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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 (JO,) and hydrogen peroxide
emission (JH»0,), and the associations with insulin sensitivity in obese, sedentary men.
Nine men (means “SD: 57 “6 years; BMI 33 “5 kg.m?) 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% HRpc4x). Muscle biop-
sies were obtained at baseline, and pre/post clamp to measure JO, with high-resolution res-
pirometry and JH,0, via Amplex UltraRed from permeabilized fibers. Post-exercise, both
JO, and JH,0, during ADP stimulated state-3/OXPHOS respiration were lower compared
to baseline (P 0.05), but not after subsequent insulin stimulation. JH,O, 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, JH,0,
increased during complex-I supported leak respiration with insulin after exercise compared
with resting conditions (P 0.05). Resting insulin sensitivity and JH,O, 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
H,O, 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-third of the adult populationworldwideareoverweightor obesd1, 2]. Obesity
increasesherisk of developingnsulin resistanceandthis maybeexacerbatety agingand
sedentaryifestyle[3]. To counterthis, regularexercisas aprimary interventionfor the pre-
ventionand managementf metabolicdiseasep!, 5]. Thebeneficiakffectof exercisanay
occurin part by preventingor alleviatingmitochondrialdysfunctionwhichis thoughtto
causegr atleastcontributeto thesepathophysiologistate§6+8]. Of note,evenasinglebout
of exercisencreasesvholebodyinsulin sensitivity primarily in skeletamuscle for up to 48-h
post-exercisg9, 10]. Howeverwhetherskeletamusclemitochondriaareinvolvedin mediat-
ing theseeffectsafteran acutebout of exerciseurrentlyremainunclear.

Exerciseelicitsdisturbanceso the skeletamusclecellularenvironment,andthis maytran-
sientlyaltermitochondrialelectrontransportsystem(ETS)enzymeactivity and mitochondrial
membranegpermeabilityin the hourspost-exercisgl1+13].Mitochondrial ETSenzymes
intrinsically generateeactiveoxygenspeciegROS) primarily in theform of superoxide
whichis rapidly dismutatedo the membrangpermeabldydrogenperoxide(H,0,). A num-
berof siteswithin the ETShavebeenshownto generatdcROS andtheir ratesof generatiorare
largelydeterminedby the mitochondrialrespiratorystatewhichis linked to the bioenergetic
demandof the cellularenvironment[14, 15]. During exercisenitochondrial ROSgeneration
isdecreasedyut netmuscleROSgeneratiornis increased/ianon-mitochondrialsourcesuch
asNADPH andxanthineoxidase$16]. However the suddendecreasé post-exercisener-
geticdemandmayhavemajorimpacton mitochondrialbioenergeticandthereforealterROS
generationwhich could bealsobeamplifiedby numerouspost-translationainodificationsto
mitochondrialenzymeg15, 17]. Transientchangesn ROSgeneratiormayhaveimportant
retrogradesignalingeffectsFFor examplesustainedr chronicallyelevatedevelsof ROS(i.e.:
oxidativestresshavebeenimplicatedin insulin resistanceia activationof stressactivated
proteinkinasegSAPKs)whichleadgo insulin receptorsubstrate-1/ZIRS1/2)serinephos-
phorylation,to negativelyregulatephosphatidylinositoB-kinase(PI13K) activity andits down-
streamsignalingfor GLUT-4 translocatiorand glucosauptake[18]. On the otherhand,acute
transientincreaseth ROSgeneratiormayoxidizeandinhibit negativaregulatorsof insulin
signalingsuchasprotein tyrosinephosphatase-1@TP1B)and phosphatastensinhomolog
(PTEN),thusallowingPI3K phosphorylation19+22].

In skeletamusclemitochondria,nearlyl00mitochondrial proteinsareknownto bephos-
phorylatedin responseo ahyperinsulinemic-euglycemidamp[23]. Consistentwith the
notion that mitochondrialdysfunctionis associate@ith insulin resistancendlikelihood of
prediabete§?4], mitochondrialrespiratoryfunction hasbeenshownto beelevatedftera
hyperinsulinemic-euglycemicampin insulin-sensitivendividuals,but not in patientswith
type-2diabeteg25+27].Whetherasimilar mitochondrial-insensitiviy to theinsulin clampis
alsocharacteristiof obesendividualsis currentlyunclear.lt wasrecentlyshownthatobese
womenhadunchangedH ;0 afterhigh fat feedingin the untrainedstate yetfollowing 12
weekof exercisaraining, H,0, waselevatedfterthe samemeal,[28]. This suggestthat
greatemitochondrial sensitivityto nutrient intakeandimprovedmetabolicflexibility is an
important componentof exerciseadaptation Despitethis, it remainsunknownwhetherasin-
glebout of exerciseansimilarly affectmitochondrialresponses anobeseplderandseden-
tary population.

Thereforethe aimsof this studywereto testthe hypothesighatin obeseplderandseden-
tary individuals,mitochondrialrespirationand H,O, emissionin permeabilizedgkeletal
musclefiberswould beperturbedin arespiratorystate-dependemhannerin responsdo a
hyperinsulinemic-euglycemicampto agreaterextentwhenprecededy asinglesessiorof
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high intensityintervalexercis€HIIE) comparedo restingconditions.We alsosoughtto
explorethe hypothesighattherewould becorrelationbetweerratesof mitochondrialH,O»
emissionandinsulin sensitivity.

Methods

Participants

Nine obeseandsedentarynen(mean SD;age57.3 6.5yearshodymass100.1 12.1kg,
BMI: 32.7 5.0kg.m?, _ , :21.4 5.4mlkg*.min™) without diabetegfastingglucose:
5.3 0.8mmol.LY; HBalc5.6 0.2%)participatedn this study. Theseparticipantswere
recruitedaspart of alargerstudyandassuch,detailedparticipantcharacteristicandexclusion
criteriaaredescribecelsewher§29, 30]. Briefly, participantswereexcludedf theytook medi-
cationsknown to affectinsulin secretiorand/or insulin sensitivity;hadmusculoskeletadr
otherconditionswhich preventeddaily activity;or symptomaticor uncontrolledmetabolicor
cardiovasculadiseaseEachparticipantwasgivenwritten andverbalexplanationsaboutthe
studybeforeproviding written informed consentasperthe declarationof Helsinki. This study
protocolwasapprovedy Victoria UniversityHuman ResearclithicsCommittee.

Experimental design

Participantsvisitedthe Victoria University Exercisé?hysiologytaboratoryon threeseparate
occasionsn thefirst visit, participantsunderwenta screeningand characterizatiorsession
whichincludedagradedexercisaestandfamiliarizationwith the experimentaprocedures.
At leastoneweekfollowing this, thefirst of the two experimentatrials wereconducted As
shownin Fig 1, thefirst experimentatrial wasa ‘resttrial' (i.e.no exercisepndconsistedf a

Base-gesr Clamp-gest
Muscle biopsies: T I
Rest trial:
2 hour hyperinsulinemic -euglycemic clamp
. . 7 v
Time (minutes) 0 120
Base-gy Post-g Clamp-gx
. I Exercise: I
Exercise 4X 4 min
trial: intervals
) (95% HR nay) . 2 hour hyperinsulinemic -euglycemic clamp
Supine rest
v v v
Time (minutes) 0 60 180

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-gest) and post 2 hour hyperinsulinemic-euglycemic insulin clamp (Clamp-gest); exercise trial
biopsies were obtained at baseline (Base-gx), 1 hour post-exercise (Post-gx) and after a subsequent 2 hour hyperinsulinemic-euglycemic

insulin clamp (Clamp-gx).

https://doi.0g/10.1371Hurnal.pon€188421.g001
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2 h hyperinsulinemic-euglyaaic clamp(insulin clamp,seebelow).During this resttrial, mus-
clebiopsiesvereobtainedat baselindBaseresy) andaftertheinsulin clamp(Clampwkesy.
Thefinal visit wasl+3weekdaterfor the “exercisérial'. In this, participantsperformedan
acuteHIIE exercisesessior{seebelow)then 1 hour laterunderwentanother2 h insulin clamp.
In this exerciserial, biopsiesvereobtainedatbaselingBasegy), 1 h postexercisg¢Postey;
whichwasimmediatelyprior to the commencemenof theinsulin clamp),andthen postinsu-
lin clamp(Clamp—y). Prior to both trial days participantsperformedan overnightfast,and
abstainedrom physicalactivityfor atleast72h andalcoholand caffeineconsumptionfor 24
h. Dietaryinformation wasprovidedand participantswereaskedo consumeapproximately
300g of carbohydraten the 24 h prior to theresttrial, whichwasrecordedn adietdiary and
replicatedfor the exerciserial.

Graded exercise test

After pre-screeningparticipantsunderwenta signand symptom-limitedgradedexercisgest
for characterizatiorof aerobicfithess asdescribelsewherg31]. Oxygenuptake(VO,) was
measuredn 15sedntervalsby gasanalysigMedgraphicsCardio2and CPX/D Systenwith
BreezeeSoftware142090£00ReviaMN, USA) calibratedwith gasesf known concentra-
tions,anda3 L volumeHans-Rudolphsyringeprior to eachtest.

High-intensity interval exercise protocol

At leastaweekafterthe gradedexercisdest,participantsperformedabout of high-intensity
intermittent exercisg€HIIE) on acycleergometeCorvial,LodeB.V.,TheNetherlands)The
exerciseonsistedf 4 minuteswarm-upataworkloadcorrespondingo 50%of the peakheart
rate(HRpea Obtainedduring the gradedexercisdest,followedby 4 x 4 min at 95%HRpeaxk
HIIE boutswereseparatedby 2 min activerecovery(cyclingatalow intensityat 50+60%
HRyea. All participantssuccessfullgompletedhe exercisesessiorat the desiredntensity.

Hyperinsulinemic-euglycemic clamp

Theinsulin clampwasperformedafteran overnightfast,aspreviouslydescribed29]. Briefly,
insulin (Actrapid; Novo Nordisk, Denmark)wasinfusedintravenouslyat 40mU.m™ permin-
utefor 120minutesleadingto anelevated/etstableplasmansulin concentrationfrom 10+
120min. Bloodglucoseconcentratiorwasassesseat 5 min intervalsduring the clamp(YSI
2300STATplus;YSlInc., USA)andtheglucosénfusionrate(GIR; mgkg™ min™') was
adjustedaccordinglyto meetatargetblood glucoseof 5mmol L™. Insulin sensitivitywas
determinedasthe meanGIR perunit plasmansulin (mIU ml™) during thelast30min of the
clamp(M/I index)[32].

Muscle biopsy procedure

Overall,five musclebiopsiesvereobtainedfrom eachparticipant(Fig 1). Localanestheti¢1%
Xylocaine AstraZenecahustralia)wasinjectedinto skin, subcutaneouissueandfascisover-
lying the muscle After smallincisionsweremadeinto the skin andfasciaone
perbiopsy) musclewasexcisedisinga Borgstian needlewith suction[29,30,33].Each
biopsywastakenfrom aseparaténcision~1 cm proximal from the previousbiopsy.Samples
of approximately50+100mg wereobtainedandaliquotedfor separatanalysisncluding ~10
mg whichwasimmediatelyplacedn anice-coldpreservatiormedium (BIOPS seebelow)for
mitochondrialrespirationanalysin the sameday,while the remainingportion wasblotted
to removeblood andrapidly frozenin liquid nitrogenandstoredat-80EJor lateranalysis.
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Muscle fiber preparation for mitochondrial respiratory function analysis

The~10mg aliquotof musclewasplacedn ice-coldpreservingsolution(BIOPS;jn mM: 7.23
Ko,EGTA,2.77CalkEGTA,5.77Na,ATP, 6.56MgCl>-6H,0, 20taurine, 15phosphocreatine,
20imidazole 0.5dithiothreitol, 50K*-MES;pH 7.1)until analysistypicallywithin 3 hours
aftersampling[34+36].Usingadissectingnicroscopemusclefibersweremechanicallysepa-
ratedusingfine-point forcepsfor no morethan 3 min while submergedn ice-coldBIOPS.
Separatediberswerepermeabilizedsaponin50 g/mL in BIOPS)or 30min with agitation
followedby 3 x 5 min washeén ice-coldrespirationbuffer (MiR05,seebelow).Fiberbundles
of approximately2+3mgwereblottedon filter paperfor 5 s,thenexactsamplemasgwet-
weight)wasrecordedusinga microbalancg CubisMSE3.6P-0TR-DMSartorius Goettingen,
Germany).

Mitochondrial respiration and hydrogen peroxide emission assay

Mitochondrial oxygenflux ( O,) from permeabilizednusclefiberswasdeterminedusinghigh
resolutionrespirometryat 37EChigh oxygenconcentration(300+45Gmol.ml™; to avoidoxy-
gendiffusion limitation) and continuousstirring (OxygraphO2k, Oroborosinstruments,
Innsbruck,Austria),and mitochondrialhydrogenperoxideemission H,0,) wasmeasured
simultaneouslyia fluorimetry (O2k-FluorescenceED-2Module; Oroborosinstruments,
Innsbruck,Austria) aspreviouslydescribed36+39].Briefly, permeabilizediber bundleswere
analysedn duplicatejin chambergontainingMiR05respirationbuffer (in mM: 0.5EGTA, 10
KH,PQ,, 3MgCl,-6H,0, 60lactobionicacid,20taurine,20HEPES110D-sucrosel mg/mL
bovineserumalbumin;pH 7.1).AmplexUltraRed(25 M; MolecularProbes|nvitrogen),
horseradistperoxidas€5 U/mL) andsuperoxidedismutas€SOD;5 U/mL) wereaddedfor
simultaneoudluorimetric measuremenof H,0O, at 525/590hm excitation/emissionwave-
lengths calibratedwith known amountsof H,0, asdescribedreviously[36,37,39]. A range
of respiratorystatesvereinducedusinga substrateuncoupler,andinhibitor titration (SUIT)
protocol,addedsequentiallyasfollows:malate(2 mM), pyruvate(5 mM) andoctanoylcarni-
tine (0.02mM) to assessomplexl + electrontransferflavoprotein(ETF) supportedstate-4
leakrespiration( ci+eTH); succinatg10mM) wasthenaddedfor convergentomplexl|
electroninput during leakrespiration( ci+i+eTE); ADP (1 & 5mM) wasthenaddedto
inducestate-3oxidativephosphorylation  ); cytochrome-q10 M) wasaddedto
confirm outer mitochondrialmembranentegrity; stepwisé.05 M titrations of carbonylcya-
nide -trifloromethoxyphenylhydrazong(FCCP)werethenaddedto uncoupletheinner mito-
chondrialmembraneto assesslectrontransfersystencapacit(  cpi+ete)- Thecomplex
specificinhibitor rotenone(0.5 M) wassubsequentipddedto assesslectrontransferfrom
complexil ( ¢j+e7H). Finally,antimycin-A (2.5 M) wasaddedto inhibit complexill to
determineresidualoxygenflux rateswhich weresubtractedrom all prior O, measures.

Muscle protein extraction and western blotting

Abundanceof specificproteinsin musclesamplesveredeterminedwithout centrifugation
(i.e.all cellularfractionspresentlusingmethodsdescribedreviously[40]. Specificallyfrozen
musclewascutinto approximatel\20x 20 m sectiongCryostatHM550, Thermo Scientific,
Australia),anddissolvedn 200 L homogenizingouffer(0.125M Tris-HCI, 4%SDS10%
Glycerol, 10mM EGTA,0.1M DTT, with 0.1 L.mL * of proteasend phosphatasmhibitor
cocktail[#P8340and#P5726SigmaAldrich, CastleHill, NSW,Australia]),vortexedand
freeze-thawedProteinconcentratiorwasthendeterminedusingacommerciallyavailable
assayRed660,G-Biosciencedstral Scientific,GymeaNSW,Australia).Samplesverediluted
to equivalentoncentrationg1 g. L %) in homogenizingoufferandbromophenoblueadded
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(1%v/v) beforeheatingat 95EGor 5 min. Samplesvereloadedonto 26well, stain-free precast
4+20%gradientgels(Criterion TGX Stain-Free PrecastBioRad GladesvilleNSW,Austra-
lia) ataconcentrationof 6+8 g protein perlane.Molecularweightmarker(PageRuler1Plus,
Thermo Scientific Australia)andafive-point standardcurvewasalsoloadedon eachgel
usingapooledsampleallowingquantificationof blot intensitieswithin andbetweergelsvia
linearregressionOptimal protein loadingwasdeterminedto ensurethat subsequenilot
intensitieswerewithin the linearrangeof the standardcurve[40]. After separatiorby SDS
PAGE stain-freegelswereactivatedoy UV light (ChemiDoc MP, BioRadGladesvilleNSW,
Australia)andimagedto visualizehetotal protein of eachlanethenthe proteinsweretrans-
ferredto PVDFmembranegTrans-Blotl Turbo , BioRadGladesvilleNSW,Australia).
Membranesverethenblockedin 20mM Tris, 150mM NaCl,and0.1%Tween20(TBST)
containing5%nonfatmilk for 1 h atroom temperaturewashedthenincubatedwith primary
antibodyovernightat4ECMembranesvereincubatedwith the following primary antibodies
diluted 1:1000n TBSTcontaining5%BSAand0.1%sodiumazidemitochondrialcomplexes
I-V cocktail(MitoScience#MS601) PRXpathwaycocktail(Abcam#184868)and UCP3
(Abcam#10985)Membranesverewashedvith TBST thenprobedwith appropriatehorse-
radishperoxidase-conjugateskcondanantibody(PerkinElmer Australia)diluted 1:50,000
in 5%non-fatmilk/TBST for 1 hour at RT. Protein-antibody-HRRconjugatesverevisualized
by chemiluminescencasingECL detection(SuperSignallWestFemto,Thermo Scientific,
Australia),imaged(ChemiDoc MP, BioRad Australia)andthenanalysedlmagelLabv5.1,
BioRad Australia).Specificallyimmunoblotsfor proteinsof interestand associatedtain-free
total protein loadingwerequantifiedrelativeto their respectivestandardcurvesandtheseval-
ueswerethenusedto report protein of interestrelativeto total protein [40]. In the absencef
stain-fredoadingcontrol datafor mitochondrialcomplexeslueto equipmentfault. Blot
intensitiesderivedfrom the mitochondrialcocktailantibodyservedastheir ownloadingcon-
trol sincethesewereimagedon the samemembraneThis wasachievedy first normalizing
eachsampledlot intensityto apooledsampldoadedon allmembranesthen,wereexpressed
relativeto complex-Vwithin the samamage,and complex-Vwasexpressedelativeto com-
plex-Ill.

Citrate synthase activity assay

Citratesynthasactivitywasperformedasper Srerg/4 1] modified for a96well plateformat
[34,35]. Musclewasmechanicaljhomogenized.:20w/v in buffer(0.175M KCI; 2 mM
EDTA,; pH 7.4)thenfreeze-thawedsamplg10 L) wasaddedto 190 L of working solution
(final concentrationgn mM: 72.5tris, 0.1DTNB, 0.45acetylco-A, 0.25%v/v Triton X-100)
followedby 10 L of oxaloaceti@cid(0.5mM) to initiate the reaction.Citrate synthas€CS)
activity at 3S0EGvasdeterminedby the changen absorbancat412nm over4 min in aspec-
trophotometer(x-Mark, Bio-Radlaboratories|JSA).

Reduced and oxidized glutathione assay

ReducedGSH)andoxidized(GSSGmuscleglutathionecontentwasdeterminedusinga
commerciallyavailableit (BioxytechGSH/GSSG-412)xisHealthProducts Portland,OR,
USA)describedgreviously[42]. Briefly, freezedried musclewasdissectedreeof connective
tissuedividedinto two aliquotsthenhomogenizedn 80 |.mg ™ (dry weight)ice-cold5%
metaphosphori@cid,onealiquotcontainingthe reduced-glutathionscavenget-methyl-
2-vinyl-pyridinium trifluoromethanesulphonatg10%v/v) for GSSGandthe otheraliquot
without for GSH.Homogenatevascentrifugedat 23,000 for 15min at4EC Samplesstan-
dardsandblanks(50 I) wereaddedto a96well platein triplicate,followedby 50 | eachof
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chromogenglutathionereductasendjust prior to measurementNADPH. Changen absor-
banceat412nm dueto thereductionof DTNB wasmeasuredor 4 min in aspectrophotome-
ter (xMark; Bio-RadLaboratorieslUSA).

Statistical analysis

Owingto the studydesignwith two time pointsin theresttrial, andthreein the exercisdrial,
between-triakffectsat baselineand post-insulinstimulationwereanalysedy two-way(inter-
ventionx time point) ANOVA with repeatedneasuresyhereagffectavithin the exercise
trial wereassesseduly repeatedneasuresne-wayANOVA with Fisher'd_SDpost-hoctests
usingstatisticakoftwarg(IBM SPSStatisticsrersion22).Significanceavasacceptedt <0.05.
Associationdetweerinsulin sensitivityand H ;O, aftertherestand post-exercisesulin
clampweredeterminedusingPearson'sorrelationcoefficient All dataarepresenteds
mean SDfor =9unlestherwisestated.

Results

Mitochondrial respiration

LEAK respiration: Throughoutthe SUIT protocol (Fig 2A), therewereno significanteffects
of exercisand/orinsulin on O, during ci+eTErespirationstatehoweverjn thepres-
enceof complexll substratesuccinate ci+n+eTe), O»trendedlowerin theresttrial after
insulin comparedo baselind =0.09;Fig2C).
OXPHOSrespiration: Therewasno effectof insulin on O, undermaximal(5 mM ADP)
respiratorystatein theresttrial. Comparedo baseline,O, during respira-
tion waslower 1-hr postexercisdé <0.01; Fig2C),whichthenreturnedto baselindevelswith
subsequennsulin stimulation. Titration of cytochrome-Cncreased respiration O,
by anaverag®f 7.6%acrosgshe study.Respiratorycontrol ratioswerenot significantlyaffected
for / ci+eTe(Mean SD):Baserest7.6 5.1;,Clamprest8.9 4.1;Base-x
8.1 5.4;Postgx5.7 2.1;Clampex6.2 2.8;or for / cl+I+ETE. Baserest
2.7 0.7,Clamprest3.0 0.9;Base:x3.0 0.7;Postgx2.6 0.7;,Clampex3.4 1.4.
ETSuncoupledrespiration: Therewereno significanteffectof insulin and/or exercisen
O, during uncoupledrespirationwhensupportedoy convergentomplexl, Il andETFelec-
troninput (  c+eTE) OF With electroninput in theabsencef complex! afterrotenone
inhibition ( cy+e7E Fig2C).

Mitochondrial H,O, emission

LEAK respiration: Throughoutthe SUIT protocol (Fig 2B),mitochondrialhydrogenperoxide
emission( H,0,) during ci+eTErespirationwasgreaterafterinsulin in the exercisdrial
comparedo therestingtrial ( <0.01; Fig2D).During ci+i+ETE Fespiration(with added
succinate),H ,0, wasloweratboth Postex(  0.01;Fig2D) andClampex(  0.05;Fig
2D) comparedo Basexx. In addition, during cl++ETE, therewaslower H 0, with
insulin in the exercisérial comparedo therestingtrial (  0.02;Fig 2D).
OXPHOSrespiration: Under5mM ADP stimulated respiration, H ,0, was

lowerafterexerciseomparedo baselind  0.03;Fig2D) andalsocomparedo subsequent
insulin( 0.02;Fig 2D). Therewasno effectof the subsequentytochrome-ditration on
H,0,, asdeterminedfrom combineddataof all nine participantsacrosdive conditions(pre
.. postcytochrome-ditration H,0,:0.058 0.020.. 0.058 0.029mol.s™*.mg" tissuewet
weight, =0.95, =45).
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Fig 2. Oxygen flux (JO,) and mitochondr ial hydroge n peroxide emission (JH,O,)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 JO, (A) and JH,0, (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 “SDforn=9. P 0.05
significantly different.

https://da.org/10.1371durnal.pon®188421.g0D

ETSuncoupledrespiration: In theuncoupledrespirationstate(  ¢+1+e1r) in theexer-
cisetrial, H,0, wasgreatemwith insulin comparedo bothbaselind = 0.02)and post-exer-
cise( =0.04;Fig2D). Furthermore, H,O, wasgreaterin this respiratorystatewith insulin in
theexerciserial comparedo therestingtrial ( = 0.01;Fig 2D). In the presencef rotenone
to inhibit complex-lelectroninput (  ci+e7H), In the exercisdrial therewasatrend for ele-
vated H,0, afterinsulin stimulationcomparedwith both baseling = 0.09)andwith insulin
in theresttrial ( = 0.06;Fig 2D).
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Glucose infusion rate

GIRwas26%qgreaterafterexerciseomparedwith therestingtrial (4.21 2.41.. 3.33 2.16
mg.kg>.min; = 0.03;S1AFig).Plasméhyperinsulinemicnducedby the clampwasstable
in thelast30min of the clampandequivalenbetweertrials (Clampwest 73.6  24.5mIU L
andClampex: 67.1 20.5mlIU L™"; =0.37;S1BFig).GIR perunit plasmansulin was27%
greatempost-exerciseomparedo rest(6.26 3.6.. 4.95 3.77M/l index; =0.04;S1CFig).
Bloodglucoseconcentrationwaswell maintainedat~5 mmol.L ™ in thefinal 30minutesof the
clamps(coefficientof variation:2.1%,S1DFig).

Correlations between insulin sensitivity and mitochondrial H,O,

Therewasasignificantcorrelationbetweerwholebodyinsulin sensitivityafterthe resting
clampand H,0, during cete( =0.72; =0.03;Fig3A), howeverthis association
wasnot significantpost-exercisé =0.52; =0.16;Fig3D). Therewasatrend for anegative
correlationduring smm atrest(r =-0.65, =0.06;Fig3C).Therewereno correla-
tions betweenH O, andinsulin sensitivityduring ci+i+eTE (Fig 3Band 3E),or either
uncoupled  respiratorystate{S1File).

Muscle glutathione content

Reduced-glutathion€GSH)waslowerafterinsulin comparedwith baselingn the exercise
trial ( 0.04;Fig4A). Therewasno significanteffectof insulin or exercisen oxidized-gluta-
thione (GSSGFig4B),or on theratio of GSHto GSS@Fig 4C).

Mitochondrial protein abundance and citrate synthase activity

Mitochondrial ET Sproteinswereassesseth confirm thatacutechangesn mitochondrialres-
piration wereindependenbf changedn their abundanceTherewereno significantchanges
in anyof themeasuredTSsubunits,or uncouplingprotein-3(Fig 5B+5G) Citrate synthase
enzymeactivity,anadditionalmarkerof mitochondrialabundancewasunchangedvith exer-
ciseor insulin (means SD:Basegrest4.6 2.5;,Clampgest5.0 1.7;Basesx: 5.3 3.0;
Postgx: 4.3 3.4;Clampex: 4.6 2.3 mol.min *.g-protein?; . ).

Muscle endogenous antioxidant protein abundance

To investigatgossibleeasondor thetransientshiftsin mitochondrialH,O, emission
observedmuscleantioxidantenzymeabundanceveremeasuredit correspondingime
points. Therewasno significantchangan muscleprotein contentof thioredoxin (TRX), per-
oxiredoxin-1(PRX1)or thrioredoxin reductase-{TXNRD1) atanytime points (Fig 5SH+5J).

Discussion

Themain findingsof this studywerethat following acuteexercisebut not underrestingcon-
ditions, mitochondrialH,0, emissionwasalteredin arespiratorystate-specificmmannerin
responséo hyperinsulinemic-euglyaaic clampin obesermiddle-agedandsedentarynen.in
addition, therewasa post-exercisdecreas@ ratesof ADP stimulatedmitochondrialrespira-
tion andH,0, emissiorprior to insulin stimulation. Therewasalsoa significantcorrelation
betweenwholebodyinsulin sensitivityand skeletamusclemitochondrial H O, emissiondur-
ing cieTeErespirationatrest;howeverjn contrastto our hypothesisthis relationship
wasnot observegost-exercise.

Our finding that mitochondrial H ;O, wasloweronehour post-exercisé the physiologi-
callyrelevant /state-3 respiration,is important sinceoxidativestresgi.e.chronically
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https://doi.0g/10.1371§urnal.pon®188421.g003

elevatedROSlevels)sinvolvedin the pathophysiologyf variouschronicdiseasep!3].
Indeed exercisdraining is known to attenuatechronicoxidativestresg44,45],andour data
suggesthatthis improvementmaybeginevenwith asinglebout of exerciselt shouldbe
notedthat althoughROSformationis highly dependenbn membranepotentialandthe sub-
sequentedoxstatusof electroncarriersin the ETS,someROSformationis expecteadtven

underlow membranepotentialrespiratorystategi.e.

anduncoupled ) [14,15].

To the bestof our knowledgepnly onestudyhasmeasured ,O, emissionpermeabilized
skeletamusclemitochondrialfollowing acuteexercisé46]. While that studywasperformed
with rodents their dataindicatedatrend for pyruvate+malate+succinaseipportedH 0,
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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 “SDforn=9. P 0.05 significantly different.
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emissionto belowerin white gastrocnemiusnusclel8hourspostexercisé46], andthisisin
line with the decreaseg@ost-exercise ci+i+eTe H205 (supportedby malate+pyruvate+-
octanoylcarnitineandsuccinatejn the presentstudy.Thedecreas@ post-exercise/insulin
clamp H,O, and O, during succinate-driverstate-4/leakespirationis alsoconsistenwith a
recentfinding that ROSgeneratiorfrom complex! (viareverseelectronflow) isinhibitory to
complexll function [47]. Specificallyin that study,smallmoleculeinhibitors of the complex-I
ubiquinonebinding sitewereshownto attenuatesuperoxide/HBO, generationwhichattenu-
atedpathophysiologicalesponsept 7]. Takentogetherwith our findingsof decreasegost-
exerciséH,0, emissiongluring cl+I+ETE respiration,acuteexercisenayelicit similar
beneficiakffectdn obesermiddle-agedand sedentarymenviasimilar mechanismsvhich war-
rantsfurther investigation.

On theotherhand,weobserveclevatednitochondrialH,O, in responséo the post-exer-
ciseinsulin clampduring cieTranduncoupled ¢4 +eTF respiratorystategFig 2D)
whichmaybepertinent,sinceROSgenerationn specificspatialandtemporalpatternsat
physiologicalevelss known to haveanimportantrolein cellsignaltransduction[21,48].
Our findingsareconsistentvith arecentstudyin obesevomen,whichdemonstratedlackof
responsef H,O, afterahigh fatmealin the untrainedstate yetafter12weekf exercise
training therewasanacuteincreasen H 0, in responséo the samemeal[28]. In line with
this,in the presentstudyindividualswith greaterinsulin sensitivityat resttendedto have
lowermitochondrialH,0, emissionduring the ADP stimulatedoxidativephosphorylation
respirationstate put significantlygreatemitochondrial H,O, emissionduring conditionsof
high membranepotential( ci+eTR)- Thismayallowagreaterdynamicrangeof ROSgen-
eration,which couldbeimportant for signaltransductionpurposessuchaspost-exercisensu-
lin signaling Notably,AS160anessentiategulatoryproteinin the distalinsulin signaling
pathwayhasbeendemonstratedo besensitiveo H,0, in rodents[20] while infusion of the
antioxidantN-acetylcysteinvasshownto attenuatgost-exercisahole-bodyinsulin sensi-
tivity in younghealthyhumang[42]. Exercisds knownto anadditiveeffecton insulininduced
phosphorylatiorof AS160wnhichis akeymediatorof the post-exercisenhancemenof skeletal
muscleinsulin sensitivity[49+51].Indeed,in the presentstudy,phosphorylatiorof both
Ser58&nd Ser318&f AS160weregreaterafterthe post-exercisesulin clampcomparedo
therestinginsulin clamp[30]. Despitethis, in the presenistudy,wewereunableto detect
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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 Cl to IV of the same lane (B); complexes IV, lII, Il and | 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 forn=29.

https://da.org/10.1371¢urnal.pon®188421.900

significantcorrelationsbetweerH ,O, emissionand post-exercisésulin sensitivityin our
obesesubjectsFurtherinvestigations requiredto betterunderstandhesepotentialmolecular
interactions.

Severapotentialmechanismsnayexplainthe alteredH O, emissionwith post-exercise
insulin clampobservedn the presentstudy.ThelowermuscleGSHcontentfollowing the
post-exercisesulin clamp(Fig 4) suggestthat someperturbationto muscleredoxhomeosta-
sisoccurred Evensmallchange$n concentrationof the reducedglutathione(GSH),a key
thiol antioxidant andsubstratdor glutathioneperoxidasehasbeenshownto havesig-
nificant effecteon redoxhomeostasifs2]. Thereforedecrease SHmaypermit the elevated
ratesof mitochondrialH,O, emissionduring ceteand  c+eTE. Thelackof acor-
respondingncreasen post-exercisexidizedglutathione(GSSGYeportedin younghealthy
adults[42] couldberelatedto the specificpopulationstudiedpresently althoughthe minor
differencein baselinevaluesdbetweertrials shouldalsobeconsideredvheninterpretingthese
data.ln the presentstudy,six out of the nice participantsshoweda post-exercisencreasehe
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total abundancef thioredoxin (Trx) and peroxiredoxin-1(Prx1)andthioredoxinreductase
(TXNRD1),but overallthis wasnot significantlychangedwvith exerciseind/orinsulin. These
proteinsplayakeyrole in the modulationof low concentration®f ROS dueto theirlow
for H,0, [52], andthereforein spatio-temporatedox-signaling53,54]. Although our data
areinconclusivesomeof the changdn mitochondrial H ,O, maybepartly explaineddueto
acutechangedn thetotal antioxidantcapacityconferredby the Trx/Prx systemln addition, it
is possiblethat variouspost-translationaprotein modificationsnot measuredn the present
studycouldacutelyalterthe post-exercisenzymaticactivity of theseand other mitochondrial
antioxidantenzymesuchasSOD1and GPx1[53]. Takentogetherthesefindingsmaysuggest
thatevenin anagingandobesgopulationthereremainsa “functionalreservein antioxidant
capacityto allowfor spatio-temporatedox-mediatectell signalingwithout inducing a stateof
oxidativestresg54].

Our findingsof atransientdecreasé O, during afterexercisarein line with
previousstudieswhichreportimpaired post-exerciseespiratorycomplexenzymefunction
[12,55],anddecreased O, in permeabilizednusclefibersfollowing high intensity
exercisen horsed13,46,56].In permeabilizegkeletamusclemitochondriaof younghealthy
humans,Tonkonogi . [57] havereportedthatstate-Ji.e.” ) respiratoryratesare
increasedmmediatelyand 2 hourspost-exerciseyhile Perry . [58] reportedno change
immediatelyor 3 hourspostexercisen maximal O.. However directcomparisons
to their findingsaredifficult to makewith our subjectslueto the muchlower (O}
ratesandrespiratorycontrol ratios,asexpected59], andin thesepreviousstudiesstate-3
respiratorymeasuresveresupportedoy pyruvate+malatécomplex-l)alone whereasn the
presentstudytherewasconvergensubstraténput from pyruvate malate octanoylcarnitine
aswellassuccinatgcomplex-Il).Interestingly,in our obeseplderandsedentansubjects,
therewasno increasef O, in responseo insulin, which appeargo beconsistentwith what
hasbeenpreviouslydemonstratedn patientswith type-2diabetesvhencomparedwith
young,healthyindividuals[26,60,61]. Thelackof responsén O, to insulinin our subjects
with obesitycouldthereforebeinterpretedasthe earlysignsof impairedmetabolicflexibility
whichis observedn type-2diabete462]. An alternativeexplanationis thatthe aforemen-
tionedstudiesco-infusedamino acidsto avoidlow plasmaaminoacidconcentrationsvhich
canoccurduring longerdurations(4+8hours)of insulin infusion, which mayhaveprovided
sufficienttime and stimulusfor the synthesi®f newmitochondrialproteins.Indeed,more
recentstudieshavereportedthatin the absencef aminoacidco-infusion,insulin did not
appeatto increasamitochondrial ATP synthesisates evenin younghealthyindividuals[25,
63].

Therearesomepotentiallimitations to the presentstudy. The smallsamplesize while typi-
calof similarinvasivehumanstudiesmayprecludethe possibilityof detectingpotentially
smalleffectdbetweerinsulin sensitivityand mitochondrialH,O, emission Despitethis, post
hocpoweranalysislemonstratedhat the reportedreduction(~30%)of H,O, during

afterexercisavith =9and =0.05thatthe studywasadequatelpowered93%).
It is acknowledgedhat thelackof anon-obesecontrol grouplimits the ability to specifically
ascribethe presenfindingsto that of a pathophysiologicalesponseThe presentstudydesign
would bestrengthenedvith anadditionalexercisesessiomwith a3 hour postexercisanuscle
samplan the absencef hyperinsulinemiato allowfor amorerobustcomparisorof the spe-
cific effectf insulin on transientchangesn mitochondrialfunction afterexerciseAlso, it
cannotbeexcludedhatalongerrestperiod betweerthe cessatiorf exerciseindthe startof
theinsulin clampmayberequiredto measurehe effectf insulin-stimulatedglucoseuptake
independenbf anyresidualeffectsof contraction-mediatd glucoseuptake[10]. The study
designcould potentiallybeinfluencedby the differentnumberof musclebiopsiesobtainedin
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eachtrial sincerepeatednusclebiopsiescanimpactglycogerresynthesi§c4,65]. However,
this seemainlikely astheseeffectsvereobservedveralongerperiodof time (48h) and
anotherstudyreportedno effectof repeatediopsiesvithin ashorter5t6hour window [66].
Furthermorejt hasbeenshownthatrepeatediopsiesl hour apartfrom adjacensitesof the
samemusclehadno effecton ERK1/2phosphorylatior{67]. Cytochrome-caddedto the mito-
chondrialrespiratoryassays usedto assespotentialdamageo the outer mitochondrialmem-
braneduring samplepreparationandit shouldbeacknowledgedhatthe redox-activeheme
groupin cytochrome-anayscavengenpairedelectronsandtherebypotentiallyinfluencethe
subsequentletectionof H,O,. Therefore althoughin the presentstudycytochrome-avas
addedonly after respirationstatesand atthe sameconcentrationin all experiments,
our H,0O, datain the presencef cytochrome-cshouldnonethelesbeinterpretedaccord-
ingly. Thepresentmethodfor measuringO, and H >0, hasbeenwell characterizegrevi-
ously[37+39],althoughsomecautionshouldbeusedwheninterpretingthesefindingsin the
contextof physiologydueto the useof hyperoxygenatiorfto avoidoxygendiffusion
limitations) and saturatingsubstrateconcentrationsn the permeabilizednusclefiber mito-
chondrialrespirationassayit is alsoacknowledgedjueto practicallimitations, wedid not
assesmalalate+pyruvaandoctanoylcarnitinesupported O, and H,0, separatelyThese
limitations shouldthereforebe consideredn future investigations.

In conclusionthis studyprovidesnovelevidencdhat asinglebout of aerobicexercise
acutelymodifiesskeletamusclemitochondrialrespirationand H,O, emissionandresponses
to insulin stimulationin obesemiddle-agedand sedentarymales andthis mayhaveimplica-
tions for metabolicdiseasefeaturinginsulin resistance.

Supporting information

S1Fig. Hyperinsulinemic-euglycemicclampsunder resting conditions and 1 h post-exer-
cise.(A) Meanglucoseanfusionrate,(B) plasmansulin concentrationand (C) M/l indexdata
plottedfor individual subjectgor the final 30min of eachclamp.(D) Bloodglucoseconcentra-
tionsfor thefinal 30min of the clampsdataaremean SDfor =09.

(TIF)

S1File. Anonymized dataset.
(XLSX)
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