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ABSTRACT

The metabolic pathwaysned tbheshppty aubstna
of energy for contraction. Met abolic dysfunct
budan al so enhance yrdaa{wmekehasbsof,oram 2, Pk
glycolytic enzymapotharst ieanelrygetdhadtciappuoibect av @
redwxd dat i viet ss tprheysssiod Ieo gihealheal t ©ityo hbeear t r e ma

explored.

Usiggr mPKME& knockout”?)mi ovee (chkaM2acteri zed th
functions of P&MAdcosethsoheprpettacbagi oaseah
glucose flux that prioritized glucose consump
phosphate pat-haaarydii omypPdla@tae £ d t.Be moowmalr odfs P K M2
altered | il piddtpr ¢ hiel algicpuimdu | cart d plne tod, - and | mpal
medi ated glucose upta@ahesenacbmpabmgosmi eschon:
respi,iatcir@emisteadc h smugreir aplx iodleinc tiin car daondcdcyocytes
depleted ATReant®KmM2AY establishes PKM2 as a m
oxidative stress in the heal bobhyehbantaeadcWeants
systemif¢ ammat i ‘omi dlem dRIKMPK MBh e ar t s eaxglgir mivtada e d

fibrosis following myocardi al infarction.

Our study demonstrates iinmptohret aunnts trroel sesse df ohre
regul ating energy producti omf | axmiMdéeisiene stres
functciaomy over to the sPK&MM@sad heantrdaongroeee

enzyme in |Iimitingftardi.atarembdel ing
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CHAPTER 1. INTRODUCTION

hiesasra hi ghl y met abcodn sct aonrtg asnu ptpol ye nosfu rceh
for contraction. This energy is provid
ates t@Diperadece adATRP.erturb metabolism an
tsichhremi a, a reduction in bl ood & |sohu fatnd
xidative metabolism to glycolysis that
understanding of the key regulators of

tngni dauremi a may | ead to i mproved therarg

Viwouign our | ab identified an isoform swi
te kinase (muscle, PKMe tolhhaterivedr eguluate
sion of the normally predominant i sofor
ed biyndwoepioxliea lact dhela@dHuUBt ment from o)
l i sm to gl ycol ycsoirsr eisngiottnfdest ihsec hr eempioa t reeda rnr
ons of the two i sSotfuodofessoamert cardi expse
es have also demonStumtkedr tdiismulsafiong |

he role of PKM2 wupregulation in the dis

aim of this reelsuecaitrdeaht enatsalb@leinc tfounct i ol
art at baseline and after tmymacadridaical i n
e metabol i sm, l i pid poplfobal, RKM2 mkn oc
mi ce. The wubiquitous deletion of PKM2 al

diac inflammati on, a key facdariing whse

nfiltrating i mmune cells which undsrgaraiagly

dependent on PKM2 activity. The goal of this

1



modul ating PKM2 expression and activity to en

after Ml

Il n this chapter, we will discuss the cellu
signaling and oxidative stress in the infarct
infl ammatory response and scar formation. We
and alitoenrsa in the diseased heart. Lastly, the
wi || be described, includimegtmabdificcatcitowvs tt le
influence the overall survival and proliferat

1.1 Myocardial infarction

Cardi ovascuHagy HWdtslmeaesleeadi ng cause® 6f death

The umbrella term refers to health conditions
including predominately ischemic and hyperten
referred to as a heart attack, is an event th
myocdi um, uaaladn yonbey of the coronary arteries

heart .Alulseclleoss ofebloed hlUbwi ent and oxygen &

for healthy cell function but also prevents w
flow for more than a few minutes | eads to hyp
infarcted areaacsdelvenscald [tyi sepwé which | i mit:

contraction. Cardi aahe adodedtfi otgh ea f meardt rMlc | e s
hypertrophy of.” ®zedi tinmecytbdese factors contr

the ventricular wall @atmhd epeéfiocneot Peometry



Adverse cardiac remodeling resulting in in
di sease can lead to *Mengdotivedysduncftaiohuhas
identified as a contributing heat o0rAfl & elrddp roas
glucose and fatty acid consumption, wiolmbi ned
reduce ATP production t hiaffMiitso cnheacredsrsiaarly dfyosrf wn
al so considered a predi ctcarr dafovmarctud lairt ydiisre ags
feature of systolic heart failure a'fdthmay con
sumt is imperative to maintain cardiac energe

and subsequent deterioration of cardiac funct

1.1.1 Hypoxia
The |l oss of blood flow duri ng -oax yngyeoncar di al
environment, tHyrpnoexd ahyipno xtihae. i schemiicnregi on i

sur vi vimegd icaetlmgumsxiabinducible factor 1 (HIF-1).12 Under normal oxygen

(normoxic) conditions, the transcription factor subunit HIF-1 U i s hydroxyl ated I
hydroxylases (PHD) and factor inhibiting HIF (FIH) and then ubiquitinated by the von

Hippel-Lindau (VHL) protein for degradation in the cytoplasm. In hypoxic conditions, the

lack of oxygen limits hydroxylation of HIF-1 Cand allows it to translocate to the nucleus
tointeractwithHIF-1 b at hespgomsa élements (HRES) via helix-loop-helix

domains. HREs have been identified at the promoters of a broad range of genes

including glycolytic enzymes, angiogenic factors, and cell survival mediators.3 HIF-1-

mediated gene expression helps the cell adapt to the hypoxic environment and form

new vasculature to enhance blood flow to deliver necessary oxygen and nutrients.

Notably, the transcription of the Pkm gene is upregulated by HIF-1, discussed further in



section 1.3. The expression of such genes promoted by HIF-1 mediates the

cardioprotective effects of the transcription factor in response to Ml.

One study showed the value of HIF-1 in response to Ml where overexpression of
HIF-1 Un cardiomyocytes reduced infarct size, led to cardiac function retention, and
increased capillary density after Ml mice.** Studies of ischemic pre-conditioning (IPC) in
mice have shown HIF-1 expression to mitigate ischemia-reperfusion (I/R) injury in the
myocardium.? IPC involves exposing the heart to short periods of ischemia and
reperfusion. Infarction following IPC was reduced in size and apoptotic signaling when
compared to mice that had not undergone IPC.1® Interestingly, IPC had no effect on
infarct size in heterozygous Hif-1*- mice after I/R. Additionally, in an endothelial cell-
specific Hif-1 knockout model, mice lacking HIF-1 U o r1 bid nBt show
cardioprotective effects from IPC.%¢ These studies show an important role for HIF-1 in

protecting against ischemic injury in myocardial cells.

1.1.2 Oxidative stress

As t he namer esaucgtg evset so,x \ROfar epeoaseab( e mol ec
containing oxylge@dHYuam@d¥h@H | ack of oxygen

counterintuitively incrabdstes IMi@&iapcdoduogt iodnt i

|l iterature on cardiac ischemia exepperesawamnda
sudden exposur ehy poporixgngoetne safetleerct ron | eakage i
and overwhel ms anlinoxMldaoutcapaperfysion, the

surroundi ng t hepriondfuacrec ted de vraetgeidon evel s of ROS
antioxi dahftttadtsi wihtowght a combination of dysr
obstreceedron f 1l ow imornthrei britteo cgroenadtrliyva t o ROS

4



i scheémitfdmajority of superoxide production occ
el ectron transport c¢hai nboxwidtatnizgomes .c oMittra dhudr
have developed mechanisms that counteract ris
uncoupling the electron transport chain to |1
(UCP3¥Thi s can haefef girdadi enggt icvddl i avel FBRI | owi ng ¢
we present evidence of regulation of oxidatiyv

heal thy heart and foll owing MI.

0% al so known iass tshue eproixmadrey ROS produced
dysfunctciaomn band o nyvaenrdtOHly t Du@er oxi de di smut ase
H2O2c an flue r eeiuc exh ntdedOHd y c &fGlluasag.hi one per oxi dze
(GPX) also participates in scavengiingoR®ISMs wi
in the%®$Ge attat hi one, the cofactor in GPX, is s
glutamine, and cysteine, which origi?hafes fro
When synthesized, glutathione is in its reduc
creates a disulfide |Iinkage between two gluta
retgGf8Gitte reduGeHd, falrlmpwi ng for fuAd$ heirghlainy i
metabolic cells, cardiomyocytken phedheal ehgvh
ROS can be quickly reduced by antioxidants an
homeost@Bis.scavenging ability has |l ed to the

particul aroyi daesi Veesatress.

ROS have been documented to oxidize variou
enzymes in the insulin signaling?®S@ameway, and

these modificat whnedbhat esit bpattddresirlelcent theory t
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oxi dpthiawyeoduces nucl edMedbanubsicalédy, ROS st
(ataxia telangiectasia mutated) that-6-then act
phosphate dehydr®grintaisa!l (Gi6P®O)si on of glucose
to acutap pR®@® sbe i ndependent of ROS inhibition
human s k4%*hhe eilthpsartance of the PPP in combatir
demonstrabhedi byon of oxi,dacdawsiciPP®sedzRd8sand
apoptosis of thyroid cancer cells, I|likely owi

scavenge the rising ROS batvatset hat over whel m

Al togehkRehegart has several mechani sms in p
However, when antioxidant capacities are over:
components and induce cell death, exacerbatin

progression.

1.1.3 Immune cell infiltration

The response to MI encompassesDamagadtbons
dying cells amedahef iniadhéenadesoel aaee mol ecul
patterns (DAMPs), such as ATP and DNA, that c:

fibroblasts ahhi snmune aedision to ROS, attra

to the site of injury, initiating the inflamm
injdrfyndeed, idweClhpappetseernt data that suggests t|
state of -dtefe cPM2 heart increases I mmune cell

Neutrophil si mmundtheelifnérisltt rate the myocardi

injury. -iTmfels@mmatoory cel |l s r,elwhdscen myherlooupgenr oax i



oxidation reactions, producestt®kitepedfiect sv
an amtcirobial, hypochlorite has beefl found to
Neutrophils also secr et ®MBs}croilX angeetnaalsleo p rantde ae
and phagocytose degraded matri x components to
i nfl ammatory cytokines rel dassreddt6lblyt neat e ophi l
infl ammatory signaling cascades and different
infiltration is &4%Uneounatet| wdthind probpwynged n
can devastate t heby uaxomeasnsdiivmeggy matsrsiuxx degradat.i
strelAscumul ation of neutrophils in the ischem

after coronaryepecfcadminomeand t hearirrhoydt™emi ae of

Neutrophiilnacd sfwapthyagoc g ¢t eu iatndermatd cel |l and
debr emafDuri ngedident maar opraged arct area di
replaced by infddrtirvaed nmga a¥Bompiesargrabew i v e d
macropmhagestingui shed from resident cardiac m

CC chemokine receptor 2 (fCCR2) on the cell su

Acti vattcedpmages are broaidhfyl ammastsorfy edMli an
infl ammatory MRosmébt ypesol vée in the infl amma:
t hleatter dominating t he uibmmupueonrtiefsproattMdv é np h &<
macrophages, similar to neutrophils, -also sec
inflammatory cyt oddiameas ,cliemal u chieh’yintliFncdt8eyds ,ar e
pr-ionf |l ammatory macrophages undergo apoptosi s

|l actoferrin which havei bekeammaporyetiunhot haums.



The hi-pol api M8d macrophages ocdé¢Thesaround

(7]

cells are primarily associated wi4 han-ti3blrlosi s,
that activate fibroblagsgthattd alced omatmycfcialbbr o b
and wound°®™M2 arhd mrgophagesn hmaywegalosgene sl sarwd a HI
vascul ar endotheli al’/Agrbovt dph f M2t mac( ¥VEIG&ges al
consider edi nfol @mmatnariy and t herefore beneficie
scar tissue formation is a fine balance that

activation by M2 macrophages. Excessive extra
thicken and stiffen t hceonvternatcrtiicounl aarn dwarlell,a xiantpi
inadequate wound healing car4Tjhe sp eri gihd & gwe rst rt
i mportance of a bal aneend |liamfnaa nomayt orreys paomds ea ntto

proper wound healing.

1.1.4 Scar tissue formation

Upon ischemic injury, DANESIhlexotns ngre act i
myofibroblasts that resembl e smootfhacmusictlae icneg
wound healing and mimicki*'gheaEG@Momhacyite demp
myofibroblasts during theimrkolainfde rfatrinv @ hphdd e
that prevents verftrAisc wmlnare swaInlt iradptassmpe.ct of w
MI, we assess fibroti dasanari nfdoircnaattoiro no fi nt i Ghsaupe

resulting from metabolic dysregulation.

1.1.5 Current treatments

A number of strategies halvleodd efnl adwe vied opeatd

di agnosed* DhetslpiMle treat ments that reduce pl agq
9



wor klmaangyat i ents are stild]l at risk of heart f a
formation and calAdidamyompamemadleamhcardi omyocyt
I i miwietdh appr oxi A& eolfy coamrldyy oOnyocyt es prol i fer
human Héartdisac regeneration to rwopllednirsehg uliorset
additionall ndiuerapipésiripderenedscaemdce®diM)ocyt es

initially appeared promising, but so.ffar have

Yet tsangdgeting the underlying causes of myo
met abolic and oxpdeat e addnldledacecthe risk of
faillnmfasi on oifnsaplotlmuscoistem ( Gl K) sol ution duri
explored as the ori%Tmiad tmed atbmmdritc aihmed ptyo pr
of free fatty acid uptake into the heart, an
pati®Alttshough GI K therapy may have reduced moil
ent husi as m dduiemitnoi sphoeodd and i nconsistent study
effect on i mfeawr cdtr usgisz eh,a da rbde e re ad e WH | ©SPheedp ®etoans .
i's increasing inteCk)st im tcheapasnte ksedsteo (di
a therapelt€C¥® tapigelty supplies ATP in times of
restrCKetfddix is highly correl’8Geerddsvmietch fhecart f
over ex pr emistiocoonh @K@ u $ a WUMHeECn pr omot er and tetracy
contradtliedati on of mitocheddcedl c&€Kdeapr eenBodde
restor edf reg @taoitdduwre d amgver se aorti.t?Redustiroctob
the phosphocreatine / ATP ratio has become an
heart f ai l”8rhee sppatsitaurdtise.s demonstrate that modu

energetics can be cardioprotective and | i mit

10



1.2 Cardiac metabolism

The contractile function of the heart is s
Approxi maioel pf 60he ATP producedacnhomhesihear:t
contractidnred ftume trietma% nfi mrg iFdInf pruotpsconti nuous
replenished, the small reserve’“pbPalntannbegde
energy production is vitaAs fsourc hp,r eisne rlvaitnegr ccahra
assess the contribution of energy maintenance

following infarction.

1.2.1 ATP consumption for contraction

Wit h reaarht bepton elteé anturl iddyd@eXig hdnmweltshi n t he
tt ubapen, i ntchiemagiarcge !l | ul ar c¢ glFdligum Tcad rsc ecmatl rcd tu
influx opens the( RYB)samdpcloes miec e,ipdrtoaricasd suimn g
intracellular calcium stores to nhedicypgloasmilng
tropomyopéenmi andnteraction of. t@Genmgoti on hefad!
heads to the actin fil améelhé e siuwrobniewg tsht rAoTkPe oh
moves the myosin mead o¢bDwhtihdishsed neyoonse ree h b a d
releasedattom fupoOYmdrn ndi ng of newsATP,heraedtsur n
for the next stCap cd awn uts hebsa dpgdioans mi ¢ r et i cul ur
the SERCA puumpE.e quisiudelst anti alAT®#maodt shef myocyt
ready for the nextondyalcd | fro emeaiiptitagnigont he corr
bal ance of i onsefla/r Wantsi pporrotceers saltso removes i
calcium while pumpi ng/ TKump dusuars, AATnRd ttoh er eNao v e

sodi um.
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adenyl yl cyclase, AR = adrenergic receptor, P

sarcoendoplasmic calcium ATPase

I n Chapter 2, we present evidence suggest.i
modi fy signaling ofbycdrhter a&dteivi®d rmalcah ian RrGy§ g e s t

the resulting dysregulation of c erbtlrad cetdi dire ad &

1.2.2 Energy substrates

The heart is capable of wusing a wide range
such as fatty axcaantde,, k st glare st,er ms-Copradetcyl on,
fattycamct dis#6 0e o040t eGoaAN, aacnedt yslugar s and- | act at
40% of t oeQoaNn axehedl® hyt Bemstof ATP producti on
met abolism usi ngz2aNADH natnsd fFOADH 5% of ATP produ
whiATeP/ GTP directglyycolmy srigs faman t he TCA cycl e

(in the normoxic’* unstressed heart)

1.2.2.1 Fatty acids

A healthy adult heart preferentasaltlhermetarbe
typically ample stores$Faftyipcddbawpsdky avai
medi atedat heabughacid translocase (FAT) or pl a
protein (FABPFEM)n el estiimobhhbteyd isolated cardi
has Iseheonwvmmat fatty acid uptake increases in re&e
increased en®Tlygy mesmtanabundant FAFL Ffattlye hear
acids are then bound by cytosoCoA FABtPhanhas es:

| ocatedDh@atro efficientlly esterify fatty aci d:
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O O

{C13—nr/\OH | (02-12/\0H

Cytosol
Passive diffusion

Glycerol

E CoA CoA

CoASH CoASH \ k
Y “Con E E DGAT {
®Con ®CoA l

Carnitine \J
— |
CPT1
/ Lipid
/ Droplet
e ——
CPT2
ok Ye
/ \J
SCoa SCoA
Carnitine NADH
CoASH FADHZ—I' ETC

B oxidation

NAD*

<— Acetyl-CoA.
TCA cetyl-Co FAD"

FigaB&€atty acid uptake and catabolism

Long chain fatty acids are taken into the cel

shuttles |l ong chain fatty-oxdiddhs AophAoc aheams oo

be integrated into acylglycerols and sequeste
translocase, FABP = fatty acid binding protei
CAT = carnitine acyl transferasetrli M&8rboixyt e rc
cycle, ETC = electron transport chain.

Esterified | ong chain fattydaeaecgbgtggnetbeén
( DAG) taodgll ycleTABW i gl yceri de acyl,t roarn sefnetrears et h(el
mitochoadriad bfycbroar diamiitdhe ai d from the carnit

transferaseaf(@AT) nangal mitoyl tr adPsletrersiefsi eld a
15



short and mediaaoang lchianan, fundear d 3altlae btomsgr os s
mi tochondrial membrahe whehout oabkserCdotMhasat emat r
oxi dized and hydrateadwn nt Is,¢ egpdwaasmeaecttigndghi o n

FAD2H and oNARHI| atter two can be eledttongenera

transpof? chain

Il n Chapter 2, we provide evidence that dis
cardiac Itihpatd rpersouflitl ei n dysregul ated I i.pid met
Il n a healthy heaf3t0,% apprn ot irmated lliynlckOr pioa tath ye da c
TAGTAG can then be st,ortehdati natldrpd do tdhreorp | ree st r
as cholesteryl 8addiri etgi eynlergyt @repri vation, 1
with mitoahondfease fatty aci ds ttohrsoauupgh yl i pol
substr dioxs dfadnidon he T8&Anpcoyrctlaent |y, thefclopéeda:
dr opWwietls mi toedaondsi heakage of free fatty aci
The accumul ation of | ipids anrd sdkeroifv eld pnoettoaxbi oc
del et eri oushactonidsi tcihoanr acteri zed ElRgt resseased o

mi tochondrial dysfunction, i#%% | ammation, and

Pal mi tsaatteu rfaattetdy acamdboris, ]l6i s thought to be
|l i potoxicity. Excessive palmitate in niewonat al
mi tochondrial swelling and altered dyYhamics,
|l ncubation of car di omyosEWR e rwistsh api&dll miptogptt eo sii
Pal mitate can al so be synt hesaszseadc ii antteod cweirtahmi
reduced insulin signaling, specifically actiyv

correlated with reduced Akt®*®*Setvievali ecnuamndspiln

16



documented reved sducefd palpwoit bad emauyoswasium @t elde

fatty maeddcing ER and oxi datiév&8 n stmrewesr sens car

pal miitnadtueced i nsulin resistance atbhexnd | ammat i
studies demonstrate that cardiac | ipid homeos
overal!l met abolism and survival

1.2.2.2 Glucose

My thesis work provides substantial <charac
PKM2, in regulating glucose uptake and consum
productildml] ar glucose can originate from glyc
gluconeogenesis, in which gl ucoseThies hsyamrtth @ ssi
not a gl uconengdarei grompary, source of glucose i
with a smaller portion comi nGlfuoans ¢ heamremtka
cell via glucose transporters (GLUT), the mos
GLUTAGLUT4 is the cowesmptoinenale iGAUTL, i hn whi ch
i nduces translocation of intracellular vesicl
where they fuse with the plasma membrane and
GLUT1lalisso abundant in the heart. GLUT1 is prin
uptake, however, some studies suggest that GL
insulifAS®WoehoBLUT1 | evels ardefrior ftasna cwced nks
increases GLUT1 ex p’PGetshseirosn hianv et hfeo uhneda ritn.s ul i n
GLUT1 translocation to nhel iph azma imeambe mina . ha
effects on GLUT1 9GUURL1tamds4 d0denapail essos iadnt er ed

cardiomyoptahdéi esy affecting glucose metabol i s

17



subsequently dysregul atlinng afna tntey, avdi ch amse thaeleml
to increase GLUT 1 expression, and GLP&T1 and
1080t h GLUT1 and 4 areen-ddtoangne efgauil laitne§Chmmmanche ar
hypoxia wil/ increase GLUT1l expresBbiaantiongcar

and has been correlate’@ with reduced apoptosi

Once glucose enters the cell, i1t -6-s i mmedi

phosphat,ewvhi@bPwehf,l monvertedtthats aramintod!l e x i t

celP{ Fig. 1.4). When glucose is converted to s
and sorbitol can then be converted to fructos
reactions are reversible, and sorbideoim produc
reseovegfucose and fructose. As the main intei
sor bictoonlsiidser edagaion®tcthivegh i ntracellul ar suga
pol yol pat hway is only activated under high s
glycol gtittycvaepver, high intracellul ar concentr
to the cell. Overproduction of fructose from
met abolized byY3{fTPHi st ckainnades.o | ea€CoAo excessiv

produtiBiodrh. fruct o€eAandnametdyfy proteins and
functt?AYdi tionally, sorbitol can adversely i/
|l ncubation of cardiomyocytes with extracell ul
increases glucose uptake to maintain osmotic
intraceveubaoncoh gl 4%Tdhde ticec sacsrswictialt.ed wi th

extracel l-rudgul astiggdh akdi n akwen-t(&ERK)n alp 5k4i case (JNK

18



protein kinase B, asawept otisc xgdo @éido gB alt ad mti

depletion thapomediiateepirects.

Cytoso!

Glucose

NADP+

ADPH / PP

Sorbitol ﬁ Fructose
/é NAD+ NADH
N

UDP-glucose
Glycolysis
Pyruvate
PDC
Acetyl-CoA
Figud.&l ucose uptake. and catabolism

Glucose entergl oabteseetiansporater (GLUT). The
highlighted =i phprsedmte, PK = pyruvate Kkinase,
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dehydrogenase, MPC = mitochondri al pyruvate c

complex, TCA = tricarboxylic acid cycle, PPP

Th&6BPProduced upon initial ienttrhye afenglriados e
met abol i te at ntahney cmeotsashrdolwialy sf Most notabl e i s
ulti mately generates pyruvat @hamsgp hATgR.u cGonnovl ear cs
by G6P dehydrogenase (G6PD) generates NADPH a
phosphate pat hway (PPP). | s dadmesrei z aotligd nu cloys ep h o
phosphate all ows addition of wuri dglnecase,hoasph

buil ding bl ock fsoyrl agtliyocnro.gen or gl yco

The glycolytic pathway yields a net of 2 A’
the 31 ATP produced by glucose oxidation in t|
glycolysis that results in | actate production
di seda%e&@ncehad in activatlé¥hadrmemuaree cedJ er. al
suggested reasons for this. It i s thought tha
of energy for activated i mmune cells to migra
I n the case of cancer, thencMardmuraer redhfiec tg ldyecsa
regardbeas loxfylgen for oxi dd€onseeqectabby, salP
production is severely reduced as glycolysis
hypothesized that ATP/ GTP generated by the TC;
cancer cells via glutamine met abcoalribsoom. alnndpor t
nitrogen source for aminodkhatid mede snuar ye oftard e

proliferating cells. Additionally, upregul ati

20



one carbon pathways, and dihydroxyacetone pho

cell proliferatitbnP@deadi buemobegebiwth.of aerobi
cancer cell survival i1include providing carbon
infl ammatory tumor microenvironment, although

concl dinve.ardi ovascul ar stresses scuacrhdiaasc pr es
metabolism shifts from primarily fatty acid o
appears to be an adaptive response to i mprove
survitRat efabfy acisdeeonxsi dtaot ivoanrcya ridn odviafsfceurl eanrt

di seases, howevencr faseduanampyesmacofd oxidation w

patient¢sngéesthi ve hwtarftatftay laworied oxi d.2% iténti s r

This variability in metabolic adaptations pos

targets that sustain energy production in the
Foll owing glycolysis, pyruvate has two pot

|l actate dehydrogenase A (LDHA), or transport

mi tochondri al pyruvate carri-oA(MPC)he opyreu\cat
dehydr ogenlaesxe (chDMpywas generally accepted that

absence of oxygen determroedtihg fatéeof opyda
met abolism or f er meFnutratthieorn ,mercehsapeeivcs tdilvsh latym it g h t
l ack of oxygeéonc@madnmdes fammdontciremsed ROS, reducir
expression and subsequently inhibi'Biond pyruva
|l actate £0d aaeaeaet pPind tot pamdsleatnisomasl pmesdi fi cal

reportedly having cardit™op¥%?8tective effects af
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1.2.3 Tricarboxylic acid cycle

=)
(¢

Gl ycoarmwydxsi datoinovrer ge -CaotA achettyli s then typic
orporated i ftFolrlhre TICaAptcgrc| 2, we provide e\
i fied TCA cycle metabollThemTICA bgaléesotauoks
ochondr i alComa tcroinkb.i nAecse twilt hoemalraaecet htae t O
mer i za&corniot &thenand i socitratleetdhgebutanaeers
erateandiNAOBas does t he ne0tA.s tSaix ctim as ec csiymy
generate either GTP or -Qdi&R,syrtpreatdi’heg iono ft
cinate directélechtenarttatn sarmf b Bhseali kin o wn
succinate dehydrcogerasenpSDb] Jjumartate and
tribute electrons through the system. Fuma
n generates NADH when converted to oxaloac

uvate can directly feed into this cycle at

howew, this process consumes an ATP. Gl ut amat e

ket

a r

di s

set

obs

Ssuc

acdc

red

oglutarate, as can nautmevraorui so uost hpeors unayngie rodf i aeqp

esilient andfomntherdCsd owtblLee

Succinate has emerged as a biomarker f or me
ed%®wccinate accumul ati on hasndbdermn heelns ecr v e c
tings S ev,elisnohw bi t i ng ¢ onS/DeH shiaosn bteoe nf umar
erved to reverse electron flow in isolated
ci'ldfBowever, in ischemic cardiac tissue, thi
umul ation is glutaminol y.5%€so nfbu enleidn gwitthhe af o

uction in SDH levels, thRepérfaudsi am faolbluo Wi
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ischemia releases a significant portion of th
receptors that modify theé??a®tiowddlyi ofsuadil mantme
inhpbokyl h yRIH lpaxsy | cacsees (a ket egbet anate | evel s
promoti-lgtHEbFIl i zati on and, nfucrltetagr tprampsd gatait

naté Bdccimarnt emodi fy the epi ganaevthile hi SiDdis t ar

(7))
«

neurcmeal s had hypertfafedrhtyd et eaddr eODINAsucci nate cal

prot é&inngenuecrcailnatse i s | ar-tgreandlhatni onoaslt modcitf i c
increasing a proteinds madys, nanfdrest idfuoessi ttihvee ct
negatlinme.r eatimgugh i schemia increases succina
patitmdats have piroghemisedheart failure and mice
overall fewer succinylated priogt ertfPres ec smpualri eeds
focused on myofibril and mitToesendntival epr ctugig

that dysregulated succinylation of proteins i
funcAddntion -66Asuesti oyéd succinylation of pr
MI mi?8dese findings underscore the gaps in ou

met abod 9 pamii el d yc o dti esreta scef.
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Glycolysis

Pyruvate Fatty acid oxidation

7

Acetyl-CoA

Oxaloacetate Citrate

Isocitrate
TCA cycle co,
H,0 NAD*
Fumarate a-ketog tarate < Clutamate
Glutamine
Succinate dehydrogenase
FADH, (Complex I1) N AE?*O 2
FAD
. . NADH
Succinate Succinyl-CoA

Sucﬁﬂy!_ CoA S\‘mm e‘_»ase

ATP ADP
GTP GDP

Fi gabs.dCA cycl e

Gl ucose andef atotoy i deni ¢ on-€@@ A gien at heacmittydchondr
feeds into the TCA cycle. TCA awdlepemetbbol it

enzymes i n green.
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1.2.4 Mitochondrial electron transport chain

Il n Chapter 2, we examine how glucose metab
influences mitochondri al respiration, the pri
Thel ectron triamws@lowvds cthiavemn compl exes embedded
mitochondrial mmé&EMGd@Gempgll MM)loxi NADHdduacx iadiezes
NADH t ocaNADtransfers el ectCromcai dlhlry,ugthhits er epl
NADf or the continuous functioniThgi ofc grhp/lceoX yali
pumps 4 protons fr ommdrmler arvade r8 M@t ® Cdhrapli ex elrl
converts succinate to fumarateebscpaobnsoW¥withe
FADH This complex does not colltecitbruanes ttoh atheer
complexes 1 /11 transfer tcoy ccloee ntaynmduegh (IcCd Q) ,
cytochrcicmenp!| e x . For every 2 electrons through
CoQ and one transfers to cytochrome ¢ to ente

where el ectrons azteo2QHs eQ@o mpol eexeedsuclel 1 I V al so ¢

t hleMS hese protons are then pumped back into t
synthase, that facilitatessubaunnlett hlanmarmd, t& rmn
are required for a full revyliiwmtdi d ms uhipRiFand a
and mechanical rotation by protons changes co

(@)
QD
—
QD
<
N
D

s ATP synthesi s.

Distribution of these complexes are mostly

di ffusion, however, wultrastructure analyses r_
along rows of <c¢cristae, c dh®TePr vseydn tahearscesssmbneagnfy
into double rows that bend the Iipid bilayer,
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may reduce proton | eakage and facilitate high
characteristic feature of cardiac mitochondri
substantial surface area for greater ATP prod:
ar@@served in cardiovascular disease and cardi

mitochondrial respirdatti®is and ATP producti on

4H*

NADH NAD®  FADH, FAD

Fi gu6.&E€l ectron and proton movement through the

C = complex, cyt. coenegy,melcN3S oamei Ict,e rQmembr ane

Il MM = i nner. membrane

1.2.5 Pentose phosphate pathway

The dysregulated glucose flux that wild.l be
redirection of gl ucoseirfrioemrgtls clddFogld).,g tRPKN=Z e
G6Pis the rate | imiting enzyme that catalyzes
G6P to the PPP. This reacphosphegkbuadbprel AAADPEH:«
met abolite i s tphers phoigdiuzeod olpyacd phaglkutonét e.

phosgphwconate dehydanbtgekwasese thenco#dversion to
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phosphate, generating another NADPH.phlahseese r e

of the PPP, named as such because of the i mpo

Oxidative phase

PD
Glucose-6-P £ 6-Phosphogluconolactone
5 >
&OQ \@9(2
6-Phosphogluconate
NADP+
K NADPH
Ribulose-5-P
Non-oxidative phase / \
Fructose-6-P Xylulose-5-P Ribose-5-P
Glyceradehyde-3-P Sedoheptulose-7-P

Glyceraldehyde-3-P Erythrose-4-P X Fructose-6-P

Figuav.dhe oxi datiowxeée damnd veomphases of the.pentos

Met abolites from glycolysis are highli-g&hted i

phosphate dehydrogenase.

G6PD plays a crucial role in regulating th
deficient mice develop cardiacl'BlypeatedpBFP AN
abundance has been obser vedlmany piantcireenasse WNADP
al though it is theorized t haWADRBRHsoxudbases(UpN®
rather than RQS gnhi tNAgDaPtHW eNeADbPe en demonstrated
inhibitory feedbat*khirseguhhtbrtbbnGb6®Dproposed
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el evated |l evels of ROS deplpepresemicd NAO® Ht pba O |
challsen@xi sting theories regarding the factor:
t he &®PPéPmel yenzyhmde oxi dation inhibits -glycolysi
derived intertmeei APRasti mMmastt eatdhi s study, proposes
specificalsl yacGaRMd,ted di heghl mdfeyi mggh oROBcti o

the oxidatneduphkangetirwvess

Il n t hexindapthiawer | byplhosephhramt ¢ he ophdadnve

be convertedl ubplees h@eat eibpbos phattlkee | atter an

3
=
o
-

tant substrate for nucleotide synthesis.

transketol ase rearranges the c-@&pbosphand anodd

gl yceraBdkebygydkate (G3P). These products can a
rearranged by transal d6ep haossep htaot ep r(oFd6uPc)Ye af nrdu cetroy
phosphiAlé&ate.combinati on of -b-heosphate owan hgeayeuad

anot her mol ecul e of G3P and FG6P, both of whi c|

o

glycol ysiast i AInlspivaabkenretessi ble, allowing gl

to feed dir eetxliy gtnatyso=atntde vicre versa.

During MI, decreased ATP production coupl e
for contraction d.&%llhdtse sd egpnertgy nstcoarnesbe miti g
intravenougiibmfsestconcbohal precursor far*f*de nov
Thr ough -dxxied antoinve phase of the PPP, ri bose may
substrates F6P and G3P, confthra bougn dhagt it we emhea gge

may al so i mpact cardiomyocyte maturation and
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nucl eoti dél®@wertehlepshiasboefs t he PPP provide substr

promote cell survival

1.2.6 Cardiac insulin response

A rise in sttlioud mguwedsam secretiorMiisami nhe p
then binds the insulininetaphosp@ader ylhhat icen | c &:
t habhhanglescose. uphakiensul in receptor autophosp

the insulin receptactsuvubséesapbofprR®&s @o,6 REBHKEe
phosphormphbaphagi dybi sphiots@lh ad4oe5g(emleRr 22)t e

phosphati dB/4l,-lbhephboeplBat el PBI Phpmosglcoiuna si ti de
ki nalependent kinase (PDK1l) tAati VAkteadpheapkrasr
the inhibition of GLUT4 vesicles by ilf% subst
The vesicles can then translocate to the pl as
glucose lmptudken. acti on can also promote CD36 t
aci d uUpAddkiet.isotniadileyg hahownsul in signaling faci
for conviracdiiroenct i nteraction of insulin signe

promoting transcriptit®®nt3df RYR and SERCA2.

There are several other factors that regul
and proteins that medi ate. m@&sinouladr ies remfzlyimek i
AMPacti vated proteThi Kiemzsemd AMPKIensitive to
promotes catabolism during an energy deficit.
acid and glucose metabolism.|l FeenmnazsamBde(LWBE®
me di gtheodsphoryl ation at Thr172, AMPK inhibits

fattyCoaAcylransfer intldAMPK ani s @cihmmidbiitas gl yco
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to promote glucose consumpt ipanr aidmoskti ecaad | oyf, <stha
activation of AMPK promotes glycogent%synthesi
There is also evidence in skeletal muscle tha
insulin receptor, promoting glucosel!*¥ptake es
Phosphorylation of AMPK by Akt at Ser 485/ 491 |
|l oop that inhibit $*AMPIKt tearn AMPBK gotoimoittey . GLUT 4
translocation to the plasma membirfrdne independ
Mechanistically, AMPK has BeEkwint Wiemotnisda rian uwl itn
signaling pathwigei st othe & lenshoitbsihtRiBoerd | BfK

signaling by AMPK- npuklkeddcnttiividagt iiommsau Ilriarst , acti v

AMPK by AI CAR or ZMP (AMP analogues) reduces

embeds GLUT4 in the plasma membir*ffihesen isol at
seemingly conflicting results may poindtuctea ad
glucose uptake in the heart.

The ontsepeo?2 di abadt®&® smeclhlairtauwst nefra izreme roty o f
i nNnsdhidmced gl utnswud i wnp tsaakpen.dlei pgobershiegi oy
accumul ation &ariygpelrigp gtcexii @ai,t h,i gh ROS, mitocho
short chain fatty acid producthannbgymguobdb mccd
cat aboé4Bascih. of these can target several points
For example, ROS may induce stresscrta symdredgdes
protein kinaséeée(pPMARIKdyatdeisng t o downregul ation ¢
act i'¥@®dmyversely, aclteadOfoitwynt 83 3can inactivat

tensin homologue deleted on chromos®$>me 10 (PT
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| nt er est i nsgulbys,t atnhteirael iesvi dence that T2DM does
signaling as it doef rnoilhiinemysded gl iad o snei secp tea k ¢
was comparabl e bet wleieanb elt2iDcM paantdi enmotns when pl as
mat c Rthtough the heart appear si nt ot hbiesnpraehgearcdul a
case of systemic insulin resistance, the el ev
detrimental to cardiac health!> Foraecampl ating
el evated myocardi al b-bkAdand oshy areguwlfdteend assoc
resi stamice.seems t o nsigygesutalt sm@tcondary factor

systemi a eisn sumlaipwcleead to the devel opment of di

that does not originally manifest as myocardi
| mpairmenti nodfuciends uglliuncose wuptake ist®een in
I n support of this, we present data in Chapte

dysregul ated glucose -ifndxceaddglimpas e edpt alser | ii
cardiomyocytes by removal of thlengmycel yubjee:
t A€ hat model s pr-esdweced ovardioad dysfuncti on,
glucose levels were increased?? meanotiserensgt wd)
coincided with reduced sarcol emmal GLUT4 in h
GLUT4 content was simitdmlcomparesdudo esohtvel
translocation of the GLUTA4 viemplcgiies guspttihropnaiorfe
i nsul i n paaitdghn@mlyitnhge ot hdAkt hand PI 3K are still &
medi ating deleterious effects i ntshhiesads iodgn alLiunlc

TAC mice attenuated cardiac hypertttfolpehy and a
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mechani sms stuheecoobadi nqultihee devel opment of hea
to be fully elucidated.
1.2.7 Cardiac cellular metabolism during ischemic injury

To summarai heeal t hy adult heart preaefnerenti al

oxi dati ve .medtoaweosleirs mt hi s dynamic shifts in hy

MIHypoxia | imits the availability of oxygen tc
el ectron transport chain, which is necessary
ATP in the mintdalkandmiya.cardi al ATP content 1is

mi nutes of°fihsuslhysmiaATmPp mngduei aogl ycolysis, alth
inefficient, is benefilcn aGh & me ehwyiplolx i i senws g otnt

cardioprotect i vwekK MRchmattr irbewtuilcan s oafhef aespioaonse

This shift i n substrate preference provide
There i sb-axeisdadtuiadn during MI, eméar g wWouigth i g &It

source YPAddRiIOSi.onally, there is eboxiedhatei am may

be harmful, as partial i nhibition dwamardigaacut
contr @¥tiilsi ty eat ment, including inhibition of
promising in preventing t°fe progression of he

| n jcwmc,t itohner e i s substantial evidence that

increased under hypoxic stress and cardiac di
cardiomyocytte®> TRl bk thargetshuel ta of i ncreased energ
glucose metabolismn ha osutglhd yg | wsciond gy sN BV Ms i nf L

substrates such as pyruvate or -ipnrdoupcieodn artyeo cdyit de
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death, and inhibition of gBpkbostphatceedelygyesog
( GAPDH), hexokin#&#pbhpsphdtgl usomer asaep aptvetrisce d
effects of adldstggmattihmltuddhsee protective mecha
glycolysis |lies between G3P and pyruvate. Thi
energeyl egphiamge of ghybetyshan other metabolic i
in hypoxTlke dataomptithat there i s no increase in
to the PPP when given additional glucose, whi
ROS in thegdgdowglhl $ hi s was noltt aisss epsossesdi bilne tthhe:
anot her epgoulnat ioofn rwi t hin the second phutosé& gl

entry to the PPP to reduce ROS, as wil/ be di

The upregulation of glycolysis during card
| act at e Prloadcutcatieoncan t h emmo nboec asrebcorxeytlieadt eb yt r ans
(MG&T, coupl ed ,wiatnhd d apcrtoatsoenggest edi 6o cterrel at
gl ycol ytliEl acat edt yevelhse dibifoloadcu tae eMIli npati ent ¢
correwiathkert al l aygandmyocardesadggdgedtaircg | actat e
mar ker that reflects d@mbh’°dedéequahe omheanadcem
from the myocardium can | ead to |l actic acidos
hyperl actemia and | ow pH, that is associated
shotélevel oped pressure of hearts perfused wit
(20mM) declined by 20%. These results suggest
del eterious eff ecdb?ss osnuchheartth efruen catrieone.f f ort s t
| act aadae o ndeidsitnundiyb iMCiTadn onvfhi ch was associated

cardiac hyperttrreoaptheyd iwi tnhtécfésiopr magrahlbow i ntr a
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| act ateentteor rneet abol il8maatsatpgrauamtal. so-be added
transl ational modi fication on proteins. Lacty
promote cell survival, while in monocytes, it
genes aftt . &ffrNiher more, redUdMHE Uywsitsgd7Atlieod tod
devel opment of heé®@lrhte sfeaisltuurdei eisn smigcgee.st t hat i

i s important for overall survival after MI.

Many studies focus on the secfounndcatrigoune hf as't
high ROS |l evels and the buildup of toxic meta
functions may reveal their role in producing
failure. A particularly wmdtuabdadne dprodieqhti ail d yt
cardioprotective functions of t hegelsyc celnyztyine s .
functions have beéhadarfduindhiftbp b GAPDHKE| at i on o f
GAPDH promoted mitophagy by direct associatio

mitochondri a -lainide | ytsrosotmades t hat was®?protectd.i

Il n summary, cardiac metabolism is adjusted
energy requirements for ¢ onvtordd dtiiclaittiy nwiotfh tlhie
pat hhways to sustain energy production during

myocardi um.

1.3 Pyruvate kinase

As the final enzyme of gl yctoHeg saiesnve@rysiuomtc

phosphoenol pyDPuvt at @ yamndg dkned ean ch cATnPa | physi ol og
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conditions, the forward reaction i s hlihggehly f a
fate of pyruvate is partially determined by t
kinase, which are regul ated bhgl.E&wWapmnabred 230f f a
wi || provide a close examination oafndpylriupviadt e
met abalni ssrhe heart, which informs our anal yses

di scussed 4 n Chapter

1.3.1 Isoforms and localization

Four isoforms exist in humans and mice: py
kinase L/ R (PKLR), and pyruvate kinase muscl e
highly conserved between the two species, wit

approxi matedlyo @d@dws hibaers wae sscrud cunso s apiPeKns and

PKLR are expressed in the Iliver and red bl ood
higlRspiring tissues, such as the brain and he
ubiquitously throbhghbetrthepbodyiclahl y, PKM1
predominant isoform and PKM2 is expressed at
exclusively | ocated in the cytosol, whereas P

the vicinity of mitochondri a,.

PKM1 and PKM2 arise frRkmabhhscnaptsel ynesblu
exon 9 and exclusion of exon 10 encodes for P
PKM2. I ncorporation of these two exons i s mut
ri bonucl eoproteins (hnRNPs) Al, nA2ngapdoltegian:
(PTBP1) facilitate the splicing and promote i
expredsQuorn.l ab has demonstrated that cardiac i
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splicing event by wupregulating expression of

and -Hhe&di ated PKM2 'Tilpe egadsaomnm ofnor the preferer
PKM2 over PKM1 during hypoxdentsétrrstswsdii ess at hgaite
investigate the role of PKM2 in cardiac disea

regul ation of PKM2 in the healthy heart that

1.3.2 Differing conformations and activity of PKM1 and PKM2

PKM1 exists as a homotetramer with constit
(Fig .1.ThA)s i soform is often associated with o
catalytic activity, promotdonAgtbhpygr pyategatenver
dehydrogendRfAllhtoughlee exact mechanism i s unkn:q
enhances PDC activity, as evidendefdi byemnte dmac @ :
heat#ttst. has been suggested that PKM1 prevents

PDG’?2

Theamority of PKM2 is tetramerized in the |
fraction as di mer s, -Daaswlaesys’ehsmstasd. hiommo$ ert a qaumes r
has equivalent act(iFvigt ¥y 'Ho8vAe)vheart, oFKM2K Mlan al s
a homodi mer with reduce(dFipg.r.ubhldgiRs) kisndde&edogt id
hi gher pkKm sfpdiroeno IPEYWr.ulvlamtM) (compared to that o

(0.035mM), suggesting weak bindindRbduPKM2 an

pyruvate kinase activity is attributed to inc
upstream glycolytic intermediates that accumu
PPRFig.. 1THBe8B)i mportance of PKM2 in cel/l sur vi:
kinase activity, discussed bel ow.
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A B C Nucleus

/ Glucose \ / Glucose —» PPN M B-catenin
™ HIF-1

Target genes

v

PEP PEP D Mitochondria

@PKM1/2 l ODPKMZ + Ca?flux

Pyruvate Pyruvate | * Clllfunction (ATP
/ \ \ and ROS)
/ * Fusionand fission

wetyl—CoA Lactate/ %tyl—CoA Lactate /

E
@ Phosphaorylation, oxidation, glutathionylation, glycosylation

. e®

FBP and serine

PKM2 PKM2
Tetramer Dimer
Fi gda8.e Functional regul ation of PKM2 confor mat

AMet abahwayp promoted by PKM1 (blue) and PKM2
promoted by the PKM2 dimer. C. Nucl ear activi
mi tochondrial functiramsbhwptPKMal ®BodPdstcati ons

conformati on.

The conformation of PKM2 is also an i mport
activity. Notably, the glycolytic upregulati ol
energy for acti valtheids iimsmupnaer tciealllsy, due to t he
in promotmendgi aHtleFd transcriptlifodTefatgnieyncoloyt i c
i mmune celldb6wtohpifBEmBte PKM2 tetramerizati on
reduces phagoicryftliaammantdo rpycoe lalpsa ci mgci opflhages, N
killer cells, 1@8®nAdemndiioniat¢ | gyel ket rameri zing

gener atisassbbbated with reduced efféeé%me func:
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invol vement of PKM1 in i mmune cell atcypeation
specgi ffiacci | i t ati nTgh Id7 flofeetr leisntpieadtiinogh a@Dt4i vati on
cel'!TsR¢moval ofmyRKMZ di cedvisng only PKM1l expre
macrophage activation to the M2 phenotype and
enhancing e¥ffifédrseytresiusts highlight the diffe
popul ations that necessitate diverse cellul ar
response.
1.3.3 Post-translational modifications of PKM2
9 R q ¢ q R Modification Residue Effect
Allosteric binding of FBP promotes
tetramerization. This interaction is
NT N SHH N strengthened with small molecules such as
NYT Fructosel,6-bisphosphate - TEPRI6.
pTyrl05 prevents FBP from binding, allowin
NYWMY T | Phosphorylation Tyrl05 thedissociatiorof PKM2 into dimers.
pSer37 is recognized by importins that facili
NYY Phosphorylation Ser37 translocation of PKM2 to the nucleus.
Acetylation at Lys305 hlasen demonstrated
to target PKM2 for lysosomal degradation.
Modification on Lys433 promotes nuclear
NY Z Acetylation Lys305/433 translocation, although pSer37 is still require
Hydroxylation by PHD3 at these residues
N ®l Hydroxylation Pro403/408 promotes PKM2/HIE binding.
Oxidation of PKM2 by ROS promotes
NY Z A HN Oxidation Cys358/423/424 dimerization.
PKM2 may be glutathionylated at oxidized s
This modification has been found on nuclea
NdiW oY | Oxidation/Glutathionylatio| Cys423/424 PKM2 that promoted HlFactivity.
Monoubiquination reduced PKM2 function b
NY Z Ubiquitin Lys186/206 did not alter protein stability.
O-GlcNAcylation destabilizes PKM2 into dim
and may promote nuclear translocation,
NY Z Glycosylation Thr405/Ser406 | although pSer37 is stidquired.
NP Methylation Arg445/447/455 Does not affect PKM2 conformation.
Tablle Pobsansl ational modifications of PKM2.
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Unl i ke PKM1, PKM2 can be al | ocsotnefroircmaaltliyo nr e
and adqtFiigi.t UIN®BtEQ Db I vy, all ostdr-bcsphodphgt ef ( FBI
promotes tetr amedrainkgwtsuvat ankli nase activity fo
met aboAs sdoremonstrated in splenic cells, addit:
PKMROPFEP t o thasu@pde PtKiMLlg tetraméritzasi ooromial P
dimeric in’4 k%l ephtéer act i v adtbo rhsa vseu cbhe eans dTeEvPePl
to strengthen FBP binding 4“&eiri mealclhostaé¢isioc bp
PKM2 in an allosteric pocket separtéd%let Howgnh FB

full activatit®n requires FBP.

Di merization of PKM2 c ant radnssol atei cemahla nncoeddi f
the most notable being phosphompyleatingagrs &FBPTyr
binding, pr omootA KnMR nstleiopnacrifsily ot ® 5speci famdt o PK
is not obserlfWdclomaPKMdti vity of the PKM2 di m
phosphoryl at(iFdng .o PH.I8e®)3gpeci fic modification |
and i mp®htaitntrans|l ocate the PKM2 di mer -to the
activator for trabsatéeptneadhf’tl!°®aBteor s | i ke
phosphoryl,ataisonwedilt eass hae¢eybaénonepotesd to f
nuclear translocation.&nd&®acpresenwcienotanacet e
(Ser37) has been demonstrated in C57BL/ 6N mou
a rare event accor di hAg pthoo sgpvhaiplrakleeo nd wi dse rucdey.
gl obal phosphorylation of <cardiac proteins in
phosphorylation of PKM on serine residues 100

was not di°©Ooeéwyniseréne residues 77 and 127 wer
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phosphoryl ated by another phosphopi®bteomic st
Phosphoryl ated Ser 37 awas § ¥¢@&MIicyg enfagppbomd ainreous!| y

devel dpedted car'dMomylo® faptdrsans| ati onal modi fic
in the two mass slpaewd roontetyygtr el mdlreyd savli tt dnr at i or

in PKM function.

Ot her-t pasasl ati onal modi ficationspiodl PIKM2 |
hydroxyPHBRat 3P¢/dd4H0D®B3 interestingly underbutypox
not 021, %tMhat dpmemdtodis PKiIMRgELt°As HUIFs al so
activated under hypoxisensomdi triegmugd attilins od x PK
facilitates-leab®nodadat HoR of PKM2 by ROS at Cy
promotes difMe¥Pgeatthieom.wi th oxidation of GAPDH,
observed hinderance of glycolysis during oxid
the PPP to gefd@hatenNADBPHce of the cellular o
regul ating PKM2 activity was captured in an i
predi cament of known ecarndcieat aodxiucg se f fnedchfes yo fd oax

The study demonstrates opposing effects of do

TEP®6 in lung cancer cells with a | ow ROS env
environment of the myocardi um, in facilitatin
excaat mechanism requires further research. | mpc
a potential target for mitigating cardiotoxic

Oxi dation of PKM2 can promote the addition
andas been suggested to promote dith®FAi°zati on

though it has not yet been determined whether
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abundance in the nucleus is simply due to the
caused by oxidation. Glutathi-bntydragetongerne P KtM
included gly<caoafVyammaaondypgena@asriivelwllone marrow

macroph@’es.

Both PKM isoforms may be ubiquitinated by
does not appear to reduce protein stability a

varied depending on'®EGhgcmegl At ednr abi BEM2 app

destabilize the tetramer and promote nucl ear
phosphorylation is stildl required for nucl ear
appear to affect conformation, but occurs spe

Ar g4454/5654%4 the study that demonstr-d6edndi ff el
doxorubicin treated cancer and cardiac cell s,
cell popul ations was the presence of methyl at
in cardiRathelr, sthe region was predominantly
The authors proposed this as the driving fact
foll owid46 TEPBPBRt ment. However, the exact mecha

requires further iIinvestigation.

1.3.4 Non-glycolytic activities of PKM2

The metabolic functions of PKM2 extend bey
broad effects on glucose metabolism across va
overall oxiOdatsuehsoatketf acfi |l ght ad @sde bifilsthe PK

serine biosynprheemsptseltihfa@Amcoainoer pat hwasy is the
previously mentioned, activated by high ROS a
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PKM2 overexpression in cardiomyocytes has al s
flux to the oxidative PPP that?Asdescemne RIOSo fan
PKM2 conformation could help explain these pa
study identified buwtcrdacraa add nfdamchte aornt so fwiPtKhi
right uvé&mai twihe e¢ h( srheodmecded oxi dati ve phosphoryl

cyclsxribed tPKMacmem&dar s .

Il n the nucl eus, PHKEI2i mayoacbfas mamnmsacri ptio
modi fy gene expressibam.t eintin ihratse rbaeetni orb swirtvke d
upregulating the tar gwytéCHeineswaychsovobdilavbed w
reactivation of cardiomyocyte proliferation,
overexpression could be used ttotregqeneoat avi it In
B has been described in several cancers, but
activation oraBi blyi PiIKiM2om ppfeaNBE to vary in dif

canclkdfs204

PKM2 al so direclUiyn btimel snuvdltehusHl Fsupporti nc
of -HI Fagered®' . T%i s i nter actiimfnl admmatecsr ya phreonot vy
activated macrophages, aA@8 appeamseritpamednabeg
towards the |l ess infla@mMadionm y4 RBEPthembdtyped PD
upregul ation duendoackRKMMfaicmopR&8ges. These dat
i mportance of PKM2 conformation in mounting a

its glycolytic activities.

The PKM2/ HhEFeraction is not so clearly def

study using immortalized mdygseeantomisalr a¢ &ddido m
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binding of -IWKM2hitso ithitFer acti on appeared to be
induced glutathionylation of PKM2 that promot
upregul at tlng attthewalyl Fas i1 denti fied by KEGG anal
that this PKM2 gl ut aitéenidmwyd adii loynd ri mmtdaurcserdi rbon @
precondition the heart against ischemic injur
di hydrotanshinone | for 3 days prior to MI su
whereas these were unchanged omwnsmamtpd s wi th
PKMResi sganut atboaowndyl ats possiebltiemedrheaas eashitshe

abundance of damédrt hreedredBultM2c ose t o pat hways th
mitigate oxidative stress. Further studies wi
thesesdgygRIKM2 as a beneficial medi ator of bot!

the heart.

Acetylation of PKM2 may also target it to

with acts vATSIPKMeErfdi ated regul ation of STAT3 h

the cardiac setting. PKM2 was wupregulated 1in
angiotensin |11, and knockdown of PKM2 suppres
amongst others, t haotderleidnugc eadn dc aoXidaact irveem st r e s

PKM2 can also regul at eFmgt.otAhs® Drre vail o uf sulnyc t
mentioned, dimerized PKM2 influences mitochon
ultimately affexdDel ATR omr wdu PtKiM2n.in cardi omyo
exacerbated i mpairment of ATP production, fun:
increased ROS production in septic cardiomyop

for PKM2 in maintaini?f®Kmhi2t @ad s@ongmioanlotierst eng 1t io
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fusioneby dnwiemkcof osi n 2w h(inMFeNRiythia-mieh at ed

protlei(rMDRXIp)r esstiloms regulating mitopR&EIY vi a =
A anj ori ty ovfasdtomies imorckkncer <cells, owing to th
the Warburg effect.beltoweevrerRKMZ | &artd otnlséhi War bur
remains to be studied in other systems. One s
contradicting interaction between PKM2 and DR
fragmert®Bhiondemonstrates the differing phenot

and the wide variability in PKM2 activity.

1.3.5 PKM in cardiac development and disease

I n t hexygpemn environment of t hes aurveced oopfi ng
ATPThe shift to oxidative metabolism after bi
expression of genes that will f-acichitate ener
environmbdet duality of the PKM isoforms provid
di stinctive settings. Both PKM1 and PKM2 are
heart, however, ,whepesotxadati heamésabolism bei
PKM1 is abundant, whil?éPRPMM2has Imucdh bHhess con:
have minimal function in the adult heart due
been extensi vaelsyeaxdpl ohed PKM isoforms have be
where PKM2 expression i's?2Aé asmma rclhy i wnp rPekKgvu li astod
been observed i n'caarddiaaxc hiygFeharhipgpphgnt Fi3cul ar
and other calirsgdond&bksohac hypoxia can also upr

heart, correlating with iRA*reased glycolysis
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Cardspmaeci fic PKM2 overexpression was found
small GTP binding protein) and reduce adverse
compareehit ol e contcraorldsi,o mgmesrgatdes ¢ PKM2 knockou
exacerbated carlina@a skwpgefofoghy dreivgel opi ng i
venurbhail ure, PKM2 t et rdabmeartitzeantuiaotne db yo xTiEDPaRt i v e
apopt osdrsdiod my 6&ogntwer.sely, in another model of
i nactivation and knockdown of PKM2 by shikoni
collagen synthebiseane ®hige att tieims it udy, i nhibi't
correlated with t hbeb nsaudm@p r3e sasnido nJ ackf2 /TSGRt 3 si gn
and oxi datTihwees estsrteusds.es dembnattaftentheons of
cardiomyocytes and fibroblasts each require.
cardiovascular disease, given the variety of
heart. |l nterestingl y,mydoeclyetteiso nh aosf aH KsMl biene nc asrh
cardiac hypertrophy apdetbBhbhresoserhoandspwhseée
overexpression attenuated these affects by ma
produttfihems.e results suggest that PKM1 and PKN

adverse cardiac remodeling under pressure ove

Our |l ab has suggest edumr engwlhatnitésmt aoff 6 PIKMEI
of -#WUifM the infarcted tissue allows tRKMscript
3 days a&attéeadudh.was also found to bind to the
splicinBTBBMHNRNPAZBtlhere was no -Hdnbiedsagi hol
these sites ldftt drs ipmofsasri dotlieon hat anot her trans

increased abundance of Pt bpl omRNA aoth stehrevreed w enr
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factors that-lemhamsedi pli Fon Tk tshéseiggnésacto
with hnRNPA1l, had elevated protein abundance

corresponding remote regions and sham control

Ot her studies have shown that modul ation o
infarct size and cardiac r emmdiecllierag. alcnhivh ittyi
arachidonic acid derivative shifted- macrophag
infl ammaghmhanotM2pe after?!TRiISs sits mudratobor at ed b
i nvestigati ons pefcimaocr PKhVMR2gea cti vity, where in
activitydeyprToEnPoPt es t hé’MM2c ep hterneoattyepde .wi t h ar ac
afteraaleduced i dalfNeruatr opihad.s were also found t
wound healing after MI via secretion of PKM2
mechani sm of PKM2 modi fyi nvpsembdat reelpil aolr eade liIn
studyyt i s possible that the angiogenesis obse
PKM2 acti valt,i oann oefstHabFl i aBedl|l andeodot bél val gr
(VEGFhese studies highlight the various roles

contributing to the response to Ml

A study by Magadum et al. dempercsttiated tha
overexpression of PKM2, via modified mRNA ( mo
M by reducing oxidat i ve-ascttrievsast i anngd ctarradn socnryiopc
prolifebattndmIvé aresearchers also showed that
PKM2 facilitated rerouting efxiglayd oley tPiPdP met @
nucleic acids necessary for dividing cells. T
as a therapeuritr egtpirrogacMl .f oHowever, overexpr e
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1.4 Summary

Cardi ac met a

Tehfufsgctisn. our study, we assessed v

PKM2 was protective in ischem

these studies suggest that PKN
s after injury. The identified
PPP flux and 'ffaftoWth®? miersg omisteo

a concerted effort by wvarious

g i mmune cell s, each exhibitin
ch is necessar yltvedf ulnl t haed drees
study, we aim to provide insig
e to injury or stress.

bolism is tightly regulated, vy

environment al changes. Dysregul ated glucose a
characteristic of the metabolism in an ischem
productionparTthidsuei st o nmi t ochondri al dysfunctio
may be detri ment al for cell survival. Thus, [
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preserve energy production for contraction wh
dea”Ab. a key regulator of glucose metab-ol i sm,

producing step bugl ptebymedi Bterst hons that pr
through its conformational <changes. This make

for modulidtsi activity to reduce myocardial dam

Previous research from oumediabt eéeé mopiseé galt a1
PKM2 suggested a cardioprotective role during
overexpression is implicated in reducing oxid

glucoskBReffétuex.eval uating the role of PKM2 duri |

function as described in Chapter 2 to deter mi
when transl ated to an ischemic setting. We re
t hel Iceel ar oxidative state in the healthy hear:t
Results reported in Chapter 3 demonstrate dys

l oss of PKM2 that pbodyepbesnot wipre ari dvehro htgee .

evaluate the function of PKM2 in the concerte
popul ations, we used globa). PKM24£hk ayet kaosuste srsiecd
the cardiac response to MI of hearts with phy
those with dysregul ated metabolism caused by

cardiac activity after exerfcaits edibtehtd rtdoe &fbubrp e at

the function of PKM2 in the cardiac stress re
characterizes PKM2 function in the heart, and
modul ate PKM2 in treating cardiacatdiisrearseassed
PKM2 expression would be beneficial during 1is
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glycolysis as an alternative pathway for ATP |
The implications -béddy hPKM&ver ar enpwhehei ally b
suggest that systemic drugs that modify PKM2

treat ment s, may have unintended effects on ca
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CHAPTER 2. PKM2 REGULATES METABOLIC FLUX AND OXIDATIVE STRESS IN

THE MURINE HEART

Summalrg¢hapters 2 and 3, we focus discussi or

met abol itchemoIng uiremd heart. As the primary role

gl yc
knoc
gl uc
resp
t he
prev
Conc
card
el ev
ef fi
Thi s

exte

olysis, we first explored the alteration
kouth) (mMKME compared t o )AWMeoxX oumnt rdoIms ni RKM
ose oxidaaddrochi a my PKsMi2eel | as reduced gl ucc
onse to insulin treatment. Instead, we de
PPP and eteraitv ggdCoadcoewtaysl used fAg rhd mptoigemed i
il ousl vy, NADPH generated by the oxidative
ordantly, we found increased total” ROS an
i omyocytes cddpar ®dr s daP&EMB8emonstrate a ¢
ated oxidative stress ahhlearett@abodédudiysd u
ciency of energy production and modi fying
chapter offers new insights into the reg

nding beyond its.traditional glycolytic r
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2.1. Introduction

The heart requires | arge amounts of ATP to
bl ood flowThertlierkrody.t has devel oped an adap
met abolism, able to accept fatty acids, gluco
The devel oping heart uses glucose and | actate
embryogenesi s anpgrewomchastlkty okiedati ve met ab.
post padtdawever, the heart can enhance glycol yt
such as . Rypoxi a

One of the mechanisms by which substrate u
splicing.?26fn mMRINAsheart, pyruvate kinase muscl
glycolysis, catalyzing the conversion of phos
generating ATP. AlPtker matgiuveatem! ibyi metefrogeneo
ri bonucl eoproteins (hnRNP) Al, A2, and |, proi
PKM1 and!"MkMX e splicing factors produce mutua
either exon 9 or 10 to generate PKM1 or PKM2,
tetramers with high enzymatic activity that d
oxidative 2mblbwbokir smthe balance of PKM2 di mer
allosterically regulated by numerous fLaétor s,
bi sphosphattreams| gtoisanal modi fications?25uch as
The di meric form exhibits reduced pyruvate ki
pyruvate into |l actate and enabling upstream ¢

phosphate pat?ReayentPRR) dence suggests that ov
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can redirect metabolites into the oxidative P
cardiomyocytes after APPocardial infarction (M
PKM2 is highly expressed during embryogene
varying levels throug¥8yt cohérhestdy PKMilhexade
increases during maturation and differentiat.
the adult heart and ot . h%ve Htiag/lel yprmeti ousll iyc sthio
i schemidaaced alter nPktmnmnet s lhedamtg lodads to inc
i's due in panductiobhg plenaecdaoart e(dHIiFRE MmBraasesc i inpt
and its associ at®Bhli spswict oly fmcit®ofsor ms after
by an overall decreaselRKM2 yuprveag el a&tiinoans ei m cttf
al so been observed in hypoxia,-inhdaonosderse aor
hypertrophy, heart failure/?Asndeotflreorm fidrsmsmed:
activities, PKM2 overexpression has been foun
heart failure induced by pressure overload by
RACAPKM2 has also been shown to have nuclear @
cardiomyocyte surviswalvibwlstalinlsiczipgipmof act
promoting the degopttafTogetiBerp,r ot hese studies
cardioprotective role for PKM2 after injury.
Whil e increased expression of PKM2 in dise
role in basal cardiac metabolism is unclear.
regul ate glucose metabolism in cardiomyocytes
PKM2blaat ed hearts had high | evels of reactive

ATP content, i ndi cative of mi tochondri al and |
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PKM2 may help maintain metabolic homeostasis,

during cardiac stress and injury.
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2.2. Methods

2.2.1 Mice and reagents

Approxi mately equal numbers of C57BL/ 6 mal
bet ween 8 and 16 weeks of age (>25 g). AlIl an
approved by the | nsanidt udsieo nGol mmiintitnead olfartehe Un
Hawaii at Manoa (| ACUR1l-la’)p raornvda | ¢ onrufndbremn t0d6 t h e
for the Care and Use off!(lshtbmakatma.y AXE &S )s . a rPc
(stock no. 006054) mouse | ines were acquired
of Cre recombinase exciselmkd'xen 1@adPhm2Y) of Nno
medi ated decay of Pkm2 transcf@Glpalsal akkinag bo
knockout mice were then bred to remove”)t.he pr
Mi ce were anesthetized using 5%2.i Aoftli broan e sb al
in this stutlgblae.eSARti Blteeadsti Nn15 mice per group v
power calculations pf®@&r 08 90%sleiekal 7Th&6d dat f er
fraction with a 4.8% snmamaar o adewaibati ory.f o wie
ex wixwoeri ments were based on glucose content
at | east 5 samples wer e ap<sOaylebd tfoo ro bas erOvie la k3

di fference between -ggamplpes wadrtihatliddmn.i nt er

2.2.2 Metabolomics

Met abolites were quantified in citrated pl
mi ce usingrewelstsualki dh quid chromatography and t

spectrometirQMSOURING gas chromafdgmgaphymassd tin
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spectr omdtOFWMS()G@s previously degetiDhenwda,s with
processienlg the TargetLynx application manager
raw dat a-TOFM8 G@GG@Gal ysis were exported in NetCD

software (v4.50, Leco Co., CA26 USA) as previo

2.2.3 Western blotting

Protein extraction from frozen pulverized
cardiomyocytes and western blotting and analy
descrli bBdiefly, equal amegntwerod Ipogaded norf 2D0 Y
PAGE (HICrli)s gel s under reducing or nonreducing
PVDF membranes. I ntercept (EBR/ TBE&} .Bl O8CQKi ng
7000169PD01) andr22iOnt(ePBcSe/pTtBS) Ant-CORJdyOdW.l#Hent s
7500169P01) were used during blotting. | mages

using Biugo

22. 4 Echocardiography

We used a 38mHz transducer with a Vevo 210
assess the left ventricular function of sent.i
M-mode amadeé i mages were oknarmedl!iam tpaeiasefetr n
view at the | evel of the papillary muscle. At
mode were used to measure dimensions for frac
to obtain areas for ejecdntonn Werae tti ke EF-I%) nde

genotype and treatment .
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2.2.5 RNA isolation and semiquantitative PCR

Total RNA was extracted from | eft ventricl
according to the manudga ootf u rReNrAd6 svaisn gterviea tsieorn g .a
the gScript c¢cDNA synthesi-s50@)t $Qmiaguamiiot atia
(gPCR) mmwfaer ped with Quanti Tect SYBR Green PCR
and run on a Quant gtiumei PCR2KyKBItexn RAplpl i ed Bi
Primers were desi-exnoend jtuon cstpiaonn se xwwhnen possi bl e
provided 22n TahBEf)hiwvas used for normalizati g
is unaffected by hypoxia, and #?2%%sh ea bruenl daatnicvee i
abundance of transcr p@icsalwad addtoenrsmiarceed ridy ng

met hods.

2.2.6 RNA sequencing and analysis

Samples from mal e mi ce wvbearsee du sterda ntsoc rmiprtionmi
di fferefideswas prepared as !'RNAvsampl gsdesthi bhae
integrity number value O 8 were depleted of r
Kit v2 (New England Biolabs, cat.# E7400L). ¢
manufacturer s protocol (NEBNext 1UIl uma nlal, RNA
Engl and Biolabs, cat.# E7770S)endi dbequerescedveon |
an Il lumina NextSeq 550 -cslysdlaend Reiang MWesteQQ@ u:
prepared for alignment using PRPNSEMMead previ
sequences were first aligned to the GRCm39 re

determine splice variant ¥HpSAs&i wasofisPHAmioa
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t hMus musB@SWsmm1l0 reference gnmamet ghidhealdisgn
resulting sequence alignment map (SAM) files
mouse gene model s ibtiH ffee®tntri eCo Wretne. expr essi
determined using the DES%®¥§2 aBisccopdscwort hpaciB
and Hocowvbadruge < 0. 05, FHR od dO.cO5,ogen@ A o(gi . e. ,
change O 2) were considered differentially ex
(DEGs) were analyzed .aAl Iprprvii sargy yRMAs ariebad a

on Gene Expression Omnibus under accession nu

vali dat edg RUGR nogf RsTampl es from similar numbers

2.2.7 Cardiomyocyte isolation

The cardiomyocyte fraction (CM) of adult m
Langenfdroed fmet hod des pn?iée®da bfuslisyy and medi a wer e

as detail e2d3.i BrTaebflley,S hi gh EDQOThWA dwdh etrh evarsi ghet

ventricle to inhibit contraction and coagul at
connections. A perfusion buffer was used to r
a coll agenase solution. Heartsrwephgsdicaésted
di ssociation. Perfusion buffer containing 5%

digestion. Cardiomyocytes were purifiM) by se

were retrieved from the supernatant. Cell s we
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2.2.8 Cell viability assay

CMs were incubated i n2eiotrheéery preixrimorRdidd (O2 & 86

for 24 hours in a hRpokiman) hatmb®tTAC.BaGelrl vi at

using fluorescent dyes supplied in the Live a
manufacturer s instructions. Cebduwriweg ei mangiurbg
with the Leica THUNDER |I mager Live Cell syste

using the Tokai Hit WSKM s t880¢0e0 gaumm Iimn el at or
Maxi mum projections shown. All mict'akldopy exp

PKM2groups in tandem.

2.2.9 Glucose, Glycogen, and ATP assays

Cardiac glucose and glycogen w@lIre Asdaey mkint
(Promega, cat.# J6021) and the Glycogen Assay
respectively. ATP was measured using the ATP [
A22066). Bgwiuwmndlsemtf | eft ventricles were prep

t he manufacturer's protocols. Values were nor

BCA assay.

2.2.10 Glucose uptake assay

CMs were plated-AldrMt®9 E8ppm@amented with
overnight, then serum starved in | ow glucose

was then replaced with HEPES buffered Krebs R
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BS260), supplemented with 100nM human recombi
91077C) ftoreatnsdalwel | s. Cells wMref tihRDhy e ncub:
800CWe2xygl uk®,5s-€I0IR2 cat08M®4%36 for 1 hour. Afte
4% parafor mabDMA hwale st aPRE@&d (Usiivng rTo@ en, cat . #
nor mal i zDa& iacnnEEP RT® wer e vi sué&lORz Ol yesrs ey LCIL X | me
System, and signals were quantified using | ma

software. At | eiacsdat 8 welclh:niwerle regpdnti fied per

2.2.11 U-13C-labeled glucose metabolism

Foll owing overnight i-AtdbatcthdnsuppMemmen¢sd
FBS (Gibco), CM media was replaced with DMEM
(Thermo Fisher) supplemented with 2&% dialyze
glucose (Cambridge | sotobhbed9Sh)abArfdtear ilds mi matt .e
hours, or 18 hours, cells were washed with 15
i80AC for 1 hour with 80% methanol . 1 nmol nor v
standarmde,viousd y?'Ceddr ipeéd et s were resuspendeod
and heated to 95AC for 20 minutes before prot
supernatant containing the metabolites was <co
Savant SpeedVac DNA 120.t Sambéebeivebel timeas s €
University of California, Los Angeles, for |

(LC/ MS) .
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Dried metabolites were resuspended i'"n 50%
was | oadeddineant3ouma NH2 100A (150 I 2.0 mm) colu
according to previouddNhe dehsrcamatealg rmeept hhioad ss.epar
performed on a Vanquish Flex (Thermo Scientif
a Thermo Scientific Q Exactive mass spectr ome
guantify the targeted mtpaelrdleidt @ty tAroena To pmel
standards, and accurate mass measurements (<
normali zed to the protein content of the extr
metabolites were calcul atedibytopmmhiogg ewsp otf ha
metabolite. Metabolite |Isotopologue Distribut
corrected!Toabonatdanakt. Data anal yshiosuswasR per f

scripts, including principal component analys

2.2.12 Transmission electron microscopy and quantification of lipid droplets

Left ventricles were sectioned into 1mm pi
muscle while submerged in fixative and fixed
glutaraldehyden+02tdM €aGi um cacodyl ate buffer
washed with 0.1M cacodyl ate buffer and postfi
cacodyl ate buffer for 1 hour. Tissues were th
concentrations porfo peytlheameo | o xbiedfeo rienc ub datli2gn. Re s
22.2% DDSA, and 27.8% NMA) was applied before
mi xture of resin mix : propylene oxide. Secti

Transmission EIl ectron Miwor oasdcjoapcee.n tUslienfgt |vneangter
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per mouse (10 i mages per section) were used t

tot al area.

2.2.13 Mitochondrial respiration and glycolysis assays

The oxygen consumption rate (OCR) and extr
of isolated CM were measured using the Seahor
(Agilent). CM cell wviability was determined u
(ViasStaan#H.10632 and analyzed using the Cell Dro
Only Ilive “cells/ wél kx)lWwere plated in at | east
(unbuffered DMEM supplemented with 10mM gluco
sodium pyruvate) for 1 hour at 37AC in a room
controls to copespomséereanhdeatcorner wells wer
controls. Using the Mito St @Dy , Teos tichykpinty c(i Ag i(l
the mitochondrial unédegquplidr uoarobmearyydlo agyareiedcey |
(FCCPM) , 1 and roteinomnAM)Yabmédrmrey added after appro

and 60 minutes, respectively.

2.2.14 ROS assay

Foll owing cardiomyocyte isolation and pl at
nor moxi c2 (2t %h@poe)xiacondi% iCons for 24 hours. R (
determined from cell fEdlnl evtist rws iRNOYS/tRMNS @Qusis gl
BioLabs, -841) #a&ddédr ding to the malGvahdcROr e os

di chlorodi hydrofluorescein (DCF) standards an
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2.2.15 MitoSOX assay

CMs were incubated i n2eiotrheéery preixrimorRdidd (O2 & 86
for 24 hours. Mitochondrial superoxide were s
Fi sher) according to manufactureros protocol
mai ntained at 37AC using the Tokai Hi tn WSKM s

the cell vi38bility assay.

2.2.16 MitoTracker assay

CMs were stained with MitoTracker Red CMXR

according to the manufacturerds protocol. Cel

2.2.17 CaMKII activity assay

Foll owing cardiomyocyte isolation, cel/l pe
Buffer from ENei ARBPsans&i nase Activity -Assay
100), suppl eme hMpedtwiatske Rindri de t or (Ther mo Fi s
were removed from the cell |l ysate using a 10k
amounts of protein were used for the kinase a
manufacturer 6s ilOsM rCacMKipa@rcs fiwcwsismudgxzt(r@aymasry nt
Chemical, cat.# 15934) in sample reactions. B
Syntd.deReactions were incubated at 30AC, and f

ti me.
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2.2.18 Statistical Analysis

Data was analyzed using GraphtRaed tPrwassm uS.e d
to compare 2 gwaoyu pASNOVaAn dvittwho Tukeyds test was
t han two egraduwps .ofA lpess than 0.05 was consider

indicate standard deviation (SD).
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2.3. Results

2.3.1 Basal cardiac glucose is reduced in PKM2 ablated mice.

To examine the role of PKM2 in the uninjur.
PKM2 knockoduytmi(e&MBy ci'and'siengvi PRKMMIi ce express
driven by a CMV promoter. After germline del e
the CreFiag ARL&AB). As expected, the [ oss of PK
compensat or yPk mticrraenasscer iipnt s ankd gP.KBVMBLR .p8r ot ei n (

To characterize the consequences of PKM2 | .
we performed metabolomics screening on'WHol e
and PKnmM2ce by mass spectrometry. Given the i mp
glycolysis, we were intrigued to fmpdssubstan
hearFtisgy . B)2. Pl asma glucose | evel s fvadlrde PKiMRI | ar
mi ckei .C)2. suggesting that "heartewwns!| evkkl ynn
change<ciircul ating blood sugars. We confirmed
glucose assay and found reduced -myacytse in bo
popul ations; only the reductionFi g.DE®..Tt eached
Al t hough PKM2 is often assddiwd edi dvindt | alcd ert
di fference in claadtiac @ci ¢ | zenios eR@EVP KMEMM2 s, nor
was there a dif fFRirg.n)c®e2 T e spey rruevsanlet ( suggest t

uptake or metabolism in the heart may be dysr
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_  p=0.053 _ Em
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ol =] =
] c El
0- 0- 0.0-
Pkm2" prmz” pPkm2"" prm2” kM2 pKM2 "
2-DG uptake Gl
ucose Glycogen
E Glucose assay F p=0.015 p=0.0009 G o4 H 0.03 p<yU-00901
< 087 0012 20 . . p=0.003 £ -
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cMm nonCM 0 100 0 100 0 100 0 100 Prm2" prm2”
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= pkM2 B33 prM2”

Fi g2i.e Basal |l ghetesmalkde i"heRKMEZ.

AGeneration ofmgtB®al uPM& measurements in wh
tissue and -plmisamaa { arC3yrr biugpg .gl ucose of whol e
determined by an indepehdringé gt uzgoaslel alsamayqgl m
primary CMMNMd=Bomi ce pg&ruagqdndG puappt.2ake i n CM
normalized to DNA (n=7 mice per genotype). Ea
|l east 3 technical replGtatesacérbm ar sghgtes eo
stimulated with insulin wayl®@&dN@QVédewpeh Tekey §.
compar iHs@nyscogen content in whole heart tissue

Studet-heds v mMiRkMAUNl ess specified. Data are s
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2.3.2 Basal glucose uptake is similar in PKM2 ablated CMs.

Weexpl ored potenti al mechani sms that might
intracellular glucose. First, we ithabetiegated
deoxygl uk®@)s,e a 2gl ucose anal og that the cell C ¢

observehamges -G bluptadk e bet we élddndo PtKeM@l P K M2
(Fi g.F)2. 1Al though intracellul ar gl/uCdwFsieg.l evel s
2.G). Interesti h'€My, iwmmsluilken RKM2At ment did not
DG uptak®K®MF({g.F)2. This was confirmed with in
measurements of i ntr d&delG)Rl drntgrl aucceolsleu Il aerv ed tsor
as another source of glucose in the cell . We
ti ssufeomamd mar kedly | esdeqlrycodqgdadikiaPPkRYR N2

2 .HI) .

We assessed the abundance of <cardiac gluco
characterize glucose uptake. We did not obser
of glucose transporters 1 andad (FEKONEZETI tand GL
(Fi g.ABY2. 2r isolated CM, regardless &fi gthe pr es
2.C2D), nor did we observe any differences in t
(Fi g.E)2. 2V al so assessed GLUT3 and 12 protein
hexose transpeot beenhaepoated to be expressed
|l ower |l evels thB9negcpetTiedhg, 4we di scovered th
reduced “thne aPrKtiMs2 c o mp a'rfte’da fFtosFRK)MD Despite this,
basaDG 2upt ake belt'wednPRM®2s uggests that | ower

abundance had mini mal influence on glucose up
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|l ower basal intrPakcM2CMwb i kglrecubaciodased
consumptionredubed .de&nvery
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Figeae.ri mary cardiac glucose transporterso6 GL
AB Western blots and quantifications of tot al

mi ce per group, representative blot of 5 mice
total protélichnamdI BKMGLUT1, 4, and 12 were st
Tot al protein is al soFisH2wWHODI.We s tneorrmrmahl |i azta td fo nC
incubated with or without insulin (n=3 mice p

Twavay ANOVA with TukeyodosE®mud2ablandoptarasoarsi

cardiac tissue were assessedtbygt qgPERiREME mi c

unl ess specified. Data are shown as means N S
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Il n addition to its direct role in glucose
have transcriptional acti vi-iUaendi-cas emimudlnear
various cell types, including CM, to promote
gl yciosl yasnd pr?83 et aeirefore evaluated fthé trar
and PKhWR2arts using RNA sequencing. Only 11 gen
to a degree that reacheddf COlt,atABR i< a0 28shi,g nTiafbil ce
None were closely associated with glucose reg
met abolic changes wWdheabdsesr med inNmMtPKIMZ ectl y du

transcriptional activity.

2.3.3 Loss of PKM2 diminishes entry of glucose-derived metabolites into glycolysis and

the TCA cycle in CM.

We next evaluated glucose consumption as t
PKM2CM. We traced the meééembotdsmebpéabiddmidcesein
PKM2CM using uniformlyTHhhaifglAd2d. lpecodeée c( Wi mep
Ul glucose incubation were chosen based on t|

state |l abeling?Yorpodanch apatwhwayh t he rel ative

i sotopically | abeled metabolites re#da®fns cons
glucose incubation, we analyzed the | abeling
cycle intermediates were measured after 2 hou

after 18 hours.
Similar | evelW$!® fgliunctorsaec ew el r K ddtbasnedr vPeKdM 2i n

FCMF(G g.C)2. 3uggesting basal rates oetegl2wcobe u
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DGFf{g.F)2. Despite similar uptake, both | abeled
glycolytic intermediates appét@Medompabed!| tess

PKM2CEMF({ g.D-G)..3 EntryofFi(aHé2yhto the TCA cycle
di mini shedCMn ®#KMRZe observed a reduction in ur
aconiRiag.eJ . 3Label ed citrate and aconitate al s
PKM2CM compared'@d™, PaKM2hough this did not reac
significancre.ablthred agmr ceea tlbkfe tuongll aubtealreadt e, succi na
mal ate PT@MP&EMBpar ed!'GMWF{PK.MIS2s.ulglgest ed that ac
|l ater steps of the TCA c'/yCcM,e pwasss inba iyn ttahirnoeudg hi

conversion ofttkgtaoghmbaeate.
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1]
1.5%10% 1500000 600000 . B0
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: : 2 2 o
3 1100 3 10000005=0,016 3 400000 3 3
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sx10° . o0 p=0. 100000
500000 20 — 2106
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Fi g@2B.e Catabolic pathways glydgyglsysigs|l angdt he T
-CM
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A. Experimental workflow. Cells are harvested
the addi-itCi gl uxcfosé.Thedisaz heBrat i c of glucose ent

|l eads t-@QoAceytnytlthesi s ands. Glhyec dJICWAt icy cil mt. e Cme di a

assessed at 10 minutes of i ncubation. Unl abel
as "C12," | abel ed metabolites as "C13," follo
mol ecull®eCA Hcycl e metabolites were assessed at

mice per group. Data are shbwst agssméREM2N SD.

2.3.4 PKM27 hearts have increased lipid synthesis.

|l nteresti ndgdryi, vgdCoaoetpyplear ed t o be used fo
synthesi ssCiMni ARKkM2ad of contributing to the TC
unl abel eQo A cweetryel | oweo mpar EdMEOM PKfM2er 2 hour s
|l abeling, these metabolites were of similar a
indicated to us t hQdaA twaes snuoptp IFyagoef )3.dciezyilng (
observed el evated albeV eldsomafi adPiKMRar ed ft of! PKM2
CMF( g.A)2. Suggecltuocdgs i veetdCoafc tiyncor porated 1int
acids IMCMPKMZbel edCoihs,obwhtiycrhylcan be uGed in pl
to form-bhanechedtWygs aali e el ev@MeE@ giBn)2P KT s
is in stark ¢&'Msr avhti ctho dRKIMh ot show | abeling
normally not a |ipogenic or §%ai minllaerslsy,u mdee ro bns
a greater abunea&prmoes phfatel ymdargaldiDd ¢ é rpalod(uct s of
di hydroxyacetone phosphate from glycolysis th

synt Wé®e sal so observed al most twi cehaasr tmangs | |
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PKM2h'elarts usFiinggE-A2EM Toget her, these data indi
PKM2 shifts cellul ar met abolism from oxidatiyv

in héaert
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Fige#ae Lipid biosynthesi srhiesardyssregul ated in F
ADIET | abeling of |ipid substrates in CM analy

incubati-db®h gMitcdhole. All n=3 mice per group. De
E-FRepresentative TEM i mages showing | ipid dro
indicated by black arrows, n=3 mice). Each do
from one tissue section per mouse. An indepen

sectiondpsodiutar resuwemht s St Gttt eehset 6 bvasr. ' A¥P BSMK 2
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2.3.5 PKM27- CM have elevated ROS and utilize glucose in the pentose phosphate

pathway.

PKM2 has been implicated in upregulating t
cancer cells to promote the biosynt h%8:i243 of |
Il nterestingly, glucose entry to tth&M.PPIPh appea
contrast, conversion of | abeled glucose to me
phosphogl uconaxiedatainde nPRPP bphonchpdatEer amas e
sedahepTpuhosehat e) was abQMAian.A-F3.n5 BKMR2o s e
consumption in the oxidative PPP wal€ al so obs
glucose i RcoglBg2i 8mportantly, an increase in N
unl abel ed) was ahsPBKN¥Ms earfwed drB8l yhofuirgs.D)2f. 51 abe
possi blde M®wymMt hesi s and contributions from th
NADPH can medi at e ?RiD5 meawvwemegd nRIOS i n i sol at e
observed higheoTCMCSo mma rPeKiMBIMWF (PK.M22 . BVe al s o
found mitochondrial superoxide was a maj or so
(Fi g.HI2..5 1 ncreased oxidative stress was refl ec
PKM2CMF({ g.JK2.5To examine the effects of envir
production, we exposed isolated CM to hypoxia
in total and mitochondri al'd'®®SP/KAND, dunchtiiconn i n
correlated with further reductions in cell vi
mitochondri al super oxHidge.GpAltbd s et res uvas Isagtye
glucose may be retdorectedate the BPBviated ROS

CM.
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Fig@2b.e Loss of PKM2 el evates ROS and superoxid

AThe Schematic of glucose entry into the oxid
|l eadi ng toxitdladg irven bi osy nB-Fhledotco PiPP tbramicrhg of
metabolites at 18 hours ofgliwnwmcobate oabumdassce
10 minutes and 18 hours is shown. Tot al NADPH
across all time poi ntGROAI(nNnAE3IMIMEeepgHerggm otu)
mi tochondrial superoxide | evels (n=5 mice per

(21%00® hypoxd bBRéAde ©ent ati ve fluorescent Mito

green) for KHwalhwsiascbmpamnying brightfield i ma
100m.d Quantified cell wviability of isolKated CM
representative fluorescent cell viability 1 ma
with accompanying brightfield images on the |

100m.e Data are shown aaymaANOY¥ANwBEDh Twikeyds mu

conmpri sons.

2.3.6 PKM27- CMs have impaired mitochondrial function and reduced ATP content.

El evated | evels of mitochondrial superoxid
the electron transport chain, re%*Neting in in
therefore measured the oxygen conssamgt PENM2r at
fCM to evaluate mitochondrial respiration and
(ECAR) to evalwuate media acidification from ¢
CQ) based on glucose consumption. The'sCsM par am

compared 't®i' BxANB2.,6 whi ch agrees with the isoto
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glycolytic and TCA intermediates. Additional a
mi tochondrial oxygen consumption, and basal a
in PKGM2 compared'GMF{PK.RED)..6 Loweirt oncoonondr i al ox
consumption, such as consumption by NADPH oxi
to gener&aftmayR®8ggest that muc’/hCM fatt hneo rRMOSK iian
mi tochondrial, which supports the total ROS a
Al t hough PKM2 has previously been reported to
dynami*tws did not observe overt differenhntlds in
and PKOMF({ g. AMAR)..13We al so did not observe diff
guantfigy @&2)..13Mi tochondrial ATP production aprfr
PKM2CM compared'@GM, PaKsM2assessed byFiag%$ahoéerse
although it did not reach statistical signifi
dysfunction led to |imif€c®Md QUBnpi d6decation iof |
l evel s in CM by magsH,&pcécntbrionneedt rlyab(el ed and un
l uci ferase assay in whogdJpeBothtcsessiuer maed CM

reduced “ihnharPtkiM2and CM.
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heart s.

AOCR &aBnBEICAR were measured using the Seahorse

addition of oligomycin, FCCP, and rotenone &
was repeated 3 times for a total of 4 mice. R
shown; eadhthepaivretr aigee of 8 techni «aGalrceupllaitciaotne
of basal D ensapii rmaatl i o rEsppriortaotnk o pepaikt,ochondr i al 0 X
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~
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PKM2Zmi'ckt.Tot al ATP abundance in CM determined b
points (n=3 miiATeP pleerv eglrsouwe)r.e determined i n wh
mice)JAmMR in CM (n=10 mi cavaye ANP&Aowypba) TukKey C

mul tiple comparisons.

The disparity in total ATP content suggest
in PK®GN. Since the majority of ATP in cardi omy
and ion’“pempsval uated cardiac ejection fracti ol
(FS). Interestingly, these measftumiecmee-Bats 2wer e
mont hs Biga@g®. { Further assessment of <cardiac
measurements of the intraventricular septum (
(LvIiD), and |l eft ventricular posterior wall (
and LVPW and €&Emal. | )2 HMv®ver, this did not re:
significancencdhis dafdieac function became mol
with approximately a 10¢%migc e aytesrrilEEFg.C-D2.a7ged P
This prompted us to investigate phosphol amban
reticulum calcium ATPase 2 (SERCA2) pump, key
flux that influence contractility. Tot al PLN
denti fied increased phosphorylation of PLN at
inhibition of ptheae “PHKRQKZSypPEHGED2*T he expression o
SERCA2 pump was &liamidl @Khvi2arFPg MBI 2..7 PLN can be
phosphoryl ated by protein kinase Ast(iPKuWAl)atagd S

protein kinase I|2fPEyebMmMKtil pnaovof Thnda7her PKA t a
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troponin | (Ser 23/ 24), i ndi cat e'th etatrfatitsy RKA ac
2.JK). Total and phosphorylated CaMkihd RKM2Zar e
hearts2(FEbgHo®ever, CaMKIIl activity”GWs meas.!

(Fig.L)2. These results suggest thdthear¢samayg Co:

be involved in preserving cardiac contractil:/
data showed substantial oxi da'thievaea tesndvimet abol
contractility pr-depemddnbymac AaAMKS in.
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guantifications. Phosphoryl ated PLN (Ser 16/ Th
(Ser23/24) normalized to PLN or troponin 1, r
mi ce) and SERCA2 normalized to'dwd an=4rfodrei n
PKM2 . Dott bBld elpirreeseints connection of nonconsec
bl «tCa MKI | activity as assessed by kinase cons

as means N St.es3t wdsemitRosM?2
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2.4. Discussion

Met abolic homeostasis requires the coordin
production, and expenditure. Numerous points
supply for proper cellular functions and serv
di ffenentonments. The heart's omnivorous nat ul

crucial to maintaining sufficient energy prod
Any perturbation to this system can-iinmpuacierd he

pat hol ogy.

Our studies revealed that | oss of cardiac
oxidation and ATP production and increased RO:
derived superoxide. This setting of impaired
observedali ndsabetditdbaniodelh-E gth di et ) . 't has be

increased NADHI ard FADHeased fatty acid oxida
mitochondri @f2°#Hhgbuphitngcell ular glucose can
donor usage to trigger mitochondri al i nner me

production. DatAdiabmtéar mycset agdicate that i

utilization can precede changes .34 fatty acid

It is unclear what the initial trigger for
possible that in the inablatetdehétahty, stheecom
increase in PKMl expression promotes oxidatiyv
superoxi de production, consequently altering

scavenge the ROS. This would suggest that the

heart acts as a buffer for uncontrolled oxi da
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regul ating glucose metabol i sm. l ndeed, one st
strong activator of the PPP by stimulating AT
activatebphgbspbaee dehydrogenase, redirecting
oxidatphase that generates NADPH, anf3%&%%senti al
This |l ed to reduced glucose utilization in bo
observed a reduction of early TCA cycle metab

met abolitedsardi BMdcytebBkbegghmi agatae, whi ch

utilization of an unl abeled source. Glutamine
once conwéetedgl|uoarate, as can other amino ac
increase ikketolghlbmeélaedte, succinate, and mal at

| abgl aMuet oglutarate and succinate further sug
utilized in oxidative metabolism. Our data su
metabolism and oxidative stress. |t wildl be
cauef ROS produciieamtisni RKMaAtici pation of pot
interventions.

We also present evidence of preserved card

mice. Inhibitory phosphoryl atthearof, PpbNswabl iy
CaMKII, allowing for enhanced SERCA2 activity
CaMKII can be activated by oxidation of resid

demonstrated by induct i2dh>Tvhiet t omyedirra et @ enrca xe
ROS and CaMKII| dbeavisymag PKMRcate CaMKI Il ox
that the preserved-heanttrsadtsi laintoy hiem RKMXZ equen

stress. I n support of this, ROS has been prev

8 2



calcium flux, which has | 8dW Wdi hé¢t SERGAZodit r e
regul ates diastolic function of the heart, ot
SERCA2 abundance and activity can increase ej
shorte®idyi s positive inotropic effecth obseryv
adrenergic signaling, may result from increas

sarcoplasmic reticulum, which enhances <cal ciu

cycll®°8everal components are |ikely contributin
assessment of the contractile machinery wil/l
mechanism of preservéedheaontsractility in PKM2

We also found other diTdkeatrits,i nadadicd atddo mg i m

i nsamleidm at ed gl ucose uptake, increased fatty a
The relationship between cardiac | ipid accumu
documeitvd@dre resulting cardiac |ipotoxicity h

heart f?8né%sahin fSsmidstmanoe hondr?i®a Prdws fowmsct i
studies have also shown that the aeCmouAmdu Inatriadn
hearts can inhibi?fTHatltiynlkch et wexe nl amhii tomchondr i
increased fatty aci db-oxyntahh e ®ins hwist hereead deend n s
L1 cells, showing intracellular accumul ati on
mitochondri %% mcersepaisreadt idoinacyl gl ycerols and cer
observed in diabetic models and contribute to
car di omybdipaaktehny t oget her, these studies suggest
may disrupt metabolism and energy production,

effects of the other. This appears to be tol e
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Ssubstanti al periods but eventually accumul at e

i mpaired due to metabolic stress in aged mice
mi ce spondanvedbwpl ynsudnd hepatsii@ansteeat osi s, v
hepatocel |l ul?4%i mialrxii Inpmaour data presents earl
resi stanc’e®CMsn WwWAKiM2 reduced glucose uptake in r
Collectively, these data suggest that metabol
di srupts insulin sensitivity.

While we show similar |l evel st'@difd bRRKGM2 gl uc

CMs, it is possible that t#HeéMsedueadeg!| gcloodtyt|
that | eads to glucose accumul ation within the
similar glucose uptake. Examination of glucos
membr ane at baseline would proadale dluvd dhssa deal

into PKME2 i s truly unencumbered.

Cardiac mitochondria are considered resil:|
based on high respiratory efficiency and ener
even in adged hiesartthsought that cardi omyocytes h
oxidative stress anfd@Bnmaitmtuai magyomtort aateivieil oy p
changes without additional spees$ocsPKM2daeeéda
has demonstrated el evated ROS correlated with
presence of2°%PDaxormrwesiuditrs support thes®e finding
cardi omyocytes having decreadsé&dntviFmldpsl-K@ty com
Combined with our mitochondrial functional da

PKM2 may |l imit cellular resilience to metabol

8 4



mi tochondr
environmen

There i
bi omar ker s
sympt oms,
Cardiac en
on creatin

finding

(7))
(7))

and that |
met abolic
cardiovasc
deficiency
activity,
dependent
exacerbate
overexpres
i mproves e

A Timit

present co

I al respiration) and | eave cardi omy
tal stress.

s a growing emphasis on evaluating
that precedWhearhea omasteite mtf pri esseearstes
It can be difficult to intervene 1in
ergetics have emerged as potenti al

e kinase i(eGK)ATaPs dietn ernagpyihddlgymasnudp p IOu r

uggest that PKM2 is important i n ma
oss of basal PKM2 function causes m
and transcraptbeaenl i mptivatedsi nP&E#M

ul ar di s e aseensz yas&€ aar cciaa by ppepw tolt iecc t B K M2
increased apoptosis of cardiomyocy
| eading to the development ef fibro
ma fA@a&nr dsi me cmifciec PKM2 del etion has be
cardiac function and remodeling un
sion i mpr.dvheeds ec afridn daicn gse csowgegest t he
nergy wutilization in a manner that

ation of our study i1s that PKM2 i s

nfounding eff-egeci Whenewvwentdy.i nlgurcta

cespeci fic deletions of PKM2 will betiiompooft an:
PKM2 in each cell type within the heart and i
knockout of PKM2 can also serve as a model fo

stress that closélkcphoésemiblaes yndomver dicegease,
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were preceded by met aboft’/iAdddy s fomrmdtliyon ciomdt h e
inhibit PKM2 function or drugs that alter PKM
PKM2 is ubiquitously expressed. l ndeed, a PKM

i nvesti gat icoann caesr atnh earnatgiy O § NCT @oéuBr2 8roerseu,l t s may

shed |ight on cardiac side effects from these

The global knockout model also makes it di
PKM2 del etion in other tissues that contribut
For example, PKM2 ablation has been debonstra
cesl?’T?® which may have secondary effects on insu
typically expressed at very low | edéus datthe
from isolated cardiomyocytes indicate that | o
alter cellul ar metabol i ssnp e cFiuftiucr eP KsM2u dki necsc kuosu t

be needed to determine the impacs$ ohmh eE&KMRI del
function and metabol i sm.
Anot her concern is that met abolic measurem

accurately reflectinpwwadWeoweeerthauroceswul ts fr

| argely agreed with data collected from whol e
were not | ikely a ncometegauresnmentod omurPKM2 del et
cardiac cells. Whereaisntbkekpyeammeéprt si wesei habog
t hien wixtpreo i ments were relatively small and t h
these results. However, these data were al/l c

OQur findings indicate that PKM2 regul ates

preventing excessive ROS generation and maint
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may help explain why overexpression of PKM2 ¢
myocardial infarction and indicate that modul
a therapeutic intervention to | imit oexardtati ve

di sease.
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2.6 Supplemental Figures

A B I/l -
100bp PKM?2 PKM2 N PKM2 L
Ladder +/+  fIAl -/- ,b(\ -b& ,b(\ .&\z <D
1000 R ¥
pKM1 —! —!—-— |58
PKM2 —< | |ess
500 — =
| —
Total — | g
200 | —
C Pkm1 Pkm2 D Pkm1 Pkm2
250 150- 81 1.5-
p=0.022 .
200 T E: 6 - E:
100- 1.0-
< 150 _JL = s =
2 2 4 ;
1007 50- & i 2 054
O 24 [&]
50+ w [T
0- T 0- 0- I 0.0-
kM2 pPkM27 kM2 pPkm2 Pkm2" pkm2- PKM2" PKM27

Fi g®%28 PKM2 ablation increases Pkml expressio

APol ymerase chain reaction with primers surro
PKM2mi ce. Llaaméddr ,iPKMZ¢ w2l dt ypieBPKMIA,'dh ain 4

PKM2BWestern blot showing PKM2 ablation and P
mi ce. The total protein is shown for normali z
of ®womsecutive | anes of the same bl ot. Arrowh
PKM2mi'lce and del €mii o@Pk md nPPEKkM®r anscri pt abunda
det enrerdi bys RNABn=2 ce per group), plotted by tr
anBbgPCR (n=5 mice per group). Dat a tftrees ts hvoswn

PKM2mi'ce.

8 8



A Pyruvate B Lactic Acid
1.5 1500
g g T
@ 1.0 @ 1000 —+_
M n
e L=
o o
E £
S, 0.5 S, 500
| = =
0.0- T 0- T
PKm2"" PKM2 Pkm2"" pkmz "
C D Plasma
Plasma Pyruvate Lactic Acid
30000 500000
© « 450000
E 20000 % .
= = £ 400000 f
- -
E - £ 350000
~ 10000- = l
[=1] [=]
< £ 300000
L}
0- ' 250000- ;
PkM2"" pkM2" Pkm2"" pmz "

Figu2%® ®yruvate and | a'cdmd ePKhd2aea It s
ABPyruvate and | actate
mi ce per group). Data are shown as

89

iam dPKMD o d .

measur eCAe.pt as ma4 whoBe

means N SD



A PKM2"" PKM27 kDa

Total
T ——
Total
B GLUT12
2.0
c £ »
S ]
g- g 1.5 .
s =
3 S 1.0
© 0.5- o
g 5 0.5
-
o —
o
0.0- 0.0-
PKM2"" pPKM27 PKM2"" kM2

Fi %210 The protein abundance of hexXbashed tr ansj
PKM2heart s.

ABWestern blot and quanti fi cdtltainadn sPKavier GL&T3 a

tissue (n=5 per group. GLUT12 was repeated fo
shown. Each Dbl ot nor mal i Z&édo'nttor otlost.a | GLpUTolt, e i4n,

were stained on the same blot. Total protein |

Data are shown as metamst Nv ShiRK€MA dent 6s

90



A a-ketoglutarate B Succinate C Malate

fl/fl
300000 2500000 P=0.0005 sxq070-0-0008 = e
— _ - x T — -J-
p=0.004 2x107] = = PKM2
2000000 3%107
200000 2¢1071
8 £ 1500000+ 2 1107 Ny
c c c -
3 3 3 T .
- 5
o 100000 © 1000000 O 6x10
4x105-
500000+
2x105+
0- 0- T o=,
Cc12 Cc12 c12 C131 C13-2 C13-3 C134
Isotopologue Isotopologue Isotopologue
Fi g®21ll I ncreased abundance of wunl abeled | ater
PKM2CM.
A-CTCA cycle metabolites were assessed at 2 ho

group. Data are shown atsesmteans' mMNRI®BM2 Student 6

91



A Acetyl-CoA
100000

= Pz

soooo- ¢ = PKM2T
£ 60000
§ 40000

20000

0_
Cc12 C131 C13-2
Isotopologue

Fi g$%212 Product i-OmA oifs asciemiylla f'an'edt vP&KEME P K M2
after 10 minutes of | abeling.
A. |l sotopi c tQaA iantg 1o0f naicreutyels after i ncubatio

Data shown as means N SD.

92



c PKM2m PKM2"- D

MitoTracker

1.4

13

1.2
11

1.0
0.9

Relative mean fluorescence

0.8 -
PkM2" pKm2™

Fi g$213 Mitochondrial striudidr @kKiviRarstismi | ar

93



ARepresentative TEM i mageddB PiKiMRloearotngd.r i lan s e
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MitoTracker iMafgds PKchR2rPdkiM2my ocyt esem.Bcal e bar
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1.0 0.5 0.7
0.8- 1.5 - 2.5 0.0- 0.6- 1.0- -
PKM2"" pKM2™ PKM2""PKM2" PKm2"" pKM2™ PkM2" PKM2™ PKM2"" prM2 " PKM2"" PKM2™

Fi gu2l4 SAddi ti onal mediowraea Ma mtgy.am

Di mensions at diastoARtld)i andasgstoi&@Dl(a) oé&
l eft ventricular i ntEeFRlneflt dvemtertiecul(arvi@Dgst ermni
(n=20 TPKiMRe and n'=n8i2c ePKM2Dat a are shown as mea

Studetheds vs.miRKEM2
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A

p—GaMKII| B CaMKIl D CaMKIl
(Thr286)
0.4 0.004-
CaMKIl | c
= ]
¥ a L] - i .
= 0.3 g 0.003
firf / 2 8
C PKM2 PKM2 kDa S 0.2 2 0.002+
50 2 =
CaMii |7 W W e, o OS] S £ oo
3 0. 0
7 e A fi
0.0- 0.000-
Total PKM2" PKM2 " PKM2"PKM2 "
Fi g®215 Total CaMKII protein and phosphoryl at:i

AB Western blot and quantificatiorCc-Daf phosphor
Nonreducing western blot and quantifying CaMK

per group). Data are shown as means N SD.
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2.7 Supplemental Tables

Tabl e: SEAntli bodies used in thig
Catal g
Antigen DilutijCompany|/number/RRI D
WB
GAPDH 1:2000Si gma G8795 |[AB 10738
1582-1
PKM1 WB 1:4Protein|AP AB 2163
1582-2
PKM2 WB 1:4Protein|AP AB 1851
21829 |\AB_1083
GLUT1 WB 1: IProteinlAP 5
GLUTA4 WB 1: 2Protein/66846dAB 2882
Santa C
GLUTS WB1: 10Bi otech|se/449]AB 1124
Ther mo
Fi sher
GLUT1?2 WB 1: 1Scienti|PABOO0OZAB 2747
Phospgih@ponin
(Cardiac) (S{wB 1: 3JCell Si|4004 AB 2206
Troponin | WB 1: 1ICel |l Si|4002 AB 2206
SERCA?2 WB 1: 1l nvitroMA®19|AB 3255
Phos gPhLdN AB_ 10914
(Serl16/ Thr17|WB 1: 1Cell Si|[8496 2
AB_ 10914
PLN WB 1: 1JCell Si|8495 5
Phos g£rrdMKI | AB_ 1001
(Thr 286) WB 1: 1Cell Si[3361 9
Ca MKI | WB1: 20l nvitro MAIO48|AB 32514
|l RDye 800CW |WB
anRabbit 1 gG|l1: 200(0LACOR 928221AB 6218
|l RDye 680RD |WB AB_1095
anMouse 1g6G 1: 200(0LACOR 9268078
Tab®$2e. Anti bodies used in this study.
Primary and secondary antibodies used f
Resource I dentifiers (RRI D).
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Tabl22:S Pri mer sequences

Genel|For ward Reverse Length

Pkml CACCGTCTGCTGTTTGA/AGCACTCCTGCCAGACT |144

Pkm2 | CATCTACCACTTGCAGCTIGAGCACTCCTGCCAGAC]152

Gl ut |GATTGGTTCCTTCTCTG]ATCTCAAAGGACTTGCC((132

Gl ut {GTAACTTCATTGTCGGCAAGCTGAGATCTGGTCAAAL1S55S

Ehbp|TTCCAGTTTGTGGCGTG]TTCCGCCGAGTCCATACACI91

Tab®%2€. Pri mer sequences.

Primers used for gPCR unless otherwise specif

span -exon junctions when possible.
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Tabl23:S Cardi om
isol atbufofner s
EDTA buffer

Final
Reagent| concentrtr
Mi |-d HOQ -
Na Cl 130mM
KCI 5mM
Na ¢P QL kD 0. 5mM
HEPES 10mM
Taurine 10mM
EDTA 10mM
Dgl ucos 10mM

Perfusion bu

Fi nal
Reagent| concentr
Mi |-d HOQ -
Na Cl 130mM
KCI 5mM
Na ¢ QL kD O. 5mM
HEPES 10mM
Tauri ne 10mM
Mg G| 1 mM
Dgl ucos 10mM

Pl ating Medi

Fi nal
Reagent| concentr
M199 me -
FBS 5%

Cul ture Medi

Fi nal
Reagent| concentr
M199 me -
BSA 0. 1%
I TS 1%
CD i pi 1%

Tab$28. Cardi omyocyte isolation buffers.

Buf fer and media for murl ed i oanrsd if @mmy daytge nidoa If d t
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Tabl2d:S RNAG DEGSs
Gene n|l egol dCh|l fc|st|pval|padj/|PKM2|PKM2|PKM2 |PKM?2
Gm20509 5. o lo.l7. wa “19 10 18| 196 179
Rny 1 > | o0.]7.]7. aB 1'098 45 72 304 4138
Snap91 2. | 0.l5.|2. o 2'093 39 23 18 27
Cd4a4 s 0142 om 03 217 426 640{ 658
Lars?2 sl 1. 0al2. o8 " 0d 1104 244f 4087 4700
Gphn sl o lalt. m8 " 0d 530 884 o66{ 1241
Rnuill 1 olale. 0@ 02 34 s5d 13 10
Gm2887 1 olals. om o2 34 s5d 13 10
Gm4 451 1 o lalr. 0@ Z0d  3d 29 79 11|
CT0104 s | 1.0a.]1. o8 02 750116154055133689¢
Gm3938 s o lal2. o8 02 5 5 2 8 8 2
Tab$2et. RbBAQ DEGS.

Differentially expressedRN&sErgs a(n@l §ss)i sd eotf e rl nif

ventricul ar ti ssue. Transcri counts are sho!

pt
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CHAPTER 3. PKM2 IS A KEY REGULATOR OF LIPID METABOLISM IN MICE

Summalrghapter 2, we identified dysregul at ec
abundance’”car @ KMdyWec yttheessefighée t o i dentify the
in |ipid, methadesthl nsstm been expl oreWeihouhe car di
substantial altétcatdioompdécyhe PKMR2dome, incl ui
abundance of | ipid membrtaneacpyrl.oldsioytes¢@did r edu
wercear ndeifnei ent, affecting t-dleairnabattiyyaciods
mi tochondria. These metabolic alt&r atoinams )wer
| n aRykeM2mi c ey galr oil dle n twief i e dwhporbeefdeye e abobhi sm of
|l i pi dsased on a respirat,ortyi ghxerhamagteab altii® rodt
aerobic capfaczti tdi..eA btHEP)Vveahddpemgent phenoty)
that suggest remowal tdf tREMPrionteetheémesedagai ns
di abetes and obesity typTré@i hgii ns @ehni si nc hf aepntae re
underscore the importance of P&MBei hedédteabaoldi

whol e organi sm
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3.1. Introduction

Fatty acidypxcadhtyosauppATP ese mbéscsaariadyi atch e

function. Howetevess ®@lhardmametyaboli“ci'Bomembsaasi
reduces oxidativeoméyabolyissm,i andavdi s reduce
production by apYrrooxm naantoetlhye r5 Op%.r specti ve, ten

oboxidation during reperf tRAidaptraddece e gautiadatr
can maintain metabolic homeostasis in various
tar glen sChapter 2, we demonstrated PKM2 regul at
Dysregul ated glucose flux is often accompanie
however, this role for cardiac PKM2 remains t
Recent studies showbyawiRP&Kd® e ge ¢l b dpei sds ms
met abol i sm/PéF orarmrxermpl e, in pancreatic and bl
reciprocal relationship was demonstrated betw

(FASN), where reduction of one déWnt’dgul ated

Specifically in the context of bladder cancer
regul ated FASN expression via Akt signaling, ;
|l i pogehtersilsrreast cancer, nuclear PKM2 activit)y

carnitine transporter ,chaim tfiahfgh yoedalathdosisit sumd yo f
demonstrated elevated | evel s”mifcehwil@®@sterol i
transmembrane protein 33 (TMEM33) +shequdl atgi on
proteins (SREBP) transcri’Thios exatephbadt egnah

breast cancelogetmer, st kese studies suggest th
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met abol i sm viHaerle,p owgee neesstiasb.l i s h

fatty acid oxidation in the heart.
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3.2. Methods

Previously described methods are |isted as fo

3.2.1 Mice and reagents

Mi ce were gener at ed nm sChdagpsteeerc b2e dnaBote

3.2.2 Echocardiography

Echocardiograms were performed as describe

3.2.3 Metabolomics

Met abolites were quantified i n aci tdrestcead bpeld

in Chapter.2, section 2

3.2.4 Cardiomyocyte isolation

The cardiomyocyte fraction (CM) of adult m

Langenfdroed fmephedi asgs | yi ndeCshcarpitbeerd 236 %8 cti on 2

3.2.5 U-13C-labeled glucose metabolism

U-l€ gl udersieved metabolites were traced in i

Chapter 2, section 2.11.
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3.2.6 Statistical Analysis

Data was afnnapryewidously described in Chapter

Newly described methods are detailed bel ow:

3.2.7 Metabolic chambers

Feeding and drinking behavior, physical ac
monitored using the PhenoMaster system and so
acclimated to the metabolic chambers for 24 h
Oxygen and carbon dioxide concentrations were
27 minowtesal cul ate oxygeepnaondnsesambonodi ¢¥Ode pr

(VGOD. Data was analyze&#?2 using CalR ver. 1. 3.

3.2.8 Lipid profiling of cardiomyocytes

Foll owing cardiomyocytes isolation, cells
Samples were submitted to the UCLA Lipidomics
using the |liquid chromatography/ mass spectrom
DMS (S3eONex according to previitAagl ycphbabhs swetdhn

12 carbons were measured.

3.2.9 Mitochondrial palmitate oxidation

The oxygen consumption rate (OCR) and extr

of isolated CM were measured using the Seahor
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(Agilent). CM cell wviability was determined u

(ViaStain) and analyzed using the Cell Drop ce
16cell s/ well) were plated in at least 6 replic
supplemented with 10mM glucose, 2mM gl utamine
hour at 37AC in a room air incubator. HepG2 c
respomnsterdat ments, and 4 corner wells were use

t hRal mitate Stre9gstDamtzMk | t(A AgocsMpait ime( 1. 5
mi tochondri al unc o ud(lterri fclauw doroommrd ¥ toymamp pdlee § FICCH
1#M), and rotenoneM) werempdidedAaf@ed approxim

75, and 95 minutes, respectively.

3.2.10 Cardiac lipid uptake

Experi ments wer e npadrefsoramedd fiemmad cetsh I n vi tr
performed in freshayvedotatddompgoaomtes for 2
incubat edM wift hBBRCEYT her mo Maissherh,usetts, USA,
D381 and fluorescence was measuEteMdofusBOol RAY s
FLCiscandeMOof BODBIBPXi16@BTher mo Maisshherh,usett s, USA,
D38B5were injected intraperhiotuorn efaalslty tion ansiscees s

|l i pid uptake as p¥eMeadmnutsd yaneksglradmal.were har

after administration. Cardiac cells were | yse
Equal amounts of protein were | oaded using th
measured in heart | ysatreopahnodt opnheatsenmta. using a s
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3.2.11 Critical speed testing

Testing was per f-eoM mlerde aodmialnl ExGol umbus | nst
were acclimated to the treadmill for 5 days f
30 m/ min, with 5 m/ min increases in the | ast

bya series of 5 runs t-25 em/hmiurstdtona be% wierem! ilrbe

was determined by the inability to keep pace
effort. A critical speed test run was deemed
occurred prior to exhaustion, and i f attenuat:
observed. (When placed ‘emhaustupdneopsessei Wi bh, a

right themsbdsyesTwetbrntical speed and finite
calcul ated from the slope (a) and intercept (

di stance plotted against th?%time to exhausti

3.2.12 High-fat diet study

Beginning at 8 weeks of age, mi-ca&t weiret r an
(HFD) consi afciangrofes60%emv]| abd328B) oor remaine
regul afrat ldoiwet (LFD) with 14.8% calories suppl
weeks. Afet drourt2fasting, blood glucose was mea

OneTouch Ul tr a fgelsuccaonme.t er (L
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3.2.13 Tissue fibrosis staining

Hearts werre cfeisssed,, and stained using a 1:1
hemat oxylin A and B (El ectron Microscopy Sci el
Red 80 in saturated picric acid solution [ Sig

were takencwi tTTHUINID&ERLeé@ imagi ng system using a 1
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3.3. Results

3.3.1 Altered lipid profile in PKM27- CM.

Previous investigations identifiéed perturhb
hearts, evidenced by an incr eased -daebruinvdeadn clei poi
synthesis. We, therefore, 'd4ndofAKOM2] Chethi piedo
within |ipid droplets are cholesteryl esters
speci®®sl ative to the total |ipids found in ea
towards a greater proportibo@Modommhar edttead yd o ret
(Fi g.A)3. Surprisingly, TAG HCaw elosmpwe reed It ®wero nitn
(Fig.B)3. TAG can be synthesized by the additior
(DAG), levels of which "Wkeihhe RKIMWF(ar.C)3etlw@@n P
can also be used to synthesize membrane compo
(PC), phbsphanedyPS), and phosp®¥ at iadyli @ti lbpaan d lo
phosphatidylinositol (Pl), sphingomyelin (SM)
observed an overall increase in |GMIs of 1ip
compared tbBi gdABr.dolTshe(se results suggest utildi

membrane synthesis ratdMr than TAG in PKM2
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3.3.2 PKM2/- CM are carnitine-deficient.

|l nvestigations

carnitineaamdtaaoagl

Consi

stent

wi t h

carni ti

of

H.
elae hme&ais s raend

vés miRkeM2 Dat a

t h@M nred vadball eodnes u Ins tPaKNVt2i

by

ne

def i

E.

shown

di carboxyl i @%%auccihd sas( DaCdAi)p,i ¢,

ti ssue

aci ds

met abol

anki p.CaF.cma Carni tine

nt o t

i sm

he

showed

reduced
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the ener gyFisg.bNRB .r 2B &s { | and maxi mal oxygen <cor
presence of pal mitatCeM wasplaocwar Fiog XRBM2 ol s (
Pal mitate uptake in cardiomyocytesnoandavaisntl awtr
aci d upitake®8r 6iwaswmiedoum chain faFtig. aSBdoeCHt a

These results are indicative @afblmadscedidf iCéMd | i pi

111



E

ng/mg

OCR (pmol/min)

OCR (pmol/min)

Carnitine B Acyl-cgqnitine C Adipic acid D Plasma Adipic acid
p=0. *
5%107- *k 8x1084 = 0.15- 150 3
%*
4%x107 T
6x108 _:_
0.10- 100
3%107 2 =) T -
S 4ax1084 E E
2x107 8 g i 2
0.05- . 50
8
1%107 210
0- 0- 0.00- r 0- r
Pkm2"" PKM2” PKM2"" pkM2 PKkM2"" pKkm2" PKm2"" PkM2™"-
Suberic acid F Plasma Suberic acid G Sebacic acid H Plasma Sebacic acid
*
0.08 p=0.07 80— p=0.17 0.020- . 20- )
: I
0.06- 60 0.015- 15—
T _| l o T TEI I
- E . £ _ £ 104
0o0ad -2 i. £ a0 £ 0010 _1'_ S 10
c L] c [] [ =
0.02- 20+ 0.005- 5
0.00- 0- 0.000- 0- T
PKM2”’"PK|{¢|2"' PKM2"" PKM2- PKM2"" PKM2™- pPKM2""pPKM2"
Palmitate J Palmitate + Etomoxir - pKM2if
80 50 - PKM27"
601 l < 407
E
o° 30
40 l E
-~ 20_
3]
20“ o 10_
0 r 1 1rrrrrrrrrririrnririunrd 0 1

NS R D 0A B BINIEIMENON D

Time points

Basal Respiration L

25+

[\
o
1
[}

=y
(3]
1

=y
(=]
1

——

31

Pkm2" PkM2"

OCR (pmol/min)

(3]
1

o
|

Maximal Respiration
80+
*

60- *
40
20

0_.

pPkm2" pkm2™

Time points

Inhibited
M Maximal Respiration
60
£
£ a0
©°
£
2
& 20 ]
o o,y
0- T
PKM2" pPKM2™

112

L
NS S BA D BN R



Fi gB8R.e Carnitine defCiMcii enpay risn mPKMZ hondr i al re

Levels of A. cacainimnienasndi B.ChBMcyyh=3 mice per
Dicarboxylic acids (adipic, suberic, and seba
(n=A3 per group). D, F, H. Di car bo&kyddrc arca up) .m
J. Pal mitate oxidation in CM represented by O
addition of etomoxir or media, oligomycin, FC
respectively. The experiment was repeated 3 t|
pl otheofexoper i ment shown; each point iIis the ave
replicates f oM. oael cmoluastei.onKk of basal respirati
without etomoxir, and inhibited maxi mal respi

determinedsdyasSeanworData shown att ensetanvss. N SD.

PKM2mi'ce.

3.3.3 Progression of altered whole-body lipid metabolism in PKM2-- mice.

We then i nveshodgyatneedt ahoollieSmmomnmtyhwesumwmdg d() 2 an
aged myear (bl d). Although energy balance and
(RER) were similfaahd nPind2ecieigd PKBIR, we observed
preferenti al util i zatmiocne orfella tpiivdes tion caogretdr oPlKs
RER of approki mat)dl oA @.omb(i nati on of | ower f oo
energy expenditure resulted in an overal/l neg
wei ghts diid freat heet weegenotgemrdeirfga@-H3e.i3t hrea
hi gher energy expenditure was not due to incr

(Fi g.7CH®3. ThessgugegasslHitggher met abodlmiceraffTe in P
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furthert Biup,p

(i BAT) and found | ower i BAT mdsempar bd
controls, that reachedFisg.gR3 §37EThesei neagktsm
suggest modi f ibcoadtyi omme toafb owHiosinme e nt hPaktM2pr ogr es s e
age.
A Respiratory Exchange Ratio B Food Intake c Cumulative Food Intake - pr2""
0.85 l = pv2"" 1.5 * 50 - PKM2™
0.80 = prm2” 40
g:n.'rs g §3°
8 om0 3 20 “,H» :I*
g 0.65 10 f'““H'H’
0.60 0 T T T T T |-| T
Light Dark Light Dark PP PRI PRPFISPES
Time of Day Time of Day Time (hours)
D Energy Expenditure E Cumulative Energy Expenditure F Energy Balance G Cumulative Energy Balance
07 p=0.08 30 1.0 *k
_gl].ﬁ - 20 W]FO.OT 3 0.5 . °.
En_s Zg E“-“ %- ...... ; E “]” L407¢
3 1o 3 '-P -
o T
0.3 0 -1.0 T T 0T T T T T T T T T T T T
Hiaht park PRPPERIEFSPESEES Light Dark PPPPPR L PP P SEES
Time of Day Time (hours) Time of Day Time (hours)
H | iBAT weight
Body weight (1-year old)
100 0.20 ok
80 il 0.15 s
_ 60 LY _
2 S 0.10 -
40
20 0.05:
0 0.00 o
Male Female Pkm2""PKM2 "
Fi g8Be Increased metabolic rate and pr
mi c e .
A. Met abolic chambgrast odidgs mimeagdadw(1lower
exchange ratio indicative of “immcredned
group) . Data shown as |light (€ChaAvtewnvag
cumul ative fodd©dinttreok e, sthioMh i"mi ltlea sk
D-E. Average and cumul at iGvue Avrereragye e@npgemdimul ae

owé

measur ed

the mass of i
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bal ance. H. Body weights of male and female a
chamber studies. . |l nterscapul ar brown adipo

6 mice per group). Data shewn was.miMeeMza N S

—~
S
1

Exercise tolerance evaluations provide ins
physi ol ogf oseklelsettradssmuscl e and t héé¢ @rheatieorvascu
reliance on | ipid metabolism and negative ene
aerobic capacity during "am hcaeu shtaidve rlwomwe.r Agdd
than theélicldumKMIFp grA)S. d@ ndi cating an inability
oxidative metabolism at higherfl'épeaedsesl shafAswBb
represents stored enesgygves (he. teomyeanggbyd b On) ,
phosphates, and a source t 8?suwpplays efa fDade ri mb iPK
mal es woul d suggest the higher storage capaci
' itter matFei gc.BNAt.rdbhessé€ results demonstrate a pl

of the metabolic changes produced by PKM2 abl

A Critical Speed B D'
309« - 150

= prv
*k = pPKM2”

100

m/min

Male Female Male Female

Figd#e PKM2ce exhibit reduced exercise capaci:t

AB. Critical speed and finite distance capaci
aged miyear ( bi7rdmic=25per group). Data shtewn as

test vé . mirRKEM2
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3.3.4 High-fat diet reveals sex-dependent phenotypes.

The i mbalance of food intake and”’mheergy ex
may affect the dienvded oegpdnetinheenifetfydir et we chal |l en
mi ce wi tfhata dhiieggh ( HFD) for 16 weeks, beginning
function was not measurably differentFibgt ween
S38AB), and heart weights did not dif fFeirg.bet we
S38C). Interesmahgksy wePlEM2 eaner f'élbaniee ptaotith
(Fi g.A)3. Hut developed hyperglyceimMmimdcatonaaes ¢
HFDFi(g.B)3. PKNM2Mmal es wereotetatcdvedemedi @i gh bl
glucose and Fwegi.ABBt., 5gaad npr(evi ously demonstrat ec
female mice complmedontor med psP&M2devel oped

hyperglycemia and wei ght “gnaailne sa.t Suartpersi ssiinmillya,

di fference in blood sugar was also pres-ent in
fat diet (LFD), measured at a similRirg.age to
3.09 .

Chronic HFD has been demonsti at ad etbengi nduc
exper itdenteval uated coll agen abundance in hear
assess wheitrhdkeuceHdFDf i brosi s may be aggravated ¢
find a substantial amount of coll agen deposit
was a smaldi dlulte aipmpareehhesaer tisn PKMRar EdgtDe3cbéntr

H) .
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A 60 Body weight B 400 Blood glucose o PKM2"" Male
= PKM2"" Female
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[} Blood glucose D Picrosirius Red
= prv2

*k Kk 259 p=0.08 *k = P

| g20

£is
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Sos

0.0

Male Female Male Female
E PKM2"" Male F PKM2"" Female G PKM2'- Male H PKM2'- Female

Fi g85.e HF D el tdceiptesn dee aspeoxn s e .
A. Body weight and B. fasted blood glucose of

(n=64 mice per group). C. Fasted b6 opar gd ucwp)e.
D. Total <coll agen area indicated by picrosiri.|
area. Data shown as meast WNS'IMHRIBR Edent 6s

Representative i mages of codm.ademr agti @inniofg.end

i mages designated bg¢minset. Scale bar 75
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3.4. Discussion

Reduced f leenxeirbgiyl istuyp sitm ate wutilization is a
I n particular, the i mpabdaekewbehetgytooorkcdit
heardtue to carnitine deficiency can | ead to ca

heart f°Bihmpdaiomed oxi-dmaiimnf atft y omgi ds in faild.

demonstrated to el evlaien kfeatonye ?WaniPdsaioirddt i on.

oxidation can also | eadodmzyme i A i(0@cA)c yad cu mwl
regeneration of COA is prioriticaed,tieaes| expg
from the cell, further?’°®epul @e dcrhlgoinndy  ad & ryn iatcii rd

into the mitochondria promotes oxidation by m
gener atvokilbdywti on in microsomes that <<é&amainhhen
fatty acids in peroxi someschof’Bpassiofe teretsrey
processes are activated by compromised mitoch
demonstrate i mpaired mit-oltdhiomdfratal y ox¢idés i @amd

depletiodfCMp PEMAci di ng with an’hiemacrrtesas el hiins D

suggests that DCA metabolism may s u'shteaairnt smi t o
Al t hough most carnitine is obtained from d
synthesized in the |iver and kidneys. This ma

PKM2mi ce. Previous sttrthiese bavglebhaWwnPmMRecul ¢
in the |iver as a component of metabolic synd
HFD and progressed to hepat oé’@lhlewslearf i cnadri cnignso m
suggest that, although we did not observe a m

this study, age and HEMD cant @reidi spoes ea PK M2nj L
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compl ement these findings, demonstrating mol e

you

me t

Ou

rep

ana

det

ng PKiM2e and alktoedy dmemhaodcel i sm and reduced

aged mice. The | atter correlates with redu
rt fail?% &Ppatiantderlying systemic issues
k of cardiovascular disease, reflecting i m

The alterat-body met abhpodads b PHKNMEe suggest a
her resting metabolic rate and I ipid util:@
e may have reduced the weigral egs,i ndd snmiutces d
ching the same level  'ddl @ypeAlgl yecegnh at laiss P
eficial, the reduction i n cr ibtoidcyalo xsi pdeaetd vse
abolism that | imit aerobimalcapamcdtfyemale smi
results also show a great er”nfailreist,e di stanc
resenting anaer 8%Gi ov eenn earhgayt  rPeKsVE2r viess .associ a
erobic glycolysis, we previously observed
colysis (and K+vCab £ ocmpalre)d fdHuRgMa riomg ,t hat
erobic distanclanad ®@pa anatyy ciomePKM2 m ot her so
previously observed | ower "dleydtigeinc m nda AWTP
o extend to skeletal muscl e, our data sugg
rgy sources are present “imal ebe Akpteviabusu

ermined that <critical speed and D6 did not

mi ¢é%uggesting that the dissimmillkaaindy fiemaD@& I

may

result from the metabolic dysregulation c
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examining energy reserves in skeletal muscl e

physiological consequences of this disrupted
HFD is commonly used t o -riensdiusctea nocbee,s iatlyt haonudg
been demonstrated to be |l ess effet¢tOnee in fem

possible explanation may be @Adthbegédnwe iobsl
a higher blood gl ucos"d eanan een tcroarpidd freetinat | od® $CNKIM 2
on a LFD (that became more pronounced on a HF
was similar, suggesting another cause for the
Estrogen has been suggested to proteccded emal e
by studies showing that ovariectomized female
i mpr oved mif-ooxcihdoantdiroonaland i nsuki wi s@osttesgitpoc
repl ac¥thénerati onsbial paincselatmncsecretion and
bet ween male and female mice have al so been e
bcell morphology in response?’t d%itres welsitr nrgd syi, s
estrogen promotes the nuclear acti¥Pt33 of PKM
supporting the idea that | oss of PKM2 woul d i
insulin secretion does not appear to be I mpai
met abolic activi t?f% sprsehvaircewds bsyt IPKyMilacfe dchlasb al F
al so demonstrated similar basa‘lanldewc®ing rofl im<s
that became el enviactee dc oimmp aPrkeMi2 t o cweék oHEDf ol | o
chal |I’?Agehough the exact mechanism is unknown
may interfere with the-imedolcadi smesi hgt ahidmi hs

in female mice. " fTehnearleefso rnea,y PokrM2s ent wi t h pheno
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seen in male mice on HFBPcelFutmorephovegy i gmadifol

woul d be beneficial -dependenstaerdpongsthet eekF
mi ce. Additionally, as we used male mice in t|
bet ween runs, additional assessments wil/ be

Our data also suggest that DAG are prefere
synthesis rather than “fheerarTtAsG sQnnet hneostiasb lien nPeKn
species is LPC, which has been sh8¥WWOutro recru
findings compl ement previous observations of
PKM2hearts, suggesting that the altered metabc
Furthermore, cardiac accumul ation of LPC has
of severe arrhythmias, studied®bhye perdtusdioms o

suggest that the LPC acciU@M|I mayomavdseelvedei in

effects on cardiac function and inflammati on.

A |limtation of our study is that net all
3-month -pnea@rld mice. Our data is corroborated b
mol ecul ar changes in tissue of Youryg phieoottypa

wi alge’As previous?té hki gd wshsadd ,PKM2 knock-out moc
specific conclusions, as the metabolic altera
influenced by other systems affected by the
shown that | oss of RKMZ umaudsed met abhcel ild ver a
inflammation that predi sposed mic’° 8% ehepatoc

gl obal PKM2 knockout may be a potentially use
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compo

e
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studi spewcsifng tdiededue ons wi | | be needed
s fremechéitci eshects of PKM2 abl ation.
show substanti al modi ficdcihaods oimgocheek

nded by mitochondrial dysfunction. | mpo

whobedy metabol-demi cheRPKM&i ce, highlighting a

mai ntaining metabolic homeostasis throughout
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3.5 Supplemental Figures

In vivo
Lauric acid uptake

In vitro
Palmitate uptake

In vivo
Palmitate uptake
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A Ejection Fraction B Fractional Shortening C Heart weight
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CHAPTER 4. LOSS OF PKM2 DYSREGULATES INFLAMMATORY SIGNALING IN

THE INFARCTED MURINE HEART

Summaly addition to our assessments of oxi«
further showed increased-hexirdast i veddamaga ibry
|l evel s of the | ipi-dy ¢ eo»yxnd-HaNeEn)a ihc oprdpoadruecdt t40 c o
After demonstrating that PKM2 may serve a pro
whil e maintaining ATP pr oveudc¢ihrma sdtnhged tireo Ihee ad ft |

PKM2 upregumgocandatternfarction (MI).

Transcriptomics at 3 days after MI suggest
cells "nnPEM@ted hearts, particularly neutrop
cardi acs htoiwveeslns i der abl e abundsamceboaffraiPiinrM2ne c e
PKM2inhfarcted hearts -M .3Sangr28idgyy, posmpar .
i mmune cells were alTmsoniobmfsanrgteadnicieuRiKiMl CDS8 6
macrophages at 3 dayWe adfetneorn ssthraamt es ubrogtehr yl.o c a |
i nfl ammatiomi den, PIKMRi cat ed by-ieféaamatdolrgvels:c
| 6 an-dbdlLong with increasedvel pslargppeont a(nGRFy),. w
demonstrate that the combination of oxidative
infl ammati on, may have contribbhéeadt so28ndagsas
MIThdatpaesented i mitghhihs Jeoh &pgteen ous physi ol ogi
consequenmetabothe and inflammatory dysregul a

abl ation.
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4.1. Introduction

During and after myocardi al infarction ( Ml
production towad &&r gl gbohgsi shown differentia
alternatively spliced PKM isofodmsi bhat fwastom
(HH1p af tEexrogMinous overexpression of PKM2 in c:
shown to reduce PEind&hiapecasadaigmed a rol e for
the healthy heart as a buffer against excessi
dysfunction, where deletion of PKRMRhexacerbat
upregul ation of PKM2 after MI may therefore h

i schemic response.

Anot her i mportant component of the initial
controlled by the i mmune system. ROS, amongst
components to form adducts that quickly attra
myocardi utmhemwhi edhruit macrophages to remove di
wound h%@Ne wntgrrophils and macrophages rely on [
i nfl ammat orty® t8%Bsoléhn sPeKM2 del eti on and tetramer
glycolytic capacity needed for acti-vated macr

infl ammator ¥7°pWheinloa ytplee eifrffelca mmatforayntdyt oki ne

| argely beneficial i n reducing infarct size,
healing; an i mbalamad eamtfi assmpmatidriyx @ytooki nes caé
detrimental ingédrdiac remodel in

Here, we provide evidence of a cardioprote
infl ammati on. PKM2 ablation increased i mmune
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in the heart, with increased markers of syste
exacerbated fibrosis following MI. These dat a
in PKhMRarts promotes oxidative stress that exz:

to i schemia.
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4.2. Methods

Previoestyi bed met hods are |isted as foll ows:

4.2.1 Mice and reagents

Mi ce were gener at ed nasChdaepstcerri b2a,dt sacbootdieers 2 .

used in this stud4l.are |isted in Table S

4.2.2 Echocardiography

Echocardiograms were performed as describe

4.2.3 Western blotting

Protein was extracted fropmréefouvlentdestri

Chapter 2, section 2. 3.

4.2.4 RNA isolation and semiquantitative real-timePCR

Tot al RNA from | eft ventricles was extract

4.2.5 Tissue fibrosis staining

Sections werei pagparasl édescri bed i n Chaptert
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4.2.6 Cardiomyocyte isolation

Adult mouse cardiomyocytes werre ei sneeltahtoedd auws

descriimbheG@hapter 2, section 2.7

4.2.7 Lipid profiling of cardiomyocytes

Lipids were extracted from cardiomyocytes

4.2 .8 Statistics

Data was afnapryewidously described in Chapter

Newly described methods are detailed bel ow:

4.2.9 Myocardial infarctions

The | eftdesrcteenrdiionrg artery (LAD) was per mane
as previousi®y Bddsedrliyhed.asel ine echo was obt ai
and anesthesia maint ai-lnetderwd It ht Hh srod d autramye . b At
and fourth rib and incision of the pericardia
Il i gation .wiMyhoc7arOdisall ki nfarction was confir mec
the incision was c¢closed in two | ayers. Mi ce w

active.
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4.2.10 RNA sequencing and analysis

Transcripts were prepared as described in
reads were analyzed as desciinlh adrceagounlneet, e dvi t h
transcripts were determined by comparison of
Hochberg mvdgluusset ed 0. 01 amdf ahd absanhgéer Ool. 5
(corresponding to a fold change of O 2.8 or O
samples, transcri-pacshhven d padaBese] eaniOni0O5 and an
absol wtfeolldgchange)diOigl t(oc oar rfecslpdonchange of O

considered differentially expressed genes (DE

4.2.11 Immunohistochemistry (IHC)

Hearts fixed with 4% paraformal dehyde were

5en sections. Sections were deparaffinized and
10mM sodium citrate buffer, pH 6. |l mages wer e
i maging syBtdecwnvol ution at 20X. Cross secti

defined by an ovul ar shape surrounded by circ

the border region near the ischemic zone were
sampl es, celwlad I'i wetrleeAtfecaesg rtende.se r egi ons, i mac
from random fTopemdsnohiwnwi eownsi stency, paraffin
the papillary muscle | evel and cells from the
measurements. At | east 100 cardiomyocytes wer
sectional areas were measured by I mageld
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4.2.12 Multiplex assay

| 6 an-lbalbbundance in citrated plasma and hea

using the LuminexE Discover-pnAtyag-TMohseBPpem

Ti ssue samples were |Ilysed in Cell Lysis Buffe
centrifugkdnt Egmbunts of total protein in tis
were used. Assay was performed according to m

4.2.13 Enzyme-linked immunosorbent assays

Bl ood was coll ected at the time of <cardiac
spun t o separraetaec tpilvaes npar.otCei n (CRP) Il evels in
using a colorimetric assay (Il nvitrogen, EM2O0R

i nstr uehtyidoknysn.o ndethNMBE) (Wlas measured in isolated

according to manufacturer 6838)i.rections (Cell
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4.3. Results

4.3.1 PKM2 deletion does not affect ejection fraction after Ml.

We compar €diRKEM2 0 cordb/rfralfs eftPKiMdcardi al in
Analysis of PKM isoform expression by western
had reduced PKM1 and increased PKM2 protein e
previlomhslry,as”mKdM2 maintained elevated |l evels
afteFi YW.)7 Echocardi ogr ap h'ymischeo wheadv et hparte sPekrM2e d
basefétwmiga,h a decrement'ms'cmi har 3t or PEBIYdays af't
4 ABB). Heart weight to tibia f'éndt RKMMActei os wer
afteFi §IC)&. ISi mi | ar |l y, esearcdiioconmmyadc yatree acsr csshso we d
increases bédtainkde PKAMCMR2 t s at 3 a-MHOFieEB.DEHR.ys pos
These results suggeadtmatl lsath atvlee grRKMZ |l y nor mal

hypertrophic responses to Ml
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AB. Ejection fraction and'dmce cP/Knd2ceel 3s hdoarytse ni
(N8B mice per groupPp)per ggBodpysf oOhEAewi ng shanm
Heart weight to tibia |eb3thperagiospmeBasu2 &dd:
per group) after surgery. Dc.r oswsart ti iofniad a tair era so
baseline, o4 Pedagso(pyr36rp28 dawpwspinafiter sh
surgery. E. Representative | mga&gens agfgl awelilns nd €
from sham and MI heasus gealken Skl dawasyr pd 6 0

ANOVA with Tukeyds multiple comparisons unl es:

means N SD.

4.3.2 Myeloid cells are more abundant in uninjured PKM2- hearts.

Previous studies have shown that PKM2 expr
i njury and camnt iawdt ars faorcotr ansc+li pmidon f actor
cat el Mt her gpfroorfei  ed the trahdlddi pKvBeerst sof Pl
3 days after LAD ligation or sham surgery to
early responshes teox piencitaacdcopmpoonrnent analysis and
di splayed distinct clustering of MI samples f
of genotvylpAeB)Y Figow&ver, additional anal ysi s of
separate cl us'tAlw'ds PKivea PtKML (CBi,g.wh3 ch i ndicated

of PKM2 altered the transcriptional response

We first identified genes regulated by inf

(7]

amples within theiFigeA)de @t9i0v2e ggeenneost ywpeerse (di f
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expressed 'hiddaPtkKkM2aft er Ml fédhhapresr, e da ntdo 2RAKEM?2

di fferentially expressed géhear(PE&Gs§) eweMe to
to PKMRanWeconsi dhresae i nflaeeduilomt ed geneso. We
performed a separate cémpadr iPKeM2 ssampl es ) yy P&EM
127 DEGs. Of these, 91 -D&EGs| avteed @qeé s®s i nif mdicd :
infarction and genotype were fact B39 .1 @4t heir

DEGs werfei emodonl| ¥hear tPKMR2f t e4r3, Migr @Tigpb 128 .S

Analysis of the 44 DEGhemptsfatternMbnfegrP
canoni cal pat hways revealed enri cchmeB)td.®2f i mm
Gene ontology (GO) term analysis of the DEGs
hearts after MI attributed these gelhieg. to neu

4.CQ . Abundance of key transcri$pd)®s were valida
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Regu!ated by infarction in both PKM2"" and PKM2 MI hearts

Infarction-regulated to differing degrees (45 DEGs, 130 |15 in PKM2")
genes
QRegulated by infarction in only PKM2”- Ml hearts (44 DEGs, 122 |22 in PKM2")
PKMZ""' MI QRegulated by infarction in only PKM2"" M| hearts (2 DEGs, 12 in PKM2")

Not regulated by infarction but differs by genotype in infarcted hearts

PKM2” Mi (36 DEGs, 121 |15 in PKM2")
(127 DEGs)
B m positive z-score z-score =0 M negative z-score no activity pattern available -log(p-value)
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[} GO enrichment analysis (U
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G0:0006935 chemotaxis @
2
GO0:0007204 positive regulation of cytosolic calcium ion concentration ®

g G0:0004252 serine-type endopeptidase activity » 3
¥
8 G0:0006954 inflammatory response .
Number of genes
GO0:0005125 cytokine activity *
¢ 3
G0:0006955 immune response @ ® :
G0:0071222 cellular response to lipopolysaccharide * . 5
®:
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Fold Enrichment

Fi gdR.e Differentially regulated”"henessf r diammu
after Ml

A. Schematic of transcriptome analysis compar
infarction were identified by compamphgsthe t
Subsequent land PPRKNMR2arts after MI were compared
dysregul ated by t-+aend adsoswnafe griK M2 .e’dUggaerntess i n P
compared fthe'@rKtM2 i ndi cated by arrows in final
by canoni cal pat hway analysis of the 44 diffe
PKM2i nfarcted hearts from Table S3, group 2. C
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of the DEGs with incr ed=zead tasbuwrfdaemrceavli’lTt oRMPMZT e

Ml hearts.

We,t her eifnroreest i gated i mmune cel l popul ati on s
myel oid and | ymphoid cells using an antibody
i mmune cel |l s fliamdb PKiM2&e KM 3 d &y g .A)f4t. drmnvli n g
cel | presence remai’thedr realse 28t eddaiyignBaAK@2x MI (
Surprisingly, LYy6C/ G staining wheant soatbasi d|
surgery alone cormpagrlA@ . .t3oBecoanuse ltsr dnscri pt omi
suggesnt eedncargases involved in neutrophil actiwv

Ffhearts afte$31M a8 ,susShBh&s@®i g .D-F).,3 we -satl asion ecdo

for myel operoxidase which is predominantly ex
shown to worsen tissue damage during infl amma
di se’dd#gel operoxidase staining was increased t
genotypes 3 days after MI Dbfusth ana sh en@orrtes pcroonmpi anr

cont FolgsA)da . 3
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Fi g4dBe El evated i mmune c’ehlelarpirsesence in PKM2

A-B. Representative images of myeloid and | ymp
myel operoxidase (MP@ndgP&watritis3 ofeK-®@By s

foll owing sham or MlemsurCgerQu.anSdadlie altaromnl GO L
hearts 28 days-FafWNeut soplgiel yt r &nlsOcOrai8p,t SalbOudnad9a, |

| 1| )7 rdaet er mi neaq bof  RMNMM2PKWM2arts at baseline or
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