10%v/v), L-glutamine(2 mM), sodiumpyru-
vate(1 mM) andHEPES(1 mM). Cellswereincubatedat37ÊCunderhumidified air contain-
ing 5%CO2. Cellswereusedup to passage17.

Extracellular flux analysisassay. HepG2cellswerecollectedon thedayof theexperiment
by trypsinisationandthenwashedthricewith serum-andglucose-freemedia.Thecellswere
thenplatedontoacollagencoated(50�g/ml in aceticacid0.02M) XFe96-wellcellculture
microplates(2.5� 104 cells/well)overnightin 100�l of highglucose(25mM) cellculture
media.Beforeanalysis,culturemediumwasremovedfrom all wellsandreplacedwith 175�l of
unbufferedglucosefreeSeahorseAssaymedia,supplementedwith sodiumpyruvate(1%v/v)
andL-glutamate(1%v/v), pre-warmedto 37ÊC.Cellswerethenincubatedin aCO2 freeincuba-
tor at37ÊCfor 1h. Beforeratemeasurement,theXFe96Instrument(Seahorsebiosciences,
North Billerica,MA) mixedtheassaymediain eachwell for 10min, allowingtheoxygenpartial
pressureto equilibrate.Theoxygenconsumptionrate(OCR)andextracellularacidification
rate(ECAR)weremeasuredsimultaneouslythrice,establishingabaselinerate.Foreach

Table1. Model biochemical reactantsincluding their corresponding abbreviations (Fig 1), allocatedcompartment and initial concentration.

Variable Abbreviation Compartment Initial
Concentration (mM)

Glucose GLC Cytoplasm 5.000

ATP ATP Cytoplasm 2.800

ADP ADP Cytoplasm 0.800

Glucose-6-phosphate G6P Cytoplasm 0.120

Fructose-6-phosphate F6P Cytoplasm 0.005

Inorganicphosphate Pi Cytoplasm 5.000

Fructose-1,6-phosphate F16P Cytoplasm 0.020

1,3-bisphospho-glycerate BPG Cytoplasm 0.300

Fructose-2,6-phosphate F26P Cytoplasm 0.004

Dihydroxyacetone-phosphate DHAP Cytoplasm 0.300

Glyceraldehyde-phosphate GHAP Cytoplasm 0.100

NAD NAD Cytoplasm 1.220

NADH NADH Cytoplasm 0.00056

2-phospho-D-glycerate PG2 Cytoplasm 0.030

3-phospho-D-glycerate PG3 Cytoplasm 0.270

Phosphoenolpyruvate PEP Cytoplasm 0.150

Pyruvate PYR Cytoplasm 0.100

Lactate LAC Cytoplasm 0.500

Protons H Cytoplasm 6.8(pH)

Magnesium ions Mg Cytoplasm 5.000

Potassiumions K Cytoplasm 8.000

Glucose GLCe Extracellular 5.000

Lactate LACe Extracellular 0.000

Protons He Extracellular 7.4(pH)

Magnesium ions Mge Extracellular 0.000

Potassiumions Ke Extracellular 0.000

Extracellular variablesaredistinguishedfrom cytoplasmvariablesusingsubscriptªeº.

https://doi.org/10.1371/journal.pone.0207803.t001
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measurementtherewasa3min mix followedby3min wait time to restorenormaloxygenten-
sionandpH in thetransientmicroenvironmentsurroundingthecells.Glucoseinjections(0.1±
25mM) of 25�l occurredat theendof thebasalmeasurementcyclesat16min, followedby10
further measurements.Theoverallassaydurationwas95min for eachof then = 4experimental
repeats.

BCA protein quantification assay. Postextracellularflux analysis,assaymediumwas
removedfrom all wellsbeforetheadditionof 50�l of SomaticcellATPreleasingagent
(Sigma-Aldrich)to eachwellandtheplatewascarefullyshaken(1 min, 300RPM).A standard
curvewaspreparedusingaBCAstock(2 mgBCA/ml in ATPreleasingagent).Working
reagent(WR) waspreparedbyadding50partsbicinchoninicacidto 1part coppersulphate.
5 �l of celllysatewasplatedinto aclear96wellplatefollowedbyadditionof 200�l of WR
beforeincubation(37ÊC,for 30min). Theabsorbancewasthenmeasuredat580nm on aLab-
systemsMultiskanplatereader.Proteincontentwasthenextrapolatedfrom thestandard
curve.Proteinconcentrationswerethenusedto normalisetheextracellularflux data,giving
overallratesof ECARandOCRasmpH min-1 wellprotein-1 andpmol min-1 wellprotein-1,
respectively.

Buffering power. EFAassaymediabufferingcapacitywasmeasuredat37oC usingapH
probe.Hydrochloricacid(HCl) (0.1M) waschargedin 6 x 20�l aliquotsto 10ml of assay
media,whilechangesin pH wererecorded.Mediabufferingpowerwascalculatedfrom the
gradientof theline of bestfit afterplotting thechangein pH �� nmol H+ addedper2 �l [31].

PPRgly calculations. PPRgly wascalculatedfrom theECARmeasurementsfollowing the
methodologyof Mookerjee��. �� (26,27).Briefly,ECARwasmeasuredin unitsof mpH/min/
wellprotein-1, representingrespiratoryandglycolyticcontributionsto acidification.Thetotal
proton productionrate,PPRtot (pmol H+/min/�g protein),wascalculatedusingEq(4).

��� ��� ˆ
��� �

��
: …4†

Table2. Model enzyme-mediated reactionsincluding abbreviations anddescriptions(Fig 1).

Reaction Abbreviation Description

Glucokinase GLK GLC+ ATP ! ADP + G6P+ H

Glucose-6-phosphatase G6Pase G6P+ H2O !G6P+ Pi

Phosphoglucoseisomerase PGI G6P�• F6P

Phosphofructokinase PFK F6P+ ATP ! F16P+ ADP + H

Fructose-1,6-bisphosphatase FBP1 F16P+ H2O ! F6P+ Pi

Aldolase ALD F6P�• DHAP + GAPH

Triosephosphateisomerase TPI DHAP �• GAPH

Glyceraldehyde-3-Phosphatedehydrogenase GAPDH GAPH+ Pi + NAD+�• BPG+ NADH + H

Phosphoglyceratekinase PGK BPG+ 2 ADP �• PG3+ 2 ATP

Phosphoglyceratemutase1 PGM PG3�• PG2

Enolase/ phosphopyruvatehydratase ENO PG2�• PEP

PyruvateKinase PYK PEP+ 2 ADP + H �• PYR+ 2 ATP

Lactatedehydrogenase LDH PYR+ NADH + H �• LAC + NAD

GlucoseStorage(Glycogenolysis) FD GLC! �

Glut-2-transporter GLUT2 GLCe �• GLC

Monocarboxylatetransporter1 MCT1 LAC+ H�• LACe + He

Single-headedreactionarrowsindicateirreversiblereactionsanddoublearrowsindicatereversiblereactions.Full detailsof eachreaction/ transporter alongwith their

corresponding parametervaluescanbefound in theS1SupportingInformation.

https://doi.org/10.1371/journal.pone.0207803.t002
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Therespiratorycontributionsto PPR,PPRresp(pmol H+/min/�g protein),werecalculated
usingEq5,wherepK1 is theoverallpKafor CO2(aq)+ H2O ! HCO3

- = 6.093,maxH+/O2 = 1
is thederivedacidificationfor themetabolictransformationof glucoseoxidation,theaverage
totalamountof oxygenconsumption,denoted �� ��� , isequalto 17.78pmol O2/min/�g
protein for 5 mM over10measurementsandnon-respiratoryoxygenconsumptiondenoted
 �� ��� , isequalto 5.17pmol O2/min/�g protein.Thus,

��� ���� ˆ
10��� �� 1

1 ‡ 10��� �� 1

� �
��	 � ‡


 2

� �
 �� ��� �  �� ���… †: …5†

Finally,usingEq(6),PPRgly wascalculatedbysubtractingrespiratoryacidificationcontri-
butionsfrom thetotalproton productionrate:

��� ��� ˆ ��� ��� � ��� ���� : …6†

Statisticalanalysis
StatisticalsignificancewasascertainedusingPrism5softwareviaaone-wayANOVA, with
valuesexpressedasamean� standarddeviation(S.D)takenfrom four independentexperi-
ments(n = 4experimentalrepeats).

Results and discussion

Extracellular flux analysis
Theeffectsof changesin extracellularglucoseconcentration(0±25mM) on PPRgly andOCR
for HepG2cellswereexamined(Fig2).

Prior to EFA,thecellswerestarvedfor 60minutesin glucose-freemedia.Glucosewasrein-
troducedafter16minutesof EFA,stimulatingincreasesin PPRgly ratio anddecreasesin OCR,
for all concentrationsof glucose(Fig2).Theseresultssuggestthat theintroduction of extracel-
lular glucoseincreasesglycolyticenergymetabolism,whilediminishingrespiratoryenergy
production.An increasein glycolyticenergymetabolism,facilitatesATPgenerationfrom glu-
coseatafasterratethanoxidativephosphorylation.Theability of carcinomacelllines,includ-
ing HepG2,to exhibit thisphenomenaiswellcharacterizedandhasbeenreportedpreviously
[4,32].It is commonpracticeto usehigh-glucose(25mM) during routinecellculture.Fig2
highlightshowahigh-glucoseextracellularenvironmentcaninfluencecellularenergymetabo-
lism,illustratingthat25mM glucosecanyieldup to a7-fold increasein glycolytic-based
energymetabolismwhencomparedto aphysiologicallyrelevantextracellularglucoseconcen-
tration (5 mM). In this instance,whileglycolytic-basedmetabolismisprimarily responsible
for energyproduction,deductingrespiratorycontributionsto extracellularacidificationisan
essentialandfacileendeavorfor thesakeof understandingthecellularbioenergeticoutput.

Sensitivityanalysis
Testingthesensitivityof ametabolicmodelwith respectto its parametersisacrucialwayof
assessingits robustness.Variablesthataremostsensitiveto parameterperturbationcanbe
identifiedbymeasuringsubsequentchangesin time-coursesimulationsandaccordingly,any
measurementsor fluctuationsin processesrepresentedby theseparametersmustbecarefully
considered.Sensitivityanalysismaybepresentedin manyformsdependinguponthestateof
thesystem.For thismodel,therelativechangeof the!th variablewith respectto a-99%to
+400%changein the�th parameterwasmeasured(Eq7)." ! isdefinedasthe!th variableover
time.More specifically," �#� ��

! is the!th variablewith its basevalue;" ��� �
! is the!�$ variablewith a
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perturbedvalue;with ���� � [-99,400%]of its basevalue,�#���. Mean" !(�) isdenotedas" !…�†;

themeanvalueof the!th variableoverthetime course� � [0,300]min. Thus,our sensitivity
metric,%,isdefined:

%ˆ

��	 � ������ ������

������� ��

������� ������

ˆ ��	
j" ��� �

! …�†� " �#� ��
! …�†j

" �#� ��
! …�†

�#� ��
j��� � � �#� ��j

 !

: …7†

A valueof %= 1 wouldsignifythat theabsolute,relativechangein themeanof thevariable
overthetime courseis thesameastheabsolute,relativechangein parameter.A parameteris
classedasmildly sensitive(�&) if %isbetween1 and10.A parameterissensitive(&)if %> 10.
Thesensitivityanalysisresultsfor themodelaregivenin Fig3.Thisanalysisidentified8 key
sensitiveparameters:phosphofructokinase(PFK)Vmax(�&); triosephosphateisomerase(TPI)
Keq(�&); dihydroxy-acetonephosphate(DHAP) Km (�&); glyceraldehydedehydrogenase
(GAPDH) Keq(�&); Km NAD+ (�&); lactatedehydrogenase(LDH) Vmax(�&); MCT1 Keq

(&);andMCT1 Vmax(&).Thetwo mostsensitiveparameterswith respectto lactate,Keqand
Vmaxfor theMCT1 transporter,areplottedasa%meanchangeof its initial valuein Fig4.
With two out of threeMCT1 transporterparametersregisteringassensitive,parameterselec-
tion for thisenzyme-mediatedreactionmustbecarefullyconsidered,especiallywhenMCT1
transporterflux is to beusedfor simulatingPPRgly.
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Fig 2. Theeffectof extracellularglucoseon PPRgly andOCR.HepG2cellswereexposedto serialconcentrationsof glucose(0.1to 25mM) at
t = 16minutes.PPRgly andOCRvaluesarenormalisedby thevaluesobtainedprior to glucoseexposureandareexpressedasthePPRgly and
OCRratioscomparedto zeroglucoseadded.Measurementsareanaverageof n = 4experimental repeats.

https://doi.org/10.1371/journal.pone.0207803.g002
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Fig4showstheeffectsof changesin VmaxMCT1 andKeqMCT1 on intracellularlactate
concentrations.Theinitial parameterwasalteredfrom -99%to +400%in 21iterations,as
shownwith the21barsfor eachplot.Evidently,intracellularlactateconcentrationismoresen-
sitiveto theMCT1 equilibrium constantthantheVmax. However,bothparameterssatisfythe
sensitivecriteria threshold%> 10(Fig3).

Model parameterisation:Cytoplasmiclactatecontent
To accuratelychoosethevaluesfor theidentifiedsensitiveparameters,themodelwasfitted to
�� ����� intracellularlactateconcentration.Liu �� ��. measuredtheintracellularlactateconcen-
tration of HepG2cellsduring their studyon theeffectsof miR-122on pyruvatekinase[33].
Their datawasusedfor comparisonof themodelsimulationsof thecytoplasmconcentration
of lactateoveranextendedtime courseof 48h. Parameteradjustmentswereperformedusing
unconstrainednonlinearoptimizationasdescribedin themethodssection,suchthatMCT1
VmaxandMCT1 Keqvalueswereadjustedfrom 33mM min-1 and1,to 2.0�10�3 mM min-1

and1.15�102 respectively(equilibrium constantsareunitless)in Fig5.Steadystatecyto-
plasmiclevelsof lactatein themodel,prior to parameteradjustment,wereapproximately
threetimeshigherthan�� ����� amounts.A minor adjustmentto theMCT1 Vmaxparameter
providedamorecomparable�� �����'�� ������ intracellularsteadystateconcentrationof lactate,
whilesimultaneouslyleavingothervariableandflux steadystateconcentrationslargely
unaltered.
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Fig 3. Sensitivityanalysis.78modelparameterswerevariedbetween-99%to +400%of their defaultvaluesto identify themaximummeanchangein anyvariableand
provideameasureof sensitivity,%,relativeto parameter changevariation.The8mostsensitiveparametersareannotated.

https://doi.org/10.1371/journal.pone.0207803.g003
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Model validation: Simulating EFAPPRgly and the NAD+/ATP relationship
EFAPPRgly experimentaldatanot usedfor theoriginalparameterisationwasusedto validate
themodel.The�� ����� experimentconsistsof a1440-min(24h) incubationin ahighglucose
environment(25mM), followedbyextracellularlactateandglucoseremovalduring a60-min
incubationin unbufferedmediaprior to EFA.Glucoseis reintroducedat t = 1500min after
theendof theglucose-freeincubation,followedby80min of measurements.Themodelrepli-
catedtheEFAanalysisdatabygeneratingthecorrespondingPPRgly profile for 7.5,10and12.5
mM of glucose,usingtheMCT1 flux term (Fig6).Themodeloutputwasnormalizedto the
averageproteincontentof therespectivewells.ThesimulatedPPRgly is in goodaccordance
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Fig 4. Sensitivemodelparametersillustrating changesin intracellular lactateconcentration. %meanchangesin intracellular lactateconcentration asafunction of
sensitiveparametermanipulation areshowncomparedto their initial steadystatecondition.Lactateismoresusceptibleto changesin theequilibrium constant,Keq,
thanto theVmaxof MCT1 co-transporter kinetics.

https://doi.org/10.1371/journal.pone.0207803.g004
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with experimentalobservations,with themodelbeingableto accuratelysimulatePPRgly using
theMCT1 flux only,suggestingthat lactate/H+ is likely responsiblefor glycolyticextracellular
acidification,whichis in goodagreementwith theliterature[34±36].Furthermore,thesesimu-
lationsimplementthecellincubationandmediachangefeaturesthatoccurprior to EFA,dem-
onstratingthemodel'sability to simulateextracellularchangesthatcannotbemeasured
experimentally,andpredicthowthesystemrespondsto suchperturbations.Simulationof the
�� ����� datainclusiveof theincubationprior to EFAanalysisprovidesconfidencein the
robustnessof themodelandits outputwith respectto glycolyticrate.

Fig7showsfurther modelvalidationbycomparing�� ������ NAD+/ATP ratio outputswith
experimentaldata[37]. NAD+ concentrationin thecytoplasmdependson ATPconcentration
in liver cellssuchthat linearincreasesin ATP leadto linearincreasesin NAD+ [37]. Model
simulationsmirror theexperimentallyobservedpositivecorrelationbetweenATPandNAD+.
Note,theexperimentaldatausedin thissectionof modelvalidationrepresentsestimated
NAD+ usingtheL/P derivationmethod,whichmayexplaintheslightdiscrepancybetweenthe
modeloutputandthedata.Overall,themodel'sability to simulateglycolyticrate,whilecaptur-
ing theessentialdynamicsbetweenATPandNAD+ concentration,demonstratesmodelfidel-
ity with respectto thesimulationof thesetwo experimentaloutputs.

Model predictions
NAD+/NADH redoxstateis sensitiveto extracellular lactateandglucoseconcentra-

tion. Themodelpredictionsfor thesensitivityof theNAD+/NADH ratio during changesin
extracellularsubstrates(glucoseandlactate)areshownin Fig8.Fig8A showsthedynamic
NAD+/NADH time-courseprofilesfor anexperimentallyrelevantrangeof extracellularglu-
coseconcentrationsovera120-minsimulation.Themodelwasfirst run to steadystate(not
shown),followedbyperturbationsfrom 0 to 25mM of extracellularglucose.Eachline repre-
sentsthepercentagechangein theNAD+/NADH ratio comparedto no changein extracellular

Fig 5. Intracellular lactateconcentration after 48h: Model intracellular lactateconcentration wasalignedwith
experimental datafrom HepG2cellsafter 48h. Model1simulationrepresentsthelactateconcentration pre-
parameter adjustment with all modelparametersobtainedfrom theliterature.Model2simulation representspost-
parameter adjustment.

https://doi.org/10.1371/journal.pone.0207803.g005
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glucose(blackdashedline),wheretheinitial conditionsfor theunperturbedsimulationswere
4.9mM for extracellularglucoseand0.0012mM for extracellularlactate.Whenextracellular
glucoseconcentrationis lessthan5mM, themodelpredictsacontinuousincreasein the
NAD+/NADH ratio up to amaximumchangeof 4.8%at120min. Conversely,for concentra-
tionsof glucosegreaterthan5 mM, themodelpredictsadecreasein theNAD+/NADH ratio
with amaximumdecreaseof 10.4%at25mM after120min. Thesemodeloutputssuggestthat,
during hypoglycaemicconditions(< 5 mM), themodelfavourshepaticglucoseproductionas
opposedto utilisation,whichwould leadto areductionin theconcentrationin NADH. During
elevatedglucoseexposure(> 5mM), themodeloutputpredictsincreasedglycolyticglucose
utilisation,whichiswelldocumentedexperimentally(for everymoleculeof glucosemetabo-
lisedviaglycolysis,thereisanetgainin 2 � NADH molecules)[38]. Therefore,asextracellular
glucoseconcentrationsincrease,theglycolyticrateandNADH concentrationincreases,lead-
ing to areductionin theNAD+/NADH ratio.Theoppositeispredictedwhenglucoseis less
than5mM.

Fig8Billustratesthedynamictime-courseoutputsin NAD+/NADH during perturbations
in extracellularlactateconcentrationfrom 0 to 40mM overa120-minsimulation,represent-
ing thetypicalconcentrationrangewithin atumour microenvironment[39]. Followingthe
initial steadystate,eachline representsthepost-perturbationpercentagechangein theNAD+/
NADH ratio comparedto no changein extracellularlactate(blackdashedline).Asthe
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https://doi.org/10.1371/journal.pone.0207803.g006
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concentrationof extracellularlactateincreases,themodelpredictsacontinuouspercentage
decreasein theNAD+/NADH with amaximumdecreaseof 44.2%at120min. Fromachemi-
calequilibrium perspective,increasesin extracellularlactatewill promoteuptakeof lactatevia
theMCT1 whichwill in turn, alterQ to favourtheconversionof lactateto pyruvate(when
Q > Keq) [40]. An increasein theconversionof lactateto pyruvatemeansanincreasein
NADH andthereforeadecreasein theNAD+/NADH ratio.Ultimately,simulationssuggest
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Fig 7. Model validation. Modeloutputwasvalidatedbysimulatingchangesin NAD+ asafunction of ATPperturbations.Themodelwasrun to steadystatebefore
perturbingATPconcentrations.Experimentaldatawastakenfrom Devinet.al [37].

https://doi.org/10.1371/journal.pone.0207803.g007
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thatanincreasein bothextracellularsubstrateswill favourthereductionof theNAD+/NADH
ratio by increasingtheconcentrationof NADH thoughinduction of glycolysisduring elevated
extracellularglucose,andbyalterationof thepyruvateto lactateconversionthroughQ during
elevatedextracellularlactateexposure.

Extracellularglucoseand lactateinfluencesNAD+/NADH through GAPDH andLDH
fluxes. Glycolyticregulationof cytosolicNAD+/NADH ismaintainedthroughtwo key
enzymes:GAPDH andLDH. Perturbationsin thereactionfluxesof theseenzymesdirectly
affectstheNAD+/NADH ratio within themodel.Therefore,thesensitivityof thesekey
enzymestowardschangesin theextracellularsubstrateenvironmentwasinvestigated.Fig9
showstheresultingsimulatedchangesin reactionfluxesfor GAPDH andLDH during pertur-
bationsin extracellularglucose(0 to 25mM, top panel)andextracellularlactate(0 to 40mM,
bottompanel)during a120-minutesimulation.Eachline representsthepercentagechangein
theenzymeflux comparedto no changein extracellularglucose(blackdashedline),usingthe
sameinitial conditionsasin Fig8.

Simulationspredictthat for elevatedextracellularglucose(> 5 mM), GAPDH andLDH
enzymefluxesincreaseup to amaximumof 84%and37%respectively.During diminished
extracellularglucoseconcentrations(< 5mM), themodelpredictsnegativeGAPDH andLDH
fluxes,with amaximumdecreaseof -40%and-8.8%respectively.Negativereactionfluxes
illustrateaswitchin metabolicdirectionalitywherebythereversereactiongovernedbyeach
enzymeis favoured.Consequently,whenextracellularglucoseconcentrationishigh (> 5
mM), themodelpredictsincreasedformationof NADH throughacceleratedGAPDH flux,
andincreasedNAD+ formation throughacceleratedLDH flux. While bothNADH andNAD+

productioniselevated,GAPDH ispredictedto bemoresensitiveto extracellularglucosethan
LDH, with simulationssuggestingthatGAPDH flux ismorethantwiceasfastasLDH. This
resultsin anet increasein NADH, correspondingto thedecreasedNAD+/NADH ratio seenin
Fig8.

Fig 8. Extracellularsubstrateperturbations.Simulationsof theresultingchangesin NAD+/NADH ratio asafunction of perturbationsin extracellularglucose(A, 0 to
25mM)andlactate(B,0 to 40mM). Eachsimulationrepresentsthepercentagechangein NAD+/NADH comparedto anunperturbedsimulation (blackdashedline)
overa120-minperiod,with theperturbation of extracellular substrateoccurringat0min. Timethereforerepresentstime post-perturbation.

https://doi.org/10.1371/journal.pone.0207803.g008
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Thebottompanelin Fig9 showshowchangesin extracellularlactateconcentrationaffects
GAPDH andLDH reactionflux. Forall increasedconcentrationsof extracellularlactate,simu-
lationspredictnegativereactionfluxesfor GAPDH,with amaximumchangeof 318%after
120minutes.For thesamechangesin extracellularlactateconcentration,themodelalsopre-
dictsanegativereactionflux for LDH, with amaximumof 716%over120minutes.Negative
enzymeflux profilessuggestfavouringof theproductionof NAD for GAPDH accompanied
by thefavouringof productionof NADH for LDH. Overall,during increasesin extracellular
lactateconcentration,themodelpredictsthat therewill againbeanet increasein NADH con-
centration,giventhedifferencesin sensitivitybetweenGAPDH andLDH.

It isunsurprisingthat increasedextracellularlactatestimulatesanincreasein thereverse
LDH flux, astumour cellsgrowingunderaerobicconditionscanutiliselactateasanenergy
sourcebyuptakefollowedbyconversionbackto pyruvate,alsoknownasmetabolicsymbiosis
[39]. Lactateasanenergysourcein this instancesparesglucose,makingit morereadilyavail-
ablefor hypoxictumour cells,with oxidativetumour cellspreferringlactateasasourceof met-
abolicfuel [41]. Furthermore,modelpredictionsarein goodaccordancewith theliterature,
whichsuggeststhatoxidationof lactateto pyruvateunderthesecircumstancessustainsNADH
productionin orderto mitigatetumour oxidativestress[42]. While glycolyticregulationin
generaliscomplex,GAPDH is recognisedasanimportant regulatoryenzymein living cancer
cells,suggestingthatGAPDH exhibitsthemostpositivecontrol on glycolyticflux accordingto

Fig 9. Extracellularsubstrateperturbations.Simulationsof theresultingchangesin GAPDHandLDH flux asafunction of perturbationsin extracellularglucose(0 to
25mM,top row panels)andlactate(0 to 40mM, bottomrow panels).Eachsimulation representsthepercentagechangein GAPDHandLDH flux comparedto an
unperturbed simulation(blackdashedline) overa120-minperiod,with theperturbation of extracellular substrateoccurringat0min. Timethereforerepresentstime
post-perturbation.

https://doi.org/10.1371/journal.pone.0207803.g009
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metaboliccontrol analysis[43]. GAPDH within theglycolyticpathwayis regulatedbyATP
andNAD+, andwith respectto aerobicglycolysis,GAPDH ishighlyexpressed,emphasising
its role in supportingtheelevateddemandfor glycolysis[44]. Modelsimulationspredictthat
theNAD+/NADH ratio maybemanipulatedthroughchangesin GAPDH andLDH flux, asa
function of perturbationsin extracellularglucoseandlactate.

Model considerationsandapplications
Themodelpresentedhereextendsthemathematical/computationalrepresentationof �� �����
EFAwith regardsto glycolyticrate.OthermodelssuchastheMITOsym,provideanoutstand-
ing computationalrepresentationof EFA,boastinginclusionof bothoxidativeandrespira-
tory-basedbioenergeticprocesses[45]. However,theMITOsymmodelisasignificantly
reducedrepresentationof thebioenergeticportrait, aimedatcapturingthekeyaspectsof mito-
chondrialfunction in awholecellenvironment[45]. In doingso,NADH isnot explicitlymod-
elled,but insteadinferredfrom utilisationof pyruvate.Moreover,glycolysisitselfiscaptured
throughareducedsetof ODEs,with ECARcomputedusingpyruvate-to-lactateflux (repre-
sentativeof LDH) [45]. Here,glycolyticrateismodelledusingtheglycolyticpathwayin its
entirety,includingdynamicproton andmetalion buffering,thermodynamicsandreaction
equilibria.In doingso,themodelisableto representglycolyticratespecificallyin theform
thatEFAmeasuresit, i.e.PPRgly, usingtheMCT1 proton-lactateeffluxprocess(Fig6).More-
over,NAD+/NADH in thismodelisexplicitlyrepresented,capturingtherelationshipbetween
NAD+ andATP(Fig7).Therefore,themodelpresentedhereisbettersuitedfor simulating
andinvestigatingglycolyticratein theform of PPRgly. However,acaveatof thismodelis that
it doesnot includeTCA or oxidativemetabolismandthereforeits output is limited to repre-
sentnon-oxidativeenergymetabolismonly.Furthermore,whileCa2+ ispresentasavariable
in themodel,theomissionof mitochondrialmetabolismlimits themodelsability to explicitly
captureotherimportant regulatorsof thecytosolicNAD+/NADH ratio, for example,howthe
translationof cytosolicCa2+ transientsby themitochondriaresultsin transmissionof NADH
from themitochondriaitselfto thecytosol[46]. Themodelpredictsthat theavailabilityof
extracellularsubstratesinfluencestheNAD+/NADH ratio,particularlyextracellularlactate
(Fig8).This is informativeas�� ����� derivationof theNAD+/NADH ratio by forcingchemical
equilibrium usingelevatedconcentrationsof extracellularlactatecouldthereforeleadto spuri-
ousestimations.Moreover,simulationspredictthatchangesin GAPDH andLDH flux, asa
function of perturbationsin extracellularsubstrate,significantlyinfluenceglycolyticrateand
theNAD+/NADH ratio (Fig9). Indeed,therelationshipbetweentheseenzymesandglycolytic
rateisstrengthenedin Fig3,wheretheparametersKeqGAPDH andVmaxLDH scoreasmildly
sensitivewith respectto PPRgly. TherelationshipbetweenextracellularsubstrateandNAD+/
NADH couldbeexploited,usingthemodelto assistthedesignof experimentswherebyextra-
cellularsubstratesaredeliberatelymanipulatedto yieldvariancein theNAD+/NADH ratio.
Suchmethodscouldperhapsbeusedto mimic inter-individual variation,metabolicdisorders
or cellularmetabolicvariations.At theveryleast,thesesimulations,whicharein accordance
with literatureand�� ����� outputs[10,41±43],suggestthat thecompositionof extracellular
substratesduring cancercellcultureshouldbeconsideredcarefullydueto their potentialinflu-
enceon thecellularfreeNAD+/NADH ratio andbioenergeticfunction.

Conclusions
In thisstudy,thesensitivityof thecytosolicfreeNAD+/NADH ratio towardsperturbationsin
extracellularglucoseandlactatewasassessedusingan�� ������ modelof hepatocarcinomagly-
colyticflux. Themodelpredictsthat theNAD+/NADH ratio isparticularlysensitiveto changes
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in extracellularlactatewherebyelevatedconcentrations,comparableto thosefound in a
tumour microenvironment,canresultin adecreasein theNAD+/NADH ratio of up to 44.2%
after2hours.Themodelwasusedto investigatehowchangesin extracellularglucoseandlac-
tateinfluencecancerbioenergeticsthroughGAPDH andLDH flux, predictingthatGAPDH
andLDH aremostsensitiveto glucoseandlactaterespectively.Maximalchangesin the
enzymefluxesof 318%and716%for GAPDH andLDH areachieved,whenextracellularglu-
coseandlactateconcentrationsare25mM and40mM respectively.Overall,themodelcanbe
usedto simulateexperimentallychallengingsituations,suchascircumventingtheneedto arti-
ficially alterthestateof lactateequilibrium during estimationof thecytosolicfreeNAD+/
NADH, whileprovidingaplatformfrom whichexperimentaldesignof extracellularsubstrate
manipulationcanbeassisted.
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