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Abstract

Background

Stress and mitogen activated protein kinase (SAPK) signaling play an important role in glu-

cose homeostasis and the physiological adaptation to exercise. However, the effects of

acute high-intensity interval exercise (HIIE) and sprint interval exercise (SIE) on activation

of these signaling pathways are unclear.

Methods

Eight young and recreationally active adults performed a single cycling session of HIIE

(5 x 4 minutes at 75% Wmax), SIE (4 x 30 second Wingate sprints), and continuous moder-

ate-intensity exercise work-matched to HIIE (CMIE; 30 minutes at 50% of Wmax), separated

by a minimum of 1 week. Skeletal muscle SAPK and insulin protein signaling were mea-

sured immediately, and 3 hours after exercise.

Results

SIE elicited greater skeletal muscle NF-��B p65 phosphorylation immediately after exercise

(SIE: ~40%; HIIE: ~4%; CMIE; ~13%; p �� 0.05) compared to HIIE and CMIE. AS160Ser588

phosphorylation decreased immediately after HIIE (~-27%; p �� 0.05), and decreased to the

greatest extent immediately after SIE (~-60%; p �� 0.05). Skeletal muscle JNK (~42%;

p �� 0.05) and p38 MAPK (~171%; p �� 0.05) phosphorylation increased, and skeletal muscle

AktSer473 phosphorylation (~-32%; p �� 0.05) decreased, to a similar extent immediately after

all exercise protocols. AS160Ser588 phosphorylation was similar to baseline three hours after

SIE (~-12%; p �! 0.05), remained lower 3 hours after HIIE (~-34%; p �� 0.05), and decreased

3 hours after CMIE (~-33%; p �� 0.05).

Conclusion

Despite consisting of less total work than CMIE and HIIE, SIE proved to be an effective stimu-

lus for the activation of stress protein kinase signaling pathways linked to exercise-mediated
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adaptation of skeletal muscle. Furthermore, post-exercise AS160Ser588 phosphorylation

decreased in an exercise-intensity and post-exercise time-course dependent manner.

Introduction
High-intensityinterval-exercise(HIIE) andsprint-intervalexercise(SIE)arereportedto elicit
comparable,andin somecases,greaterimprovementsin measuresof glycemiccontrol,oxida-
tivestress,andmitochondrialbiogenesis,comparedto continuousmoderate-intensityexercise
(CMIE) [1±5].Themechanismsfor improvedskeletalmuscleadaptationafterHIIE andSIE
areunclear,but mayinvolveexercise-inducedstressproteinkinasesignaling[6±9].

Physicalinactivity andexcessadiposetissuecanleadto thesustainedactivationof mito-
genandstress-activatedproteinkinases(SAPK),in-part throughincreasedmitochondrial
electronleakandthesubsequentproductionof reactiveoxygenspecies(ROS)[10,11].
Important ROSsensitiveSAPKproteinsincludec-JunN-terminal kinases(JNK),p38mito-
gen-activatedproteinkinases(p38MAPK), andnuclearfactorkappa-light-chain-enhancer
of activatedB cells(NF-��B).Sustainedactivationof theseproteinsignalingpathwaysleadsto
impairedinsulin sensitivityin part throughserinephosphorylationof theinsulin receptor
substrate1 (IRS-1),IRS-1degradationandattenuationof distalinsulin signalingproteins
suchasAkt substrate160(AS160)[11±13].Paradoxically,acuteexercisealsoresultsin
increasedROSproduction[14], albeittransientlyandpredominantlythroughNADPH oxi-
dasesuperoxideanionproduction[15], which is reportedto contributeto thetransientacti-
vationof SAPKsignalingin skeletalmuscle[16]. In contrastto thesustainedactivationof
SAPKsignaling,thetransientactivationfollowingacuteexercisecoincideswith greater
AS160phosphorylationpost-exerciseandimprovedinsulin sensitivity[17±19].Further-
more,exercise-inducedSAPKsignalingis alsolinked to theactivationof skeletalmuscle
transcriptionfactorsandcoactivatorsthat leadto skeletalmuscleadaptationandlong-term
improvementsin cardiometabolichealth[2, 5,16,20].

AlthoughHIIE andSIEtraining arereportedto elicit equivalentandin somecasessuperior
exercise-mediatedcardiometabolicadaptationswhencomparedto CMIE [1, 2,5], theeffects
of acuteHIIE andSIEon post-exerciseskeletalmuscleSAPKsignalingareequivocal.For
example,greatermetabolicfluctuationsinducedthroughintermittent exerciseareconsidered
to elicit greaterpost-exercisep38MAPK phosphorylation[21]. However,previousstudies
havereportedsimilarexercise-inducedp38MAPK phosphorylationafteracutework-matched
HIIE, SIE,andcontinuousexercise[22,23].Theeffectsof low-volumeSIE,comparedto
higher-volumeHIIE work-matchedto continuousexerciseof moderate-intensity,on post-
exerciseskeletalmusclep38MAPK phosphorylationareunknown.Furthermore,skeletalmus-
cleJNKandNF-��B phosphorylationandpost-exerciseinsulin proteinsignalinghaveyetto be
exploredafteracuteHIIE andSIE.

Wecomparedtheeffectsof asinglesessionof HIIE, SIE,andCMIE work-matchedto the
HIIE, on skeletalmuscleSAPKandinsulin proteinsignaling.It washypothesizedthatSIEand
HIIE wouldelicit greaterskeletalmuscleSAPKanddistalinsulin proteinsignaling.

Materials and methods

Participants
Eightrecreationallyactiveadults,6 malesand2 females,volunteeredto participatein this
randomizedcross-overstudy.Participantcharacteristicsarereportedin Table1.Exclusion
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criteria for participationincludedsmoking,musculoskeletalor otherconditionsthatprevent
dailyactivity,symptomaticor uncontrolledmetabolicor cardiovasculardisease,andfemales
takingoral contraception.To minimize theeffectof hormonalfluctuationson outcomemea-
sures,femalesweretestedin theearlyfollicular phaseof themenstrualcycle(2±7daysafter
theonsetof menses).Verbalandwritten explanationsaboutthestudywereprovidedprior
to obtainingwritten informedconsent.Thisstudywasapprovedby theVictoria University
HumanResearchEthicsCommitteeandcarriedout in accordancewith TheCodeof Ethics
of theWorld MedicalAssociation(Declarationof Helsinki) for experimentsinvolving
humans[24].

Participantswereaskedto abstainfrom physicalactivity(~72hours),alcoholandcaffeine
consumption(~24hours)prior to eachtrial. Twenty-fourhoursbeforetheir first trial volun-
teerswereaskedto consumetheir habitualdietwhichwasrecordedin adietdiaryandrepli-
catedin their subsequenttrials.Participantscompletedascreeningsessionprior to completing
thethreedifferentexerciseprotocolsin arandomizedcrossoverfashion,separatedbyamini-
mum of 1 weekfor malesand~4 weeksfor females(Fig1).

Screening and preliminary testing
Participantswerescreenedviaamedicalhistoryandrisk assessmentquestionnaire.Eligible
participantsunderwentanthropometricmeasurement(heightandweight)andcompleteda
gradedexercisetest(GXT) on acycleergometer(Velotron,USA)to measurepeakaerobic
capacity(VO2peak) andmaximalpoweroutput (Wmax). TheGXT protocolconsistedof 1-min-
utecyclingstagesat50wattswhich increasedby25wattseveryminuteuntil participantswere
unableto maintainacyclingcadenceof 60RPMor greater.Expiredgaseswerecollectedand
analyzedviaanindirect calorimetrysystem(MoxusModularVO2 System,USA).TheWmax

obtainedduring theGXT wasusedto calculatetheworkloadfor thethreeexerciseprotocols.

Experimental phase
On threeseparateoccasionsparticipantsreportedto thelaboratoryin themorning afteran
overnightfast.A restingmusclebiopsyandvenousbloodsampleweretakenprior to partici-
pantsundergoingtheir randomizedexerciseprotocol(SIE,HIIE or CMIE). Immediatelyfol-
lowing theacutesessionof exercise,amusclebiopsyandvenousbloodsampleweretaken,and
participantsrestedon abedfor threehours.A third musclebiopsywastaken3 hoursafter
exerciseandvenousbloodsamplesweretakenin themiddleof theexercisesession,immedi-
atelyafterexercise,and10minutes,30minutes,1 hour,2hoursand3 hoursafterexercise.

Table 1. Descripti ve characterist ics of participan ts.

Variable N = 8

Participants 6 males and 2 females

Age (years) 25 �“ 2

Height (cm) 179.3 �“ 2.9

Weight 79.4 �“ 2.1

BMI (kg�m-2) 25 �“ 1

Wmax during GXT (W) 327 �“ 25

Max heart rate during GXT (BPM) 183 �“ 4

VO2max (ml�kg-1�min-1) 48.4 �“ 4.0

Values are mean �“ SEM.

doi:10.1371/journal.pone.0171613.t001
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Exercise protocols
All exercisesessionswereperformedon aVelotroncycleergometer.TheSIEprotocolcon-
sistedof 4 x 30secondall-out (Wingate)cyclingsprints,interspersedwith 4.5-minutepassive
recoveryperiods.Pedalingresistancefor theSIEwasdeterminedasatorquefactorrelativeto
bodymasswhichwasoptimizedduring thefamiliarizationsession.TheHIIE protocolcon-
sistedof 5 x 4-minutecyclingboutsat75%of Wmax(~77%of VO2peak), interspersedwith
1-minutepassiverecoveryperiods.TheCMIE protocolconsistedof continuouscyclingfor 30
minutesat50%of Wmax(~54%of VO2peak), equatingto thesametotalwork performed
(294� 23kJ)in theHIIE protocol.

Skeletal muscle and blood sampling
Musclesampleswereobtainedfrom thevastuslateralisunderlocalanesthesia(Xylocaine1%,
AstraZeneca,Australia)utilizing aBergstroÈm needlewith suction[25]. Thesampleswere
immediatelyfrozenin liquid nitrogenandstoredat -80ÊCuntil analysis.Venousbloodwas
collectedfrom anantecubitalveinviaanintravenouscannulaandanalyzedimmediatelyfor
bloodglucoseandlactateusinganautomatedanalysissystem(YSI2300STATPlus� Glucose
& LactateAnalyzer).

Fig 1. Schem atic overview of research methodolog y. After initial screening and determination of Wmax and VO2peak, participants
underwent three exercise sessions, separated by 7±14 days (~28 days for females), in a randomized crossover fashion. Venous
blood and skeletal muscle samples were taken at time-points indicated in the figure. CMIE: continuous moderate-intensity exercise.
HIIE: high-intensity interval exercise. SIE: sprint interval exercise. GXT: graded exercise test.

doi:10.1371/journal.pone.0171613.g001
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Skeletal muscle protein analysis
To avoidthepotentiallossof totalcellularproteinthatcanoccurwith centrifugation[26,27],
phosphorylationandabundanceof specificproteinsin wholemusclelysateweredetermined
with all constituentspresent(i.e.no centrifugation).Wholemusclelysatewasanalyzedasprevi-
ouslyreported[19]. In brief,thirty cryosectionsof skeletalmuscle(20�m) werehomogenizedin
buffer(0.125MTRIS-HCL[pH 6.8],4%SDS,10%Glycerol,10mMEGTA,0.1MDTT, andwith
0.1%v/v proteaseandphosphataseinhibitor cocktail[#P8340and#P5726,SigmaAldrich]).
Totalproteincontentof musclelysatewasdeterminedusingthecommerciallyavailableRed660
ProteinAssaykit with SDSneutralizerasperthemanufacturer'sinstructions(Red660,G-Biosci-
ences,St.Louis,MO, USA).Eight�g of proteinwaspreparedin 3 �l of Bromophenolblue(1%),
heatedfor 5minutesat95ÊCandseparatedby7.5%Criterion� TGX� Pre-CastGels.Thesepa-
ratedproteinsweretransferredto apolyvinylidenedifluoridemembraneandblockedwith Tris-
BufferedSaline-Tween(TBST)and5%skimmilk for 1hour.Membraneswerewashed(4x 5
minutes)with TBSTandincubatedat4ÊCovernightwith thefollowingprimaryantibodies:phos-
pho-SAPK/JNK(Thr183/Tyr185;CST#9251),SAPK/JNK(CST#9252),phospho-p38MAPK
(Thr180/Tyr182;CST#9211),p38MAPK (CST#9212),phospho-NF-��Bp65(Ser536;CST
#3033),NF-��Bp65(CST#8242),I��B�� (CST#4814),phospho-IRS-1(Ser307in human;CST
#2384),phospho-AS160(Ser588;CST#8730),AS160(CST#2447),phospho-Akt(Ser473;CST
#9271),Akt (#9272),andIRS-1(Millipore, 06±248).After incubation,membraneswerewashed
with TBSTandincubatedfor 1hour atroom temperaturewith appropriatedilutionsof horserad-
ishperoxidaseconjugatedsecondaryantibody.Membraneswerere-washedandincubatedin
SuperSignalWestFemtoMaximumSensitivitysubstratefor 5minutesprior to imaging.After
imaging,membraneswerestainedviaamodifiedCoomassiestainingprotocol[19].All densi-
tometryvaluesareexpressedrelativeto apooledinternalstandardandnormalizedto thetotal
proteincontentof eachlaneobtainedfrom themodifiedCoomassiestainingprotocol.Where
appropriate,phosphorylatedproteinsareexpressedrelativeto specifictotalproteincontent.

Statistical analysis
Datawerecheckedfor normality andanalyzedusingPredictiveAnalyticsSoftware(PASW
v20,SPSSInc.,Chicago,WI, USA).Comparisonsof multiple meanswereexaminedusinga
repeatedmeasuresanalysisof variance(exerciseprotocolx time point). Posthocanalysisof
significantinteractionandmaineffectswereperformedusingFisher'sprotectedLSDtest.All
dataarereportedasmean� standarderror of mean(SEM)andstatisticalanalysisconducted
at the95%levelof significance(p�0.05). Trendswerereportedwhenp-valuesweregreater
than0.05andlessthan0.1.

Results

Blood glucose and lactate
Significantinteractioneffects(p<0.05)weredetectedfor bloodglucoseandlactate(p<0.05).
Post-hocanalysisrevealedthatcomparedto baseline,bloodglucosewassignificantlyelevated
(p<0.05)afterHIIE, andto thegreatestextentafterSIE(Fig2).Furthermore,post-hocanalysis
revealedthatcomparedto baseline,bloodlactatewaselevatedafterCMIE, HIIE, andto the
greatestextentafterSIE(Fig2).

Skeletal muscle SAPK signaling
A significantinteractioneffect(p < 0.05)wasdetectedfor NF-��Bp65phosphorylation.Post-
hocanalysisrevealedsignificantlygreater(p < 0.05)NF-��Bp65phosphorylationimmediately
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Fig 2. Blood lactate and blood glucose during and after exercise. (A) Blood lactate and (B) blood
glucose response to high-intensity interval exercise (HIIE), sprint-interval exercise (SIE), and continuous
moderate-intensity exercise (CMIE). a = p �� 0.05 compared to baseline. Significantly different (p �� 0.05) at
equivalent time point vs # = CMIE and ² = HIIE

doi:10.1371/journal.pone.0171613.g002

Exercise-intensity, stress kinase and insulin protein signaling
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afterSIEcomparedto baseline,andgreaterphosphorylationimmediatelyafterSIEcompared
to bothHIIE andCMIE (Fig3).Main time effects(p < 0.05)revealedgreaterphosphorylation
of p38MAPK immediatelyafterexercise,andgreaterJNKphosphorylationimmediatelyafter
and3 hoursafterexercisecomparedto baseline(Fig3).Main time effects(p < 0.05)revealed
lowerproteinabundanceof I��B�� immediatelyand3 hoursafterexercisecomparedto baseline
(Fig3).

Fig 3. Skeletal muscle SAPK signaling . Skeletal muscle protein phosphorylation relative to total protein content of (A) JNKThr183/

Tyr185, (B) NF-��B p65Ser536, (C) p38 MAPKThr180/Tyr182, and total protein content of (D) I��B�. relative to Coomassie protein content,
after high-intensity interval exercise (HIIE), sprint interval exercise (SIE), and continuous moderate-intensity exercise (CMIE).
a = p �� 0.05 compared to baseline; b = p �� 0.05 compared to post-exercise. Significantly different (p �� 0.05) at equivalent time point vs
# = CMIE and ² = HIIE.

doi:10.1371/journal.pone.0171613.g003
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Skeletal muscle insulin protein signaling
A significantinteractioneffect(p < 0.05)wasdetectedfor IRS-1Ser307phosphorylation.Post-
hocanalysisrevealedsignificantlygreaterIRS-1Ser307phosphorylationimmediatelyafterall
exercisebouts,andtherewasatrend for this to remainelevatedat3 hoursafterCMIE only
(Fig4).IRS-1Ser307phosphorylationwassignificantlygreaterimmediatelyafterHIIE compared

Fig 4. Skeletal muscle insulin protein signaling. Skeletal muscle total IRS-1 content (B) and phosphorylation relative to total
protein content of (A) IRS-1Ser307, (C) AktSer473, and (D) AS160Ser588, after high-intensity interval exercise (HIIE), sprint interval
exercise (SIE), and continuous moderate-intensity exercise (CMIE). a = p �� 0.05 and (a) p��0.1 compared to baseline; b = p �� 0.05
and (b) p �� 0.1 compared to post-exercise. Significantly different (p �� 0.05) or trend (p �� 0.1 in parenthesis) at equivalent time point vs
# = CMIE and ² = HIIE.

doi:10.1371/journal.pone.0171613.g004

Exercise-intensity, stress kinase and insulin protein signaling
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to CMIE, andgreater3hoursafterCMIE comparedto SIE.A significantinteractioneffect
(p < 0.001)wasdetectedfor AS160Ser588phosphorylation.Post-hocanalysisrevealedlower
phosphorylationof AS160Ser588immediatelyafterSIEandHIIE comparedto baseline,and3
hoursafterCMIE andHIIE comparedto baseline(Fig4).AS160Ser588phosphorylationwas
lowerimmediatelyafterSIEcomparedto HIIE andCMIE, andwashigher3 hoursafterSIE
comparedto CMIE. Phosphorylationof AktSer473waslowerimmediatelyafterexercisecom-
paredto baselineandtendedto remainlower3 hoursafterexercise(Fig4).Despiteincreased
IRS-1Ser307phosphorylation,total IRS-1proteinwasnot significantlyinfluencedbyexercise
(Fig4).

Discussion
Wereport thatasinglesessionof SIEelicitedgreaterskeletalmuscleNF-��B p65phosphoryla-
tion comparedto HIIE andCMIE, asimilar increasein JNKandp38MAPK phosphorylation,
andasimilardecreasein skeletalmuscleI��B�� proteincontent.Thus,despiteconsistingof less
totalwork thanCMIE andHIIE, SIEprovedto beaneffectivestimulusfor theactivationof
stressproteinkinasesignalingpathwayslinked to exercise-mediatedadaptationof skeletal
muscle.

Exercise intensity and skeletal muscle SAPK signaling
NF-��B p65phosphorylationin humanskeletalmusclewasincreasedimmediatelyafterSIE,
but not afterCMIE or HIIE. It isunclearwhyNF-��B p65phosphorylationwasnot increased
afterCMIE or HIIE, asNF-��Bactivity/phosphorylation is increasedin skeletalmuscleof
rodentsafter1 hour of swimmingandtreadmillexercise[7, 28].It ispossiblethatonly intense
supramaximalexerciseprovidessufficientstimulusto increaseNF-��B p65phosphorylationin
humanskeletalmuscleimmediatelyafterexercise.In support,Petersen�� ��. [29] reportedno
changein humanskeletalmuscleNF-��B p65phosphorylationimmediatelyafter45-minutesof
continuouscycling(71%VO2peak) or aftercyclingto exhaustion(92%VO2peak). In addition to
NF-��B p65phosphorylation,transcriptionalactivityof NF-��B requiresubiquitin-dependent
I��B�� proteindegradation,aprocesswhichpermitsinactivecytosolicNF-��B to translocateto
thenucleus[30,31].Our findingsalignwith othersreportingdecreasedI��B�� proteinabun-
dancein skeletalmuscleafteracuteexercise[19,29,32].Thisdecreaseappearsto occurinde-
pendentof NF-��B p65phosphorylationandexercise-intensity.It ispossiblethatour biopsy
samplingtimesmaynot havecapturedpeakNF-��B phosphorylationwith CMIE andHIIE,
whichis increasedonehour afterHIIE in humanskeletalmuscle[19], andis reportedto peak
1±2hoursafterexercisein humanPBMC[31] andrat skeletalmuscle[33].

Attenuationof theexercise-inducedskeletalmuscleNF-��B p65signalingresponsein
humansandrodents,viaallopurinol,apocynin,or n-acetylcysteinetreatment/ingestion,coin-
cideswith attenuationof PGC-1��,manganesesuperoxidedismutase,glutathioneperoxidase,
citratesynthase,andmitochondrialtranscriptionfactorA geneexpression[6, 7,29].Assuch,
greaterNF-��B p65phosphorylationafteracuteSIEmaycontributeto theequivalentor supe-
rior skeletalmuscleandcardiometabolicadaptationspreviouslyreportedwith SIEtraining [1].

Thep38MAPK andJNKsignalingpathwaysplayanimportant role in exercise-mediated
mitochondrialbiogenesisandantioxidantdefenseupregulation[34±38].Weprovideevidence
thatJNKandp38MAPK phosphorylationareincreasedto asimilarextentafterSIE,CMIE,
andHIIE work-matchedto CMIE. Thesefindingssupportpreviousreportsof similarpost-
exercisep38MAPK phosphorylationaftercontinuousexercisework-matchedto high-inten-
sitycontinuouscycling[39], HIIE [22], andSIE[23]. Furthermore,weshowedthatexercise-
inducedskeletalmuscleJNKphosphorylationin humansdoesnot appearto occurin an
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exercise-intensityand/orvolumemanner,contradictingpreviousreportsin rodents[40,41].
Recently,Combes�� ��. [21] reportedgreaterphosphorylationof p38MAPK in humanskeletal
musclewith intermittent cycling(30x 1-min intervalsat70%VO2peak; 1-minuterecovery
periods)comparedto work andintensitymatchedcontinuouscycling(30minutesat70%
VO2peak). It wasproposedthat increasedoscillationsof thecytosolicNADH/NAD+ redox
state[42] elicitedthroughintermittent exercisemayplayalargerrole in p38MAPK signaling
comparedto themanipulationof exercisevolumeor intensity.It ispossiblethat themetabolic
demandsinducedthroughHIIE andSIEin thisandotherstudieswereinsufficientto increase
p38MAPK, andpotentiallyJNKphosphorylation,abovethatof continuousexercise[22,23].
Furtherresearchis requiredto confirm thesefindingswith exerciseprotocolsthat incorporate
greatermetabolicdisturbances.

Thepresentfindingssuggestthatsuperiorskeletalmuscleadaptationpreviouslyreported
with HIIE andSIEwhencomparedto CMIE [1, 2,4,5], mayoccurthroughproteinsignaling
pathwaysindependentof p38MAPK andJNK.Nevertheless,SIEconsistedof considerablyless
totalwork thanHIIE andCMIE, andthereforeappearsto beaneffectiveexercisemodefor
stimulatingpost-exerciseskeletalmusclephosphorylationof p38MAPK, JNK,andin particu-
lar NF-��B p65.

Exercise-intensity and phosphorylation of skeletal muscle insulin protein
signaling
Weprovideevidencethat IRS-1Ser307phosphorylationis increasedimmediatelyafterCMIE
andSIE,andto agreaterextentafterHIIE. Interestingly,IRS-1Ser307phosphorylationwassimi-
lar to baseline3 hoursafterHIIE andSIE.Thephysiologicalroleof IRS-1Ser307phosphoryla-
tion isunclear,asit is reportedto bothpositivelyandnegativelyregulatedownstreaminsulin
signalingandglucoseuptake[19,43].AktSer473phosphorylation,which isdownstreamof IRS-
1,decreasedto asimilarextentafterall exerciseprotocols.Surprisingly,further probingof the
distalinsulin signalingcascaderevealedthatphosphorylationof AS160Ser588wasattenuatedin
anexercise-intensityandpost-exercisetime-coursedependentmanner.

Phosphorylationof AS160(alsoknownasTBC1D4)resultsin GTPloadingandactivation
of Rabs,releasingGLUT4vesiclesfrom intracellularcompartmentsandpromotingGLUT4
vesicleplasmamembranedockingandglucoseuptake[44]. Serine588specificphosphoryla-
tion of AS160increaseswith humanskeletalmusclecontraction,insulin stimulationviathe
hyperinsulinaemic-euglycaemicclamp,andmayplayarole in theacutepost-exerciseenhance-
mentof insulin sensitivity[17,19,45,46].Previousresearchisequivocal,with studiesreport-
ing no change[47,48]or increasedphosphorylationof AS160Ser588afterexercisein both
rodentsandhumans[17,19,49,50].Wearethefirst to reportdecreasedAS160Ser588phos-
phorylationimmediatelyafterSIEandHIIE. UsingthePAS160antibody,whichprimarily
detectsAS160Thr642but alsoAS160Ser588[51,52],Treebak�� ��. [53] alsoreportedadecreasein
AS160phosphorylationimmediatelyafterhigh-intensitycontinuouscyclingexercise(20min-
utes,80%VO2peak), whereasphosphorylationwasunchangedimmediatelyafterCMIE (30
mins,~67%VO2peak). WeextendpreviousfindingsbyreportingthatAS160Ser588phosphoryla-
tion issimilar to baseline3 hoursafterSIE,but remainslowerafterHIIE andCMIE.

Themechanismfor thesubstantialdecreasein AS160Ser588phosphorylationimmediately
afterSIEisunclear.Thereportedelevationin bloodglucoseduring andimmediatelyafterSIE,
andto alesserextentafterHIIE, suggestsatransientcounter-regulatoryhormonalresponse
previouslyreportedafterhigher-intensityexercise[54]. Certainly,resistanceexerciseand
extrememuscledamagingexerciseinhibit insulin proteinsignaling[55,56],likely through
mTORinhibition of thePI3Ksignalingpathway[57]. However,mTORsignalingdoesnot
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appearto beactivatedfollowingacuteSIE[9]. Alternatively,excessROSsuchashydrogenper-
oxidemayoverridethepotentiationof insulin signalingthroughtheinactivationof protein
tyrosinephosphatases[58±60],by increasingJNKandNF-��B mediatedinhibition of the
PI3K/Akt signalingpathway[61,62].In TNF-��/NF-��B inducedinsulin resistanthumanmyo-
tubes,targetedinterferenceof theNF-��B signalingpathwayrestoresinsulin stimulatedAS160
andAkt phosphorylationandglucoseuptake,despiteminimal effecton JNKphosphorylation
[13]. Takentogether,it ispossiblethatSIEinducedNF-��B signalingmaytransientlysuppress
AS160phosphorylationimmediatelyafterexercise.Whetherthedifferentialeffectof exercise-
intensityon post-exerciseAS160(Ser588)phosphorylationoccursatotherAS160phosphoryla-
tion sites,andwhetherthesechangeseffectpost-exerciseinsulin sensitivity,areunknownand
warrantfurther investigation.

Limitations
A potentiallimitation of thestudyisasmallsamplesize.However,previousinvasivehuman
studieshaveusedsimilarsamplesizesto detectsignificantchangesin SAPKsignaling[21,29,
63].Thecombinedanalysisof bothmalesandfemalesmaylimit interpretationof theresults.
Nevertheless,exercise-inducedp38MAPK proteinsignalingappearto besimilarbetween
sexes[64]. Furthermore,in thecurrentstudywedid not undertakesubcellularfractionation,
immunohistochemistry,and/ordirectmeasurementsof kinaseactivitydueto limited tissue
availability.Proteinkinasesignalingis reportedto bespatial-temporallysensitive[30,65]and
assuchfuturestudiesarerequiredto determinethesubcellularlocalizationof proteinkinase
phosphorylationandkinaseactivitybeforeandafterexerciseof differentintensitiesandmode.
It isalsoimportant to notethat theacuteactivationof proteinsignalingpathwaysin skeletal
muscledo not alwaysreflectfunctionalchangesin proteinsynthesisand/oradaptationswith
chronicexercisetraining [23,66].Finally,findingsin thisstudyaredelimitedto youngrecrea-
tionallyactiveadults,thespecificexercise-protocolsinvestigated,andtheinvestigationof asin-
glesessionof exercise.Futureresearchis requiredto confirm thesefindingswith subsequent
boutsof exerciseoveralongerperiodof time, in morediversepopulationswith differentexer-
ciseprotocols.

Conclusions
Thesefindingsdemonstratethatp38MAPK andJNKphosphorylationincreaseto asimilar
extentafterCMIE, HIIE andSIE.On theotherhand,skeletalmuscleNF-��B phosphorylation
wasmoreresponsiveto intenseexercise.WhethergreaterNF-��B phosphorylationpost-SIE
contributesto thepreviouslyreportedsuperiorbenefitsof SIEon skeletalmuscleadaption
warrantsfurther investigation.Surprisingly,only CMIE andHIIE elicitedadecreasein phos-
phorylationof thedownstreamglucoseuptakesignalingproteinAS160threehoursafterexer-
cise,despitesubstantiallylowerAS160phosphorylationimmediatelyafterSIE.Thesefindings
indicatethat thetime courseof post-exerciseAS160phosphorylation,animportant regulator
of contractionandinsulin-stimulatedglucoseuptake,is influencedin anexercise-intensity
dependentmanner.Takentogether,exercise-intensityplaysarole in regulatingthecomplex
SAPKsignalingpathwayswhichareknownto beinvolvedin theadaptivecardiometabolic
responsesto exercise.
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