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demonstratedhat excepffor the elevatedatesof energyexpenditurethereductionin weight
gainsof animalsfedwith MCT werepossiblydueto sympatheti@activationof brown fat ther-
mogenesi§7]. Furthermore addition of the combinationof chilli andMCT to mealsincreased
diet-inducedthermogenesiby over50%in heathynormal-weighthumans[8].

Human androdentstudieshaveshownthat MCT alsoplayarolein foodintakeandsatiety
[9]. A humanstudyconductedn overweightmendemonstratedhat MCT consumption
reducedood intakeacutelyin aglucagon-likepeptide(GLP)-1,peptideYY (PYY)andinsulin
independenpathway{10]. Energyintakein normal-weightmenatlunchwassignificantly
lower afterthe MCT-containingbreakfasthanafterall otherbreakfastén aclinicaltrial of
establishindhe influenceof chainlengthandsatiety{11]. Brayetal.observedhatratsfed
with dietscontainingMCT consumdessfood comparedwith thosefedwith long chaintri-
glyceridegLCT) containingfood[12].

While healthbenefitsfrom MCT seento occur,therole of MCT in musclefunction and
exercisgperformancehasnot beenestablisheget[9]. Here,we providethefirst handevidence
thatMCT improvesheatinduceddeficiencyin exercisgerformancdan micethroughtheacti-
vationof glucoseandlipid metabolismpathwaysand mitochondrialbiogenesi#n the skeletal
muscles.

Materials and methods
Animals

MalelCR mice(12-week-oldwerepurchasedrom Centerof experimentabinimals Second
Military MedicalUniversity(ShanghaiChina).Animalswerehousedatambienttemperature
(23+25EQ)nderastandardl2-hlight-dark cycle(lightson at 7 AM) with accesso food and
wateradlibitum. Mice wererandomlydividedinto 3 groups(n = 10)andfedwith regular
chow(containing20%protein, 70%carbohydrateand 10%of fat) or MCT diet (with 11.6g/kg
of MCT addedto theregularchow)for 7 daysbeforetraining started.

Exercise studies

For normaltemperatureexercisemiceweretrainedon thetreadmillataspeedf 14m/min
dailyfor aperiodof 2 weeksMice werealsotrainedon rotating rod (rotarod) for 15min
(speedlL6-20r/minatbeginningandincreasedo 32r/min thereafteryatdayl and8. Forthe
hightemperatureexercisestudy,micewereaccommodateat high temperaturechamber
(32EC¥or 1 hour followedby 1 hour of exercisén the chamberatday1+3.Thetemperature
wasincreasedo 34EQn day4+6andfurther increase®6ECn day7+14 Theexercisavas
achievedtaspeeddf 14m/min onthetreadmill. At day1l and8, miceweresubjectedo a
rotarodtraining for 15min usingthe sameprotocolasin normaltemperaturegroups.On day
15,all micewererun on thetreadmillfor 1 hour followedby rotarod until exhaustionThe
running time for eachmouseon rotarod wasrecorded.The studyprotocolwasreviewedand
approvedy the Institutional Animal Careand UseCommitteesof the SecondMilitary Medi-
calUniversity.

RNA extraction and real-time PCR

Skeletamuscletotal RNA wasextractedusingthe Trizol (Invitrogen). First-strandcDNA was
synthesizedrom 1 pug of RNA (M-MLV First StrandcDNA Synthesiit; TiangenBiotech,
Beijing,China)accordingto the manufacturer'snstructions.Real-timePCRwascarriedout

in a10-plreactionmixture (SYBRgreenmasterMix; Life Tech)containingl ul of the diluted
(1:10)first-strandcDNA, andthe resultswerenormalizedto actin usingAACT. Thesequences
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of the primersusedfor amplificationof mousetfam (mitochondrialtranscriptionfactorA),
uqcrc(Ubiquinol Cytochromec Reductase);ox5b(Cytochromec oxidasebB) pgc-1a (peroxi-
some proliferative activated receptor gamma coactivator 1 alpha), ATP5A (mitochondrial mem-
brane ATP synthase), tgf-B (transforming growth factor beta), smad3 andactin arelistedin
SiTable.

Immunoblotting

Skeletamusclesverehomogenizedn RIPAbuffer(50mM Tris, pH 7.4,150mM NaCl, 1%
Triton X-100,and0.1%SDS)containingproteinasenhibitors (Roche) Twentymicrograms
of total proteinwasresolvedn 10%SDS-PAGEndthentransferredo polyvinylidenefluo-
ride membranesThemembranesvereblockedwith 5%non-fatdry milk in Tris-buffered
salinewith Tween20(TBS-T)for 1 h atroom temperature Antibodies(protein kinaseB/Akt,
p-Akt Ser473AMP-activatedorotein kinase(AMPK), pAMPK, Smad3and 3-Actin were
from Cell SignalingTechnologiesnTOR,p-mTOR, TGF-Band ATP-5awerepurchasedrom
Abcam;and PGC-lawasobtainedfrom SantaCruz) dilutedin TBS-Tcontaining5%of BSA
wereaddedto the membranesindincubatedovernightat 4ECThemembranesverewashed
threetimeswith TBS-Tandincubatedwith horseradistperoxidas€HRP)-conjugatedecond-
ary antibodiesfor 1 h atroom temperatureSignalgetectedisingthe SuperSignalVestDura
extendedheduration substrat€ Thermo ScientificRockford,IL).

Statistical analysis

All reporteddataarepresentechasmeanst standarderror of the mean(SEM).Whencompar-
ing two groupsbetweercontrol and MCT, independentwo-tailedt-testwasused Dynamic
comparisonfor bodyweight,GraphPadb.0two-wayANOVA (group x time) wasused For
eachstatisticallysignificantF valueobservedor the main effector interaction,atwo-tailed
posthoctest(Tukey's)wasappliedto determineindividual differencedetweermeansDiffer-
encesvereconsideredo bestatisticallysignificantat P < 0.05for primary outcomesand

P < 0.01for secondarputcomes.

Results
MCT does not affect body weight and food intake

Twelve-week-oldCR micewerefedwith regularchowwith or without the supplementabf
MCT for 21days.Themicewerealsotrainedfor exercisainderroom temperatureor high
temperaturan thelast14days.Our datademonstratedhat MCT feedingdoesnot affectbody
weight(Fig 1A) andfood intake (Fig 1B)underhigh temperaturecondition. We alsofound
thatthelevelshlood glucoseand serumtriglycerideq TG) arenot changedy MCT (datanot
shown).

MCT enhances exercise performance under high temperature condition

To assestheeffectof MCT on exercisg@erformanceyetrainedthe micefor exerciseusing
treadmillfor 14daysundernormalor high temperatureWe then evaluatedhe running
enduranceof the miceusingrotarod performanceest.We showedhat the exercisgerfor-
manceis significantlydecreaseth hightemperatureenvironment,while micefedwith MCT
containingdiet havemuchbetterperformancecomparedo theregularchowdiet fed mice
(Fig 1C).We observedh morethan 2-fold increasen running time that underhigh tempera-
ture. Thisdemonstratedirescueof heatinduceddeficiencyin exercisendpossiblyskeletal
musclefunction by MCT.
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Fig 1. Body weight (A), food intake (B) and running endurance (C) of mice fedwith chowdietor MCT containingdiet undernormalandhightemperature
conditions.N.S.no significantdiffererce # p<0.®, ** p<0.01.

https://da.org/10.1371¢urnal.pon£191182.g0D

MCT increases mitochondrial biogenesis and metabolism

Mitochondria arethe primary energysourcefor skeletamusclecontraction.To elucidateif
theincreasedxercisgerformanceby MCT in micecouldbearesultof increasednitochon-
drial massandfunction, weevaluatedhe levelsof mRNA and protein thatinvolvedin mito-
chondrialbiogenesisindrespiratorychain.As shownin Fig 2A, geneexpressiortevelsof tfam
(mitochondrialtranscriptionfactorA), amarkerof mitochondrialbiogenesisygcre (Ubiqui-
nol Cytochromec Reductaseprespiratorychainproteinon complexill, cox5b (Cytochrome
coxidasebB),thelastenzymen the mitochondrialelectrontransportchainin complexiV,
peroxisomeproliferativeactivatedeceptorgammacoactivatorl alpha(PGC-1a),akeyregu-
lator of energymetabolismand mitochondrialmembraneATP synthas€ATP5a) weresignifi-
cantlyupregulatedoy MCT. We alsoobserved significantincreasen protein levelof PGC-
laand ATP5o(Fig 2Band 2C). Theseandicatethat MCT improvesskeletamusclefunction
throughthe induction of mitochondrialbiogenesisnd metabolismunderhigh temperature
condition.

MCT activates Akt and AMPK signaling pathways

Mitochondrial biogenesiand metabolismareregulatedoy manysignalingpathwaysncluding
Akt and AMPK signalingthe best-characterizeprotein kinasesknownto targetPGC-1o.To
elucidatewhethertheincreasednitochondrialbiogenesisind metabolismby whichMCT are
mediatedhroughtheactivationAKt and AMPK pathwaysweisolatedthe skeletamuscle
(quadricepsjfrom the miceandanalyzedhe metabolicpathwayslndeed , wefound that Akt
signalingis activatecby MCT (Fig 3A and3B).Thisis demonstratedy increasedevelsn
bothtotalandphosphorylatedkt andmTOR (Fig 3A and 3B). Theresultsalsoshowedhat
MCT increases$otal and phosphorylatedAMPK levelsn the skeletamuscle Thesedemon-
stratethatthe increasednitochondrialbiogenesignd metabolisms mediatedthroughthe
activationof Akt and AMPK signalingpathways.

MCT downregulates TGF-§ signaling

Themitochondrialbiogenesiand metabolismarealsonegativelycontrolledby TGF-Bsignal-
ing. To elucidatewhetherMCT alsocontrolsTGF-Bsignalingwe performedrealtime PCR
andimmunoblot studiesusingthe skeletamuscletissue andwefound that both geneexpres-
sion(Fig4A) andprotein (Fig4Band4D) Smad3akeymediatorof TGF-Bsignalingare
inhibited by MCT. We alsoobservedn upregulationof TGF-in bothmRNA (Fig4C)and
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protein (Fig4Band4D) levelsWe think thatthis is acompensatoryesponsef the huge
reductionin Smad3.

Discussion

In studiespresentedhere wedemonstratedhat MCT improveshightemperaturenduced
defectin exercisgerformanceandskeletamusclefunction in mice.This wasalsocoupledwith
theactivationof Akt and AMPK signalingpathwaysinhibition of TGF-Bsignalingandsubse-
guentincreasan mitochondrialbiogenesisind metabolismin the skeletamuscle(Fig 5).

Our resultsareconsistenwith recentfindingson MCT, in combinationwith leucineand
vitamin D, increasanusclestrengthandfunction in human[13]. Theauthorsreportedthat
thecombinationof MCT, but not LCT, leucineandvitamin D, increasebodyweight,right-
handgrip strengthwalkingspeedlegopen-and-clos¢estperformanceand peakcompareto
thecontrol groupin a3-monthtrial in frail elderlyindividuals[13]. However becausef the
missingof MCT only group,theexactrole of MCT in musclestrengthandfunction couldnot
beconcluded13]. It isreportedthat MCT doesnot providebeneficiakffectto exercisgerfor-
manceundernormal conditionin humans[9,14,15]put it unclearif thisis alsotrue under
stresgondition, suchasheatstressywhenthe exercisg@erformanceand capacityareimpaired
[16]. Thus,weinvestigatedhe effectsof MCT on hot environmentsnduceddecrease exer-
cisecapacity Our studydemonstratedhat MCT preserveseatstressnduced-exerciseer-
formanceand capacityimpairmentin mice.
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MCT hasbeenreportedto playarolein reducingbodyweightcomparedo LCT feeding
groupin bothhumansandrodents[17,18].We showedhatthereis no significantdifferences
betweergroupsin bodyweight.Thisis consistentwvith the previousfindingsdemonstrating
thatthe significantbodyweightchangeonly existsvhencomparingMCT feedingmiceto
LCT but not chowdiet feedingmice[18]. We think thatthis maybedueto 2 reasonsi) a
potentialprotectiveeffectof MCT mayexistto protectbodyagainsheatstressnduceddehy-
dration andweightloss;and2) apotentialincreasen musclemassFurtherstudiesareneeded
to evaluatavhetherMCT supplementncreasesnusclemassespeciallyinderheatstress
condition.

Anotherintriguing finding of the currentinvestigationis the increasednitochondrial bio-
genesignd metabolismby MCT in vivo. Mitochondriaarethe keyorganellefor completeoxi-
dation of glucoseandfatty acidand ATP generationthe mostcritical energysourcefor
musclecontraction.Thus,it is expectedhatthe increasedunning endurances coupledwith
theincreasednergyoutput from mitochondria,which could bedueto the up-regulationof
mitochondrialmassor enhancednitochondrialmetabolismPGC-1oand Tfam aremaster
regulatorsof mitochondrialbiogenesi§l 9+21].Increasedevelsof PGC-1loand Tfamin MCT
treatedmice suggesta positiverole of MCT on mitochondrialbiogenesii skeletamuscle.
On theotherhand,exercisas alsoanindependentegulatorfor mitochondrialbiogenesis
[22], thus,theincreasednitochondrialbiogenesisould alsobearesultof increasedxercise
performanceéby MCT. While enhancemenin mitochondrialmetabolisnthroughupregulat-
ing of enzymesn differentcomplexesn the mitochondriaby MCT raiseghe questionof an
increasedxidativestressn the skeletamuscle Montgomeryand colleaguebsavedemon-
stratedthat MCT is associatewvith lowerlevelof reactiveoxygenspeciegROS)in C2C12
musclecellsandmitochondriaisolatedfrom mousemuscletissue[18]. Theyalsoobservedess
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accumulatiorof oxidativedamagedipids and proteinsin MCT treatedgroup.In consistent
with thesereports,Saifudeeret al. alsodemonstratedhat 4-month of treatmentwith 5%of
MCT increase$atty acidoxidation,reducechypertrophyand oxidativestressalongwith the
maintenancef energylevelin the heartin both 2- and4-month-oldrats[23]. Thesesuggest
thatMCT promotemitochondrialmetabolismwithout generatingoxidativestressn the skele-
talmuscle.

Our mechanististudiesdemonstratedhat the increasednitochondrial biogenesisould
bedueto the activationof Akt and AMPK signalingpathwaysThesearealsothe major signal-
ing pathwayselatedto glucoseandlipid metabolismin the skeletamusclesApproximately
70+£80%0f glucosas takenup by skeletamuscleandis eitherstoredasglycogerfor future use
or directly oxidizedfor energy{24]. Theglucoseauptakeis regulatedby insulin, insulin receptor
andthe downstreanphosphorylatiorcascadeAkt is locatedat the heartof this cascadegnd
activationof Akt by phosphorylationeadgo thetranslocationof glucoseransporter4
(GLUT4)to the plasmamembraneto initiate glucoseuptake Phosphorylatiorof Akt is also
animportantindicator of insulin sensitivityof the skeletamuscle We showin our studythat
MCT feedingsignificantlyenhanceghosphorylatiorievelof Akt andits downstreanmole-
culemTOR,suggestinghat MCT increaseisulin sensitivityand glucoseutilization in the
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skeletamusclewhichis consistentvith the studiesperformedin C2C12cellline [18]. Onthe
otherhand,thetotal protein and phosphorylatiorform of AMPK, anenzymethat playsarole
in cellularenergyhomeostasiareboth increasedn the skeletamuscleof MCT feedingmice.
Theactivationof AMPK in skeletamuscleis coupledwith theinhibition of lipogenesisstimu-
lation of fatty acidoxidationand muscleglucoseauptakeaswell. Our datademonstratedhat
althoughtheratio of phosphorylation/totalevelof AMPK is not increasedboth phosphory-
latedandtotal AMPK areelevatedn the skeletamuscle Thisindicatesheincreaseghos-
phorylationcomedrom theincreasedotal protein while its activationis not affected Thus,
wethink that MCT affect:eitherthe activity of upstreankinaseof AMPK, suchasthe ser-
inexthreoninekinasdiver kinaseB1(LKB1),nor theratio of AMP to ATP in the skeletamus-
cle.Our findingson increasedotal AMPK andphosphorylatiorof AMPK in skeletamuscle
by MCT implicateanincreasen both lipid andglucosanetabolismput decrease fatty acid
synthesisThis alsocould bethe molecularmechanisnby which MCT increasegnergyexpen-
diture and oxygenconsumptionreportedby othergroupsin vivo [2,4] andin vitro [18]. Thus,
it would beof greatinterestto studywhetherMCT regulateglucoseandlipid metabolism
throughthe activationof both Akt and AMPK signalingpathwaysn the skeletamusclein
vivo; andthe underlyingmechanism&y which MCT activategkt and AMPK signalingpath-
waysmerit further investigations.

TGF-Bsignalingis requiredfor normaltissuerepair;however gxcessivé GF-psignaling
canleadto robustprofibrotic geneexpressiorin fibroblastsresultingin tissuefibrosis[25]. It
hasbeenshownthat TGF-Bsuppressethe expressiorf geneselatedto mitochondrialfunc-
tion including PGC-1oandNRF-2,ERR-a,and PPAR-y[26]. TGF-Bsignalingmodulates
energymetabolisnmthrough controlling mitochondrialmetabolisnboth directlyandindirectly
in differentcelltypes[27]. TGF-Binhibits complexlV and mitochondrialrespirationwhichin
turn leadgo increasedrROSand decreaseditochondrialmembranepotentialassociatewith
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senescenda mink lung epithelialcells[28]. It is alsoreportedthat TGF-pnegativelyegulates
UCP2,amitochondrialuncouplingproteinlocatedn theinner mitochondrialmembraneand
facilitatesenergydissipationasheat,thereforedecreasingnergyoutput from the mitochon-
dria.[29]. Our dataon inhibition of Smad3n skeletamuscleby MCT feedingdemonstrates
the possibilityof MCT increase@\TP generatiorthroughtheinhibition of TGF-Bsignaling
andupregulationof PGC-1lageneexpressionTheincreaseén TGF-pgeneexpressiorand pro-
teinlevelsn MCT treatedmice could beafeedbaclof the deficiencyof its downstrearnrsignal-
ing, which mimic the statusof aTGF-Bresistance®.

TGF-Bsignalingpathwayslsoplayessentiatolesin earlyembryonicdevelopmenandin
regulatingtissuehomeostasif30]. Deregulatedignalinghascrucialrolesin both the develop-
mentof tumorsandmetastasi§31]. It isreportedthat TGF-B signalingpathwaysplaydual
rolesin regulatingtumor growth and metastasisTheysuppressumorsandearlycarcinomas
throughtheinhibition of cellcycle induction of apoptosisandupregulationof immune
responsg32]. On the otherhand,the suppressiveffectsof TGF-Bon tumorsmaylostin
manytypesof aggressiveimors,while tumor promoting and pro-invasiveresponsegemain
andprevail,leadingto the developmenbf distantmetastase$2]. Furthermore the expres-
sion TGFBcorrelatewith the stageof thetumor [33,34];andblockingthe TGFsignaling
pathwaymayprovideuniquetherapeuticstrategiesgor treatingtumor metastasig32]. Our
datashowedanincreasen TGFBlevelbut decreasén Smad3nducedby MCT treatment,but
it is still not clearif MCT playsarolein tumor throughactingon TGFfsignalingpathway.
EventhoughMCT hasbeenusedasa sourceketogenidiet to facilitatecancertreatmentby
affectingtumor glucosemetabolismand growth while maintainingthe patient'snutritional
statug35], its exactrole in tumor suppressiotkeepdargelyunknow. Thus,more studiesare
needto elucidatehe effectsand underlyingmechanismef MCT in tumors.

In conclusionour studyprovidedthefirst evidencehatMCT, asafood supplementpre-
servesigh temperaturénducedimpairmentin exercisg@erformanceand musclefunction.
This could be mediatedthroughthe activationof muscleAkt and AMPK signalingpathways,
inhibition of TGF-Bsignalingpathwayand subsequenincreasen mitochondrialbiogenesis
andmetabolismin the skeletamuscle Our studyrevealsinovelrole of MCT in exercisepro-
viding evidencedor treatingmuscledysfunctionand exercisémpairmentin patientsby taking
MCT asfood supplement.
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