


demonstratedthatexceptfor theelevatedratesof energyexpenditure,thereductionin weight
gainsof animalsfedwith MCT werepossiblydueto sympatheticactivationof brown fat ther-
mogenesis[7]. Furthermore,additionof thecombinationof chilli andMCT to mealsincreased
diet-inducedthermogenesisbyover50%in heathynormal-weighthumans[8].

HumanandrodentstudieshaveshownthatMCT alsoplayarole in food intakeandsatiety
[9]. A humanstudyconductedin overweightmendemonstratedthatMCT consumption
reducedfood intakeacutelyin aglucagon-likepeptide(GLP)-1,peptideYY (PYY)andinsulin
independentpathway[10]. Energyintakein normal-weightmenat lunchwassignificantly
loweraftertheMCT-containingbreakfastthanafterall otherbreakfastsin aclinical trial of
establishingtheinfluenceof chainlengthandsatiety[11]. Brayetal.observedthat ratsfed
with dietscontainingMCT consumelessfoodcomparedwith thosefedwith longchaintri-
glycerides(LCT) containingfood[12].

While healthbenefitsfrom MCT seemto occur,theroleof MCT in musclefunction and
exerciseperformancehasnot beenestablishedyet[9]. Here,weprovidethefirst handevidence
thatMCT improvesheatinduceddeficiencyin exerciseperformancein micethroughtheacti-
vationof glucoseandlipid metabolismpathwaysandmitochondrialbiogenesisin theskeletal
muscles.

Materials and methods

Animals

MaleICRmice(12-week-old)werepurchasedfrom Centerof experimentalanimals,Second
Military MedicalUniversity(Shanghai,China).Animalswerehousedatambienttemperature
(23±25ÊC)underastandard12-hlight-darkcycle(lightson at7 AM) with accessto foodand
wateradlibitum. Micewererandomlydividedinto 3 groups(n = 10)andfedwith regular
chow(containing20%protein,70%carbohydrateand10%of fat) or MCT diet (with 11.6g/kg
of MCT addedto theregularchow)for 7 daysbeforetraining started.

Exercise studies

Fornormal temperatureexercise,miceweretrainedon thetreadmillataspeedof 14m/min
daily for aperiodof 2weeks.Micewerealsotrainedon rotatingrod (rotarod) for 15min
(speed16-20r/minatbeginningandincreasedto 32r/min thereafter)atday1 and8.For the
high temperatureexercisestudy,micewereaccommodatedathigh temperaturechamber
(32ÊC)for 1 hour followedby1 hour of exercisein thechamberatday1±3.Thetemperature
wasincreasedto 34ÊCin day4±6andfurther increased36ÊCin day7±14.Theexercisewas
achievedataspeedof 14m/min on thetreadmill.At day1 and8,miceweresubjectedto a
rotarodtraining for 15min usingthesameprotocolasin normal temperaturegroups.On day
15,all micewererun on thetreadmill for 1 hour followedbyrotaroduntil exhaustion.The
running time for eachmouseon rotarodwasrecorded.Thestudyprotocolwasreviewedand
approvedby theInstitutional Animal CareandUseCommitteesof theSecondMilitary Medi-
calUniversity.

RNA extraction and real-time PCR

SkeletalmuscletotalRNA wasextractedusingtheTrizol (Invitrogen).First-strandcDNA was
synthesizedfrom 1μgof RNA (M-MLV FirstStrandcDNA SynthesisKit; TiangenBiotech,
Beijing,China)accordingto themanufacturer'sinstructions.Real-timePCRwascarriedout
in a10-μl reactionmixture (SYBRgreenmasterMix; LifeTech)containing1μl of thediluted
(1:10)first-strandcDNA, andtheresultswerenormalizedto actin usingΔΔCT.Thesequences
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of theprimersusedfor amplificationof mousetfam(mitochondrialtranscriptionfactorA),
uqcrc(Ubiquinol Cytochromec Reductase),cox5b(Cytochromec oxidase5B)pgc-1a (peroxi-
some proliferative activated receptor gamma coactivator 1 alpha),ATP5A (mitochondrial mem-
brane ATP synthase), tgf-β (transforming growth factor beta), smad3 andactin arelistedin
S1Table.

Immunoblotting

Skeletalmuscleswerehomogenizedin RIPAbuffer(50mM Tris,pH 7.4,150mM NaCl,1%
Triton X-100,and0.1%SDS)containingproteinaseinhibitors (Roche).Twentymicrograms
of totalproteinwasresolvedon 10%SDS-PAGEandthentransferredto polyvinylidenefluo-
ride membranes.Themembraneswereblockedwith 5%non-fatdry milk in Tris-buffered
salinewith Tween20(TBS-T)for 1 h at room temperature.Antibodies(proteinkinaseB/Akt,
p-Akt Ser473,AMP-activatedproteinkinase(AMPK), pAMPK,Smad3andβ-Actin were
from CellSignalingTechnologies;mTOR,p-mTOR,TGF-βandATP-5awerepurchasedfrom
Abcam;andPGC-1αwasobtainedfrom SantaCruz)diluted in TBS-Tcontaining5%of BSA
wereaddedto themembranesandincubatedovernightat4ÊC.Themembraneswerewashed
threetimeswith TBS-Tandincubatedwith horseradishperoxidase(HRP)-conjugatedsecond-
aryantibodiesfor 1h at room temperature.SignalsdetectedusingtheSuperSignalWestDura
extendedthedurationsubstrate(ThermoScientific,Rockford,IL).

Statistical analysis

All reporteddataarepresentedasmeans± standarderror of themean(SEM).Whencompar-
ing two groupsbetweencontrol andMCT, independenttwo-tailedt-testwasused.Dynamic
comparisonfor bodyweight,GraphPad5.0two-wayANOVA (group× time) wasused.For
eachstatisticallysignificantFvalueobservedfor themaineffector interaction,atwo-tailed
posthoctest(Tukey's)wasappliedto determineindividual differencesbetweenmeans.Differ-
enceswereconsideredto bestatisticallysignificantatP� 0.05for primary outcomesand
P� 0.01for secondaryoutcomes.

Results

MCT does not affect body weight and food intake

Twelve-week-oldICRmicewerefedwith regularchowwith or without thesupplementalof
MCT for 21days.Themicewerealsotrainedfor exerciseunderroom temperatureor high
temperaturein thelast14days.Our datademonstratedthatMCT feedingdoesnot affectbody
weight(Fig1A) andfood intake(Fig1B)underhigh temperaturecondition.Wealsofound
that thelevelsbloodglucoseandserumtriglycerides(TG) arenot changedbyMCT (datanot
shown).

MCT enhances exercise performance under high temperature condition

To assesstheeffectof MCT on exerciseperformance,wetrainedthemicefor exerciseusing
treadmill for 14daysundernormalor high temperature.Wethenevaluatedtherunning
enduranceof themiceusingrotarodperformancetest.Weshowedthat theexerciseperfor-
manceissignificantlydecreasedin high temperatureenvironment,whilemicefedwith MCT
containingdiet havemuchbetterperformancecomparedto theregularchowdiet fedmice
(Fig1C).Weobservedamorethan2-fold increasein running time thatunderhigh tempera-
ture.Thisdemonstratedarescueof heatinduceddeficiencyin exerciseandpossiblyskeletal
musclefunction byMCT.
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MCT increases mitochondrial biogenesis and metabolism

Mitochondriaaretheprimary energysourcefor skeletalmusclecontraction.To elucidateif
theincreasedexerciseperformancebyMCT in micecouldbearesultof increasedmitochon-
drial massandfunction,weevaluatedthelevelsof mRNA andprotein that involvedin mito-
chondrialbiogenesisandrespiratorychain.Asshownin Fig2A,geneexpressionlevelsof tfam
(mitochondrialtranscriptionfactorA), amarkerof mitochondrialbiogenesis,uqcrc (Ubiqui-
nol Cytochromec Reductase),arespiratorychainproteinon complexIII, cox5b (Cytochrome
c oxidase5B),thelastenzymein themitochondrialelectrontransportchainin complexIV,
peroxisomeproliferativeactivatedreceptorgammacoactivator1 alpha(PGC-1α),akeyregu-
lator of energymetabolismandmitochondrialmembraneATPsynthase(ATP5α)weresignifi-
cantlyupregulatedbyMCT. Wealsoobservedasignificantincreasein protein levelof PGC-
1αandATP5α(Fig2Band2C).TheseindicatethatMCT improvesskeletalmusclefunction
throughtheinduction of mitochondrialbiogenesisandmetabolismunderhigh temperature
condition.

MCT activates Akt and AMPK signaling pathways

Mitochondrial biogenesisandmetabolismareregulatedbymanysignalingpathwaysincluding
Akt andAMPK signaling,thebest-characterizedproteinkinasesknownto targetPGC-1α.To
elucidatewhethertheincreasedmitochondrialbiogenesisandmetabolismbywhichMCT are
mediatedthroughtheactivationAKt andAMPK pathways,weisolatedtheskeletalmuscle
(quadriceps)from themiceandanalyzedthemetabolicpathways.Indeed,wefound thatAkt
signalingisactivatedbyMCT (Fig3A and3B).This isdemonstratedby increasedlevelsin
both totalandphosphorylatedAkt andmTOR(Fig3A and3B).Theresultsalsoshowedthat
MCT increasestotalandphosphorylatedAMPK levelsin theskeletalmuscle.Thesedemon-
stratethat theincreasedmitochondrialbiogenesisandmetabolismismediatedthroughthe
activationof Akt andAMPK signalingpathways.

MCT downregulates TGF-β signaling

ThemitochondrialbiogenesisandmetabolismarealsonegativelycontrolledbyTGF-βsignal-
ing.To elucidatewhetherMCT alsocontrolsTGF-βsignaling,weperformedrealtime PCR
andimmunoblot studiesusingtheskeletalmuscletissue,andwefound thatbothgeneexpres-
sion(Fig4A) andprotein (Fig4Band4D) Smad3,akeymediatorof TGF-βsignalingare
inhibited byMCT. Wealsoobservedanupregulationof TGF-β in bothmRNA (Fig4C)and

Fig 1. Body weight (A), food intake (B) and running endurance (C) of mice fedwith chowdietor MCT containingdietundernormalandhightemperature
conditions.N.S.no significantdifference,#p<0.05,�� p<0.01.

https://doi.org/10.1371/journal.pone.0191182.g001

MCT and exercise

PLOS ONE | https://doi.org/10.1371/journal.pone.0191182 February 8, 2018 4 / 11

https://doi.org/10.1371/journal.pone.0191182.g001
https://doi.org/10.1371/journal.pone.0191182


protein (Fig4Band4D) levels.Wethink that this isacompensatoryresponseof thehuge
reductionin Smad3.

Discussion

In studiespresentedhere,wedemonstratedthatMCT improveshigh temperatureinduced
defectin exerciseperformanceandskeletalmusclefunction in mice.Thiswasalsocoupledwith
theactivationof Akt andAMPK signalingpathways,inhibition of TGF-βsignalingandsubse-
quentincreasein mitochondrialbiogenesisandmetabolismin theskeletalmuscle(Fig5).

Our resultsareconsistentwith recentfindingson MCT, in combinationwith leucineand
vitamin D, increasemusclestrengthandfunction in human[13]. Theauthorsreportedthat
thecombinationof MCT, but not LCT, leucineandvitamin D, increasesbodyweight,right-
handgrip strength,walkingspeed,legopen-and-closetestperformanceandpeakcompareto
thecontrol groupin a3-monthtrial in frail elderlyindividuals[13]. However,becauseof the
missingof MCT only group,theexactroleof MCT in musclestrengthandfunction couldnot
beconcluded[13]. It is reportedthatMCT doesnot providebeneficialeffectto exerciseperfor-
manceundernormalcondition in humans[9,14,15],but it unclearif this isalsotrueunder
stresscondition,suchasheatstress,whentheexerciseperformanceandcapacityareimpaired
[16]. Thus,weinvestigatedtheeffectsof MCT on hot environmentsinduceddecreasein exer-
cisecapacity.Our studydemonstratedthatMCT preservesheatstressinduced-exerciseper-
formanceandcapacityimpairmentin mice.

Fig 2. MCT increases mitochondrial biogenesis and metabolism under high temperature. Geneexpression (A) and
protein(B) levelsfor mitochondrialbiogenesisandmetabolismmarkers in theskeletalmuscle.C:quantificationof the
immunoblot. �� p<0.01,��� P<0.001.

https://doi.org/10.1371/journal.pone.0191182.g002
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MCT hasbeenreportedto playarole in reducingbodyweightcomparedto LCT feeding
groupin bothhumansandrodents[17,18].Weshowedthat thereisno significantdifferences
betweengroupsin bodyweight.This isconsistentwith thepreviousfindingsdemonstrating
that thesignificantbodyweightchangeonly existswhencomparingMCT feedingmiceto
LCT but not chowdiet feedingmice[18]. Wethink that thismaybedueto 2 reasons:1) a
potentialprotectiveeffectof MCT mayexistto protectbodyagainstheatstressinduceddehy-
dration andweightloss;and2) apotentialincreasein musclemass.Furtherstudiesareneeded
to evaluatewhetherMCT supplementincreasesmusclemassespeciallyunderheatstress
condition.

Another intriguing finding of thecurrentinvestigationis theincreasedmitochondrialbio-
genesisandmetabolismbyMCT in vivo.Mitochondriaarethekeyorganellefor completeoxi-
dationof glucoseandfattyacidandATPgeneration,themostcritical energysourcefor
musclecontraction.Thus,it isexpectedthat theincreasedrunning enduranceiscoupledwith
theincreasedenergyoutput from mitochondria,whichcouldbedueto theup-regulationof
mitochondrialmassor enhancedmitochondrialmetabolism.PGC-1αandTfamaremaster
regulatorsof mitochondrialbiogenesis[19±21].Increasedlevelsof PGC-1αandTfamin MCT
treatedmicesuggestsapositiveroleof MCT on mitochondrialbiogenesisin skeletalmuscle.
On theotherhand,exerciseisalsoanindependentregulatorfor mitochondrialbiogenesis
[22], thus,theincreasedmitochondrialbiogenesiscouldalsobearesultof increasedexercise
performancebyMCT. While enhancementin mitochondrialmetabolismthroughupregulat-
ing of enzymesin differentcomplexesin themitochondriabyMCT raisesthequestionof an
increasedoxidativestressin theskeletalmuscle,Montgomeryandcolleagueshavedemon-
stratedthatMCT isassociatedwith lowerlevelof reactiveoxygenspecies(ROS)in C2C12
musclecellsandmitochondriaisolatedfrom mousemuscletissue[18]. Theyalsoobservedless

Fig 3. MCT activates Akt and AMPK signaling pathways under high temperature. Immunoblot (A) andquantification (B) in skeletalmuscle.�� p<0.01.

https://doi.org/10.1371/journal.pone.0191182.g003
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accumulationof oxidativedamagedlipids andproteinsin MCT treatedgroup.In consistent
with thesereports,Saifudeenetal.alsodemonstratedthat4-monthof treatmentwith 5%of
MCT increasesfattyacidoxidation,reducedhypertrophyandoxidativestressalongwith the
maintenanceof energylevelin theheartin both2- and4-month-oldrats[23]. Thesesuggest
thatMCT promotemitochondrialmetabolismwithout generatingoxidativestressin theskele-
tal muscle.

Our mechanisticstudiesdemonstratedthat theincreasedmitochondrialbiogenesiscould
bedueto theactivationof Akt andAMPK signalingpathways.Thesearealsothemajorsignal-
ing pathwaysrelatedto glucoseandlipid metabolismin theskeletalmuscles.Approximately
70±80%of glucoseis takenup byskeletalmuscleandiseitherstoredasglycogenfor futureuse
or directlyoxidizedfor energy[24]. Theglucoseuptakeis regulatedby insulin, insulin receptor
andthedownstreamphosphorylationcascade.Akt is locatedat theheartof thiscascade,and
activationof Akt byphosphorylationleadsto thetranslocationof glucosetransporter4
(GLUT4)to theplasmamembraneto initiate glucoseuptake.Phosphorylationof Akt isalso
animportant indicatorof insulin sensitivityof theskeletalmuscle.Weshowin our studythat
MCT feedingsignificantlyenhancesphosphorylationlevelof Akt andits downstreammole-
culemTOR,suggestingthatMCT increasesinsulin sensitivityandglucoseutilization in the

Fig 4. MCT inhibits TGF-β signaling pathway under high temperature. Geneexpressionlevelsof Smad3(A) andTGF-β(B);C andD: Immunoblot and
quantification for Smad3andTGF-β.� p<0.05,��� p<0.001.

https://doi.org/10.1371/journal.pone.0191182.g004
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skeletalmuscle,whichisconsistentwith thestudiesperformedin C2C12cellline [18]. On the
otherhand,thetotalproteinandphosphorylationform of AMPK, anenzymethatplaysarole
in cellularenergyhomeostasisareboth increasedin theskeletalmuscleof MCT feedingmice.
Theactivationof AMPK in skeletalmuscleiscoupledwith theinhibition of lipogenesis,stimu-
lation of fattyacidoxidationandmuscleglucoseuptakeaswell.Our datademonstratedthat
althoughtheratio of phosphorylation/totallevelof AMPK isnot increased,bothphosphory-
latedandtotalAMPK areelevatedin theskeletalmuscle.This indicatestheincreasedphos-
phorylationcomesfrom theincreasedtotalproteinwhile its activationisnot affected.Thus,
wethink thatMCT affectsneithertheactivityof upstreamkinasesof AMPK, suchastheser-
ine±threoninekinaseliver kinaseB1(LKB1),nor theratio of AMP to ATP in theskeletalmus-
cle.Our findingson increasedtotalAMPK andphosphorylationof AMPK in skeletalmuscle
byMCT implicateanincreasein both lipid andglucosemetabolism,but decreasein fattyacid
synthesis.ThisalsocouldbethemolecularmechanismbywhichMCT increasesenergyexpen-
diture andoxygenconsumptionreportedbyothergroupsin vivo [2,4] andin vitro [18]. Thus,
it wouldbeof greatinterestto studywhetherMCT regulatesglucoseandlipid metabolism
throughtheactivationof bothAkt andAMPK signalingpathwaysin theskeletalmusclein
vivo; andtheunderlyingmechanismsbywhichMCT activatesAkt andAMPK signalingpath-
waysmerit further investigations.

TGF-βsignalingis requiredfor normal tissuerepair;however,excessiveTGF-βsignaling
canleadto robustprofibrotic geneexpressionin fibroblasts,resultingin tissuefibrosis[25]. It
hasbeenshownthatTGF-βsuppressestheexpressionof genesrelatedto mitochondrialfunc-
tion includingPGC-1αandNRF-2,ERR-α,andPPAR-γ[26]. TGF-βsignalingmodulates
energymetabolismthroughcontrollingmitochondrialmetabolismbothdirectlyandindirectly
in differentcelltypes[27]. TGF-β inhibits complexIV andmitochondrialrespirationwhichin
turn leadsto increasedROSanddecreasedmitochondrialmembranepotentialassociatedwith

Fig 5. Schematic illustration of the effects of MCT in exercise.

https://doi.org/10.1371/journal.pone.0191182.g005
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senescencein mink lungepithelialcells[28]. It isalsoreportedthatTGF-βnegativelyregulates
UCP2,amitochondrialuncouplingprotein locatedin theinner mitochondrialmembraneand
facilitatesenergydissipationasheat,thereforedecreasingenergyoutput from themitochon-
dria. [29]. Our dataon inhibition of Smad3in skeletalmusclebyMCT feedingdemonstrates
thepossibilityof MCT increasesATPgenerationthroughtheinhibition of TGF-βsignaling
andupregulationof PGC-1αgeneexpression.Theincreasein TGF-βgeneexpressionandpro-
tein levelsin MCT treatedmicecouldbeafeedbackof thedeficiencyof its downstreamsignal-
ing,whichmimic thestatusof ªTGF-β resistanceº.

TGF-βsignalingpathwaysalsoplayessentialrolesin earlyembryonicdevelopmentandin
regulatingtissuehomeostasis[30]. Deregulatedsignalinghascrucialrolesin both thedevelop-
mentof tumorsandmetastasis[31]. It is reportedthatTGF-βsignalingpathwaysplaydual
rolesin regulatingtumor growthandmetastasis.Theysuppresstumorsandearlycarcinomas
throughtheinhibition of cellcycle,induction of apoptosisandupregulationof immune
response[32]. On theotherhand,thesuppressiveeffectsof TGF-βon tumorsmaylostin
manytypesof aggressivetumors,while tumor promotingandpro-invasiveresponsesremain
andprevail,leadingto thedevelopmentof distantmetastases[32]. Furthermore,theexpres-
sionTGFβcorrelateswith thestageof thetumor [33,34];andblockingtheTGFβsignaling
pathwaymayprovideuniquetherapeuticstrategiesfor treatingtumor metastasis[32]. Our
datashowedanincreasein TGFβ levelbut decreasein Smad3inducedbyMCT treatment,but
it is still not clearif MCT playsarole in tumor throughactingon TGFβsignalingpathway.
EventhoughMCT hasbeenusedasasourceketogenicdiet to facilitatecancertreatmentby
affectingtumor glucosemetabolismandgrowthwhilemaintainingthepatient'snutritional
status[35], its exactrole in tumor suppressionkeepslargelyunknow.Thus,morestudiesare
needto elucidatetheeffectsandunderlyingmechanismsof MCT in tumors.

In conclusion,our studyprovidedthefirst evidencethatMCT, asafoodsupplement,pre-
serveshigh temperatureinducedimpairmentin exerciseperformanceandmusclefunction.
Thiscouldbemediatedthroughtheactivationof muscleAkt andAMPK signalingpathways,
inhibition of TGF-βsignalingpathwayandsubsequentincreasein mitochondrialbiogenesis
andmetabolismin theskeletalmuscle.Our studyrevealsanovelroleof MCT in exercise,pro-
viding evidencefor treatingmuscledysfunctionandexerciseimpairmentin patientsby taking
MCT asfoodsupplement.
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