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Abstract

Obesity, sedentary lifestyle and aging are associated with mitochondrial dysfunction and

impaired insulin sensitivity. Acute exercise increases insulin sensitivity in skeletal muscle;

however, whether mitochondria are involved in these processes remains unclear. The aim

of this study was to investigate the effects of insulin stimulation at rest and after acute exer-

cise on skeletal muscle mitochondrial respiratory function (JO2) and hydrogen peroxide

emission (JH2O2), and the associations with insulin sensitivity in obese, sedentary men.

Nine men (means �“ SD: 57 �“ 6 years; BMI 33 �“ 5 kg.m2) underwent hyperinsulinemic-eugly-

cemic clamps in two separate trials 1±3 weeks apart: one under resting conditions, and

another 1 hour after high-intensity exercise (4x4 min cycling at 95% HRpeak). Muscle biop-

sies were obtained at baseline, and pre/post clamp to measure JO2 with high-resolution res-

pirometry and JH2O2 via Amplex UltraRed from permeabilized fibers. Post-exercise, both

JO2 and JH2O2 during ADP stimulated state-3/OXPHOS respiration were lower compared

to baseline (P��0.05), but not after subsequent insulin stimulation. JH2O2 was lower post-

exercise and after subsequent insulin stimulation compared to insulin stimulation in the

rest trial during succinate supported state-4/leak respiration (P��0.05). In contrast, JH2O2

increased during complex-I supported leak respiration with insulin after exercise compared

with resting conditions (P��0.05). Resting insulin sensitivity and JH2O2 during complex-I leak

respiration were positively correlated (r = 0.77, P��0.05). We conclude that in obese, older

and sedentary men, acute exercise modifies skeletal muscle mitochondrial respiration and

H2O2 emission responses to hyperinsulinemia in a respiratory state-specific manner, which

may have implications for metabolic diseases involving insulin resistance.
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Introduction
More thanone-thirdof theadultpopulationworldwideareoverweightor obese[1, 2]. Obesity
increasestherisk of developinginsulin resistance,andthismaybeexacerbatedbyagingand
sedentarylifestyle[3]. To counterthis,regularexerciseisaprimary interventionfor thepre-
ventionandmanagementof metabolicdiseases[4, 5]. Thebeneficialeffectsof exercisemay
occurin partbypreventingor alleviatingmitochondrialdysfunctionwhichis thoughtto
cause,or at leastcontributeto thesepathophysiologicstates[6±8].Of note,evenasinglebout
of exerciseincreaseswholebodyinsulin sensitivity,primarily in skeletalmuscle,for up to 48-h
post-exercise[9, 10].However,whetherskeletalmusclemitochondriaareinvolvedin mediat-
ing theseeffectsafteranacuteboutof exercisecurrentlyremainunclear.

Exerciseelicitsdisturbancesto theskeletalmusclecellularenvironment,andthismaytran-
sientlyaltermitochondrialelectrontransportsystem(ETS)enzymeactivityandmitochondrial
membranepermeabilityin thehourspost-exercise[11±13].Mitochondrial ETSenzymes
intrinsicallygeneratereactiveoxygenspecies(ROS),primarily in theform of superoxide
whichis rapidlydismutatedto themembranepermeablehydrogenperoxide(H2O2). A num-
berof siteswithin theETShavebeenshownto generateROS,andtheir ratesof generationare
largelydeterminedby themitochondrialrespiratorystate,whichis linked to thebioenergetic
demandsof thecellularenvironment[14,15].During exercisemitochondrialROSgeneration
isdecreased,but netmuscleROSgenerationis increasedvianon-mitochondrialsourcessuch
asNADPH andxanthineoxidases[16]. However,thesuddendecreasein post-exerciseener-
geticdemandmayhavemajor impacton mitochondrialbioenergeticsandthereforealterROS
generation,whichcouldbealsobeamplifiedbynumerouspost-translationalmodificationsto
mitochondrialenzymes[15,17].Transientchangesin ROSgenerationmayhaveimportant
retrogradesignalingeffects.Forexample,sustainedor chronicallyelevatedlevelsof ROS(i.e.:
oxidativestress)havebeenimplicatedin insulin resistanceviaactivationof stressactivated
proteinkinases(SAPKs),whichleadsto insulin receptorsubstrate-1/2(IRS1/2)serinephos-
phorylation,to negativelyregulatephosphatidylinositol3-kinase(PI3K)activityandits down-
streamsignalingfor GLUT-4translocationandglucoseuptake[18]. On theotherhand,acute
transientincreasesin ROSgenerationmayoxidizeandinhibit negativeregulatorsof insulin
signalingsuchasprotein tyrosinephosphatase-1B(PTP1B)andphosphatasetensinhomolog
(PTEN),thusallowingPI3Kphosphorylation[19±22].

In skeletalmusclemitochondria,nearly100mitochondrialproteinsareknownto bephos-
phorylatedin responseto ahyperinsulinemic-euglycemicclamp[23]. Consistentwith the
notion thatmitochondrialdysfunctionisassociatedwith insulin resistanceandlikelihoodof
prediabetes[24], mitochondrialrespiratoryfunction hasbeenshownto beelevatedaftera
hyperinsulinemic-euglycemicclampin insulin-sensitiveindividuals,but not in patientswith
type-2diabetes[25±27].Whetherasimilarmitochondrial-insensitivity to theinsulin clampis
alsocharacteristicof obeseindividualsiscurrentlyunclear.It wasrecentlyshownthatobese
womenhadunchanged�H2O2 afterhigh fat feedingin theuntrainedstate;yetfollowing12
weeksof exercisetraining, �H2O2 waselevatedafterthesamemeal,[28]. Thissuggeststhat
greatermitochondrialsensitivityto nutrient intakeandimprovedmetabolicflexibility isan
important componentof exerciseadaptation.Despitethis,it remainsunknownwhetherasin-
gleboutof exercisecansimilarlyaffectmitochondrialresponsesin anobese,olderandseden-
tarypopulation.

Therefore,theaimsof thisstudywereto testthehypothesisthat in obese,olderandseden-
tary individuals,mitochondrialrespirationandH2O2 emissionin permeabilizedskeletal
musclefiberswouldbeperturbedin arespiratorystate-dependentmannerin responseto a
hyperinsulinemic-euglycemicclampto agreaterextentwhenprecededbyasinglesessionof
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high intensityintervalexercise(HIIE) comparedto restingconditions.Wealsosoughtto
explorethehypothesisthat therewouldbecorrelationbetweenratesof mitochondrialH2O2

emissionandinsulin sensitivity.

Methods

Participants
Nine obeseandsedentarymen(mean� SD;age:57.3� 6.5years,bodymass:100.1� 12.1kg,
BMI: 32.7� 5.0kg.m-2, _� � 2��� � : 21.4� 5.4ml.kg-1.min-1) without diabetes(fastingglucose:

5.3� 0.8mmol.L-1; HBa1c:5.6� 0.2%)participatedin thisstudy.Theseparticipantswere
recruitedaspartof alargerstudyandassuch,detailedparticipantcharacteristicsandexclusion
criteriaaredescribedelsewhere[29,30].Briefly,participantswereexcludedif theytook medi-
cationsknownto affectinsulin secretionand/or insulin sensitivity;hadmusculoskeletalor
otherconditionswhichpreventeddailyactivity;or symptomaticor uncontrolledmetabolicor
cardiovasculardisease.Eachparticipantwasgivenwritten andverbalexplanationsaboutthe
studybeforeprovidingwritten informedconsentasperthedeclarationof Helsinki.Thisstudy
protocolwasapprovedbyVictoria UniversityHumanResearchEthicsCommittee.

Experimental design
ParticipantsvisitedtheVictoria UniversityExercisePhysiologylaboratoryon threeseparate
occasions.In thefirst visit,participantsunderwentascreeningandcharacterizationsession
whichincludedagradedexercisetestandfamiliarizationwith theexperimentalprocedures.
At leastoneweekfollowing this,thefirst of thetwo experimentaltrialswereconducted.As
shownin Fig1,thefirst experimentaltrial wasa`resttrial' (i.e.no exercise)andconsistedof a

Fig 1. Overview of study design. Middle-aged obese men each performed two separate trials (rest and exercise) 1±3 weeks apart. Rest trial
muscle biopsies were taken at baseline (Base-REST) and post 2 hour hyperinsulinemic-euglycemic insulin clamp (Clamp-REST); exercise trial
biopsies were obtained at baseline (Base-EX), 1 hour post-exercise (Post-EX) and after a subsequent 2 hour hyperinsulinemic-euglycemic
insulin clamp (Clamp-EX).

https://doi.org/10.1371/journal.pone.0188421.g001
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2h hyperinsulinemic-euglycemic clamp(insulin clamp,seebelow).During this resttrial, mus-
clebiopsieswereobtainedatbaseline(Base-REST) andaftertheinsulin clamp(Clamp-REST).
Thefinal visit was1±3weekslaterfor the`exercisetrial'. In this,participantsperformedan
acuteHIIE exercisesession(seebelow)then1 hour laterunderwentanother2 h insulin clamp.
In thisexercisetrial, biopsieswereobtainedatbaseline(Base-EX), 1 h postexercise(Post-EX;
whichwasimmediatelyprior to thecommencementof theinsulin clamp),andthenpostinsu-
lin clamp(Clamp-EX). Prior to both trial days,participantsperformedanovernightfast,and
abstainedfrom physicalactivityfor at least72h andalcoholandcaffeineconsumptionfor 24
h. Dietaryinformation wasprovidedandparticipantswereaskedto consumeapproximately
300gof carbohydratein the24h prior to theresttrial, whichwasrecordedin adietdiaryand
replicatedfor theexercisetrial.

Graded exercise test
After pre-screening,participantsunderwentasignandsymptom-limitedgradedexercisetest
for characterizationof aerobicfitness,asdescribedelsewhere[31]. Oxygenuptake(VO2) was
measuredin 15secintervalsbygasanalysis(Medgraphics,Cardio2andCPX/DSystemwith
BreezeexSoftware,142090±001,Revia,MN, USA)calibratedwith gasesof knownconcentra-
tions,anda3 L volumeHans-Rudolphsyringeprior to eachtest.

High-intensity interval exercise protocol
At leastaweekafterthegradedexercisetest,participantsperformedaboutof high-intensity
intermittent exercise(HIIE) on acycleergometer(Corvial,LodeB.V.,TheNetherlands).The
exerciseconsistedof 4minuteswarm-upataworkloadcorrespondingto 50%of thepeakheart
rate(HRpeak) obtainedduring thegradedexercisetest,followedby4x 4min at95%HRpeak.
HIIE boutswereseparatedby2min activerecovery(cyclingatalow intensityat50±60%
HRpeak). All participantssuccessfullycompletedtheexercisesessionat thedesiredintensity.

Hyperinsulinemic-euglycemic clamp
Theinsulin clampwasperformedafteranovernightfast,aspreviouslydescribed[29]. Briefly,
insulin (Actrapid;NovoNordisk,Denmark)wasinfusedintravenouslyat40mU.m-2 permin-
utefor 120minutesleadingto anelevatedyetstableplasmainsulin concentrationfrom 10±
120min. Bloodglucoseconcentrationwasassessedat5 min intervalsduring theclamp(YSI
2300STATplus;YSIInc.,USA)andtheglucoseinfusionrate(GIR;mgkg-1 min-1) was
adjustedaccordinglyto meetatargetbloodglucoseof 5 mmol L-1. Insulin sensitivitywas
determinedasthemeanGIRperunit plasmainsulin (mIU ml-1) during thelast30min of the
clamp(M/I index)[32].

Muscle biopsy procedure
Overall,fivemusclebiopsieswereobtainedfrom eachparticipant(Fig1).Localanesthetic(1%
Xylocaine,AstraZeneca,Australia)wasinjectedinto skin,subcutaneoustissueandfasciaover-
lying the������ ����	��
� muscle.After smallincisionsweremadeinto theskinandfascia(one
perbiopsy),musclewasexcisedusingaBorgstroÈm needlewith suction[29,30,33].Each
biopsywastakenfrom aseparateincision~1 cmproximalfrom thepreviousbiopsy.Samples
of approximately50±100mgwereobtainedandaliquotedfor separateanalysisincluding~10
mgwhichwasimmediatelyplacedin anice-coldpreservationmedium(BIOPS,seebelow)for
mitochondrialrespirationanalysison thesameday,whiletheremainingportion wasblotted
to removebloodandrapidly frozenin liquid nitrogenandstoredat -80ÊCfor lateranalysis.
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Muscle fiber preparation for mitochondrial respiratory function analysis
The~10mgaliquotof musclewasplacedin ice-coldpreservingsolution(BIOPS;in mM: 7.23
K2EGTA,2.77CaK2EGTA,5.77Na2ATP,6.56MgCl2-6H2O,20taurine,15phosphocreatine,
20imidazole,0.5dithiothreitol, 50K+-MES;pH 7.1)until analysis,typicallywithin 3 hours
aftersampling[34±36].Usingadissectingmicroscope,musclefibersweremechanicallysepa-
ratedusingfine-point forcepsfor no morethan3 min whilesubmergedin ice-coldBIOPS.
Separatedfiberswerepermeabilized(saponin50�g/mL in BIOPS)for 30min with agitation
followedby3 x 5min washesin ice-coldrespirationbuffer(MiR05,seebelow).Fiberbundles
of approximately2±3mgwereblottedon filter paperfor 5 s,thenexactsamplemass(wet-
weight)wasrecordedusingamicrobalance(CubisMSE3.6P-0TR-DM,Sartorius,Goettingen,
Germany).

Mitochondrial respiration and hydrogen peroxide emission assay
Mitochondrial oxygenflux (�O2) from permeabilizedmusclefiberswasdeterminedusinghigh
resolutionrespirometryat37ÊC,highoxygenconcentration(300±450nmol.ml-1; to avoidoxy-
gendiffusion limitation) andcontinuousstirring (OxygraphO2k,OroborosInstruments,
Innsbruck,Austria),andmitochondrialhydrogenperoxideemission(�H2O2) wasmeasured
simultaneouslyviafluorimetry (O2k-FluorescenceLED-2Module;OroborosInstruments,
Innsbruck,Austria)aspreviouslydescribed[36±39].Briefly,permeabilizedfiber bundleswere
analysedin duplicate,in chamberscontainingMiR05respirationbuffer(in mM: 0.5EGTA,10
KH2PO4, 3 MgCl2-6H2O,60lactobionicacid,20taurine,20HEPES,110D-sucrose,1 mg/mL
bovineserumalbumin;pH 7.1).AmplexUltraRed(25�M; MolecularProbes,Invitrogen),
horseradishperoxidase(5 U/mL) andsuperoxidedismutase(SOD;5 U/mL) wereaddedfor
simultaneousfluorimetric measurementof H2O2 at525/590nm excitation/emissionwave-
lengths,calibratedwith knownamountsof H2O2 asdescribedpreviously[36,37,39].A range
of respiratorystateswereinducedusingasubstrate,uncoupler,andinhibitor titration (SUIT)
protocol,addedsequentiallyasfollows:malate(2 mM), pyruvate(5 mM) andoctanoylcarni-
tine (0.02mM) to assesscomplexI + electrontransferflavoprotein(ETF)supportedstate-4
leakrespiration(��
� CI+ETF); succinate(10mM) wasthenaddedfor convergentcomplexII
electroninput during leakrespiration(��
� CI+II+ETF); ADP (1 & 5mM) wasthenaddedto
inducestate-3oxidativephosphorylation(������); cytochrome-c(10�M) wasaddedto
confirm outermitochondrialmembraneintegrity;stepwise0.05�M titrationsof carbonylcya-
nide�-trifloromethoxyphenylhydrazone(FCCP)werethenaddedto uncoupletheinner mito-
chondrialmembraneto assesselectrontransfersystemcapacity(��� CI+II+ETF). ThecomplexI
specificinhibitor rotenone(0.5�M) wassubsequentlyaddedto assesselectrontransferfrom
complexII (��� CII+ETF). Finally,antimycin-A (2.5�M) wasaddedto inhibit complexIII to
determineresidualoxygenflux rateswhichweresubtractedfrom all prior �O2 measures.

Muscle protein extraction and western blotting
Abundanceof specificproteinsin musclesamplesweredeterminedwithout centrifugation
(i.e.all cellularfractionspresent)usingmethodsdescribedpreviously[40]. Specifically,frozen
musclewascut into approximately20x 20�m sections(CryostatHM550,ThermoScientific,
Australia),anddissolvedin 200�L homogenizingbuffer(0.125M Tris-HCl, 4%SDS,10%
Glycerol,10mM EGTA,0.1M DTT, with 0.1�L.mL -1 of proteaseandphosphataseinhibitor
cocktail[#P8340and#P5726,SigmaAldrich, CastleHill, NSW,Australia]),vortexedand
freeze-thawed.Proteinconcentrationwasthendeterminedusingacommerciallyavailable
assay(Red660,G-Biosciences,AstralScientific,GymeaNSW,Australia).Sampleswerediluted
to equivalentconcentrations(1 �g.�L -1) in homogenizingbufferandbromophenolblueadded
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(1%v/v) beforeheatingat95ÊCfor 5min. Sampleswereloadedonto 26well,stain-free,precast
4±20%gradientgels(Criterion	 TGX Stain-Free	Precast,BioRad,GladesvilleNSW,Austra-
lia) ataconcentrationof 6±8�g proteinperlane.Molecularweightmarker(PageRuler1Plus,
ThermoScientific,Australia)andafive-pointstandardcurvewasalsoloadedon eachgel
usingapooledsampleallowingquantificationof blot intensitieswithin andbetweengelsvia
linearregression.Optimalprotein loadingwasdeterminedto ensurethatsubsequentblot
intensitieswerewithin thelinearrangeof thestandardcurve[40]. After separationbySDS
PAGE,stain-freegelswereactivatedbyUV light (ChemiDoc	 MP,BioRad,GladesvilleNSW,
Australia)andimagedto visualizethetotalproteinof eachlanethentheproteinsweretrans-
ferredto PVDFmembranes(Trans-Blot1 Turbo	, BioRad,GladesvilleNSW,Australia).
Membraneswerethenblockedin 20mM Tris,150mM NaCl,and0.1%Tween20(TBST)
containing5%nonfatmilk for 1 h at room temperature,washed,thenincubatedwith primary
antibodyovernightat4ÊC.Membraneswereincubatedwith thefollowingprimary antibodies
diluted1:1000in TBSTcontaining5%BSAand0.1%sodiumazide:mitochondrialcomplexes
I-V cocktail(MitoSciences#MS601),PRXpathwaycocktail(Abcam#184868),andUCP3
(Abcam#10985).Membraneswerewashedwith TBST,thenprobedwith appropriatehorse-
radishperoxidase-conjugatedsecondaryantibody(PerkinElmer,Australia)diluted1:50,000
in 5%non-fatmilk/TBSTfor 1 hour atRT.Protein-antibody-HRPconjugateswerevisualized
bychemiluminescenceusingECLdetection(SuperSignal1WestFemto,ThermoScientific,
Australia),imaged(ChemiDoc	 MP,BioRad,Australia)andthenanalysed(ImageLabv5.1,
BioRad,Australia).Specifically,immunoblotsfor proteinsof interestandassociatedstain-free
totalprotein loadingwerequantifiedrelativeto their respectivestandardcurves,andtheseval-
ueswerethenusedto reportproteinof interestrelativeto totalprotein [40]. In theabsenceof
stain-freeloadingcontrol datafor mitochondrialcomplexesdueto equipmentfault.Blot
intensitiesderivedfrom themitochondrialcocktailantibodyservedastheir own loadingcon-
trol sincethesewereimagedon thesamemembrane.Thiswasachievedby first normalizing
eachsamplesblot intensityto apooledsampleloadedon all membranes,then,wereexpressed
relativeto complex-Vwithin thesameimage,andcomplex-Vwasexpressedrelativeto com-
plex-III.

Citrate synthase activity assay
CitratesynthaseactivitywasperformedasperSrere[41] modifiedfor a96wellplateformat
[34,35].Musclewasmechanicallyhomogenized1:20w/v in buffer(0.175M KCl; 2 mM
EDTA;pH 7.4)thenfreeze-thawed.Sample(10�L) wasaddedto 190�L of working solution
(final concentrationsin mM: 72.5tris, 0.1DTNB,0.45acetylco-A,0.25%v/v Triton X-100)
followedby10�L of oxaloaceticacid(0.5mM) to initiate thereaction.Citratesynthase(CS)
activityat30ÊCwasdeterminedby thechangein absorbanceat412nm over4min in aspec-
trophotometer(x-Mark, Bio-Radlaboratories,USA).

Reduced and oxidized glutathione assay
Reduced(GSH)andoxidized(GSSG)muscleglutathionecontentwasdeterminedusinga
commerciallyavailablekit (BioxytechGSH/GSSG-412,OxisHealthProducts,Portland,OR,
USA)describedpreviously[42]. Briefly,freezedriedmusclewasdissectedfreeof connective
tissue,dividedinto two aliquotsthenhomogenizedin 80�l.mg -1 (dry weight)ice-cold5%
metaphosphoricacid,onealiquotcontainingthereduced-glutathionescavenger1-methyl-
2-vinyl-pyridinium trifluoromethanesulphonate(10%v/v) for GSSG,andtheotheraliquot
without for GSH.Homogenatewascentrifugedat23,000� for 15min at4ÊC.Samples,stan-
dardsandblanks(50�l) wereaddedto a96wellplatein triplicate,followedby50�l eachof
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chromogen,glutathionereductaseandjustprior to measurement,NADPH. Changein absor-
banceat412nm dueto thereductionof DTNB wasmeasuredfor 4 min in aspectrophotome-
ter (xMark;Bio-RadLaboratories,USA).

Statistical analysis
Owingto thestudydesignwith two time pointsin theresttrial, andthreein theexercisetrial,
between-trialeffectsatbaselineandpost-insulinstimulationwereanalysedby two-way(inter-
ventionx time point) ANOVA with repeatedmeasures;whereaseffectswithin theexercise
trial wereassessedbyrepeatedmeasuresone-wayANOVA with Fisher'sLSDpost-hoctests
usingstatisticalsoftware(IBM SPSSstatisticsversion22).Significancewasacceptedat �<0.05.
Associationsbetweeninsulin sensitivityand�H2O2 aftertherestandpost-exerciseinsulin
clampweredeterminedusingPearson'scorrelationcoefficient.All dataarepresentedas
mean� SDfor � = 9 unlessotherwisestated.

Results

Mitochondrial respiration
LEAK respiration: ThroughouttheSUITprotocol(Fig2A), therewereno significanteffects
of exerciseand/or insulin on �O2 during ��
� CI+ETFrespirationstate;however,in thepres-
enceof complexII substratesuccinate(��
� CI+II+ETF), �O2 trendedlowerin theresttrial after
insulin comparedto baseline(� = 0.09;Fig2C).

OXPHOSrespiration: Therewasno effectof insulin on �O2 undermaximal(5 mM ADP)
������ respiratorystatein theresttrial. Comparedto baseline,�O2 during ������ respira-
tion waslower1-hr postexercise(�<0.01; Fig2C),whichthenreturnedto baselinelevelswith
subsequentinsulin stimulation.Titration of cytochrome-Cincreased������ respiration�O2

byanaverageof 7.6%acrossthestudy.Respiratorycontrol ratioswerenot significantlyaffected
for ������ / ��
� CI+ETF(mean�SD):Base-REST7.6� 5.1;Clamp-REST8.9� 4.1;Base-EX

8.1� 5.4;Post-EX 5.7� 2.1;Clamp-EX 6.2� 2.8;or for ������ / ��
� CI+II+ETF: Base-REST

2.7� 0.7;Clamp-REST3.0� 0.9;Base-EX 3.0� 0.7;Post-EX 2.6� 0.7;Clamp-EX 3.4� 1.4.
ETSuncoupledrespiration: Therewereno significanteffectsof insulin and/orexerciseon

�O2 during uncoupledrespirationwhensupportedbyconvergentcomplexI, II andETFelec-
tron input (��� CI+II+ETF) or with electroninput in theabsenceof complexI afterrotenone
inhibition (��� CII+ETF; Fig2C).

Mitochondrial H2O2 emission
LEAK respiration: ThroughouttheSUITprotocol(Fig2B),mitochondrialhydrogenperoxide
emission(�H2O2) during ��
� CI+ETFrespirationwasgreaterafterinsulin in theexercisetrial
comparedto therestingtrial (�<0.01; Fig2D).During ��
� CI+II+ETF respiration(with added
succinate),�H2O2 wasloweratbothPost-EX (� � 0.01;Fig2D) andClamp-EX (� � 0.05;Fig
2D) comparedto Base-EX. In addition,during ��
� CI+II+ETF, therewaslower�H2O2 with
insulin in theexercisetrial comparedto therestingtrial (� � 0.02;Fig2D).

OXPHOSrespiration: Under5 mM ADP stimulated������ respiration,�H2O2 was
lowerafterexercisecomparedto baseline(� � 0.03;Fig2D) andalsocomparedto subsequent
insulin (� � 0.02;Fig2D).Therewasno effectof thesubsequentcytochrome-ctitration on
�H2O2, asdeterminedfrom combineddataof all nineparticipantsacrossfiveconditions(pre
�.�. postcytochrome-ctitration �H2O2: 0.058� 0.020�.�. 0.058� 0.029�mol.s-1.mg-1 tissuewet
weight,� = 0.95,� = 45).
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ETSuncoupledrespiration: In theuncoupledrespirationstate(��� CI+II+ETF) in theexer-
cisetrial, �H2O2 wasgreaterwith insulin comparedto bothbaseline(� = 0.02)andpost-exer-
cise(� = 0.04;Fig2D).Furthermore,�H2O2 wasgreaterin this respiratorystatewith insulin in
theexercisetrial comparedto therestingtrial (� = 0.01;Fig2D). In thepresenceof rotenone
to inhibit complex-Ielectroninput (��� CII+ETF), in theexercisetrial therewasatrend for ele-
vated�H2O2 afterinsulin stimulationcomparedwith bothbaseline(� = 0.09)andwith insulin
in theresttrial (� = 0.06;Fig2D).

Fig 2. Oxygen flux (JO2) and mitochondr ial hydroge n peroxide emission (JH2O2) from permeabili zed skeletal muscle fibers during variou s
mitochondr ial respirat ory states, pre- and post-e xercise and/or insulin clamp. Representative traces of JO2 (A) and JH2O2 (B) are shown from one
subject, and overall data are quantified (C and D). See Methods for abbreviations and details of the SUIT protocol. Values are mean �“ SD for n = 9. �P��0.05
significantly different.

https://doi.org/10.1371/journal.pone.0188421.g002
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Glucose infusion rate
GIRwas26%greaterafterexercisecomparedwith therestingtrial (4.21� 2.41�.�. 3.33� 2.16
mg.kg-1.min-1; � = 0.03;S1AFig).Plasmahyperinsulinemiainducedby theclampwasstable
in thelast30min of theclampandequivalentbetweentrials(Clamp-REST: 73.6� 24.5mIU L-1

andClamp-EX: 67.1� 20.5mIU L-1; � = 0.37;S1BFig).GIRperunit plasmainsulin was27%
greaterpost-exercisecomparedto rest(6.26� 3.6�.�. 4.95� 3.77M/I index;� = 0.04;S1CFig).
Bloodglucoseconcentrationwaswellmaintainedat~5 mmol.L-1 in thefinal 30minutesof the
clamps(coefficientof variation:2.1%,S1DFig).

Correlations between insulin sensitivity and mitochondrial H2O2

Therewasasignificantcorrelationbetweenwholebodyinsulin sensitivityaftertheresting
clampand�H2O2 during ��
� CI+ETF(	 = 0.72;� = 0.03;Fig3A),however,thisassociation
wasnot significantpost-exercise(	 = 0.52;� = 0.16;Fig3D).Therewasatrend for anegative
correlationduring ������ 5mM at rest(r = -0.65,� = 0.06;Fig3C).Therewereno correla-
tionsbetween�H2O2 andinsulin sensitivityduring ��
� CI+II+ETF (Fig3Band3E),or either
uncoupled��� respiratorystates(S1File).

Muscle glutathione content
Reduced-glutathione(GSH)waslowerafterinsulin comparedwith baselinein theexercise
trial (� � 0.04;Fig4A).Therewasno significanteffectof insulin or exerciseon oxidized-gluta-
thione(GSSG;Fig4B),or on theratio of GSHto GSSG(Fig4C).

Mitochondrial protein abundance and citrate synthase activity
Mitochondrial ETSproteinswereassessedto confirm thatacutechangesin mitochondrialres-
piration wereindependentof changesin their abundance.Therewereno significantchanges
in anyof themeasuredETSsubunits,or uncouplingprotein-3(Fig5B±5G).Citratesynthase
enzymeactivity,anadditionalmarkerof mitochondrialabundance,wasunchangedwith exer-
ciseor insulin (means�SD:Base-REST: 4.6� 2.5;Clamp-REST: 5.0� 1.7;Base-EX: 5.3� 3.0;
Post-EX: 4.3� 3.4;Clamp-EX: 4.6� 2.3�mol.min -1.g-protein-1; �.�.).

Muscle endogenous antioxidant protein abundance
To investigatepossiblereasonsfor thetransientshiftsin mitochondrialH2O2 emission
observed,muscleantioxidantenzymeabundanceweremeasuredatcorrespondingtime
points.Therewasno significantchangein muscleproteincontentof thioredoxin(TRX),per-
oxiredoxin-1(PRX1)or thrioredoxin reductase-1(TXNRD1)atanytime points(Fig5H±5J).

Discussion
Themain findingsof thisstudywerethat followingacuteexercise,but not underrestingcon-
ditions,mitochondrialH2O2 emissionwasalteredin arespiratorystate-specificmannerin
responseto hyperinsulinemic-euglycemic clampin obese,middle-agedandsedentarymen.In
addition,therewasapost-exercisedecreasein ratesof ADP stimulatedmitochondrialrespira-
tion andH2O2 emissionprior to insulin stimulation.Therewasalsoasignificantcorrelation
betweenwholebodyinsulin sensitivityandskeletalmusclemitochondrialH2O2 emissiondur-
ing ��
� CI+ETFrespirationat rest;however,in contrastto our hypothesis,this relationship
wasnot observedpost-exercise.

Our finding thatmitochondrial�H2O2 wasloweronehour post-exercisein thephysiologi-
callyrelevant������/state-3 respiration,is important sinceoxidativestress(i.e.chronically
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elevatedROSlevels)is involvedin thepathophysiologyof variouschronicdiseases[43].
Indeed,exercisetraining isknown to attenuatechronicoxidativestress[44,45],andour data
suggestthat this improvementmaybeginevenwith asingleboutof exercise.It shouldbe
notedthatalthoughROSformation ishighlydependenton membranepotentialandthesub-
sequentredoxstatusof electroncarriersin theETS,someROSformation isexpectedeven
underlow membranepotentialrespiratorystates(i.e.������ anduncoupled���) [14,15].

To thebestof our knowledge,only onestudyhasmeasuredH2O2 emissionpermeabilized
skeletalmusclemitochondrialfollowingacuteexercise[46]. While thatstudywasperformed
with rodents,their dataindicatedatrend for pyruvate+malate+succinatesupportedH2O2

Fig 3. Correlations between insulin sensitivity (M/I index) and mitochondr ial H2O2 emission. Comparisons are made after the resting insulin
clamp (A-D) and the post-exercise insulin clamp (E-G) under specific respiratory states: LEAKCI+ETF (A & D), LEAKCI+II+ETF (B & E), and
OXPHOS5mM (C & F). M/I index is insulin sensitivity: glucose infused (mg.kg-1.min-1) per unit plasma insulin (mIU ml-1). Dotted lines represent 95%
confidence bands of the best-fit line for n = 9.

https://doi.org/10.1371/journal.pone.0188421.g003
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emissionto belowerin whitegastrocnemiusmuscle18hourspostexercise[46], andthis is in
line with thedecreasedpost-exercise��
� CI+II+ETF �H2O2 (supportedbymalate+pyruvate+-
octanoylcarnitineandsuccinate)in thepresentstudy.Thedecreasein post-exercise/insulin
clamp�H2O2 and�O2 during succinate-drivenstate-4/leakrespirationisalsoconsistentwith a
recentfinding thatROSgenerationfrom complexI (viareverseelectronflow) is inhibitory to
complexII function [47]. Specifically,in thatstudy,smallmoleculeinhibitors of thecomplex-I
ubiquinonebinding sitewereshownto attenuatesuperoxide/H2O2 generation,whichattenu-
atedpathophysiologicalresponses[47]. Takentogetherwith our findingsof decreasedpost-
exerciseH2O2 emissionsduring ��
� CI+II+ETF respiration,acuteexercisemayelicit similar
beneficialeffectsin obese,middle-agedandsedentarymenviasimilarmechanismswhichwar-
rantsfurther investigation.

On theotherhand,weobservedelevatedmitochondrialH2O2 in responseto thepost-exer-
ciseinsulin clampduring ��
� CI+ETFanduncoupled��� CI+II+ETF respiratorystates(Fig2D)
whichmaybepertinent,sinceROSgenerationin specificspatialandtemporalpatternsat
physiologicallevelsisknown to haveanimportant role in cellsignaltransduction[21,48].
Our findingsareconsistentwith arecentstudyin obesewomen,whichdemonstratedalackof
responseof �H2O2 afterahigh fatmealin theuntrainedstate,yetafter12weeksof exercise
training therewasanacuteincreasein �H2O2 in responseto thesamemeal[28]. In line with
this,in thepresentstudyindividualswith greaterinsulin sensitivityat resttendedto have
lowermitochondrialH2O2 emissionduring theADP stimulatedoxidativephosphorylation
respirationstate,but significantlygreatermitochondrialH2O2 emissionduring conditionsof
highmembranepotential(��
� CI+ETF). Thismayallowagreaterdynamicrangeof ROSgen-
eration,whichcouldbeimportant for signaltransductionpurposes,suchaspost-exerciseinsu-
lin signaling.Notably,AS160anessentialregulatoryprotein in thedistalinsulin signaling
pathway,hasbeendemonstratedto besensitiveto H2O2 in rodents[20] while infusionof the
antioxidantN-acetylcysteinewasshownto attenuatepost-exercisewhole-bodyinsulin sensi-
tivity in younghealthyhumans[42]. Exerciseisknown to anadditiveeffecton insulin induced
phosphorylationof AS160whichisakeymediatorof thepost-exerciseenhancementof skeletal
muscleinsulin sensitivity[49±51].Indeed,in thepresentstudy,phosphorylationof both
Ser588andSer318of AS160,weregreaterafterthepost-exerciseinsulin clampcomparedto
therestinginsulin clamp[30]. Despitethis,in thepresentstudy,wewereunableto detect

Fig 4. Muscle glutathione status. Reduced glutathione (A, GSH), oxidized glutathione (B, GSSG) content was normalized to total protein of whole muscle
homogenate and expressed as a ratio (C). Values are mean �“ SD for n = 9. �P��0.05 significantly different.

https://doi.org/10.1371/journal.pone.0188421.g004
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significantcorrelationsbetweenH2O2 emissionandpost-exerciseinsulin sensitivityin our
obesesubjects.Furtherinvestigationis requiredto betterunderstandthesepotentialmolecular
interactions.

SeveralpotentialmechanismsmayexplainthealteredH2O2 emissionwith post-exercise
insulin clampobservedin thepresentstudy.ThelowermuscleGSHcontentfollowing the
post-exerciseinsulin clamp(Fig4) suggeststhatsomeperturbationto muscleredoxhomeosta-
sisoccurred.Evensmallchangesin concentrationof thereducedglutathione(GSH),akey
thiol antioxidant
� �
�� andsubstratefor glutathioneperoxidase,hasbeenshownto havesig-
nificant effectson redoxhomeostasis[52]. Therefore,decreasedGSHmaypermit theelevated
ratesof mitochondrialH2O2 emissionduring ��
� CI+ETFand��� CI+II+ETF. Thelackof acor-
respondingincreasein post-exerciseoxidizedglutathione(GSSG)reportedin younghealthy
adults[42] couldberelatedto thespecificpopulationstudiedpresently,althoughtheminor
differencein baselinevaluesbetweentrialsshouldalsobeconsideredwheninterpretingthese
data.In thepresentstudy,sixout of theniceparticipantsshowedapost-exerciseincreasethe

Fig 5. Mitochond rial and antioxidant proteins from whole muscle homogen ate. Representative blots depict typical immunoblots from one subject (A).
Immunoblots of mitochondrial complex V (CV) are expressed relative to average intensities of CI to IV of the same lane (B); complexes IV, III, II and I are
normalized to CV of each lane (C-F). Uncoupling protein-3 (G), antioxidant enzymes TRX (thioredoxin, H), PRX1 (peroxiredoxin-1, I), and TXNRD1
(thioredoxin reductase-1, J) normalized to whole sample protein determined from stain-free image. Values are mean �“ SD for n = 9.

https://doi.org/10.1371/journal.pone.0188421.g005
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totalabundanceof thioredoxin(Trx) andperoxiredoxin-1(Prx1)andthioredoxinreductase
(TXNRD1),but overallthiswasnot significantlychangedwith exerciseand/or insulin.These
proteinsplayakeyrole in themodulationof low concentrationsof ROS,dueto their low � M

for H2O2 [52], andthereforein spatio-temporalredox-signaling[53,54].Althoughour data
areinconclusive,someof thechangein mitochondrial�H2O2 maybepartlyexplaineddueto
acutechangesin thetotalantioxidantcapacityconferredby theTrx/Prx system.In addition,it
ispossiblethatvariouspost-translationalproteinmodificationsnot measuredin thepresent
studycouldacutelyalterthepost-exerciseenzymaticactivityof theseandothermitochondrial
antioxidantenzymessuchasSOD1andGPx1[53]. Takentogether,thesefindingsmaysuggest
thatevenin anagingandobesepopulationthereremainsa`functionalreserve'in antioxidant
capacityto allowfor spatio-temporalredox-mediatedcellsignalingwithout inducingastateof
oxidativestress[54].

Our findingsof atransientdecreasein �O2 during ������ afterexercisearein line with
previousstudieswhichreport impairedpost-exerciserespiratorycomplexenzymefunction
[12,55],anddecreased������ �O2 in permeabilizedmusclefibersfollowinghigh intensity
exercisein horses[13,46,56].In permeabilizedskeletalmusclemitochondriaof younghealthy
humans,Tonkonogi�� ��. [57] havereportedthatstate-3(i.e.`�������) respiratoryratesare
increasedimmediatelyand2 hourspost-exercise,whilePerry�� ��. [58] reportedno change
immediatelyor 3 hourspostexerciseon maximal������ �O2. However,directcomparisons
to their findingsaredifficult to makewith our subjectsdueto themuchlower������ �O2

ratesandrespiratorycontrol ratios,asexpected[59], andin thesepreviousstudiesstate-3
respiratorymeasuresweresupportedbypyruvate+malate(complex-I)alone,whereasin the
presentstudytherewasconvergentsubstrateinput from pyruvate,malate,octanoylcarnitine
aswellassuccinate(complex-II).Interestingly,in our obese,olderandsedentarysubjects,
therewasno increaseof �O2 in responseto insulin,whichappearsto beconsistentwith what
hasbeenpreviouslydemonstratedin patientswith type-2diabeteswhencomparedwith
young,healthyindividuals[26,60,61].Thelackof responsein �O2 to insulin in our subjects
with obesitycouldthereforebeinterpretedastheearlysignsof impairedmetabolicflexibility
whichisobservedin type-2diabetes[62]. An alternativeexplanationis that theaforemen-
tionedstudiesco-infusedaminoacidsto avoidlow plasmaaminoacidconcentrationswhich
canoccurduring longerdurations(4±8hours)of insulin infusion,whichmayhaveprovided
sufficienttime andstimulusfor thesynthesisof newmitochondrialproteins.Indeed,more
recentstudieshavereportedthat in theabsenceof aminoacidco-infusion,insulin did not
appearto increasemitochondrialATPsynthesisrates,evenin younghealthyindividuals[25,
63].

Therearesomepotentiallimitations to thepresentstudy.Thesmallsamplesize,while typi-
calof similar invasivehumanstudies,mayprecludethepossibilityof detectingpotentially
smalleffectsbetweeninsulin sensitivityandmitochondrialH2O2 emission.Despitethis,post
hocpoweranalysisdemonstratedthat thereportedreduction(~30%)of �H2O2 during
������ afterexercisewith � = 9 and�� = 0.05that thestudywasadequatelypowered(93%).
It isacknowledgedthat thelackof anon-obesecontrol grouplimits theability to specifically
ascribethepresentfindingsto thatof apathophysiologicalresponse.Thepresentstudydesign
wouldbestrengthenedwith anadditionalexercisesessionwith a3hour postexercisemuscle
samplein theabsenceof hyperinsulinemia,to allowfor amorerobustcomparisonof thespe-
cific effectsof insulin on transientchangesin mitochondrialfunction afterexercise.Also,it
cannotbeexcludedthatalongerrestperiodbetweenthecessationof exerciseandthestartof
theinsulin clampmayberequiredto measuretheeffectsof insulin-stimulatedglucoseuptake
independentof anyresidualeffectsof contraction-mediated glucoseuptake[10]. Thestudy
designcouldpotentiallybeinfluencedby thedifferentnumberof musclebiopsiesobtainedin
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eachtrial sincerepeatedmusclebiopsiescanimpactglycogenresynthesis[64,65].However,
thisseemsunlikelyastheseeffectswereobservedoveralongerperiodof time (48h) and
anotherstudyreportedno effectof repeatedbiopsieswithin ashorter5±6hour window[66].
Furthermore,it hasbeenshownthat repeatedbiopsies1 hour apartfrom adjacentsitesof the
samemusclehadno effecton ERK1/2phosphorylation[67]. Cytochrome-caddedto themito-
chondrialrespiratoryassayisusedto assesspotentialdamageto theoutermitochondrialmem-
braneduring samplepreparationandit shouldbeacknowledgedthat theredox-activeheme
groupin cytochrome-cmayscavengeunpairedelectronsandtherebypotentiallyinfluencethe
subsequentdetectionof H2O2. Therefore,althoughin thepresentstudycytochrome-cwas
addedonly after������ respirationstatesandat thesameconcentrationin all experiments,
our �H2O2 datain thepresenceof cytochrome-cshouldnonethelessbeinterpretedaccord-
ingly.Thepresentmethodfor measuring�O2 and�H2O2 hasbeenwellcharacterizedprevi-
ously[37±39],althoughsomecautionshouldbeusedwheninterpretingthesefindingsin the
contextof 
� �
�� physiologydueto theuseof hyperoxygenation(to avoidoxygendiffusion
limitations) andsaturatingsubstrateconcentrationsin thepermeabilizedmusclefiber mito-
chondrialrespirationassay.It isalsoacknowledged,dueto practicallimitations,wedid not
assessmalalate+pyruvateandoctanoylcarnitinesupported�O2 and�H2O2 separately.These
limitationsshouldthereforebeconsideredin future investigations.

In conclusion,thisstudyprovidesnovelevidencethatasingleboutof aerobicexercise
acutelymodifiesskeletalmusclemitochondrialrespirationandH2O2 emissionandresponses
to insulin stimulationin obese,middle-agedandsedentarymales,andthismayhaveimplica-
tionsfor metabolicdiseasesfeaturinginsulin resistance.

Supporting information
S1Fig.Hyperinsulinemic-euglycemicclampsunder restingconditions and1 h post-exer-
cise.(A) Meanglucoseinfusionrate,(B) plasmainsulin concentrationand(C) M/I indexdata
plottedfor individual subjectsfor thefinal 30min of eachclamp.(D) Bloodglucoseconcentra-
tionsfor thefinal 30min of theclamps,dataaremean� SDfor � = 9.
(TIF)
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