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Aging is commonl\ associated with the failure to maintain cellular homeostasis, 

including the maintenance of mitochondrial health. Mitochondrial health, and subsequentl\ 

cellular homeostasis, can be compromised upon cellular stress and is, therefore, regulated 

through mitophag\, the mitochondria-specific form of autophag\ which is the self-rec\cling 

s\stem of the cell. The small GTPase protein, RhoA, participates in various cellular processes 
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and has been shown to protect the heart against numerous stresses. In this stud\, we e[plore 

whether RhoA protects against aging in the heart and investigate the potential of RhoA in 

regulating the cellular homeostatic processes, autophag\ and mitophag\. While investigating the 

role of RhoA in cardiac aging, 4 month old (\oung) cardiac-specific RhoA knockout mice did 

not show overt signs of cardiac d\sfunction, but at 10 months of age (middle-aged) revealed 

earl\ onsets of age-associated features in the heart such as h\pertroph\ and contractile 

d\sfunction when compared to wildt\pe littermates. Although our data in RhoA knockout mice 

suggest that autophag\ is not regulated b\ RhoA, adenoviral overe[pression of RhoA in neonatal 

rat ventricular m\oc\tes (NRVMs) increased both PINK1 and Parkin mitochondrial protein 

levels which lead to mitophag\. The observed accumulation of PINK1 was found to result from 

RhoA-mediated inhibition of PINK1 protein degradation, which was also discovered to involve 

the locali]ation of active RhoA together with the activation of PKD, a RhoA downstream 

effector. Our findings suggest RhoA as both a protective signaling molecule against the 

progression of cardiac aging and a previousl\ unidentified regulator of mitophag\ in 

cardiom\oc\tes. 
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INTRODUCTION 

 

CDUGLDF AJLQJ 

Age haV ORQg beeQ aVVRciaWed aV a PaMRU UiVN facWRU fRU PaQ\ SURPiQeQW diVeaVeV 

iQcOXdiQg, bXW QRW OiPiWed WR, QeXURdegeQeUaWiYe diVeaVeV, caQceUV, aV ZeOO aV caUdiRYaVcXOaU 

diVeaVeV [1-3]. WiWh age, heaUW diVeaVe becRPeV iQcUeaViQgO\ PRUe SUeYaOeQW aV a caXVe Rf deaWh, 

eYeQWXaOO\ becRPiQg Whe OeadiQg caXVe Rf deaWh iQ age gURXSV abRYe Whe age Rf 65 iQ Whe U.S. [4]. 

AdYaQcePeQWV iQ UeVeaUch aQd PediciQe cRQWiQXe WR e[WeQd RXU OifeVSaQ faUWheU fURP ZhaW iW ZaV 

decadeV agR, iQcUeaViQg Whe QXPbeU Rf SeRSOe UeachiQg Whe age Rf 65 aQd abRYe, aQd heQce, 

fXUWheU iQcUeaViQg Whe bXUdeQ Rf heaUW diVeaVe iQ RXU ZRUOd WRda\ [5]. BecaXVe Rf iWV UiViQg 

SUeYaOeQce, fXUWheU VWXdieV e[SORUiQg Whe PechaQiVPV behiQd age-deSeQdeQW deYeORSPeQWV iQ Whe 

heaUW iV Rf iQWeUeVW fRU fiQdiQg beWWeU WUeaWPeQW RSWiRQV aQd ORZeUiQg Whe bXUdeQ Rf heaUW diVeaVe. 

CaUdiac agiQg UefeUV WR Whe age-deSeQdeQW chaQgeV WhaW RccXU iQ Whe heaUW ZiWh WiPe aQd iV 

NQRZQ WR cRQWUibXWe WR Whe VXVceSWibiOiW\ Rf Whe heaUW WR faiOXUe. A cRPPRQO\ RbVeUYed haOOPaUN 

Rf caUdiac agiQg iV Whe deYeORSPeQW Rf h\SeUWURSh\, Whe eQOaUgePeQW Rf ceOOV [6, 7]. WheQ iQ Whe 

face Rf VWUeVV, Whe heaUW SUeVeUYeV cRQWUacWiOe fXQcWiRQ WhURXgh caUdiac h\SeUWURSh\. HRZeYeU, 

e[ceVViYe eQOaUgePeQW Rf caUdiRP\Rc\WeV caQ becRPe PaOadaSWiYe aQd iQVWead, UeVXOW iQ caUdiac 

d\VfXQcWiRQ [8, 9]. H\SeUWURSh\ haV beeQ e[WeQViYeO\ VWXdied iQ Whe heaUW aQd RbVeUYed WR OaUgeO\ 

cRQWUibXWe WR diaVWROic d\VfXQcWiRQiQg iQ QXPeURXV caUdiac diVeaVeV, iQcOXdiQg Whe agiQg heaUW [8, 

10]. Age-UeOaWed caUdiac d\VfXQcWiRQ iQcOXdeV VORZed OefW YeQWUicXOaU diaVWROic fiOOiQg UaWe, 

decUeaVed Pa[ heaUW UaWe aQd UedXced caUdiac cRQWUacWiOiW\ [11, 12]. NRWabO\, caUdiac cRQWUacWiOiW\ 

iV cRPSURPiVed iQ Whe aged heaUW iQ SaUW dXe WR iQcUeaVed fibURViV. FibURViV UedXceV cRPSOiaQce iQ 
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Whe heaUW aQd haV beeQ RbVeUYed WR begiQ WR dR VR iQ WhRVe aV \RXQg aV 40 \eaUV ROd [13, 14]. 

AddiWiRQaOO\, agiQg iQ Whe heaUW iV aOVR aVVRciaWed ZiWh ORZ OeYeOV Rf chURQic iQfOaPPaWiRQ, Zhich 

haV UeceQWO\ beeQ VXggeVWed WR cRQWUibXWe WR Whe deYeORSPeQW Rf heaUW faiOXUe [15, 16]. 

A PaMRU cRQWUibXWiQg facWRU Rf Whe PeQWiRQed feaWXUeV Rf caUdiac agiQg iV Whe ORVV Rf 

caUdiRP\Rc\WeV dXe WR ceOO deaWh. UQOiNe PaQ\ RWheU ceOO W\SeV, caUdiRP\Rc\WeV ORVe WheiU abiOiW\ 

WR XQdeUgR ceOO diYiViRQ aW biUWh, aQd heQce aUe iUUeSOaceabOe RQce ORVW [17]. OYeU WiPe, Whe heaUW 

eQdXUeV aQd accXPXOaWeV a OifeWiPe¶V ZRUWh Rf VWUeVV aQd daPage Zhich eYeQWXaOO\ caQ SURPRWe 

aQd Oead WR ceOO ORVV. The heaUW cRQWiQXRXVO\ UeTXiUeV aQ e[WeQViYe aPRXQW Rf ATP WR cRQVWaQWO\ 

deOiYeU QXWUieQWV aQd R[\geQ WR ceOOV WhURXghRXW Whe bRd\ fURP biUWh WiOO deaWh. ThXV, 

caUdiRP\Rc\WeV aUe Uich iQ PiWRchRQdUia, a PaMRU VRXUce Rf ceOOXOaU ATP, aQd QRW VXUSUiViQgO\, 

aUe SaUWicXOaUO\ VXVceSWibOe WR PiWRchRQdUia-deUiYed UeacWiYe R[\geQ VSecieV (ROS)-PediaWed 

ceOO deaWh cRPSaUed WR PaQ\ RWheU ceOO W\SeV [18]. ROS caQ ZUeaN haYRc iQ a ceOO b\ R[idi]iQg 

YaUiRXV PacURPROecXOeV aQd UeVXOW iQ Whe fRUPaWiRQ Rf daPaged aQd PiVfROded SURWeiQV aQd 

aggUegaWeV [19]. High OeYeOV Rf SURWeiQ aggUegaWeV haYe beeQ ZeOO aVVRciaWed ZiWh PaQ\ 

age-UeOaWed diVeaVeV bRWh iQ Whe bUaiQ aV ZeOO aV iQ Whe heaUW [20, 21], OeadiQg WR Whe gURZiQg 

QXPbeU Rf VWXdieV iQYeVWigaWiQg Whe UegXOaWiRQ Rf ceOOXOaU PaiQWeQaQce PechaQiVPV, VXch aV 

aXWRShag\, aV SRWeQWiaO WheUaSeXWic WaUgeWV fRU age-aVVRciaWed diVeaVeV [22-24].  

AddiWiRQaOO\, iW iV QRW VXUSUiViQg WhaW chaQgeV iQ PiWRchRQdUiaO VhaSe aQd VWUXcWXUe aV ZeOO 

aV e[WeQViYe PiWRchRQdUiaO d\VfXQcWiRQ aUe cRPPRQO\ RbVeUYed iQ Whe aged heaUW dXe WR Whe 

SaUWicXOaU VXVceSWibiOiW\ Rf PiWRchRQdUiaO DNA WR ROS-PediaWed daPage [25-27]. IQ UeVSRQVe WR 

VWUeVV, Whe PiWRchRQdUiaO PePbUaQe iV deSROaUi]ed aQd bRWh SUR-VXUYiYaO PechaQiVPV VXch aV 

PiWRShag\ aV ZeOO aV SUR-deaWh SaWhZa\V VXch aV PiWRchRQdUia-iQdXced ceOO deaWh aUe acWiYaWed 
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cRQcXUUeQWO\ [28]. WheQ Whe aPRXQW Rf VWUeVV iV QRW e[ceVViYe, PiWRchRQdUiaO PaiQWeQaQce 

PechaQiVPV VXch aV PiWRShag\ ZiOO be abOe WR cOeaU Whe daPaged PiWRchRQdUia befRUe 

PiWRchRQdUiaO ceOO deaWh SaWhZa\V aUe fXOO\ acWiYaWed, VXcceVVfXOO\ SURWecWiQg Whe ceOO fURP ceOO 

deaWh [28]. Of iQWeUeVW iQ Whe fieOd Rf agiQg iV DeQhaP HaUPaQ¶V fUee UadicaO WheRU\ Rf agiQg 

Zhich SRVWXOaWeV WhaW Whe feaWXUeV Rf agiQg UeVXOW fURP Whe accXPXOaWiRQ Rf fUee UadicaO-PediaWed 

diVUXSWiRQ Rf ceOOXOaU hRPeRVWaViV, aQd Rf UeceQW, iW iV VSecificaOO\ PiWRchRQdUia-deUiYed ROS WhaW 

iV ePShaVi]ed WR haYe a OaUge cRQWUibXWiRQ iQ Whe deYeORSPeQW Rf agiQg [29].    

 

AXWRSKDJ\ DQG MLWRSKDJ\ 

SWXdieV iQYeVWigaWiQg Whe caXVeV Rf agiQg haYe fRU Whe PRVW SaUW agUeed XSRQ Whe bXiOd XS 

Rf ceOOXOaU ZaVWeV aV a cUiWicaO cXOSUiW Rf caUdiac agiQg aQd WhiV iQcOXdeV, bXW iV QRW OiPiWed WR, Whe 

bXiOd XS Rf bRWh PiVfROded SURWeiQV aQd ROS b\-SURdXcWV [30]. AXWRShag\ iV Whe VeOf-Uec\cOiQg 

V\VWeP Rf Whe ceOO Zhich PaiQWaiQV ceOOXOaU hRPeRVWaViV b\ degUadiQg daPaged ceOOXOaU 

cRPSRQeQWV. CeOOXOaU cRPSRQeQWV, iQcOXdiQg PiVfROded SURWeiQV aQd aggUegaWeV, aUe eQcaVed iQ 

dRXbOe-PePbUaQed YeVicOeV caOOed aXWRShagRVRPeV WhaW fXVe ZiWh O\VRVRPeV fRU 

O\VRVRPe-PediaWed degUadaWiRQ Rf iWV cRPSRQeQWV [31]. MiWRShag\ iV a VSecific fRUP Rf 

aXWRShag\ WhaW iV VeOecWiYe WRZaUdV Whe degUadaWiRQ Rf daPaged PiWRchRQdUia WR SUeYeQW a c\cOe 

Rf ROS SURdXcWiRQ aQd ceOO deaWh b\ PaiQWaiQiQg PiWRchRQdUiaO TXaOiW\ [29, 31]. IQWeUeVWiQgO\, 

bRWh aXWRShag\ aQd PiWRShag\ haYe beeQ fRXQd WR decOiQe ZiWh age [22, 33], aQd aV a UeVXOW, a 

OaUge aPRXQW Rf UeVeaUch haV beeQ dedicaWed WRZaUdV VWXd\iQg Whe SRWeQWiaO Rf XWiOi]iQg WheVe 

SaWhZa\V aV WheUaSeXWic WaUgeWV agaiQVW age-UeOaWed diVeaVeV. 
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MaPPaOiaQ WaUgeW Rf UaSaP\ciQ cRPSOe[ 1 (PTORC1) iV a VigQaOiQg cRPSOe[ WhaW 

SURPRWeV gURZWh, SUROifeUaWiRQ, aQd VXUYiYaO iQ Whe ceOO aQd iV ZeOO NQRZQ WR QegaWiYeO\ UegXOaWe 

aXWRShag\. MaQ\ VWXdieV haYe VhRZQ WhaW Whe acWiYaWiRQ Rf PTORC1 aQd iWV VXbVeTXeQW 

iQhibiWiRQ Rf aXWRShag\ UeVXOWV iQ eaUO\ RQVeWV Rf caUdiac agiQg [23, 34, 35]. RePaUNabO\, caUdiac 

agiQg iV UeYeUVed WhURXgh WUeaWPeQW ZiWh ShaUPacRORgicaO PTOR iQhibiWRUV VXch aV UaSaP\ciQ 

aQd eYeUROiPXV, PaNiQg PTOR a SURPiViQg WaUgeW fRU Whe PaiQWeQaQce Rf caUdiac heaOWh [23, 35]. 

CaORUic UeVWUicWiRQ haV aOVR beeQ eVWabOiVhed WR iQhibiW PTORC1 VigQaOiQg OeadiQg WR Whe 

iQiWiaWiRQ Rf aXWRShag\. IQWeUeVWiQgO\, hRZeYeU, iW ZaV fRXQd WhaW eaUO\ aSSOicaWiRQ Rf caORUic 

UeVWUicWiRQ UeVXOWed iQ ZRUVeQed caUdiac heaOWh iQ Pice [36]. AddiWiRQaOO\, aOWhRXgh UaSaP\ciQ 

aQd eYeUROiPXV iQdXce aXWRShag\ aQd SURORQg OifeVSaQ iQ Pice, WheVe cRPSRXQdV aUe aSSURYed 

aV iPPXQRVXSSUeVVaQWV Zhich OeadV WR Whe cRQceUQ Rf iQcUeaVed UiVN Rf iQfecWiRQV iQ hXPaQV WhaW 

Pa\ cRPe ZiWh WheVe WUeaWPeQWV [37]. AV a UeVXOW, iW iV iQcUeaViQgO\ cOeaU WhaW ZhiOe PTOR iV a 

PaMRU UegXOaWRU Rf aXWRShag\, beWWeU WheUaSeXWic WaUgeWV Rf PTORC1 VigQaOiQg aUe Qeeded aQd 

PRUe UeVeaUch PXVW be dRQe befRUe eVWabOiVhiQg PTORC1 aV aQ ideaO WaUgeW agaiQVW agiQg.  

MiWRShag\ iV cOaVVicaOO\ iQdXced b\ Whe deSROaUi]aWiRQ Rf Whe PiWRchRQdUiaO PePbUaQe 

XSRQ PiWRchRQdUiaO daPage aQd iV PediaWed WhURXgh PINK1, a VeUiQe/WhUeRQiQe SURWeiQ NiQaVe. 

DeSROaUi]aWiRQ Rf Whe PiWRchRQdUiaO PePbUaQe iQhibiWV degUadaWiRQ Rf PINK1, UeVXOWiQg iQ 

PINK1 accXPXOaWiRQ aW Whe PiWRchRQdUia WR VXbVeTXeQWO\ UecUXiW Whe E3 XbiTXiWiQ OigaVe, PaUNiQ. 

PaUNiQ XbiTXiWiQaWeV PINK1 aQd RWheU PiWRchRQdUiaO SURWeiQV WR iQdXce Whe eQcaVePeQW Rf Whe 

daPaged PiWRchRQdUia iQ a dRXbOe PePbUaQe YeVicOe caOOed Whe PiWRShaVRPe WR Zhich a 

O\VRVRPe WheQ fXVeV ZiWh aQd PediaWeV Whe degUadaWiRQ Rf iWV cRQWeQWV [38]. FeaWXUeV Rf caUdiac 

agiQg aUe fRXQd WR acceOeUaWe iQ PaUNiQ-deficieQW Pice, ZhiOe caUdiac-VSecific RYeUe[SUeVViRQ Rf 
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PaUNiQ iV fRXQd WR deOa\ caUdiac agiQg [39], ideQWif\iQg PaUNiQ aV a SRWeQWiaO WaUgeW fRU Whe 

UegXOaWiRQ Rf PiWRShag\ agaiQVW caUdiac agiQg. AddiWiRQaOO\, deOeWiRQ Rf PINK1 iQ PRXVe PRdeOV 

Rf Whe age-aVVRciaWed diVeaVe, PaUNiQVRQ¶V diVeaVe, UeVXOWed iQ e[aceUbaWed QeXURdegeQeUaWiRQ dXe 

WR iQcUeaVed PiWRchRQdUiaO d\VfXQcWiRQ [40, 41], VXggeVWiQg a VigQificaQW UROe fRU PINK1 aQd 

RYeUaOO PiWRchRQdUiaO PaiQWeQaQce iQ age-UeOaWed diVeaVeV. BecaXVe PINK1/PaUNiQ PediaWed 

PiWRShag\ iV cRQYeQWiRQaOO\ acWiYaWed XSRQ PiWRchRQdUiaO daPage, iW iV difficXOW WR ideQWif\ 

SRWeQWiaO WaUgeW PROecXOeV WhaW UegXOaWe Whe PINK1/PaUNiQ SaWhZa\ ZiWhRXW iQdXciQg 

PiWRchRQdUiaO WR[iciW\ [42]. ThXV, iW iV iPSRUWaQW WR ideQWif\ iQWUaceOOXOaU VigQaOiQg SaWhZa\V WhaW 

PRdXOaWe PiWRShag\ iQdeSeQdeQW Rf Whe cOaVVicaO SaWhZa\ WR diVcRYeU a VafeU WheUaSeXWic WaUgeW 

fRU age-UeOaWed heaUW faiOXUe.  

 

5KRA 

A VPaOO G-SURWeiQ PediaWiQg VigQaOiQg caVcadeV iQ iWV GTP-bRXQd acWiYe VWaWe haV beeQ 

ideQWified WR haYe VigQificaQW UROeV iQ Whe caUdiRYaVcXOaU V\VWeP. The VPaOO G-SURWeiQ, RhRA, 

VeUYeV aV a SUR[iPaO dRZQVWUeaP effecWRU Rf QXPeURXV GPCRV aQd haV beeQ fRXQd WR be 

UeVSRQViYe WR diffeUeQW VWUeVV VigQaOV [43, 44]. OUigiQaOO\, Whe acWiYaWiRQ Rf RhRA ZaV WhRXghW WR 

be deWUiPeQWaO iQ Whe heaUW aV VXSUaSh\ViRORgicaO OeYeOV Rf RhRA e[SUeVViRQ SURdXced caUdiac 

h\SeUWURSh\ aQd fibURViV iQ Pice [45]. LeYeOV Rf iWV dRZQVWUeaP effecWRU, UhR-aVVRciaWed 

cRiOed-cRiO cRQWaiQiQg SURWeiQ NiQaVe (ROCK), haYe aOVR beeQ RbVeUYed WR iQcUeaVe iQ UeVSRQVe WR 

iVchePic iQMXU\ [46] aQd iQhibiWiRQ Rf WhiV dRZQVWUeaP effecWRU ZaV fRXQd WR UedXce 

iVchePia/UeSeUfXViRQ (I/R) iQdXced iQfaUcW Vi]e [47].  
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IQ Whe SaVW decade, hRZeYeU, a QeZ OighW ZaV Vhed RQWR Whe UROe Rf RhRA iQ caUdiac 

SaWhRORgieV. LRZ OeYeOV Rf acWiYe RhRA e[SUeVViRQ iQ Whe heaUW did QRW iQdXce h\SeUWURSh\ iQ 

Pice aQd a VWXd\ iQYROYiQg Whe XVe Rf caUdiac-VSecific RhRA NQRcNRXW (KO) Pice UeYeaOed WhaW 

SUeVVXUe-RYeUORad iQdXced h\SeUWURSh\ iV QRW PediaWed, bXW UaWheU, iV iQhibiWed b\ RhRA [48]. 

AddiWiRQaOO\, RhRA acWiYaWiRQ haV beeQ dePRQVWUaWed WR cRQfeU caUdiRSURWecWiRQ agaiQVW QRW RQO\ 

I/R iQMXU\, bXW aOVR R[idaWiYe VWUeVV [49, 50], aQd WhiV SURWecWiRQ iV iQhibiWed QRW WhURXgh Whe 

iQhibiWiRQ Rf ROCK, bXW WhURXgh WhaW Rf aQRWheU dRZQVWUeaP effecWRU, PKD [50, 51]. 

TR fXUWheU iQYeVWigaWe Whe UROe Rf RhRA aV a SURWecWiYe PROecXOe agaiQVW caUdiRYaVcXOaU 

diVeaVeV, Ze e[SORUed iWV SRWeQWiaO iQ SURWecWiQg Whe heaUW agaiQVW agiQg, VSecificaOO\ WhURXgh 

UegXOaWiRQ Rf aXWRShag\ aQd PiWRShag\. IQ RXU VWXd\, caUdiac-VSecific RhRA KO Pice (RhRA ​fO/fO, 

𝛽MHC-cUe​) ZeUe cRPSaUed agaiQVW WheiU ZiOdW\Se (WT) OiWWeUPaWeV aW 4 PRQWhV (\RXQg) aQd 10 

PRQWhV (PiddOe-aged) Rf age fRU h\SeUWURSh\, fibURViV, iQfOaPPaWiRQ, aQd caUdiac cRQWUacWiOe 

fXQcWiRQ aV ZeOO aV fRU Whe SRWeQWiaO Rf RhRA WR UegXOaWe aXWRShag\ aQd PiWRShag\. OXU fiQdiQgV 

VXggeVW WhaW RhRA SURWecWV Whe heaUW agaiQVW Whe SURgUeVViRQ Rf caUdiac agiQg SOaXVibO\ WhURXgh 

Whe acWiYaWiRQ Rf PiWRShag\ WhaW iV XQiTXeO\ iQdeSeQdeQW Rf Whe cRQYeQWiRQaO PiWRchRQdUiaO 

PePbUaQe deSROaUi]aWiRQ SaWhZa\.  
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MATERIALS AND METHODS 

 

AQLPDOV 

PURcedXUeV iQYROYiQg Whe XVe Rf aQiPaOV ZeUe SeUfRUPed iQ accRUdaQce ZiWh Whe NIH 

GXide fRU Whe CaUe aQd UVe Rf LabRUaWRU\ AQiPaOV aQd aSSURYed b\ Whe IQVWiWXWiRQaO AQiPaO 

CaUe aQd UVe CRPPiWWee aW Whe UQiYeUViW\ Rf CaOifRUQia, SaQ DiegR. AQiPaO e[SeUiPeQWV ZeUe 

SeUfRUPed RQ eiWheU 4 PRQWh RU 10 PRQWh ROd ZiOd-W\Se RU RhRA NQRcNRXW Pice ZhRVe 

geQeUaWiRQ haV beeQ SUeYiRXVO\ deVcUibed [49]. EchRcaUdiRgUaPV ZeUe SeUfRUPed aQd PeaVXUed 

aV SUeYiRXVO\ deVcUibed [52]. 

 

N59M CHOO CXOWXUH 

NeRQaWaO UaW YeQWUicXOaU P\Rc\WeV (NRVMV) ZeUe iVROaWed fURP 1-2 da\ ROd 

SSUagXe-DaZOe\ UaW SXSV (HaUOaQ, IQdiaQaSROiV, IN) aV SUeYiRXVO\ deVcUibed b\ XViQg Whe 

NeRQaWaO CaUdiRP\Rc\We IVROaWiRQ S\VWeP (WRUWhiQgWRQ, LaNeZRRd, NJ) [53]. NRVMV ZeUe 

SOaWed aW a deQViW\ Rf 7.0 [ 10 ​6​ ceOOV SeU 15 cP TC WUeaWed diVheV (fURP GeQeVee ScieQWific 

CRUSRUaWiRQ) WhaW had beeQ cRaWed Whe da\ befRUe ZiWh 1% geOaWiQ. NRVMV ZeUe cXOWXUed 

RYeUQighW aW 37 ​℃​ aQd 5% CO ​2​ iQ high gOXcRVe DXObeccR¶V MRdified EagOe¶V MediXP (SigPa) 

VXSSOePeQWed ZiWh 15% feWaO bRYiQe VeUXP (FBS), 1% L-gOXWaPiQe, aQd aQWibiRWicV (200 

XQiWV/PL SeQiciOOiQ aQd 200 �g/PL VWUeSWRP\ciQ). CeOOV ZeUe WheQ VeUXP-VWaUYed Whe fROORZiQg 

PRUQiQg iQ high gOXcRVe DMEM VXSSOePeQWed ZiWh aQWibiRWicV (100 XQiWV/PL SeQiciOOiQ aQd 100 

Xg/PL VWUeSWRP\ciQ) fRU 24 hRXUV befRUe ceOO haUYeVW.  
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GaWeZa\ CORQiQg TechQRORg\ (TheUPR FiVheU ScieQWific) ZaV XVed WR geQeUaWe 

adeQRYiUXVeV e[SUeVViQg gUeeQ fOXRUeVceQW SURWeiQ (GFP), cRQVWiWXWiYeO\ acWiYe RhRA 

(L63RhRA), PiQiSOG-Wagged WT PINK1 (WT PINK1), PiQiSOG-Wagged ShRVShR-dead PINK1 

(SA PINK1), PiQiSOG-Wagged ShRVShR-PiPicNiQg PINK1 (SD PINK1), aQd PKD aV VhRZQ iQ 

RXU SUeYiRXV VWXdieV [50, 54, 55]. PCheUU\-Wagged PaUNiQ (PaUNiQ) e[SUeVViQg adeQRYiUXV ZaV 

SURYided b\ DU. AVa GXVWafVVRQ (UCSD, La JROOa, CA). NRVMV ZeUe eiWheU iQfecWed ZiWh RU 

ZiWhRXW PaUNiQ, WT PINK1, SA PINK1, aQd/RU SD PINK1 fRU 4 hRXUV befRUe XQdeUgRiQg a 24 

hRXU iQfecWiRQ ZiWh GFP, L63RhRA, aQd/RU PKD. NRVMV ZeUe aOVR eiWheU WUeaWed RU QRW WUeaWed 

ZiWh 100 �g/PL c\cORhe[iPide (CHX) (Ca\PaQ ChePicaO CRPSaQ\) fRU 10, 15, 20, RU 60 

PiQXWeV RU 100 QM Rf CID 7555673 (CID) (SigPa AOdUich) fRU 24 hRXUV befRUe haUYeVW. 

 

AFWLYH 5KRA PXOO DRZQ AVVD\ 

300 �L Rf RhRA O\ViV bXffeU (500 PM NaCO, 10 PM MgCO​2​, 50 PM TUiV HCO(SH 7.4), 

0.1% SDS, aQd 1% NP-40) VXSSOePeQWed ZiWh iQhibiWRUV (10 �g/PL OeXSeSWiQ, 10 �g/PL 

aSURWiQiQ, 200 �PRO Na ​3​VO ​4​, 1 PM PMSF, aQd 1 PM PNPP) ZaV XVed WR hRPRgeQi]e 

SRZdeUi]ed adXOW PRXVe YeQWUicOeV RYeU YRUWe[. 700 �L Rf Whe RhRA O\ViV bXffeU ZaV WheQ added 

WR Whe hRPRgeQaWeV fRU a fiQaO YROXPe Rf 1 PL befRUe VSiQQiQg aW 14,000 USP ​(20,817 g) ​ fRU 1 

PiQXWe aW 4℃. The VXSeUQaWaQW ZaV VaYed aQd fiUVW fUR]eQ iQ OiTXid QiWURgeQ fRU 3 PiQXWeV befRUe 

deWhaZiQg aQd VXbMecWed WR a ​ PicUR BCA aVVa\ (TheUPR FiVheU ScieQWific) fRU PeaVXUePeQW Rf 

SURWeiQ cRQceQWUaWiRQV. ETXaO aPRXQWV Rf SURWeiQV ZeUe iQcXbaWed fRU 2 hRXUV ZiWh 

agaURVe-bRXQd UhRWeNiQ-RhRA biQdiQg dRPaiQ (C\WRVNeOeWRQ IQc). AfWeU iQcXbaWiRQ, Whe beadV 

ZeUe VXbMecWed WR a VeUieV Rf ZaVheV aQd ceQWUifXgaWiRQV befRUe SUeSaUiQg VaPSOeV iQ 4[ LaePPOi 
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bXffeU aV SUeYiRXVO\ deVcUibed [51]. WeVWeUQ bORWWiQg fRU RhRA ZaV XVed WR deWecW acWiYaWed 

GTP-bRXQd RhRA. 

 

:KROH HHDUW HRPRJHQDWHV DQG :KROH CHOO L\VDWHV 

PRZdeUi]ed adXOW PRXVe YeQWUicOeV ZeUe hRPRgeQi]ed iQ RIPA bXffeU (150 PM NaCO, 50 

PM TUiV (SH 7.4), 1% NP-40 aOWeUQaWiYe, 1% VRdiXP deR[\chROaWe, 0.1% SDS, 0.2 PM EDTA) 

VXSSOePeQWed ZiWh iQhibiWRUV. NRVMV ZeUe ZaVhed WZice ZiWh PBS befRUe O\ViQg iQ RIPA 

bXffeU VXSSOePeQWed ZiWh iQhibiWRUV aV PeQWiRQed abRYe. SaPSOeV ZeUe VRQicaWed fRU 1 PiQXWe, 

YRUWe[ed fRU 30 VecRQdV, aQd QXWaWed aW 4 ​℃ fRU 10 PiQXWeV befRUe VSiQQiQg dRZQ aW 14,000 USP 

(20,817 g) aW ​4​℃ fRU 5 PiQXWeV. SXSeUQaWaQWV ZeUe WheQ VaYed aQd SURWeiQ cRQceQWUaWiRQV ZeUe 

PeaVXUed b\ XViQg a PicUR BCA aVVa\ (TheUPR FiVheU ScieQWific).  

 

MLWRFKRQGULDO FUDFWLRQDWLRQ 

PRZdeUi]ed adXOW PRXVe YeQWUicOeV ZeUe hRPRgeQi]ed WhUee WiPeV iQ 300 �L Rf MiWR 

FUacWiRQaWiRQ D BXffeU (20 PM HEPES (SH 7.4), 210 PM MaQQiWRO, 70 PM VXcURVe, 1 PM 

EGTA) ZiWh 0.025% high SXUiW\ DigiWRQiQ (EDM MiOOiSRUe) aQd VXSSOePeQWed ZiWh iQhibiWRUV 

(10 �g/PL OeXSeSWiQ, 10 �g/PL aSURWiQiQ, 200 �PRO Na ​3​VO ​4​, 1 PM PMSF, aQd 1 PM PNPP), 

WUaQVfeUUiQg aQd VaYiQg Whe VXSeUQaWaQW afWeU each hRPRgeQi]aWiRQ. 1100 �L Rf MiWR 

FUacWiRQaWiRQ D BXffeU ZiWh 0.025% high SXUiW\ DigiWRQiQ aQd VXSSOePeQWed ZiWh iQhibiWRUV ZaV 

WheQ added WR Whe VaYed O\VaWeV fRU a fiQaO YROXPe Rf 2 PL. NRVMV ZeUe ZaVhed WZice ZiWh 

ice-cROd PBS befRUe haUYeVWiQg iQ 2 PL Rf MiWR FUacWiRQaWiRQ D BXffeU ZiWh 0.025% high SXUiW\ 

DigiWRQiQ aQd VXSSOePeQWed ZiWh iQhibiWRUV aV PeQWiRQed abRYe. L\VaWeV ZeUe WheQ VheaUed fiYe 
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WiPeV WhURXgh a 3 PL V\UiQge (BecWRQ, DicNiQVRQ aQd CRPSaQ\) ZiWh a 25 gaXge QeedOe 

(BecWRQ, DicNiQVRQ aQd CRPSaQ\) befRUe VhaNiQg aW 4℃ fRU 20 PiQXWeV. L\VaWeV ZeUe WheQ VSXQ 

aW 1,000 g aW 4℃ fRU 5 PiQXWeV aQd Whe UeVXOWaQW VXSeUQaWaQWV ZeUe WheQ ceQWUifXged aW 700 g aW 

4℃ fRU 10 PiQXWeV. The VaYed VXSeUQaWaQW ZaV WheQ VSXQ aW 16,000 g aW 4℃ fRU 15 PiQXWeV, 

VaYiQg Whe SeOOeW. The VaYed SeOOeWV ZeUe ZaVhed iQ 200 �L Rf O\ViV bXffeU aQd VSXQ aW 16,000 g 

fRU 2 PiQXWeV. The VXSeUQaWaQW ZaV aVSiUaWed aQd SeOOeWV ZeUe UeVXVSeQded iQ 120 �L Rf RIPA 

bXffeU. ReVXVSeQded SeOOeWV ZeUe VRQicaWed fRU 1 PiQXWe, YRUWe[ed fRU 30 VecRQdV, QXWaWed fRU 5 

PiQXWeV aW 4℃, aQd VSXQ aW 14,000 USP ​(20,817 g) ​ fRU 5 PiQXWeV befRUe VaYiQg Whe VXSeUQaWaQW aV 

Whe PiWRchRQdUiaO fUacWiRQ. 

 

:HVWHUQ BORWWLQJ 

NXPAGE� LDS SaPSOe BXffeU (4X) (TheUPR FiVheU ScieQWific) aQd 20[ DTT (FiVheU 

BiRUeageQWV) ZeUe added WR ceOO O\VaWeV RU PiWRchRQdUiaO fUacWiRQV, aQd heaWed aW 100 ​℃ fRU 15 

PiQXWeV WR cUeaWe ZeVWeUQ bORW VaPSOeV. ETXaO aPRXQWV Rf SURWeiQV ZeUe ORaded iQWR eiWheU 

NXPAGE� NRYe[� 4-12% RU 12% BiV-TUiV (TheUPR FiVheU ScieQWific) geOV aQd UXQ RQ ice fRU 

95 PiQXWeV aW 120 PV aQd 400 PA. GeOV ZeUe WheQ WUaQVfeUUed WR PVDF PePbUaQeV (MiOOiSRUe) 

fRU 1 hRXU aQd 40 PiQXWeV aW 125 PV befRUe bORcNiQg iQ 5% PiON/TBS-TZeeQ fRU 30 PiQXWeV. 

PVDF PePbUaQeV ZeUe WheQ UiQVed 5 WiPeV, 10 VecRQdV each, iQ 0.1% TBS-TZeeQ befRUe 

SUiPaU\ aQWibRdieV ZeUe added WR SURbe RYeUQighW aW 4 ​℃​.  

The fROORZiQg aQWibRdieV XVed ZeUe fURP CeOO SigQaOiQg TechQRORgieV: GAPDH, COX 

IV, S-ULK S555, S-ULK S757, BecOiQ1, LC3B, PTOR, S-PTOR S2481, S-P70S6K T389, 

S-4EBP1 T37/46, S-4EBP1 S65, S-ANW S473, S-AMPK T172, S-PKD S916, PaUNiQ, aQd RhRA. 
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PINK1 aQWibRdieV ZeUe eiWheU fURP Ca\PaQ ChePicaO CRPSaQ\ (fRU eQdRgeQRXV PINK1) RU 

NRYXV BiRORgicaOV (fRU PiQiSOG PINK1). T-ULK1 ZaV fURP SigPa AOdUich, S62 fURP BecWRQ, 

DicNiQVRQ aQd CRPSaQ\, aQd S-BecOiQ1 S30 fURP SigQaOZa\ AQWibRd\. AOO aQWibRdieV ZeUe XVed 

iQ a 1:1000 diOXWiRQ iQ 5% BSA/TBS-TZeeQ, e[ceSW WhRVe fRU S-BecOiQ1, S62, PINK1 (bRWh 

Ca\PaQ ChePicaO CRPSaQ\ aQd NRYXV BiRORgicaOV), RhRA, aQd BAG2 Rf Zhich ZeUe XVed iQ 

1:500 diOXWiRQV.  

AfWeU RYeUQighW SURbiQg, PVDF PePbUaQeV ZeUe URcNed iQ 0.1% TBS-TZeeQ fRU 30 

PiQXWeV, chaQgiQg Whe 0.1% TBS-TZeeQ eYeU\ 5 PiQXWeV, befRUe URcNiQg iQ eiWheU PRXVe RU 

UabbiW SeUR[idaVe-cRQMXgaWed VecRQdaU\ aQWibRdieV (SigPa AOdUich) aW URRP WePSeUaWXUe iQ 5% 

PiON/TBS-TZeeQ fRU 1 hRXU. 1:3000 VecRQdaU\ aQWibRd\ diOXWiRQV ZeUe XVed WR SURbe fRU aOO 

aQWibRdieV, e[ceSW fRU RhRA aQd PINK1 (NRYXV BiRORgicaOV) Rf Zhich ZeUe XVed iQ 1:1000 

diOXWiRQV aQd BecOiQ1 aQd BAG2 Rf Zhich ZeUe XVed iQ 1:2000 diOXWiRQV. PVDF PePbUaQeV 

ZeUe RQce PRUe URcNed iQ 0.1% TBS-TZeeQ fRU 30 PiQXWeV, chaQgiQg Whe 0.1% TBS-TZeeQ 

eYeU\ 5 PiQXWeV befRUe Whe\ ZeUe iPaged b\ XViQg SXSeUSigQaO� WeVW FePWR Ma[iPXP 

SeQViWiYiW\ SXbVWUaWe (TheUPR FiVheU ScieQWific). 

 

QXDQWLWDWLYH PC5 (TPC5) 

PRZdeUi]ed heaUW WiVVXeV ZeUe hRPRgeQi]ed iQ 300 �L Rf TUi]RO (APbiRQ), ZhiOe 

NRVMV ZeUe haUYeVWed iQ 1 PL Rf TUi]RO (APbiRQ). SaPSOeV ZeUe OefW WR iQcXbaWe aW URRP 

WePSeUaWXUe fRU 5 PiQXWeV iQ a fiQaO YROXPe Rf 1 PL Rf TUi]RO befRUe addiQg 200 ​� ​L Rf 

chORURfRUP (FiVheU ScieQWific) aQd iQcXbaWiQg fRU aQRWheU 5 PiQXWeV aW URRP WePSeUaWXUe, 

iQYeUWiQg 5 WiPeV befRUe aQd afWeU iQcXbaWiRQ. SaPSOeV ZeUe WheQ VSXQ aW 14,000 USP (20,817 g) 
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aW 4 ​℃​ fRU 10 PiQXWeV, aQd Whe cOeaU VXSeUQaWaQW aW Whe WRS ZaV VaYed. 500 ​� ​L Rf iVRSURSaQRO 

(FiVheU ScieQWific) ZaV added WR Whe VaYed VXSeUQaWaQW aQd iQcXbaWed aW -20 ​℃​ fRU 20 PiQXWeV. 

AfWeU iQcXbaWiRQ, Whe VaPSOeV ZeUe VSXQ aW 14,000 USP (20,817 g) aW 4 ​℃​ fRU 10 PiQXWeV. PeOOeWV 

ZeUe ZaVhed ZiWh 500 ​� ​L Rf 70% EWOH (FiVheU ScieQWific) aQd VSXQ agaiQ aW 14,000 (20,817 g) 

fRU 5 PiQXWeV. SXSeUQaWaQW ZaV diVcaUded aQd SeOOeWV ZeUe OefW iQYeUWed WR dU\ fRU 30 PiQXWeV 

befRUe diVVROYiQg iQ RNAVe-fUee ZaWeU (QiageQ), iQcXbaWiQg iQ a 55℃ ZaWeU baWh fRU 10 PiQXWeV. 

ASSOied BiRV\VWePV� ​High-CaSaciW\ cDNA ReYeUVe TUaQVcUiSWiRQ KiW (TheUPR FiVheU) 

ZaV XVed WR V\QWheVi]e cDNA. TaTMaQ UQiYeUVaO MaVWeUPi[ II (ASSOied BiRV\VWePV) WRgeWheU 

ZiWh VWaQdaUd SUiPeUV fURP IQWegUaWed DNA TechQRORgieV, e[ceSW WhRVe fRU NPPB aQd MYH7 Rf 

Zhich ZeUe fURP TaTMaQ, ZeUe XVed WR SeUfRUP TPCR WhURXgh a 7500 FaVW ReaO-TiPe PCR 

V\VWeP (ASSOied BiRV\VWePV). The cRPSaUaWiYe WhUeVhROd c\cOe (CW) ZaV QRUPaOi]ed WR GAPDH 

fRU daWa aQaO\ViV WhURXgh Whe cRPSaUaWiYe C ​T​ PeWhRd aV SUeYiRXVO\ deVcUibed [56].  

 

6WDWLVWLFDO AQDO\VLV 

The fROORZiQg UeVXOWV ZeUe aOO SUeVeQWed aV Whe aYeUage  Whe VWaQdaUd eUURU Rf Whe PeaQ�  

(SEM). OQe-WaiOed, XQSaiUed SWXdeQW¶V W-WeVW ZaV XVed WR deWeUPiQe VigQificaQce beWZeeQ WZR 

gURXSV VhaUiQg RQe YaUiabOe. A S-YaOXe OeVV WhaQ 0.05 ZaV deWeUPiQed WR be VWaWiVWicaOO\ 

VigQificaQW.  
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RESULTS 

 

5KRA DFWLYLW\ LV GHFUHDVHG ZLWK DJH. 

TR e[SORUe Whe SRWeQWiaO Rf RhRA aV a WheUaSeXWic WaUgeW agaiQVW agiQg iQ Whe heaUW, RhRA 

acWiYiW\ OeYeOV ZeUe fiUVW aQaO\]ed WhURXgh aQ acWiYe RhRA SXOO-dRZQ aVVa\ cRQdXcWed iQ heaUW 

VaPSOeV RbWaiQed fURP WT Pice aW 5 PRQWhV (\RXQg) aQd 10 PRQWhV Rf age (PiddOe-aged). The 

acWiYe RhRA SXOO dRZQ aVVa\ UeYeaOed a decUeaVe iQ OeYeOV Rf acWiYe RhRA iQ Whe heaUWV Rf 10 

PRQWh ROd Pice (PiddOe-aged) cRPSaUed WR WhaW Rf 5 PRQWh ROd Pice (\RXQg) (FigXUe 1A). 

CRQfiUPiQg WhiV RbVeUYaWiRQ, decUeaVed PKD acWiYiW\, a dRZQVWUeaP effecWRU Rf RhRA, ZaV aOVR 

RbVeUYed iQ Pice aW 10 PRQWhV Rf age (PiddOe-aged) cRPSaUed WR WhaW Rf Pice aW 5 PRQWhV Rf age 

(\RXQg) (FigXUe 1B). TheVe UeVXOWV VXggeVW a decUeaVe iQ RhRA VigQaOiQg acWiYiW\ ZiWh age.  

 

CDUGLDF-VSHFLILF 5KRA KO PRXVH KHDUWV VKRZ VLJQV RI DFFHOHUDWHG FDUGLDF DJLQJ. 

CaUdiac-VSecific RhRA KO (RhRA ​fO.fO, 𝜷MHC-cUe​) Pice haYe SUeYiRXVO\ beeQ VhRZQ WR 

e[SUeVV QR baVaO SheQRW\Se iQ Whe heaUW aW 2-3 PRQWhV Rf age [49]. TR aVVeVV caUdiac cRQWUacWiOiW\, 

echRcaUdiRgUaSh\ ZaV SeUfRUPed iQ Whe heaUWV Rf 4 PRQWh (\RXQg) aQd 10 PRQWh (PiddOe-aged) 

ROd WT aQd RhRA KO Pice. SXSSRUWiQg SUeYiRXV RbVeUYaWiRQV RbWaiQed aW 2-3 PRQWhV Rf age, QR 

VigQificaQW diffeUeQceV iQ fUacWiRQaO VhRUWeQiQg ZeUe RbVeUYed ZheQ cRPSaUiQg WT aQd KO 

heaUWV Rf 4 PRQWh ROd (\RXQg) Pice (FigXUe 2). IQ cRQWUaVW, fUacWiRQaO VhRUWeQiQg iQ 10 PRQWh ROd 

(PiddOe-aged) KO PRXVe heaUWV ZeUe VigQificaQWO\ ORZeU WhaQ WhaW Rf WT PRXVe heaUWV (FigXUe 

2), VXggeVWiQg WhaW caUdiac-VSecific deOeWiRQ Rf RhRA UeVXOWV iQ decUeaVed caUdiac cRQWUacWiOe 

fXQcWiRQ iQ Pice aW 10 PRQWhV Rf age (PiddOe-aged), bXW QRW aW 4 PRQWhV Rf age (\RXQg).  
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TR fXUWheU iQYeVWigaWe Whe UROe Rf RhRA iQ caUdiac agiQg, PRXVe heaUWV ZeUe aVVeVVed fRU 

caUdiac h\SeUWURSh\, a PaMRU feaWXUe Rf caUdiac agiQg [11]. USRQ e[WUacWiRQ Rf Whe heaUW, heaUW 

aQd bRd\ ZeighWV ZeUe PeaVXUed WR XVe WheiU UaWiR aV aQ iQdicaWRU Rf caUdiac h\SeUWURSh\. BRWh 4 

PRQWh (\RXQg) aQd 10 PRQWh (PiddOe-aged) ROd KO Pice had VigQificaQWO\ higheU heaUW WR bRd\ 

ZeighW UaWiRV iQ cRPSaUiVRQ WR WhaW Rf WheiU cRUUeVSRQdiQg WT OiWWeUPaWeV (FigXUe 3A), Zhich 

VXggeVWV aQ iQcUeaVe iQ Whe heaUW Vi]eV Rf KO Pice. AW 4 PRQWhV Rf age (\RXQg) TPCR aQaO\ViV 

UeYeaOed aQ iQcUeaVed, bXW QRW VWaWiVWicaOO\ VigQificaQW, e[SUeVViRQ Rf h\SeUWURShic geQeV (NPPB, 

AcWa1, aQd MYH7) iQ KO PRXVe heaUWV aQd a URbXVW iQcUeaVe aW 10 PRQWhV (PiddOe-aged) Rf age 

ZheQ cRPSaUed WR WhRVe Rf WT Pice (FigXUe 3B). TheVe RbVeUYaWiRQV VXggeVW a SURWecWiYe UROe 

fRU RhRA agaiQVW Whe age-iQdXced deYeORSPeQW Rf h\SeUWURSh\ iQ Whe heaUW.  

TPCR aQaO\ViV ZaV aOVR XVed WR aVVeVV fibURWic aQd iQfOaPPaWRU\ UeVSRQVeV, bRWh Rf 

Zhich aUe aOVR NQRZQ WR iQcUeaVe iQ Whe heaUW ZiWh age [13, 57]. AOWhRXgh QRW VigQificaQW, 

CRO1a1, CRO3a1, aQd PRVWQ fibURWic geQe e[SUeVViRQV ZeUe aOVR eOeYaWed iQ 4 PRQWh ROd (\RXQg) 

KO PRXVe heaUWV UeOaWiYe WR WhaW Rf WT PRXVe heaUWV (FigXUe 4). SiPiOaUO\ RbVeUYed ZiWh 

h\SeUWURShic geQe e[SUeVViRQ, fibURWic geQe e[SUeVViRQ ZaV VigQificaQWO\ iQcUeaVed iQ KO Pice aW 

10 PRQWhV Rf age (PiddOe-aged) cRPSaUed WR WhaW Rf WT Pice aW Whe VaPe age (FigXUe 4), 

VXggeVWiQg WhaW RhRA aOVR haV a UROe iQ SUeYeQWiQg Whe age-deSeQdeQW deYeORSPeQW Rf fibURViV.  

WhiOe ORRNiQg aW Whe effecWV Rf caUdiac-VSecific deOeWiRQ Rf RhRA RQ iQfOaPPaWRU\ geQe 

e[SUeVViRQ, QR RbYiRXV diffeUeQceV ZeUe fRXQd iQ Whe PRNA e[SUeVViRQ Rf IL-6, CCL2, CCL3, 

aQd CXCL2 beWZeeQ 4 PRQWh ROd (\RXQg) WT aQd KO PRXVe heaUWV (FigXUe 5). AgaiQ, aV 

diVcRYeUed ZiWh h\SeUWURShic aQd fibURWic geQe e[SUeVViRQV, 10 PRQWh ROd (PiddOe-aged) KO 

PRXVe heaUWV UeYeaOed VigQificaQWO\ higheU e[SUeVViRQ Rf aOO fRXU VWXdied iQfOaPPaWRU\ geQeV iQ 
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UeOaWiRQ WR WhRVe fRXQd iQ WT PRXVe heaUWV (FigXUe 5). TRgeWheU, WheVe RbVeUYaWiRQV VXggeVW WhaW 

RhRA haV a SURPiQeQW SURWecWiYe effecW agaiQVW Whe deYeORSPeQW Rf iQfOaPPaWiRQ aVVRciaWed ZiWh 

age.  

 

AQDO\VLV RI P7O5C1 VLJQDOLQJ LQ FDUGLDF-VSHFLILF 5KRA KO PRXVH KHDUWV. 

AQRWheU haOOPaUN Rf caUdiac agiQg iV aQ iQcUeaVe iQ SURWeiQ aggUegaWeV [20]. OQe Za\ iQ 

Zhich SURWeiQ aggUegaWeV aUe cOeaUed fURP Whe ceOO iV WhURXgh aXWRShag\, Whe ceOOXOaU V\VWeP WhaW 

Uec\cOeV PiVfROded SURWeiQV aQd daPaged RUgaQeOOeV iQ Whe ceOO [31]. TR deWeUPiQe ZheWheU RhRA 

UegXOaWeV aXWRShag\, Whe effecWV Rf caUdiac-VSecific deOeWiRQ Rf RhRA RQ PTORC1 VigQaOiQg, a 

ZeOO-eVWabOiVhed QegaWiYe UegXOaWRU Rf aXWRShag\, ZeUe fiUVW VWXdied. PTORC1 VigQaOiQg iV 

UegXOaWed b\ AMPK VeUYiQg aV a QegaWiYe UegXOaWRU Rf PTORC1 aQd ANW aV a SRViWiYe UegXOaWRU 

[58].  

WT aQd caUdiac-VSecific RhRA KO PRXVe heaUWV ZeUe VXbMecWed WR ZeVWeUQ bORW aQaO\ViV 

fRU S-AMPK aQd S-ANW WR deWeUPiQe ZheWheU AMPK aQd ANW acWiYiW\ iV UegXOaWed b\ RhRA iQ 

Whe heaUW. BRWh 4 PRQWh (\RXQg) aQd 10 PRQWh (PiddOe-aged) ROd KO PRXVe heaUWV VhRZed 

ORZeU S-AMPK OeYeOV ZheQ cRPSaUed WR WhaW Rf WT PRXVe heaUWV (FigXUe 6), VXggeVWiQg 

SRViWiYe UegXOaWiRQ Rf AMPK acWiYiW\ iQ Whe heaUW b\ RhRA. IW ZaV SUeYiRXVO\ VhRZQ WhaW 

cRQVWiWXWiYeO\ acWiYe RhRA iQ HEK 273E ceOOV UeVXOWV iQ decUeaVed S-ANW S473 OeYeOV [59], aQd 

VXSSRUWiQg WhiV fiQdiQg, aQ iQcUeaVe iQ S-ANW S473 SURWeiQ OeYeOV ZaV RbVeUYed iQ Whe heaUWV Rf 4 

PRQWh ROd (\RXQg) RhRA KO Pice (FigXUe 6). IQWeUeVWiQgO\, hRZeYeU, S-ANW S473 OeYeOV iQ 10 

PRQWh ROd (PiddOe-aged) KO Pice ZeUe QR diffeUeQW WhaQ WhaW RbVeUYed iQ WT Pice (FigXUe 6).  
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CRQWiQXiQg WR VWXd\ Whe effecWV Rf caUdiac-VSecific RhRA deOeWiRQ RQ PTORC1 VigQaOiQg, 

aXWR-ShRVShRU\OaWiRQ Rf PTOR ZaV aVVeVVed aV aQ iQdicaWRU Rf PTOR acWiYaWiRQ. KO PRXVe 

heaUWV aW 4 PRQWhV Rf age (\RXQg) had VigQificaQWO\ higheU PTOR ShRVShRU\OaWiRQ OeYeOV WhaQ 

WhaW Rf WT PRXVe heaUWV (FigXUe 7). IQ cRQWUaVW, S-PTOR OeYeOV ZeUe VigQificaQWO\ ORZeU iQ KO 

PRXVe heaUWV aW 10 PRQWhV (PiddOe-aged) Rf age cRPSaUed WR WhaW iQ WT (FigXUe 7). TheVe 

UeVXOWV VXggeVW a SRVVibiOiW\ WhaW Whe UROe Rf RhRA VigQaOiQg iQ Whe UegXOaWiRQ Rf PTOR acWiYaWiRQ 

YaUieV ZiWh age ZheUe RhRA VigQaOiQg iV iQhibiWiQg iQ Whe \RXQg bXW acWiYaWiQg iQ Whe 

PiddOe-aged. LRRNiQg aW Whe ShRVShRU\OaWiRQ Rf PTORC1 dRZQVWUeaP VXbVWUaWeV aV aQ iQdicaWRU 

Rf PTORC1 acWiYiW\, a WUeQdiQg iQcUeaVe iQ S-P70S6K OeYeOV ZaV RbVeUYed iQ Whe heaUWV Rf KO 

Pice UeOaWiYe WR WhaW RbVeUYed iQ Whe heaUWV Rf WT Pice aQd ZeUe VigQificaQWO\ VR iQ Whe heaUWV Rf 

10 PRQWh ROd (PiddOe-aged) KO Pice (FigXUe 8). WhiOe S-4EBP1 T37/46 OeYeOV UePaiQed 

XQchaQged beWZeeQ WT aQd KO PRXVe heaUWV, S-4EBP1 S65 SURWeiQ OeYeOV ZeUe VOighWO\, bXW QRW 

VWaWiVWicaOO\ VigQificaQWO\, ORZeU iQ KO heaUWV WhaQ iQ WT heaUWV Rf bRWh 4 PRQWh (\RXQg) aQd 10 

PRQWh (PiddOe-aged) ROd Pice (FigXUe 8). TheVe RbVeUYaWiRQV VXggeVW WhaW caUdiac-VSecific 

deOeWiRQ Rf RhRA dReV QRW haYe a VigQificaQW iPSacW iQ UegXOaWiQg PTORC1 VigQaOiQg, aOWhRXgh 

fXUWheU VWXdieV ZiOO be UeTXiUed. 

 

AQDO\VLV RI DXWRSKDJ\ LQ FDUGLDF-VSHFLILF 5KRA KO PRXVH KHDUWV. 

TR deWeUPiQe ZheWheU RhRA UegXOaWeV aXWRShag\, ShRVShRU\OaWiRQ Rf ULK1 acWiYiW\, aQ 

aXWRShag\ iQiWiaWiQg NiQaVe, ZaV aQaO\]ed. ULK1 iV SRViWiYeO\ UegXOaWed b\ AMPK-PediaWed 

ShRVShRU\OaWiRQ aW SeU555, aQd QegaWiYeO\ UegXOaWed b\ PTORC1-PediaWed ShRVShRU\OaWiRQ aW 

SeU757 [60]. WeVWeUQ bORW aQaO\ViV Rf ZhROe heaUW hRPRgeQaWeV UeYeaOed WhaW OeYeOV Rf bRWh 
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S-ULK555 aQd S-ULK757 ShRVShRU\OaWiRQ ZeUe QRW VWaWiVWicaOO\ diffeUeQW iQ Whe heaUWV Rf KO 

Pice aW bRWh 4 PRQWhV (\RXQg) aQd 10 PRQWhV (PiddOe-aged) Rf age cRPSaUed WR WhaW Rf WT 

Pice (FigXUe 9). BecOiQ-1 iV a dRZQVWUeaP WaUgeW Rf ULK1 aQd SOa\V a cUiWicaO UROe iQ Whe 

fRUPaWiRQ Rf Whe aXWRShagRVRPe WR VeTXeVWeU ceOOXOaU cRQWeQWV fRU aXWRShag\. IQWeUeVWiQgO\, RQO\ 

Whe heaUWV Rf 4 PRQWh (\RXQg) ROd KO Pice VhRZed a VigQificaQW iQcUeaVe iQ Whe ShRVShRU\OaWiRQ 

Rf BecOiQ1 aW SeU30 iQ cRPSaUiVRQ WR WT PRXVe heaUWV (FigXUe 10). PURWeiQ OeYeOV Rf LC3-II aQd 

S62 ZeUe Qe[W PeaVXUed aV PaUNeUV Rf aXWRShag\. AOWhRXgh QRW VWaWiVWicaOO\ VigQificaQW, bRWh 

LC3-II aQd S62 SURWeiQ OeYeOV ZeUe VOighWO\ ORZeU iQ Whe KO heaUWV Rf 4 PRQWh ROd (\RXQg) Pice 

cRPSaUed WR WT Pice aW Whe VaPe age, bXW ZeUe QR diffeUeQW beWZeeQ WT aQd KO PRXVe heaUWV 

aW 10 PRQWhV Rf age (FigXUe 10). TaNeQ aOO WRgeWheU, WheVe UeVXOWV VXggeVW WhaW caUdiac-VSecific 

deOeWiRQ Rf RhRA dReV QRW SOa\ a VigQificaQW UROe iQ Whe UegXOaWiRQ Rf aXWRShag\ iQ Pice aW bRWh 4 

PRQWhV (\RXQg) aQd 10 PRQWhV (PiddOe-aged) Rf age. 

 

5KRA LQFUHDVHV PINK1 SURWHLQ OHYHOV LQ N59MV. 

IQ addiWiRQ WR Whe accXPXOaWiRQ Rf SURWeiQ aggUegaWeV, accXPXOaWiRQ Rf daPaged 

PiWRchRQdUia iV aOVR cRPPRQO\ RbVeUYed iQ Whe aged heaUW aQd cRQWUibXWeV WR Whe deYeORSPeQW Rf 

caUdiac agiQg. MiWRShag\, a PiWRchRQdUia-VSecific fRUP Rf aXWRShag\, SOa\V aQ iPSRUWaQW UROe iQ 

PaiQWaiQiQg PiWRchRQdUiaO TXaOiW\ aQd iV fUeTXeQWO\ diVcXVVed WR haYe a VigQificaQW UROe iQ Whe 

SURceVV Rf agiQg [38, 61]. MiWRShag\ iV cRQYeQWiRQaOO\ iQiWiaWed WhURXgh Whe VWabiOi]aWiRQ Rf 

PINK1 aW Whe PiWRchRQdUia [62]. WeVWeUQ bORW aQaO\ViV Rf ZhROe heaUW hRPRgeQaWeV iVROaWed fURP 

WT aQd caUdiac-VSecific RhRA KO Pice aW 10 PRQWhV Rf age (PiddOe-aged) UeYeaOed decUeaVed 

PINK1 SURWeiQ OeYeOV iQ RhRA KO Pice cRPSaUed WR WhaW iQ WT Pice (FigXUe 11A), VXggeVWiQg 
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WhaW RhRA SRViWiYeO\ UegXOaWeV Whe OeYeO Rf PINK1. ThiV ZaV fXUWheU VXSSRUWed b\ a 

gaiQ-Rf-fXQcWiRQ aSSURach iQ ​LQ YLWUR ​ VWXdieV XWiOi]iQg adeQRYiUaO-PediaWed e[SUeVViRQ Rf 

cRQVWiWXWiYeO\ acWiYe RhRA (L63RhRA) iQ QeRQaWaO UaW YeQWUicXOaU P\Rc\WeV (NRVMV). WeVWeUQ 

bORW aQaO\ViV Rf ZhROe ceOO O\VaWeV VhRZed iQcUeaVed PINK1 SURWeiQ OeYeOV iQ L63RhRA 

e[SUeVViQg NRVMV (FigXUe 11B). TheVe RbVeUYaWiRQV VXggeVW WhaW RhRA Pa\ haYe a UegXOaWRU\ 

UROe iQ PiWRShag\ b\ iQdXciQg PINK1 accXPXOaWiRQ aW Whe PiWRchRQdUia. 

 

5KRA LQFUHDVHV PINK1 SURWHLQ OHYHOV E\ LQKLELWLQJ PINK1 GHJUDGDWLRQ LQ N59MV. 

PINK1 SURWeiQV XQdeUgR cRQVWaQW degUadaWiRQ iQ Whe heaOWh\ PiWRchRQdUia, bXW WhiV iV 

iQhibiWed iQ UeVSRQVe WR PiWRchRQdUiaO PePbUaQe deSROaUi]aWiRQ XSRQ PiWRchRQdUiaO daPage 

[62]. HRZeYeU, a VWXd\ XViQg a PiWRchRQdUiaO PePbUaQe SRWeQWiaO iQdicaWRU (TMRE) had 

SUeYiRXVO\ VhRZed WhaW L63RhRA e[SUeVViRQ iQ NRVMV dReV QRW deSROaUi]e Whe PiWRchRQdUiaO 

PePbUaQe SRWeQWiaO [54] aQd WhiV ZaV aOVR cRQfiUPed WhURXgh PicURVcRSic aQaO\ViV Rf TMRE 

fOXRUeVceQce iQ NRVMV (ShigeNi Mi\aPRWR, XQSXbOiVhed RbVeUYaWiRQ). TR WeVW ZheWheU RhRA 

iQcUeaVeV PINK1 SURWeiQ OeYeOV b\ iQcUeaViQg PINK1 WUaQVcUiSWiRQ, TPCR aQaO\ViV ZaV XVed WR 

ORRN aW PINK1 PRNA OeYeOV iQ WT aQd caUdiac-VSecific RhRA KO PRXVe heaUWV aV ZeOO aV iQ 

NRVMV iQfecWed ZiWh L63RhRA e[SUeVViQg adeQRYiUXV. A VigQificaQW decUeaVe iQ PINK1 PRNA 

OeYeOV ZaV RbVeUYed iQ RhRA KO PRXVe heaUWV cRPSaUed WR WhaW Rf WT PRXVe heaUWV aW 10 

PRQWhV Rf age (PiddOe-aged) (FigXUe 12A), VXggeVWiQg WhaW RhRA iQcUeaVeV PINK1 WUaQVcUiSWiRQ. 

IQWeUeVWiQgO\, hRZeYeU, QR VigQificaQW diffeUeQceV iQ PINK1 PRNA OeYeOV ZeUe RbVeUYed aPRQg 

NRVMV iQfecWed ZiWh L63RhRA e[SUeVViQg adeQRYiUXV fRU 8, 16, aQd 24 hRXUV (FigXUe 12B), 

VXggeVWiQg WhaW acWiYaWiRQ Rf RhRA dReV QRW diUecWO\ UegXOaWe PINK1 WUaQVcUiSWiRQ.  
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CRQVideUiQg Whe SRVVibiOiW\ WhaW RhRA dReV QRW iQfOXeQce Whe WUaQVcUiSWiRQ Rf PINK1, 

NRVMV ZeUe iQfecWed ZiWh eiWheU GFP RU L63RhRA ​ ​e[SUeVViQg adeQRYiUXV WR deWeUPiQe ZheWheU 

Whe RbVeUYed RhRA-PediaWed accXPXOaWiRQ Rf PINK1 UeVXOWV fURP Whe iQhibiWiRQ Rf PINK1 

SURWeiQ degUadaWiRQ. PURWeiQ V\QWheViV ZaV iQhibiWed b\ WUeaWPeQW ZiWh 100 �g/PL Rf 

c\cORhe[iPide (CHX) fRU 15 PiQXWeV aQd chaQgeV iQ PINK1 SURWeiQ OeYeOV ZeUe e[aPiQed b\ 

ZeVWeUQ bORW aQaO\ViV Rf ZhROe ceOO O\VaWeV. E[SUeVViRQ Rf L63RhRA ZaV fRXQd WR iQhibiW Whe 

decUeaVe iQ PINK1 SURWeiQ OeYeOV Rf CHX WUeaWed NRVMV (FigXUe 13). ThiV UeVXOW VXggeVWV Whe 

e[iVWeQce Rf a PiWRchRQdUiaO PePbUaQe deSROaUi]aWiRQ iQdeSeQdeQW PechaQiVP fRU Whe 

VWabiOi]aWiRQ Rf PINK1 iQ NRVMV WhaW iV iQdXced b\ Whe RhRA VigQaOiQg SaWhZa\. 

 

PKD LV QHFHVVDU\, EXW QRW VXIILFLHQW IRU 5KRA-PHGLDWHG VWDELOL]DWLRQ RI PINK1 DQG WKH 

VXEVHTXHQW LQFUHDVH LQ PDUNLQ DVVRFLDWLRQ ZLWK PLWRFKRQGULD LQ N59MV. 

PINK1 accXPXOaWiRQ aW Whe PiWRchRQdUia UeVXOWV iQ Whe UecUXiWPeQW Rf PaUNiQ WhURXgh a 

VeUieV Rf ShRVShRU\OaWiRQ eYeQWV, aQd iQ WXUQ, PaUNiQ WagV YaUiRXV PiWRchRQdUiaO SURWeiQV WhURXgh 

XbiTXiWiQaWiRQ fRU Whe iQdXcWiRQ Rf PiWRShag\ [62]. MiWRchRQdUiaO fUacWiRQV iVROaWed fURP 

NRVMV ZeUe VXbMecWed WR ZeVWeUQ bORW aQaO\ViV fRU QRW RQO\ PINK1, bXW aOVR PaUNiQ. NRVMV 

e[SUeVViQg L63RhRA UeYeaOed a URbXVW iQcUeaVe iQ bRWh PINK1 aQd PaUNiQ SURWeiQ OeYeOV (FigXUe 

14), VWURQgO\ VXSSRUWiQg eaUOieU VXggeVWiRQV Rf RhRA SRViWiYeO\ UegXOaWiQg PiWRShag\. TheVe 

UeVSRQVeV ZeUe QRW iQdXced b\ ZiOd-W\Se RhRA e[SUeVViRQ (FigXUe 14), iQdicaWiQg WhaW acWiYaWiRQ 

Rf Whe RhRA VigQaOiQg SaWhZa\ iV iQYROYed iQ Whe iQcUeaVeV iQ PINK1 aQd PaUNiQ OeYeOV aW Whe 

PiWRchRQdUia.  
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PKD, a dRZQVWUeaP effecWRU Rf RhRA, haV SUeYiRXVO\ beeQ VhRZQ WR haYe a VigQificaQW 

UROe iQ RhRA-PediaWed SURWecWiRQ Rf Whe heaUW agaiQVW I/R iQMXU\ aV ZeOO aV R[idaWiYe VWUeVV [49, 

50]. TR WeVW deWeUPiQe ZheWheU RhRA-PediaWed VWabiOi]aWiRQ Rf PINK1 aQd Whe VXbVeTXeQW 

UecUXiWPeQW Rf PaUNiQ WR Whe PiWRchRQdUia RccXUV WhURXgh Whe acWiYaWiRQ Rf PKD, 100 QM Rf CID 

755637, a ShaUPacRORgicaO PKD iQhibiWRU, ZaV XVed iQ NRVMV e[SUeVViQg L63RhRA. CID 

755637 WUeaWPeQW abROiVhed Whe RhRA-PediaWed iQcUeaVe iQ PINK1 SURWeiQ OeYeOV aQd OaUgeO\ 

aWWeQXaWed WhaW Rf PaUNiQ iQ Whe PiWRchRQdUiaO fUacWiRQV (FigXUe 14), VXggeVWiQg Whe QeceVViW\ Rf 

PKD iQ RhRA-PediaWed VWabiOi]aWiRQ Rf PINK1 aQd Whe VXbVeTXeQW UecUXiWPeQW Rf PaUNiQ WR Whe 

PiWRchRQdUia.  

TR fXUWheU iQYeVWigaWe Whe UROe Rf PKD iQ RhRA-PediaWed VWabiOi]aWiRQ Rf PINK1 aW Whe 

PiWRchRQdUia, adeQRYiUXV eQcRdiQg PKD ZaV XVed WR RYeUe[SUeVV PKD iQ NRVMV eiWheU ZiWh RU 

ZiWhRXW L63RhRA e[SUeVViRQ. MiWRchRQdUiaO fUacWiRQV iVROaWed fURP NRVMV e[SUeVViQg bRWh 

L63RhRA aQd PKD VhRZed eYeQ higheU PINK1 SURWeiQ OeYeOV ZiWhRXW VigQificaQWO\ affecWiQg 

PaUNiQ OeYeOV ZheQ cRPSaUed WR WhRVe e[SUeVViQg L63RhRA aORQe (daWa QRW VhRZQ). 

IQWeUeVWiQgO\, hRZeYeU, RYeUe[SUeVViRQ Rf RQO\ PKD faiOed WR iQdXce PINK1 RU PaUNiQ 

accXPXOaWiRQ aW Whe PiWRchRQdUia, iQdicaWiQg WhaW PKD acWiYaWiRQ iV QRW VXfficieQW WR iQcUeaVe 

eiWheU PiWRchRQdUiaO PINK1 RU PaUNiQ SURWeiQ OeYeOV (FigXUe 14), VXggeVWiQg WhaW PKD SOa\V a 

cUiWicaO UROe iQ RhRA-PediaWed PINK1 VWabiOi]aWiRQ aQd VXbVeTXeQW PaUNiQ UecUXiWPeQW WR Whe 

PiWRchRQdUia, bXW iV QRW VXfficieQW.  
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7KH SKRVSKRU\ODWLRQ VWDWH RI WKH PKD FRQVHQVXV VHTXHQFH RQ PINK1 GRHV QRW DIIHFW WKH 

GHJUDGDWLRQ UDWH RI PINK1 LQ N59MV. 

PINK1 ZaV fRXQd WR cRQWaiQ S-PKD cRQVeQVXV VeTXeQceV (LQREAS495), aQd WhXV Ze 

h\SRWheVi]ed WhaW RhRA-PediaWed PINK1 VWabiOi]aWiRQ UeVXOWV fURP Whe ShRVShRU\OaWiRQ Rf 

PINK1 aW SeU495 b\ PKD. PhRVShR-PiPicNiQg aQd QRQ-ShRVShRU\OaWabOe PXWaQWV Rf PINK1 

ZeUe cUeaWed b\ PXWaWiQg SeU495 aW Whe PKD cRQVeQVXV VeTXeQce WR eiWheU aVSaUWic acid WR cUeaWe 

a ShRVShR-PiPicNiQg PXWaQW RU WR aOaQiQe WR cUeaWe a QRQ-ShRVShRU\OaWabOe PXWaQW. NRVMV 

ZeUe iQfecWed ZiWh eiWheU Whe XQPXWaWed ZiOd-W\Se (WT), Whe QRQ-ShRVShRU\OaWabOe (SA), RU Whe 

ShRVShR-PiPicNiQg (SD) PINK1 eQcRdiQg adeQRYiUXV aQd/RU WUeaWed ZiWh 100 �L/PL Rf 

c\cORhe[iPide (CHX) fRU 10, 20, RU 60 PiQXWeV. WhROe ceOO O\VaWeV ZeUe iVROaWed aQd VXbMecWed 

WR ZeVWeUQ bORW aQaO\ViV fRU PINK1. NR VigQificaQW diffeUeQceV iQ PINK1 SURWeiQ degUadaWiRQ 

ZeUe RbVeUYed aPRQg NRVMV WUeaWed ZiWh CHX aQd iQfecWed ZiWh WT, SA, RU SD PINK1 

(FigXUe 15), VXggeVWiQg WhaW WhiV SXWaWiYe PKD ShRVShRU\OaWiRQ ViWe RQ PINK1 iV QRW iPSRUWaQW 

fRU RhRA-PediaWed PINK1 SURWeiQ VWabiOi]aWiRQ. 

 

PKD SOD\V DQ LPSRUWDQW UROH LQ WKH DVVRFLDWLRQ RI DFWLYH 5KRA ZLWK WKH PLWRFKRQGULD.  

WhiOe e[aPiQiQg Whe UROe Rf PKD iQ Whe VWabiOi]aWiRQ Rf PINK1 iQdXced b\ RhRA 

VigQaOiQg, acWiYe RhRA ZaV iQWeUeVWiQgO\ diVcRYeUed WR be accXPXOaWed aW Whe PiWRchRQdUia aV 

iQdicaWed b\ Whe VigQificaQW iQcUeaVe iQ RhRA SURWeiQ OeYeOV iQ Whe PiWRchRQdUiaO fUacWiRQV 

iVROaWed fURP NRVMV e[SUeVViQg L63RhRA (FigXUe 16). AddiWiRQaOO\, CID 755637 WUeaWPeQW 

VXUSUiViQgO\ iQhibiWed Whe RbVeUYed iQcUeaVe iQ PiWRchRQdUiaO RhRA SURWeiQ (FigXUe 15). 

CRQYeUVeO\, ZhiOe Whe e[SUeVViRQ Rf L63RhRA WRgeWheU ZiWh Whe RYeUe[SUeVViRQ Rf PKD aOVR 
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iQcUeaVed Whe SUeVeQce Rf RhRA aW Whe PiWRchRQdUia, RYeUe[SUeVViRQ Rf PKD aORQe faiOed WR 

iQdXce Whe accXPXOaWiRQ Rf RhRA aW Whe PiWRchRQdUia (FigXUe 16). TRgeWheU, WheVe fiQdiQgV 

VXggeVW WhaW ViPiOaU WR Whe RbVeUYed VWabiOi]aWiRQ Rf PINK1, Whe accXPXOaWiRQ Rf acWiYe RhRA aW 

Whe PiWRchRQdUia iV deSeQdeQW RQ Whe acWiYaWiRQ Rf PKD, bXW PKD aORQe iV QRW VXfficieQW.  

SiPiOaU WR PINK1, RhRA ZaV aOVR fRXQd WR cRQWaiQ S-PKD cRQVeQVXV VeTXeQceV, OeadiQg 

WR RXU Qe[W h\SRWheViV VWaWiQg WhaW PKD iV iQYROYed iQ Whe VWabiOi]aWiRQ Rf PINK1 b\ PediaWiQg 

Whe iQcUeaVe iQ Whe PiWRchRQdUiaO aVVRciaWiRQ Rf RhRA. TR aQVZeU ZheWheU Whe accXPXOaWiRQ Rf 

acWiYe RhRA aW Whe PiWRchRQdUia UeVXOWV fURP PKD-PediaWed ShRVShRU\OaWiRQ Rf acWiYe RhRA, 

QRQ-ShRVShRU\OaWabOe aQd ShRVShR-PiPicNiQg PXWaQWV ViPiOaU WR WhRVe Rf PINK1 ZeUe cUeaWed 

ZiWh L63RhRA, bXW haYe \eW WR be WeVWed. 

 

AFWLYH 5KRA LQFUHDVHV PLWRFKRQGULDO BAG2 SURWHLQ OHYHOV LQ N59MV.  

BecaXVe RXU daWa VXggeVWV WhaW PKD iV UeTXiUed, bXW iV QRW VXfficieQW, fRU RhRA-PediaWed 

PINK1 VWabiOi]aWiRQ aQd WhaW PKD iV aOVR iPSRUWaQW iQ Whe aVVRciaWiRQ Rf acWiYe RhRA aW Whe 

PiWRchRQdUia, Ze h\SRWheVi]e WhaW Whe PiWRchRQdUiaO WUaQVORcaWiRQ Rf acWiYe RhRA PediaWed b\ 

PKD SOa\V a Ne\ UROe iQ Whe VWabiOi]aWiRQ Rf PINK1 aW Whe PiWRchRQdUia. We VSecXOaWe WhaW WhiV 

iQYROYeV aQ addiWiRQaO PROecXOe WhaW XQdeUgReV PiWRchRQdUiaO WUaQVORcaWiRQ ZiWh aQd iV 

aVVRciaWed ZiWh RhRA. CR-chaSeURQe SURWeiQ, BAG2, haV UeceQWO\ beeQ fRXQd WR iQhibiW PINK1 

degUadaWiRQ aW Whe PiWRchRQdUia [63, 64], PaNiQg iW a SRWeQWiaO PROecXOe WhaW OiQNV WRgeWheU 

PKD-PediaWed RhRA PiWRchRQdUia WUaQVORcaWiRQ aQd VXbVeTXeQW PINK1 VWabiOi]aWiRQ. NRVMV 

e[SUeVViQg L63RhRA ZeUe fRXQd WR haYe a VigQificaQW iQcUeaVe iQ BAG2 SURWeiQ OeYeOV aW Whe 

PiWRchRQdUia (FigXUe 17), VXggeVWiQg WhaW RhRA VigQaOiQg iQdXceV Whe accXPXOaWiRQ Rf BAG2 aW 
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Whe PiWRchRQdUia. AQ iPPXQRSUeciSiWaWiRQ aVVa\ iV iQ Whe SURceVV Rf beiQg RSWiPi]ed iQ NRVMV 

iQ RUdeU WR fXUWheU iQYeVWigaWe ZheWheU RhRA diUecWO\ iQWeUacWV ZiWh BAG2 aQd RWheU 

PiWRShag\-UeOaWed PROecXOeV WR PediaWe Whe iQdXcWiRQ Rf PiWRShag\.  
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FIGURES 

 
 
 

 
 
 
FLJXUH 1. DHFUHDVHG 5KRA DFWLYLW\ LQ :7 PLFH DW 10 PRQWKV RI DJH (PLGGOH-DJHG). ​ AcWiYe 
RhRA SXOO dRZQ aVVa\ ZaV XVed WR cRPSaUe Whe OeYeOV Rf RhRA acWiYiW\ iQ 5 PRQWh ROd (\RXQg) 
aQd 10 PRQWh ROd (PiddOe-aged) Pice. SaPSOeV ZeUe aQaO\]ed WhURXgh ZeVWeUQ bORW aQaO\ViV fRU 
A. ​acWiYe RhRA aQd ​B. ​S-PKD S916 iQ ZhROe heaUW hRPRgeQaWeV. *, ** S < 0.05, 0.01 YV 5 
PRQWh (\RXQg) WT; Q = 2.  
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FLJXUH 2. CDUGLDF FRQWUDFWLOH IXQFWLRQ LV UHGXFHG LQ PLGGOH-DJHG FDUGLDF-VSHFLILF 5KRA KO 
PRXVH KHDUWV. ​EchRcaUdiRgUaSh\ ZaV XVed WR PeaVXUe Whe SeUceQW fUacWiRQaO VhRUWeQiQg Rf WT 
aQd caUdiac-VSecific RhRA KO PRXVe heaUWV aW 4 PRQWhV (\RXQg) RU 10 PRQWhV (PiddOe-aged) Rf 
age.  **** S < 0.0001 YV. 10 PRQWh ROd (PiddOe-aged) WT; Q > 6.  
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FLJXUH 3. H\SHUWURSKLF UHVSRQVHV DUH LQGXFHG LQ 5KRA KO LQ DQ DJH GHSHQGHQW PDQQHU. 
A. ​HeaUW ZeighW (Pg) WR bRd\ ZeighW (g) UaWiR Rf ZiOd-W\Se (WT) aQd caUdiac-VSecific RhRA 
NQRcNRXW (KO) Pice aW 4 PRQWhV (\RXQg) aQd 10 PRQWhV (PiddOe aged) Rf age.  * S < 0.05 YV. 
WT; Q > 2. ​B. ​TPCR aQaO\ViV Rf h\SeUWURShic geQe (NPPB, AcWa1, MYH7) e[SUeVViRQ iQ Whe 
YeQWUicOeV Rf WT aQd KO PRXVe heaUWV. *, **, *** S < 0.05, 0.01, 0.001 YV. WT; Q > 2.  
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FLJXUH 4. FLEURWLF JHQH H[SUHVVLRQ LV LQFUHDVHG LQ 10 PRQWK (PLGGOH-DJHG) ROG 
FDUGLDF-VSHFLILF 5KRA KO PRXVH KHDUWV. ​TPCR aQaO\ViV Rf fibURWic geQe (CRO1a1, CRO3a1, aQd 
PRVWQ) e[SUeVViRQ iQ Whe YeQWUicOeV Rf WT aQd KO Pice aW 4 PRQWhV (\RXQg) aQd 10 PRQWhV 
(PiddOe-aged) Rf age. ***, **** S < 0.001, 0.0001 YV WT; Q > 2.  
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FLJXUH 5. CDUGLDF-VSHFLILF 5KRA KO PRXVH KHDUWV VKRZ LQFUHDVHG LQIODPPDWRU\ JHQH 
H[SUHVVLRQ LQ 10 PRQWK (PLGGOH-DJHG) ROG PRXVH KHDUWV. ​TPCR aQaO\ViV Rf iQfOaPPaWRU\ geQe 
(IL-6, CXCL2, CCL2, aQd CCL3) e[SUeVViRQ iQ Whe YeQWUicOeV Rf WT aQd KO Pice aW 4 PRQWhV 
(\RXQg) aQd 10 PRQWhV (PiddOe-aged) Rf age. **, ***, **** S < 0.01, 0.001, 0.0001 YV WT; Q > 
2.  
 

 
 
 

  

28 



 

 
 
 

 
 

 
FLJXUH 6. EIIHFWV RI FDUGLDF-VSHFLILF GHOHWLRQ RI 5KRA RQ XSVWUHDP NLQDVHV RI P7O5C1. 
WhROe heaUW hRPRgeQaWe VaPSOeV ZeUe e[WUacWed fURP WT aQd caUdiac-VSecific RhRA KO heaUW 
WiVVXe Rf Pice aW eiWheU 4 PRQWhV (\RXQg) RU 10 PRQWhV (PiddOe-aged) Rf age aQd VXbMecWed WR 
ZeVWeUQ bORW aQaO\ViV fRU S-AMPK T172 aQd S-ANW S473. GAPDH ZaV XVed aV Whe ORadiQg 
cRQWURO. *, ** S < 0.05, 0.01 YV WT; Q > 2.  
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FLJXUH 7. P7O5 SKRVSKRU\ODWLRQ LV LQFUHDVHG LQ 4 PRQWK ROG (\RXQJ) FDUGLDF-VSHFLILF 
5KRA KO PRXVH KHDUWV DQG GHFUHDVHG LQ 10 PRQWK ROG (PLGGOH-DJHG) RQHV.​ WhROe heaUW 
hRPRgeQaWeV ZeUe e[WUacWed fURP WT aQd caUdiac-VSecific RhRA KO Pice aW 4 PRQWhV (\RXQg) 
RU 10 PRQWhV (PiddOe-aged) Rf age aQd VXbMecWed WR ZeVWeUQ bORW aQaO\ViV fRU PTOR aQd 
S-PTOR. GAPDH ZaV XVed aV Whe ORadiQg cRQWURO. * S < 0.05 YV WT; Q > 2. 
 
  

30 



 

 
 
 

 
 

 
FLJXUH 8. EIIHFWV RI FDUGLDF-VSHFLILF GHOHWLRQ RI 5KRA RQ P7O5C1 GRZQVWUHDP VLJQDOLQJ. 
WhROe heaUW hRPRgeQaWeV ZeUe e[WUacWed fURP 4 PRQWh ROd (\RXQg) aQd 10 PRQWh ROd 
(PiddOe-aged) WT aQd caUdiac-VSecific RhRA KO heaUWV aQd VXbMecWed WR ZeVWeUQ bORW aQaO\ViV 
Rf S-P70S6K, S-4EBP1 T37/46, aQd S-4EBP1 S65. GAPDH ZaV XVed aV Whe ORadiQg cRQWURO. * S 
< 0.05; Q > 2. 
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FLJXUH 9. CDUGLDF-VSHFLILF 5KRA KO PRXVH KHDUWV VKRZ QR GLIIHUHQFH LQ 8LK1 
SKRVSKRU\ODWLRQ OHYHOV. ​WhROe heaUW hRPRgeQaWeV ZeUe e[WUacWed fURP WT aQd caUdiac-VSecific 
RhRA KO heaUWV Rf 4 PRQWh ROd (\RXQg) aQd 10 PRQWh ROd (PiddOe-aged) Pice aQd VXbMecWed WR 
Whe ZeVWeUQ bORW aQaO\ViV Rf T-ULK1, S-ULK S555, aQd S-ULK S757. GAPDH ZaV XVed aV Whe 
ORadiQg cRQWURO. QV YV WT; Q > 2. 
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FLJXUH 10. EIIHFWV RI FDUGLDF-VSHFLILF GHOHWLRQ RI 5KRA RQ DXWRSKDJLF VLJQDOLQJ. ​WhROe heaUW 
hRPRgeQaWeV ZeUe e[WUacWed fURP WT aQd caUdiac-VSecific RhRA KO heaUWV Rf Pice aW 4 PRQWhV 
(\RXQg) RU 10 PRQWhV (PiddOe-aged) Rf age aQd VXbMecWed WR ZeVWeUQ bORW aQaO\ViV Rf BecOiQ1, 
S-BecOiQ1 S30, LC3-II, aQd S62. GAPDH ZaV XVed aV Whe ORadiQg cRQWURO. ** S < 0.01 YV WT; Q 
> 2. 
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FLJXUH 11. 5KRA UHJXODWHV PINK1 SURWHLQ OHYHOV. ​ ​A.​ WhROe heaUW hRPRgeQaWeV ZeUe e[WUacWed 
fURP WT aQd caUdiac-VSecific RhRA KO heaUWV Rf Pice aW 10 PRQWhV (PiddOe-aged) Rf age aQd 
VXbMecWed WR ZeVWeUQ bORW aQaO\ViV fRU PINK1. COX IV ZaV XVed aV Whe ORadiQg cRQWURO. * S < 
0.05 YV WT; Q = 3. ​B.​ 24 hRXU VeUXP VWaUYed NRVMV ZeUe iQfecWed ZiWh eiWheU GFP RU 
L63RhRA e[SUeVViQg adeQRYiUXV fRU 24 hRXUV. WhROe ceOO O\VaWeV (WCL) ZeUe iVROaWed fURP Whe 
NRVMV aQd VXbMecWed WR ZeVWeUQ bORW aQaO\ViV Rf PINK1 ZiWh GAPDH aV Whe ORadiQg cRQWURO. * 
S < 0.05 YV GFP; Q =3.  
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FLJXUH 12. 10 PRQWK ROG (PLGGOH-DJHG) FDUGLDF-VSHFLILF 5KRA KO PRXVH KHDUWV KDYH 
GHFUHDVHG PINK1 WUDQVFULSWLRQ OHYHOV, ZKLOH L635KRA H[SUHVVLRQ GRHV QRW DIIHFW PINK1 
WUDQVFULSWLRQ OHYHOV LQ N59MV. A. ​ TPCR aQaO\ViV Rf PINK1 geQe e[SUeVViRQ iQ Whe YeQWUicOeV 
Rf 10 PRQWh ROd (PiddOe-aged) WT aQd KO PRXVe heaUWV. * S < 0.05 YV WT; Q > 9. ​B. ​24 hRXU 
VeUXP VWaUYed NRVMV ZeUe VXbMecWed WR eiWheU 8 hRXU, 16 hRXU, RU 24 hRXU iQfecWiRQ ZiWh 
L63RhRA (cRQVWiWXWiYeO\ acWiYe) e[SUeVViQg adeQRYiUXV. RNA ZaV iVROaWed fURP Whe NRVMV aQd 
TPCR aQaO\ViV ZaV SeUfRUPed. QV (QRW VigQificaQW) YV GFP (cRQWURO); Q > 7.  
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FLJXUH 13. 5KRA LQKLELWV PINK1 SURWHLQ GHJUDGDWLRQ. ​24 hRXU VeUXP VWaUYed NRVMV ZeUe 
iQfecWed ZiWh PINK1 e[SUeVViQg adeQRYiUXV fRU 4 hRXUV. The NRVMV ZeUe WheQ ZaVhed aQd 
iQfecWed ZiWh eiWheU GFP RU L63RhRA e[SUeVViQg adeQRYiUXV fRU 24 hRXUV. CeOOV ZeUe WUeaWed 
ZiWh 100 �g/PL CHX fRU 15 PiQ befRUe haUYeVW. WhROe ceOO O\VaWeV ZeUe iVROaWed fURP Whe 
NRVMV aQd VXbMecWed WR ZeVWeUQ bORW aQaO\ViV Rf PINK1. * S < 0.05 YV GFP. QV YV RhRA; Q > 5. 
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FLJXUH 14. PKD LV QHFHVVDU\, EXW QRW VXIILFLHQW, IRU 5KRA-PHGLDWHG VWDELOL]DWLRQ RI PINK1. 
24 hRXU VeUXP VWaUYed NRVMV ZeUe VXbMecWed WR 4 hRXU iQfecWiRQ ZiWh PINK aQd PARKIN 
e[SUeVViQg adeQRYiUXV. The NRVMV ZeUe WheQ iQfecWed ZiWh GFP, L63RhRA, WT RhRA, aQd/RU 
PKD e[SUeVViQg adeQRYiUXV aQd/RU WUeaWed ZiWh 100 QM CID, a ShaUPacRORgicaO PKD iQhibiWRU, 
fRU 24 hRXUV. MiWRchRQdUiaO fUacWiRQV ZeUe iVROaWed fURP Whe NRVMV aQd VXbMecWed WR ZeVWeUQ 
bORW aQaO\ViV Rf PINK1 aQd PaUNiQ ZiWh COX IV XVed aV Whe ORadiQg cRQWURO.  **, **** S < 0.01, 
0.0001; Q > 4.  
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FLJXUH 15. MXWDWLRQ RI WKH S-PKD FRQVHQVXV VHTXHQFH RQ PINK1 GRHV QRW DIIHFW WKH 
GHJUDGDWLRQ RI PINK1. ​24 hRXU VeUXP VWaUYed NRVMV ZeUe iQfecWed ZiWh PaUNiQ e[SUeVViQg 
adeQRYiUXV aQd eiWheU WT PINK, SA PINK1 (QRQ-ShRVShRU\OaWabOe PXWaQW), RU SD PINK1 
(ShRVShR-PiPicNiQg PXWaQW) fRU 4 hRXUV aQd cXOWXUed fRU 20 hRXUV. CeOOV ZeUe WUeaWed ZiWh 100 
�g/PL CHX fRU 10 PiQ, 20 PiQ, RU 60 PiQ. WhROe ceOO O\VaWeV ZeUe e[WUacWed fURP Whe NRVMV 
aQd VXbMecWed WR ZeVWeUQ bORW aQaO\ViV fRU PINK1 ZiWh GAPDH XVed aV Whe ORadiQg cRQWURO. QV YV 
WT PINK1 WUeaWed ZiWh CHX fRU 20 PiQ; Q = 2.  
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FLJXUH 16. PKD LV QHFHVVDU\, EXW QRW VXIILFLHQW, IRU WKH PLWRFKRQGULDO DFFXPXODWLRQ RI 
DFWLYH 5KRA. ​24 hRXU VeUXP VWaUYed NRVMV ZeUe iQfecWed ZiWh PINK aQd PARKIN e[SUeVViQg 
adeQRYiUXV. The NRVMV ZeUe WheQ ZaVhed aQd iQfecWed ZiWh GFP, L63RhRA, WT RhRA, 
aQd/RU PKD e[SUeVViQg adeQRYiUXV aQd/RU WUeaWed ZiWh 100 QM CID, a ShaUPacRORgicaO PKD 
iQhibiWRU, fRU 24 hRXUV. MiWRchRQdUiaO fUacWiRQV ZeUe iVROaWed fURP Whe NRVMV aQd VXbMecWed WR 
ZeVWeUQ bORW aQaO\ViV Rf RhRA ZiWh COX IV XVed aV Whe ORadiQg cRQWURO. *, ** S < 0.05, 0.01; Q > 
2​. 
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FLJXUH 17. AFWLYH 5KRA LQFUHDVHV PLWRFKRQGULDO BAG2 OHYHOV LQ N59MV. ​ 24 hRXU VeUXP 
VWaUYed NRVMV ZeUe iQfecWed ZiWh GFP RU L63RhRA e[SUeVViQg adeQRYiUXV ​ ​fRU 24 hRXUV. 
MiWRchRQdUiaO fUacWiRQV ZeUe iVROaWed fURP Whe NRVMV aQd VXbMecWed WR ZeVWeUQ bORW aQaO\ViV Rf 
BAG2 ZiWh COX IV XVed aV Whe ORadiQg cRQWURO.  * S < 0.05 YV GFP; Q = 4.  
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DISCUSSION 

 

AV a ORZ PROecXOaU ZeighW G-SURWeiQ VZiWchiQg beWZeeQ aQ acWiYe aQd iQacWiYe VWaWe XSRQ 

GPCR VWiPXOaWiRQ, RhRA haV iQWeUeVWiQgO\ aOVR beeQ VhRZQ WR SURWecW agaiQVW YaUiRXV VWUeVVeV iQ 

Whe heaUW VXch aV I/R iQMXU\, SUeVVXUe RYeUORad, aQd R[idaWiYe VWUeVV [48-51]. Age iV a PaMRU facWRU 

iQ Whe deYeORSPeQW Rf caUdiRYaVcXOaU diVeaVeV aQd iW haV QRW beeQ deWeUPiQed aV WR ZhaW UROe 

RhRA SOa\V iQ Whe deYeORSPeQW Rf age-deSeQdeQW caUdiac d\VfXQcWiRQ. OXU VWXd\ dePRQVWUaWeV 

WhaW RhRA QRW RQO\ SOa\V a SURWecWiYe UROe agaiQVW Whe SURgUeVViRQ Rf agiQg iQ Whe heaUW, bXW aOVR 

UegXOaWeV PiWRShag\ WhURXgh iWV PKD-PediaWed, PiWRchRQdUiaO PePbUaQe deSROaUi]aWiRQ 

iQdeSeQdeQW VWabiOi]aWiRQ Rf PINK1, ZhiOe geQeUaO aXWRShag\ iV QRW affecWed. OXU fiQdiQgV 

VXggeVW RhRA-PediaWed PiWRShag\ aV a SRWeQWiaO PechaQiVP iQ cRQfeUUiQg caUdiRSURWecWiRQ 

agaiQVW agiQg. 

 

5KRA SURWHFWV WKH KHDUW DJDLQVW DJLQJ. 

OXU VWXd\ UeYeaOed WhaW agiQg iQ Whe heaUWV Rf caUdiac-VSecific RhRA KO Pice aOUead\ 

becRPeV eYideQW aW RQO\ 10 PRQWhV Rf age (PiddOe-aged) (FigXUeV 2-5). BaVed RQ VXUYiYaO UaWe 

cRPSaUiVRQV beWZeeQ Pice aQd hXPaQV, Pice beWZeeQ Whe ageV Rf 3-6 PRQWhV aUe cRQVideUed 

UeSUeVeQWaWiYe Rf 20-40 \eaU ROd hXPaQ adXOWV, ZhiOe 10-14 PRQWh ROd Pice aUe cRQVideUed 

eTXiYaOeQW WR PiddOe-aged adXOWV iQ WheiU 40¶V [65]. SSecificaOO\, a VXbVWaQWiaO iQcUeaVe iQ Whe 

deYeORSPeQW Rf caUdiac agiQg SheQRW\SeV VXch aV h\SeUWURSh\, fibURViV, iQfOaPPaWiRQ aQd 

cRQWUacWiOe d\VfXQcWiRQ ZaV RbVeUYed iQ caUdiac-VSecific RhRA KO Pice aW MXVW 10 PRQWhV Rf age 

(PiddOe-aged) (FigXUeV 2-5). ThiV eaUO\ RQVeW Rf agiQg iQ Whe heaUW iQdXced b\ caUdiac deOeWiRQ Rf 
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RhRA VWURQgO\ VXggeVWV WhaW RhRA acWV aV a SURWecWiYe VigQaOiQg PROecXOe agaiQVW Whe 

SURgUeVViRQ Rf age-aVVRciaWed heaUW faiOXUe.  

BecaXVe caUdiac agiQg iV W\SicaOO\ QRW RbVeUYed XQWiO be\RQd Whe PiddOe-age \eaUV Rf a 

heaOWh\ hXPaQ [66], iW ZRXOd be Rf iQWeUeVW WR fXUWheU e[WeQd RXU VWXdieV WR 18-24 PRQWh ROd 

Pice, UeSUeVeQWaWiYe Rf Whe 59-68 \eaU ROd hXPaQ agiQg SRSXOaWiRQ [65]. WiWh VXch a VWXd\, a 

beWWeU caXVaO cRUUeOaWiRQ beWZeeQ Whe RbVeUYed caUdiac-VSecific RhRA KO iQdXced chaQgeV aQd 

Whe feaWXUeV Rf caUdiac agiQg caQ be Pade. AdeQR-aVVRciaWed YiUXV VeURW\Se (Whe PRVW 

caUdiRWURSic AAV) eQcRdiQg L63RhRA haYe beeQ geQeUaWed iQ RXU OabRUaWRU\ WR be XWiOi]ed iQ a 

fXWXUe VWXd\ aV a cRQYeUVe aSSURach WR caUdiac-VSecific RhRA deOeWiRQ WR deWeUPiQe ZheWheU 

RhRA acWiYaWiRQ aWWeQXaWeV caUdiac agiQg. 

RhRA iV a SUR[iPaO dRZQVWUeaP effecWRU Rf GPCRV aQd fXQcWiRQV aV a VigQaO WUaQVdXceU 

PRdXOaWiQg a Zide UaQge Rf ceOOXOaU SURceVVeV b\ eQgagiQg YaUiRXV dRZQVWUeaP effecWRUV. 

ROCK1/2 aUe cXUUeQWO\ Whe PRVW eVWabOiVhed dRZQVWUeaP effecWRUV Rf RhRA aQd PRdeOV 

iQhibiWiQg ROCK haYe beeQ VhRZQ WR decUeaVe h\SeUWURSh\, fibURViV, aQd iQfOaPPaWiRQ [67-69], 

cRQWUibXWiQg WR Whe YieZ Rf Whe RhRA VigQaOiQg caVcade aV SaWhRORgicaO iQ Whe heaUW. IW iV 

iPSRUWaQW WR WaNe QRWe, hRZeYeU, Rf Whe facW WhaW ROCK aOVR SOa\V a cUiWicaO UROe iQ UegXOaWiRQ Rf 

YaVcXOaU cRQWUacWiOiW\ [70] aQd cRXOd be iQYROYed iQ Whe diVcUeSaQcieV beWZeeQ fiQdiQgV RbWaiQed 

iQ gORbaO iQhibiWiRQ Rf ROCK aQd WhRVe Rf caUdiac-VSecific iQhibiWiRQ. IQWeUeVWiQgO\, a UeceQW 

VWXd\ XViQg caUdiac-VSecific ROCK1 NQRcNRXW Pice aQd caUdiac-VSecific ROCK2 NQRcNRXW Pice 

VXggeVWV WhaW acWiYaWiRQ Rf ROCK1 iV caUdiRSURWecWiYe ZhiOe WhaW Rf ROCK2 iV deOeWeUiRXV iQ Whe 

heaUW VXbMecWed WR SUeVVXUe-RYeUORad [71]. IQ addiWiRQ WR ROCK, RhRA aOVR PRdXOaWeV a Zide 

UaQge Rf dRZQVWUeaP effecWRUV fURP NiQaVeV iQcOXdiQg PKD, WR WUaQVcUiSWiRQ UegXOaWRUV VXch aV 
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MRTF-A aQd YAP. ThXV, Whe deOeWiRQ Rf RhRA VhRXOd UeVXOW iQ Whe iQhibiWiRQ Rf aOO iWV VigQaOiQg 

SaWhZa\V aQd SURdXce PRUe cRPSOe[ effecWV WhaQ WhaW fURP iQhibiWiRQ Rf MXVW RQe Rf iWV 

dRZQVWUeaP effecWRUV. 

NRQeWheOeVV, SUeYiRXV VWXdieV XViQg caUdiac VSecific RhRA KO Pice haYe dePRQVWUaWed 

WhaW RhRA SURYideV SURWecWiRQ iQ Whe heaUW agaiQVW iVchePia/UeSeUfXViRQ aV ZeOO aV agaiQVW 

SUeVVXUe-RYeUORad [48, 49]. TRgeWheU ZiWh RXU UeVXOWV, Whe RYeUaOO QeW effecW Rf RhRA VigQaOiQg iV 

VWURQgO\ VXggeVWed WR be SURWecWiYe agaiQVW Whe VWUeVVeV iQ Whe heaUW. WhiOe VWXdieV haYe 

iPSOicaWed PKD WR be iQYROYed iQ RhRA-PediaWed caUdiRSURWecWiRQ agaiQVW iVchePia/UeSeUfXViRQ 

iQMXU\, PRUe VWXdieV aUe Qeeded WR deWeUPiQe Whe e[WeQW WR Zhich PKD acWiYaWiRQ cRQWUibXWeV WR 

Whe SURWecWiRQ agaiQVW caUdiac agiQg aV VXggeVWed b\ WhiV VWXd\. The RbVeUYed decUeaVe iQ RhRA 

aQd PKD acWiYiW\ ZiWh age (FigXUe 1) iPSOicaWeV WhaW Whe decOiQe iQ RhRA VigQaOiQg acWiYiW\ ZiWh 

age cRQWUibXWeV WR Whe deYeORSPeQW Rf caUdiac agiQg. OXU UeVXOWV VXggeVW WhaW VWiPXOaWiRQ Rf 

RhRA/PKD VigQaOiQg Pa\ be a SURPiViQg WheUaSeXWic aOWeUQaWiYe iQ SUeYeQWiQg Whe deYeORSPeQW 

Rf age-aVVRciaWed feaWXUeV iQ Whe heaUW WhaW cRQWUibXWe WR Whe agiQg SRSXOaWiRQ¶V VXVceSWibiOiW\ WR 

heaUW faiOXUe. 

 

5KRA GRHV QRW VLJQLILFDQWO\ LPSDFW P7O5C1 VLJQDOLQJ DQG DXWRSKDJ\. 

DXUiQg RXU iQYeVWigaWiRQ aV WR hRZ RhRA iV abOe WR PediaWe iWV SURWecWiYe effecWV agaiQVW 

caUdiac agiQg, Whe iQcUeaVe iQ S-ANW aQd decUeaVe iQ S-AMPK RbVeUYed iQ 4 PRQWh ROd (\RXQg) 

caUdiac-VSecific RhRA KO Pice (FigXUe 6) VXggeVW WhaW RhRA Pa\ QegaWiYeO\ UegXOaWe PTORC1 

acWiYiW\ Zhich iV aOVR VXSSRUWed b\ Whe iQcUeaVe iQ S-PTOR OeYeOV (FigXUe 7). OXU fiQdiQgV aOVR 

cRiQcide ZiWh WhRVe Rf aQRWheU VWXd\ RbVeUYiQg decUeaVed PTORC1 acWiYiW\ OeYeOV iQ 
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L63RhRA-WUaQVfecWed HEK293 ceOOV aV iPSOicaWed b\ decUeaVed ShRVShRU\OaWiRQ OeYeOV Rf 

PTORC1 dRZQVWUeaP effecWRUV, P70S6K aQd 4EBP1 [59]. IQWeUeVWiQgO\, hRZeYeU, RXU VWXd\ 

fRXQd QR diffeUeQceV iQ Whe ShRVShRU\OaWiRQ OeYeOV Rf WheVe dRZQVWUeaP effecWRUV aW 4 PRQWhV Rf 

age (\RXQg) iQ RhRA KO PRXVe heaUWV (FigXUe 8), Zhich VXggeVWV WhaW Whe acWiYaWiRQ Rf 

PTORC1 PediaWed b\ RhRA deOeWiRQ iV QRW VXfficieQW WR iQdXce chaQgeV iQ Whe UegXOaWiRQ Rf 

PTORC1 dRZQVWUeaP effecWRUV. ThiV diVcUeSaQc\ cRXOd be dXe WR Whe facW WhaW RXU PRdeO 

iQYROYeV chURQic deOeWiRQ Rf RhRA, SRVVibO\ UeVXOWiQg iQ cRPSeQVaWRU\ VigQaOiQg iQ UeVSRQVe WR a 

VXVWaiQed iQcUeaVe iQ PTORC1 acWiYiW\ Rf Zhich iV NQRZQ WR be aQ XQdeUO\iQg PechaQiVP iQ Whe 

age-aVVRciaWed decOiQe Rf aXWRShag\ iQ Whe heaUW [23]. AddiWiRQaOO\, WheVe fiQdiQgV RbWaiQed b\ 

Whe deOeWiRQ Rf RhRA XQdeU baVaO cRQdiWiRQV iQ Pice aW 4 PRQWhV Rf age (\RXQg) dR QRW diUecWO\ 

VXggeVW Whe iQabiOiW\ Rf RhRA acWiYaWiRQ WR UegXOaWe PTORC1 VigQaOiQg XQdeU VWUeVVed 

cRQdiWiRQV. ThXV, RXU fXWXUe VWXd\ ZiOO e[aPiQe ZheWheU Whe acWiYaWiRQ Rf RhRA PediaWed b\ 

AAV9-RhRA caQ aOWeU PTORC1 acWiYiW\ iQ Whe heaUWV Rf eOdeUO\ Pice PRUe accXUaWeO\ 

UeSUeVeQWaWiYe Rf Whe aged hXPaQ SRSXOaWiRQ.  

IQ cRQWUaVW WR WheVe RbVeUYaWiRQV Pade iQ 4 PRQWh ROd Pice (\RXQg), WhRVe Pade iQ 10 

PRQWh ROd (PiddOe-aged) WT aQd RhRA KO Pice VXggeVWV a diffeUeQW UROe fRU RhRA iQ Whe 

UegXOaWiRQ Rf PTORC1 acWiYiW\. A VigQificaQW decUeaVe iQ S-PTOR OeYeOV ZaV RbVeUYed iQ RhRA 

KO Pice aW 10 PRQWhV Rf age (PiddOe-aged) (FigXUe 7), bXW a VigQificaQW iQcUeaVe iQ S-70S6K 

SURWeiQ OeYeOV aQd QR chaQge iQ 4EBP1 ShRVShRU\OaWiRQ OeYeOV ZeUe aOVR RbVeUYed (FigXUe 8), 

VXggeVWiQg Whe SRVVibOe acWiYaWiRQ Rf cRPSOe[ cRPSeQVaWRU\ VigQaOiQg SaWhZa\V iQ UeVSRQVe WR 

Whe chURQic deOeWiRQ Rf RhRA. TheVe RbVeUYaWiRQV iQ 4 PRQWh (\RXQg) aQd 10 PRQWh ROd 
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(PiddOe-aged) RhRA KO Pice WRgeWheU VXggeVW WhaW RhRA Pa\ QRW be a cUiWicaO UegXOaWRU Rf 

PTORC1 acWiYiW\ iQ \RXQg aQd PiddOe-aged Pice. 

ULK1 iV aQRWheU PTORC1 VXbVWUaWe, ZheUe PTORC1-PediaWed ShRVShRU\OaWiRQ aW S757 

OeadV WR Whe iQhibiWiRQ Rf iWV NiQaVe acWiYiW\, ZhiOe ShRVShRU\OaWiRQ Rf ULK1 aW S555 PediaWed b\ 

AMPK VigQifieV iQiWiaWiRQ Rf aXWRShag\ [60]. S-ULK S555 aQd S-ULK S757 OeYeOV iQ Whe heaUWV 

Rf RhRA KO Pice aW bRWh 4 PRQWhV (\RXQg) aQd 10 PRQWhV (PiddOe-aged) Rf age ZeUe fRXQd QRW 

VigQificaQWO\ diffeUeQW fURP WhRVe Rf WT PRXVe heaUWV (FigXUe 9), VXSSRUWiQg Whe idea WhaW RhRA 

deOeWiRQ dReV QRW VigQificaQWO\ iQfOXeQce PTORC1 acWiYiW\. IQ OiQe ZiWh WhiV, Ze did QRW RbVeUYe 

VigQificaQW chaQgeV iQ Whe OeYeO Rf geQeUaO aXWRShag\ PaUNeUV, BecOiQ1, LC3B-II, aQd S62, iQ WT 

aQd RhRA KO Pice aW eiWheU ageV (FigXUe 10). IQWeUeVWiQgO\, hRZeYeU, a VXbVWaQWiaO iQcUeaVe iQ 

ShRVShRU\OaWed BecOiQ1, a dRZQVWUeaP effecWRU Rf ULK1, aW SeU 30 ZaV RbVeUYed iQ RhRA KO 

Pice aW 4 PRQWhV Rf age (\RXQg), bXW QRW aW 10 PRQWhV Rf age (PiddOe-aged) (FigXUe 10). BecaXVe 

ULK1 acWiYiW\ aVVeVVed b\ S-ULK1 ZeVWeUQ bORWWiQg iV QR affecWed b\ caUdiac-VSecific deOeWiRQ 

Rf RhRA, Whe RbVeUYed iQcUeaVe iQ S-BecOiQ1 iV VXVSecWed WR be PediaWed b\ RWheU NiQaVeV RU be 

Whe UeVXOW Rf a cRPSeQVaWRU\ SaWhZa\ iQ UeVSRQVe WR Whe chURQic ORVV Rf RhRA. 

WheQ WaNeQ aOO WRgeWheU, RXU fiQdiQgV iPSOicaWe WhaW caUdiac-VSecific deOeWiRQ Rf RhRA 

VigQificaQWO\ affecWV QeiWheU PTORC1 VigQaOiQg QRU aXWRShag\ VSecificaOO\ aW 4 PRQWhV (\RXQg) 

aQd 10 PRQWhV (PiddOe-aged) Rf age aQd WhaW Whe eaUO\ RQVeW Rf caUdiac agiQg iQ RhRA KO Pice 

iV QRW dXe WR Whe iPSaiUPeQW Rf aXWRShag\. FXUWheU VWXdieV XWiOi]iQg aQ iQdXcibOe RYeUe[SUeVViRQ 

Rf RhRA RU iQdXcibOe deOeWiRQ Rf RhRA iQ Whe heaUWV Rf Pice aW YaUiRXV ageV iQcOXdiQg 18-24 

PRQWh ROd (ROd) Pice ZiOO be UeTXiUed WR cRPSUeheQViYeO\ XQdeUVWaQd Whe UROe Rf RhRA iQ Whe 

UegXOaWiRQ Rf aXWRShag\ iQ Whe agiQg heaUW. 
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5KRA UHJXODWHV PINK1-PHGLDWHG PLWRSKDJ\ WKURXJK DQ XQFRQYHQWLRQDO SDWKZD\. 

RegaUdiQg Whe UROe Rf RhRA iQ Whe UegXOaWiRQ Rf PiWRShag\, bRWh RXU iQ YiWUR VWXdieV 

XViQg NRVM e[SUeVViQg cRQVWiWXWiYeO\ acWiYe RhRA (L63RhRA) aQd RXU iQ YiYR VWXd\ XViQg 10 

PRQWh ROd caUdiac-VSecific RhRA KO Pice VXggeVW WhaW RhRA acWiYaWiRQ OeadV WR PINK1 SURWeiQ 

accXPXOaWiRQ (FigXUe 11). OQe Rf Whe PRVW ZeOO eVWabOiVhed SaWhZa\V fRU Whe iQiWiaWiRQ Rf 

PiWRShag\ iV WhURXgh Whe PINK1/PaUNiQ VigQaOiQg SaWhZa\ ZheUe PINK1, WhRXgh iV QRUPaOO\ 

cRQVWaQWO\ degUaded iQ Whe heaOWh\ PiWRchRQdUia, iV VWabiOi]ed WhURXgh Whe deSROaUi]aWiRQ Rf Whe 

PiWRchRQdUiaO PePbUaQe SRWeQWiaO iQ Whe daPaged PiWRchRQdUia [62]. IQ addiWiRQ WR Whe 

accXPXOaWiRQ Rf PINK1, RXU VWXd\ fXUWheU dePRQVWUaWed PaUNiQ UecUXiWPeQW WR PiWRchRQdUia XSRQ 

RhRA acWiYaWiRQ iQ NRVMV (FigXUe 14), cRQfiUPiQg Whe VXbVeTXeQW iQdXcWiRQ Rf PiWRShagic 

eYeQWV XSRQ Whe RhRA-PediaWed accXPXOaWiRQ Rf PINK1 aQd fXUWheU VXSSRUWV Whe VXggeVWiRQ WhaW 

RhRA VigQaOiQg SRViWiYeO\ UegXOaWeV PiWRShag\.  

WhiOe iQYeVWigaWiQg hRZ Whe e[SUeVViRQ Rf acWiYe RhRA iQdXceV Whe accXPXOaWiRQ Rf 

PINK1, iW ZaV iQWeUeVWiQg WR Vee WhaW aOWhRXgh Whe chURQic deOeWiRQ Rf RhRA iQ PRXVe heaUWV 

VhRZed a VigQificaQW decUeaVe iQ PINK1 WUaQVcUiSWiRQ, VXggeVWiQg WhaW RhRA iQdXceV PINK1 

WUaQVcUiSWiRQ fRU PINK1 accXPXOaWiRQ, VhRUW-WeUP (OeVV WhaQ 24 hRXU) e[SUeVViRQ Rf L63RhRA iQ 

NRVMV did QRW affecW PINK1 WUaQVcUiSWiRQ OeYeOV (FigXUe 12). AV PeQWiRQed eaUOieU, WhiV 

diVcUeSaQc\ cRXOd be Whe UeVXOW Rf cRPSeQVaWRU\ VigQaOiQg iQ UeVSRQVe WR Whe chURQic deOeWiRQ Rf 

RhRA. OXU VWXd\ did fiQd WhaW Whe RbVeUYed accXPXOaWiRQ Rf PINK1 iQ NRVMV Pa\, hRZeYeU, 

UeVXOW fURP RhRA-PediaWed iQhibiWiRQ Rf PINK1 degUadaWiRQ aV VXggeVWed b\ Whe VPaOOeU 

diffeUeQce iQ PINK1 SURWeiQ OeYeOV beWZeeQ XQWUeaWed aQd CHX-WUeaWed NRVMV iQ L63RhRA 
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e[SUeVViQg NRVMV cRPSaUed WR WhaW Rf Whe cRQWURO (FigXUe 13). TheVe RbVeUYaWiRQV WaNeQ aOO 

WRgeWheU ZiWh Whe SUeYiRXV fiQdiQg WhaW RhRA dReV QRW iQdXce deSROaUi]aWiRQ Rf Whe PiWRchRQdUiaO 

PePbUaQe [54] UeYeaO fRU Whe fiUVW WiPe WhaW PINK1 SURWeiQ degUadaWiRQ Pa\ aOVR be UegXOaWed b\ 

RhRA-PediaWed iQWUaceOOXOaU VigQaOiQg fRU Whe cRQWURO Rf PiWRShag\. IW ZRXOd be Rf iQWeUeVW WR 

iQYeVWigaWe Whe aSSOicaWiRQ Rf RhRA VigQaOiQg aV a ShaUPacRORgicaO PeaQV WR SRViWiYeO\ UegXOaWe 

PiWRShag\ fRU Whe WUeaWPeQW Rf age-aVVRciaWed heaUW faiOXUe b\ e[WeQdiQg RXU ​ LQ YLWUR ​ VWXd\ WR aQ 

LQ YLYR ​ VWXd\ XViQg AAV9-L63RhRA iQMecWed Pice aW YaUiRXV ageV. 

MechaQiVWicaOO\, RXU UeVXOWV VXggeVW WhaW Whe VeUiQe/WhUeRQiQe SURWeiQ NiQaVe, PKD, iV 

UeTXiUed, bXW iV QRW VXfficieQW, fRU RhRA WR VWabiOi]e PINK1 aQd iQdXce PiWRShag\ (FigXUe 14). 

WhiOe RXU VWXd\ dReV VhRZ WhaW RhRA SRWeQWiaOO\ PediaWeV iWV SURWecWiRQ agaiQVW caUdiac agiQg 

WhURXgh iWV UegXOaWiRQ Rf PiWRShag\ aV VXggeVWed b\ Whe decUeaVed PINK1 OeYeOV iQ RhRA KO 

Pice aW 10 PRQWhV Rf age (PiddOe-aged) (FigXUe 11A), PRUe VWXdieV aUe Qeeded WR diUecWO\ 

deWeUPiQe ZheWheU iW iV Whe RhRA/PKD VigQaOiQg SaWhZa\ WhaW SOa\V a VigQificaQW UROe iQ 

SURdXciQg Whe RbVeUYed SURWecWiYe effecWV agaiQVW caUdiac agiQg. PKD haV aOVR beeQ SUeYiRXVO\ 

fRXQd WR cRQWUibXWe WR RhRA-PediaWed caUdiRSURWecWiRQ agaiQVW I/R iQMXU\, VSecificaOO\ WhURXgh 

Whe SUeYeQWiRQ Rf PiWRchRQdUiaO deaWh SaWhZa\V [49, 50]. TRgeWheU, WheVe fiQdiQgV VXggeVW WhaW 

RhRA/PKD VigQaOiQg Pa\ QRW RQO\ iQhibiW Whe PiWRchRQdUiaO ceOO deaWh SaWhZa\, bXW aOVR 

UegXOaWe PiWRchRQdUiaO TXaOiW\ WhURXgh PiWRShag\, SUeVeUYiQg Whe iQWegUiW\ Rf PiWRchRQdUia aQd 

WheUeb\ PaiQWaiQiQg ceOOXOaU hRPeRVWaViV.  

The SUeciVe PechaQiVP behiQd RhRA/PKD VWabiOi]aWiRQ Rf PINK1 VWiOO UePaiQV XQcOeaU. 

FURP RXU VWXd\, iW iV VXggeVWed WhURXgh Whe PKD deSeQdeQW accXPXOaWiRQ Rf acWiYe RhRA aW Whe 

PiWRchRQdUia (FigXUe 16) WhaW RhRA Pa\ SOa\ a PRUe Rf a diUecW UROe iQ Whe VWabiOi]aWiRQ Rf 
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PINK1 WhaQ aV MXVW aQ XSVWUeaP UegXOaWRU. FXUWheU VWXdieV aUe, hRZeYeU, UeTXiUed WR deWeUPiQe if 

Whe accXPXOaWiRQ Rf RhRA aW Whe PiWRchRQdUia iV PediaWed b\ PKD ShRVShRU\OaWiRQ Rf RhRA. 

OXU VWXd\ VXggeVWV Whe SRWeQWiaO iQYROYePeQW Rf Whe chaSeURQe SURWeiQ, BAG2 aV 

iQcUeaVed BAG2 SURWeiQ OeYeOV aUe RbVeUYed aW Whe PiWRchRQdUia iQ L63RhRA e[SUeVViQg 

NRVMV (FigXUe 17). AOWhRXgh YeU\ feZ VWXdieV haYe beeQ cRQdXcWed RQ BAG2 iQ UeVSecW WR Whe 

UegXOaWiRQ Rf PiWRShag\, iW haV beeQ UeceQWO\ diVcRYeUed WhaW BAG2 caQ iQWeUacW ZiWh PINK1 aW 

Whe PiWRchRQdUia WR iQhibiW Whe XbiTXiWiQaWiRQ Rf PINK1 aQd iWV VXbVeTXeQW SURWeaVRPe-PediaWed 

degUadaWiRQ, UeVXOWiQg iQ Whe iQcUeaVe iQ PINK1 SURWeiQ OeYeOV [63, 64]. FXUWheUPRUe, BAG2 ZaV 

VhRZQ WR SURWecW HEK293 ceOOV agaiQVW R[idaWiYe VWUeVV, OiNeO\ WhURXgh Whe RbVeUYed 

PINK1-deSeQdeQW PiWRchRQdUiaO WUaQVORcaWiRQ Rf PaUNiQ fRU PiWRShag\ [64]. OXU fiQdiQg Rf Whe 

aVVRciaWiRQ beWZeeQ Whe acWiYaWiRQ Rf RhRA aQd Whe iQcUeaVe iQ PiWRchRQdUiaO BAG2 SURWeiQ 

OeYeOV (FigXUe 17) WRgeWheU ZiWh Whe UeTXiUed iQYROYePeQW Rf PKD (FigXUe 14) VXggeVWV WhaW Whe 

PiWRchRQdUiaO WUaQVORcaWiRQ Rf BAG2 iV eOiciWed b\ RhRA/PKD VigQaOiQg aQd Pa\ SOa\ a Ne\ UROe 

iQ Whe diVcRYeUed RhRA-PediaWed XQcRQYeQWiRQaO VWabiOi]aWiRQ Rf PINK1. OXU fXWXUe VWXd\ aiPV 

WR e[aPiQe ZheWheU RhRA aQd BAG2 fRUP a PROecXOaU cRPSOe[ WhaW WUaQVORcaWeV WR Whe 

PiWRchRQdUia WR UegXOaWe PINK1 VWabiOiW\ iQ UeVSRQVe WR RhRA aQd PKD acWiYaWiRQ. MRUe VWXdieV 

aUe aOVR Qeeded WRZaUdV deOiQeaWiQg Whe PechaQiVPV b\ Zhich RhRA UegXOaWeV PINK1-deSeQdeQW 

PiWRShag\ aQd iW ZRXOd be Rf iQWeUeVW WR fXUWheU cOaUif\ ZheWheU iW iV WhURXgh WhiV PechaQiVP WhaW 

RhRA iV abOe WR deOa\ Whe SURgUeVViRQ Rf agiQg iQ Whe heaUW. 
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CRQFOXVLRQ 

OXU VWXd\ cRQWUibXWeV WR Whe iQcUeaViQg eYideQce VXSSRUWiQg Whe SURWecWiYe SRWeQWiaO Rf Whe 

VPaOO VigQaOiQg G-SURWeiQ, RhRA, iQ Whe heaUW. SSecificaOO\, Ze SURYided fRU Whe fiUVW WiPe, 

eYideQce Rf Whe SRWeQWiaO Rf RhRA iQ VeUYiQg aV aQ iQhibiWRU\ VigQaOiQg PROecXOe agaiQVW Whe 

SURgUeVViRQ Rf caUdiac agiQg. FURP WhiV VWXd\, RhRA ZaV aOVR ideQWified aV a QeZ aQd 

XQcRQYeQWiRQaO iQdXceU Rf PiWRShag\, bUiQgiQg WR OighW a QRYeO UROe fRU RhRA VigQaOiQg iQ 

UeVSecW WR PaiQWaiQiQg PiWRchRQdUiaO iQWegUiW\. AOO WRgeWheU, RXU VWXd\ SUeVeQWV Whe SRWeQWiaO Rf 

RhRA aV a WheUaSeXWic WaUgeW WR SURWecW Whe heaUW agaiQVW agiQg WhURXgh iWV XQcRQYeQWiRQaO 

SRViWiYe UegXOaWiRQ Rf PiWRShag\. 
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